lan'Y. Wong
Michelle R. Dawson Editors

Engineering
and Physical
Approaches
to Cancer

@ Spring

er



Current Cancer Research

Series Editor

Wafik El-Deiry, Legoretta Cancer Center, Brown University, Providence, RI, USA



Current Cancer Research is a highly regarded series covering new and emerging
topics in cancer research and oncology. Volumes are current and timely, edited by
experts in the related field, and chapters are authored by renowned scientists and
physicians in their fields of interest. All volumes undergo single blind peer review
and review by the series editor prior to acceptance and publication in the series.
Current Cancer Research is indexed in SCOPUS.



Ian Y. Wong ¢ Michelle R. Dawson
Editors

Engineering and Physical
Approaches to Cancer

@ Springer



Editors

Tan Y. Wong Michelle R. Dawson

School of Engineering Department of Department of Molecular Biology, Cell
Pathology & Laboratory Medicine Biology, & Biochemistry, School of
Legoretta Cancer Center Engineering, and Legoretta Cancer Center
Brown University Brown University

Providence, RI, USA Providence, RI, USA

ISSN 2199-2584 ISSN 2199-2592  (electronic)

Current Cancer Research

ISBN 978-3-031-22801-8 ISBN 978-3-031-22802-5 (eBook)

https://doi.org/10.1007/978-3-031-22802-5

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature Switzerland
AG 2023

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



 -2016 39373 a -2016 39373 a
 

Preface

Outcomes for cancer patients are ultimately governed by tumor cell invasion
and metastasis, as well as therapeutic resistance. The functional phenotypes that
drive these aberrant behaviors have been conceptually understood via the clas-
sic “Hallmarks of Cancer” and associated signaling pathways. Furthermore, the
complex interactions between cancer cells and their surrounding microenvironment
are now recognized to suppress or promote cancer progression. It should be
noted that these dysregulated genetic and biochemical traits are intimately linked
with disruption of the physical and mechanical conditions within a tissue. For
example, uncontrolled cell growth can result in profound increases in solid stress,
vessel compression, interstitial fluid pressure, extracellular matrix stiffness, as
well as dramatic alterations in the tissue architecture. Emerging technologies
enable precise measurements of cell and tissue dynamics with exquisite resolution,
reverse engineering of the complex tumor microenvironment, and ultrasensitive
diagnostics for early cancer detection. Physical and mathematical concepts enable
fundamental insights into how cells within a tumor are influenced by external forces
and flows, and can dynamically reciprocate to maintain tensional homeostasis by
reprogramming the surrounding microenvironment.

Engineering and Physical Approaches to Cancer addresses the newest research
at this interface between cancer biology and the physical sciences. Several chapters
address the mechanobiology of collective and individual cell migration, including
experimental, theoretical, and computational perspectives. Other chapters consider
the crosstalk of biological, chemical, and physical cues in the tumor microen-
vironment, including the role of senescence, polyploid giant cells, TGF-beta,
metabolism, and immune cells. Further chapters focus on circulating tumor cells
and metastatic colonization, highlighting both bioengineered models as well as
diagnostic technologies. Finally, one chapter is a meta-analysis of recent successes
from the National Cancer Institute’s Physical Sciences in Oncology Network. We
are proud to feature the work of emerging and diverse investigators in this field, who
have already made impressive cross-disciplinary scientific contributions.

This book is designed for a general audience, particularly researchers conversant
in cancer biology but less familiar with engineering (and vice versa). Thus, we
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envision that this book will be suitable for faculty, postdoctoral fellows, and
advanced graduate students across medicine, biological sciences, and engineering.
We also anticipate this book will be of interest to medical professionals and trainees,
as well as researchers in the pharmaceutical and biomedical device industry. We
hope that this work will inspire new directions for the diagnosis, prevention, and
treatment of cancer in order to improve the lives of patients worldwide.

Providence, RI, USA Ian Y. Wong
Providence, RI, USA Michelle R. Dawson
September 2022
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Mechanobiology of Collective Cell )
Migration in 3D Microenvironments Qs

Alex M. Hruska, Haigian Yang, Susan E. Leggett, Ming Guo,
and Ian Y. Wong

Abstract Tumor cells invade individually or in groups, mediated by mechanical
interactions between cells and their surrounding matrix. These multicellular dynam-
ics are reminiscent of leader-follower coordination and epithelial-mesenchymal
transitions (EMT) in tissue development, which may occur via dysregulation of
associated molecular or physical mechanisms. However, it remains challenging
to elucidate such phenotypic heterogeneity and plasticity without precision mea-
surements of single-cell behavior. The convergence of technological developments
in live cell imaging, biophysical measurements, and 3D biomaterials is highly
promising to reveal how tumor cells cooperate in aberrant microenvironments. Here,
we highlight new results in collective migration from the perspective of cancer
biology and bioengineering. First, we review the biology of collective cell migra-
tion. Next, we consider physics-inspired analyses based on order parameters and
phase transitions. Further, we examine the interplay of metabolism and phenotypic
heterogeneity in collective migration. We then review the extracellular matrix and
new modalities for mechanical characterization of 3D biomaterials. We also explore
epithelial-mesenchymal plasticity and implications for tumor progression. Finally,
we speculate on future directions for integrating mechanobiology and cancer cell
biology to elucidate collective migration.

Keywords Biomaterials - Epithelial-mesenchymal transition - Extracellular
matrix - Metabolic heterogeneity - Order parameter - Traction force microscopy

A. M. Hruska - I. Y. Wong (P<)

School of Engineering, Center for Biomedical Engineering, and Legorreta Cancer Center,
Brown University, Providence, RI, USA

e-mail: ian_wong @brown.edu

H. Yang - M. Guo
Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA,
USA

S. E. Leggett
Department of Bioengineering, University of Illinois at Urbana-Champaign, Urbana, IL, USA

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 1
1. Y. Wong, M. R. Dawson (eds.), Engineering and Physical Approaches to Cancer,
Current Cancer Research, https://doi.org/10.1007/978-3-031-22802-5_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-22802-5protect T1	extunderscore 1&domain=pdf

 885 50203 a 885 50203
a
 
mailto:ian_wong@brown.edu
mailto:ian_wong@brown.edu
https://doi.org/10.1007/978-3-031-22802-5_1
https://doi.org/10.1007/978-3-031-22802-5_1
https://doi.org/10.1007/978-3-031-22802-5_1
https://doi.org/10.1007/978-3-031-22802-5_1
https://doi.org/10.1007/978-3-031-22802-5_1
https://doi.org/10.1007/978-3-031-22802-5_1
https://doi.org/10.1007/978-3-031-22802-5_1
https://doi.org/10.1007/978-3-031-22802-5_1
https://doi.org/10.1007/978-3-031-22802-5_1
https://doi.org/10.1007/978-3-031-22802-5_1
https://doi.org/10.1007/978-3-031-22802-5_1

2 A. M. Hruska et al.

1 Introduction

Collective migration occurs when a group of individual cells exhibit coordinated
movements with similar speed and directionality [1]. This phenomenon is intriguing
in cancer biology as a demonstration of how heterogeneous phenotypes cooperate
to enhance solid tumor progression within a dysregulated microenvironment [2].
Indeed, patient histopathology sections often include packs of tightly connected
cancer cells organized as rounded clusters or linearly extended strands within an
aberrant tissue architecture [3]. Such behaviors are reminiscent of leader-follower
interactions in development and wound healing [4]. Moreover, the epithelial-
mesenchymal transition (EMT) is associated with developmental transcription
factors that weaken cell-cell adhesions and promote tumor invasion [5]. Collective
migration is also intriguing from a physical science perspective as an emergent
phenomenon driven by interactions between many individuals [6]. These behaviors
are further influenced by abnormal solid and fluid stresses from their surroundings,
which impact metastatic dissemination and drug delivery [7]. Thus, a cross-
disciplinary approach is required to understand how heterogeneous groups of
invasive cells interact with the surrounding matrix via biological and physical
mechanisms.

Recent advances in assay development have enabled new mechanistic insights
into collective migration via exquisitely sensitive measurements as well as
biomimetic culture conditions. For example, single-cell molecular profiling
technologies have revealed the interplay of myriad signaling pathways, which
previously involved dissociation of tissues into single cells [8] but now can retain
information about tissue architecture via spatial transcriptomics [9]. New light
microscopy techniques based on structured illumination permit deeper imaging
with improved temporal resolution and reduced phototoxicity [10]. Fluorescent
protein reporters can be used for longitudinal monitoring of transcriptional state or
force transduction [11]. In parallel, cells cultured within engineered 3D biomaterials
experience controlled biochemical and physical cues, which can be dynamically
modulated [12, 13]. The mechanical properties of single cells and local matrix
architecture can be further probed at subcellular resolution [14, 15]. These early
stage technologies are now being used in translational applications with primary
mouse or human organoids in order to predict disease progression and therapeutic
response [16].

In this chapter, we highlight recent developments in collective tumor invasion
from a biological and physical perspective. We first review the essential concepts of
collective cell migration and leader-follower interactions. We then examine how
patterns of collective motion can be analyzed using physical concepts such as
order parameters and phase transitions, as well as the interplay of metabolism
with phenotypic heterogeneity. Next, we review biomaterials and the ECM, along
with precision measurement 3D matrix mechanics. Finally, we explore EMT as a
representation of phenotypic heterogeneity, including recent results on partial or
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intermediate states. We close with our critical perspective on the field and discussion
of future directions.

2  Collective Cell Migration and Leader-Follower
Interactions

Early work on eukaryotic cell migration investigated how individual cells (e.g.,
fibroblasts, leukocytes) cyclically adhere and propel themselves along planar (2D)
substrates, revealing physically conserved mechanisms across various cell types
[17]. First, cells polarize with a leading and trailing edge, often in response
to asymmetric stimuli of soluble or immobilized biochemical factors, substrate
stiffness, or local topography [18]. Next, cells extend protrusions from the leading
edge driven by actin polymerization, which form integrin-mediated focal adhesions
with ligands on the substrate [19]. Finally, actomyosin contractility via stress
fibers pulls the cell body forward and retracts the trailing edge [20]. Subsequent
work using compliant substrates revealed that cell adhesion and migration were
modulated by the relative strength of cell-substrate interactions and intracellular
contractility [21].

In comparison, 3D matrix is a more mechanically confined environment that can
impede cell migration relative to 2D substrates [22]. Migratory cells can traverse a
narrow region by local remodeling of the matrix into a wider path, as well as by
deforming their intracellular components to squeeze through. Thus, the increased
deformability reported for cancer cells relative to normal cells may enhance invasion
and metastatic dissemination [23]. Classically, individual migration phenotypes
have been described in terms of contractile mesenchymal or propulsive amoeboid
modes. First, mesenchymal migration phenotypes are associated with elongated,
spindle-like morphologies, which extend narrow actin-driven protrusions (via RAC1
and CDC42) that apply strong cell-matrix adhesions and secrete matrix metallo-
proteinases to degrade and remodel the ECM [24]. Mesenchymal cells express the
intermediate filament vimentin [14], which is highly stretchable (without breaking)
and can protect cells undergoing large deformations [25, 26]. Second, amoeboid
migration phenotypes exhibit compact, rounded morphologies, which propel them-
selves forward via actomyosin contractility (via RHOA) and do not require strong
adhesions or matrix metalloproteinases for effective migration [27]. Weak ECM
adhesion and limited remodeling allow cells utilizing amoeboid migration (e.g.,
immune cells) to migrate more rapidly than mesenchymal cells (e.g., fibroblasts)
which tend to migrate more slowly [28, 29]. Migratory cells are further capable
of switching between mesenchymal and amoeboid migration modes, depending on
local ECM adhesivity and matrix remodeling capabilities [30, 31]. Further, groups
of mesenchymal or amoeboid cells may migrate as multicellular “streams” without
strong cell-cell adhesions in response to some asymmetric external stimulus, where
contact guidance by matrix architecture is permissive for similar migration direction
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and speed [32]. In the absence of these asymmetric stimuli, cells typically exhibit
more random and less directed motility [18]. Interestingly, an osmotic pressure-
driven propulsion mechanism has also been observed for cancer cell lines in
confining microchannels, which does not require actin polymerization [33].

Within cancer cells, the nucleus is the most rigid and sizable organelle, under-
going large deformations when translocating through confined spaces [34]. Empiri-
cally, cancer cell lines cannot traverse confined spaces smaller than 7 wm? without
matrix remodeling [35, 36], which is gauged by nuclear deformation as an intracellu-
lar “ruler” [37, 38]. In particular, nuclear stiffness is mediated in part by the nuclear
envelope via nucleoskeletal protein lamin A/C [39], and lamin A has been reported
to be downregulated in breast cancer cells [40]. The nucleus is mechanically coupled
to the cytoskeleton via the linker of nucleoskeleton and cytoskeleton (LINC)
complexes, allowing nuclear pushing or pulling via actomyosin contractility [34].
As a consequence of these large deformations, nuclear envelope ruptures can occur
and drive DNA damage, which may only be partially reversed by ESCRT III [41—
45] and may enhance metastatic dissemination [46]. Indeed, cells can even use
the nucleus as a “piston” to compartmentalize the front and back to generate high
pressure “lobopodial” protrusions within very dense matrix architectures [47, 48].

Carcinomas arise from healthy epithelial tissues, which consist of epithelial cells
with strong cell-cell adhesion and apicobasal polarity organized into tightly packed
layers (Fig. 1A) [49]. During tumor progression, tissues become progressively
disorganized due to uncontrolled proliferation and then transition to malignant
invasion via degradation of the basement membrane [50]. Groups of epithelial
cells exhibit collective migration when they remain mechanically connected, sus-
taining cell polarization for directed motion, as well as coordinating longer ranged
responses to environmental stimuli (Fig. 1B, C) [1]. Within solid tumors, the spatial
organization of these groups can vary widely, from relatively compact clusters
to elongated single or multi-file strands to large masses [3]. These collectives
may be categorized broadly into distinct functional groups based on parameters
of multicellular morphology, the degree of cell-cell adhesion, and supracellular
coupling of intercellular signaling [51]. Furthermore, collective migration patterns
are shaped (in part) by the surrounding ECM architecture and presence of various
stromal cells.

Despite differences in spatial organization, 3D collective invasion is most often
characterized by the presence of highly motile cells at the front of invasive
groups, termed “leader cells” (Fig. 1C) [4]. Leader cells often exhibit actin-rich
protrusions with strong cell-matrix adhesions and actomyosin contractility to locally
remodel the ECM (Fig. 1C), analogous to the mesenchymal motility phenotype
described previously [51]. ECM adhesion is mediated via heterodimeric surface
receptors known as integrins, such as o1 for fibrillar collagen, as well as ay By,
ay B3, and a5p; for fibronectin, although integrins exhibit some promiscuity and
context-dependent function [52]. Leader cells further generate traction forces to
deform the ECM via contractility of intracellular stress fibers, which can associate
with vimentin intermediate filaments in order to enhance tractions [14] (Fig. 1,
i), and may occur in combination with ECM degradation via matrix metallo-
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Fig. 1 Schematic of collective cancer cell invasion. (A) Epithelial cells, (B) follower cells, (C)
cancer leader cell, (D) cancer-associated fibroblast. ECM remodeling via force-mediated matrix
deformations (i), MMP degradation (ii), alignment/cross-linking (iii), ECM deposition (iv), and
formation of ECM microtracks (v). Created with Biorender.com

proteinases (Fig. 1, ii). Thus, through repeated protrusion-contraction-deformation
events, leader cells pull on intrinsically “wavy” collagen fibers to stretch and bundle
fibers into regions of aligned, stiffened ECM (Fig. 1, iii). Furthermore, collagen
fibers can be cross-linked enzymatically by lysyl oxidase to locally enhance ECM
stiffness and promote tumor invasion though focal adhesion kinase (FAK) signaling
[53]. Finally, leader cells can deposit new ECM (Fig. 1, iv), such as fibronectin, to
reinforce adhesive migratory cues [54]. Altogether, these leader cell-driven ECM
remodeling activities result in the generation of ECM “microtracks” (Fig. 1, v)
which are permissive for cell migration and contain aligned, bundled ECM proteins
that present contact guidance cues. For the remainder of this review, we primarily
focus on leader cells originating from epithelial tumors, or carcinomas, but note that
leader cells may also arise from stromal cells (e.g., fibroblasts) (Fig. 1D) or immune
cells (e.g., macrophages) [4]. Regardless of cell type, leader cell activity typically
results in ECM architecture that is more permissive for cell migration.
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Concomitant with ECM remodeling activities, leader cells may guide the
migration of adjacent cells termed “followers” (Fig. 1B) along ECM microtracks.
Follower cells are defined primarily by a rearward spatial position relative to
leaders but may also possess migratory and ECM remodeling capabilities. Indeed,
follower cells traversing wider spaces generated by leader cells encounter less
mechanical resistance and can expend less energy to remodel ECM or undergo
large deformations [4]. Leader cells coordinate the activity of followers through
a combination of cell-cell mechanical adhesions and biochemical signaling.

First, cell-cell junctions are formed when two cells connect adhesion proteins
to form a stable mechanical junction (e.g., adherens junctions and desmosomes),
typically utilizing proteins in the cadherin superfamily (e.g., E-, N-, and P-
cadherins or desmosomal cadherins) [55], which are intracellularly coupled to actin
microfilaments or keratin intermediate filaments, respectively [56]. As a stationary
sheetlike structure, epithelial cells remain tightly connected to neighboring cells via
desmosome adhesions and adhere to the basement membrane via hemidesmosomes
containing integrin agB4 (Fig. 1A). Loss of apical-basal polarity is a common
step in cancer progression, which often accompanies loss of cell-cell adhesions
and acquisition of cell-ECM adhesions, which establish front-back polarity and
induce cell motility (Fig. IB). Motile follower cells may lose desmosomes and
keratin expression and gain expression of vimentin IFs, which are associated
with EMT. However, hybrid phenotypes expressing keratin and vimentin have
been observed clinically [57]. Mesenchymal leader and followers may remain
adherent through N-cadherin junctions or maintain transient adhesions that result
in weak cell-cell coordination. Nonetheless, epithelial followers often retain E-
cadherin to tightly coordinate migration. Finally, leader cells are connected to
followers via adherens junctions. For example, cancer leader cells in partial EMT
states may connect to followers via homotypic E-cadherin junctions (Fig. 1C).
Leaders in later stages of EMT may express N-cadherin and adhere to followers
via heterotypic E-/N-cadherin junctions, which have also been documented for
fibroblast leader cells with epithelial follower cells (Fig. ID) [58]. Overall, cell-
cell adhesions maintain coherent collective motion by mechanical coupling via
the cell cytoskeleton, as well as reinforcement of multicellular front-rear polarity.
From a biochemical standpoint, cells in close proximity to one another may also
coordinate motility by juxtacrine signaling (e.g., Notchl-DIll4 signaling) [59].
Moreover, contact-independent autocrine signaling across gap junctions may be
utilized for intercellular coordination of contractility and size [60], via connexins
[61, 62].

It should be noted that leader cells may not always guide collective migration, as
exemplified by the diversity of collective migration behaviors in development, such
as the attraction-repulsion dynamics observed in neural crest-placode migration
[63]. Furthermore, followers may or may not have the potential to become leader
cells. Interestingly, followers can “switch” with leaders during collective migration,
which may occur if leader cells undergo cell division, and could also redistribute
metabolic costs of migration. Nevertheless, the functional role and molecular
definition of leader cells remain unresolved and may depend on biological context
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[64]. In this chapter, we consider leader cell behavior and leader-follower dynamics
in the context of epithelial cancer invasion. As discussed previously, leader cells
often utilize cell-cell adhesions through proteins such as E-cadherin, which is an
epithelial biomarker [65]. Thus, these leader cells may represent a hybrid or partial
EMT phenotype, which we consider in detail in a subsequent section.

3 Analyzing Collective Migration Using Phase Transitions
and Order Parameters

Healthy epithelial tissues are comprised of mechanically connected cells with
limited motility, as well as uniform shape and regular geometric packing [66].
This mechanically arrested state can transition to more motile states during tumor
progression, development, and wound healing [67]. For example, cells can disperse
individually (e.g., gas-like), can migrate in closer proximity (e.g., fluidlike), or
move in coordinated groups (e.g., active nematics with long-ranged orientational
order) (Fig.2A) [70, 71]. In these latter contexts, cells may exhibit varying cell-
cell adhesion strength along with larger fluctuations in cell shape and packing.
Analogous phase transitions that emerge from many interacting particles can be
captured using statistical physics, assuming that the particles are relatively similar,
move with constant velocity and can alter direction, interact over some distance,
and are subject to “noise” of varying strength [72]. These phase transitions can be
quantified based on changes in some order parameter that represents a symmetry
property of the system [73]. For instance, the jamming transition describes how soft
materials exhibit a liquid to solid-like response when varying control parameters of
interparticle adhesion, density, or shear [74]. Fredberg proposed that a biological
jamming transition could occur similarly with respect to cell-cell adhesion, cell
density, or motility in 2D epithelial monolayers [75].

An intuitive order parameter for collective migration is cell velocity, and
particle image velocimetry (PIV) can be used to analyze spatial and temporal
correlations [76]. Early work used PIV to visualize cooperative motions within
2D epithelial monolayers. For instance, Silberzan and coworkers utilized PIV for
collective migration of epithelial monolayers into unoccupied regions [77, 78].
Angelini et al. used PIV to measure how compliant substrates were deformed by
epithelial monolayers, revealing characteristic length and time scales over which
cells coordinate their migration, analogous to dynamic heterogeneity in a physical
glass transition [79, 80]. More recently, Scita and coworkers applied PIV to reveal
the onset of angular rotation and local cellular rearrangements in 3D spheroids
[81, 82].

O. Ilina et al. utilized PIV to establish a physical picture of 3D collective
migration based the cross talk of cell-cell adhesion with ECM confinement [83].
Multicellular spheroids were embedded within collagen matrix in varying assay
geometries. When ECM porosity was sufficiently large to permit cell migra-
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Fig. 2 (A) “Jamming” phase diagram of individual and collective cell migration governed by
cell-cell adhesion and cell density. Redrawn from [70]. (B) Triangulation-based configurational
fingerprints compare deformed and (relaxed) reference states. (C) Late (invasive) spheroids exhibit
increased volumetric order parameter (per cell) relative to early spheroids but comparable shear
order parameters (per cell). Reproduced from [68]. (D) Topological data analysis represents
discrete cell positions based on the “persistence” of topological loops at varying length scales
around empty areas, which can then be mapped to computational simulations with varying
adhesion and propulsion. Reproduced from [69] with permission from the Royal Society of
Chemistry

tion (without ECM degradation), cells with downregulated E-cadherin typically
migrated individually in a fluidlike state. As ECM porosity decreased, the increasing
spatial confinement resulted in cells moving together in close proximity, despite
their relatively weak cell-cell junctions. Nevertheless, higher resolution tracking
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of cell velocity and spatial correlations revealed that neighboring cells within a
group were locally uncorrelated when cell-cell junctions were weak. Thus, these
results highlight the importance of mature cell-cell adhesions (e.g., E-cadherin) to
coordinate effective group migration during tumor invasion and metastasis.

Geometric order parameters can also be defined based on cell shape or local con-
nectivity. Historically, honeycomb-like hexagon-dominated cellular structures were
observed empirically in animal and plant tissues [84]. Interestingly, proliferating
cells within epithelial tissues result in a wider distribution of polygons, particularly
pentagons and heptagons [85]. Bi and Manning captured these transitions based
on a cell shape index (i.e., ratio of cell perimeter to area), which are indicative
of shear modulus of the cell monolayer [86], effective diffusivity of single cells
[87], and cellular stresses [88]. Fredberg and coworkers subsequently validated this
parameter in asthmatic airway epithelium [89] and revealed that cell shape index and
variability were also strongly correlated with unjamming [90, 91]. These concepts
were also extended to 3D collective migration by analogy to phase transitions from
solid to liquid to gas [92-94].

H. Yang et al. proposed new order parameters based on the deformation of
a triangular lattice relative to an idealized equilibrium (Fig. 2B) [68]. For some
spatial configuration of cells within a tissue, the cell positions (e.g., nuclei) can be
connected by fictitious lines to partition the surrounding space into triangles (e.g.,
Delaunay triangulation). The deformation gradient can then be expressed using
invariants vol,, = det (F), representing how the area of each triangle deviates from
the average, along with shear, = tr (FTF) / det (F) — 2, corresponding to how a
given triangle is distorted relative to an equilateral triangle. Corresponding order
parameters are defined by ensemble averaging the natural logarithm of these invari-
ants over all triangles, i.e., ®,, = ([log (voln)]z) and DPgp0yr = (log (sheary)).
This analysis was first validated based on ventral furrow formation of the Drosophila
germ band epithelium, which transitions from an arrested, jammed-like state
towards a more motile, unjammed-like state. This macroscopic phenomenon is
associated with characteristic shearing and shrinking behavior within the tissue,
resulting in a sharp increase in the @0, and ®,; at a characteristic timescale
where this phase transitions occurs. Conversely, the proliferation of kidney epithelial
cells (e.g., MDCK) first results in a suppression of density fluctuations in @y,
analogous to a transition from gas to liquid, followed by a further suppression of
packing disorder in ®gp.,,, analogous to a transition from liquid to solid. Lastly,
these concepts were used to analyze the collective invasion of mammary epithelial
spheroids (e.g., MCF-10A). Remarkably, spheroids at earlier times with minimal
invasion (e.g., acini) exhibited similar @, but smaller ®,,; relative to spheroids
at later time with more invasive strands (Fig.2C). For these spheroids at later
times, cells within these peripheral strands exhibited increased @y, relative to
the interior. Although this framework does not require the reference triangles to
be the same, and any experimental frames can be used as the reference, special
caution should still be taken when choosing appropriate reference frames, especially
when dealing with naturally heterogeneous biological systems. Indeed, Y. Han et
al. observed that cells within these multicellular spheroids dynamically modulate
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their size and stiffness as they shuttle between the interior and peripheral strands
[61]. Remarkably, cells within the spheroid core tended to be smaller and stiffer,
while cells along invasive strands were appreciably larger and softer. Cells often
switched positions between the spheroid core and periphery and could dynamically
regulate their volume and stiffness by fluid exchange through gap junctions. Further
investigations will help to establish the validity of this approach across different
biological systems.

D. Bhaskar et al. utilized topological data analysis to visualize the “shape” of
a tissue based on discrete cell positions [69]. Different spatial configurations of
cells can be compared by computing the “cost” of rearranging topological features
(i.e., persistence homology). Briefly, the spatial connectivity between cell positions
is now sampled across varying length scales, generating a topological signature
(“barcode”) that emphasizes features that are present across multiple length scales.
For pairwise connected components (i.e., dimension 0 homology), this analysis
will be skewed by population sizes, making it challenging to compare biological
specimens with different numbers of cells. Instead, Bhaskar et al. considered how
nuclei can be linked as connected loops around an empty area (i.e., dimension 1
homology), which is less sensitive to population size and also samples larger scale
spatial structure. This unsupervised machine learning approach correctly classified
experimental data of cell positions in individual, compact clusters, or branching
phases (Fig. 2D). Further, this approach could classify distinct phases and identify
phase transitions for simulated self-propelled particles with varying motility and
adhesion strength. The success of this approach can be explained by mapping
discrete data points to a continuous shape (i.e., manifold), which remains highly
effective even with relatively sparse sampling, as well as variability in the position
of data points. Indeed, different phases could be successfully distinguished even
when 80% of the cells were randomly removed. Ongoing research is extending this
approach to multiple cell types.

Order parameters represent a powerful approach to understand nonliving phys-
ical systems, particularly in soft matter [73]. From a reductionist perspective, it is
appealing to think that these approaches could also describe collective migration
[67, 71], although these are living systems that are far from thermodynamic
equilibrium. Indeed, groups of cancer cells are likely to be quite heterogeneous
and in smaller numbers (than in soft matter systems), and the nature of biological
“noise” remains poorly understood. For instance, a given population of cancer cells
may be comprised of distinct subpopulations with “epithelial” or “mesenchymal”
states, associated with distinct motility and adhesion phenotypes [95]. Thus, some
care is warranted when using order parameters that average biological behaviors
across populations and time. An intriguing possibility is that unsupervised machine
learning could be used to classify spatiotemporal patterns of cell migration and infer
new order parameters [96]. Although so-called deep learning is computationally
expensive and typically requires extensive training data, constraining convolutional
neural networks with some physical principles (e.g., physics-informed machine
learning [97]) could be highly effective for smaller experimental datasets.
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4 Metabolic Heterogeneity and Mechanobiological
Phenotype

Tumor cells reprogram their metabolic activity in order to sustain proliferation and
invasion in dysregulated microenvironments, an emerging hallmark of cancer [98].
Indeed, it has been hypothesized that cancer cells may optimize their metabolic
activity to “go or grow,” depending on local microenvironmental conditions [99].
Ordinarily, when ample oxygen is available, normal cells utilize mitochondrial
oxidative phosphorylation and glycolysis in the cytoplasm to produce chemical
energy in the form of ATP (Fig. 3A). Oxidative phosphorylation converts glucose to
glycolysis intermediate products to pyruvate, which is oxidized in the mitochondria
under aerobic conditions to produce 36 ATP (per glucose molecule) (Fig. 3A, i). In
comparison, glycolysis occurs under anaerobic conditions to produce lactate and 2
ATP (per glucose molecule) (Fig. 3A, ii). There exists a metabolic trade-off whereby
oxidative phosphorylation results in higher yield of ATP per glucose molecule
with slower kinetics, while glycolysis results in lower yield of ATP per glucose
molecule with considerably faster kinetics. Cancer cells often encounter hypoxic
conditions and may activate glycolysis via hypoxia-inducible factor 1o (HIF-1a).
This induces downstream transcription of glycolytic enzymes like hexokinase and
lactate dehydrogenase [100], as well as enhanced expression of GLUT glucose
transporters (Fig.3A). Indeed, cancer cells benefit from using glycolysis to fulfil
their metabolic requirements even when abundant oxygen is available. In particular,
abundant ATP is advantageous for the near-continuous cytoskeletal reorganiza-
tion associated with directed cell migration [101]. Furthermore, enhanced lactate
excretion via glycolysis by cancer cells acidifies the extracellular space (Fig.3A,
ii), which has been linked to the production of matrix metalloproteinases that
facilitate migration through the ECM [102]. Moreover, uncontrolled proliferation
also requires glycolytic intermediates necessary for synthesis of nucleic acids,
proteins, and lipids, as well as lactate which crucially maintains the NAD*/NADH
redox balance [103]. Cell metabolism, morphology, and migration are intimately
linked, and thus targeting cell metabolism may present a novel strategy to inhibit
cellular energy production fueling collective cancer invasion.

J.S. Park et al. investigated how the metabolism of individual human bronchial
epithelial cells was modulated by soft or stiff planar substrates [104]. Morphologi-
cally, cells on stiff substrates exhibited larger footprints with extensive actomyosin
stress fibers, while cells on soft substrates had smaller footprints with weak
contractility. Consequently, cells on soft substrates showed reduced expression
of all phosphofructokinase (PFK) enzymes, which catalyze a rate-limiting step
of glycolysis by phosphorylating fructose 6-phosphate and thereby determine
the overall glycolytic rate (Fig.3B, i). Loss of the PFK isoform PFKP on soft
substrates could be attributed to degradation by the proteasome, specifically by
the E3 ubiquitin ligase TRIM21. Indeed, TRIM21 associates with stress fibers
and remains inactive when bound, thus maintaining PFKP activity. Remarkably,
PFKP expression is elevated in patients with lung cancer, which could explain
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why tumors exhibit abnormally high levels of glycolysis. Genetic manipulation
of these bronchial epithelial cells with a KRAS mutation resulted in consistently
high PFK levels, which became insensitive to substrate stiffness. It should be
noted that metabolic activity in breast cancer cell lines exhibit varying sensitivity
when cultured over planar collagen hydrogels of varying density, thus modulating
can also increase glucose uptake, driving increased ATP production and glycolysis
through AMPK activity (Fig. 3B, iv) [106].

S.J. Decamp et al. showed that epithelial monolayers of canine kidney cells (e.g.,
MDCK II) exhibit spatially varying metabolic activity at collective fronts moving
to occupy empty areas (Fig.4A) [107]. Indeed, collectively migrating cells at the
front exhibited higher traction forces, elongated morphologies, and faster migration
compared to cells towards the rear with small aspect ratios and low tractions.
Moreover, cells at the collective front also display decreased NAD*/NADH ratio,
reduced NADH lifetime, and increased glucose uptake, which suggests a shift
towards glycolysis. Interestingly, cells at the rear also displayed a decrease in
NADH lifetime and enhanced glucose uptake, indicating a shift towards glycolysis.
However, these rearward cells showed an elevated cytoplasmic NAD'/NADH ratio,
which differs from cells at the collective front. This long-distance signaling could
be mediated through mechanical deformation of the compliant substrate, priming
rearward cells for increased proliferation and migration. It should be noted that
cell migration and proliferation into empty regions on top of planar substrates are
relatively unimpeded and could differ significantly from metabolic behaviors in 3D
extracellular matrix.

Reinhart-King’s group utilized a ratiometric fluorescent reporter of ATP: ADP
ratio (PercevalHR) to elucidate how cellular energetics are regulated during indi-
vidual and collective migration in 3D collagen matrix. First, highly metastatic
breast adenocarcinoma cells (MDA-MB-231) expressing the PercevalHR construct
invaded individually through narrow bifurcating channels in collagen I [110]. Cells
exhibited greater glucose uptake and ATP:ADP ratio as they migrated through
narrower channels, indicating that increased cell deformation was associated with
higher energetic cost. Indeed, pharmacological treatment to perturb cytoskeletal
stiffness and cell deformability was sufficient to modulate cell energetic state.
Further, increasing matrix stiffness also increased energy costs, since cells required
enhanced contractility to deform the matrix and enter confined spaces. When cells
were presented with a choice of bifurcating into a wide or narrow channel, their
decision-making was shown to be biased by the relative energetic cost of these two
choices. Thus, cells were more likely to choose the narrower channel when the cells
themselves or the matrix were more compliant.

In a complementary study, this lab also investigated how these same cells invaded
collectively from multicellular spheroids, revealing that leader and follower cells
invading in 3D matrix can dynamically switch their roles (Fig. 4B) [108] (Fig. 4B, 1).
Collective invasion was also impeded by denser 3D matrix with greater mechanical
resistance, in qualitative agreement with the previous study using individual cells
[110]. Nevertheless, collective invasion was associated with cooperative behaviors
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where leaders exhibited higher glucose uptake and energy consumption relative to
followers. Once a leader cell exhausted its available ATP, it would switch with
a follower, and this switching frequency increased in denser matrix. Moreover,
expression of a fluorescent cell cycle reporter (e.g., CycleTrak) revealed that leader
and follower cells exhibited behaviors consistent with the “grow-or-go” hypothesis
[99], whereby leader cells were less proliferative than follower cells, which was also
observed using breast tumor organoids (e.g., MMTV-PyMT mice).

In contrast, Commander et al. also observed metabolic heterogeneity in leader
and follower cells invading from a different spheroid model but concluded that
followers exhibit higher glucose uptake than leaders (Fig.4C ii) [109]. Briefly,
a non-small cell lung cancer line (H1299) was sorted for leaders and followers
by photoswitching of a fluorescent label, followed by FACS [111]. Interestingly,
followers maintained distinct morphological and invasive phenotypes for several
passages before reverting to the parental phenotype, while leader cells retained
their phenotype indefinitely. Metabolic analysis based on extracellular flux (e.g.,
Seahorse Bioscience) revealed that follower cells typically exhibited increased
glucose uptake, glycolysis, and decreased oxidative phosphorylation (Fig.4C 1).
Instead, leader cells exhibited mitochondrial respiration and a pyruvate dehy-
drogenase dependency, which could be therapeutically targeted with alexidine
dihydrochloride (Fig.4C iii). A combination drug treatment against both pyru-
vate dehydrogenase and glucose uptake was effective at suppressing leader cell
invasion and follower cell proliferation, respectively. It should be noted that this
study utilized a different cell line (H1299) than Reinhart-King’s investigations
(MDA-MB-231), with varying degrees of phenotypic plasticity. Moreover, subtle
differences in spheroid formation and matrix embedding procedures could result in
very different phenotypic outcomes [112].

An advantage of using engineered biomaterials is that cancer cells encounter
highly consistent and homogeneous mechanical cues, so that the effect of stiffness
or other matrix properties on metabolic activity can be systematically elucidated.
However, it should be noted that cancer cells in vivo may exhibit very different
metabolic states as they migrate through varying mechanical and biochemical
microenvironments. Further, these cancer cells may interact dynamically with
other stromal and immune cells, which could further act to enhance or suppress
tumor progression. Thus, additional work is needed to understand how phenotypic
plasticity of metabolic and migratory phenotypes is regulated in the context of
mechanical cues from the surrounding microenvironment.

S5 The Extracellular Matrix and Engineered Biomaterials

The extracellular matrix (ECM) is a complex structural network of proteins, gly-
coproteins, proteoglycans, and polysaccharides that mechanically supports tissues
while presenting instructive and permissive cues [113]. ECM is continually being
remodeled by a combination of protein deposition, posttranslational chemical mod-
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ifications, proteolytic degradation, as well as mechanically driven reorganization
[54]. These myriad processes are tightly regulated in normal tissues to maintain
homeostasis but become increasingly dysregulated during aging, fibrosis, and
cancer progression [114]. Moreover, alterations in ECM structure, mechanics, and
composition may regulate dormancy or metastatic colonization at distant tissue
sites (i.e., the premetastatic niche) [115]. We briefly review relevant features of the
ECM in the context of collective migration and refer interested readers to more
comprehensive reviews elsewhere [54, 113, 114].

The basement membrane is a sheetlike structure that encloses epithelial tissues,
comprised of laminin and collagen IV, linked through bridging proteins such as
nidogen and perlecan (Fig.5A, i) [116]. Indeed, laminin is more prominently
displayed on the inner (epithelial-facing) side and instructs epithelial phenotype,
while collagen IV may be more localized on the outer (stromal-facing) side
to provide more structural support [117]. Altogether, these ECM proteins are
assembled with a netlike architecture that is relatively thin (hundreds of nanometers)
with small pores (tens to hundreds of nanometers) (Fig. 5A, ii). Since the basement
membrane is chemically cross-linked, high density, with very low porosity (Fig. 5A,
iii—v), it is not permissive for epithelial cell migration [50]. Thus, enzymatic or
mechanical remodeling of the basement membrane is crucial for carcinoma cells
to invade into the surrounding stroma [118]. Historically, reconstituted basement
membrane (e.g., Matrigel) has been widely used as a compliant biomaterial that
mimics the protein composition of native basement membrane [119]. However, it
should be noted that Matrigel is not of human origin and is derived from mouse
sarcoma cells (e.g., Engelbreth-Holm-Swarm) which exhibits appreciable batch-to-
batch variability [120].

The interstitial matrix is a three-dimensional fibrous network comprised of fibril-
lar collagens (I, I1I, V), fibronectin, elastin, proteoglycans, glycosaminoglycans, and
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others (Fig. 5B, i) [121]. In particular, collagen I is organized as randomly oriented
fibers that are physically entangled at moderate density and porosity (Fig. 5B, ii—
v) [122]. Further, Keely and coworkers observed that these fibers exhibited a wavy
(“crimped”) conformation [123], which has recently been reported to impede cell
polarization [124] and enhance dormancy [125]. The interstitial matrix is occupied
by stromal cells (e.g., fibroblasts), which play a crucial role in depositing and
organizing ECM proteins [126]. It should be noted that the interstitial matrix can
be spatially and mechanically nonuniform due to the presence of cell-sized spaces
surrounded by denser matrix. Nevertheless, the typical pore structure of healthy
interstitial matrix impedes cell migration without significant remodeling [122].
A biomimetic model for these fibrous architectures is to reconstitute collagen I
from rat tail or bovine skin, which can be tuned based on collagen concentration,
polymerization temperature, and pH (see reviews in [127, 128]).

Pathological states such as fibrosis and tumor progression are associated with
aberrant deposition of collagens, fibronectin, elastin, laminin, hyaluronic acid,
proteoglycans (e.g., versican, syndecan, glypican, etc.), and other matrisome pro-
teins (e.g., tenascin C, periostin, osteopontin, SPARC, thrombospondin) (Fig. 5C, 1)
[114]. Structurally, tumor-associated collagen I is increasingly dense, straight, and
aligned, with cell-sized tracks leading into the stroma (Fig. 5C, ii—v) [123, 129, 130].
Indeed, collagen I can be further strengthened by chemical cross-linking by lysyl
oxidase and transglutaminase (Fig. 5C, iii) [53], which has been recently linked to
the inflammatory activity of tumor-associated macrophages [131].

The stiffness of tumor associated ECM is dramatically higher than healthy ECM,
an indicator of aberrant ECM composition and architecture (Fig. 5B, vi; C, vi) [114].
For any solid material, these mechanical properties can be quantified based on a
reversible deformation in response to an applied stress (i.e., elasticity), which is
typically linear for small deformations (i.e., strains) [132]. Interestingly, fibrous
materials often exhibit a nonlinear elasticity, so that they can stiffen at increasing
strain, attributed to the increasing difficulty of reorienting fibers, or the cost of
straightening and stretching fibers [133]. For sufficiently large deformations, this
structural reorientation may be permanent (i.e., plastic) and will not be reversible
after the stress is removed. Finally, it should be noted that biomaterials incorporate
significant (viscous) fluid, resulting in a time-dependent mechanical response as
some energy is dissipated via viscoelastic or poroelastic mechanisms [134]. An
unresolved question is the stiffness and viscosity of the basement membrane, which
varies across tissues and also is challenging to probe due to its small thickness and
tight integration with surrounding tissue (Fig. 5A, vi—vii). Interestingly, H. Li et al.
recently reported that cell-deposited basement membranes exhibit nonlinear strain
stiffening, which has not been observed using other mechanical measurements that
operate in the linear regime [135].

Synthetic hydrogels can be prepared with comparable stiffness as ECM using
flexible polymers with tunable cross-links and ligand density, resulting in spatially
uniform materials with nanoscale pores [12, 13]. For example, polyethylene glycol
and polyacrylamide have been widely explored to elucidate how cancer cells
respond in vitro to linear elastic material properties (see review in [21]). In particu-
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lar, polyethylene glycol permits systematic control of ligand density, cross-linking,
and degradability to investigate cancer cell invasion [136—139]. Alternatively,
alginate is a seaweed-derived polysaccharide where viscoelasticity (e.g., stress
relaxation) can be tuned using reversible ionic cross-links or by molecular weight
[140]. Furthermore, synthetic hydrogels with spatially anisotropic architectures
are able to mimic ECM cues, such as the aligned topographical features of
collagen fibers [141]. Such “designer biomaterials” may permit improved control
over distinct mechanical and biochemical features of the cell microenvironment.
For example, aligned ECM cues can be patterned within a homogeneous matrix
using magnetic nanoparticle self-assembly, allowing for hydrogels with modulated
alignment cues while maintaining comparable elastic moduli and ligand densities
[142, 143].

6 Precision Measurement of Cell and ECM Mechanics

Invading cancer cells both sense and respond to the structure and composition of the
ECM, a bidirectional interaction known as dynamic reciprocity [144]. Fluorescence
imaging of cell morphology is widely used to elucidate how cells are shaped by the
local ECM properties [145]. However, visualizing how cells act on the surrounding
ECM remains challenging, particularly in 3D geometries [146]. Seminal work
by Legant et al. visualized how fibroblasts applied mechanical tractions within a
synthetic 3D hydrogel (e.g., polyethylene glycol diacrylate, PEGDA) by tracking
the motion of microscale tracer particles relative to an undeformed reference
state (e.g., traction force microscopy) [147]. It should be noted that PEGDA is a
purely elastic material, with a well-established constitutive equation that permits
the cell-generated stresses to be quantitatively extracted from the matrix strain field.
Nevertheless, naturally derived biomaterials exhibit a more complex rheological
response that is nonlinear as well as viscoelastic, and can be irreversibly remodeled
by cell secreted factors [148].

Both J. Steinwachs et al. and M. Hall et al. measured tractions exerted by single
breast cancer cells invading within reconstituted collagen I matrix labeled with
fluorescent microparticles [149, 150]. These breast cancer cells (e.g., MDA-MB-
231) mechanically interact with discrete collagen fibers, which become aligned
along the cell axis to locally stiffen the matrix. This nonlinear strain-stiffening
response suggests that cells within these fibrillar materials can mechanically interact
over longer distances than in more homogeneous materials that exhibit a linear
elastic response. In order to compute cell-generated stresses, both groups formulated
constitutive equations optimized for random fiber networks, validated using bulk
rheology of cell-free collagen I matrix. Interestingly, recent work by van Oosten
et al. shows that these strain-stiffening fiber networks switch to strain-softening
behavior in the presence of cell-sized inclusions, reminiscent of the architecture
and mechanics of living tissues [151]. Thus, nonuniformity of the ECM at multiple
length scales is likely to impact cellular mechanobiology.
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Fig. 6 (A) Direct measurement of ECM stress stiffening using optical tweezers. (i) MDA-MB-
231 cell (blue) in a 3D collagen network (green). (Scale bar, 10 um.) (ii)—(iv) Schematics of the
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[152]. (B) High-throughput confocal imaging on a 96-well plate (i), visualizing multicellular
clusters (green) and tracer particles (red) embedded in 3D silk collagen matrix (ii). Representative
displacement field exhibits spatially nonuniform regions of local outward (yellow) and inward
(purple) displacement (iii). Reproduced from [153]. (C) Dynamic light scattering based on cells
encapsulated within 3D collagen/Matrigel, readout via fluctuations in scattering intensity over
varying lag times. Reproduced from [154] under Creative Commons CC-BY

Y. Han et al. sought to directly measure matrix mechanical properties in the
neighborhood of single cells using optical tweezers [152] (Fig. 6A, i, ii). In these
experiments, microparticles entangled within a collagen I matrix were perturbed
under a controlled displacement x, and the resulting force F was optically measured,
which is a readout of the local matrix stiffness (Fig. 6A, iii). This approach mapped
the spatial variation in stiffness to a nonlinear stress profile Fig. 6A, iv). Notably,
matrix stiffness was strongly elevated near cancer cells (e.g., MDA-MB-231) as
the fibrillar matrix was plastically deformed into more aligned architectures, which
was also observed for reconstituted basement membrane and fibrin. Although this
method is a very sensitive and localized measurement of matrix rheology, it is
relatively time and labor intensive since microparticles are probed one at a time.

Multicellular clusters in 3D matrix may coordinate their tractions to facilitate
collective migration, which adds additional complexity to be explored. S. Leggett
et al. investigated how mammary epithelial acini (e.g., MCF-10A) transitioned
towards invasion after controlled induction of EMT via the master regulator Snail
[153]. Cells were embedded within composite silk-collagen matrix [155] in a 96-
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well plate, enabling increased experimental throughput to evaluate drug response
(Fig. 6B). Using optimized topology-based particle tracking, localized patterns of
protrusive and contractile matrix displacement could be resolved with submicron
resolution [156]. Notably, epithelial clusters were usually compact and exhibited
several regions of local protrusion or contraction. Induction of a transitory EMT
state results in clusters with extended protrusions with more regions of local
contraction, indicative of outgrowth and invasion. Finally, fully mesenchymal states
were associated with spindle-like morphologies with only a few localized contractile
regions and minimal protrusions. These results show that collective migration and
EMT are associated with spatially nonuniform patterns of matrix displacement,
which can be used as a mechanophenotypic “signature” of cell state. This platform
is scalable for a broader range of cell types and biomaterials, which is particularly
relevant or clinical translation using patient-derived cells and drug screening.

In order to longitudinally probe matrix viscoelasticity over a wide frequency
range, B. Krajina et al. utilized dynamic light scattering to measure fluctuations
of dilute microparticles within a biomaterial (Fig. 6C) [154]. Based on correlations
in scattering intensity, an ensemble averaged mean square displacement can be
extracted and converted to a frequency-dependent shear modulus using the gener-
alized Stokes-Einstein relation [157]. In principle, this approach could resolve both
thermally driven motion as well as actively driven motion due to cell-generated
forces. For instance, mammary epithelial spheroids (e.g., MCF-10A) embedded in
composites of collagen I and Matrigel drove considerable changes in shear modulus
over 6 days. With the addition of TGF-8 to drive invasion and EMT, there was an
effective increase in matrix stiffness at high frequencies and matrix fluidization at
low frequencies, which was explained based on elevated matrix degradation as well
as cellular contractility. This dynamic light-scattering approach promises to provide
new insights into how biomaterials are altered over extended durations in response
to cellular activity, although it will likely require complementary measurements
with conventional fluorescence microscopy to map back to cell morphology and
migratory behaviors.

Finally, Adie and coworkers utilized optical coherence tomography for label-free
imaging of cells and collagen fibers [158]. As a case study, mammary epithelial
spheroids (e.g., MCF-10A) were characterized with or without co-culture with
adipose stem cells [159]. Notably, mammary epithelial spheroids only remained
relatively localized with limited matrix deformation. In comparison, the addition
of adipose stem cells from obese mice resulted in extensive collective invasion as
well as matrix remodeling, which could be rescued by pharmacological inhibition of
matrix degradation or Rho kinase activity. This technique has great potential since it
can be scaled to larger imaging volumes in highly scattering media, directly imaging
biomaterial deformations with minimal phototoxicity.

Emerging technologies to visualize bidirectional interactions between cancer
cells and 3D matrix will enable new insights into collective invasion and drug
response. It should be noted that cell mechanics are challenging to measure deep
inside 3D matrix, since most characterization techniques require direct contact with
the cell (e.g., micropipette aspiration, atomic force microscopy, etc.). Nevertheless,
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techniques such as particle tracking microrheology or optical tweezers can directly
probe intracellular rheology in 3D, as we have recently reviewed elsewhere [160].
We also envision future explorations that utilize patient-derived organoids, as
well as stromal and immune cells. Thus far, these early proof of concepts have
investigated cell-generated tractions in relatively simplified biomaterials such as
collagen I or reconstituted basement membrane (e.g., Matrigel). As the composition
and architecture of biomaterials increase in complexity to mimic the in vivo
environment, an improved fundamental understanding of these material properties
will be needed to understand how cancer cells are affected. Lastly, these biophysical
measurements all require specialized equipment and training for optimal results, and
further work is needed to translate these techniques into conventional biomedical
settings.

7 Epithelial-Mesenchymal Plasticity and Collective Cell
Migration

Classically, EMT has been understood as a phenotypic switch in which adherent
cells lose epithelial biomarkers (e.g., E-cadherin) and gain mesenchymal biomarkers
(e.g., vimentin) in order to disseminate individually for embryonic development and
wound healing [161]. EMT is often observed at tumor invasion fronts, mediated
by tumor-stromal interactions and the interstitial matrix [162]. More recently,
epithelial-mesenchymal plasticity (EMP) has been proposed to represent a broader
spectrum of intermediate or hybrid cell states that may exhibit some mixture of
epithelial and mesenchymal features [5]. Functionally, EMP is associated with
a decrease in differentiated features (e.g., apicobasal polarity, strong cell-cell
adhesions), resulting in reorganization of the cytoskeleton and cell-matrix adhesions
towards front-back polarity and invasion across the basement membrane, which
may or may not be captured by certain biomarkers or classical EMT transcription
factors (e.g., Snail, Twist, ZEB, etc.) [5]. These morphological phenotypes often
exhibit appreciable variability at the single-cell level, even for relatively controlled
induction of transcription factors [163]. Nevertheless, the mechanistic role of EMT
in human tumor metastasis remains unresolved, partially due to the difficulty of
measuring a rare and dynamic process at the single-cell level (within patients)
[164]. For instance, if EMT occurs transiently as tumor cells disseminate from
the primary site and they revert back to an epithelial state (MET) at a secondary
metastatic site, measurements of the primary and metastatic site will most likely
yield epithelial cells [165]. Several recent papers have combined live cell imaging
with deep molecular profiling in order to better elucidate the potential role of EMP.

I. Pastushenko et al. utilized fluorescence-activated cell sorting (FACS) and
single-cell RNA-seq to map an EMT landscape in genetically engineered mouse
models of skin squamous cell carcinoma (KRas/SL—G12Pp53/1//1y and breast
cancer (MMTV-PyMT) that overexpressed fluorescent proteins [166, 167]. They
defined an epithelial state based on high expression of keratin 14 (K14) with
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A. Epithelial, Hybrid, and Mesenchymal States
Late Hybrid Mesenchymal

i Epithelial

GFPVim GFP K14

Surface
rnarie_r
expression

C. Partial EMT Enhances Migration and Plasticity
Tnc-CreER™ 10 h 20 h 30 h 40 h

Fig. 7 (A) Immunofluorescence staining of keratin 14 (K14) and vimentin (Vim) (red) expression
in tumor cells (GFP) across epithelial, early/late hybrid, and mesenchymal states (i), corresponding
to changes in EpCAM, CD106/Vcaml, CD51/Itgav, and CD61/Itgb3 (ii). Reproduced from
[166] with permission from Elsevier. (B) Leader cells in MMTV-PyMT breast tumor organoids
exhibit a basal epithelial phenotype with high keratin 14 expression. Reproduced from [168] with
permission from Elsevier. (C) Lineage tracing of partial EMT via Tenascin C gene expression
reveals enhanced migration and plasticity relative to late EMT. Reproduced from [169] under

Creative Commons CC-BY



Mechanobiology of Collective Cell Migration in 3D Microenvironments 23

no vimentin expression, which exhibited a compact cell morphology and (high
E-cadherin expression) (Fig. 7A, 1). Further, hybrid states were observed which
co-expressed K14 and vimentin with partially elongated morphology (and low E-
cadherin expression), associated with collective migration. Finally, mesenchymal
states expressed vimentin with no K14 (or E-cadherin) and exhibited a fully
elongated morphology. The epithelial state also expressed high EpCAM, which was
absent in hybrid and mesenchymal states (Fig. 7A, ii). Instead, an “early hybrid”
state was defined based on the absence of CD106 (Vcaml), CD51 (Itgav), and
CD61 (Itgb3), whereas a “hybrid state” was associated with CD106 expression only.
Next, a “late hybrid” state was associated with expression of CD51 and/or CD106.
A mesenchymal state was associated with co-expression of CD51 and CD61 or
CD51, CD106, and CD61. Functionally, epithelial cells proliferated faster than cells
in hybrid or mesenchymal states. However, hybrid or mesenchymal cells exhibited
much higher tumor initiating potential than epithelial cells when implanted at
successively smaller dilutions and displayed increased invasion. Nevertheless,
hybrid cells exhibited the most plasticity to transition to other states, as well as
the greatest metastatic potential. These hybrid or mesenchymal states were also
promoted by the local microenvironment, including blood and lymphatic vessels
as well as macrophages.

Instead, K.J. Cheung et al. demonstrated that epithelial cells expressing K14
from genetically engineered mouse models of breast cancer (MMTV-PyMT) act
as leader cells for collective migration (Fig. 7B) [168]. Mouse tumors were isolated
and digested into fragments, which were then embedded in 3D collagen I matrix.
Leader cells were associated with basal markers (e.g., p63, P-cadherin, and keratin
5) but did not express common EMT biomarkers (e.g., vimentin, Snail, Twist).
Further, these leader cells maintained E-cadherin expression and were mechanically
connected to their followers, which were K14 negative. Indeed, K14-positive leader
cells were preferentially localized at the tumor periphery and in lung metastases in
mouse models, as well as in organoids and histology slides from human patients.
Interestingly, K14-positive cells were present but did not function as leaders when
these organoids were cultured in Matrigel. Re-transplantation of these organoids
from Matrigel to collagen I rescued the K14-positive leader cell phenotype and
aggressive invasion.

F. Liiond et al. developed a dual recombinase fluorescence reporter construct
to lineage trace breast tumor cells that had undergone an EMT (reversible or
irreversible) [169]. Briefly, a first reporter labeled epithelial cells with mCherry
but irreversibly switched to GFP expression when early EMT (e.g., Tenascin C,
Tnc) was induced with tamoxifen treatment. A second reporter similarly labeled
epithelial cells but irreversibly switched to GFP expression during late EMT (e.g.,
N-cadherin, Cdh2), also under tamoxifen treatment. Live cell imaging of primary
tumor slices revealed that some early (partial) EMT cells exhibited an elongated
morphology as individuals with directional migration (Fig.7C, 1,2). Other early
(partial) EMT cells associated with multicellular “colonies,” which maintained cell-
cell contacts, although cells at the periphery of these colonies were elongated and
motile (Fig. 7C, 3). In comparison, late (full) EMT cells were also elongated but
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remained localized in perivascular regions near capillaries. Moreover, early (partial)
EMT cells invaded collectively and aggressively as leader cells when seeded on
collagen I matrix, while late (full) EMT cells invaded individually. Further, early
(partial) EMT cells were enriched in lung metastases, while late (full) EMT cells
were enriched in response to chemotherapy. Other recent reports corroborate that
partial EMT is associated with collective invasion and plasticity [170], as well as
enhanced metastatic potential [171].

8 Perspective and Future Directions

The statistician G.E.P. Box famously commented that “all models are wrong; the
practical question is how wrong do they have to be to not be useful” [172] This
aphorism is relevant in the context of cancer biology, where modeling refers to in
vitro or in vivo experimental systems that represent key features of patient tumors
[173], as well as the physical sciences, where modeling refers to theoretical and
computational approaches [174]. In both instances, an unresolved question is how
a group of cancer cells with significant (intratumoral) heterogeneity are able to
coordinate robust behaviors [2]. As presented here, physical science approaches
offer promising tools to elucidate generalized principles of collective invasion, given
that cancer has common set of requirements for metastasis despite high intratumoral
heterogeneity. We argue that such collective processes are crucial for invasion and
metastasis as well as therapy resistance, which are ultimately responsible for most
cancer-related fatalities in human patients [175]. Thus, in this chapter, we have
considered new biological and engineering approaches that have the potential for
useful insights, given the ethical and practical limits on direct experimental access
to human patient tumors.

Modern single-cell omics enable unprecedented insights into molecular signaling
pathways that regulate cellular behavior [8]. However, such deep phenotyping
typically requires the removal and destruction of cells at an endpoint, making it
difficult for dynamic measurements. In comparison, live cell imaging and fluores-
cent reporters can visualize how cells migrate and proliferate with unprecedented
spatiotemporal resolution [10, 11]. Typically, these imaging techniques are limited
to a few fluorescence channels, so that only a few signaling pathways or cellular fea-
tures can be monitored. This mismatch makes it challenging to elucidate how myriad
molecular signaling pathways are integrated into mechanobiological phenotypes
such as cell migration and proliferation. The connectivity map approach has proven
quite powerful to computationally link gene expression profiles to drug response
[176]. An intriguing possibility is to further couple such molecular analyses with
cellular-scale computational models that account for the mechanobiology of the
cytoskeleton, cell-matrix adhesions, etc. [177] This could make testable predictions
about therapeutic regimens that could inhibit invasion or proliferation. Given
interpatient heterogeneity and the challenges of drug development, even predicting
which treatments may not work would be useful to inform clinical practice.
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Aberrant metabolism represents a promising target to inhibit both collective
migration and uncontrolled proliferation. Leader cells represent an intriguing target,
either via inhibition of glycolysis (e.g., 2-deoxyglucose) or oxidative phosphoryla-
tion (e.g., metformin). Given the observed phenotypic plasticity and heterogeneity
of leader and follower cells, it may be necessary to target both glycolysis and
oxidative phosphorylation. It should also be noted that various FDA-approved
drugs that inhibit metabolism can in turn mitigate aggressive EMT features of
tumors [178]. For example, when activated by excess glucose, the polyol metabolic
pathway can induce EMT through autocrine TGF-g stimulation [179], which is
known to potentiate tumor aggressiveness. The polyol pathway inhibitor epalrestat,
used in the treatment of diabetic neuropathy, is under a Phase II clinical trial
to evaluate its potential to inhibit triple-negative breast cancer [180]. Thus, an
improved fundamental understanding of how metabolism and mechanobiology are
mechanistically coupled may inform the design of targeted therapies, likely acting
in combination on different hallmarks of cancer.

Although visualizing cell morphology and migration with fluorescence
microscopy is relatively straightforward, quantification of cell-cell interactions
remains challenging and is often indirectly inferred from qualitative readouts. For
instance, physics-inspired analyses based on PIV or order parameters are sufficient
to reveal when groups of cells migrate with similar speed and direction [83] but
provide limited quantitative information on how these cells interact. One promising
approach for analyzing multicellular configurations is to analyze the mechanical
cost of rearrangements relative to some idealized reference state [68]. Alternatively,
the topological differences between different multicellular architectures can be
compared using persistence homology [69]. It would be intriguing to develop
a hybrid machine learning approach that accounts for the mechanical cost of
cell reorganization but does not assume a reference state. However, it should be
noted that tumor cells are intrinsically heterogeneous, and approximating them
as identical agents with exactly the same cell-cell and cell-matrix adhesions may
not be valid. Establishing meaningful readouts of heterogeneity and cooperative
behavior may nevertheless be useful as a therapeutic target (beyond cell viability)
that can be perturbed. Moreover, understanding when groups of cells exhibit more
homogeneous behaviors may provide insight into how “noise” is regulated by
homeostasis in normal epithelial tissues.

Similarly, elucidating reciprocal mechanical interactions between cells and ECM
is experimentally difficult [146]. Early groundbreaking work utilized planar 2D
substrates with controlled biochemical ligand density and stiffness, which were
non-cell-degradable and exhibited a well-defined linear elastic response [21].
Subsequent experiments using 3D biomaterials are based on a similar premise—that
cells should exhibit relatively similar behaviors when cultured within (relatively)
reproducible and spatially homogeneous mechanical environments [16]. Neverthe-
less, cells also exhibit the capability to substantially remodel biomaterials, so that
the local architecture and rheology may vary considerably at later times. Thus,
recent technology development seeks to mechanically probe alterations of ECM
[152, 154, 158], although there remain trade-offs in spatial and temporal resolution.
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Alternatively, spatially heterogeneous patterns of forces may be sufficient to infer
distinct cell states [153]. Thus, we envision that dynamic, stimuli-responsive bioma-
terials will be increasingly used to reveal dynamic cell responses [181]. Moreover,
it should be noted that ECM in vivo is spatially inhomogeneous in composition
and structure, particularly during fibrosis or tumor progression. Highly tunable
biomaterials capable of recapitulating desmoplastic ECM architectures in the tumor
microenvironment [141] will be needed to understand why current therapies, such
as CAR-T immunotherapy, often fail to penetrate immunosuppressive solid tumors
[182]. High-resolution mapping of local ECM architecture in vivo, combined with a
physical understanding of how cells migrate collectively in different homogeneous
biomaterials in vitro, could also predict how cell might invade inhomogeneous
microenvironments in vivo [183]. Indeed, robust biomaterial-based models serve
as an important first step in elucidating collective invasion mechanisms in a
controlled environment relative to in vivo models, where mechanisms can be further
corroborated.

Finally, tumor cells exhibit not only phenotypic heterogeneity but also pheno-
typic plasticity, which can be a relatively rare event. Thus, it remains challenging
to test the role of epithelial-mesenchymal plasticity in human patients without
complete single-cell information at high temporal resolution [5]. Indeed, it is
conceivable that tumor cells could adapt their phenotype as they encounter different
microregions of the primary tumor and colonize the secondary metastatic site or
in response to therapeutic treatments [184]. Recent advances in biofabrication and
microfluidics enable compartmentalized engineered tissues, where soluble signaling
conditions can be rapidly switched [185]. This capability to rapidly and sharply
switch microenvironmental cues is likely to be quite powerful to directly observe
how cells respond. Further, improvements in epigenetic profiling will be useful to
understand when cells mechanically adapt or retain a “memory” of prior phenotypes
[186]. An ongoing translational challenge may be to understand how patient tumor
cells individually and collectively adapt to changing microenvironmental conditions
via leader cells or EMP and to limit heterogeneity in an evolutionary context [187].

In conclusion, we have considered how the mechanobiology of cell-cell and cell-
matrix interactions mediate how tumor cells collectively invade into 3D matrix.
We highlight how these coordinated behaviors with leader-follower interactions
and epithelial-mesenchymal plasticity represent a caricature of embryonic develop-
ment, as tumor cells repurpose the associated molecular signaling and biophysical
machinery. We also highlight emerging technologies in ex vivo measurements of cell
migration based on 3D biomaterials with live cell imaging. In combination, these
technologies can quantify how groups of cells cooperate mechanically or metabol-
ically with each other and to remodel the surrounding ECM. These exquisitely
sensitive measurements of single-cell dynamics will enable new physical models
that could be integrated with molecular profiling to predict how patient cells respond
to targeted treatments, revealing new fundamental insights and accelerating clinical
translation. Ultimately, we envision that the integration of new bioengineering
assays with physical modeling represents a highly “useful” representation of
human tumors to address unresolved questions of intratumoral and interpatient
heterogeneity in cancer progression.
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Abstract The growth and metastasis of tumors are increasingly recognized to be
an inherently collective, multiscale problem, wherein understanding at the genetic
and molecular level is necessary but is not sufficient; the mechanical response of
cells must also be accounted for to understand collective behavior in cancer. Like
glassy, granular, and colloidal materials, cells exist in a fundamentally crowded and
disordered environment and are capable of undergoing collective phase transitions
between states resembling the material phases of solid, liquid, and gas. By mapping
concepts from material science to cell motion, it becomes possible to better predict
and understand how macroscopic properties of the cellular system — fluidity and
rigidity — emerge from physical cellular-scale interactions. These cellular interac-
tions, though enormously complex and variable from a biological standpoint, can
be abstracted to generalized state variables, including density, cell shape constraints,
and fluctuations, which allow phase diagrams to be constructed to aid in predicting
behavior. In this chapter, we review both experimental evidence and theoretical
frameworks toward understanding multicellular collectives as material systems,
exploring both the power and the limitations of comparisons between biological
and non-living soft matter systems. We conclude with how these lessons are being
applied to develop a more holistic understanding of how physical constraints affect
collective migration and invasion in cancer.
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1 Introduction

Cancer is not one disease but a range of conditions which are characterized by
aberrant, uncontrolled growth. Tumor growth can occur in any organ and leads
to cell populations that are highly heterogeneous [1]. Tumor growth and eventual
spreading through metastasis involve changes in cell mechanics, cell signaling, drug
resistance, and a host of other properties measured at the single-cell level [2—4].
Understanding these changes is important for diagnosis and treatment of cancer, but
measurements of single-cell properties alone are insufficient to understand cancer
behavior. Tumor cells necessarily interact with each other and their environment,
and understanding these interactions is needed for a holistic picture of disease
progression [5].

Recent approaches to understanding the mechanics of cellular collectives have
established that physical models can both aid interpretation and predict behaviors
and properties of these collectives, many of which are not apparent at the single-cell
level. Instead of focusing on individual cells, these frameworks treat the collective
as a material system and aim to predict average behavior [6—9]. While it is possible
to point to examples of different material phases in the body — including solids in the
form of bones and cartilage, liquids in the form of blood and lymph, and gas in the
lungs — the majority of our cell and tissue systems are better described as disordered
materials. In everyday life, disordered materials are everywhere, from glass in our
windows to pastes and colloids like toothpaste and yogurt to granular materials like
coffee beans in a dispenser or sand on the beach. These diverse systems share the
ability to behave either as a solid or liquid, or, in some cases, a gas. These systems
exist in metastable states far away from a thermodynamic equilibrium, yet we can
still make predictions about their behavior and mechanics.

The distinguishing feature of these systems is their lack of order at both the
local and long-range scale. This has made it challenging to develop straightforward
metrics to characterize local behavior, although ongoing developments in machine
learning may allow the determination of such metrics [10—13]. Nonetheless, average
behavior does change in predictable ways in disordered systems; for example, as a
glass cools from a melted, viscous state, particle motion slows down and eventually
arrests, and the glass transitions from a fluid to a solid material. This slowing
and eventual arrest are accompanied by a change in the mechanical properties
of the bulk system. The macroscopic stiffening, or solidification, corresponds at
the microscopic level to an increase in molecular coordination, as the individual
constituents of the glass coordinate their motion over longer time and length
scales. That molecular coordination gives rise to bulk stiffness is an example of
an emergent mesoscopic phenomenon (see Box 1). Emergent phenomena occur
across all scales of life and embody the notion that “more is different”: that is,
one cannot understand the behavior of the group by investigating the individual in
ever-higher detail, while at each level of increasing scale or complexity, entirely
new and unpredictable properties emerge [14—16]. While biological systems are
more complex than inert materials, due to the presence of energy consumption,
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biochemical signaling, biological coordination, and heterogeneity, through adapting
our understanding of the physics of disordered media it becomes possible to relate
the measurement of single-cell properties to many types of collective behavior.

Box 1: Terms and Concepts Originating in Physics and Materials Science
When describing cell collectives as a material, it is natural to draw upon the
language of material science, but the correspondence of ideas is not exact. The
concepts and terms are used as analogies, or behavior is described as being
like a material phase. It is thus helpful to understand what a term means both
in reference to inert material and in reference to living systems. Some of the
most commonly used terms in the description of collective cell motion are:

Active matter: Material where each constituent particle consumes energy
[203]. While this energy consumption is often tied to motility, it is not
necessarily so. For example, motors in the cellular cytoskeleton consume
energy and change the behavior of the cellular interior. Active matter
systems are by definition not in thermal equilibrium; however, they can
reach a meta-stable state.

Adhesion: This is the tendency of cells to attach to other materials. This
can include adhesion to the substrate or extracellular matrix, but in the
context of collective cell motion often refers to cell—cell adhesion. Cell—
cell adhesion is controlled by a raft of proteins collectively referred to
as the adhesome [204]. When compared to inert materials, adhesion is
somewhat akin to the binding energy or attractive potential [6].

Agitation: Refers to the forces which tend to disturb the collective. In inert
materials like glasses, this property is dominated by thermal fluctuations
and is measured in units of kgT where kg is Boltzmann’s Constant and
T is temperature [60, 205]. For granular materials where the constituent
particles are large, thermal forces are insufficient to displace the particles.
Instead, external forces such as gravity or shear moves the particles; this
is why granular systems are said to be athermal [29]. Despite this, by
analogy with the effect of temperature in molecular systems, we can define
an effective temperature for granular materials which reflects the degree
to which agitation displaces the constituent particles [206]. Similarly,
for active systems, which include self-propelled particles and cells, we
can also define an effective temperature [207]. In this case, however, the
effective temperature is related to the self-motility of the constituents and
not related to external forces.

Attractive energy: When discussing the phase behavior of inert, particulate
matter, this describes the tendency of particles to attract or repel each other.
For a system of attractive solid particles to fluidize, the amount of agitation
must be sufficient to overcome this barrier [30]. In cellular systems, the

(continued)
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attractive energy is determined by balance of cell adhesion and contractility
[41].

Colloidal systems: Inert materials where one insoluble phase is dispersed
in another. The insoluble phase is small and remains dispersed in the
supporting medium. A commonly used system is polymer microspheres
dispersed in solution. In this system, the colloids are used as model atoms
to help understand standard bulk materials [208]. Similarly, analogies are
made between cellular systems and colloidal suspensions [209].

Contractility: The cytoskeleton of a cell is contractile. When a cell adheres
to an outside material, it then pulls on its surroundings. The ability of a cell
to contract is resisted by both its own compressibility and its adhesion to
its surroundings. When combined with adhesion, contractility can be used
to define an effective binding energy of a cell with its neighbors [41, 66].

Density: For a traditional condensed phase material, density is understood in
the standard thermodynamic sense. In jamming parlance, density is better
understood in terms of volume fraction; that is, the portion of free space
taken up by the particles [31, 32]. In cell systems, density more typically
refers to number density [33]. A confluent cell monolayer can cover all
free space yet can still accommodate new cells when divisions occur; this
changing number density can affect behavior [33, 85].

Dynamic heterogeneity: As a glass cools, transitioning from a liquid to
a solid, it undergoes structural rearrangements [61]. The distribution of
these rearrangements is non-Gaussian with very long tails. Practically
speaking, this means that for particles to move, they must coordinate
with their neighbors. As the system cools further, the length scale of this
coordination becomes longer. The presence of dynamic heterogeneity in
a system is considered a hallmark of glassy dynamics [60, 61, 205]. In
cellular systems, both the distribution shape and an increasing length scale
of collective phenomena have been used to identify dynamic heterogeneity
in cells [33, 85].

Elastic: Materials which are elastic store energy when they are deformed from
their resting state. This energy can be recovered if the force deforming
them is removed. This is in contrast to viscoelastic materials.

Equilibrium: When discussing changes in material state, equilibrium can
mean either a thermodynamic equilibrium or, as is more typical in disor-
dered material, a local metastable equilibrium. The term equilibrium is also
used to refer to different scale objects in the same system. For example, a
monolayer that is in equilibrium typically means that large scale motion
has arrested, but is not referring to internal cellular activity.

Flocking: A collective transition where groups of particles or cells move as
a cohort [136]. Flocking effects can be seen in self-propelled systems,
including cells [121, 144].

(continued)
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Fluid versus solid: In inert materials, the distinction between these phases is
obvious. In cell systems, the distinction is less clear and is partly dependent
on the time-scale of observation [72]. In many cases, a relative comparison
is more apt with cell collectives being described as more fluid-like or more
solid-like in comparison to another grouping of cells. The character of
the collective can be described in terms of order parameters or dynamic
measurements of rearrangements. It is worth noting that in soft matter
systems, which are condensed phases, that “fluid” is often synonymous
with “liquid” despite the fact that gasses are also fluids. Because many of
the concepts of soft matter have been adopted to discuss collective cellular
motion, fluid is often used to describe systems which are flowing even if
they are strictly speaking behaving more like a liquid state.

Fragile glasses: When a glass melts from a solid to a liquid, it can either
change its viscosity rapidly or slowly, in which case it is called either
fragile (rapid change) or strong (slow change) [210]. For molecular
systems, evidence suggests these changes in macroscopic behavior are
related to the underlying structure [211]. For colloidal glasses where the
glass formers are particles themselves, instead the behavior of the glass
being either fragile or strong is related to the stiffness of the colloids,
with stiff particles forming fragile glasses and soft particles forming strong
glasses [48, 212]. In biological systems, isolated cells appear to undergo a
glass transition when being osmotically compressed that is consistent with
soft particles forming a strong glass [209], although this may be dependent
on metabolic activity as well [213]. It has also been proposed that collective
cell behavior is consistent with the formation of strong glasses made of
deformable particles [6, 214].

Glass transition: For inert materials, glass formation and jamming have some
commonalities, but also differences, with the primary difference being that
jamming occurs in athermal systems, whereas glass transitions happen
in thermal ones [60]. In cellular systems, these terms are occasionally
used interchangeably to describe the transition from a more fluid-like
configuration to a more solid-like one.

Glassy material: As an amorphous liquid cools, it can solidify by undergoing
crystallization. Glasses, however, solidify while remaining amorphous.
This temperature-driven transition is accompanied by slowing dynamics
yet increasing dynamic heterogeneity [60, 61, 205]. Both cell collectives
and the interior of a cell can be described as glassy materials [33, 209].

Granular material: A collection of macroscopic particles that are big enough
that they do not move due to thermal motion [29]. Common examples
of granular material are sand, coffee beans, or rice. Energy dissipation
in these systems is often due to friction. Jamming transitions were first

(continued)
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hypothesized for granular systems where arrest is largely due to geometric
confinement [31, 32]. Because it is easy to visualize granular material and
its jamming transition, the language used to describe cell collectives has
borrowed extensively from these concepts [6].

Emergent phenomenon: Broadly defined, emergent phenomena are behav-
iors that cannot be predicted solely by looking at individual units of a
whole [215]. Collectivity or collective behavior connote similar ideas. In
disordered media, there are many such phenomena. For example, a glass
transition where disordered particles transition from a liquid to a solid
is an emergent property; looking at any one particle, it would not be
possible to predict whether this system is solid-like and only by looking
at the collective can this property be determined. An example from living
material is flocking; the motion of a single cell may look persistent, but
when compared to its neighbors, it becomes more obviously collective
behavior. Conveniently, in reference to both inert and living materials,
emergent maintains a consistent definition.

Jamming transition: A collective effect that helps explain how disordered
systems transition from fluid-like to solid-like behavior, it was initially
proposed as a potential explanation for behavior in a wide range of systems
such as glasses, colloids, and particles [30, 31]. It is possible to develop a
rigorous definition of jamming, which is due to geometric confinement and
occurs in the absence of any activity or agitation [60]. In practice, however,
jamming is often used to describe the emergence of a range of collective
phenomena in disordered materials and used to describe systems ranging
from microscopic particles to traffic jams. For many systems, a jamming
transition is associated with the transition from a fluid-like state to a solid-
like state where the material resists deformation. Somewhat confusingly,
some of the same language is used to describe flocking formation as
well [216]. When discussing cells, the term jamming transition is used
to describe both types of behavior in cells; jamming is used to describe
motion arrest [33] and flock formation [121, 144].

Mesoscale: A “middle” length scale where the actual length scale is depen-
dent on the system being studied. Weather patterns [217], cell motion [7,
218], and individual polymers [219] all have an effective mesoscale. In
some sense, the mesoscale of a system is related to emergent phenomena
and collectivity; it is a length scale that spans multiple individual units and
where new physics may appear. Like emergent phenomena, the definition
of mesoscale is maintained for inert and living systems.

Order parameter: An order parameter is any system parameter which can
be used to distinguish an ordered phase from a disordered one. It describes
the long-range order of a material. It can be structural, such as density or
crystallographic phase, or thermodynamic, such as magnetic or dielectric

(continued)
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susceptibility [220]. Because order parameters are used to distinguish
phases of material, there is not an exhaustive list of them and new ones,
such as recent ones proposed for some disordered materials [10-12, 221],
can be developed over time to help better understand material properties.

Percolation: Given a series of nodes, it is possible to form links between
them, be they fluid channels, electrical connections, bonds, or some other
connection. As links are randomly added, the network can grow rapidly
at a critical density of links, and the network spans the extent of the
system. Under these conditions, macroscopic changes in system behavior
can occur. In both inert [222] and cellular [40] systems, percolation refers
to the formation of system spanning networks which give rise to changing
material properties.

Phase transition: For transitions where order parameters change, such as
solid to liquid, a phase transition is a clear change in the state of matter. For
disordered materials, the transition from a fluid to a solid is less clear. For
jamming and glass transitions, these transitions are often not associated
with a distinct change in an order parameter and are instead identified by
changing correlation lengths and time scales and might more correctly be
described as kinetic arrest [32]. Flock formation, however, is more akin to
freezing with the nucleation and growth of a flock behaving solid freezing
in a liquid bath yet the system remains disordered [136, 216].

Rigidity transition: Rigidity transitions can be ascribed to numerous causes,
but are characterized by a change in the macroscopic material properties
of the system being studied. In cell systems, the term rigidity transition is
used to describe both resistance to neighbor swapping [66] and changes
to the elastic modulus of a tissue [40, 202]. The opposite of the rigidity
transition is the yielding transition, a term which is more frequently used
in reference to condensed matter systems [223, 224].

Soft matter: Broadly defined as systems where interparticle bond strength is
on the same order as thermal energy.

Strong glasses: See fragile glasses.

Viscoelastic: Materials which are viscoelastic dissipate some of the energy
used to deform them. If a force is applied and then removed, the system
does not return completely to its original state. Nonetheless, some energy is
stored by these materials and can be recovered. Many soft matter systems,
and biological systems, are viscoelastic.

One of the most commonly described, and intuitively accessible, collective emer-
gent phenomena is jamming, a concept simply illustrated (and best characterized)
with inert materials. Imagine a box containing a relatively low number of spheres.
These spheres are free to move around if the box is tilted or jostled. As more
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and more spheres are placed in the box, their ability to roll freely is restricted.
Eventually, as a critical number of spheres is added, the system becomes crowded
and motion stops; this is a jamming transition from a fluid-like state where motion
can occur to a solid-like state where motion stops. As discussed in this chapter, in
cell systems, a similar type of transition occurs despite the fact that cells are active,
soft particles which can replicate and adapt to their environment. By recognizing
this parallel between inert, disordered materials and cellular collectives — because
cellular collectives exhibit transitions between collectively mobile and immobile
states that are reminiscent of transitions between fluid-like and solid-like states in
inert materials — we can apply the insights from materials science and soft matter
physics to understand complex biological phenomena, including cancer. Of course,
there are differences between the collective transitions observed in simple inert
matter systems and in cells. Nonetheless, the overall concept — motion changing in
response to neighbors — has led to much of the terminology of jamming, and phase
transitions more broadly, being adapted to cellular systems. Definitions of terms and
concepts which originated in the world of materials science, and which have since
been adopted for use in describing cellular systems, are presented in Box 1, which
covers how the different terms are used at the intersection of these different fields.
There are three core ideas underpinning the experimental results and theoretical
frameworks discussed in the rest of the chapter. First, as was highlighted with the
example of spheres in a box, density, defined as the number of particles in a given
space, can affect whether or not those particles are free to move. This is true for
both inert materials and living systems. Second, how those particles interact also
affects behavior. Returning to spheres in a box, we can imagine the behavior of
the system will be different if the particles stick to each other after a collision or
bounce off one another like billiard balls. In inert systems, this behavior is described
as an inter-particle attraction (or repulsion). For living systems, “particle-particle,”
or more accurately, “cell-cell” adhesion is determined by an array of proteins,
collectively called the adhesome [17]. Because cell—cell adhesion is controlled by
the cells themselves and changes over time, it is a critical parameter in understanding
collective cell motion, especially in the context of cancer where adhesome changes
may drive cancer progression [18]. The third key axis for understanding collective
material transitions is agitation. In our example of spheres in a box, the box is tilted
and shaken to impart energy to the particles. This is an example of a granular system
in which external energy is needed to move the particles, in contrast to soft matter
systems, where thermal energy is sufficient to displace the particles, like in the
example of cooling glass. In living systems, it is clear that thermal agitation is not
the main driver of cell motion. Instead, agitation comes from the cells themselves
which exist out of thermal equilibrium and expend energy to migrate, grow, and
rearrange their environment. In the language of soft matter/jamming, cells are active
matter that consumes energy. Despite all the differences, these systems all exhibit
similar behavior at transition points where the collective material physics changes
between fluid-like and solid-like or vice versa. Said another way, when density,
particle interactions, and agitation balance, emergent collective phenomena appear
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across a diverse range of systems that nonetheless bear a striking similarity to one
another.

Within the framework of phase transitions of cellular systems, when cells jam,
collective motion slows (i.e., becomes more solid-like) with reduced ability for cells
to rearrange themselves, whereas when they unjam, collective motion increases (i.e.,
becomes more fluid-like) with more frequent rearrangements. By recognizing the
existence of these material phases in cellular systems, solid-like versus fluid-like
(using the terminology of soft matter and jamming) and solid versus liquid versus
gas (if using the terminology of traditional condensed matter), it is possible to
construct phase diagrams to describe cellular behavior. Many such phase diagrams
have been constructed as theoretical and experimental predictions and evidence have
evolved (Fig. 1). Each phase diagram is not definitive, but instead is a tool for
thought that aids in the interpretation of experimental data and making predictions
about how changes at the single-cell level will be reflected in the behavior of the
collective. The evolution of the proposed phase diagrams depicted in Fig. 1 also
highlights that cellular jamming occurs in a multidimensional space. Early phase
diagrams focused on specific state parameters, while later ones have transitioned
to classes of state parameters which encompass several different cellular and
environmental properties. To understand how these concepts apply to cancer, it
is first necessary to understand how these concepts apply to cellular systems in
general, both in terms of the underlying physics and the experimental evidence to
support these models. It is only thus armed that it is possible to discuss how aberrant
processes in cancer fit into this framework.

2 Cell Jamming: From Sand to Cells

In cell systems, many experiments have shown that both motion and rate of division
slow as cell density increases, through the phenomena of contact inhibition of
locomotion and contact inhibition of proliferation, respectively [19-21]. While the
role of biochemical signaling has long been recognized in these processes [22—
25], the role of cell mechanics and physical forces has only more recently been
explored. Experimental evidence demonstrates that mechanical forces could play
an important role in determining behavior in collective systems [26], with several
different models from soft matter physics being used to help explain collective cell
properties [27, 28]. The related phenomena of jamming and glass transitions, which
are collective phase transitions between motile and arrested states, offered new
possibilities for understanding both contact inhibition and cell motion [29-32]. A
hallmark of classical jamming transitions — kinetic arrest over time as the density of
the constituent particles rises — has been observed in living systems in vitro [33-38]
and in vivo [39, 40].

In each of these diverse examples, the cellular collective can transition between
two states: a lower-density state, where cells collectively behave in a gas-like or
liquid-like manner and a higher density state, where cells collectively behave in
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Fig. 1 Evolution of phase diagrams for living systems. (A) Phase diagrams for cell jamming
were adapted from established work in soft matter physics (left-most panel), where close to the
origin the system is solid-like (shaded in blue) and beyond the phase boundary the system is fluid-
like [30, 31]. Proposed diagrams for cells introduced analogous variables describing more complex
cell behaviors. A first proposed phase diagram for cell jamming (second panel) added inherent cell
motility as a possible state variable [6]. At constant density, cell motility can be further decomposed
into inherent motility and directional persistence, while adhesion is subsumed into a preferred
shape parameter py (third panel) [41]. Because many cell parameters can contribute to collective
cell motion, it has been proposed to recast the cell jamming phase diagram in terms of broad
classes of parameters to facilitate predictions of collective motion (right-most panel) [42]. (B)
Through-lines connecting the state variables for cell jamming. In inert materials, temperature and
interparticle attraction are in opposition, so a natural evolution of that variable is cell—cell adhesion.
External loads for inert materials can in turn be replaced by internal forcing, as can be caused
by active, motile particles. Motility itself can be decomposed into different components such as
absolute speed and its persistence, that is, the tendency of cells to continue migrating in a given
direction. Adhesion, in turn, can be viewed as a component of intercellular force balance which
can be represented as a preferred shape parameter. (C) The evolution of the cell jamming phase
diagram has resulted in generalized parameters which encompass several different cell properties.
Geometric incompatibility accounts for force balance between cells due to contractility, cell-cell
adhesion, cytoskeletal elasticity, and related parameters. Fluctuations account for active cellular
processes and its derivatives such as inherent motility, persistence, and others. Density for cell
systems typically reflects number density, since area fraction is often unity

a solid-like manner. In the low-density state, cells are less constrained by their
neighbors and may have less contact with them, thus allowing greater freedom to
move; and, by contrast, cells in the high-density state have greater contact with their
neighbors, restricting the ability of single cells to move. A multicellular system
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that is increasing in density over time, for example due to the proliferation of
the constituent cells, has thus been hypothesized to undergo a jamming transition,
analogous to the observation of an increase in viscosity with increased particle
density observed in granular, colloidal, or glassy materials (Box 1, Fig. 1). In
some cases, density, per se, may not be increasing, but rather the contact between
neighboring cells increasing [40] or extracellular space between them decreasing
[39]; in all of these closely related, but physically distinct, situations, individual
cells are increasingly constrained or caged by their neighbors.

As will become clear, many of the hallmarks of cell jamming arise from
making analogies to inert materials. It is thus not surprising that early proposed
phase diagrams for cell jamming [6] (Fig. 1A, second panel) drew upon already
established work in soft matter physics (Fig. 1A, left panel) [30, 31]. However, as
the field of collective cell jamming has matured, it has become clear that while the
concept of phase transitions and state variables holds, the details are quite different
between inert and living matter. Cells have active machinery to maintain their shape
and can engage in persistent directed motion as opposed to random thermal motion
of inert materials (Fig. 1 A, third panel) [41]. More generally, cells are active matter
which consume energy and can agitate their surroundings while simultaneously
resisting changes due to their external environment (Fig. 1A, right panel) [42].
The recognition of this more complex behavior is reflected in the evolution of the
proposed phase diagrams and state variables for cell jamming (Fig. 1B) resulting
in general classes of variables as opposed to focusing on specific parameters (Fig.
1C). However, certain through-lines have remained, in particular that cell density is
important, and also that developing metrics to recognize and characterize a change
in phase is needed to establish that the material state has changed. Thus it is
necessary to be familiar with the various changes in motion and mechanics that
accompany changes in collective cell phase.

While the arrest of motion is the most easily recognizable feature of a cellular
system undergoing a phase transition from a more fluid-like state toward a more
solid-like state, several other system properties are expected to, and indeed have
been observed to, change during this transition and impact biological function. In
addition to the arrest of motion, these include changes in bulk rheology, dynamic
heterogeneity, and structural changes; evidence of each of these in cellular systems
is discussed below. Beyond that, we discuss how these hallmarks of phase transitions
manifest in living systems in response to changing biologically relevant variables.

2.1 Hallmarks of Collective Cellular Phase Transitions
2.1.1 Arrest of Motion
In 2011, Angelini and colleagues demonstrated that, as cell density rises in a

confluent layer of model epithelial cells (see Fig. 2A), the average migration speed
of cells within the layer decreases in a manner that is consistent with a jamming or
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Fig. 2 In vitro models for studying phase transitions. Collective cellular phase transitions have
been most commonly studied using (A) 2D monolayer cell culture. However, more complex 3D
models have also been developed to study migration phase transitions. For example, spheroids can
be used to study changes in cell phase by (B) placing them on 2D ECM [27, 28, 163], or (C)
embedding them in 3D ECM [121, 130, 131]

glass transition [33]. In this experiment, all available surface area of the substrate
was filled with cells — that is, observation of the system began at area fraction 1;
subsequently, the number density of cells increased as cells proliferated (Fig. 1).
As the number density of cells increased over time, individual cells necessarily
decreased in their cross-sectional area (Fig. 1C, right panel, “density”). The authors
drew parallels between the observed slowing of movements within the cellular
collective with the behavior of a particulate system as it becomes increasingly
crowded and approaches a glassy, or jamming, transition [33]. This seminal study
was performed using the Madin-Darby Canine Kidney (MDCK) model epithelial
line. The observation that system dynamics slow toward the total arrest of motion as
cellular crowding increases due to the proliferation of cells in a confluent monolayer
has since been shown in MDCK cells [37, 43, 44], immortalized and primary human
bronchial epithelial cells (HBECs) [34, 45], and in cell lines derived from epithelial
breast cancers [38, 46].

This density-dependent phase transition — relatively slower motions at relatively
higher cell number densities — was later demonstrated to be due directly to
differences in cell density and not a confounding effect occurring due to aging of
the system such as depletion of nutrients. Saraswathibhatla and colleagues directly
compared confluent monolayers of MDCK cells seeded at low versus high densities
[36]. Consistent with previous reports in systems where cell density differences
resulted from proliferation, here the low-density cell layers were considerably more
motile than the high-density layers; therefore, the higher-density cell layers are
interpreted to be closer to a jammed, solid-like state.

Changes in cell density giving rise to system-slowing toward arrest have also
been observed in vivo during developmental processes [47]. During axis elongation
in the developing zebrafish embryo, a solid-to-fluid transition was observed in the
extending end of the axial tissue [39]. In this system, the posterior end of the
embryo elongates, and cells at the mesodermal progenitor zone — the extending tip —
initially display fluid-like movements; as elongation continues, these cells become
incorporated into the presomitic mesoderm, which is more solid-like. The transition
between the fluid-like and solid-like states is correlated with a gradient in the activity
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of N-cadherins, such that increases in cell-cell adhesion gives rise to a decrease in
extracellular space, solidifying the presomitic mesoderm. This change in behavior
is confirmed both by observing cellular rearrangements and measuring the change
in yield stress of the tissue.

2.1.2 Changes in Bulk Rheology

The change in yield stress measured during axis elongation of the developing
zebra fish [39] highlights another key expectation of cell jamming transitions: if
a phase change occurs, we expect to observe changes in bulk rheology of the
system. In both jamming and glass transitions for inert materials, as the system
becomes more solid-like, the viscosity increases and a bulk rigidity emerges [29—
31, 48]. In 2D cell systems, measuring bulk rheology has been challenging, as the
majority of the available techniques for measuring cell mechanics were developed
to probe molecular or cellular-level properties. Local cellular mechanics can be
measured using techniques such as AFM [49], optical tweezers [50], magnetic
twisting cytometry [51, 52], Brillouin scattering [53], and more. Single-cell stiffness
measurements may reveal evidence of dynamic heterogeneity [54], as discussed
below, but bulk measurements are more traditional hallmarks of phase transitions.
Though experiments have been limited in 2D contexts, Nnetu and colleagues
showed that, for an expanding monolayer, the local elastic modulus of cells in lower-
density areas was lower compared to in high-density areas, with the relationship
between density and elastic modulus scaling as a weak offset power law [46]. Recent
works have demonstrated that it is possible to directly measure the mechanics of
cellular sheets by removing them from the underlying substrate [55], although it is
unclear if a fluid-like layer could survive the process or how cell migration would
proceed after removal.

Measurements of changing bulk rigidity have instead largely been used with 3D
geometries (see Fig. 2B for an example system). For model spheroid systems, mul-
tiple techniques take advantage of the relatively large size and ease of handling to
measure bulk rheology of the entire tissue [28]. These techniques include, amongst
others, parallel-plate compression, micropipette aspiration, aggregate centrifuga-
tion, aggregate fracture, aggregate fusion, and laser ablation [28]. Micropipette
aspiration in particular has found success in measuring collective phase changes
in 3D cell systems [40, 56]. In micropipette aspiration, suction is applied to a
material and its subsequent displacement through the pipette tip can be used to
infer its mechanical properties. By changing the size of the pipette opening and
pressure applied, it is possible to measure the mechanical properties of a range of
living systems, from soft cells, which can have stiffness on the order of a few Pa
[57], to tissues with stiffness up to the order of 10s of kPa [58]. When applied to
a developing embryo, the Hannezo and Heisenberg groups find that the blastoderm
undergoes fluidization and solidification by directly measuring the changes in bulk
rheology that occur during this process using micropipette aspiration [56]. This
collective transition is found to be driven by changes in cell-cell connectivity:
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initially, cell—cell junctions are disrupted and the volume of the interstitial space
increases, reducing the packing fraction of cells while the tissue fluidizes. As
junctions reform and the interstitial volume is reduced, the tissue solidifies. Modeled
as a rigidity percolation transition akin to what occurs in granular material [40], this
provides clear evidence that collective transitions occur in biological systems.

That bulk rheology is tuned by interstitial volume in developing tissues had
previously been found by measuring the local yield stress in the mesodermal
progenitor zone [39] through the technique of ferrofluid deformation [59]. By
implanting a force actuator inside the tissue, the authors were able to measure
local yield stresses and found that the tissues with lower yield stresses had larger
interstitial volume. Interestingly, this change in yield stress was correlated with
changes in cellular motion, which is in contrast to the change in stiffness observed
by micropipette aspiration of the developing blastoderm, where there was no
obvious correlation with motion. This difference highlights that collective cell phase
transitions are complex and can demonstrate some, but not all, features of glassy
transitions, depending on the underlying mechanism which drives the transition.

2.1.3 Dynamic Heterogeneity

As inert systems undergo a density-dependent jamming transition — as the volume
becomes more packed and each particle becomes caged by its neighbors — they
exhibit dynamic heterogeneity, large fluctuations, and collectivity [32, 60-62].
These physical hallmarks have been observed in epithelial monolayer forces,
stresses, migration patterns, and structure [6, 37]. Dynamic heterogeneity refers
to the spatial correlations of dynamic properties; typically this has been applied
to motion and velocity, but can also be applied to forces in cellular systems (see
Box 1). Velocities are straightforward to measure in many cases but revealing the
forces at work is more challenging. To measure the forces exerted by the cells on
their matrix, traction force microscopy can be used. If the cell layer is confluent
and assumed to be roughly uniform, it can be treated like a continuous material
and forces inside the monolayer can also be calculated [63, 64]. Interestingly,
dynamic heterogeneities in cellular systems can be observed using either forces [63,
64] or velocities [33], indicating the broad relevance of this physical hallmark in
multicellular phase transitions.

Early evidence of dynamic heterogeneities of forces in cells was collected by
Trepat and colleagues using MDCK cells on soft substrates [63]. The traction forces
within an advancing monolayer are highly dynamic with large fluctuations that are
not related to the structure of the underlying substrate or the presence of leader cells
[63]. Interestingly, when the strength of these fluctuations is observed over time,
they are found to not be normally distributed as is expected for random fluctuations
but instead show evidence of exponentially decaying tails, a feature often associated
with jamming behavior and dynamic heterogeneity. To further explore this behavior,
the traction forces can be integrated in space; because the monolayer is not
accelerating across the substrate, any unbalanced forces are necessarily balanced by
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stress in the monolayer itself. Calculation of this monolayer stress reveals that cell
monolayers primarily exist in a state of constant tension [63] that varies dramatically
in time and space [64]. Indeed, these variations are remarkably similar to those
observed in other glassy systems where spatial correlations spontaneously arise and
fall within the layer. Here, Tambe and colleagues found that not only do packs
form when looking at spatial correlations of the forces but also the average size
of these packs grows as the system approaches arrest, as would be expected for
glassy systems.

That monolayer stress demonstrates evidence of dynamic heterogeneity was a
beautiful complement to the work by Angelini and colleagues discussed above
[33]. In that study, beyond showing that MDCK cells arrested motion as density
increased, they also showed the formation of packs of cells by segmenting based on
velocity. By looking at the distribution of the fastest 20% of cells, they found that
as cell density increased, the fast cells tended to cluster into packs; however, these
packs were not tied to specific structural changes and were instead simply transient
grouping that formed. Together these studies provided compelling initial evidence
that dynamic heterogeneities occur in living systems [65].

Dynamic heterogeneity has also been observed in cell stiffness when Fujii and
colleagues used AFM to study cell stiffness in an MDCK monolayer near the
jamming transition [54]. Despite variations in individual cell stiffness, stiffness was
correlated over long ranges among neighboring cells. These correlated mechanical
properties depended on a long range actin filament network that formed within the
collective. Interestingly, the length scale of the correlation in cellular stiffness was
quite different from what had been observed when looking at monolayer stress. The
formation of more permanent bonds via a long-range actin network raises questions
as to whether these stiffness networks meet the traditional definition of dynamic
heterogeneity in inert materials. Determining how these networks evolve in time
will help clarify this in the future.

2.1.4 Structural Changes

Historically, hallmarks of jamming transitions relied on dynamic measurements
because single snapshots in time were not thought to provide sufficient information
to predict the material state. As mentioned above, recent works using machine
learning have revealed that this is not necessarily the case. By testing a wide
range of inert materials systems and simulations of collective material, the Liu
group revealed that structural parameters could be derived which predict where
particle rearrangements will occur [10—13]. Known as the “softness parameter,”
this metric is based using many structural measurements and multidimensional
fits. Interestingly, recent work has shown that this same parameter can be applied
to models of cellular monolayers [13]. The vertex model, and the closely related
Voronoi model, have been used extensively to model cellular monolayers by treating
cells as space-filling polygons where each unit incurs an energy cost as it departs
from its preferred perimeter and area [26, 41, 66, 67]. By applying their machine
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learning approach to an in silico model of cells, Tah and coworkers were able to
show that rearrangements and ““cellular” motion can be predicted solely by looking
at stationary images of the system.

Interestingly, the vertex model itself has been used to predict structural changes
in living cell monolayers that are indicative of jamming in cell systems. For
example, Bi et al. used the vertex model to predict that as cell shape, as measured
by the cell shape parameter g, defined as the ratio of cell perimeter to the square
root of cell area, decreases toward the cell shape of a pentagon (¢ ~ =3.81), energy
barriers to motion would arise and cell monolayers would jam (Fig. 1A) [66]. The
importance of the pentagonal cell shape comes from the shape change required for
a T1 transition: while hexagonal cells (¢ ~ =3.72) cannot undergo a T1 transition,
those cells which adopt a more elongated shape are able to rearrange freely. The
vertex model predictions by Bi and colleagues rely on the assumption that cells
have a preferred value of their cell shape, denoted pg, and that rearrangements will
occur as cells attempt to adopt this pg; experimentally, we can attempt to estimate pg
by measuring g. This prediction was subsequently confirmed in primary asthmatic
cells in culture [45]. Subsequent works have demonstrated that in more complex
systems — with active propulsion of the cells [41], heterogeneity of the constituents
[68], or active fluctuations caused by cell division [44] — the absolute prediction of
the critical shape index can change, but the overall trend that as the shape index
decreases, cells become more jammed, holds.

The success of the shape index in marking transitions in collective cell motion
inspired other structural markers of behavior to be investigated such as cellular
aspect ratio [69]. Much like shape index, the average aspect ratio of the cells
in a collective monolayer decreases as the cells approach jamming. While not
necessarily directly predictive for comparisons across cell types, changes in aspect
ratio are predictive of cell jamming across a range of systems, including inert
materials [69], asthmatic and healthy lung cells [70], and cell lines of different
metastatic potential [38]. Beyond aspect ratio, other order parameters have been
shown to be indicative of collective cell behavior as well, with changes in cell
volume indicating transitions from gas-like to liquid-like behavior and changes in
cell shear indicating transitions from liquid-like to solid-like behavior [43].

The length scale over which different order parameters are predictive of cell
behavior remains unclear. For example, in 3D model tumors (Fig. 2C), cell shape
changes from the core to the periphery [71] and appears to be predictive of how
dynamic, or fluid-like, the cells are [72]. This suggests that changes in structural
parameters could be used to assess mesoscopic shifts in material phase on the length
scale of several cells. However, these measurements, as with the others highlighted
here for living cells, largely quantify average as opposed to local behavior and
are often best understood as characterizing relative changes in state. Softness
measurements can predict local behavior but have not yet been applied to living cell
systems, only model ones where the individual constituents are homogeneous [13].
Whether local behavior is universally predictable from structural measurements in
living systems remains unclear.
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2.2 Understanding Collective Cell Dynamics Through Phase
Transitions

In the jamming phase diagram of inert materials, changing the density or effective
volume fraction is a conceptually straightforward method of affecting system
behavior with clear spatial signatures of the change, yet it is not the only route
to inducing a jamming/unjamming transition [30, 31]. In particular, temperature
or agitation, along with applied or external load, have been suggested as two
important control parameters for inert materials (Fig. 1A, left panel). Similarly,
we expect in cell systems that it should be possible to induce fluidization and
solidification by changing system parameters other than cell density. Indeed, the
first proposed phase diagram for cell jamming was made by analogy to the ones
for inert materials and suggested that cell-cell adhesion and cell motility could be
alternative control parameters for cell jamming (Fig. 1 A, second panel) [6]. As will
be illustrated below, these parameters and many others can be used to describe cell
jamming in what is effectively a multi-dimensional phase space [42, 72]. Despite
the increase in complexity of working with biological systems, it is still possible to
make predictions about collective cell behavior using effective phase diagrams and
measurements of cellular properties.

2.2.1 The Complex Roles of Cell Density, Division, and Maturation

The most intuitive instance of multicellular phase transitions occurs when increasing
cell number leads to arrest of motion, in an easily recognizable analogy to jamming
of inert materials [6, 73]. However, the role of density and the impacts of cell
crowding have been shown to be much more complicated than initially predicted.
While the intuitive conception, in which an increase in cell number leads to arrest
of motion, is a powerful framework for interpreting and predicting cellular phase
transitions, it is also context-dependent, such that studies have shown an unexpected
relationship between the phase state of the system and parameters, including density,
cell division, and system maturation. For cellular systems, density can change in two
distinct ways: first, volume fraction can change, as cells transition between a sub-
confluent state, in which gaps between cells exist, to a confluent state, in which there
are no gaps between cells (illustrated in Fig. 3A); second, a confluent layer of cells
can change in density as cells divide and die, with cells modulating their volume
and spread area to maintain coverage of the surface (illustrated in Fig. 1C).

At low density, where cells are sub-confluent, the interactions between cells
can be broadly understood to fall into one of two categories: contact inhibition of
locomotion (CIL), or cell-cell adhesion or aggregation [74, 75]. During CIL, cells
make an initial contact which actively repolarizes the motility machinery such that
cells reverse direction and migrate away from each other [74]; a sped-up time-lapse
movie of two cells undergoing CIL is reminiscent of two billiard balls colliding.
Importantly, the molecular mechanisms at play in CIL — namely, the collapse of
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Fig. 3 Flocking phase transitions. (A) Increasing density of cells can trigger a kinetic phase
transition, such that while cells at lower densities migrate individually, at higher densities they
migrate as a collective cluster or flock [8, 137, 139]. (B) At constant density, varying cell preferred
perimeter (pg) or directional persistence leads to solid-fluid transitions with or without flocking
behavior [121, 144]. (C) Solid-like cellular collectives do not feature motion or rearrangements,
while fluid-like collectives exhibit prominent local rearrangements characterized by T1 transitions
throughout the system. Flocking solids and flocking fluids exhibit large-scale movement of
collective clusters; however, flocking fluids include local rearrangement of individual cells whereas
solid flocks do not demonstrate neighbor swapping

the leading-edge of a migrating cell in response to meeting a neighboring cell —
are essential for guidance of collective migration in morphogenetic processes such
as migration of the neural crest [74-78]. However, many epithelial cells will not
undergo CIL when meeting; rather, they will aggregate together, forming cell-
cell junctions [75, 79]. This process appears reminiscent of two soap bubbles
meeting. Therefore, the nature of the transition from sub-confluent to confluent may
depend in part on the inherent properties of the constituent cells: whether they are
individualistic cells that will tend to undergo CIL vs. inherently communicable cells
that will tend to aggregate. Cells which undergo CIL are able to form “supercells,”
in which only the cells at the leading edge of the cell cluster have lamellipodia, and
thus exhibit a fascinating and rich form of emergent collective behavior [80].
Regardless of whether cells tend to undergo CIL or adhere to their neighbors
upon collisions, as groups of cells transition from sub-confluent to confluent,
whether by proliferation, migration, or confinement, emergent multi-cellular phe-
nomena occur. In cells that are inherently individualistic, such as sarcoma or
mesenchymal cells, crowding can cause cells to behave as a collective [6, 81—
83]. Friedl and colleagues demonstrated that melanoma and fibrosarcoma cells will
switch from individual to collective migration when confined by their extracellular
environment [81], despite the lack of cell-cell adhesion machinery expressed by
these cells. The effect of confinement on collective migration in cancer is discussed
below (Sect. 3.1). Similarly, cells with inherent tendency to aggregate (epithelial
cells) also become increasingly collective under confinement or as density shifts
from sub-confluent to confluent [34, 35, 84]. At subconfluent densities, epithelial
cells can move freely and motion tends to be diffusive, indicating gas-like behavior,
but as they become more crowded, they become caged by their neighbors and
eventually transition from gas-like to liquid-like motion [34]. Further, as cell
density increases, epithelial cells tend to cluster into ever-larger groups [43], where
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intermediate densities and cluster sizes exhibit the fastest overall migration [35].
The transition from gas-like to liquid-like as epithelial cells proliferate from sub-
confluent to confluent is captured by a volumetric order parameter [43].

Once a cell layer is confluent, such that there is no free space between
neighboring cells, cell density can change considerably, generally on the order of
~2— to 4-fold from “low” to “high” density, all while maintaining confluence and
intact intercellular junctions [33, 36, 37, 43, 44, 69, 85, 86]. As described above
(Sect. 2.1.1), a hallmark of increasing cell density through proliferation within a
confluent monolayer is arrest of motion and a transition from a fluid-like to a solid-
like state. Another hallmark of phase transitions that occurs in systems with variable
density is emergence of cooperative groups of cells, referred to as clusters, packs,
or flocks; these are discussed in detail below (Sect. 2.2.4). Importantly, changes in
density concur with structural changes, as cells become less elongated and variable
in shape and become more rounded and isotropic in shape [36, 37, 43, 44, 69].

Depending on the experiment performed and the outcome measured, studies
have reported both gradual and sharp changes in motion, correlation, structural
signature, or material properties of the collective as a function of crowding and
cell—cell contact [34, 40, 43, 45, 56, 69]. Importantly, in these experiments where
cell density changes, whether the changes are moderate or extreme, other control
parameters are observed to change in tandem. During growth in culture systems or
during morphogenesis in development, cellular collectives mature and individual
cells differentiate. During these processes, cell-substrate and cell—cell contacts
mature, and cells change their expression profiles and cellular identities; these
processes are occurring concurrently with cell division and arrest of motion [34, 45,
69]. Importantly, maturation and differentiation of epithelial layers have received
attention as being drivers of a jamming transition, such that delayed maturation
in the case of diseased cells corresponds to a delay in the jamming transition
[45, 69]. Another control parameter predicted to play an important role in cellular
phase transitions is active motility [41, 66, 70], or “cell jiggling,” [8] which can
take the form of fluctuations at the cell—cell interface or be generated by traction
forces exerted by cells (Fig. 1). As cell density increases or as cell—cell contacts
increase, the concurrent arrest of motion may in some cases be due to a reduction
in generation of active movements by the cells [39, 44]. While some progress has
been made in teasing out the relative contributions of density changes in tandem
with active force generation and system maturation, this remains a complex area
with many open questions.

Though many studies have demonstrated the arrest of cell motion and other
hallmarks of a jamming transition with increasing cell density or cell-cell contact,
there are fewer studies investigating the inverse process. That is, how do collective
properties such as motion, rheology, heterogeneity, and local coordination change
when cell density or cell—cell contact are reduced throughout an initially jammed
multicellular collective? There are limited studies relevant to this scenario, but the
expectation is that reduced density or reduced cell—cell contact would cause an
unjamming transition or tissue-level fluidization.
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Mitotic rounding during cell divisions, extrusion of cells due to crowding, and
loss of cells due to apoptosis can all disrupt cell—cell contacts or reduce the number
of cells in a crowded monolayer. Though cell division, and the concomitant increase
in cell number, tends to be associated with tissue solidification and jamming,
cell division has also been shown to drive local rearrangements during normal
gastrulation [87]. The stresses associated with these events have been predicted by
physical models [88] and found experimentally [44] to induce local fluidization.
During gastrulation in the chick embryo, a model of amniote morphogenesis, cell
division is in fact necessary for cell movement, such that inhibition of cell division
stabilizes the tissue, keeping it in a solid-like state without local movements [87].
The effect of reduced cell—cell contact without large changes in cell density has
been investigated as well. During epiboly in the developing zebrafish, cells in
the central blastoderm experience a loss of cell—cell contact that causes a sharp
decrease in tissue viscosity; tissue-level fluidization is spatially restricted to this
region [40, 56]. Together these data indicate that while in many circumstances,
increases in cell number will promote collective arrest, cell divisions themselves can
introduce active fluctuations which can fluidize a group of cells, pointing toward the
complexity of understanding the role of even the most seemingly straightforward
control parameters.

Cell extrusion is a widespread phenomenon used by both developing and
homeostatic systems to maintain proper cell density. Cell extrusion and concomitant
reduction in cell density occur when individual cells in the layer undergo apoptosis;
in this case, the dying cell signals to its neighbors to contract around it, thus
preventing disruption of monolayer integrity [89]. Cell extrusion can also occur in
response to overcrowding in an apoptosis-independent manner, in which a fraction
of cells undergo a progressive loss of junctions and are pushed out of the epithelium
[90]. Importantly, extrusion of single cells or small groups promotes migration of
nearby cells [91]. The effect of large-scale apoptosis on monolayer integrity and
dynamics was recently investigated through use of an inducible-apoptosis system,
in which epithelial cells expressing an inducible apoptosis-inducing construct were
mixed with wild-type cells [92]. In this study, large-scale defects occurred, as
one-third of the cells present in the monolayer expressed the apoptosis-inducing
construct. In response to this large-scale disruption, cells spread out and exhibited
migratory dynamic heterogeneities and structural hallmarks of an unjamming
transition. Further work is needed to fully illuminate the behavior of density-
dependent fluidization, to determine how reduction in cell numbers or contacts
results in a solid-to-fluid phase transition across a wide variety of systems and
circumstances.

2.2.2 Phase Transitions at Boundaries
In the examples discussed up to this point, cell density has changed relatively

gradually, for example, through cell proliferation. These experiments logically lead
to a related question: what happens when cell density changes dramatically or
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suddenly, for example, in response to the creation of a wound or the removal
of a barrier? It has been recognized for over a century that epithelial sheets will
migrate into an empty space in an attempt to re-epithelialize and heal a perceived
wound [93]. Collective movement of a group of cells into an open space or across a
boundary occurs in the context of wound healing, development, and cancer.

Injury of the epithelium causes the formation of a free, unconstrained edge.
The resulting asymmetry in both mechanical constraints and in engagement of
mechanosensitive junctional complexes of cells at the wound boundary induces the
formation of a leading edge [94]. Cells at the leading edge of a wound quickly adopt
a front-back polarization, including the formation of a lamellipodium — a flat, spread
cellular structure filled with branched actin and typically associated with cellular
motility [95]. Though wounds in vivo involve a range of molecular and cellular
mechanisms, including cell death and the release of damage-associated molecular
patterns and reactive oxygen species [96], studies in vitro have revealed that the
presence of a free edge itself, for example, created by removal of an inert, non-
adhesive barrier, is sufficient to trigger leading edge repolarization and subsequent
migration into the free space [97-99]. As the leading edge cells detect and begin to
migrate into the newly open space, leader cells or leader groups (sometimes called
fingers) can emerge [99]. In many cases these leader cells are designated by the
environment, as geometry can determine where leader cells emerge, with areas
of high curvature promoting formation of leader cells in a cytoskeletal tension-
dependent manner [100], and leader cells can be “selected” by followers, with
regions of high stress behind the leading edge preceding the emergence of a leader
cell [101].

In response to the creation of a wound or gap, the initial movement of the cell
monolayer occurs only at the wound boundary, with the first row of cells beginning
to move and the bulk of monolayer remaining immobile [98]. Because these leading
edge cells are mechanically and biochemically coupled to their neighbors [94],
cellular movement begins to penetrate progressively deeper into the layer as each
row of cells pulls on those behind them. This process manifests as a wave of
movement that travels back into the layer from the front, where the initiation and
propagation of these waves require both intact intercellular junctions and formation
of cellular structures essential to migration such as lamellipodia [98, 102, 103].
After many rows of cells become migratory and begin to travel into the wound
as a coordinated group, continuous mechanochemical waves of cell-stretching and
contraction function to polarize the cell collective in the direction of movement
[103, 104]. The migrating monolayer has characteristics of a glassy or fluid-like
system, including spatial dynamic heterogeneity [37, 105], and can vary in density
significantly from the leading edge into the bulk [102, 106, 107]. Importantly,
changes in self-propulsion or alignment have also been found to be sufficient to
unjam the leading edge of a wound, independent of density changes [108]. Together
these data support a framework in which the advancing front of a monolayer can
be understood to be fluid-like, whereas the immobile bulk of the collective remains
solid-like, thus indicating that wound-healing can occur as a wave of unjamming.
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As wounds heal, the two epithelial layers meet, whereupon barrier function and
layer integrity can be restored. When these two cell sheets meet, they can either
mix, with cells from each side crossing the collision line into the other layer, or
a boundary can form, with each cell remaining adjacent to its original neighbors
and not crossing that line. Mesenchymal cells readily mix following monolayer
collision, while epithelial cells tend to form stable, long-lived boundaries [105,
109-111]. When two migratory epithelial monolayers collide, and do not mix, this
is a form of a jamming transition [105] and indeed, just as a wave of unjamming
propagates in response to a wound, a wave of jamming occurs in response to
the collision with a dense monolayer [109]. Interestingly, in heterotypic collisions
between epithelial monolayers of different densities, higher-density layers are able
to displace lower-density layers with a speed proportional to the density gradient,
moving the boundary until a new equilibrium is reached [110].

2.2.3 Density-Independent Phase Transitions

We have extensively discussed the evidence for, and circumstances leading to,
phase transitions in multicellular systems in which cell density changes and thus
drives the behavior of the system. However, in a vast array of biological systems,
proliferation is balanced with apoptosis and extrusion, such that homeostatic
balance is maintained [90, 112—114]. Both theoretical predictions [26, 115, 116]
and experiments [90, 113] support the model that mechanical stresses essentially
monitor cell density, orchestrating cell division when cells are too large or are
stretched [117-119], and on balance, triggering extrusion of dead or living cells
when cells are too compressed [89, 90, 112, 113, 119]. These observations therefore
prompt the question: in these crowded cellular systems where overall density does
not change, is it possible to see phase transitions between fluid-like and solid-like
behaviors?

First theoretically, and then confirmed experimentally, such transitions have been
found for cell layers. Theoretical models largely derive from the vertex model and
subsequent improvements [26, 41, 66, 67]. To picture cell rearrangements, imagine
that cells are randomly distributed in a layer, yet attached to their neighbors; these
cells may be far from their preferred shape pg, due to being either stretched or
compressed. As cells begin to move toward their ideal shape, they necessarily push
and pull on their neighbors; this push and pull is determined by the elasticity of
the cell itself, by the strength and fluidity of its adhesions to its neighbors, and its
ability to contract and pull against those constraints. As the strain increases on a
cell—cell junction, it becomes energetically favorable to swap neighbors instead of
maintaining the current neighbors. This neighbor swap is known as a T1 transition in
the parlance of soft matter physics and is also known as intercalation in the language
of developmental biology (see Fig. 3C). Intercalation is recognized as being critical
to embryonic development and is controlled by the cytoskeletal structural machinery
of the cells; moreover, in these developmental systems, intercalations can occur at
constant density and lead to large scale rearrangements of the cell layer [120]. In
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terms of fluid-like versus solid-like behavior, neighbor swapping facilitates motion
toward a ground state where cells are able to better match their preferred shape.
As the cells approach this ground state, the question of whether motion continues
then becomes a question of energy balance. For example, if the density is low,
cell—cell junctions are strained and it is easier to swap neighbors, whereas at high
density the strain on cell—cell junctions is reduced and it requires more energy to
swap neighbors. This balance of forces and striving toward a preferred shape is
an intuitive reason why cell shape itself has emerged as a useful predictor of cell
jamming dynamics in a wide range of systems.

With this physical picture in mind, it then becomes possible to investigate
neighbor swapping both theoretically and experimentally to see how changes to
cell properties can lead to transitions between fluid-like and solid-like states at
nearly constant density. The phase diagram proposed for a constant-density system
has evolved over time [45, 66, 67]; a popular, and as shown below, useful version
uses axes of preferred cell shape, motility, and persistence (Fig. 1A) [41, 70, 121].
Preferred shape, denoted pg and discussed in Sect. 2.1.4 above, is hypothesized to be
set by a ratio between the cell-intrinsic properties of adhesion and contractility [26].
Experimental evidence for the role of these parameters individually in cell shape
determination has shown that adhesion between neighboring cells tends to elongate
cell boundaries, not unlike the lengthening that occurs when two strips of Velcro
meet; cortical tension or contractility, on the other hand, has been shown to shorten
cell—cell contact boundaries, as individual cells tend to become more rounded [26,
122—124]. Motility, or self-propulsion, is also hypothesized as a control parameter,
as is directional persistence, or the tendency of an individual cell the move in a given
direction [41].

One of the first demonstrations of the success of this framework, and in particular
of the utility of measuring cell shape, came from studying primary human bronchial
epithelial cells (HBECs) where cell motion slowed and cells approached a more
uniform preferred shape over time [45, 69]. Interestingly, in this same cell system
using well-differentiated HBECs, solid-like to fluid-like transitions can be provoked
at constant density, triggered by the application of mechanical compression or
exposure to ionizing radiation [45, 69, 70, 125, 126]. The biophysical characteristics
of this collective fluidization were shown to be consistent with predictions from
theoretical models in which cells that have a higher motility can more easily
overcome energy barriers to rearrangements [41, 70]. Importantly, when these cells
are triggered to unjam by either ionizing radiation or mechanical compression, they
concurrently remodel their basal actin stress fibers [126], a process hypothesized to
generate the propulsive forces responsible for the higher cellular motility that allows
these cells to overcome the energy barriers to rearrangement [36, 127]. Furthermore,
in this system, the HBEC layers fluidize without the characteristic weakening of
cell—cell junctions that is observed in the epithelial-to-mesenchymal transition [70,
125].

The biochemical signals that initiate fluidization in cell collectives are still
under investigation and may be disease or cell-type specific. For example, recent
studies have found that in idiopathic pulmonary fibrosis, activation of EGFR,
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Yap, and IL-6 can all promote collective fluidization in differentiated, previously
stationary airway epithelial cells [128, 129]. However, these same studies found
these pathways did not appear to be active in fluidization related to chronic
obstructive pulmonary disease. Density-independent collective fluidization of an
intact epithelial cell layer has been found to occur in other cell types, as well. For
example, in MCF10A breast epithelial cells, overexpression of the small GTPase
Rab5a, a regulator of endocytosis, induces collective fluidization in both 2D cell
layers and 3D spheroids (Fig. 2A, C) [121, 130, 131]. Further, pharmacological
activation of the GTPase RhoA fluidizes high-density confined monolayers of
MDCK cells through reorganization of the actin cytoskeleton and generation of
elevated tractions [36]. Importantly, the theoretical models utilized here essentially
rely on force balance and, as such, we would expect to see changes in monolayer
stress associated with changes in cell motion if the models of cell jamming hold.
While not measured for all cellular systems where jamming/unjamming occurs
at constant density, several of the systems highlighted here have had cell forces
measured directly, or have examined a proxy for cellular forces, and they do indeed
change dramatically through the observed phase transition [36, 121, 126, 130].
Together, current theoretical and experimental evidence supports the conclusion
that, when cell density is roughly constant, it is through changes in cell force balance
that cells can transition from one material state to another.

The variety of biological details across these studies demonstrates the usefulness
of a unifying jamming framework, while also raising questions about its limits.
Multiple distinct triggers — compression, ionizing radiation, elevated expression of
Rab5a, and activation of RhoA, EGFR, YAP, or IL-6 — all result in qualitatively
similar behaviors: initially jammed layers of epithelial cells become fluidized,
wherein cells migrate in cooperative multicellular packs and swirls, while maintain-
ing constant density. While it is unknown whether this range of triggers activates
a common set of targets or converges on a single pathway, multiple studies have
established a role for EGFR and ERK signaling in collective fluidization [70, 121,
129, 130], which have also been found to be essential in coordinated cell migration
in other contexts [103, 132, 133].

Recently, it has been proposed that the density-dependent and density-
independent phase diagrams could be unified into a single phase diagram where
both density and cell-intrinsic properties are represented as control parameters
(Fig. 1A, right panel) [42]. Here, motility and persistence, along with other forms
of active movement such as tension fluctuations, are collapsed into the parameter
“fluctuations,” while the constituent elements of preferred cell shape, adhesion, and
cortical tension, are generalized to geometric incompatibility [134]. Future studies
will have to explicitly explore this phase space, to understand how collective phase
transitions depend on complex changes across multiple axes.
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2.2.4 Local Coordination and Flocking

Emergent collective behavior is exemplified by dynamic heterogeneities of motion,
characterized by transient clustering of cells into flocks or packs (Fig. 3). Coordi-
nated motion within groups is found at all scales of life, from bacteria to cells of the
neural crest during development or from cancer invasion to schools of fish and flocks
of birds and beasts [135, 136]. Experimental and theoretical results suggest that
three simple physical rules are sufficient to predict and interpret collective motions
across multiple scales: first, individuals cannot occupy the same space as each
other and therefore exhibit some degree of repulsion when close together; second,
individuals are attracted to come close together when far apart or exhibit some
degree of cohesion when in close proximity to each other; and third, neighboring
individuals exhibit some degree of alignment with each other. This framework
has been used to understand collective motions in both active matter and living
systems [135]. Within the context of phase transitions in multicellular systems,
phase space variables hypothesized or experimentally tested to control flocking in
crowded multicellular systems include density, alignment, persistence, motile force,
and cell—cell interactions. Though experimental details vary widely between studies,
the emerging physical picture is one in which cellular crowding and the resulting
physical constraint from neighboring cells causes cells to self-coordinate into locally
aligned, locally cooperative, and locally coordinated migratory packs [33, 35-38,
70, 121, 137]. In practice, this has been measured by tracking cellular motions in a
crowded system and measuring clusters of cells grouped by speed [33] or orientation
[38, 70, 85], or by measuring the difference between each cell’s displacement and
that of its nearest neighbors [36, 138].

Collective or cooperative motions in crowded multicellular systems have been
explored both as a consequence of increased density, and also within constant-
density confluent systems as a function of multiple control parameters (Fig. 3A, B).
Multiple terms have been used to describe this transient clustering of cells and their
usage is not always consistent across the literature. For our purposes, coordinated
or collective movement refers to similarity in trajectory between neighboring cells,
while cooperative movement connotes common purpose or an effect on behavior
beyond what would occur in the absence of these clusters. Therefore, inert materials
can exhibit collective behaviors, as multiple units act together through purely
physical means, but it is only in living systems where we observe truly cooperative
behaviors, as physical interactions are reinforced by biological responses. For
example, groups of cells can form an actin-based superstructure across multiple
cells, and groups of cells can behave as “supercells.” [80] Importantly, though
cellular groupings are cooperative over the time scale that such a superstructure
exists, membership in the group can change over time and therefore the group also
remains dynamic. Further, in cellular systems where processes are not necessarily
reversible, and a spontaneously formed grouping may not dissipate with the same
kinetics as its formation, the difference between collective and cooperative could
become meaningful.
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Cooperativity has been observed, where beyond the emergence of clusters
themselves, the group appears to work together as a cohesive whole. For example,
several papers have found that the formation of clusters leads to higher migration
speeds than would occur in the absence of clustering [37, 38, 70]. More broadly,
whether the formation of clusters is determined by looking at the monolayer stress
[37], velocity alignment [38, 70], or velocity magnitude [33], their presence seems
to enhance the ability of cells to migrate in a dense environment (see Sect. 2.2.3).
Moreover, as these clusters increase in size, the effect becomes more pronounced,
wherein larger clusters lead to greater migration [38, 70].

In a foundational study published in 1995, Vicsek and colleagues theoretically
explored emergent self-ordered motions characteristic of a kinematic phase transi-
tion in a system of self-propelled particles [139]. By modeling particles moving with
a constant velocity, which align their direction of motion to neighboring particles
within a certain radius, the authors found a strong role for both persistence (in the
form of stochastic reorientation of the velocity vector) and for density. The result
from this work with the largest impact on understanding cellular collectives was
the observation that, at high density, the particles spontaneously formed flocks that
moved collectively. This prediction was directly tested a decade later when different
densities of highly migratory keratocytes were observed over time. Primary fish
keratocytes have been shown to migrate with fast and highly persistent motion [140]
and are classically used as a model to understand individual cell motion. As density
was increased from sparse to crowded, a sharp transition from random motility to
collective migration of clusters of cells was observed (Fig. 3A) [137].

Classic Vicsek style systems are different from those considered previously
because they lack cell-cell adhesion and collective motion is, instead, largely
driven by orientational coordination as opposed to direct force contact. Given the
similarity of these collective packs to groups of animals, they are often called
flocks and the transition is known as a flocking transition [141-143]. Interestingly,
flocking transitions have recently been identified in epithelial layers as well, where
cell adhesion does play a role [121]. In these types of transition, the preference
of cells to orient with their neighbors helps control the overall phase. In work
by Giavazzi et al., the authors extended existing self-propelled Voronoi models
to include a preference of neighbors to mutually align; under these conditions,
alignment preference, along with factors such as density and preferred cell shape,
can define new types of phases of collective motion [144]. Interestingly, under these
conditions, cells can form a flocking solid where the entire assembly moves as one
unit, but neighbor exchange is rare or a flocking liquid where a subset of the cells
form a flock, but still exchange neighbors with those cells outside of the flock (Fig.
3B, C). These types of orientationally induced alignment are part of a broad category
of geometric constraints, also called topological constraints, which lead to collective
phenomena in a broad range of soft matter, and in particular active matter, systems
[145].

Though the overarching picture established above, wherein cellular crowding
and resulting physical constraints promote the emergence of cell clusters, holds
across many systems, the relationship between changing densities and details
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of flock characteristics varies between systems. For example, increasing density
due to proliferation can lead to larger, slower packs, as might be expected by
analogy to glassy dynamics [6, 33, 34]. However, in other systems, higher density
corresponds to smaller, slower packs [36] and reduced correlations in movement
[46]. Similarly, increasing maturity and differentiation of the system, which can
occur with relatively small increases in cell density, also results in packs that are
smaller and slower [34, 45]. Therefore, while density increases or system maturation
can both result in a jamming transition, as characterized by arrest of motion, the
precise nature of the dynamic packs that form and dissipate during this process
varies across experimental systems.

In addition to the emergence of collective and cooperative behaviors as a function
of density changes, clusters of coordinated cells can form in already-crowded
systems at a constant density (Fig. 3B, C) [45, 70, 121, 125, 130]. In epithelial
or endothelial cell layers where cell—cell adhesion is present, cell migration within a
crowded multicellular system can occur by multiple distinct regimes, as follows:
(1) as local rearrangements (the simplest form being intercalation, also known
as a T1 transition [146]); (2) as larger scale motions characterized by dynamic
heterogeneity and formation of cooperative but temporary packs of coordinated
cells; (3) as large scale motions where coordination is longer-lived and local
rearrangements are rare or non-existent. Large-scale motile packs can form in the
presence or absence of orientational effects and, as such, are referred to as dynamics
heterogeneity, swirls, packs, or flocks, depending on the model used to describe
the motion. One framework for comparing these distinct forms of motion is to
construct a phase diagram that distinguishes between a flowing solid (also known as
a flocking solid) and flowing fluid in addition to solid-like and fluid-like phases [121,
144]. In this conception, fluids have no barrier to local rearrangements and exhibit
local T1 transitions freely, while flowing solids and flowing fluids both exhibit
large-scale movement, with flowing solids moving as a bulk system with no local
rearrangements, while flowing fluids exhibit packs and dynamic heterogeneities.
A phase transition from solid-like to a flowing fluid has been demonstrated in
multiple constant-density systems, as described above (Sect. 2.2.3) [45, 70, 121,
125, 128]. As with density-dependent phase transitions, the nature of dynamic packs
can be variable. In particular, in differentiated primary human bronchial epithelial
cells, which undergo a density-independent fluidization in response to mechanical
compression [45, 69, 70], over time, packs of cells were observed to grow larger
and move more quickly [70]. Experimental and theoretical work suggests that, in
constant-density systems, cells can move more efficiently if they do so in groups, in
a manner reminiscent of a peloton [38, 70].

3 Phase Transitions in Cancer

In recent years, it has become apparent that collective cellular movements play
essential roles in cancer, during both invasion and dissemination. Histological
evidence shows multicellular invasive strands and streams in cancers of both
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mesenchymal and epithelial origin [147-155], and recent experiments with tissue
explants and organoids directly demonstrate invasive dynamics of cancer cell
collectives extending from the tumor mass into the surrounding ECM or stroma
[72, 156, 157]. In addition to collective invasion, cellular collectives have been
demonstrated to both exist in circulation and to be more effective than single cells
at initiating metastases [158, 159]. Although the relationship between collective
invasion from tumors and circulating tumor cell clusters has not been entirely
elucidated, current evidence suggests that rather than forming by aggregation in
circulation, that tumor cell clusters both leave the original tumor and subsequently
seed a metastatic tumor through collective migration [159-161].

Together, these experiments paint a picture wherein collective cellular move-
ments are central to cancer invasion, dissemination, and metastasis, and raise
important questions about the role of phase transitions in cancer. How does the
presence of the ECM change collective cell behavior? Or phrased another way, what
is the role of soft or variable confinement as opposed to the hard barriers typically
used in studies of collective motion. Another question is how do the phenotypic
changes of individual cancer cells affect collective behavior? For example, if cells
undergo either full or partial EMT, can we still apply the lessons of collective cell
motion and jamming to these systems? Assuming phase transitions are occurring,
what is their role in cancer? Beyond that, we can also ask what insights we can gain
by applying the metrics and perspectives of physical phase transitions to studying,
diagnosing, and treating cancer. Recent progress toward answering these questions
is addressed in the following sections.

3.1 Tumor Invasion: Force Balance

Three-dimensional models of tumor invasion, including tissue explants, spheroids,
and organoids, have been used as in vitro models that recapitulate many aspects
of in vivo tumor formation and invasion. Though details vary across a range of
experimental systems, these methods generally consist of a multicellular aggregate,
which is capable of self-organization that can be precisely manipulated to adopt a
particular spatial organization [162]. These multicellular aggregates are generally
embedded in a 3D extracellular matrix, where their invasive behavior can be studied
with greater temporal and spatial resolution than is possible with in vivo cancer
models. In recent years, the lens of phase transitions has been applied to understand
the invasion of cells from a tumor into the surrounding matrix. Taking together
evidence from multiple studies, discussed below, a picture has emerged wherein
tumors are composed of a core that exists in a solid-like phase, while the phase state
of the periphery depends on the surrounding environment.

The structure, composition, and organization of the ECM around a spheroid play
a significant role in determining the phase of the peripheral cells of a spheroid.
One of the clearest demonstrations of this effect is from spheroids dropped on a
flat surface as opposed to embedded in a matrix (Fig. 2B, C). In a series of papers
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Fig. 4 Phase transitions in cancer. (A) For a spheroid on top of a 2D substrate, interactions
between cell-cell adhesions and cell-substrate adhesions govern the solid, liquid, and gas phases
describing the invasion of cells into the substrate [28]. (B) For spheroids embedded in 3D
ECM, confinement pressure and temperature (encompassing structural, migratory, mechanical, and
metabolic factors) govern the phase transitions [72]. (C) In vivo, the role of cell density has been
shown to govern the phase transitions of collective invasion [82]. (D) A solid-like phase features no
invasion. A liquid-like phase features tracks of cells collectively migrating away from the spheroid.
And a gas-like phase features individual cells migrating and escaping from the spheroid

from the Brochard-Wyart group [27, 28, 163], spheroids of different cell types were
placed on substrates of varying physical properties. By varying substrate stiffness or
surface chemistry, it was then possible to change the resultant spheroid spreading on
the surface and observe solid-like (no spreading), liquid-like (monolayer spreading)
or gas-like (individual cell escape) behavior (Fig. 4A, D). The phase transition at the
interface of the spheroid and the substrate depended on the force balance between
cell—cell and cell-substrate adhesion. If cell-substrate adhesion was weak, then the
cells remained as a solid-like collective and did not spread. If cell-substrate interac-
tions supported adhesion of cells onto the substrate, then spreading could occur. In
this case, whether the phase of the motile cells spreading at the interface was liquid-
like (migrating collectively) or gas-like (migrating individually) was determined by
the difference between cell-substrate and cell-cell adhesion; liquid-like monolayer
spreading occurred if cell-cell adhesion was dominant whereas gas-like individual
cell escape was dominant if cell-substrate adhesion was dominant.

For spheroids which are embedded in a 3D ECM, the fundamental concept of
force balance between cell-substrate and cell-cell adhesion remains a powerful
framework for predicting and interpreting cellular behaviors. However, in 3D,
additional complications can arise. Even at the single-cell level, migration speed of
cells through collagen matrices is controlled by parameters including cell tractions,
cell stiffness, collagen density, and proteolytic capacity [157, 164, 165]. These same
single-cell parameters in turn can affect collective migration. For example, the role
of collagen properties has been studied by several groups [72, 82, 166]. Valencia et
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al. [166] found that changing the collagen density surrounding a spheroid changed
the rate at which cells infiltrated the ECM from a spheroid. Low-density collagen
was more permissive to invasion, while higher-density collagen slowed the rate of
invasion. While this study showed this effect using a single-cell type, Kang et al.
[72] showed that by varying both the cell type comprising the spheroid and the
collagen concentration, it was possible to observe solid-like, liquid-like, and gas-
like phases in the embedded spheroid and surrounding invasion front (Fig. 4B).
Importantly, in this 3D study, the cells behaved in a manner that is consistent with
the lessons learned from the Brochard-Wyart group’s work at the 3D/2D interface. A
similar balance of cell-cell adhesion and confinement effects was observed by Ilina
and colleagues, even for in vivo measurements (Fig. 4C) [82]. However, unlike in the
studies led by Valencia and Kang where the collagen matrix was homogeneous, [lina
et al. observed invasion in collagen-based systems that were structured to match
those found in vivo, as well collagen seeded with fibroblasts. When fibroblasts
were embedded in the collagen, they oriented collagen fibers and created micro-
tracks through the collagen. Strikingly, they observed that invasion occurred along
the structural features of collagen in a manner very reminiscent of their in vivo
findings. Interestingly, they also found that invasion can arrest depending on ECM
structure and lead the cells to “rejam” in a new location, even if the cells are highly
invasive and non-epithelial in character. This is consistent with previous findings
from the same group [81] and highlights the diverse effects that the ECM can have
on directing and controlling collective cell motion in cancer.

Beyond the structure of collagen itself, cancer cells can remodel their surround-
ing ECM in a manner which changes the collective cellular phase. For example,
Carey et al. [167] found that when spheroids of MCF10A cells were embedded
in collagen, they did not invade and remained relatively stationary and solid-like,
whereas MDA-MB-231 cells would degrade and remodel collagen and thus were
able to invade and migrate into the surrounding ECM. Interestingly, when the two
cell types were co-cultured in a spheroid, the MCF10A cells became “invasive”
because they were able to migrate along the tracks formed by the MDA-MB-231
cells. In a follow-up study [168], the same authors demonstrated that there are also
signaling changes that occur during this invasion process; as epithelial cells transit
from the epithelial compartment to the stromal compartment, the change in their
local ECM promotes biochemical changes which lead to the epithelial cells adopting
a more invasive phenotype. Moreover, when the stromal ECM was stiffened, such
as might occur by cellular remodeling during cancer, this invasive phenotype was
further reinforced, highlighting how changes in the collagen network can lead to
complex cell—cell interactions. Beyond single-cell effects, the ECM can also be
deformed by collective cellular effects. If cells within a relatively stationary spheroid
embedded in collagen begin to overexpress Rab5a, large-scale collective motion
can be triggered at the surface of the spheroid [130]. This motion in turn deforms
the collagen matrix due to the applied stress of the motile spheroid. Ilina et al.
[82] similarly observed that, invasion can more easily proceed along structured as
opposed to randomly oriented ECM.
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3.2 Cell Jamming as Cell Phenotype Changes

As was illustrated above with the changing invasiveness of co-cultured versus mono-
cultured spheroids in Carey et al. [167], the phenotype of the cells which comprise
a spheroid or tumor can dramatically change the collective phase. Interestingly,
recent results have demonstrated that the jamming process itself may contribute
to new phenotypes arising spontaneously in the system. Building on their work
showing that overexpression of Rab5a can fluidize the outer monolayer of a spheroid
and subsequently rearrange the surrounding collagen [130], the Scita group has
demonstrated that the resultant stresses on the cells provoke changes in nuclear
properties such as increased nuclear stiffening and DNA damage [131]. In this
system, when the cells continue to be subjected to mechanical stresses, they take
on traits of malignant cells, suggesting that mechanically driven phenotype changes
can contribute to cancer development.

The impact of collective mechanics and jamming on cell phenotypes has also
been investigated by Han et al. [71], where the authors grew spheroids in situ in a
collagen matrix. As the spheroids evolved over time, a solid core developed while
cell motion was more fluid-like in the invasive protrusions. Additionally, the cells in
the invasive front were softer and more active, and, as such, had a phenotype more
consistent with cancerous cells. Interestingly, the phenotype was not a permanent
change in cell behavior and instead was due to geometric location; if cells swapped
places with neighbors, they swapped phenotypes as well. The authors hypothesized
that intratumor stress was driving fluid flow from core cells to peripheral ones, which
in turn led to changes in phenotype.

While the role of mechanically induced changes in phenotype is a relatively
new concept, the most commonly cited change in cell behavior during cancer is
EMT. EMT, the epithelial-to-mesenchymal transition, is a transcriptionally driven
process whereby epithelial cells progressively lose epithelial characteristics, includ-
ing apical-basal polarity and barrier function, while simultaneously progressively
gaining mesenchymal characteristics, including front-back polarity and individual
migratory capacity [169, 170]. EMT was initially conceptualized to explain a
phenotypic switch from epithelial to mesenchymal, whereupon single cells could
be generated and gain the ability to migrate long distances [171-173], and gained
wide recognition for its potential to explain cancer invasion and metastasis [174].
However, both understanding of underlying mechanisms and recognition of the
nuance of this process have vastly increased in recent years, and EMT is now viewed
as a dynamic process used by a range of cell types to interact with and respond
to their environment. Importantly, there exists a spectrum of hybrid epithelial—
mesenchymal states with a range of phenotypes, migratory capacity, adhesion, and
collectivity [175-177]. As our understanding of EMT has evolved, it has become
widely recognized that partial EMT allows collective cell migration without full
individualization to mesenchymal cells [178—180], and has thus become a central
framework for understanding collective phase transitions in development, wound
healing, and cancer [177]. As such, early theoretical identification of cellular phase
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transitions came with speculation that collective fluidization might be explained
biologically by the EMT [41, 66].

The relationship between collective phase transitions and EMT remains an
active area of investigation with many open questions, including around the role of
adhesion in general and E-cadherin in particular. During EMT, as cells transition
from epithelial to mesenchymal phenotypes, they change their adhesion protein
profiles, with a notable loss of E-cadherin. Under such conditions, individual cell
migration becomes more likely, and confinement of the collective is reduced.
The hypothesis that loss of adhesion is critical for cancer migration is supported
by evidence showing that diminished E-cadherin is associated with increased
metastasis [181, 182]. However, E-cadherin is not solely responsible for cell-cell
adhesion, while the loss of it leads to a host of downstream transcriptional changes,
pointing toward a complex role in cancer [181, 182]. Moreover, recent evidence
has found that both the presence of E-cadherin and the lack of observed EMT may
not be barriers to the development of metastases [183—185]. That collective motion
is not dependent on the loss of E-cadherin or initiation of an EMT program has
also recently been confirmed in healthy tissues. For example, in the developing
embryo, a fluid-like state with local rearrangements through T1 transitions can
occur without evidence of EMT and with maintenance of intact junctions [186—
188], while in vitro studies have shown that unjamming transitions can be triggered
without EMT by multiple stimuli [70, 125]. Therefore, it has been suggested that
the unjamming transition and the epithelial-mesenchymal transition are two distinct
but complementary gateways to collective migration through fluidization [70, 125,
189-191]. Whether, and how, these transitions act together, in cooperation or in
opposition, remains an open question.

3.3 What Is the Role of the Jammed State in Cancer?

The physics of cell jamming and collective cell phases changes appear to be
universal; current evidence indicates that, all cells can undergo some degree of
jamming behavior. For example, Kim et al. investigated collective cell motion in
2D for a panel of breast cancer cells that included both epithelial and mesenchymal
lines as well as ones that could and could not metastasize in live mice; in all cases
the cells became more collective over time and demonstrated evidence of jamming
[38]. In 3D samples, mesenchymal cells have been found to jam if collagen density
is sufficiently high to confine motion [72, 81, 82]. The question then arises, what
predictive power does jamming provide in terms of understanding, diagnosing, or
treating cancer?

In terms of providing new understanding, the development of phase diagrams
and models can provide a framework for interpreting how interventions at the
cellular level can result in changes of collective cell dynamics (Figs. 1 and 4).
Weaver et al. [192] had previously demonstrated that interventions targeting cell—
cell adhesion led to changes of the 3D structure of healthy and cancerous cells; these
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changes were later reinterpreted by Oswald et al. [193] as evidence for the role of
jamming in cancer and its ability to shape tissue structure. While this particular
example uses retrospective reasoning, it is now becoming increasingly clear that
some behaviors in cancer cannot be understood without taking jamming into context
such as those highlighted in Sect. 3.1. Going forward, it is possible that jamming
may be needed to help resolve ongoing problems in understanding cancer. For
example, EMT is thought to be critical to cancer development [194], but recent
studies have questioned whether it is strictly necessary [82, 183—185]. While it was
illustrated in Sect. 3.2 that EMT and unjamming are both routes to collective motion,
it has also been demonstrated that mixtures of mesenchymal and epithelial cells are
more likely to unjam [35]. Given that recent works have shown that unjamming
increases metastasis in vivo [195], and that unjamming can precipitate damage to
the cell nucleus [131], could EMT and unjamming work in concert to promote
metastatic behavior? This is an open and ongoing area of investigation.

Despite the fact that the mechanism of unjamming in cancer remains unclear,
the evidence that unjamming is associated with increased invasiveness can already
provide new tools for diagnosing cancer. Cell shape, nuclear shape, and other
morphological parameters are used to grade the severity of tumor biopsies; using
tools from collective cell motion it should be now possible to better understand how
these changes arose and whether or not they are predictive of cell migration and
possible escape; indeed recent works have already found that unjamming in cancer
models is associated with changes in cell shape [196]. This could be particularly
attractive in the assessment of tumor margins where using cell shape to predict
where, and to what degree, unjamming has occurred could prove predictive of
disease state. Beyond shape indicators, cell stiffness is known to decrease during
cancer development. This change was first identified in isolated cells [197, 198],
and has recently been confirmed in patient samples [199]. While measurements of
cell stiffness have already been proposed as a clinical marker of cancer [200], these
measurements could similarly be incorporated into models of collective cell motion
to better predict motile regions of tumors.

If unjamming is associated with increased metastasis and increased DNA dam-
age, could the jammed state be tumor suppressive, as some authors suggest? [131]
And if so, could inducing jamming help treat cancer? The answers to these questions
are currently unclear, but a broad-based treatment that induces jamming is unlikely
to be viable given that unjamming is critical in normal biological processes like
wound healing. Moreover, it is unclear how jamming is related to the establishment
of secondary metastasis. To date, experiments have focused on the primary tumor
and those changes which lead to cell escape, but it is plausible that jamming could
play a role in the establishment of metastases. For example, when discussing the
role of EMT in the spread of cancer, the simplest description of EMT is that it leads
to cell escape, while the reverse process, the mesenchymal to epithelial transition
(MET), plays a role in the establishment of a new cancer site [201]. Is it possible that
analogous processes could be described for cell jamming? If unjamming leads to
cell escape, then does jamming lead to the establishment of metastases? Given that
changes in the local environment can cause mesenchymal, invasive cells to rejam
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[82], it is at least conceivable. A global description of the role of jamming in cancer
is still lacking, but that does not preclude a more limited application of these ideas
to treatment. For example, low levels of irradiation, such as might be experienced at
the periphery of a target tumor, can induce unjamming in cell systems [125]. Would
pharmacological treatment to induce local jamming mitigate some immediate term
damage of treatment in healthy tissue? While such questions are still open, it is
exciting to consider them and will undoubtedly lead to further research in this area.

4 Perspective for the Future

Cells exist in a crowded environment surrounded by extracellular matrices and other
cells. These systems are typically highly regulated in terms of their biological func-
tion and tissue-level organization, yet are highly disordered at a local multicellular
scale, exhibiting a structure reminiscent of disordered glassy or granular materials.
This disordered structure could be treated as inevitable noise and changes in cell
motion ascribed only to biochemical signaling effects, but, as we have highlighted
in the chapter, cells undergo collective transitions that are highly reminiscent of
those found in disordered materials. Moreover, transitions in both inert and living
materials can be described using similar key state variables: density, cell shape
constraints, and agitation. This new framework of treating tissues and cells as
a collective material phase is still a relatively recent development but is already
leading to new understanding in biological function [202]. In healthy tissues,
operating near a jamming or critical transition allows for large-scale changes in
tissue properties with relatively small local-scale changes [189]. In cancer, where
normal cell processes are disrupted, these types of phase transitions still occur
and can still be modeled using concepts from material science, but the role of
such phase transitions remains less clear in terms of biological function or clinical
implications. Future research will continue to explore if, for example, inducing
jamming in a primary tumor could suppress metastasis in the short term? This
line of thinking leads to further questions, including whether there would be long-
term consequences if/when cells break free? Because it is clear that changes in the
collective phase of multicellular systems play a crucial role in the development
and progression of cancer, work toward answering these questions is active and
ongoing.
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Mechanisms Underlying Collective Cell G
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Abstract Multicellular collective migration is an ubiquitous strategy of cells to
translocate spatially in diverse tissue environments to accomplish a wide variety
of biological phenomena, viz., embryonic development, wound healing, and tumor
progression. Diverse cellular functions and behaviors, for instance, cell protrusions,
active contractions, cell-cell adhesion, biochemical signaling, remodeling of tissue
microenvironment, etc., play their own role concomitantly to have a single concerted
consequence of multicellular migration. Thus unveiling the driving principles, both
biochemical and biophysical, of the inherently complex process of collective cell
migration is an insurmountable task. Mathematical and computational models,
in tandem with experimental data, help in shedding some light on it. Here we
review different factors influencing collective cell migration in general and then
specific to cancer. We present a detailed discussion on different mathematical
and computational modeling frameworks—discrete, hybrid, and continuum—which
helps in revealing different aspects of multicellular migration. Finally,—we-diseuss

the-applications-of these-modelingframeworksspeeifie-to-caneer-
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1 Introduction: Collective Cell Migration

Migrating cells come in a variety of flavors that may be broadly binned into
amoeboid (cells migrating by bleb formation and squeezing of cell body through
pores) and mesenchymal (cells migrating by extending contractile elements into the
surroundings and pulling themselves along these extensions) but mostly somewhere
in between [1]. The migration phenotype depends significantly on the tissue of
origin of the cell, the differentiation state of the cell, and the extracellular signals
triggering and directing cell migration. For example, epithelial cells, which are cells
that line the interface between organs of the body and the outside environment, may
migrate as sheets during tissue regeneration and wound healing, but when altered
due to mutations, dedifferentiation as during cancer metastasis, or extracellular
signals, may migrate as mesenchymal cells with elongated spindle-like morphology
or as amoeboid cells with rounded morphology. These cells can also migrate
individually, or together in clusters, as strands or sheets in an environment and
developmental or disease state dependent manner. Collective migration has been
well investigated in scenarios of embryonic developmental and wound healing
and has recently garnered attention in cancer metastasis as well, which has been
largely thought of as driven by individual carcinoma cells undergoing an epithelial-
mesenchymal transition (EMT). In vivo observations about clusters of circulating
tumor cells (CTCs) being the main drivers of metastasis [2] have driven much
interest in investigating the biophysical and biochemical modes of formation of
these clusters [3] prior to dissemination from primary tumor, and their ability
to traverse through capillary-sized vessels [4]. CTC clusters can contain cells of
varying phenotypes—ranging from more epithelial or more mesenchymal—but
hybrid epithelial/mesenchymal (E/M) cells seem to be better posited to form clusters
[5]. These clusters can contain not only cancer cells but also various stromal ones
and platelets [6] which may aid in immune evasion through the journey. Both
homotypic and heterotypic CTC clusters are highly metastatic and often correlate
with worse patient outcomes across cancer types, as compared to the individual
CTCs. Biochemically, these clusters have been interrogated at transcriptomic and
methylation levels [7], while biophysical models have attempted to explain the
size distribution of such CTC clusters [5] as experimentally reported in cancer
patients. These models have endorsed earlier observations of how intermediate cell-
cell adhesion may maximize the chances of collective cell migration [8]. Further, a
conceptual overlap of hybrid E/M phenotype(s) (moderate cell-cell adhesion levels)
and collective cell migration (including the CTC clusters) is now being substantiated
by identification of their underlying molecular basis [9].

In diverse contexts where collective migration has been probed further, questions
on leader-follower traits have taken importance [9]. It has been shown that leader
and follower cells can often exchange their positions, revealing complex interplay
at biochemical and biophysical levels within the cell population [ 10]—intercellular
force transduction, energetic coordination, etc. Thus, it becomes imperative to
understand how various factors crosstalk to enable cells to behave collectively at
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multicell length scale in epithelial monolayers and/or sheet migration. Not only
epithelial cells but also mesenchymal cells can undergo collective migration [11].
For instance, in mesoderm—a mesenchymal tissue—cells migrate together with
endodermal cells during gastrulation. Similarly, neural crest cells can migrate
throughout the embryo by involving mesenchymal or hybrid E/M phenotypes [11],
involving contact inhibition of locomotion (CIL). Further, cells can often switch
and back between collective and individual modes of migration too, including a
switch to an amoeboid phenotype—=cells that are deformable and soft and often
migrate without remodeling the extracellular matrix (ECM) by proteolysis [12].
Thus, cells undergoing collective-to-amoeboid transition (CAT) and vice versa
amoeboid-to-collective transition (ACT) have been reported [13], besides the switch
from mesenchymal to amoeboid and/or epithelial and vice versa: mesenchymal-
amoeboid transition (MAT) and amoeboid-mesenchymal transition (AMT) [14], as
well as EMT and its reverse mesenchymal-epithelial transition (EMT). There are
significant overlaps and subtle differences in the underlying regulatory networks,
molecular pathways, and proximate physical mechanisms of cell migration across
biological processes, such that discussion of these mechanisms observed in contexts
beyond cancer, such as in migration of neural crests or during wound healing, is still
relevant to understand the fundamentals of collective cell migration during cancer
metastasis [15].

Together, given the complexity and plasticity of cell migration modes, decoding
the multiscale emergent dynamics of collective cell migration—characterized in
its broadest sense by multicellular groups migrating with a high degree of spatial
and temporal correlation in direction—remains an active area of investigation in
multiple biological systems, including cancer metastasis. This chapter aims to
introduce the reader to the underlying, multiscale biological and biophysical factors
that can influence collective cell migration, the myriad of mathematical modeling
approaches used to describe and explain collective cell migration, and some of
the key open questions that still need to be answered to truly understand and
manipulate biological processes dependent on collective cell migration, cancer
metastasis being foremost of these. Ultimately, the chapter hopes to direct the
reader’s thoughts to questions such as the following: (a) How clusters of cancer
cells navigate dense, labyrinthine tissue environments and survive dynamical force
to colonize distant sites within the body? (b) What mechanical and biochemical
changes within these cells allow the cells to adapt individually or collectively to
the changing environmental conditions as they metastasize? (¢) How mechanistic
insights and multiscale biochemical and biophysical interactions can be integrated
using computational models to accurately predict collective cell migration events
driving cancer metastasis? (d) How intra- and intercellular mechanisms be hijacked
to prevent collective cell migration and mitigate distant metastasis with potential
preventive and therapeutic interventions?
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2 Factors Influencing Collective Cell Migration

At the individual level, there are two main mechanisms by which cells migrate on
2D substrates and through 3D environments [16, 17]. 2D substrates can be stiff
substrates such as the bottom of polystyrene culture plates, or elastic, viscoelastic
nanoporous polymers coated to which the cell can bind and generated forces against.
3D environments are commonly cross-linked hydrogels of biopolymers such as
collagen, fibronectin, and laminin with micron-sized pores; the cells can easily
squeeze through, or synthetic biocompatible polymers, with nano-sized pores that
cells extensively remodel to migrate through [18, 19]. The first commonly described
cell migration mode is the mesenchymal mode of migration whose hallmarks
are cell protrusions containing aligned actin-myosin fibers that extend, bind, and
contract against the 2D substrate, or along fibers of the 3D biopolymer matrix
[16, 20-23]. The cell protrusions are transient and can be extended from the cell
in different directions. The direction, frequency, and length of these protrusions are
a function of a variety of cellular and extracellular biochemical and mechanical
factors, which can be clubbed into a singular governing aspect of cell polarity.
Depending on the amount of force generated by the actin-myosin fibers within the
protrusions, the strength and amount of adhesions between the cell protrusions and
the substrate, and the mechanical properties of the substrate itself, the cell can pull
itself along these protrusions. The second, commonly observed mode of migration
is the amoeboid migration, where active decoupling of the actin-myosin cortex from
the cell membrane causes the cell periphery to bleb. The actin polymerization and
actin-myosin cortex recoupling with the cell-membrane within the bleb generates
directional cortical tension pulling the cell body towards the bleb [24, 25]. This
motion also requires transient attachments between the cells and the substrate and
can be equally fast as the mesenchymal mode of migration [26]. Cells have been
shown to migrate using either mesenchymal or amoeboid or a combination of both
these mechanisms [27]. They can also switch between these two mechanisms based
on the mechanical and biochemical signals within the environment [28]. Beyond
these two common mechanisms, there are a few other lesser-known mechanisms
which have also been shown to drive individual cell migration such as osmotic
pressure difference at the anterior and posterior regions of the cell, or asymmetric
cell squeezing through undulating spaces [29, 30]. These mechanisms have been
shown to be independent of cell-substrate adhesions; however, active forces within
the cells are still known to play a role. Migrating cells also show a ventral-dorsal
polarity, where the ventral region is dominated by increased actin polymerization
and cell protrusion activity, while the dorsal region has increased adhesion turnover
and actin depolymerization. This polarity, and the mechanisms and time scales over
which it switches within individual cells, has significant impact on cell persistence
and mobility [31, 32]. Further details on mechanisms of individual cell migration
and models describing them can be found in several recent reviews [23, 33-35].
Spatarelu et al. [35] primarily focus on cancer, summarize various experimental
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methods, and discuss about “unjamming transition” in context with epithelial-
mesenchymal transitions.

The most pertinent question with regard to collective cell migration that arises
is how do individual cells that can migrate independently via the above-described
mechanisms interact with other cells in close proximity to synchronize their speed
and direction of migration to give rise to collective migration. To understand this
question, we will focus on the various ways by which neighboring cells interact
with each other.

2.1 Direct Cell-Cell Mechanical Interactions

When two migrating cells collide with each other, they can either reverse direc-
tion/bounce away, go past each other, or begin to migrate together in the same
direction [36—40]. The precise outcome of any such cell-cell interaction is hard to
predict but is shown to depend on cell-cell adhesion type, adhesion strength, cell
migration speed, cell-substrate adhesion strength, cell actin-myosin contractility,
cell polarity, and the angle of approach between the cells among other factors [41].
A number of these factors themselves might be interrelated. For example, cell-cell
adhesion is a function of the type of cell adhesion molecules present on the cell
surface, the actin-myosin cortex tension, availability of other junction proteins, as
well as upstream intracellular signaling. On the other hand, cell polarity is dynamic
and can change as a result of cell-cell collisions and interactions.

Mechanically, when two or more cells come into contact, they can form a number
of stable or transient bonds depending on the cell type [42, 43]. For example,
epithelial cells generally form stable adhesions that permit the transmission of active
contractile forces generated by the actomyosin cytoskeleton across the interacting
cells. On the other hand, mesenchymal cells are known to form more transient
bonds that may only weakly transmit the cytoskeletal forces generated by one cell to
another [44]. Partially transformed epithelial cells would then have a combination
of stable and transient interactions with each other, allowing transmission of active
cytoskeletal forces up to certain threshold values, and above which the cells can
transit past each other and exchange neighbors or even migrate individually [45].

Beyond cell-cell mechanical adhesions, a direct mechanical interaction between
two cells can result in the repolarization of the cell. Migrating cells show a front-
back polarity where the front end of the cell has faster actin polymerization,
cell-substrate bond maturation, focal adhesion complex formation, and increased
recruitment of actin-myosin stress fibers, while the rear end of the cell has increased
dissolution of cell-substrate adhesions and increased actin depolymerization [46,
47]. A direct mechanical interaction between two cells can lead to a change/reversal
of polarity within these migrating cells causing them to migrate away from each
other. This phenomenon is known as contact inhibition of locomotion (CIL) [48, 49].
CIL in conjunction with transient cell-cell adhesion has been indicated in a variety
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of collective cell migration behaviors such as flocking, rotation of cellular clusters
within confinement, and even cells chasing or following each other [50-52].

When cells mechanically interact with each other, there are a few nonspecific
cell interactions as well that can play important role in directing the dynamics of
collective cell migration. For example, there can be a weak repulsion between cells
due to the steric interactions between cell membranes and the exclusion of cellular
volumes [45]. Depending on the mechanical properties of the cell membrane, the
actin-myosin cortex, the cell cytoskeleton, and even the nucleus, these steric forces
can lead to changes in cell shape and consequently changes in cell motility as well
as proliferation. Additionally, nonspecific interactions between membrane coating
polymers such as the glycocalyx of interacting cells can dictate intercellular friction
and alter the rates of cell migration within the collectives [53, 54].

2.2 Direct Cell-Cell Biochemical Interactions

Beyond direct mechanical interactions, the contact between two cells can trigger a
cascade of biochemical signaling within the interacting cells. For example, active
force transmission across cell-cell adhesion can result in triggering the B-catenin-
Whnt signaling pathway which can trigger transcriptional changes driving stem
cell/cancer cell-like behavior in epithelial cells [55, 56]. Another example is the
cell-cell interaction area-dependent changes in Notch signaling which is critical in
a variety of cell differentiation and boundary formation processes in tissues as well
as tumor cell migration and invasion [57].

The abovementioned mechanical interactions between cells are also not inde-
pendent of associated biochemical signaling. A key example of this is CIL, where
the repolarization of interacting cells is associated with Eph/ephrin interactions at
cell-cell interfaces which trigger downstream RhoA activation and Rac inhibition
[58, 59]. Rac inhibition suppresses f-actin assembly and drives repolarization of
the cell away from the cell-cell contact. Adhered cells can also communicate
via gap junctions that transmit electrical signals as well as small molecules and
effectors such IP3 and Ca+2 ions which act as secondary messengers for a variety
of biochemical pathways that can promote of restrict collective cell migration [60].

2.3 Indirect Cell-Cell Interactions via the Environment

In the context of collective cell migration, the focus is primarily on direct cell-
cell interactions and communication via mechanical and biochemical pathways.
However, cells can also alter their immediate environment, and the sensing of
these changes by neighboring cells can drive coordination and collective behavior
between these cells. For example, contractile cells can strain the immediate
extracellular matrix fibers [61]. This strain can be sensed by other cells in the
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vicinity triggering strain sensitive migration and synchronization of contractile
activity in these cells [62]. Alternatively, certain migrating cells can restructure the
extracellular matrix via the action of matrix degrading enzymes or by depositing
and cross-linking new matrix material. This active restructuring of the extracellular
environment can create tracks or open spaces for other cells to follow, promoting
collective migration and invasion of the extracellular environment [63, 64].

Paracrine signals secreted by certain cells in the environment can also induce
synchronization and collective cell migration of neighboring cells [9]. An important
example of this is the secretion of VEGF signals by chondrocytes that trigger
collective cell migration of endothelial cells to for new vasculature [65]. Cancer-
associated fibroblasts also can release such paracrine signals such as cytokines
and chemokines triggering collective invasion of cancer cells into the surrounding
stroma [66].

2.4 Collective Cell Migration Beyond Cell-Cell Interactions

While the common assumption is that synchronization of cell motility directions
and speeds is an outcome of direct or indirect cell-cell interactions, it is also
possible that the main drivers of collective motility are factors not affected by cell-
cell interactions. One such scenario is the migration of cells under the influence
of a chemical gradient [67]. While each cell individually senses and moves
towards or away from the chemical source, there does not have to be any cell-to-
cell communication for the cells to move collectively. Similarly, cells migrating
in confined spaces, along patterned substrates, along gradients of cell-substrate
adhesion molecules, or along gradients in substrate stiffness, all of these can cause
collective cell migration independently of cell-cell interactions [68]. However, there
are also scenarios where the presence of a cellular collective rather than individual,
disconnected cells promotes such directional migration along chemical and physical
cues. For example, there is experimental evidence that collectives of cells can be
better at recognizing and migrating along biochemical gradients than individual
cells in a specific environment [69]. Under which conditions individual cell behavior
dominates vs collective cell interactions dominate the directional migration of cells
is not completely understood.

Ultimately, it is naive to assume collective cell migration is an outcome of just
one of the above interactions. In any given collective cell migration scenario, more
than one of the above interactions can be influencing cell migration behaviors.
Additionally, the above list of interactions is in no way exhaustive. We have just
focused on some of the more commonly described phenomena known to drive
collective cell migration. The combination of these cell-cell and cell-environment
interactions occurring over a wide range of spatial and temporal scales results in the
various collective cell migration phenomena observed in biological systems. These
include migration of small cell clusters, migration of large cell clusters, migration of
cell strands (single file), migration of cell streams (multiple cells wide), migration of
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cell sheets, rotation of cell clusters in confined environments, rotation of entire mul-
ticellular organoids, and migration of cell along chemical gradients (chemotaxis),
along stiffness gradients (durotaxis), along adhesion gradients (haptotaxis), along
strain gradients (plithotaxis), herding via multiple leader cells, following a single or
a small group of leader cells, flocking, jamming to unjamming transitions, and many
others. Figure 1 summarizes the multiscale nature of collective cell migration and
highlights some of the key interactions and outcomes of cell-cell interactions and
collective cell migration. Section 4 gives us a detailed discussion on how biophysical
and mathematical models can be employed to understand some of these processes.

3 Collective Cell Migration in Cancer

In some scenarios, cells of a primary tumor undergo epithelial-to-mesenchymal tran-
sition (EMT), become motile and invasive, and intravasate through blood stream. At
a distant secondary site, the cells undergo extravasation forming micrometastases,
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which is known as mesenchymal-to-epithelial transition (MET). This property of
cells to switch phenotypes is well known as epithelial-mesenchymal plasticity
(EMP). But the role of EMT in cancer progression remains controversial—it has
not been established that EMT/MET is a requirement for metastatic dissemination
and colonization.

Over the last two decades, epithelial-mesenchymal transition (EMT) has been
recognized as an essential, highly regulated and mostly employed mechanism in
normal embryological development and in migration of epithelial-derived cells in
morphogenesis. Of late, in vitro and in vivo studies in tandem with that in in
silico studies have suggested that EMT may also play an important role in cancer
metastasis in various cancer systems. Recently, the production of fibroblast cells
from epithelial precursors in fibrotic diseases has been recognized as bearing the
hallmarks of EMT [70]. The biological and pharmacological importance of EMT in
cancer has now achieved much attention and recognition. Problems in multicellular
systems can only be understood if we have a holistic view of its overall biological
activities, viz., interaction, motion, growth, division, and death, and as a result of all
these, multifarious tissue-scale dynamics evolve.

It has been suggested recently that mechanically heterogeneous cancer tumors
are composed of soft (exhibit mesenchymal markers) and stiff (exhibit epithe-
lial markers) cells. The soft/fluidlike cells are known to unjam and migrate
easily towards the primary tumor boundary compared to the stiff/solid-like cells—
manifestation of the phenomena of tumor invasiveness or cancer metastasis [71].
In cancer metastasis, EMT at the primary site causes sedentary epithelial cells to
change their phenotype to become less confluent and more migratory (akin to a
solid — fluid or jamming — unjamming transition (UJT)). During UJT, cells lose
apicobasal polarity and epithelial markers, while they concurrently gain front-back
polarity and mesenchymal markers. And during MET at secondary site, epithelial
cells change their phenotype to become more confluent and loses motile behavior
(akin to a fluid — solid or unjamming — jamming transition). In a mixture of both
epithelial and mesenchymal cells, when only a fraction of the cells has transitioned
to the second phenotype, the tissue achieves a frustrated jamming state [72]. But
recently, subtle differences between EMT and UJT have been pointed out in primary
airway epithelial cells [73]. The claim is that the collective epithelial migration can
take place through UJT with or without EMT or partial EMT.

In experimental models for cancer metastases, it has been observed that in lung
cancer [74, 75], tumor cells survive in clusters in the blood stream and generate lung
metastases, and in inflammatory breast cancer associated with lymphatic metastasis,
multicellular strands travel through the lymphatic vessels [75]. A balance between
EMT/UIJT, collective cell migration either as clusters of strands, and MET/JT at
specific invasion sites might hold the key to accurately predict disease outcomes
in many cancers. Additionally, biochemical and mechanical factors triggering these
collective cell phenomena are of extreme interest as potential diagnostic markers or
therapeutic targets.

How decisions by an individual cell influence the collective dynamics at the
population level? In multicellular systems, the variational principle of the generic,
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phenomenological model of least microenvironmental uncertainty principle (LEUP)
[76, 77] might be employed to understand mathematically the phenotypic decision-
making of a cell, considered as the Bayesian decision-makers under energetic
constraints, based on the phenotypes of the neighboring cells. LEUP minimizes
the uncertainty in the measurement of microenvironmental entropy of a cell,
without the exact mechanistic knowledge of the complex intercellular interactions
and the precise and complete dynamics of chemomechanical factors influencing
cell migration, such as biochemical signaling pathways, substrate sensing, etc..
Within the mathematical framework of the information theoretic approach of LEUP,
it is assumed that the phenotypic switching of each cell happens based on its
microenvironmental entropy. During cancer metastasis, cells travel as individual
units and as multicellular clusters of circulating tumor cells (CTCs) through the
blood stream to a distant secondary organ. While in transit, the cells are in a
dynamically evolving microenvironment in which it changes its phenotype multiple
times. In future, in the combined framework of LEUP and mechanistic models
of collective cell migration, the phenomenological properties such as entropy,
cell migration velocity, phase separation, and nonequilibrium structure formation
could be mapped to other phenotypic markers, thus bridging the gap between
computational models, in vitro/in vivo experiments, and clinical data.

4 Discrete, Continuum, and Hybrid Models

The complexity of collective cell migration phenomena, as described in previous
sections, can be better understood with the help of computational models that allow
the modeler to focus on a narrow set of interaction rules between cells and their
environment at any given time and a limitless control over the parameter space.
However, this means the models also have to make assumptions and simplifications
regarding all the other interactions rules and properties not directly probed by
the model system. Traditionally, computational complexity and costs have placed
the largest constraints on the number of interactions incorporated within a model
and the size of the parameter space. Geometry of the system also plays a great
role in collective cell migration. Cells in native biological tissues can move along
one-dimensional (1D) fibers, or two-dimensional (2D) planar substrates, or across
three-dimensional (3D) matrix. The computational cost becomes manifold when
collective cell migration is modeled in 3D, compared to other spatial dimensions.
However, with advances in high-performance computing, current models describing
collective cell migration are highly integrated and incorporate a large variety
of interactions and effects ranging from subcellular to tissue level in length
scales and milliseconds to days in time scales. Models can be classified into
discrete, continuum, and hybrid models. “Continuum systems” are described by off-
lattice models and their canonical description can be mathematically depicted with
nonlinear continuous ordinary differential equations (ODEs) or partial differential
equations (PDEs) having multiple terms, each describing a biological process (viz.,
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birth, death (apoptosis/necrosis), nutrient consumption, etc.). But, in contrast, there
is no well-defined way for describing interactions of discrete objects, particularly
interacting and migrating discrete biological cells. In order to study the impact
of the dynamics of an individual cell on multicellular cluster migration, and cell-
cell interactions on tissue behavior, space- and time-dependent on- or off-lattice
agent-based models (ABMs) need to be developed. Sometimes we need to couple
continuum and discrete, agent-based approaches and come up with a hybrid model
to unleash the maximum knowledge about the relevant system with optimum
computational effort. In the following sections, we discuss some of the current
computational models for collective cell migration.

4.1 Isotropic Active Particles Model

A standard minimal way of representation of interacting biological cells in a
collective is by isotropic particles—all cells are of same circular/spherical shape in
two/three dimension, and they interact in a similar fashion. The governing dynamics
for the center of mass of the overdamped (moving towards equilibrium) cell i is
given by the Newton’s law with zero acceleration

i i i —
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where U = % Zi# |Vi — V;l|. The first term Ffiriction corresponds to the frictional
drag of cells against substrate or extracellular matrix (corresponding to flow at
low Reynold’s number regime). This mathematical form expresses frictional force
proportional to the velocity of a particular cell relative to a fixed background. It
can also be modeled alternatively, which will depend on the relative velocities of
cells in contact, e.g., |v; — v;| [78, 79], or in a more complicated form based on
dissipative particle dynamics [80]. The second term represents the motility force, in
the direction of the polarity of the cell. U in the third term corresponds to a pair-wise
interaction potential with V having long-range attraction and short-range repulsion
between ith and jth cells. The effective long-range attraction represents adhesion of
cells to their neighbors, while short-range repulsion arises from an exclusion of the
overlaps between different cells. However, cadherin-mediated physical attraction is
relatively short range.

Herding, flocking, schooling, and swarming are different nomenclatures for the
phenomena of interactive collective behavior, specific to animals, birds, fishes,
and bacteria (or aggregate of any physical entities in general), respectively, and
isotropic particle model has been employed to understand such phenomena.. Over
the duration of the last 25 years, several self-propelled particle (SPP) models, which
falls in the specific class of individual-based model (IBM), have been introduced,
studied, and analyzed, in one dimension [81] and in higher dimensions [82—-84], with
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more biologically relevant interaction rules [82, 85—89]. Isotropic active particle is
a simple minimal model which fails to predicts certain aspects of tissue mechanics:
coupling between cellular shape and cell behavior, cell-cell adhesion, and density
which are important near unjamming transitions in confluent monolayers [90, 91].

4.2 Deformable Particle Model

The next natural extension is to include cell shape variability (in terms of small devi-
ations from circularity/sphericity) in addition to its isotropic property. Cells were
considered deformable ellipsoids of constant volume in models of Dictyostelium
[92]. Complex cell-cell interactions can be considered in these models. The authors
[78, 93] have considered the interactions between the ellipsoidal cells as a function
of the distance between cell surfaces—a natural generalization of the central forces
applied in simple isotropic cell models. These models are valuable to study the
coupling between shape and motility of cells. These models are most interesting
when studying experiments that include both subconfluent and confluent layers
of cells, rather than for purely confluent tissues which are better understood by
Vertex/Voronoi models (described in Sect. 4.4).
The net force experienced by each cell is given by

Flilet = F}Aclive + Z F}l)éssive (2)
JEN()

During the contraction phase of a cell, the force generated equals Fimve. Fllpéssive
is the passive force vector between cell i and j. It has two origins, viz., compression,
which is repulsive in nature that arises from a cell’s resistance to deformation,
and adhesion, which is attractive, and the magnitude depends on their proximity,
because it determines the number of adhesion molecules which can bind. Adding
the property of shape deformations (cells as ellipsoids instead of spheres) does not
suffice to explain the jamming transitions [90, 91]. These models can interestingly
explain experimental results [94] which have both confluent and subconfluent layers
of tissues. Vertex and Voronoi models, described in the following subsection, can
model tissues which have only confluent layers in a much better fashion. The
advantages of this model are as follows: (i) precise cell position and size of each
individual cell are tracked and can be gradually changed (no upper length scale), and
complex deformations of cell shapes can be represented; (ii) movement, division,
and death of cells are captured; and (iii) mechanical stresses in the cell can be
computed to subcellular level. But, since the computation time is long, parameter
sensitivity analysis of this method is very constrained. Thus the parameter inference
is stepwise and very tedious [95].
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4.3 Subcellular Element Models

Biological cell is considered as the smallest unit in most models, which does not
possess the capacity to capture detailed intracellular characteristics, e.g., actomyosin
contractions, cell morphology, cell polarization, cell size, cell division, etc. To
resolve this drawback, subcellular element model does not consider each cell as
the smallest unit; instead, it has internal structures or subunits interacting among
themselves [80, 96-98]. In multicellular systems, this framework primarily com-
putes the dynamics of large number of three-dimensional deformable cells. Each cell
can be represented by a collection of elastically coupled elements, interacting with
one another via short-range potentials. The dynamics of each element is updated
using overdamped Langevin dynamics. Mathematically, it is necessary to have two
terms describing the intercellular Uj,;.r () and intracellular Uj,;rq(r) interaction
potential of elements. Various models have tackled the scenario in different ways
taking into account different aspects of interactions, for instance, by considering
simple motility forces [80], or differential rates of breaking and reforming of
intracellular connections at the cell front/back [97], or modeling the interior and
the cell membrane separately [98].

The simplest subcellular element model is comprised of two subcellular elements
or units, representing a single cell. The two units stand for the front and back end of
the cell [99]. Using a two-subcellular element model, the role of the supracellular
actomyosin cable around the wound during healing of a wound can be successfully
deciphered [100]. The overdamped dynamics of each element is mathematically
computed as follows

Ev= fsp+ fc+ fr/a 3)

where fsp is the self-propulsion force which is subjected to contact inhibition of
locomotion (CIL) [99] and balances the intracellular contraction fc between the
front and the rear unit. fg,4 is the interparticle force of different cells, which is
repulsive in nature in short distances and attractive at long distances and vanishes
further away. This term depicts the volume exclusion and intercellular adhesions.
Studying systems through these models is a natural starting point for investigating
mechanical behaviors of aggregates of cells and tissues and single-cell (power-law)
rheology [92, 97].

4.4 Active Network Models: Vertex/Voronoi Models

Network models describe epithelial tissues as networks of polygonal cells. Vertex
models play an important role in gaining deeper understanding of how forces
generated inside cells affect the morphology of the cells and hence the shape and
mechanics of epithelial sheets [101, 102]. In the vertex model, a cell is characterized
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by a set of vertices at the intersection of three or more neighboring cells. The
positions of the vertices further specify the cell interfaces and volumes.

Vertex models may be categorized into 2D and 3D apical vertex models, 2D
lateral vertex models, and 3D vertex models, based on the geometrical representa-
tion of the cells and how the forces act on the cells [103]. In flat epithelium, forces
are usually generated in parallel to the apical surfaces and apical vertex models
can be employed in understanding this phenomena, while 2D lateral vertex models
are appropriate when the main forces act to deform the tissue in the plane of the
cross section. The tissue shape approximately remains the same under in-plane
translation, and topological rearrangements do not play a role. 3D vertex models
can be applied in a larger class of instances, viz., multicellular morphogenesis
with undulation, tubulation, and branching [104] and epithelial shape changes
characterized by out-of-plane mechanics and three-dimensional effects, such as
bending, cell extrusion, delamination, or invagination [103].

Contrastingly, the Voronoi model is based on Voronoi construction [105], in
which a cell is defined by its center and any point within the region of this cell
is closer to this cell’s center than any other cell’s center. A Voronoi diagram is quite
similar to the Wigner-Seitz cell [106] description in solid-state physics. The key
difference between the vertex and the Voronoi model is tracking the forces at the
vertices versus energy tracking of whole cell based on shape and size. To investigate
the collective behavior, a term for mechanical energy, having the cell’s area and
perimeter, for each cell is included. Further insights on intercellular adhesion can be
obtained from this energy. A self-propelled Voronoi model was developed [71, 90]
to demonstrate glassy dynamics and jamming transition from a solid-like state to a
fluidlike state in a confluent biological tissue. The total energy E of both the vertex
and Voronoi model systems can be expressed in the following (or similar) form in
terms of the area, and perimeter of each cell, positioned at 7, is given by

E=Y[KatAy, = A0 + Kp(P, = Py)] @)
i=1

where K4 and K p are the area and perimeter moduli and A,, and P,, are the cross-
sectional area and perimeter of the ith cell whose center of mass is positioned
at r; and which tends to relax to the preferred area and perimeter of Ag and Py,
respectively [101, 102]. The cell shape is defined by the Voronoi tessellation of all
cell positions. This has provided a good representation of epithelia of real biological
systems, for instance, the blastoderm of the red flour beetle Tribolium castaneum
and the fruit fly Drosophila melanogaster [107, 108].

4.4.1 Key Insights: Transitions in Epithelia

A generalized mechanical inference method [108] has been developed by employing
self-propelled Voronoi (SPV) model of epithelia that connects mechanical stresses
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of cells to cell shape fluctuations and cell motility and deduce information regarding
the rheology of the tissue. The interaction stress is generated from cell shape fluctu-
ations due to actomyosin contractility and intercellular adhesion while cell motility
determines the swim stress that is generically present in all self-propelled systems.
“Cellular jamming” is the collective arrest of cell movements and formation of a
dense tissue. This phenomenon is very similar to the process of “solidification”
or “rigidification” in physical sciences—collective arrest of particle or molecular
motion. Diverse physical mechanisms such as tension-driven rigidity and reduction
in fluctuations driven by biological features like cell-cell interaction, cell-substrate
interaction, differential adhesion (for instance, increased cell-cell adhesion can
arrest collective motion), cell division, and cell differentiation can lead to cellular
jamming or crowding—and one or more of these can simultaneously operate to have
a “phase transition” in a biological tissue [108].

4.5 Cellular Automata

Cellular automata (CA) models can be viewed as ensembles of entities (cells)
interacting with one another and the environment by phenomenological local rules,
describing biological processes. This is capable of modeling a huge range of
biological examples ranging from bacteria, slime, amoeba, embryonic tissues, and
tumors. Cellular automata models are basically developed on a lattice which models
interactions with other cells and the ECM.

Classical lattice gas-based cellular automata (LGCA) model, originally devel-
oped in 1973 by Hardy, Passis, and Pomeau (HPP models) to model ergodicity-
related problems to describe ideal gases and fluids, has been extended and widely
applied to model self-driven biological cells [109]. LGCA are relatively simpler
CA models, in which entities (cells) select one from a discrete set of allowed rules.
LGCA is capable of modeling a wide range of phenomena with different length and
time scales [110].

4.5.1 BioLGCA

The BioLGCA model is a lattice-based agent-based cellular automata model class
for a spatially extended system of interacting cells. BioLGCA models can be
applied to homogeneous cell populations (cells having the same phenotype and
don’t change their behavior). However, the BioLGCA can be expanded to model
heterogeneous populations and environments, with cells dynamically regulating
their adhesivities and/or interactions with a heterogeneous noncellular environment.
Several biological processes, for example, angiogenesis [111], bacterial rippling
[112], active media [113], epidemiology [114], and various aspects of tumor
progression [110, 115-119], have been studied by employing BioLGCA models.
In BioLGCA, apart from biophysical laws for individual cell migration, update
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rules for cell-cell and cell-environment interactions can also be derived from
experimental data of cell migration [120], unlike update rules in classical LGCA
which are mostly ad hoc. This model combines mathematically rigorous analysis
and computationally efficient simulations of collective cell migration, which has a
scope to build rules based on experimental data. Thus it is capable of capturing
complex multiscale behavior of collective cell migration. BioLGCA does not have
cell shape as a model feature; hence, it is apt for modeling cellular behaviors
at low and moderate cell densities, unlike epithelial tissue. BioLGCA minimizes
model artefacts by optimizing their computational efficiency and their synchronicity
and explicit velocity consideration, compared to other different categories of
cellular automata models. The dynamics of the BioLGCA model, as described
by the authors in [120], comprises of propagation P, reorientation O, phenotypic
switch S, and birth/death operators R, all of which follows conservation laws
maintained by operator dynamics. The modeling strategy is based on multiple
biophysical interaction rules (random walk, alignment, attraction, contact guidance,
chemotaxis, haptotaxis) for individual-based and/or collective migration of cells
[120]. Interaction rules can be derived mathematically from Langevin equation of
self-propelled particle and the steady-state distribution from its associated Fokker-
Planck equation. A mean field analysis of the BioLGCA aggregation model may
be performed to predict the formation of cluster patterns. The results show four
distinct regions in parameter space, viz., (i) diffusive or gas-like phase, cells moving
around freely as individual units; (ii) collective motion (active nematic), cells in
collection move with an overall directionality; (iii) aggregate phase, cells are in
static clusters forming cellular patterns; and (iv) jammed or glass-like, cells cannot
move collectively or form patterns, and all the cellular dynamics are frozen similar
to a crystalline solid [120].

4.5.2 Cellular Potts Model

A more sophisticated version of cellular automata (CA) is cellular Potts model
(CPM) which considers individual cells as extended entities of variable shape
[109]. The concept is borrowed from the g-state Potts model in statistical physics.
Anderson, Grest, Sahni, and Srolovitz studied the cellular pattern coarsening
in metallic grains in the early 1980s by employing g-state Potts model. CPM
numerically captures the migration of multicellular clusters in two dimensions
[121]. The CPM can model realistic features of cells during migration, such as
changes in cell shape and size (due to internal cytoskeletal processes, such as
actin polymerization and cortical myosin contraction, intercellular adhesion, and
processes regulating cell volume) [122], rearrangement of cells within a cluster,
and the dynamic seggregation or reaggregation of subclusters. Diverse biological
phenomena like chemotaxis, cell sorting, endothelial cell streaming, morphological
development, and tumor progression have been modeled using the CPM [123-125].

Each cell having the same polarization/orientation is represented by multiple
lattice sites x with the same integral values for their lattice labels o(x) > 0 in



Biophysical and Biochemical Mechanisms Underlying Collective Cell. . . 93

a discrete two-dimensional lattice. Lattice label o (x) = 0 represents the empty
lattice sites corresponding to the extracellular matrix (ECM), which provides an
environment through which the cells migrate. The energy of the whole system
Ecpy can be expressed as

N
Ecpu = Z Jo)ote) + Z)»A(5Ai)2~ )
) i=1

(x,x’

It has contributions from two factors: the first term denotes the adhesion while
the second one is the area restriction term. The adhesion energy term Jy (x) o (x) 18
given by

0 o(x)o(x) > 0 within ECM or same cell,
Jo)ox) = 1 o (x)o(x") = 0 cell-.ECM contact,

B o (x)o(x") > 0 cell-cell contact.

where « is the interaction strength of adhesion of any cell with its environment
while cell-cell adhesiveness is characterized by B. A migrating cell undergoes
fluctuations in size § A; around its equilibrium area Ag (§A; = A;(t) — Ao). The
second term, i.e., the area restriction term in Eq. (5), controls a migrating cell from
growing or shrinking to unphysical sizes, as well as branching or stretching into
intangible shapes. A perimeter restriction term, in addition to the area restriction
term, has also been included in many works [92, 121, 126, 127]. But this might be
omitted for simplicity since sufficiently large o and § constrain perimeter by cell-
ECM or cell-cell contact. Two cells in contact with each other will have an adhesion
energy cost of B, while if the two edges of these cells are exposed to the ECM,
they will have an energy cost of 2. Thus we have two regimes: adhesion energy
satisfying the condition 8 < 2« would promote cell scattering, while 8 > 2« will
promote clustering. In between, there lies the optimum regime of § & 2« which
corresponds to the transitional state between a fully connected cluster and multiple
disconnected clusters the optimal migration velocity corresponds. In this regime,
the multicellular cluster attains the maximum effective migration velocity [8].

CPMs has been frowned upon since this model assumes cellular mechan-
ics/motility results from cell boundary fluctuations, which may not be realistic
always [92, 128]. The other limitations of these models are dynamics processes
like migration, division, death, and pushing which are modeled by a jump-type
stochastic process. The dynamics is computed by Monte Carlo sampling since a
given multicellular configuration can have a huge number of possible neighbor
configurations which might lead to unnatural distortions of time scale. [95]
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4.6 Phase-Field Model

Another approach developed by many research groups [40, 92, 129-131] is to
model shape variability of cells during collective motion with space- and time-
dependent phase fields ¢ (r, 7). This model can simulate relatively small (<100)
collections of cells but can capture the scenario of simultaneous couplings among
the biochemistry, cell shape, and mechanics. The minimization of the Hamiltonian
H, with added active terms representing the motility of the cell, gives rise to the
equations of motion for the phase field, which can be expressed in the following
form

0 1 5H
Ed’(r, t) + Vgc;ive.v¢ = —C—Ey (6)

Here v,tive 1S the velocity due to active driving at the boundary. The driven active
velocity may be constant and in a direction parallel to the cell’s polarity, or to be
normally outward, with a magnitude set by biochemical polarity within the cell. ¢
is the friction coefficient and € width of the phase field. The Hamiltonian # in the
above Eq. 6 has contributions from two terms: H = Hyjngie + Heell—celr- The first
term for the single-cell energies is given by the Canham-Helfrich energies (widely
applied for the deformed fluid membrane) [132] as follows

Hgingle = y x [cell perimeter] + « X [curvature integrated over membrane]
G 1 G' ()7
_ y/er € ve? + P +K/d2r— evip— SP %
2 € 2¢ €

where € is the free parameter characterizing the width of the interface of the phase
field and y is the tension. And the second term corresponds to the bending energy of
the membrane computed by the integral over the mean curvature of the membrane

3
. . o€ . .
Heell—cet1 = Y / d2r§¢<'>(r,r)¢(”(r,r)——4 16D, )2lo P, 01> (8)
i#j

where « is the bending modulus of the membrane. Camley et al. investigated the
effect of various cell polarity mechanisms on the rotation motion of a pair of
mammalian cells, including contact inhibition of locomotion, alignment of position,
or velocity with neighboring cells [40] that can be experimentally observed [133].
They showed that the persistent rotational motion is promoted by the velocity
alignment robustly. Lober et al. came up with an alternative phase-field model to
simulate hundreds of cells [130]. Phase-field models have the advantage that they
can model higher-order nonlinear terms like the bending energy of the membrane
and can be readily integrated with reaction-diffusion mechanisms. However, they
have a high computational cost, since the dynamics of each cell would follow
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a different partial differential equation which needs to be numerically solved.
Kulawiak et al. [134] described the shape and motility dynamics of a single phase-
field cell by a minimal model for Rac signaling [135].

4.7 Finite Element Immersed Boundary Models

This biomechanical model for a single fully deformable cell accounts for the inter-
actions/couplings between the fluid flow of the viscous incompressible cytoplasm
and the structural deformations of the elastic cell [136]. It is postulated that the fluid
flow is governed by the Navier-Stokes equation, given by Batchelor and Batchelor
[137]

pVu=s

ou
(2t @Viu) = —Vp+psu+ L As+t )
Jat 3p

Here, p, u, and s denote the constant fluid density, fluid velocity, and fluid source
distribution, respectively, and w is the constant fluid viscosity, p the fluid pressure,
and f the external force density. This is a description of the balance of momentum
and the mass in a viscous incompressible fluid with distributed sources. In this
model, the fluid is assumed to be incompressible except at the sources which are
representative of positions indicating cell growth. Hence, on the whole fluid domain
2 except at the isolated point sources, the local fluid expansion rate V.u and the
source distribution s are identically equal to zero. The force density f defined by the
forces F(l, t) at the elastic immersed boundaries of all cells X (I, ¢) can be expressed
in the following way

f= / Fd,t) —8(x — X, 1))dl (10)
r

The § is the Dirac delta function, and I" represents the finite collection of immersed
boundary of all cells (the external force f vanishes away from I'). The elastic
cell membranes can be defined by the curvilinear coordinates X (I, ) where [
denotes the position along the cell boundaries. The boundary forces F (I, t) have
a contribution from three different types of forces, viz., the adjacent forces F,q;, the
intercellular adhesion forces Fgj, and the contractile forces, and are determined by
the boundary configuration, the assumed elastic properties of the cell membranes,
and the undergoing cell processes. This model has been applied to track morphology
of the cell membrane during cytokinesis [136], a single axisymmetric cell growth
and division [138], blood flow and shear stresses in cerebral vessels, and aneurysms
[139].
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Dynamic finite element cell model (AFEMC) has been employed to study the
dynamics of the formation of tissue patterns considering the different realistic
features such as change in cell shape, geometry and topology, cell growth and
shrinkage, cell birth and death, and cell division and fusion during the process [140].
To overcome the limitations of the existing models, dynamic cellular finite element
model (DyCelFEM) has been developed to model the complete range of cellular
migration of individual cells to collectives, cell proliferation, and tissue patterning
in response to biochemical and mechanical cues [141].

4.8 Hydrodynamic Models

During embryonic development of an organism, mechanical stresses in a biological
tissue develop due to cell division, cell apoptosis, and other factors to maintain tissue
homeostasis, which play a significant role in tissue growth and hence final tissue
morphology [142]. The hydrodynamic models systematically study the effects of
fields on tissue dynamics. The dynamics of a thick polar epithelial tissue subjected
to the action of both an electric filed and a flow field in a planar geometry is
theoretically studied [143]. A generalized continuum hydrodynamic description is
developed to describe the tissue as a two-component fluid system—the cells and
the interstitial fluid. A biological tissue in a continuum limit may be characterized
by a cell number density n which obeys the following equation to balance the cell
number

dn + 0 (nve) = (kg — ka)n Y

where vy, kg, and k, are the velocity, division rate, and apoptosis rate for a
characteristic cell in the tissue [142]. A “polar” and planar thick epithelial tissue,
permeated by interstitial fluid flows in the presence of an electric field with cells
able to generate electric currents and fluid flow, will follow conservation laws for
volume, charge and momentum, symmetry considerations, and cell number balance
equations [143]. This predicts that the domain of stability of the epithelial tissue of
finite thickness is rather small. Tissue proliferation or tissue collapse can be caused
due to simple dc electric current or a fluid flow, without any requirement for genetic
mutation. These models have been used to analyze motility of various cell types
[144-1406].

Jeon et al. have developed a phenomenologically realistic and bio-/physically
relevant off-lattice hybrid discrete-continuum (OLHDC) model of tumor growth,
tumor morphology, and invasion [147] in which fingerlike shapes (characteristic
of invasive tumor) are observed. Aspects of microenvironmental components such
as matrix-degrading enzymes, nutrients or oxygen, and extracellular matrix (ECM)
concentrations are captured by the continuum part of the OLHDC model, whereas
the discrete portion (modeled by persistent random walk using Langevin equation)
represents individual cell behavior such as cell cycle, cell-cell and cell-ECM
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interactions, and cell motility. This could reproduce the experimentally observed
superdiffusive behavior (at short timescales) of mammalian cells. Coupled hybrid
continuum-discrete models have been explored to unveil the connection between
angiogenesis and tumor growth and identify the three regions of a tumor as
necrotic, semi-necrotic, and well vascularized [148] and to understand the interplay
among glioma invasion, vascularity, and necrosis [149]. The in silico hybrid multi-
scale cancer model employs the representative averaging volume (RAV) technique
(integrating two open-source numerical analysis platforms: FEB3 [150, 151] and
BioDynaMo [152]) to couple the macroscopic tissue biomechanics (using the finite
element mesh representing the tissue) and the microscopic cellular mechanics (using
agent based methods) [149].

4.9 Simulation Platforms

Recently numerous software have been developed to capture in silico this inherently
complex collective behavior of cells. Efficient computational agent-based multiscale
models are developed to understand the underlying complexities at different levels.

BioFVM is an efficient diffusive transport solver, written in C++ with paral-
lelization in OpenMP, for solving systems of partial differential equations (PDEs)
in 3D for release, uptake, decay, and diffusion of multiple substrates in multicellular
systems [153]. PhysiCell—physics-based multicellular simulator, an open-source
agent-based simulator—is an ideal in silico “virtual laboratory” that is capable
of modeling many mechanically and biochemically interacting cells in dynamic
biochemical tissue microenvironments [154]. Markovian Boolean Stochastic Simu-
lator (MaBoSS) is a C++ software for the stochastic simulation continuous/discrete
time Markov processes by employing Monte Carlo kinetic algorithm (or Gillespie
algorithm), applied on a Boolean network, to compute global and semi-global
characterizations of the whole system. A Python interface for the MaBoSS software,
called pyMaBoSS, is also available [155]. PhysiBoSS is an open-source software
and a multiscale agent-based modeling framework, which integrates multicellu-
lar behavior using agent-based modeling (PhysiCell) and intracellular signaling
using Boolean modeling (MaBoSS) [156]. CompuCell3D is another open-source
multiscale multicellular computational modeling environment based on cellular
Potts model, which can handle a wide variety of problems including angiogenesis,
bacterial colonies, cancer, embryogenesis, evolution, the immune system, tissue
engineering, toxicology, and even noncellular soft materials [157]. Morpheus [158]
is a graphical user interface (GUI)-based simulation environment for modeling
multiscale, multicellular systems through coupled ODEs, PDEs, and CPM in 2D
and 3D, which has been used to model collective motion [159], cell fate decisions
(transdifferentiation and pattern formation in the pancreas using coupled ODEjs)
[160], vascular using a coupled reaction-diffusion/CPM model [161, 162], and also
microscopy image-based models from liver tissues. One can explore executable
Morpheus .xml files for figures given in [163]. Chaste (cancer, heart, and soft
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tissue environment) [164, 165] is an open-source C++ simulation package aimed at
multiscale (tissue and cell level electrophysiology, discrete tissue modeling, and soft
tissue modeling) problems in biology and physiology. Some of the major distinct
applications of the software include (i) continuum modeling of cardiac electrophys-
iology (cardiac chaste) [166]; (ii)individual agent-based modeling of populations of
cells (cell-based chaste) [167, 168] applied to study tissue homeostasis and cancer,
and (iii) a reduced dimensional modeling (structure, dynamics, and function) of
ventilation in the human (healthy and diseased) lungs (lung chaste).

Thus, this section gives a detailed overview of most of the important mathemat-
ical and computational models to study various aspects of collective cell migration.
Figure 2 illustrates different models of collective cell migration through simple
schematics, highlighting their assumptions/interaction rules, governing equations,
and applications.

4.10 Machine Learning-Based Techniques

Apart from the mechanistic models (as described in previous sections), how
different machine learning techniques are deployed to study cell motility and
morphodynamics in the phenotypically heterogeneous environment, from live cell
microscopy imaging data with high spatiotemporal resolutions/computer vision
analyses, has been reviewed in [169]. When multiple phenotypes coexist in the same
condition, it is difficult to decipher the mechanism of cellular dynamics of each cell
type. In static configuration, a phenotype might be characterized by morphology,
protein abundance, and localization, but these characteristics spatiotemporally
evolve during migration with different timescales. Different machine learning (ML)
approaches (such as autocorrelation function (ACF) [170], autoencoder (AE) [171],
density peak clustering, generative adversarial network (GAN) [172], recurrent
neural network (RNN) [173], support vector machine (SVM) [174], hidden Markov
model (HVM)) [175]) perform this nontrivial task of extracting information/features
at different spatiotemporal time scales and learning the same. Hou et. al [176]
employed deep reinforcement learning technique to study the effect of stimulation
signal on the dynamics of follower cells. The migration speed of the follower cells
got enhanced, and hence the motion of the collection of cells gets accelerated as a
whole. Deep attention networks are developed which can detect, learn, and reveal
distinct patterns of influence, attention, and rules of collective migration specific
to each model tissue—epithelial, endothelial, and mesenchymal metastatic breast
cancer cells [177]. They are also capable of detecting the changes in these rules
depending on various biophysical contexts like cellular crowding or the location of
the particular cell within the tissue, by analyzing cell trajectories. Mencattini et al.
[178] developed a novel method to achieve a universal, massive, and fully automated
analysis of cellular motility using single-cell trajectory data and pre-trained deep
learning convolutional neural network architecture to study the behaviors of breast
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Fig. 2 Various mathematical and computational models of collective cell migration: The key
features of each model is highlighted along with the governing equations and applications

cancer cells treated with an immunotherapy drug and prostate cancer cells on the
treatment of chemotherapy drugs.

5 Biochemical Models

Most efforts towards biochemical understanding of collective cell migration have
focused on intracellular networks related to EMT, particularly those connected to
hybrid E/M phenotypes. EMT has been reported in various contexts: embryogenesis
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(type I EMT), wound healing and tissue homeostasis (type II EMT), and cancer
metastasis and fibrosis (type III EMT) [179]. It has been largely thought of as
“all-or-none” binary process, but recent observations—both computational and
experimental—have unraveled that cells can acquire stably one or more hybrid
E/M phenotype(s) with distinct biochemical and/or biophysical signatures [180].
Collective migration and EMT in mammary epithelia and breast cancer cell lines
have been observed [44]. Here, we discuss different modeling strategies that have
been adopted to elucidate EMT dynamics.

5.1 ODE-Based Models

Mathematical modeling of underlying biological networks has been instrumental
in driving the appreciation of EMT from a binary process to a multistep one.
Both the initial models on EMT signaling were ODE-based and modeled a set of
experimentally identified interactions through coupled ODEs [181, 182]. Despite
slightly different formalisms and parameter values used, they both predicted that
cells can stably acquire a hybrid E/M phenotype. Both the models captured
the dynamics of coupled feedback loops among the families of EMT and MET
regulators: EMT-driving transcription factors ZEB and SNAIL and MET-drivers
microRNAs miR-200 and miR-34. Other ODE models that have expanded these
networks to incorporate additional nodes have shown that more than one hybrid E/M
states may exist and that some molecules can act as “phenotypic stability factors”
(PSFs) for hybrid E/M phenotype(s) such as GRHL2, OVOL1/2, NRF2, and NFATc
[183, 184]. Interestingly, knockdown of these molecules—one at a time—in H1975
lung cancer cells (that display hybrid E/M phenotype stably in vitro for multiple
passages) can push them to a more mesenchymal phenotype, as detected based
on morphological and molecular changes. Thus, these PSFs can be thought of as
“molecular brakes” on EMT and can increase the residence times of cells in hybrid
E/M phenotype(s) [182].

More recent ODE-based models for EMT have incorporated additional contex-
tualization, for instance, hypoxia-driven EMT such as HIF1« [185] which includes
SNAIL, TWIST, and miR-210, and suggest that number of positive feedback loops
in a regulatory network determines the number of steady states related to EMT seen.
This observation is a reminiscence of analysis of many EMT networks across a
wide range of parameter values, showing that the number of positive feedback loops
correlates strongly with the propensity of acquiring multistability [186].

5.2 Boolean Models

As the network size grows, it becomes increasingly difficult to estimate the different
kinetic parameters needed to simulate an ODE model. Thus, often, a parameter-free
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approach such as discrete/Boolean/logical modeling is used to decode the qualitative
emergent network dynamics. In this formalism, each node in the network can be
either ON (1) or OFF (0), and the levels of each node at a given time can be decided
by other nodes that can either activate or inhibit it. For instance, if A inhibits B,
then B (t4+1) = OFF when A (t) = ON. This framework facilitates investigating the
dynamics of larger networks, as has been in the case of EMT models too, and can
identify different “attractors” a system can eventually converge to. Boolean models
of EMT networks have also indicated coexistence of many hybrid E/M phenotypes,
each defined by a set of specific nodes that are ON and others that are OFF [187—
189].

ODE models are appropriate to simulate small-scale networks (see Fig. 3). Figure
3 (top left) depicts the transcription factors (TF) (ZEB and SNAIL) and microRNAs
(miR-34 and miR-200) based regulatory network, identified as the molecular
mechanism for the phenotype of cluster migration. The bifurcation diagram shown
in the bottom left shows the coexistence of multiple phenotypes. Epithelial and
mesenchymal phenotypes correspond to low and high expression levels of ZEB,
respectively, while an intermediate level of ZEB has the characteristic of both
phenotypes and is called a hybrid E/M state [182]. The cells in the hybrid state have
ability to both adhere and migrate and potentially give rise to collective cell migra-
tion. Simulating large-scale networks is computationally heavy since they involve
numerous parameters. So for a first approximation, Boolean formalism works very
well to model large-scale networks (see Fig.3). For multistable (coexistence of
multiple phenotypes) networks, results from Boolean and ODE models have been
shown to be consistent [190].
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6 Conclusions and Future Directions

Individual biochemical and biophysical models have been instrumental in decod-
ing the mechanisms of collective cell migration, with important implications in
unraveling metastasis. An integrated unique framework that combines the essential
features of both the biophysical and biochemical aspects would help us understand
the phenomena of cancer metastasis in a more concrete manner [191, 192]. Various
aspects of mechanochemical coupling have begun to be unearthed in various
contexts of collective cell migration [193—-195], and the next class of mathematical
models shall benefit from incorporating those latest details [196, 197].

Figure 4 shows how various computational models can recreate experimentally
and clinically relevant collective cell migration phenomena ranging from cell sorting
(Fig. 4A), cluster cell migration (Fig.4B, D), collective cell migration as sheets
and strands (Fig. 4C), and invasion of neighboring tissue by collectively migrating
cells (Fig. 4E), to name a few. These modeling efforts show that similar underlying
physics can be incorporated into different modeling frameworks, which can then
be employed based on other model requirements as well as the computational
and physical scale of the system being modeled. (For example, Fig.4A and C
show cell sorting and leader-follower dynamics during wound healing driven
by differential adhesion as captured by different modeling approaches.) On the
other hand, similar biological phenomena can be recapitulated in models using
different underlying mechanisms and physical principles. For example, in Fig. 4B,
collective cell migration is achieved via contact inhibition (top tiles), or via cellular
crowding due to interaction with the environment (bottom panel), and in Fig. 4D
via collective chemosensing and chemotaxis. Similarly, Fig. 4E shows fingerlike
invasion of surrounding healthy tissue by cancer cell collectives driven by tensional
instabilities at the interface between cancer and health tissue and migration by
leader cells (top panel) and invasion driven by differences in mechanosensitive
cell death and division rates between the two tissues (bottom panel). These are
only a small sample of all possible modeling methods and underlying physical,
chemical, or phenomenological mechanisms that have been combined to describe
various collective cell migration phenomena. The choice of modeling method and
underlying mechanisms is usually dictated by the focus of the primary research
question. While each of these modeling results adds individually towards a larger
puzzle, a comprehensive understanding of collective cell migration driving critical
processes such as cancer metastasis will require bridging of gaps and filling of
missing pieces via new modeling approaches.

One challenge that needs to be overcome is connecting diverse length and time
scales: subcellular (intracellular components), cellular, supracellular/tissue scale,
and eventually multi-organ level (during cancer metastasis) and organism level
(during embryonic development). The length scales can broadly be stratified in
the following way: (i) intracellular signaling (molecular scale), (ii) single-cell
level behavior (cellular scale), and (iii) multicell/tissue-level behavior (multicellular
scale). How can we bridge these different scales? How does each of these length
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Fig. 4 Representative simulation outcomes illustrating different biological phenomena from vari-
ous models and underlying biophysical mechanisms. (A) Cell sorting via differential intercellular
adhesion between two cell types (top) from deformable ellipsoids in three dimensions, (middle)
vertex model-based simulations using chaste, and (bottom) cellular Potts model (CPM)-based
simulations using CompuCell3D [198]. (B) Collective motion (top) using phase-field model with
the underlying physical principle of contact inhibition of locomotion [130, 199] and (bottom)
via cellular crowding due to interactions with the environment [200] (C) Wound healing via
differential intercellular adhesion between two cell types using (top) deformable ellipsoids and
(bottom) cellular Potts model (CPM) [198]. (D) Chemotaxis of a multicellular cluster bound by
co-attraction (secreted co-attraction field shown in yellow) [92, 201]. (E) Cancer invasion (top)
in a multicellular tumor spheroid (cells in black, necrotic; red, proliferative; green, invasive tumor;
blue, degraded ECM; yellow, quiescent; white, ECM) using cellular automata (CA) model driven
by tensional instabilities [35, 202] and (bottom) driven by differences in mechanosensitive cell
death and division rates between stiff (blue) and soft (green) cells [203] (figures are adapted from
the references mentioned above)
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scales contribute in their own way to the emergent dynamics of collective migration?
There are two distinct ways of modeling these phenomena—highly detailed and
conceptually minimal. The former involves more parameters and might be more
close to comparison with experiments, while the latter actin dynamics contributes to
the mechanosensing and behavior, relating the molecular and cellular scale. Another
aspect that needs attention is the granularity with which we model this phenomenon.
Cells migrating collectively cannot be simply thought of as isotropic active particles
following the exactly same generic principles. While this approximation can be a
good minimal model to start with, various other factors need to be incorporated for
biological realism: short-range and long-range communication via physical contact
and/or diffusing biochemical molecules [204-206], change in microenvironment
due to spatiotemporal variations in signaling molecules [207, 208], etc. Thus, within
a mean field theory framework, a stochastic term that encapsulates many of these
differences to represent cell-to-cell variability would be an important consideration.
A multiscale agent-based framework can offer a good compromise in terms of
granularity and usefulness of the model. For example, a multiscale model often
incorporates many timescales set by rate of biochemical reactions and those set
by diffusivity of various sensory as well as cell-cell communication molecules
[209]. Models for tissue-level patterning that encapsulates intracellular biochemical
signaling with intercellular communication have been well investigated, but most of
this this work has been in static scenarios [210]. Thus, coupling these frameworks
with cell motility (through, say, vertex models) at individual and cohort levels,
as seen during morphogenesis, can be a first step [211] towards an integrated
understanding of the multiscale dynamics of collective cell migration.
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Abstract Intratumor heterogeneity, which includes intrinsic differences in can-
cer cells and morphological differences in the tissue architectures, represents
a major challenge in understanding and treating cancer. Additionally, physical
and molecular interactions between cancer cells and their surrounding tumor
microenvironment, with its diversity in cell types and matrix mechanics, play
a critical role in directing tumor growth and cancer progression. This chapter
discusses how physical and molecular aspects of hallmark cancer traits and the
tumor microenvironment have contributed to our understanding of cancer cell
behavior. We discuss how the evolution of a malignant tumor microenvironment
can protect, foster, and even prime stromal and cancer populations against future
therapy-associated stress. Specifically, we highlight the development of senescent
stromal populations and polyploidal giant cancer cells — resilient subpopulations
contributing to chemoresistance and disease recurrence. We summarize key studies
used to profile cell forces, cytoskeletal mechanics, and a number of other cell
variables (i.e., morphology, migration, proliferation) that are important in cancer
progression. These physical approaches are combined with molecular analysis
to systematically examine tumor microenvironment conditions that control cell
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behavior, prime against therapeutic interventions, and contribute to the inherent
heterogeneity in tumor microenvironments.

1 Introduction: Hallmark Physical and Molecular Cancer
Traits

Cancer is a heterogeneous disease characterized by rapid growth of mutated cells
that develop hallmark features of malignancy that contribute to cancer progression.
In their seminal paper, Douglas Hanahan and Robert Weinberg described six essen-
tial hallmarks of cancer: (1) replicative immortality; (2) resistance to apoptosis; (3)
autonomy in growth signaling; (4) evasion of growth suppressors; (5) tissue invasion
and metastasis; and (6) sustained angiogenesis [1]. Recently, emerging cancer traits
were added to this list, including: (7) tumor-promoting inflammation; (8) alterations
in metabolism; (9) immune suppression; and (10) genomic instability [2], and even
more recently, (11) senescent cells; (12) polymorphic microbiomes; (13) epigenetic
reprogramming; and (14) phenotypic plasticity were added to this list of cancer
hallmarks [3].

Many of the hallmark cancer traits, including unlimited replicative potential,
apoptotic evasion, and tissue invasion and metastasis, can be directly linked to the
abnormal cytoskeletal dynamics of cancer cells [4]. Thus, an increasing number of
studies have focused on understanding how the biomechanical properties of cells
and tissues influence these hallmark cancer traits and cancer progression [5, 6].
Atomic force microscopy [7], traction force microscopy [8], and multiple particle
tracking microrheology [9] have been used to quantitatively study biomechanical
changes in cells and tissues under pathological and treatment stress. These studies
have demonstrated how the balance in cellular forces and matrix rigidity is disrupted
in cancer [10] and the critical role of the tumor microenvironment (TME) in cancer
progression [11].

The TME describes the complex milieu of tumor cells, stromal cells (such as
fibroblasts, immune cells, endothelial cells), and blood and lymphatics vessels, and
secreted factors (including cytokines, growth factors, and matrix proteins) present in
the tumor. As cancer progresses, the TME is under a great deal of solid stress from
rapidly growing and evolving tumors, extracellular matrix (ECM) remodeling, tissue
stiffening, and vessel compression, which leads to high interstitial fluid pressures
[6]. The stressful conditions in the TME can also select for cells capable of surviving
in these harsh conditions. Furthermore, cells within complex three-dimensional
(3D) TMEs are under varying levels and kinds of stress, depending on their location
in the 3D structure (e.g., at the center or periphery of the tumor) and proximity to
blood vessels (that provide nutrients and oxygen to the tumor).

The spatial variation in tumor architecture and variability in stress conditions lead
to intratumor heterogeneity within cancer cells populations [12]. Since metastasis is
a highly selective process with less than 0.1% of tumor cells capable of forming
metastatic tumors [13], it is critical to understand how the spatial heterogeneity
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in cancer cells contributes to metastasis. Importantly, cancer cells are thought
to metastasize to specific microenvironments that are preconditioned by tumor-
secreted soluble factors which promote their colonization and proliferation [14].
Thus, it is critical to understand how diversity in soluble growth factors affect TME
development [15].

In addition to molecular and spatial contributions of the TME, intrinsic factors
such as cell state can also dramatically impact cancer cell heterogeneity and
malignancy. Almost 30% of patients diagnosed with cancer are age 65 or older,
and the population of senior citizens (age 65 and older) is predicted to double
within 40 years; thus, understanding how aging and accumulating senescent cells
affect TME conditions that contribute to cancer progression is critical [16]. A
major cause of age-dependent diseases, such as cancer, is senescence. Senescence
constitutes a stress response triggered by genomic instability, oxidative stress, and
telomere attrition, which are primary aging hallmarks. Importantly, senescence is
largely characterized by stable growth arrest. Numerous types of cells in the primary
TME can undergo senescence and Senescent cells that accumulate in aging tissues
develop a pro-inflammatory senescence associated secretory phenotype (SASP) that
profoundly alters the surrounding tissue to promote cancer [17]. For example, we
previously showed that senescent stromal cells can remodel 3D collagen networks
to promote breast cancer cell migration [18].

In addition, chemotherapy and radiation, which are widely used to treat cancer,
can cause therapy-induced senescence and polyploidy. Polyploidy in cancer cells
and stromal cells can be a result of mitotic slippage, endoreplication, and cell
fusion [19]. We have subsequently described the physical and molecular alterations
after therapy-induced senescence in stromal cells and the resilient subpopulation of
polyploidal giant cancer cells (PGCCs) [18, 20, 21].

Overall, this chapter discusses the key molecular and physical components of an
evolving TME and how such a TME promotes the generation of resilient stromal
and cancer cell populations, in the face of anticancer therapies (Fig. 1).

2  Tumor Microenvironment

Tumorigenesis and cancer progression are greatly influenced by the local tissue
environment surrounding pre-malignant and malignant cells, which is referred to as
the TME [22]. The TME consists of tumor cells, local and recruited stromal cells,
and the soluble factors and matrices that are present within these environments [23].
In response to tumor-secreted secreted factors like growth factors, cytokines, and
exosomes, stromal cells (e.g., fibroblasts, immune cells, endothelial cells, and stem
cells) are recruited from the local tissue, blood, and bone marrow into the tumor. For
example, we have previously shown how large numbers of bone marrow derived
cells are recruited to primary and metastatic tumor tissues using a bone marrow
transplant mouse models with GFP positive bone marrow derived cells (Fig. 2) [24].
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Fig. 1 Molecular and physical hallmarks of cancer. This figure illustrates how the microenviron-
ment of a solid tumor contributes to key alterations in the hallmark features of the tumor pathology

These recruited cells play critical roles in tumor growth and metastasis [25]
and can even prime the secondary tissue sites prior to metastasis [26]. Stephen
Paget’s nineteenth century “seed and soil” hypothesis first highlighted the pivotal
role of the TME in metastasis [27]. The theory states that tumor cells metastasize
to specific environments that can support their growth [27]. However, this idea of
TME-specific metastasis was ignored for many years, with cancer research largely
focusing on differences in tumor cells [28], until the seminal work from Isaiah
Fidler, which demonstrated that tumor cells undergo site-specific metastasis [29].
Since then, research on the TME has clearly shown that crosstalk between tumor
and stromal cells, through direct cell—cell interactions and soluble factor exchange
[23], are critical to cancer progression.
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Fig. 2 Role of stromal cells in the tumor microenvironment. (Left) Cartoon illustrating the cells,
soluble factors, and extracellular matrix proteins that are present in solid tumors. (Right) Images
of primary mouse tumors (grown in lower leg) and metastatic lung tumors from GFP-positive bone
marrow transplant (BMT) mice (top 2 rows) and wild type (WT) mice (bottom row). Images from
BMT mice illustrate that solid tumors (at the primary and secondary sites) contain large numbers
of non-malignant cells that are derived directly from the bone marrow. The H&E image shows
LLC1 tumor cells having crossed the collagen-rich basement membrane to invade the surrounding
muscle. The image on the right shows an isolated LLC1 tumor that has been stained for Collagen
Type I, demonstrating the dense collagen staining at the periphery of the tumor. (These images are
adapted from Dawson et al. PLOS ONE 4(9): 6525 (2009))

2.1 Overview of Cell Types in the Tumor Microenvironment

Multiple cell types reside in the microenvironment of solid tumors, including tumor
infiltrating immune cells, endothelial cells, adipocytes, and fibroblasts — all affecting
tumor progression [30]. Tumor infiltrating immune cells within the TME include
immunosuppressive cells, such as tumor-associated macrophages (TAMs) [31],
myeloid-derived suppressor cells (MDSCs) [32], and regulatory T cells (T-reg) [33],
as well as tumor-fighting cells, such as cytotoxic CD8 positive T-cells, CD4 positive
helper T-cells (Thl), and natural killer (NK) cells [34]. Cytotoxic T-cells contribute
to immune surveillance, and immunosuppressive T-reg cells and macrophages
promote tumor growth and progression [35], while the role of dendritic cells and
NK cells remains less clear [36]. Furthermore, adipocytes that reside in the tumor
and nearby tissues have been shown to provide fatty acids and lipid signaling
molecules that accelerate tumor growth. Endothelial cells and pericytes recruited
to the tumor have also been shown to promote tumor persistence and growth via
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angiogenesis [37]. Fibroblasts, specifically cancer-associated fibroblasts (CAFs),
also play a key role in tumor maintenance [38], as they contribute greatly to the
formation of matrix components and the supply of soluble factors in the tumor [39].
Signals conferred by fibroblasts have been shown to increase tumor growth and
metastasis by altering the architecture of the tissue and altering the tumor immune
response [40]. Mesenchymal stem cells (MSCs) are also recruited to the TME from
nearby tissue and bone marrow [41] in response to tumor-secreted soluble factors
that promote cell migration [42—44]. In normal tissues, MSCs largely reside in a
quiescent state, where they primarily function in the replacement and turnover of
aging somatic cells [45]. However, in the tumor, MSCs can differentiate into CAFs
[41] that promote tumor inflammation [46], tumor growth, matrix remodeling, and
angiogenesis [2]. We will now cover specific tumor-associated cell types in more
detail, as well as non-cellular components of the TME.

2.2  Tumor-Infiltrating Immune Cells

Understanding the composition and level of activation of immune cells that infiltrate
the tumor is critical in diagnosing and treating cancer. Single cell RNA sequencing
studies have revealed that similar cancer types may have vastly different immune
cell profiles; this strategy was used to cluster approximately 400 triple negative
breast cancer (TNBC) tissues into three phenotypes, including immune cell deficient
phenotype (tumors with low immune cell infiltration), innate immune inactivated
phenotype (tumors with mostly inactive innate immune cells and immune stromal
cells), and immune-inflamed phenotype (tumors with high levels of active innate
and adaptive immune cells) [47]. Based on the abundance of immune cells in the
last phenotype, immune-inflamed tumors are referred to as “hot tumors”’; whereas,
the other phenotypes are considered “cold tumors.” Since “hot tumors” are more
likely to respond to immunotherapy, many current studies are focused on therapeutic
strategies for “firing up the tumor microenvironment by turning cold tumors into
hot tumors.” [48] Thus, studies aimed at increasing our understanding of the
immunosuppressive aspects of the TME are critical in overcoming the setbacks in
clinical trials for cancer immunotherapy [49].

2.3 Tumor-Associated Fibroblasts

Fibroblasts have a variety of functions and are known to play key roles in the
TME via deposition and remodeling of the ECM as well as their effects on
cell migration, differentiation, and inflammation [39]. Fibroblasts migrating in 3D
collagen gels also alter the local mechanical properties of the collagen network by
increasing the density of collagen fibers surrounding cells; at high cell densities,
this matrix-stiffening effect may lead to global changes in the collagen network,
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including mechanical loading of stretched fibers and collagen contraction [50,
51]. Collagen cross-linking is an important mechanism of ECM remodeling in
cancer, which results in tissue stiffening in tumors [52]. In tumors, fibroblasts
often develop into CAFs, which are highly contractile matrix producing cells that
contribute to TME development and malignant progression [53]. CAFs promote
tumor growth and matrix invasion by: (1) increasing matrix deposition, cross-
linking, and bundling for increased tumor stiffness [54]; (2) generating force
and protease-mediated tracks that allow cancer cells to escape during metastasis
[55]; and (3) activating mechanosensitive signaling pathways that promote disease
progression [56]. Multiple clinical studies have shown that cancer patients with
higher CAF activity have more aggressive tumors with increased infiltration by
tumor-associated macrophages and more metastasis, suggesting that CAFs may
affect tumor inflammation and cancer cell escape during metastasis [57, 58].

2.4 Tumor-Associated ECM

The extracellular matrix (ECM) is a dynamic network of structural proteins that
includes fibrous collagen proteins, glycoproteins such as periostin, proteoglycans
like decorin and aggrecan, and polysaccharides such as hyaluronic acid [59].
Physical properties of the ECM (e.g., stiffness and porosity) provide structural
support for the TME and biochemical features (e.g., specific integrins in the ECM)
anchor cells to the network and control numerous cell behaviors [60]. The ECM also
sequesters growth factors and proteinases that dictate tumor growth, angiogenesis,
and metastasis, and even control cellular metabolism [61]. The ECM imparts these
mechanical and biochemical cues on surrounding malignant and non-malignant
cells, which can alter the development of tumor tissues [62]. Thus, cancer-related
effects are greatly influenced by the content and structure of the ECM. Generally, the
collagen proteins provide structural integrity, glycoproteins promote cell to matrix
adhesion, and proteoglycans facilitate cell signaling [52]. Molecular pathways that
regulate ECM remodeling are highly dysregulated in cancer, and key proteins
involved in matrix stiffening are often upregulated; this includes proteins such as
lysl oxidase, periostin, transglutaminase, and multiple collagen isoforms. ECM
stiffness is a microenvironmental parameter that influences cancer progression,
as stiffer surrounding matrices have been associated with more invasive breast
cancer phenotypes [63]. Similarly, the organization of different collagen types can
affect cell polarity and the epithelial-mesenchymal transition, a process in which
epithelial cancer cells develop more invasive mesenchymal cell phenotypes, which
are important in metastasis [64]. The ECM can be altered by a variety of enzymes
such as matrix metalloproteinases which degrade ECM proteins, or lysyl oxidases
which promote collagen crosslinking and maturation [65].

Stromal cell populations of the TME are capable of altering the physical and
molecular aspects of the TME by activating TGFS or Rho-Rock signaling pathways.
Forces from the external environment activate the Rho/ROCK signaling pathway
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that regulates the actin cytoskeleton and cytoskeleton tension. Actin bundling (i.e.,
aactinin, fascin) and crosslinking proteins (i.e., filamin) give rise to actin stress
fibers that link the cytoskeleton to focal adhesions and actin networks that modulate
intracellular stiffness. The cytoskeletal networks respond dynamically to soluble or
mechanical cues from the tumor ECM and is directly connected to canonical signal
transduction pathways important in cancer. Chemical and physical stimuli alter cell
shape and cytoskeletal organization by activating cytoskeletal mediators like Rho
GTPases (RhoA, Racl, and Cdc42) and actin binding proteins (ABPs) that regulate
actin filament length through capping, branching, and severing processes. We have
previously showed the intrinsic expression of cell contractility molecules contributes
to the optimal production of matrix for cell function; this has implications in
understanding the tropism of metastatic cancer.

2.5 Tumor Angiogenesis

Judah Folkman’s pioneering work demonstrated that tumor growth beyond a few
millimeters in size required endothelial cell recruitment and neovascularization
through the process of angiogenesis [66]. Angiogenesis occurs naturally in devel-
opment and healing processes and is fundamental in transforming benign, or
indolent tumors, into malignant cancers. Folkman hypothesized that tumors secreted
soluble molecules (factors), like fibroblast growth factor (FGF) [67] and vascular
endothelial growth factor (VEGF) [68], to trigger endothelial cell recruitment into
the tumor and angiogenesis. His work showed that non-vascularized tumors can
remain dormant for long periods until they undergo an angiogenic switch, which
transforms indolent tumors into malignant cancers [69]. In tumor angiogenesis,
increased levels of angiogenic molecules result in the creation of disorganized,
structurally abnormal, highly permeable, and immature blood vessels. These blood
vessels are leaky, which result in high tumor interstitial fluid pressures that impede
the delivery of cancer drugs and facilitate tumor cell extravasation and metastasis.
In addition, impaired blood flow in tumor vessels leads to the formation of localized
and transient regions of hypoxia, which cause tumor cells to enter a quiescent
state that is associated with reduced sensitivity to radiation and chemotherapy.
Folkman’s pioneering work led to the discovery of the first angiogenesis inhibitors
(endostatin and angiostatin), which targeted angiogenesis by inducing apoptosis
in endothelial cells, and the idea of using anti-angiogenic therapy to treat cancer
[70]. In 2004, which was more than 10 years after Judah Folkman discovered
anti-angiogenic therapy, the first angiogenesis inhibitor (bevacizumab or Avastin)
was FDA-approved for the treatment of advanced stage colon cancers; Avastin is a
monoclonal antibody that works by targeting VEGF [71]. Anti-angiogenic therapies
like Avastin restore the balance in pro- and anti- angiogenic molecules in the tumor,
which stabilizes tumor blood vessels by pruning abnormal structures [72]. Vessel
normalization is a critical treatment strategy in the arsenal to fight cancer [73].
Treatment with antiangiogenic agents has been shown to normalize tumor blood
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vessels by pruning immature blood vessels, increasing perivascular coverage, and
reducing interstitial fluid pressure. Vascular normalization also improves treatment
outcomes by increasing the transport of cancer-killing drugs into the tumor [74].

2.6 Tumor-Secreted Soluble Factors

The recruitment of stromal cells into the tumor is critical in mediating tumor growth
and cancer progression [44]. This process is mediated by tumor secretion of pro-
angiogenic growth factors and chemokines that enter the blood circulation and
travel throughout the body to mobilize cells into the circulation and into the tumor
[75]. Thus, paracrine factors involved in cell-cell communication play a key role in
the TME, with many paracrine factors and signaling molecules involved in cancer
progression. For example, CAFs in the breast cancer tumor microenvironment have
been shown to communicate with tumor cells with an array of different paracrine
factors, such as insulin-like growth factor, which encourages cell proliferation and
migration and thus enhances tumor growth and matrix invasion [76]. The TME is
also hypoxic, in part to the rapid growth of tumors that often lack functional blood
vessels that deliver oxygen and nutrients to the tumor [77]. Hypoxia is associated
with increased expression of hypoxia inducible factor 1 alpha (HIF1a) transcription
factor, a key regulator of proangiogenic chemokines involved in cell recruitment
processes [78]. Increased expression of VEGF by cells in hypoxic regions of the
tumor has been implicated in the early stages of angiogenesis [68], and SDF-1
(CXCL12) secretion (also driven by hypoxia) by fibroblasts in the tumor stroma
has been linked to breast tumor growth and angiogenesis. Heregulin (HRG) is a
soluble growth factor ligand for epidermal growth factor (ErbB) receptors that are
often overexpressed in tumors; HRG is a potent angiogenic factor that is implicated
in cell proliferation, differentiation, invasion, and survival in human cancers [79].

Drugs that target growth factor signaling pathways involved in cancer are another
critical tool in the arsenal against cancer [80, 81]. Sunitinib malate is an oral tyrosine
kinase inhibitor that has activity against multiple ligands that are expressed by
stromal cells, including VEGF, PDGF, and KIT ligands; Sunitinib has been shown
to have antitumor and antiangiogenic activity against multiple cancer types [82].
Imatinib, also known as Gleevec, is a tyrosine kinase inhibitor with activity against
ABL, BCR-ABL, PDGFRA, and c-KIT [83]. Gleevec was considered a magic
bullet in the treatment of chronic myeloid leukemias and gastrointestinal tumors
[83]. Imatinib has also been effective in blocking Akt signaling in PDGFR positive
ovarian cancers [84]. LY2109761, a selective kinase inhibitor, was previously shown
to suppress the migration and metastasis of pancreatic tumor cells by blocking
TGFPR1 and TGFPR2 [85]. Targeted therapies against PDGF and TGFf1 ligands
are extremely important in mediating stromal cell behavior; thus, they have been
used in cancer therapies that target the TME and in regulating the cross talk between
tumor and stromal cells [86].
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2.7 Tumor Exosomes

Exosomes are membrane-bound nanosized particles that play critical roles in
cancer signaling by mediating intercellular communication [87]. In recent studies,
it was also shown that exosomes can direct cancer cells to form organ-specific
metastases [88]. Exosomes have cholesterol-rich membranes that protect signaling
molecules (mRNA, miRNA, proteins) from enzymatic degradation; thus, they are
capable of transferring sensitive proteins and RNAs throughout the body [87].
Cells secrete exosomes through endosomal budding into extracellular spaces to
direct paracrine and autocrine signaling processes [87]. Internal cargo can include
proteins, DNAs, RNAs, and miRNAs — most of which highly mirrors the parent
cell. Interestingly, more current work demonstrates that exosomes can possess
content that is unique from parent cell populations [89]. Exosome exchange can
lead to the transferring of various biomaterials and recipient cells taking on unique
physical and molecular behaviors [90]. This exchange can also lead to the recipient
cell exhibiting characteristics similar to the cell that is secreting exosomes. A
number of studies have highlighted the importance of exosomes as the secreted
factors that mediate metastatic tumor growth (local and distal) and preference for
certain tissues through “seed and soil” behavior [91, 92]. In the TME, multiple
cell types are readily secreting exosomes, which contributes to the heterogeneity in
tumor exosome populations. Hallmark TME conditions, such as low pH, hypoxia,
physical or chemical stress, or treatment-related side effects, can significantly alter
exosome secretion [93, 94] (Fig. 3). Many studies have examined the heterogeneity
in tumor exosomes from different parent cell sources; however, our recent studies
showed that even a single cell line can secrete different exosome populations
under different culture conditions, which likely contributes to the tumor exosome
heterogeneity [90]. Exosome heterogeneity is critical in mediating heterogeneous
cell-cell communication as they can serve as paracrine and autocrine signaling
molecules that help reprogram recipient cells to promote or suppress cancer [95].
Our recent study showed that changes in extracellular calcium levels can lead
to the release of unique exosome population that we referred to as chelation-
induced exosomes [90]. These exosomes possess unique miRNA content and induce
differential physical changes in the recipient cells during exosome exchange [90].
Many of the miRNAs that were altered targeted mechanotransduction pathways
important in physical aspects of cancer [90]. Exosome heterogeneity can ultimately
reveal unique exosome contents that may serve as targets for invasive cancers that
form under TME stress.

3 Intratumor Heterogeneity

As we have just covered, the diversity of both cell types and ECMs generate a
complex, dynamic, and protective TME. Such complexity is also found within the
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Fig. 3 Exosome exchange directs physical and molecular alterations in the TME. Exosomes are
important paracrine and autocrine factors that mediate local (A) and distal (B) TME phenotypes.
Several local changes that exosomes influence include EMT induction, enhanced proliferation, and
angiogenic development. These local changes can propel subsequent metastasis at the secondary
site. (C) Specifically, we report that changes in extracellular calcium concentration release a unique
population of chelation-induced exosomes (CI-EXOs) in addition to naturally secreted exosomes
(SEC-EXOs). Different exosome populations played more “prominent” roles in inducing critical
phenotypes for metastatic progression. SEC-EXOs activated cell elongation; CI-EXOs led to
greater cell adhesion and spread (i.e., attachment to secondary sites); while both CI- and SEC-
EXOs increased cell migration (i.e., migration from primary site or invading deeper into secondary
sites)

tumor — among the cancer cell population. One major challenge to understand-
ing and targeting cancer cells is the genotypic and phenotypic heterogeneity in
cancer cell populations across the tumor landscape. The heterogeneity in primary
tumor cells arises from intrinsic differences in cancer cells, along with extrinsic
host-selection pressures in the developing tumor. Indeed, in addition to inherent
differences in the genome [96], chromosome number, and DNA content [97],
differences in plasticity and cell state can account for an evolving and dynamic
cancer cell population over the course of disease progression [98].
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Spatial heterogeneity describes the diversity of environmental niches present
in a tumor landscape as the TME is shaped both by a growing cancer population
and a reactive stromal population. The local environment of a cancer cell can vary
both in physical and biochemical composition as mechanical and nutrient gradients
are formed due to tumor expansion and the rise of diffusion limitations. Resilient
cancer cells will cope with the specific pressures they experience thus leading to
differentially primed subpopulations [99, 100].

Resilient cancer cell subpopulations will have to continuously cope with envi-
ronmental stress as the TME develops over time. As the TME grows in volume
and complexity, cancers cells will experience a range of extrinsic stressors (e.g.,
nutrient deprivation, hypoxia, and an increasing mechanical load) which will vary
both in kind and magnitude depending on their physical location in the tumor and
local TME. The combination of a nonuniform distribution of environmental stress
and inherent genomic heterogeneity differentially primes cancer cell subpopulations
to endure environmental and therapeutic stress. For these reasons, it is imperative to
consider how heterogeneous subpopulations arise in the tumor as a consequence of
nonuniform environmental cues and bidirectional communication with neighboring
cells. We will now discuss how heterogeneity in the physical environment can lead
to heterogeneity in cellular phenotype, with an emphasis on senescent stromal cells
and PGCCs.

3.1 Heterogeneity in Tumor Mechanics

As the tumor mass grows, cancer cells in the center, at the periphery, and in between
experience vastly different mechanical loads. Compressive stress is felt throughout
the tumor to varying degrees as the surrounding tissue resists tumor growth. In
addition to external compressive forces, compressive force is also generated within
the tumor as a result of cancer cell proliferation, matrix stiffening, and high
interstitial fluid pressure [101]. Cells in the center of the tumor experience radial
and circumferential compressive forces, while cells at the periphery experience both
compressive and tensile forces, that drive invasive cell migration (Fig. 4) [102].
Tumors are also exposed to fluid shear stress either at the surface of the tumor or
within the tumor from vascular flow and interstitial fluid movement [103]. Each of
these mechanical cues have been shown to elicit specific responses in cancer cells.

A common attribute of solid tumors is the gradual stiffening of the ECM.
Stiffer substrates have been shown to increase proliferation and promigratory
signals in cancer cells often through the induction of the epithelial-to-mesenchymal
transition (EMT) [63, 104]. Cancer cells will lose their epithelial qualities via a
downregulation of cadherin and integrins which compromise cell—cell junctions and
cell-matrix adhesions, thus promoting dissemination from the primary site, invasion
into local tissues, and, eventually, metastasis.

Fluid shear stress is another mechanical cue that can potently impact cancer cell
behavior. Cancer cells can experience fluid shear stress within the TME through
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the flow of interstitial fluid or along the periphery of the tumor if exposed to fluid
(e.g., EOC is exposed to the flow of peritoneal ascites) (Fig. 4) [105]. Additionally,
circulating tumor cells will experience fluid shear stress from blood as they navigate
the vasculature to the target tissue. Fluid shear stress can induce EMT, promoting
not only proliferative and migratory properties but also a stem cell-like phenotype
[106]. Collectively, these properties have been shown to confer chemoresistance
prior to the exposure of any therapeutic. Yet, it has also been postulated that
metastasizing cancer cells will intravasate into low fluid shear regions (e.g., into
the lymphatics instead of the vasculature) because high fluid shear stress can
induce cell death [107]. Furthermore, it’s been shown that invasive cancer cells
and cancer-associated stromal cells that are less mechanosensitive due to decreased
activity of the mechanosensor TRPM7 can endure higher shear forces and will not
inhibit migration [108]. Once again, both mutational differences and magnitude of
a physical cue dictate the resulting cancer cell phenotype.
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3.2 Heterogeneity in Cell Phenotype

While homogenous tumor populations are responsive to initial treatments, tumors
with multiple subpopulations of cancer cells are unlikely to be uniformly responsive
to cancer treatments. Rather, cancer cell populations that endure mechanical and
therapeutic stress will often emerge with unique adaptations that prime them for
future stressful conditions. A primary example of such a phenomenon is therapy-
induced senescence (TIS). In response to intracellular stress (e.g., DNA damage,
oxidative and metabolic stress) elicited by chemotherapies or radiation, both stromal
and cancer cell populations can become senescent as a mechanism to evade further
damage and even advance a pro-tumorigenic environment [109, 110].

We have used quantitative single cell analysis to look at the underlying structural
differences in pre-senescent and senescent cells. For these studies, we used 15 Gy
irradiation to induce senescence in bone marrow derived mesenchymal stem cells
(MSCs). We showed senescent MSCs were larger and less motile with dense
actin stress fibers and focal adhesions throughout (Fig. 5A). Intracellular particle
tracking was used to determine the local mechanical properties of the cytoplasm
from the thermal displacements of particles embedded in the cell based on our
previously established protocols [44, 111]. Here we only show the ensemble
averaged MSDs for t = 1 s, which were comparable between pre-senescent and
senescent MSCs, indicating similarity in their bulk mechanical properties (Fig. 5B);
however, the reduced heterogeneity in individual particle MSDs for senescent MSCs
suggests that the microstructure of the cytoskeletal network is more homogeneous
after senescence. The cytoskeletal network comprises highly dynamic networks of
filamentous proteins that undergo coordinated polymerization, depolymerization,
and crosslinking at different intracellular locations. Loss in the structural dynamics
of this network was associated with reduced cell motility, with reductions in
both mean and directional cell velocities, which were also more homogeneous in
senescent cells (Fig. 5C-D). Cell biophysical properties are important in ECM
remodeling and disease [8, 10, 112]. Thus, physical changes in senescent cells can
modify their interactions with the ECM, contributing to tumor-promoting conditions
in vivo.

3.3 Senescent Stromal Cells

Cellular senescence is a state of irreversible growth arrest that occurs due to the
accumulation of DNA damage and is implicated in age-related tissue decline and
disease. Genotoxic stress from environmental toxins, radiation, or chemotherapy
can also damage resident stromal cells causing premature senescence and accel-
erated aging. The risk for TIS also increases with age, in part to the cumulative
effects of mitochondrial dysfunction, oxidative stress, and tissue degeneration — all
characteristics of senescent cells [113, 114]. Growth arrest attributed to TIS had
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Fig. 5 Single cell analysis of pre-senescent and senescent MSC populations shows radiation-
induced senescence is associated with larger and less motile cell phenotypes. (A) Radiation-
induced senescent MSCs (Sen) were significantly larger than the pre-senescent MSCs (Pre-sen)
with more heterogeneity in their cell areas, which may be in part due to high metabolic activity
in Sen cells. (B) To probe cytosolic dynamics of single cells, cells were injected with 200 nm
probe particles and the thermal energy driven fluctuations in the particle motions were monitored
to calculate ensemble averaged mean square displacements (MSDs). The distribution in MSD
values was reduced for Sen MSCS relative to pre-Sen MSCs. This suggests that the induction of
senescence in stromal cells leads to a more mechanically homogenous cytosol. (C-D) Functionally,
senescent cells were less migratory than the pre-senescent cells. Both mean and directional
velocities were reduced in Sen MSCs. For both parameters, we also observed more homogeneous
velocities for senescent cells. At least three replicates with >200 measurements per group

largely been considered a positive treatment outcome [115]; however, senescent
cells remain metabolically active and develop a senescence-associated secretory
phenotype (SASP), which can promote cancer progression [116]. In addition, a
small number of cancer cells are able to escape TIS, which is associated with
recurrent and resistant disease [110]. Polyploidal giant cancer cells (PGCCs) are
anovel and understudied subpopulation of dormant and multinucleated giant cancer
cells that exhibit multiple features of TIS [117, 118]. Although PGCCs share
many characteristics with senescent cells, including their large size, arrested cell
cycle, and SASP, they also differ from senescent cells in their ability to escape
TIS by undergoing amitotic budding to form new tumors [119, 120]. Senescent
cells develop a unique SASP that is characterized by increased secretion of pro-
inflammatory cytokines and growth factors that can attract immune cells and
cause chronic inflammation, which is a hallmark of age-related diseases. Although
senescence is a tumor suppressor mechanism that halts the proliferation of damaged
cells, senescent cells that build up in tissues ultimately cause inflammation and
aging, which can alter the tissue microenvironment to promote malignancy.

Our recent study showed that senescent MSCs deposit and crosslink matrix
proteins which alter the architecture and mechanics of the surrounding collagen-rich
environment (Fig. 6) [3]. MSCs are stromal cells that are recruited to developing tis-
sues and tumors. The senescence-associated ECM remodeling effect was associated
with increased proliferation and motility of breast cancer cells [3]. ECM remodeling
for increased tissue stiffness has been shown to induce malignant phenotypes in
epithelial cells [10] and carcinoma-associated fibroblasts [56] to promote tumor
progression [52]. In addition, senescence also increased the number and altered the
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Fig. 6 Pre and senescent MSCs express and deposit aberrant levels of collagen and matrix
proteins. Left: Pre-senescent (A) and senescent (B) MSCs stained for DAPI (blue), filamentous
actin (red) and vinculin, a focal adhesion protein (green). Proteomics revealed that senescence
development altered MSC cytoskeleton protein activity. Right: 3D spheroids of pre-senescent (C)
or senescent (D) MSCs (red) were embedded into collagen matrices. Senescent MSCs deposited
elevated levels of collagen (cyan) compared to pre-senescent MSC spheroids. Second harmonic
generation images corroborated an increase in the abundance of collagens and other ECM proteins
found in our proteomics results

content of secreted exosomes [8], which are potent SASP factors that can transfer
proteins, mRNAs, and miRNAs to other cells to mediate disease progression [9].
Previous studies have shown senescence-associated exosomes can activate nearby
fibroblasts promoting ECM remodeling through activation of the TGF-f signaling
pathway [9, 10]. TGFp is a pleiotropic cytokine that plays a critical role in ECM
remodeling, tissue stiffening, and fibrosis [121]. It mediates actin cytoskeletal
reorganization to alter cell contractility and the interaction with the ECM through
myocardin-related transcription factor (MRTF) [122]. MRTF is a mechanosensitive
signaling molecule that induces myofibroblast differentiation, cell contractility, and
pro-fibrotic ECM modifications. Our recent study showed TGFp signaling is highly
dysregulated in senescent cells. We also demonstrated the critical role of TGFf in
actin cytoskeletal reorganization to alter cell contractility and ECM remodeling,
critical steps in the development of fibrotic tissues and tumors [111, 123, 124].
These biophysical alterations may contribute to further ECM remodeling and tissue
stiffening in part to the transfer of intracellular mechanical forces on the local
environment.

Previous work on age-related disease has focused on developing senolytic agents
to clear senescent cells [125—127]. These treatment strategies are promising [128];
however, senolytic drugs have been associated with off-target toxicities, serious
side effects, and low potency [125, 129], which could limit their potential as anti-
cancer drugs. Also, while senescent cells and their SASP create tumor-promoting
microenvironments, they also participate in normal aging, wound healing, and tissue
inflammation, which are critical processes that occur in normal tissues [125]. Thus,
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strategies for targeting molecules in the SASP, such as TGFp, to limit the ECM
remodeling phenotype may serve as alternatives to senolytic drugs.

3.4 Polyploid Giant Cancer Cells

Polyploidy, or the harboring of more than 2 complete sets of chromosomes, is
a common feature in cancer cells which are under genomic stress and genomic
instability. Polyploidy has been reported in many aggressive tumor types, most
often in the form of polyploid giant cancer cells (PGCCs), which are thought to
play a critical role in maintenance, growth, and recurrence of tumors [130]. As
the name implies, PGCCs have multiple copies of DNA which often manifest in
large fragmented nuclei [131]. PGCCs are formed through mitotic slippage [133],
endoreplication, and cell fusion [19, 134] and later revert to diploid cancer cell
phenotypes through amitotic budding to form daughter cells [137]. PGCCs have
atypical, heterogeneous karyotypes, which can also be passed down to daughter cells
during budding [132], adding to the genetic diversity in cancer cells. Additionally,
PGCCs exhibit qualities characteristic of stem cells, such as their ability to
differentiate along different cell lineages and their expression of cancer stem cell
genes, such as ALDH1, OCT4, and NANOG, which are associated with stemness
[20, 135].

PGCCs exhibit multiple features of senescent cells, including their large size,
arrested cell cycle, oxidative stress response, and pro-inflammatory secretory
phenotype (SASP) [116]. In part to their apparent senescence, PGCCs were once
considered dead end cells [120, 136]; however, their ability to escape senescence
and give rise to new tumors is now more widely recognized [117]. Their arrested
cell state may also aid PGCCs in their ability to evade cancer treatments that target
mitotically active cells [20]. Our previous studies showed that MDA-MB-231 cells
treated with high-concentration (500 nM) of paclitaxel (PTX) for 18 h initially
enrich for PGCCs up to 7 days, and then the percentage of PGCCs begins to drop
over 14-day period due to budding and generation of daughter cells (illustrated in
Fig. 7). PGCCs constitute a growing field of research due to their ability to recover
from dormancy, which may contribute to tumor recurrence in vivo.

In part to their duplicated genomes, PGCCs also have an evolutionary advantage
in adapting to stress. These extra gene copies make PGCCs more resistant to DNA-
damaging agents such as ionizing radiation and chemotherapy. In terms of their drug
resistance, articles from multiple labs [137-141] have extensively documented the
ability of PGCCs to resist conventional chemotherapeutics, including doxorubicin,
vinblastine, and paclitaxel. Furthermore, PGCC’s unique chromosomal organization
leads to genetic alterations in their progenitor cells, which may contribute to therapy
resistance in vivo.

Despite PGCCs’ ability to contribute to drug resistance and relapse, few studies
had investigated their heterogeneous biophysical properties. Since multiple cancer
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Fig. 7 Chemotherapeutic paclitaxel (PTX) enriches for PGCCs capable of generating chemoresis-
tant daughter cells. (Top) Schematic depicting the enrichment of PGCCs after PTX treatment and
subsequent budding to form PGCC daughter cells. (Bottom) MDA-MB-231 parent cells, PGCCs,
and PGCC daughter cells stained before and after PTX treatment for F-actin using Phalloidin
(red), vimentin (green), and nuclei (fuchsia). MDA-MB-231 cells were treated with 500 nM PTX
for 18 h to induce polyploidy, and subsequently allowed to recover for 7 days, which resulted in
high-purity of PTX-induced PGCCs. After an additional 14 days, the majority of PGCCs have
undergone budding to form PGCC daughter cells with highly abnormal nuclear structure

hallmarks are linked to abnormal biophysical parameters, we performed single cell
biophysical analysis of PGCCs to learn more about this unique cell type. One of the
most distinct features of PGCCs is their giant size; thus, one of the first properties
we looked at was cell area. We showed PGCCs had a six-fold increase in average
cell area compared to non-PGCCs (Fig. 8A). Next we showed particle transport in
PGCCs was reduced in both cytoplasmic and nuclear compartments, indicating that
PGCCs have stiffer mechanics compared to non-PGCCs (Fig. 8B). We also showed
that PGCCs have dramatic differences in their actin cytoskeletal organization,
including longer and thicker actin stress fiber bundles and a perinuclear actin cap,
which were regulated through the RhoA-ROCKI1 pathway. While PGCCs moved
more slowly, their motion was more persistent, allowing them to move longer
distances over time (Fig. 8C-D). We showed the directional migration of PGCCs
was associated with a highly deformable nuclear structure, characterized by a unique
softening of the nucleus during periods of migration. In summary, this study showed
that PGCCs exhibit a unique actin cytoskeletal organization that contributes to
elevated stiffness and migratory persistence, which is likely critical in promoting
their aggressive cell phenotype [20].

These findings prompted us to further examine vimentin intermediate filaments
that act as shock absorbers in the cell, protecting cells from compressive loads
[143, 144]. Based on this, we postulated that PGCCs have unique adaptations in
their vimentin structure to help support their enlarged morphology and to drive
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Fig. 8 Single cell analysis of untreated MDA-MB-231 breast cancer non-PGCC (NPGCC) and
PGCC subpopulations. (A) Cell area distributions were determined for NPGCCs and PGCCs
(defined as having >2.5-fold increased DNA content compared to NPGCCs) that were stained
with Phalloidin (for F-actin) and DAPI (for nuclei) (n = 5 with >5000 total cells). (B) Particle
tracking measurements of the ensemble averaged MSDs of 200 nm particles at r = 1 s in the
cell cytoplasm. Particle motion was decreased in PGCCs compared to NPGCCs, indicating that
PGCCs were stiffer than NPGCCs. Variation in MSD was also increased, revealing increased
heterogeneity in PGCCs (>200 particles per group). (C-D) Cell motion was determined for PGCCs
versus NPGCCs during a 12-hr migration period (n = 5 with >50 cells). Random migration of
PGCCs was reduced compared to NPGCCs; however, PGCCs moved more directionally, which
resulted in similar directional velocities in NPGCC and PGCC populations

their persistent migration. Indeed, we showed that PGCCs had increased levels
of cytoplasmic vimentin and evenly distributed vimentin intermediate filaments
compared to non-PGCCs. This dispersed network of VIFs often polarized at the
leading edge during migration, and was necessary for the PGCC phenotype, as
disruption of vimentin intermediate filaments decreased PGCC volume and blocked
PGCC migratory persistence [142]. In sum, PGCCs display a distinctively altered
and dysregulated biophysical phenotype, which is governed by alterations in actin
and vimentin cytoskeletal organization.

4 Concluding Remarks

The exposure to mechanical and biochemical cues in the TME and reciprocal
phenotypic changes in cancer cells are highly dependent on the physical location of
a given cancer cell in a tumor. It is also important to remember that the physical,
chemical, and cellular compositions of local niches are not stagnant and will
develop over time. Thus, the heterogeneity in cancer cell phenotype is governed
both spatially and temporally.

We highlighted two unique heterogeneous subpopulations (senescent cells and
PGCCs) that are prominent across primary TMEs and play critical roles in
subsequent metastasis. It is well accepted that both subpopulations exhibit physical,
molecular, and secretory phenotypes that contribute to tumorigenesis. Several of
these features overlap and are unique to each subpopulation — i.e., differential
cell/nuclear volume, secretome, and migratory profiles. However, less is known
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regarding how the direct interplay between these two subpopulations perpetuate
drug-resistant phenotypes and cancer progression. Senescent cells PGCCs constitute
a small percentage of the cells that make-up the primary TME. Therefore, it is
critical to understand how these cells work jointly with each other to alter the TME.
Having the ability to experimentally recapitulate both would enable us to more
comprehensively examine how intratumor heterogeneity is developed, contributes
to disease progression, and impacts treatment efficacy.
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Abstract Despite the advances in cancer therapeutics over the recent years, cancer
remains the second leading cause of death in the United States, with metastasis
accounting for over 90% of cancer-associated mortality. Elucidating the process of
tumor progression in the primary tumor is important to the understanding of the
sequence of events that gives rise to late stage/metastatic cancer. The primary tumor
microenvironment (TME) is a dynamic, heterogeneous, and evolving “ecosystem”
comprising numerous cell types and noncellular factors that each play a crucial role
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in driving tumor progression. The focus on tumor heterogeneity was previously cen-
tered around aberrant mutations in tumor cells and biochemical signaling between
different TME cell types. However, it is now evident that biophysical cues imposed
by the TME also play an important role in tumor progression as the physical traits of
the tumor undergo drastic changes and exert abnormal physical restraints and forces
that consequently hinder the efficacy of tumor therapeutics. Therefore, understand-
ing the causes of biophysical abnormalities of tumors and the functional conse-
quences will be beneficial for developing new therapeutic strategies. More specifi-
cally, we focused on the regulation of metabolism (i.e., metabolic reprogramming)
as the primary consequence of the biophysical abnormalities in the TME. Metabolic
reprogramming is one of the emerging hallmarks of cancer and is an important
regulator of cell fate. In this chapter, we describe the interrelationship between
tumor—stromal interactions and altered physical cues such as stiffness, solid stress,
and shear stress, and how these ultimately regulate cell metabolism within the TME.

1 Introduction

Despite advances in cancer therapeutics over the recent years, cancer remains
the second leading cause of death in the United States [77], with metastasis
accounting for over 90% of cancer-associated mortality [17]. While a causal link
between primary and metastatic tumors remains elusive, it is generally accepted
that the metastatic cascade initiates from the primary tumor sites [73]. Elucidating
the process of tumor progression in the primary tumors is thus important to the
understanding of the sequence of events that give rise to late stage/metastatic cancer.
In addition to the dynamic heterogeneity that exists within the primary tumor cells,
the primary tumor microenvironment (TME) is also a dynamic, heterogeneous, and
evolving “ecosystem” [74] comprising numerous cell types and noncellular factors
that each play a crucial role in tumor initiation, progression, and metastasis [63]. The
focus on tumor heterogeneity was previously centered around aberrant mutations in
tumor cells [63] and biochemical signaling between different TME cell types [21].
However, it is now evident that biophysical cues imposed by the TME also play an
important role in tumor progression [54].

From the transformation of the normal tissue, on through the early stages of
tumorigenesis, local invasion, dissemination, and metastasis, the physical traits of
the tumor undergo drastic changes [55]. For example, one of the most tangible
and best-recognized physical abnormalities associated with tumor progression is
stiffness, which has been used as an independent prognostic marker for many
cancers [26, 54]. In addition to the altered tissue stiffness, tumors can also generate
physical forces (referred to as solid stresses), disrupt fluid homeostasis, and alter the
architecture and behavior of intratumoral constituents (e.g., tumor cells, fibroblasts,
and dendritic cells) [29]. These physical forces exerted by proliferating tumors
and the resulting consequences lead to anatomical changes that hinder the efficacy
of tumor therapeutics [11, 28, 37, 57]. Therefore, understanding the causes of
biophysical abnormalities of tumors and the functional consequences will be
beneficial for developing new therapeutic strategies.
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Biophysical abnormalities of tumors are driven by the interactions between
the numerous cell types and noncellular factors in the TME. The presence of
the mutated cancer cells initiates the changes that alter their adjacent stroma
to form a supportive environment for tumor progression [32, 52]. A key func-
tional consequence of these biophysical abnormalities is metabolic reprogramming.
Metabolic reprogramming is one of the emerging hallmarks of cancer cells [22]
and is an important regulator of cell fate in the TME [60]. Cancer cells frequently
display deregulated metabolism to support demands of excessive proliferation. The
most notable metabolic reprogramming observed in cancer cells is the “Warburg
effect,” where it was found that cancer cells preferentially utilize glycolysis over
mitochondrial oxidative phosphorylation (OXPHOS) even in the presence of oxygen
[41]. It was later found that this metabolic rewiring increases glycolytic flux,
thereby allowing cancer cells to utilize glycolytic intermediates for biosynthesis
reactions to meet increased proliferation demands [60]. Metabolic reprogramming
seen during tumorigenesis is also observed in the cells undergoing epithelial—
mesenchymal transition (EMT) of the metastatic process, where glycolysis and
glycolytic enzymes are enhanced in these cells [69]. Therefore, therapies that inhibit
these metabolic reprogramming will serve as a promising strategy to target both
primary and metastatic tumor cells. A common approach to examining glycolytic
and oxidative metabolism of cancer cells in vitro is by measuring their oxygen
consumption rate (OCR; indicative of mitochondrial metabolism) and extracellular
acidification rate (ECAR, indicative of glycolysis). The use of these techniques to
investigate changes in cancer cell metabolism in response to physical cues such as
stiffness will be discussed in the following sections. In this chapter, we will explore
the interrelationship between tumor—stromal interactions and altered physical cues
such as stiffness, solid stress, and shear stress, and how these ultimately regulate
cell metabolism within the TME (Fig. 1).

2 Effect of Stiffness on Tumor-Stromal Interaction
and Metabolism in the TME

Tissue stiffness is generally defined as the resistance of its deformation in response
to an applied force [23], which is an intrinsic material property of the tissue.
Increased tissue stiffness is one of the most commonly observed physical abnormal-
ities of solid tumors, including breast [79], pancreatic [51], and colorectal cancers
[4]. Observation of increased stiffness has been extensively studied in breast cancer
because altered stiffness and ECM density are key to its detection [51]. Studies
have reported that breast cancer tissues exhibit an elastic modulus (a measure of
stiffness) that is around ten-fold stiffer than normal breast tissue and that the altered
stiffness drives malignant transformation in the breast [9, 37]. In nature, the stiffness
of biological tissue is highly dynamic and complex as it shows a strong nonlinear
stiffening response (i.e., strain stiffening) [43]. Therefore, the effect of stiffness on
tumor—stromal interactions and metabolism in the TME is dissected by examining
both in vitro and in vivo tumor models.



142

.

Cancer cells

Necrotic & hypoxic cells

=g

Cancer associated fibroblasts

——

Fibroblasts

o

Dendritic cells

Mesenchymal stem cells

—

generated force

Cancer cell under
physical stress .

I' *
A Acetyl-CoA
\\ X "."‘
ECM density N _ i TCAY
T and crosslinking s, ) cycle /

l oxygen supply due to RS
collapsed blood vessel N

H. M. Begum et al.

fibroblast recruitment and activation

S

"leaky” vessels

- swollen hyaluronan

blood/lymphatic vessel collapsed
by highly proliferative cancer cells

increased collagen deposition and
crosslinking by activated fibroblasts

. Glycolysis T

ssssssssssssssssssamEnEE

Glucose

Pyruvate — Lactate

ssssssssssssnnsnnannnnns’

. .
. ey M
Y

.

Altered cancer cell metabolism

Fig. 1 Approaching tumor progression from a physical point-of-view. (A) Schematic showing the
physical changes of the tumor microenvironment (TME) that occur with tumor progression. These
physical changes generate stresses that further drive the physical abnormalities of the TME, e.g.,
collapsed blood and lymphatic vessels. (B) Illustrating the altered cancer cell metabolism as a
response to the generated physical stresses within the TME. (Created with BioRender.com)



 26098 55616 a 26098
55616 a
 

Physical Regulations of Cell Interactions and Metabolism in Tumor Microenvironments 143

Positive Feedback Loop of Tumor Stiffening
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Fig. 2 Positive feedback loop of tumor stiffening and altered CAF metabolism. Schematic
showing how the interaction between stromal cells (cancer-associated fibroblasts; CAFs) and the
extracellular matrix (ECM) drives tumor stiffening. CAFs interact with the existing collagen matrix
by depositing additional collagen, crosslinking them together, and remodeling the overall ECM
structure. The increased net quantity and crosslinking of the collagen matrix increases its stiffness.
This increased stiffness, in turn, activates fibroblasts of the surrounding tissue to become CAFs,
initiating the positive feedback loop. The stiffened matrix has been reported to increase both
glycolytic and oxidative metabolism in CAFs [7]. (Created with BioRender.com)

Tissue stiffening often occurs over months to years and involves many complex
processes [51]. A primary cause of tissue stiffening is the increased net quantity and
crosslinking of matrix proteins in the tumor microenvironment due to the disrupted
balance between deposition, cross-linking, and degradation of ECM. The disruption
of balance is driven by a positive feedback loop created between the stromal cells
and the ECM. Among the stromal cells, cancer-associated fibroblasts (CAFs), which
are differentially identified from normal fibroblasts by high a-SMA expression, have
the most significant impact on ECM remodeling. CAFs deposit ECM proteins, such
as collagen and fibronectin, and exert high contractile forces that remodel and stiffen
the ECM (a process described as strain stiffening) [81]. The increased stiffness,
in turn, activates normal fibroblasts in the surrounding tissue to become CAFs,
initiating the positive feedback loop (Fig. 2). CAFs also create paths of rearranged
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ECM for the cancer cells to follow, promoting tumor invasion into the surrounding
tissue [47]. The stiffened ECM matrix has been reported to alter the metabolism of
CAFs. For instance, it was observed that increased stiffness (8 kPa) was associated
with an increase in both glycolytic and oxidative, or mitochondrial, metabolism
in CAFs as measured by the extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR), respectively (Fig. 2) [7].

Substrate stiffness significantly impacts the metabolism of dendritic cells (DCs),
which are immune cells present in the stromal component of the TME [36].
Specifically, DCs cultured on stiffer substrates (50 kPa) have both enhanced
glycolysis (measured by ECAR) as well as mitochondrial metabolism (measured
by OCR) compared to those cultured on softer substrates (2 kPa) [10]. Consistent
with the enhanced glycolytic phenotype, DCs cultured on stiffer substrates are
also found to have increased glucose uptake and lactate secretion. YAP/TAZ are
“universal mechanotransducers” [58] that read diverse biomechanical signals and
transduce them into biological signals and outcomes, including cell proliferation
[18], differentiation [13], and mitochondrial activity [6]. Of these, the transcrip-
tional coactivator TAZ was found to regulate glycolysis in response to stiffness
in these DCs, with TAZ knockdown preventing stiffness-mediated increase in
glucose uptake [10]. In patient-derived xenograft (PDX) models of ovarian cancer,
stroma derived from stiff tumors were found to have upregulation in glycolysis-
related genes, whereas those derived from soft tumors have upregulation in genes
associated with oxidative phosphorylation (OXPHOS), indicative of a potential
stiffness-induced metabolic switch in the tumor stroma of ovarian cancers [48].
To summarize, increased ECM stiffness is a characteristic of many tumors, and
it has been shown to upregulate glycolysis in several stromal cell types and
models. The integrin-FAK pathway, YAP/TAZ transcriptional coactivators, Rho-
ROCK actin cytoskeleton and AMPK pathway [27] are some of the potential
downstream effector pathways that could transduce the mechanical properties of
the ECM (stiffness) into intracellular changes in glucose metabolism [20].

In addition to the stiffness-induced changes in the stromal compartment of the
TME, ECM stiffness can also regulate the metabolism of cancer cells. In some
types of cancer cells such as A549 lung cancer and MDA-MB-231 breast cancer
cells, it was found that culturing them on softer substrates (0.15-0.3 kPa) led to a
more quiescent metabolism with longer cell cycles, and a reduction in intracellular
ATP and protein synthesis, relative to cells grown on stiffer (>10 kPa) substrates.
Moreover, the protein expression of phosphofructokinase (PFK), a key glycolytic
enzyme, was found to be downregulated in A549 cells cultured on the softer
substrates [71]. Mah et al. used fluorescence lifetime imaging microscopy (FLIM)
to investigate the metabolic shift (as determined by changes in the ratios of enzyme-
bound to free NADH) in MDA-MB-231 breast cancer cells, which were cultured
on collagen monolayers of different densities (and thus different stiffnesses).
They found that cells cultured on denser/stiffer collagen substrates showed higher
glycolysis (higher ratio of free to bound NADH) compared to those cultured on
softer collagen substrates [46]. This is in line with previous studies that report a
downregulation of glycolysis in cancer cells cultured on softer substrates. Another
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study performed with squamous cell carcinoma cells (SCC12) found that culturing
them on stiffer matrices (8 kPa) increased glycolysis compared to cells cultured on
softer matrices (1 kPa) [7]. Hepatocellular carcinoma cells (HepG2 and MHCC97L)
cultured on stiffer collagen-coated PA gels (54 kPa) were found to have increased
glucose consumption and lactate secretion, along with increased mRNA expression
of glycolytic enzymes Glut-1, Hexokinase-II, and lactate dehydrogenase-A (LDHA)
[44]. Furthermore, in PDX models of ovarian cancer, researchers found that stiffer
tumors had upregulation in the expression of glycolysis-related genes compared to
softer tumors, in line with several other studies that report enhanced glycolysis in
cancer cells cultured on stiffer substrates in vitro [48]. To summarize, in several
cancer cell types and in both in vitro and in vivo models, increased substrate
stiffness is associated with enhanced glycolysis, indicated by increased ECAR rates,
upregulation of glycolytic enzymes, lactate secretion, increase in the ratio of free to
bound NADH measured by FLIM.

While several studies have reported on the effects of stiffness on glycolysis,
whether and how stiffness regulates mitochondrial metabolism and activity is not
clearly understood. In a recent study, Tharp et al. reported that increased ECM
stiffness (~60 kPa; physiological stiffness of breast tumors) is associated with
increased lactate levels (in line with previously reported results), as well as the
induction of toroidal mitochondrial morphology and lower abundance of several
mitochondrial electron transport chain (ETC) subunits in mammary epithelial cells
(MECs) compared to those cultured on 400 Pa substrates (physiological breast
stiffness) [70]. It is noteworthy that in normal somatic cells, there have been reports
of stiffness-induced changes in mitochondrial oxygen consumption in cardiac
myocytes [45] and mitochondrial membrane potential (AW ,) and cluster size in
vascular smooth muscle cells [2]. Together, these studies strongly suggest that
stiffness mediated cues can regulate not only glycolysis but also mitochondrial
metabolism in the TME.

3 Effect of Solid Stress on Tumor-Stromal Interaction
and Metabolism in the TME

Solid stress refers to the mechanical forces (compressive and tensile) induced and
transmitted by solid and elastic elements of the ECM and cellular components of the
tumor [54]. Malignant and normal cells directly respond to the mechanical forces
through mechanosensitive machinery (e.g., cell-to-ECM and cell-to-cell adhesions
and stretch-sensitive ion channels) [42]. Solid stress in tumor is generated through
multiple mechanisms that can be broadly categorized into the following: (1) tumor
growth, (2) contraction, (3) swelling, and (4) externally applied forces (Fig. 3).
Tumor growth-mediated stress arises primarily due to cell growth, recruitment, and
motility [67]. Tumor and stromal cells proliferate, expand, and deposit additional
matrix to their surroundings. The added volume exerts solid stress on collagen
fibers and displaces existing matrix structures inside and outside of the tumor
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Fig. 3 Mechanisms generating solid stress in tumors. Solid stress-generating mechanisms are
broadly categorized into the following four groups: tumor growth, contraction, swelling, and
externally applied. (Created with BioRender.com)

[75]. Growth-mediated solid stress also increases due to stromal cells (e.g., CAFs)
contracting and adding tensile stress directly to the collagen-rich tumor ECM
[61]. Tumor growth may be hindered by its surrounding stroma, and cancer cells
become physically confined within dense ECM [55]. Solid stresses observed in such
growth-confined condition has been modeled mathematically, and its predictions
were validated using in vivo tumor models [67]. In the study, they were able to
confirm that the stress in the interior of growth-confined tumor was compressive,
and this compressive stress was balanced by tensile stress at the circumference of
the tumor periphery [67]. It is also important to note that the compressive force
observed in this physical confined tumor (illustrated by “Tumor growth” of Fig.
3) is distinct from the compressive stress that might be exerted on the tumor by
the resistance of the normal tissue to the expansion of the tumor (illustrated by
“Externally applied” of Fig. 3). The compressive stress that is exerted by an external
source may be better recapitulated using an in vivo compression device shown in
the study by [53]. Continued buildup of solid stress can compress and even collapse
blood and lymphatic vessels of the tumor [57], preventing effective nutrient and
oxygen delivery and waste removal as well as inhibiting the delivery and efficacy of
tumor therapies [64]. Tumors rich in hyaluronan hold a high net-negative charge due
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to the negatively charged groups in hyaluronan [76]. These negative charges hold
interstitial fluid within the tumor and form gel-like regions, which generate solid
stress. As solid stress increases at the tumor site, surrounding host tissue balances
this load by exerting an equal and opposite force [75], which further exacerbates the
physical abnormality observed at the tumor site.

In vitro studies recapitulating tumor-compressive stresses found that the continu-
ous application of moderate levels of compressive stress on breast cancer cells leads
to an increase in their migratory ability and is associated with the remodeling of their
actin cytoskeleton (formation of stress fibers) [72]. On the other hand, application
of higher levels of compressive stress led to apoptosis in these cancer cells. This
suggests that the presence of a moderate level of compressive stress within the
tumors plays an important role in the initiation and enhancement of cancer cell
motility/invasion. Compressive forces induce cytoskeletal rearrangements, which
are associated with an altered metabolic phenotype in cancer cells [15]. In tumor
spheroid models of breast and colon cancer, it was found that the application of
compressive stress leads to a reversible decrease in tumor spheroid proliferation and
growth [14]. Compression also induces enhanced migration in H4 glioma cells and
is associated with an increase in the levels of phosphorylated Erk1/2 [33], which
is a known regulator of cancer cell metabolism [59]. In ovarian cancer cells, the
application of a compressive stress of ~5.2 kPa leads to enhanced proliferation
and chemoresistance [56]. The effect of compressive stress on metabolism is
potentially highly cell-type dependent. For example, luminal MCF-7 breast cancer
cells showed a downregulation in glycolysis-related genes upon the application of
compressive stress, whereas basal MDA-MB-231 breast cancer cells and cancer-
associated fibroblasts showed an increase in the expression of glycolysis-related
genes when compressed [34].

To summarize, the compressive stress accumulated during tumor growth may
play an important role in tumor progression by regulating proliferation, invasion,
and ultimately, cancer and stromal cell (glycolytic) metabolism. However, our
understanding of the effect of compressive stresses on mitochondrial activity and
metabolism is unclear. A study performed on rat primary nucleus pulposus (NP)
cells reports that the application of a compressive stress (1 MPa) leads to a loss
of AWy, indicative of mitochondrial damage and necroptosis in these cells [12].
Several solid tumors show necrotic cores, and interestingly, the presence of a
necrotic tumor core is associated with poor prognosis as well as with increased
lung metastasis in a mouse model of breast cancer [31]. Collectively, these studies
indicate that the buildup of compressive stresses in tumor cores could regulate
mitochondrial activity and the activation of necrosis in cancer cells, and further
research elucidating these mechanisms is needed.

As highlighted above, biophysical cues such as compressive forces play an
important role in regulating cancer cell growth and metabolism. Uncontrolled
proliferation of cancer cells in the primary tumor within a confined stromal matrix
increases cell density [30], which is associated with increased solid (compressive)
stress [25]. In our lab, we recapitulated stromal confinement of the tumor island
using the micropatterned tumor—stromal assay (WTSA) [65]. When MCF-7 breast
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cancer cells are micropatterned in tumor islands surrounded by bone marrow stromal
cells (BMSCs) (Fig. 4A, E), we found that there was a spatial distribution of
cancer cell density within the tumor micropattern showing high cell densities at
the micropattern center (recapitulative of the tumor core) and lower cell densities at
the micropattern edges where the tumor island is in contact with the stromal cells
(recapitulative of the tumor margins) [6] (Fig. 4C). When stromal confinement of the
tumor island was increased in the form of increased stromal cell density, the overall
area of the micropatterned tumor island decreased (Fig. 4B), whereas the cancer
cell density at the micropattern edges increased (Fig. 4C). These findings were in
line with previous studies by Helmlinger et al., modeling the effect of confinement
in vitro by culturing tumor spheroids in different concentrations of agarose gels.
They found that culturing tumor spheroids in conditions of high confinement
(increased agarose gel concentration) led to reduced tumor spheroid diameter while
increasing cell packing density [25]. Interestingly, we found that within these tumor
micropatterns, the spatial distribution of cell density correlated with the AWy, of
cancer cells, suggesting that confinement-induced biophysical cues can regulate
mitochondrial activity. When the level of stromal confinement surrounding the
micropatterned tumor island was modulated, the spatial distribution of AW, within
the tumor island was also altered, with increased stromal confinement leading
to an increase in the area of the low-AWy, cells at the micropatterned tumor
core. RNA-seq analysis of cancer cells extracted from the centers and edges of
these micropatterns showed an upregulation of OXPHOS and mitochondrial ETC-
related gene sets at the micropattern edges, relative to the micropattern centers
(Fig. 4E, F). These results suggest that TME-mediated confinement cues can
sensitively regulate cancer cell mitochondrial metabolism. Furthermore, nuclear
YAP localization corresponded to the high- AW, regions at micropattern edges [6],
whereas high intercellular E-cadherin expression was associated with the low-AW
tumor core [5]. These findings strongly suggest that YAP and E-cadherin adhesion-
mediated downstream signaling can regulate cancer cell AWy, in the context of the
TME.

Note on tensile stresses: While the effect of tensile stress on cancer cell
metabolism is not widely studied, a few studies investigating the effect of stretch
in vitro suggest that tensile stresses can also influence metabolism in the TME.
Ansaryan et al. report that subjecting breast cancer cells (MCF-7, MDA-MB-231)
to 15% static stretch for 12 hours is associated with an increase in their lactate
levels, suggestive of increased glycolysis in response to the stretching stimulus [1].
Further studies are needed to investigate the detailed mechanisms by which tensile
stresses can regulate cancer cell metabolism. Studies performed on different non-
cancer cell types suggest the possibility of mitochondrial metabolism change in
response to stretching stimuli. In cardiomyocytes, the application of 20% stretch
leads to a reduction in AWy, as soon as 4 h after stretching [40]. On the other hand,
in bovine aortic smooth muscle cells, the application of a stretching stimulus for
4 h leads to an increase in AWy, [3]. These studies suggest that the AW, (and thus
mitochondrial activity) is responsive to tensile stresses and cell-type dependent.



Physical Regulations of Cell Interactions and Metabolism in Tumor Microenvironments 149

tumor-stromal -~ A— =
interface L)
invasion \,‘ ﬁj
apoptosis/necrosis E
proliferation L
glycalysis
ﬁ\’lmu
- -
S ; N 4
C D
&g 12
£ '\:‘; 10000+ ’ . nls .
= ¥ R? = 0.8908
B o]~ E 80004 } ----- ¥ . 3 §
o Y ]
@ oy
~ Sl RP=0.95% g 60007 ! |
w 84 0 B Uee. T 3 a 3
2 = 4000
s T
£ B . o
~— "u._" 20004
: G o -m- Center -e- Edge
@ 0 . T v T 1 = 0d— . d
< 0 200 400 600 800 1000 0 500 1000
Stromal Cell Density (mm‘z} Stromal Cell Density {mm‘zl
F
ATP Synthesis Coupled Proton Transport MNES
Complex-ll mediated Electron Transport
mitochondria 2
OXPHOS
PI3k-Akt-mTOR ]
metabolism ycolises
Breast Cancer Metastasis it
TME-mediated invasiveness
*FOR <0,001

Actin-Cytoskeleton

invasion/metastasis

I 1 I
0 1 2 3
-log,,(FDR)

Fig. 4 Effect of confinement on cancer cell metabolism. (A) Schematic showing build-up of
compressive stress within the TME (Created with BioRender.com). (B) Micropatterned tumor—
stromal assay (LWTSA). (C) Area of the micropatterned tumor island (MCF-7 breast cancer cells)
as a function of the density of surrounding stromal cells in the pTSA. MCF7 4+ PDMS represents
complete confinement when stroma is replaced by a layer of PDMS surrounding the tumor island.
(D) MCF-7 cell density at the centers and edges of the WTSA as a function of surrounding stromal
density. (E) Immunostaining of an MCF-7-BMSC pwTSA (green: Pan-cytokeratin; red: vimentin;
dashed white areas: extracted by laser capture microdissection for RNA-sequencing). Scale bar:
100 pm. (F) Gene set enrichment analysis of MCF-7 cells at the interface vs. those at the tumor
island center. (B-F from Begum et al. [6], reproduced under the Creative Commons Attribution
4.0 International License)



 17601 45908 a 17601 45908 a
 

150 H. M. Begum et al.

4 Effect of Shear Stress on Tumor-Stromal Interaction
and Metabolism in the TME

Fluid homeostasis observed in normal tissue is disturbed near the solid tumor by
“leaky” blood vessels and compressed blood and lymphatic vessels [54] (Fig. 5).
As a combined effect of hyperpermeable blood vessels and compromised lymphatic
drainage system, the interstitial fluid pressure (IFP) of most solid tumor is increased
[24]. CAFs are also thought to contribute to elevated tumor IFP by exerting
contractile forces on the interstitial matrix and preventing homeostatic response to
the elevated IFP [24]. The tumor IFP is uniform at the tumor core and drops sharply
at the periphery [24]. This IFP gradient generates fluid flow outward from the
center of the tumor toward the surrounding normal tissue [62]. This interstitial flow
applies shear stress directly to the tumor and stromal cells. Shear stress and fluid
flow can increase transforming growth factor-f (TGFB) expression and activation
on the stromal cells, activate fibroblasts, regulate immunity, activate YAP/TAZ
downstream pathways [68]. For instance, it was reported that the interplay of flow-
induced shear stress and altered ECM composition increased cell invasion and
expression of mesenchymal-like markers in a HUVEC and breast cancer cell co-
culture model [49]. Fluid flow also modulates endothelial sprouting, which affects
the formation of new blood and lymphatic vessels [66]. The generated interstitial
convective flow also facilitates tumor invasion and growth into the surrounding
normal tissue [19]. Tumor cells can also adopt a mesenchymal phenotypic motility
and move against the direction of the generated flow by using the ECM scaffold
[19]. Overall, elevated IFP subjects various cells in the tumor microenvironment
(cancer cells, endothelial cells, immune cells) to shear forces and thereby alters their

Interstitial fluid pressure induced shear stress in tumors
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Fig. 5 Shear stress generated in the tumors. Fluid homeostasis is disturbed by leaky blood vessels
and compromised lymphatic drainage system in the tumor. As a result, interstitial fluid pressure
(IFP) in the tumor is increased. The elevated tumor IFP generates fluid flow outward toward the
surrounding normal tissue and applies shear stress directly to the tumor and stromal cells. (Created
with BioRender.com )
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biology [54]. In this section, we will summarize the effects of elevated shear stress
on tumor—stromal interactions and metabolism of different types of cells found in
the tumor microenvironment.

The direct effects of shear stress on cancer cells have been studied mainly in the
context of circulating tumor cells (CTCs), which will be discussed in detail in the
next chapter. In addition to regulating CTC survival and mitochondrial activity [38],
there is evidence for shear stress-mediated regulation of stromal cell metabolism.
Exertion of a continuous shear stress of 2.3 dynes/cm2 leads to an increase in levels
of phosphorylated ERK and phosphorylated p38 (MAPK) in bone marrow stromal
cells (BMSCs), a cell type commonly found in the TME [35]. ERK and MAPK
are known regulators of cellular metabolism [59]. Exposure to shear stress can thus
alter stromal cell metabolism. In endothelial cells, the application of a shear stress
was found to decrease their glucose uptake and mitochondrial DNA content through
the expression of KLF-2 (pro-quiescence signal) [16, 39]. In human umbilical vein
endothelial cells (HUVECsS), the application of a 12 dynes/cm?2 shear stress leads to
an increase in their AW, [8, 78] and ATP production [78]. Furthermore, in human
aortic endothelial cells, the application of a shear stress (15 dynes/cm?) was found to
significantly increase mitochondrial ATP levels, indicating that shear stress not only
regulates glycolysis but also mitochondrial metabolism in endothelial cells [80]. In
conclusion, the shear stress experienced by cancer and stromal cells within the TME
can regulate their metabolism, thereby influencing cell fate in the process of tumor
progression.

5 Conclusion

Recent evidence has shed light on the important role of biophysical cues in the
TME in directing tumor progression and metastasis [54]. Altered cell metabolism is
an important hallmark of cancer cells in the TME [22], and over the past several
years, there has been an emergence of studies reporting how biophysical cues
regulate cell metabolism. Increased stiffening is a characteristic of several tumors
and, as discussed earlier, several studies have reported how increased stiffness is
associated with increased glycolysis in both cancer and stromal cell types. Stiffness-
induced changes in mitochondrial activity and metabolism, however, is not clear in
the context of cancer/stromal cells in the TME. While there are some reports of
stiffness regulating the mitochondrial activity [45] and morphology [70] in non-
cancer cell types, further studies are required to delineate how local stiffness can
regulate mitochondrial metabolism in the TME.

Another important biophysical cue in the TME is the solid stress that builds up
resulting from resistance offered by the surrounding stromal tissue as the tumor
undergoes uncontrolled proliferation and growth. While some studies have reported
how compressive stress (an important component of solid stress) leads to changes in
cell migration, proliferation and glycolytic metabolism, the biological response to
compressive forces seems to be highly cell-type dependent [34] as well as dependent
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on the level of compressive stress applied [72]. In our own studies, we recapitulated
stromal confinement of the tumor island in an in vitro micropatterned tumor model
and found that nuclear YAP corresponded to the high-AW, region at the tumor-
edge, and that cytoplasmic YAP corresponded to the low-AW,, micropatterned
tumor core [6]. These results suggest that YAP could be an important downstream
effector of biophysical cues and call for further studies investigating the role of
YAP mediating metabolism changes in response to different compressive stresses in
the TME. Furthermore, we have also found that increased intercellular E-cadherin
adhesions (found at the center of the tumor micropatterns, in the same region that
corresponds to the cytoplasmic YAP and low-AW ;) negatively regulate cancer cell
AW, [5]. Overexpression of E-cadherin in MCF-7 cells led to a decrease in AWy,
at both the centers and edges of the tumor micropatterns, whereas a knockdown of
E-cadherin led to an increase of AWy, at the micropattern centers [5]. These results
suggest that E-cadherin mediated adhesions can also serve as downstream effectors
of biophysical cues and thus sensitively regulate cancer cell metabolism. Further
studies investigating how different levels of compressive stresses can regulate E-
cadherin-mediated mitochondrial metabolism changes in different cell types would
help shed light on how metabolism is regulated in the TME. Increased interstitial
fluid pressure is another important biophysical cue in the TME, and while the effects
of shear stress on apoptosis [50] and anoikis resistance [38] have been reported by
some research groups, an understanding of how increased interstitial fluid pressure
affects glycolytic and mitochondrial metabolism of cancer cells remains lacking
(Table 1).
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Abstract Transforming growth factor (TGF)-f is a multifunctional cytokine that
contributes to epithelial-mesenchymal transition, tumor development, and metasta-
sis. The tumor microenvironment experiences dynamic changes in composition and
mechanical properties, including alignment of matrix components and variations in
the stiffness of the stroma, during cancer progression and recent studies have started
to elucidate how these changes govern TGFp signaling. This chapter describes the
impact of matrix mechanical properties and cell-generated forces on the activation
of TGFp by cancer-associated fibroblasts and tumor cells. It further reports TGFg-
induced signaling cascades that respond to biophysical cues and that regulate
epithelial-mesenchymal transition and tumor progression. Finally, it highlights
approaches for targeting biophysical properties of the tumor microenvironment and
mechanoresponsive signaling molecules as strategies to block TGFp-induced tumor
progression and metastasis.
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1 Introduction

Tumors are surrounded by a complex microenvironment, where cancer cells interact
with matrix components, soluble cues such as growth factors and cytokines,
and stromal cells that together influence tumor growth, invasion, and metastasis
(Fig. 1). Stromal cells, including fibroblasts, cancer-associated fibroblasts (CAFs),
endothelial cells, and immune cells, among others, influence the chemical and
physical signals within the tumor microenvironment and crosstalk between these
cells and tumor cells contributes to tumor cell invasiveness and malignancy [1, 2].
Throughout cancer progression, the mechanical landscape of tumors evolves with
changes in tissue structure accompanied by alterations in the mechanics of cellular
and matrix components [3]. Indeed, changes in the biophysical properties of tumors
are attributed to shifts in cell mechanics and mechanotransduction, changes in the
deposition of extracellular matrix (ECM) components, and remodeling of the matrix
by tumor cells and stromal cells. Transforming growth factor (TGF)-8, a critical
cytokine within the tumor microenvironment, serves as both a tumor suppressor
and tumor promoter and many recent studies have revealed valuable insights into
how mechanical stimuli regulate TGFp bioavailability and signal transduction in
the context of cancer.

The purpose of this chapter is to review the role of TGFf in cancer and to discuss
how the biophysical properties of the tumor microenvironment, including matrix
stiffness, promote activation of TGFp and mediate TGFB-induced development
and function of CAFs, regulation of epithelial-mesenchymal transition (EMT), and
metastasis of tumor cells. The chapter also highlights mechanoresponsive signaling
molecules and their role in mediating CAF and tumor cell response to TGFp and
mechanical cues. Lastly, the chapter provides a summary of strategies to target
TGFp signaling and tumor mechanics to inhibit cancer cell growth, invasion, and
metastasis, thereby improving cancer outcomes.

2 Dynamic Changes in Tumor Mechanics Accompany
Cancer Progression

Tissues are composed of a variety of cell types and ECM molecules that together
contribute to the mechanical properties of the tissue. During disease progression,
tissues can experience dynamic changes in the number and types of cells, changes
in cell phenotype, and matrix remodeling through ECM deposition, degradation,
and reorganization [4], which together lead to modulation of tissue mechanics.
In the case of cancer, cells are subjected to alterations in solid stress, matrix
stiffness, interstitial fluid flow, and geometry and topology of the ECM [2, 3].
For example, the stiffness (i.e., Young’s or elastic modulus) of a tumor can
change during tumor development (Table 1), and tissues oftentimes stiffen as
cancer progresses. These mechanical changes are specific to different tissue types
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Fig. 1 Schematic depicting transforming growth factor (TGF)-f signaling in the context of the
tumor microenvironment. TGFp, a pleiotropic cytokine, controls cell growth, differentiation,
inflammation, and angiogenesis in the tumor microenvironment. Cancer-associated fibroblasts and
tumor cells produce latent TGFf, which is deposited to the matrix, and activate TGFS from its
latent complex via mechanical forces. Resident cells of the tumor microenvironment respond to
and remodel the matrix composition and mechanical properties of the tumor microenvironment

and tumor microenvironments. It is challenging to decouple the impact of tissue
mechanical properties from other factors in vivo, and thus it can be difficult to
decipher how mechanical properties regulate TGFp signaling and cancer. As such,
in vitro cell culture platforms that enable precise control of mechanical properties
are needed and these platforms can provide complementary information to in vivo
tumor models.

To mimic the in vivo properties of the tumor microenvironment, hydrogel
platforms, with tunable chemical and mechanical properties, have been developed
and used to examine the effect of defined chemical and physical signals on cellular
behaviors in vitro. For example, polyacrylamide hydrogels are a common platform
for investigating the effect of substrate stiffness on cell signaling and phenotype
[21-23]. Polyacrylamide hydrogels are formed via a free-radical polymerization
reaction, where acrylamide monomers are crosslinked with bis-acrylamide. By
modulating the relative concentrations of acrylamide and bis-acrylamide, the stiff-
ness (i.e., elastic modulus) of the hydrogels can be varied while keeping the surface
chemical properties constant. In order to facilitate cell attachment, the surface of the
polyacrylamide hydrogel is functionalized with extracellular matrix proteins [24].
Researchers have also developed and used a variety of other matrices (as reviewed
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Table 1 Young’s modulus for physiological and diseased states of tissues

Tissue Young’s modulus (kPa) Reference
Bladder (human)
Normal 4.7 [5]
Urothelial carcinoma 13.5
Breast/Mammary Gland (human)
Normal 1.3 [6]
Invasive ductal carcinoma 32

Breast/Mammary Gland (mouse)

Normal 0.17,0.4 [7, 8]
Tumor 1.2-4
Kidney (human)
Normal 5-10, 19.2 [5,9]
Renal cell carcinoma 13 [5]
Liver (human)
Normal 2.5-5
Hepatocellular carcinoma 55 [10]
Metastatic tumor 66.5
Cholangiocellular carcinoma 75
Lung (human) [11]
Normal 2
Idiopathic pulmonary fibrosis 17
Ovary (human)
Reproductive age 32
Menopausal 7.2
Mature Teratoma 14 [12, 13]
Serous tumor 1.6
Mucinous tumor 35
Endometriosis 2.1

Pancreas (human)

Normal 1,3.5
Pancreatitis 2.2 [14, 15]
Tumor 5.5,44.8

Pancreas (mouse)
Normal 4.2
Fibrotic 5.5 [15]
Tumor 11.3

Prostate (human)
Normal 10-20 [16-18]
Tumor 45-90

Thyroid (human)
Normal 9 [19, 20]

Tumor 45
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in [25]), with moduli spanning that of normal and diseased tissue, to evaluate the
effect of matrix stiffness on cellular response and disease progression. Furthermore,
other bioengineering approaches, such as soft lithography and electrospinning of
fibers, can also be used to control cell and tissue geometry and ECM topology in
culture [26, 27]. In the following sections, we will highlight in vivo tumor models
as well as in vitro studies that have utilized biomaterials with defined mechanical
properties to examine TGF activation and signaling.

3 TGFg Signaling in Cancer

TGFP is a multifunctional cytokine that regulates development, homeostasis,
proliferation, and differentiation, and dysregulation of this pathway can lead to
pathologies, including fibrosis and cancer [28-30]. TGF is secreted in a latent form
by many cell types found in the tumor microenvironment including macrophages,
stromal fibroblasts, CAFs, immune cells, and cancer cells [30, 31]. Activation of
TGFp from the latent complex is mediated by proteolysis, integrin engagement,
and physical forces exerted by myofibroblasts and tumor cells, thus enabling its
bioactivity [32, 33]. Many studies have revealed that high levels of TGFp in the
tumor microenvironment are correlated with advanced clinical stages of human
tumors of the pancreas [34], colon [35], skin [36], lung, ovary [37], prostate [38],
breast [39—41], brain, and bone [42]. For example, primary tumors and lymph node
metastases of breast carcinomas show enhanced deposition of TGFf1 within the
tumor stroma [39], and high levels of TGFB1 are positively correlated with breast
cancer progression [41]. Furthermore, enhancement of TGFf signaling has been
correlated with more aggressive breast tumors and poor survival [40, 41].

TGFp regulates multiple, complex processes within the tumor microenviron-
ment, many of which are dependent upon the biochemical and physical properties
of the tumor and surrounding stroma. TGFB can suppress tumorigenesis through
regulation of apoptosis of pre-malignant cells and by inhibition of cancer cell
proliferation. In contrast, during late stages of cancer, TGFp can act as a tumor
promoter by facilitating EMT [43—-45], enhancing invasion [46], and promoting stem
cell-like properties [47, 48] in tumor cells. TGFf also mediates the development
of CAFs from other cell types and facilitates crosstalk between CAFs and tumor
cells [49]. In addition, apoptosis, cell proliferation, EMT, and cell migration are
regulated by physical properties, including matrix stiffness [21, 22, 50], and thus
tissue mechanics can impact cancer progression in a variety of ways. The following
sections will describe how CAFs and tumor cells respond to and mediate TGFp
signaling within the tumor microenvironment and highlight the impact of TGFf on
EMT and genomic instability.
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3.1 Cancer-Associated Fibroblasts Respond to and Mediate
TGFp Signaling

CAFs have been identified as residents of the tumor microenvironment in cancers
derived from prostate, lung, breast, gastric, colorectal, and pancreatic tissues as well
as others [49]. These fibroblast populations are heterogeneous and can express a
variety of protein markers including a-smooth muscle actin (¢SMA), vimentin,
podoplanin (PDPN), fibroblast-specific protein 1 (FSP1/S100A4), fibroblast-
activated protein (FAP), platelet-derived growth factor receptor (PDGFR)-o/f,
tenascin-C, neuron glial antigen (NG2), desmin, CD90/THY 1, and caveolin-1 [51,
52], but these protein markers are not selectively expressed by CAFs, nor are they
expressed by all CAFs [53]. For pancreatic cancer, CAFs that are in close proximity
to the tumor cells exhibit higher aSMA expression, and hence have been termed
myofibroblastic CAFs, whereas CAFs far away from tumor cells have low aSMA
expression and higher levels of inflammatory cytokines such as interleukin 6, and
have been termed inflammatory CAFs [54]. Transcriptomic analysis, such as single-
cell RNA sequencing, has also been used to characterize gene expression patterns in
CAFs for esophageal squamous cell carcinoma [55], pancreatic cancer [56], breast
cancer [57], and head and neck squamous cell carcinoma [58]. These studies found
that a subset of CAFs express high levels of aSMA along with genes contributing
to contractility such as tropomyosin and myosin-light chain kinase, while another
subset of CAFs express high levels of cytokines such as Cxcli2, 1l6 and Ccl2, but
have reduced expression of aSMA [56, 57]. These findings suggest that there are
multiple populations of CAFs within the tumor microenvironment which may serve
unique roles in regulating tumor properties and progression.

Studies have shown that CAFs can arise from a variety of cell sources, including
tissue-resident fibroblasts, mesenchymal stem cells, and pericytes, and through
transdifferentiation of epithelial and endothelial cells [59, 60]. For example, in
breast cancer, single cell RNA sequencing revealed that CAF subpopulations have
distinct gene expression patterns that suggest they arise from fibroblasts, perivas-
cular cells, and malignant tumor cells [61], while CAFs are derived from stromal
fibroblasts and myofibroblasts in head and neck tumors [58]. CAFs are also thought
to develop from bone marrow derived mesenchymal stem cells in gastric [62],
breast [63, 64], and pancreatic [65] cancers. Normal fibroblasts, through interaction
with cancer cells and cytokines such as TGFp that are secreted in the tumor
microenvironment, can also convert into tumor-promoting CAFs during cancer
progression [66, 67]. Indeed, TGFp found within the tumor microenvironment has
been shown to mediate recruitment of stromal fibroblasts to tumor sites, promote
activation to myofibroblast and CAF phenotypes, and regulate CAF proliferation
and behavior [49, 68, 69].

CAFs secrete a variety of growth factors that enhance tumor development,
angiogenesis, and directional migration of tumor cells [49, 70-72]. Media condi-
tioned by co-cultures of normal murine dermal fibroblasts and metastatic breast
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cancer cells enhances scattering and migration of breast cancer cells in vitro [73].
Furthermore, when breast cancer cells are cultured in conditioned media from
CAFs, the breast cancer cells acquire a more aggressive phenotype with higher
migration and invasion [74]. CAFs also physically interact with cancer cells via
N-cadherin-E-cadherin adhesion junctions, and this interaction facilitates collective
cancer cell migration and invasion [75]. CAFs can deposit fibronectin into parallel
fibers in the tumor stroma, and prostate cancer cells can directionally migrate
along these fibers [76]. Similar behaviors have been observed in squamous cell
carcinoma, where the tumor cells collectively invaded into the matrix with the help
of fibroblast-generated tracks [77]. In addition, interaction of gastric carcinoma cells
with gastric fibroblasts induces higher expression of Snail, vimentin, and matrix
metalloproteinases (MMPs) with lower levels of E-cadherin in the cancer cells,
suggesting activation of EMT-like characteristics in the tumor cells [78]. Similar
findings have been observed for non-small cell lung cancer cells co-cultured with
CAFs [79].

While many residents of the tumor microenvironment can secrete TGFp, myofi-
broblasts and CAFs have been identified as major sources of TGFB [66, 74,
80-82] and also as important contributors to the activation of TGFp from its
latent complex, as discussed in a later section of this chapter. Downregulation
of key TGFp-signaling molecules or treatment with a TGFp function-blocking
antibody reduces CAF-mediated tumor cell motility, which suggests that crosstalk
between CAFs and tumor cells via TGFB may promote a more aggressive migratory
phenotype of gastric carcinoma cells [83]. Furthermore, TGFp1, expressed by both
gastrointestinal tumor cells and CAFs, promotes the development of CAFs from
resident fibroblasts and enhances tumor cell migration in vitro and tumor metastasis
in vivo [67].

During tumor progression, the stroma undergoes remodeling in both its com-
position and mechanical properties. CAFs contribute to this process through
TGFB-mediated secretion of matrix proteins, including collagen, fibronectin, and
tenascin-C, which they deposit into the tumor microenvironment [49, 84, 85],
as well as by secretion of lysyl oxidase (LOX), which catalyzes crosslinking
of collagen, thereby contributing to increased stiffness of the matrix [86-88].
Increased tissue stiffness is associated with tumor progression in the liver [10],
mammary gland [7, 8, 89], and prostate [16—18]. ECM deposited by CAFs shows
more alignment and organization than that deposited by normal fibroblasts [90].
Furthermore, CAFs exhibit increased contractility in comparison to fibroblasts [91],
which enables remodeling of the matrix and further promotes increased stiffness
of the tumor stroma [92]. Later sections of this chapter will discuss how increased
tissue stiffness promotes activation of TGFp from its latent complex and enhances
mechanoresponsive signaling through TGFp-induced cascades.
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Fig. 2 Phenotypic changes that occur during epithelial-mesenchymal transition (EMT). Epithelial
cells display cell—cell contacts, including tight junctions, adherens junctions, gap junctions and
desmosomes, and tethering to the basement membrane using hemidesmosomes and integrins.
During EMT, epithelial cells lose cell—cell contacts and apicobasal polarity and exhibit remodeling
of the cytoskeleton to acquire a mesenchymal phenotype. Mesenchymal cells remodel the
extracellular matrix through deposition of matrix proteins and by exertion of forces and exhibit
increased motility. Cells can also exhibit an intermediate cell state, where the cells have attributes
of both epithelial and mesenchymal cells

3.2 TGFB Induces Epithelial-Mesenchymal Transition

Epithelial-mesenchymal transition (EMT) is associated with loss of epithelial
features, including cell-cell contacts and apicobasal polarity, and acquisition of
migratory and invasive behaviors (Fig. 2). During TGFp-induced EMT, the expres-
sion of epithelial markers, including E-cadherin and ZO-1, are downregulated
and cells upregulate the expression of mesenchymal markers such as N-cadherin
and aSMA and matrix proteins, including collagen and fibronectin [93, 94].
Furthermore, following induction of EMT by TGFp, cells also experience dramatic
cytoskeletal remodeling, where the cortical actin structure typical of epithelial
cells transitions to a filamentous stress fiber architecture [95, 96]. Changes in the
expression of genes related to actin crosslinking and cell contractility during EMT
are accompanied by cytoskeletal softening and an increase in traction forces exerted
by cells [21, 97]. TGFgB-induced actin remodeling regulates EMT and facilitates the
gain of invasive and migratory properties in cells [98, 99].

The composition and levels of intermediate filaments, including cytokeratins and
vimentin, are also modulated during EMT. Cytokeratins are important for cell-cell
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adhesion and maintaining an epithelial phenotype [100], while vimentin contributes
to cell-matrix adhesion and cell migration [95, 101, 102]. Different cancer cell
types exhibit varying expression levels of keratins and vimentin. For example, in
hepatocellular carcinoma, high keratin 19 expression is correlated with increased
tumor size, cancer cell invasion, and metastasis [103]. In contrast, knockdown of
keratin 8/18 promotes increased motility and invasion of breast cancer cells in
vitro [104]. Furthermore, cytokeratin 20 and 7 expression is higher in colorectal
cancer tissue than in normal tissue [105]. Vimentin expression is correlated with
high motility for prostate cancer cells [106] and vimentin filament polarization
enhances migratory persistence in polyploidal breast cancer cells [107]. Moreover,
overexpression of vimentin has been correlated to enhanced metastatic potential and
poor patient survival in breast cancer, cervical cancer, melanoma, prostate cancer,
renal cell carcinoma, and hepatocellular carcinoma [106, 108—111].

EMT is thought to mediate dissociation of cancer cells from a primary tumor
to facilitate metastasis; however, the role of EMT in cancer and metastasis is
not fully understood. While many studies support a role for EMT in the spread
of cancer cells from the primary tumor site (as reviewed in [112]), some recent
reports suggest that EMT may be dispensable for metastasis, but does contribute
to chemoresistance [113, 114]. Nevertheless, tumor cells can exhibit a full EMT or
intermediate hybrid epithelial and mesenchymal phenotypes [115, 116]. Cells with
an intermediate phenotype may co-express epithelial and mesenchymal markers
(for example, cytokeratins and vimentin) and oftentimes there is heterogeneity in
epithelial and mesenchymal characteristics amongst cancer cells from the same
tumor [117]. TGFpB has been shown to promote aspects of EMT in cancer cells
derived from different tissues, including pancreas [43], lung [118], stomach [119],
ovary [120], and mammary gland [45, 47, 121], as well as others. In addition,
evidence supports a role for TGFP and an intermediate EMT state in priming
cells to acquire cancer stem cell-like properties [45, 47, 116]. Gain of cancer stem
cell properties in tumor cells allows for them to self-renew and differentiate into
heterogenous progenies with enhanced properties such as drug resistance [122].

3.3 TGFp Induces Genomic Instability

TGFB-induced EMT has also been linked to genomic instability, a common trait
of cancer cells characterized by variations in chromosome structure and number,
abnormal mitoses, and DNA mutations. Circulating mesenchymal-like tumor cells
from metastatic breast cancer patients have elevated binucleation and micronuclei,
which is a protrusion of a chromosome that is not incorporated into the daughter
cells during division and suggests chromosomal instability [123]. Multinucleation
can arise if abscission, the last step of cytokinesis when the parent cell separates
into two daughter cells, is disrupted. Multinucleation results in genomic instability
that can lead to cancer progression; more than one third of tumors exhibit multin-
ucleation [124]. Studies have shown that TGFg1-induced EMT is associated with
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genomic instability. Inability to arrest cell proliferation in MCF10A and SKBR3
breast cancer cells during TGFp-induced EMT prevents cytokinesis, resulting in
mitotic abnormalities and aneuploidy, as well as nuclear blebbing and reduced
nuclear circularity [123]. Removal of TGFp reverses these mitotic defects, but the
resulting genomic abnormalities, such as chromosome number variation, remain and
promote an increase in tumorigenic phenotypes.

Polypoidal giant cancer cells (PGCCs), which have been observed in late-
stage cancers, exhibit differential biophysical phenotypes from other cancer cells.
These differences include an enlarged cell size and higher levels of actin bundling
as well as longer and thicker actin stress fibers [125]. Furthermore, vimentin is
upregulated in PGCCs in comparison to non-PGCCs, with cells exhibiting extensive
vimentin networks that span throughout the cell [107]. These changes in cytoskeletal
properties are accompanied by an increase in cell stiffness, higher traction forces
exerted by the cells, and by a higher rate of migratory persistence. Together, these
biophysical properties may contribute to the ability of these cells to withstand
increased mechanical stress within the tumor microenvironment.

Studies also reveal that increased matrix stiffness can promote TGFp-induced
multinucleation. In normal murine mammary gland (NMuMG) epithelial cells
cultured on 4 kPa substrata mimicking the stiffness of an average breast tumor,
but not on 0.13 kPa substrata mimicking healthy breast tissue, Snail overexpression
increases septin-6, anillin, and Mklp1 expression, which are proteins involved in
abscission that allow daughter cells to separate from one another [126]. Overex-
pression of these proteins leads to multinucleation. Ectopic expression of Mklpl
in cells cultured on tumor mimicking 4 kPa substrates resulted in multinucleation,
while cells on healthy tissue mimicking 0.13 kPa substrates were protected from
multinucleation, even in the presence of increased Mklpl and septin-6. Increasing
focal adhesion engagement with a B1-integrin mutant in cells cultured on 0.13 kPa
substrates resulted in EMT and induction of multinucleation. Furthermore, TGFp
treatment promotes multinucleation in SCp2 mouse mammary epithelial cells when
cultured on 4 kPa substrates, but not on 0.13 kPa substrates. In addition, Snail and
septin-6 levels are increased in breast metaplastic carcinoma from human breast
tumor samples, specifically in tumor regions with high levels of collagen. Culture
of SCp2 cells on 0.13 kPa substrata prevented Snail-induced septin-6 expression
and reduced multinucleation [127]. Thus, the combined effects of TGFp and matrix
stiffness can impact genomic stability in cancer cells. Later sections of this chapter
will further describe mechanoresponsive signaling cascades that are activated by
TGEFB in epithelial cells and tumor cells to regulate EMT.

4 Mechanical Activation of TGFf

TGEFB is stored in a latent form attached to the extracellular matrix and it is activated
by cells through both proteolysis and mechanical processes. The TGFf protein is
synthesized from a large precursor molecule that contains a signal peptide, a shorter
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carboxy-terminal fragment (the mature peptide), and a longer amino-terminal
fragment called the latency associated peptide (LAP) [128]. An endoprotease, furin,
cleaves the precursor, and the LAP and mature peptide reassemble by non-covalent
associations to form a homodimer linked by disulfide bonds. This complex is called
the small latent complex because the associated LAP homodimer prevents the
mature peptide from binding to its receptors rendering it inactive [129]. The small
latent complex forms a disulfide bond with the cysteine residue in the latent TGFp
binding protein (LTBP) to form the large latent complex (LLC) which attaches to
extracellular matrix proteins such as fibronectin and fibrillin, where latent TGFp is
stored until it is released by biological and mechanical stimuli [130]. Alterations
in the mechanics of the tumor microenvironment and in the contractility of CAFs
and tumor cells during cancer progression play an important role in mechanical
activation of latent TGF through mechanisms described below.

Integrins, proteins that mediate cell-extracellular matrix adhesions, enable cells
to sense the mechanical properties of their environment and allow for cell exerted
forces to be transmitted to the surrounding matrix. Several integrins, including
avp5 and avp6, have been implicated in mechanical activation of TGFp [32, 33].
In rat myofibroblasts, thrombin treatment induces cell contraction, which leads to
an increase in latent TGFP1 activation, and use of a function-blocking antibody
targeting avB5 prevents cell contraction-induced TGFg1 activation [33]. To confirm
activation via cell contraction rather than through proteolysis, cytoskeletons and
matrix proteins were examined following extraction from myofibroblasts. Treatment
with ATP leads to contraction of the extracted myofibroblast cytoskeleton and
increased activation of TGFB1, which is reduced by treatment with an avp5
function-blocking antibody. These findings suggest that cytoskeletal tension and
mechanical force are key factors that can mediate the bioavailability of active TGFp.

Integrin avp6 is weakly expressed in normal epithelia, but upregulated in cervical
squamous, esophageal, skin, head and neck squamous, non-small cell lung, and
breast carcinomas [131-135]. Expression of avf6 correlates with decreased patient
survival, while blocking avB6 reduces tumor growth in breast, colon, cervical,
esophageal, and head and neck cancers [131, 132, 135-137], and avp6 expression
positively correlates with TGFB1 levels in cervical squamous carcinoma cells
[131]. Furthermore, avp6 overexpression in normal myoepithelial cells promotes
activation of TGFB1 and increased MMP?9 levels, while inhibiting TGFB1 or MMP9
prevents avp6-positive myoepithelial cells from promoting breast cancer invasion
[133]. TGFp activation from its latent complex by avf6 is mediated by force and
actin/myosin cytoskeletal contractility. LAP is a ligand for avp6; however, LAP
binding to avB6 is not sufficient to activate latent TGFP1 and an intact cytoskeleton
is required for avp6-mediated TGFB1 activation [138]. Treatment of primary human
bronchial epithelial cells with sphingosine 1-phosphate (S1P) induces cortical actin
structures, cell contraction, and avpf6-mediated TGFf activation [32]. Treatment
with the cell contractility inhibitors, Y27632 and blebbistatin, reveals that avB6-
mediated TGFP activation requires ROCK and non-muscle myosin II signaling.
Furthermore, culture of bronchial epithelial cells on substrata of increasing stiff-
ness demonstrated that treatment with S1P can promote activation of TGFp on
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Fig. 3 Mechanical activation of TGFf1 is mediated by integrins. (A) Schematic of the latent TGFS
complex depicting the latency-associated peptide (LAP), small latent complex (SLC), large latent
complex (LLC), latent TGF-p-binding protein-1 (LTBP-1), TGF-81, and integrin interaction. (B)
Ferromagnetic microbeads coated with LAP antibodies, integrin avf6, or a bovine serum albumin
(BSA) control adsorbed to the ECM containing large latency complexes (LLC) and force was
applied using a magnetic field. The ECM was obtained by performing a deoxycholate (DOC)
extraction of Chinese hamster ovary cells, which resulted in extraction of ECM components,
including LLC. Beads coated with LAP antibodies or recombinant integrin avf6 that were
subjected to force application release 1.7-2.2-fold higher amounts of active TGFB1 compared to
the BSA control with force application. All three treatments in the no force condition had low
levels of active TGFB1 as measured with a mink lung reporter cell assay. (Reprinted from Current
Biology, Vol 21, Buscemi, L., Ramonet, D., Klingberg, F., Formey, A., Smith-Clerc, J., Meister,
J.J., Hinz, B., The single-molecule mechanics of the latent TGF-1 complex, Pages 2046-2054,
Copyright 2011, with permission from Elsevier)

stiff substrata (0.2% polyacrylamide hydrogels), where cell-generated force can
be transmitted to the bound latent complex, but not on soft substrata (0.025%
polyacrylamide hydrogels).

Several studies have examined how force mechanistically releases TGFB from
the latent complex [139-141]. Using force spectroscopy, it was determined that
mechanical forces, like pulling, induce conformational changes in LAP, which
lead to unfolding of the al helix and latency lasso to release TGFP from LAP.
When TGFB is bound to LTBP-1 in the extracellular matrix, TGFp can be released
by mechanical forces as small as what a single integrin can transmit [139]. In
additional studies, ferromagnetic microbeads coated with LAP antibodies, recom-
binant integrin avp6, or bovine serum albumin (BSA) were allowed to interact with
extracellular matrix, and TGFB1 activation was measured in response to force which
was applied using a magnetic field. As shown in Fig. 3, when zero force is applied
to the bead, all three conditions show low levels of active TGFB1. In contrast,
when force is exerted on the bead complex, beads coated with LAP antibodies
or avp6 integrin have a 1.7-2.2-fold increase in the release of TGFB1 compared
to the BSA control [139]. Structural characterization and molecular dynamics
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simulations of force-dependent activation reveal that integrin avp6 regulates TGFf
activation by binding to the TGFg prodomain, which alters its conformation, and
via actin-generated forces applied through the integrin f-subunit to release TGFf
from latency [140]. Another study found that tensile force is required to break
the disulfide bonds that maintain the LLC in order to activate TGFf from the
avp6-prodomain complex [141]. Together, these findings support a model whereby
mechanical forces promote conformational changes in the LAP/prodomain complex
to release TGFp.

Fibroblasts and primary human bronchial epithelial cells can use contractile
forces to activate latent TGFP on stiff, but not soft, substrates [32, 33]. Matrix
stiffness has also been found to contribute to TGFP activation by cell tension
generated through a B1 integrin-FAK-Rho GTPase signaling axis in hepatocellular
carcinoma cells [142]. Upregulation of B1 expression, enhanced pFAK and pSmad2
levels, and increased levels of active TGFp in culture media were observed when
hepatocellular carcinoma cells were cultured on 10 kPa substrates, all of which
decreased upon treatment with RGD blocking peptides, Y27632 and blebbistatin
[142]. On 32 kPa polyacrylamide hydrogel substrates, increased cell contractility
results in avB6-mediated TGFP activation and EMT induction in primary alveolar
epithelial and rat lung epithelial T-antigen negative (RLE-6TN) cells [143]. As
shown in Fig. 4, increased matrix stiffness promotes EMT in primary alveolar
type II (ATII) cells as characterized by actin cytoskeletal rearrangements, increased
aSMA expression, and decreased E-cadherin expression. Fibronectin (Fn)- or
laminin (Ln)- coated glass slides or tissue culture polystyrene (TCP) were used for
control experiments, since it has been shown that ATII cells undergo EMT on Fn-
coated surfaces, but maintain an epithelial phenotype on Ln-coated surfaces [144].
Increased EMT induction with increasing matrix stiffness is mediated by higher
levels of TGFpP activation by cells cultured on 24 and 32 kPa substrata. Indeed,
TGFB activation by RLE-6TN cells increases as substrate stiffness increases, and
stiffness-induced TGFp-activation by cells cultured on 32 kPa substrata can be
prevented by TGFp- and avf6-neutralizing antibodies [143].

Increased matrix stiffness and changes in cytoskeletal organization and signaling
within cells that accompany cancer can promote changes in force generation by
cells. Traction force microscopy experiments have revealed that metastatic breast,
lung, and prostate cancer cells exert larger traction forces on the underlying
substratum in comparison to normal cells derived from the same tissues [145]. As
shown in Fig. 5, metastatic MDA-MB-231 breast cancer cells exert larger tractions
and higher net forces on 5 kPa collagen I-coated substrata than normal MCF10A
mammary epithelial cells. These findings suggest that as cancer progresses, some
cancer cells may gain the ability to exert larger forces on the surrounding matrix and
these increased traction forces may promote increased activation of latent TGFp as
well as reorganization of the matrix.
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Fig. 4 Cell contraction and integrin-mediated TGFp activation drives stiffness-mediated EMT in
lung epithelial cells. (A-U) Increased stiffness induces EMT in primary alveolar type II cells. Cells
were cultured on fibronectin (Fn)-coated polyacrylamide gels of varying stiffness or on Fn- (F, M,
T) or laminin (Ln)-coated (G, N, U) glass slides. Immunofluorescence staining reveals actin organi-
zation (magenta), E-cadherin expression (green), and aSMA expression (red). (V) RLE-6TN cells
increase TGFp activation as substrate stiffness increases. Cells were cultured on polyacrylamide
hydrogel substrates of increasing stiffness, or Fn- or Ln-coated tissue culture polystyrene (TCP) as
control experiments, and TGFf activation was monitored using a mink lung epithelial reporter
cell (MLEC) bioluminescence co-culture assay. (W) TGFf activation in response to stiffness,
cell contractility, and integrin avf6 was analyzed using a MLEC bioluminescence co-culture
assay. RLE-6TN cells were cultured on 2 kPa or 32 kPa polyacrylamide hydrogels and treated
with thrombin (a contractility agonist), TGFB-neutralizing antibodies, integrin avf6-neutralizing
antibodies, or a media only control. Cells cultured on the 2 kPa substrates with thrombin treatment
activated TGFf more than in the absence of thrombin. TGFB-neutralizing antibodies prevent the
increased TGFp activation promoted by thrombin. Cells cultured on 32 kPa substrata with TGFB
neutralizing antibodies or avp6 neutralizing antibodies show decreased TGFf activation. (Figure
adapted with permission from Brown, A.C., Fiore, V.F.,, Sulchek, T.A., & Barker, T.H. (2013),
Physical and chemical microenvironmental cues orthogonally control the degree and duration
of fibrosis-associated epithelial-to-mesenchymal transition. Journal of Pathology, 229(1), 25-35.
Copyright © 2012 Pathological Society of Great Britain and Ireland. Published by John Wiley &
Sons, Ltd)
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Fig. 5 Metastatic cancer cells exert higher traction forces than their healthy counterparts. (A)
Traction stress maps, phase images, and net traction forces exerted by normal MCF10A mammary
epithelial cells and MDA-MB-231 breast cancer cells. Net traction forces exerted by (B) normal
prostate cells (PrEC) and metastatic prostate cells (PC3), and (C) normal bronchial epithelial cells
(BEAS2B) and metastatic lung cancer cells (A549). All cells were seeded on polyacrylamide
substrates with a Young’s Modulus (denoted by E) of 5 kPa and type I collagen concentration
of 0.1 mg/mL. Scale bar: 50 pm. Data represents mean =+ s.e.m.; ***indicates p < 0.001. (Figures
adapted with permission from Kraning-Rush, C.M., Califano, J.P.,, Reinhart-King C.A. (2012)
Cellular traction stresses increase with increasing metastatic potential. PLoS One. 7(2): €32572)

5 Mechanical Regulation of TGFB-Induced Signaling
Cascades

TGFp receptors, which mediate activation of intracellular signaling cascades, are
expressed in a wide variety of tissues, and mutations in TGFf receptors are
associated with cancer of the colon, stomach, and brain [146]. Expression of
a dominant-negative type II TGFf receptor (TGFBRII-dn) in EpRas cells and
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in highly metastatic mouse CT26 colon carcinoma cells blocks TGFp receptor
signaling and inhibits cancer cell invasiveness and metastasis [147]. TGFp binding
to its cell surface receptors leads to signal transduction by canonical Smad and non-
canonical Smad-independent pathways. TGFB-induced Smad signaling is initiated
by the interaction between the TGF ligand and TGFp receptors I and II, which
leads to phosphorylation of TGFp receptor I and subsequent phosphorylation of
Smad2/3. Smad2/3 form a heterotrimeric complex with Smad4, and this complex
translocates to the nucleus to regulate gene expression [148]. TGFf also activates
signaling pathways, including extracellular signal-regulated kinase (Erk) [149],
phosphoinositide 3-kinase (PI3K)-Akt [118, 150], focal adhesion kinase (FAK)
[151], p38 mitogen-activated protein kinase (p38MAPK) [152, 153], RhoA/ROCK
[154], integrin linked kinase (ILK) [155], myocardin-related transcription factors
(MRTFs) [156], Yes-associated protein (YAP), and transcriptional coactivator with
PDZ binding motif (TAZ), among others (Fig. 6). This section will focus on
how mechanical signals from the tumor microenvironment regulate TGFB-induced
signaling cascades.

5.1 EMT-Associated Transcription Factors

EMT is orchestrated by a variety of transcription factors, including Snail, Slug,
Twistl/2, and Zebl/2, that play important roles in regulation of epithelial and
mesenchymal genes [116, 157]. Multiple reports have demonstrated that TGFf1-
induced expression of Snail increases in mammary epithelial cells that are cultured
on substrata with moduli greater than 5 kPa in comparison to cells cultured on
substrata with moduli less than 1 kPa [21, 50]. Recent evidence also supports a
role for matrix stiffness in the regulation of TGFp1-induced Smad2/3 and Twistl
signaling [158, 159]. Twistl was found to predominantly localize to the nucleus
when normal breast epithelial cells were cultured on 3 kPa substrata mimicking the
mechanical properties of a breast tumor and to localize to the cytoplasm when cells
were cultured on 0.1 kPa substrata mimicking the mechanical properties of normal
breast tissue [158]. In addition, phosphorylated Smad2/3 was found to localize
to the nucleus when cells were seeded on 3 kPa substrata and Smad2/3 nuclear
localization was inhibited on 3 kPa substrata when cells were treated with the TGFB
receptor inhibitor Galunisertib [158]. Knockdown of Twistl in human mammary
epithelial cells blocks EMT in response to TGFg1 when the cells are cultured
on 5.7 kPa substrata suggesting a role for Twistl in the mechanical regulation of
EMT [159]. Indeed, Twistl remains in the cytoplasm bound to its cytoplasmic
binding partner Ras GTPase-activating protein-binding protein 2 (G3BP2) when
cells are cultured on 0.15 kPa substrata, and culture of cells on stiffer 5.7 kPa
substrata promotes release of Twistl from G3BP2, thereby facilitating its nuclear
translocation. Downregulation of G3BP2 leads to Twistl nuclear localization in
cells cultured on both 0.1 kPa and 5.7 kPa substrata, thereby enabling EMT across
all matrix stiffnesses examined. Thus, matrix mechanical properties regulate TGFg-
induced transcription factor signaling to control EMT.
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5.2 RhoA/ROCK

Rho GTPase signaling regulates cytoskeletal organization and cellular processes,
including adhesion, motility, and transcription factor translocation [160]. Misregu-
lation of Rho GTPase signal transduction occurs in cancer and is associated with
metastasis and chemoresistance [161, 162]. TGFB1 treatment increases RhoA and
Rho kinase activity in normal murine mammary gland (NMuMG) and MCF10CA1h
cells, as well as Cdc42-GTP activity in PC-3U human prostate cancer cells [153,
154, 163]. Following treatment with TGFf1, mouse mammary epithelial cells lose
cortical actin structures and exhibit an increase in the number, width, and length of
actin filaments [96]. Expression of a dominant negative RhoA prevents TGFp1-
induced cytoskeletal rearrangements, morphology changes, and gene expression
changes, suggesting that RhoA is required for TGFp to induce EMT [154]. Studies
have also shown that treatment of mouse embryonic fibroblasts with Y27632,
a ROCK inhibitor, prevents the cells from undergoing TGFg-induced oncogenic
transformation [164]. Furthermore, in PC-3U human prostate cancer cells, TGFg1
treatment induces actin reorganization and stress fiber formation, both of which
are blocked by treatment with Y27632 or HA-1077 [163]. Together, these findings
suggest that RhoA/ROCK signaling plays an essential role in mediating cytoskeletal
rearrangements and gene expression changes in response to TGFp.

Changes in the mechanical properties of the tumor microenvironment can be
sensed by cells and can promote changes in cytoskeletal signaling pathways
including RhoA/ROCK signaling. Figure 7 shows human colonic fibroblasts that
were cultured on 4.3 kPa or 28 kPa polyacrylamide substrates to mimic normal or
fibrotic intestinal tissue [165]. Cells cultured on the 28 kPa, but not the 4.3 kPa,
substrates form actin stress fibers and exhibit mature focal adhesions. Y27632
treatment prevents actin stress fiber and mature focal adhesion formation in cells
cultured on both 4.3 kPa and 28 kPa substrates. Y27632 treatment also prevents
stiffness-induced increase in myosin light chain kinase (MLCK; MYLK) gene
expression, suggesting that RhoA/ROCK signaling and cytoskeletal reorganization
are sensitive to mechanical cues [165]. Furthermore, human lung fibroblasts,
cultured on 21 kPa substrates, have higher F-actin levels, increased production
of RhoA, increased activity of RhoA/ROCK, and higher levels of phosphorylated
MLC compared to cells cultured on 0.52 kPa substrates [166]. Y27632 treatment
decreased F-actin levels in cells cultured on 21 kPa substrates down to the levels
seen on .52 kPa substrates and prevented aSMA-containing stress fiber formation.
These findings suggest that increases in the stiffness of the microenvironment that
are associated with tumor progression mediate changes in gene expression and
increased contractility of fibroblasts.

Rho/ROCK signaling during TGFp-induced EMT is also regulated by the
mechanical properties of the microenvironment. Mouse mammary epithelial cells
cultured on 6.3 kPa substrata that mimic the mechanical properties of an average
breast tumor, undergo EMT in response to TGFp1 and exhibit a decrease in the
expression of the epithelial marker E-cadherin and an increase in stress fiber
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Fig. 7 RhoA/ROCK signaling and matrix stiffness regulate stress fiber formation and gene
expression in human colonic fibroblasts. Human colonic fibroblasts were cultured on soft (4.3 kPa)
polyacrylamide substrates to mimic normal intestinal tissue or stiff (28 kPa) substrates to mimic
fibrotic intestine. (A) Y27632 (33 uM) treatment prevents mature focal adhesion formation and
actin stress fiber formation as visualized by staining for vinculin (red) and with phalloidin (green),
respectively. Cell nuclei are shown in blue. (B) Myosin light chain kinase (MYLK) mRNA
expression in fibroblasts increases as a function of the stiffness of the microenvironment. Treatment
of cells with Y27632 attenuates MYLK gene expression changes. (Johnson, Laura A.; Rodansky,
Eva S., Novel Rho/MRTF/SRF inhibitors block matrix-stiffness and TGF-B-induced fibrogenesis in
human colonic myofibroblasts, Inflammatory Bowel Diseases, 2013, 20, 1, 154165, by permission
of Oxford University Press)

formation and the expression of mesenchymal markers including aSMA [21]. In
contrast, cells cultured on 0.3 kPa substrata that mimic the mechanical properties
of normal breast tissue, maintain cortical actin architecture and are refractive to
TGFp1. Treatment of cells cultured on 6.3 kPa substrata with Y27632 attenuates
stress fiber formation and blocks gene expression changes associated with TGFp1-
induced EMT [21]. Similar results have also been observed for alveolar type II cells
and kidney epithelial cells [50, 143, 167]. The above findings highlight the close
cooperation between mechanics, TGFp, and RhoA/ROCK signaling that together
regulate cytoskeletal reorganization and EMT.

5.3 Integrin-Linked Kinase

Integrin-linked kinase (ILK), an intracellular protein that interacts with the cyto-
plasmic domains of integrins B1 and B3 [168], is a key signaling molecule in
cancer. PINCHI, an adaptor protein, binds to ILK, facilitating its localization to
focal adhesions where ILK can also interact with the actin cytoskeleton to mediate
cell-extracellular matrix communication and mechanotransduction [169]. PINCH1
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and ILK regulate cell behaviors that are often influenced by ECM mechanics,
including cell growth and motility, as well as cancer progression [170, 171]. Indeed,
ILK expression and activity have been associated with tumor cell proliferation and
invasion and shorter survival in cancer [172-177].

Studies have demonstrated that TGFB1 can promote upregulation of the expres-
sion of ILK in some cell types, including melanoma and lung cancer cells, and
that ILK plays an important role in the regulation of TGFp1-induced EMT [155,
178-180]. In A549 lung carcinoma cells, TGFB1 upregulates ILK expression
through a Smad2/3-dependent mechanism and downregulation of ILK attenuates
TGFp1-induced expression of vimentin, but does not restore E-cadherin expression
[180]. In normal mammary epithelial cells, ILK inhibition prevents TGFp1-induced
EMT and cell migration, while in MDA-MB-231 breast cancer cells, which
exhibit high metastatic potential, ILK inhibition reduces cell migration and aSMA
expression and partially rescues E-cadherin expression [155]. ILK also mediates
TGFB1-induced alterations in matrix properties. In renal tubular epithelial cells,
overexpression of ILK upregulates fibronectin, PAI-1, MMP-2, and avf integrins,
which are important for promoting latent TGFB1 activation and for remodeling of
the ECM [181].

ILK also regulates the secretion of latent TGFp by fibroblasts, which are one of
the major sources of TGFp in the tumor microenvironment. ILK-deficient mouse
fibroblasts produce lower levels of total and active TGFf1 and exhibit reduced
aSMA levels compared to fibroblasts containing ILK [182]. Decreased extracellular
TGFB1 levels are not attributed to differences in transcription, but arise due to
decreased secretion of TGFg1. Exogenous TGFB1 was found to restore aSMA
expression and Smad2 phosphorylation in ILK-deficient cells. Further studies
have also shown that silencing of ILK in human fibroblasts results in reduced
secretion of TGFB1, which is mediated in part by RhoA/ROCK signaling [183].
Disruption of ILK reduces its interactions with and the activity of the RhoGAP
ARHGAP26, which catalyzes Rho-GTP hydrolysis. Inhibiting ARHGAP26 reduces
TGFB1 secretion, suggesting that ARHGAP26 and ILK both play important roles
in TGFB1 secretion by fibroblasts.

Given that ILK associates with focal adhesions, it can act as a mechanotransducer
to relay microenvironmental mechanical cues to the cell nucleus to regulate TGFg-
induced EMT. Recent studies show that stiff and hypoxic microenvironments, which
are characteristic of tumors, promote the development of breast cancer stem-cells
through regulation of ILK [184]. Human and mouse mammary carcinoma cells
cultured on 4 kPa substrata had enhanced expression of Bl integrin and ILK in
comparison to cells cultured on 0.13 kPa substrata, with hypoxic conditions further
enhancing the expression. Depleting ILK abrogated the formation of breast cancer
stem cell properties for cells on stiff substrates and under hypoxic conditions. It was
determined that the activation of the PI3K/Akt signaling pathway is necessary for
the ILK-dependent acquisition of breast cancer stem cell properties. ILK has also
been found to regulate the switch between apoptosis and EMT in response to TGFp 1
and matrix stiffness [185]. Normal murine mouse mammary gland (NMuMG)
epithelial cells cultured on polyacrylamide substrates with elastic moduli greater
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than 5 kPa undergo EMT following TGFP1 treatment, while cells cultured on 0.4
and 1.0 kPa polyacrylamide substrates undergo apoptosis [50]. ILK knockdown
results in apoptosis in cells cultured on both 0.13 and 4 kPa substrata following
TGFB1 stimulation [185]. ILK knockdown also promotes a decrease in focal
adhesions and an increase in cell-cell adhesions in this system, suggesting a
mechanism by which ILK regulates cell fate downstream of TGFp1.

5.4 Myocardin-Related Transcription Factors

The myocardin-related transcription factors, MRTF-A (MKL1) and MRTF-B
(MKL2), play a critical role in transducing mechanical signals through the cell
cytoplasm to the nucleus and in activating serum response factor (SRF)-dependent
transcription [186]. The activity and nuclear localization of MRTF-A is regulated in
part by its association with monomeric G-actin. MRTF-A localizes predominantly
to the cytoplasm when the level of G-actin is high in cells, which can be promoted
by several conditions, including by inhibiting RhoA, by treatment with an actin
depolymerizing drug latrunculin, or by culture of cells on soft substrata. In contrast,
actin polymerization leads to disruption of the interaction between MRTF-A and
monomeric actin and to increased nuclear accumulation of MRTF-A where it can
regulate gene expression [187, 188]. Shuttling of MRTF-A between the nucleus
and the cytoplasm is also regulated by the phosphorylation state of various residues
of MRTF-A [189, 190]. For example, ERK mediates phosphorylation of MRTF-A
at Ser33, Ser98, and Ser454, each of which have differential impacts on MRTF-A
subcellular localization [189, 191]. Phosphorylation of Ser98 promotes nuclear
accumulation of MRTF-A, while phosphorylation of Ser33 and Ser454 promotes
cytosolic localization [191]. Thus, MRTFs can be regulated by both chemical and
mechanical signals from the cellular microenvironment.

MRTFs contribute to developmental processes and tissue homeostasis, including
muscle cell differentiation and cardiovascular development [192, 193], and recent
studies have also identified roles for MRTFs in cancer [194, 195]. Pancreatic
cancer tissues show higher expression levels of MRTF-A and MRTF-B than non-
neoplastic pancreas tissues, and increased MRTF-A and MRTF-B expression in
pancreatic cancer cells promotes EMT, which is accompanied by a decrease in E-
cadherin and an increase in vimentin, fibronectin, and N-cadherin expression and
cancer stem cell-like traits [195]. Furthermore, increasing evidence suggests that
MRTFs play important roles in cancer cell migration, invasion, and metastasis by
controlling cytoskeletal dynamics [194]. MRTF-A expression is higher in metastatic
anaplastic thyroid cancer tissues than in matched primary thyroid cancer tissues,
while no differences in MRTF-A levels are detected between primary cancer tissues
and normal thyroid tissues, suggesting a role for MRTF-A in metastasis [196].
Indeed, overexpression of MRTF-A in thyroid cancer cells promotes increased
motility and invasion as measured by wound healing and transwell invasion assays,
while knockdown of MRTF-A reduces motility and invasion. Increased MRTF-A
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expression also leads to an increase in migration of MCF7 breast cancer cells [197]
and promotes migration, invasion, and lung metastasis in 4T1 breast cancer cells
[198]. Furthermore, knockdown of MRTF-A reduces cell migration in MDA-MB-
231 breast cancer cells and B16 mouse melanoma cells in vitro and in vivo [194].

Recent evidence supports a role for MRTFs in regulation of the development of
CAFs and in remodeling of the tumor microenvironment by CAFs. MRTF-A has
been shown to regulate differentiation of mesenchymal stem cells (MSCs) toward a
CAF phenotype in vitro and in vivo [199]. Treatment of MSCs with TGF1 or tumor
conditioned medium from HCT8 colorectal carcinoma cells promotes increased
expression of aSMA, calponin 1, and collagen 1A1, and knockdown of MRTF-A
results in a decrease of aSMA and calponin 1 expression in vitro. Furthermore,
knockdown of MRTF-A in MSCs, which impairs their ability to fully differentiate
into CAFs, promotes a reduction in tumor size in a mouse HCTS8 xenograft in vivo.
Knockdown of MRTF-A/B in TGFp1-differentiated myofibroblasts also leads to
a reduction in the expression of hl-calponin, aSMA, and vinculin and a decrease
in contractile force generation [200]. In lung fibroblasts, MRTF-A knockdown
promotes a decrease in mRNA levels of type I collagen (COL1A2), suggesting a
role for MRTF-A in regulation of matrix deposition [201].

Various studies have also examined the regulation of MRTF signaling in
myofibroblasts as a function of matrix stiffness, which is particularly important in
the context of the tumor microenvironment because CAFs exhibit myofibroblast-
like properties and modulate matrix properties. Increased matrix stiffness promotes
nuclear import of MRTF-A in normal human lung fibroblasts and normal human
colonic fibroblasts [165, 166]. Nuclear localization of MRTF-A in fibroblasts
cultured on 21 kPa substrata correlates with higher F-actin levels in cells as well as
higher expression levels of aSMA in comparison to cells cultured on 0.52 kPa sub-
strata [166]. Furthermore, primary lung fibroblasts isolated from MRTF-A knockout
mice (MKL17") are refractive to stiffness-induced differentiation to a myofibroblast
phenotype [166]. Pharmacological inhibition of MRTF-A in colonic fibroblasts
promotes cytosolic localization of MRTF-A and attenuates matrix stiffness-induced
and TGFp1-induced aSMA and type I collagen expression [165]. Cells can also
experience mechanical compressive stresses within the tumor microenvironment,
and a recent study demonstrated that NIH3T3 fibroblasts have a decrease in nuclear
localization of MRTF-A in response to compressive force [202]. These findings
suggest that mechanical cues found in the tumor microenvironment impact the
subcellular localization and activity of MRTFs in myofibroblasts and CAFs and
signaling through the MRTF pathway enables these cells to modulate the chemical
and mechanical properties of the tumor microenvironment.

Several studies have shown that an increase in matrix stiffness, which is a
hallmark of some tumor microenvironments, also regulates MRTF signaling in
the context of EMT. TGFp1-treated mammary epithelial cells cultured on 6.3 kPa
substrata, which mimic the mechanical properties of the average breast tumor, show
downregulation of E-cadherin, upregulation of the mesenchymal marker aSMA,
enhanced filamentous actin levels, and MRTF-A localization predominantly to the
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nucleus [21]. In contrast, cells cultured on 0.3 kPa substrata, which mimic the
mechanical properties of normal breast tissue, are refractive to TGFp1-induced
EMT and show cytosolic localization of MRTF-A (Fig. 8). Expression of a dominant
negative MRTF-A construct, lacking the transcriptional activation domain, reduces
the percentage of cells expressing aSMA in response to TGFB1. Furthermore,
when osteosarcoma MG63 cells are cultured on 34 kPa substrata, the cells exhibit
higher levels of filamentous actin, enhanced nuclear accumulation of MRTF-A, and
enhanced migration in comparison to when the cells are cultured on 2 kPa substrata,
and inhibition of MRTF-A abrogates EMT-related behaviors on stiff substrata [203].

Cancer cells located along the invasive fronts of tumors display EMT-like prop-
erties including changes in E-cadherin expression [204, 205]. Disparities between
cells located at the invasion fronts of tumors in comparison to cells located within
the interior regions of tumors may arise in part due to differences in the levels of
mechanical stress experienced by the cells found at different spatial locations within
the tumor. Mechanical stress in tissues is propagated through cell—cell adhesions
and regions of maximal stress are defined by the tissue geometry. Spatial patterning
of EMT arises in two-dimensional sheets of mammary epithelial cells following
treatment with TGFB1 [206]. As shown in Fig. 8, cells located along the edges
of epithelial sheets and in regions of the tissue that experience high mechanical
stress, show decreased E-cadherin expression, increased expression of mesenchymal
markers including aSMA, and nuclear localization of MRTF-A. In contrast, cells
found within the interior region of the tissue have cytosolic localization of MRTF-A
and are refractive to TGFp1-induced EMT. Thus, tumor geometry and gradients in
mechanical stress within the tumor may impact cell response to TGF.

During metastasis, cancer cells migrate and invade through confined microenvi-
ronments, and cells oftentimes undergo dramatic shape changes to efficiently invade
surrounding tissues [207, 208]. Examination of differences in cell shape between
invasive osteosarcoma cells and their less invasive parental type demonstrates that
highly metastatic cells display a more mesenchymal-like morphology characterized
by increased cell elongation and aspect ratio [209]. In the context of TGFp1-induced
EMT, cell shape can also regulate the expression of mesenchymal markers, with
increased cell spreading and increased cell elongation promoting the expression
of aSMA [210]. Restricting cell spreading significantly decreases the percentage
of TGFB1-treated cells with nuclear localized MRTF-A and this is accompanied
by a reduction in the percentage of cells expressing mesenchymal markers aSMA,
caldesmon, and tropomyosin as compared to TGFp1-treated cells that are cultured
on large protein micropatterns which allow for the cells to spread. Furthermore,
knockdown of MRTF-A suppresses the expression of aSMA in TGFg 1-treated cells
even when cells are permitted to spread on the underlying substratum. In summary,
MRTF signaling is regulated by a combination of TGFp and a variety of mechanical
cues presented to cells.
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Fig. 8 MRTF-A regulates TGFp-induced epithelial-mesenchymal transition in response to matrix
stiffness and mechanical stress gradients. (A) Immunofluorescence staining for nuclei, MRTF-
A, and aSMA (green) in normal murine mammary gland (NMuMG) epithelial cells cultured
on fibronectin-coated soft (300 Pa) and stiff (6300 Pa) polyacrylamide substrata in the presence
and absence of TGFB1. Scale bars: 20 pm. (B) Quantification of the percentage of cells with
nuclear (N), pancellular (N/C), and cytoplasmic (C) MRTF-A as a function of matrix stiffness
and TGF1 treatment reveals MRTF-A predominantly localizes to the nucleus in TGFg1-treated
cells cultured on stiff matrix. **p < 0.01. TGFB1-induced EMT occurs in regions of tissues
that exhibit high mechanical stress. (C) Staining for aSMA (green), cytokeratin (red), and DNA
(blue) following induction of EMT by TGFg1. (D, E) Frequency map shows that cells that
express aSMA are located in regions of the tissue that are predicted by finite element method
modeling to have higher mechanical stresses. Scale bars: 50 wm. (F) Staining for FLAG-tagged
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5.5 Hippo Pathway

The Hippo pathway regulates cell growth and differentiation and dysregulation
of signaling effectors of this pathway contributes to cancer progression [211,
212]. Yes-associated protein (YAP) and transcriptional coactivator with PDZ bind-
ing motif (TAZ), key coactivators of the Hippo pathway, interact with Smad
transcription factors of the TGFP signaling pathway [213, 214]. TGFp1-induced
tumorigenic activity in MDA-MB-231 cells is mediated in part by YAP/TAZ,
Smad?2/3, and TEAD family transcription factors that interact to regulate genes such
as NEGR1, CTGF, and UCA1 [213]. Knockdown of YAP/TAZ reduces TGFp1-
induced mammosphere formation, cell migration, and invasion of human breast
cancer cells. TGFP1 treatment induces TAZ nuclear localization in oral squamous
carcinoma cells, and TAZ knockdown prevents TGFp 1-induced loss of E-cadherin
and gain of vimentin in Cal27 and HN6 oral cancer cells [215]. TAZ knockdown
also reduces cancer stem cell colony formation in oral cancer cells. Together, these
findings suggest a role for YAP/TAZ in TGFB-induced EMT and acquisition of
cancer stem cell properties.

Studies have revealed that YAP and TAZ cooperate with MRTF-A to regulate
cell response to TGFP signaling [216-218]. In fibroblasts and epithelial cells,
TGFpB can induce TAZ expression [218]. TGFP1 treatment stimulates MRTF-
A transcriptional activity, and chromatin immunoprecipitation experiments have
confirmed that MRTF-A interacts with the TAZ promoter, which leads to an increase
in TAZ expression [218]. TAZ has also been shown to regulate TGFp1-induced
EMT along wound sites, where TAZ and MRTF-A colocalize to the nucleus in cells
at the wound edge but to the cytoplasm in cells within the interior intact region of the
tissue [217]. Downregulation of TAZ prevents TGFp1-induced aSMA expression
in cells located along the wound edge. These findings imply an important role for
YAP/TAZ and MRTF-A in regulation of EMT along wound sites. Further studies
are needed to determine how these transcription factors may act cooperatively to
regulate behaviors of tumor cells that are located at the invasion fronts of tumors.

YAP/TAZ signaling is also regulated by mechanical cues, including confinement
and matrix stiffness [219], and mechanical regulation of YAP/TAZ has implications
for both tumor cells and CAFs. High expression of YAP and ILK are associated
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Fig. 8 (continued) MRTF-A (red) and aSMA (green), and frequency maps for (G) nuclear
localized MRTF-A and (H) aSMA reveal that the spatial distribution of aSMA expression
correlates with nuclear localized MRTF-A within the tissue. Scale bars: 25 pm. (Figures adapted
with permission from O’Connor, J.W., Riley, P.N., Nalluri, S.M., Ashar, PK., & Gomez, E.W.
(2015), Matrix rigidity mediates TGFB1-induced epithelial-myofibroblast transition by controlling
cytoskeletal organization and MRTF-A localization. Journal of Cellular Physiology, 230(8), 1829—
1839. © 2014 Wiley Periodicals, Inc. Figures adapted with permission from Gomez, E.W., Chen,
Q.K., Gjorevski, N., & Nelson, C.M. (2010), Tissue geometry patterns epithelial-mesenchymal
transition via intercellular mechanotransduction. Journal of Cellular Biochemistry, 110(1), 44-51.
© 2010 Wiley-Liss, Inc)
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with poor outcomes in breast cancer patients, and drug resistance correlates with
YAP expression [220]. Overexpression of YAP induces EMT in MCF10A normal
mammary gland cells, and promotes an increase in fibronectin, vimentin, and
N-cadherin expression and a decrease in E-cadherin and occludin expression
[221]. When MDA-MB-231 breast cancer cells are cultured on 38 kPa substrates,
compared to 10 kPa or 57 kPa substrates, the cells show increased ILK expression,
enhanced YAP nuclear localization and activity, and reduced uptake of doxorubicin,
suggesting drug resistance [220]. Pharmacological inhibition of ILK revealed that
ILK acts upstream of YAP to mediate matrix stiffness-regulated drug resistance. As
shown in Fig. 9, pancreatic tumor cells also exhibit increased nuclear localization of
YAP and TAZ with increasing matrix stiffness, and this correlates with increased
EMT and chemoresistance [222]. In the context of fibroblasts, renal fibroblasts
cultured on 100 kPa substrata, show increased Smad2/3 nuclear localization and
Smad transcriptional activity in comparison to when the cells are cultured on 2 kPa
substrata [223]. Smad2/3 nuclear localization and activity correlate with YAP/TAZ
localization to the nucleus in cells cultured on the stiff substrata. YAP and TAZ also
localize to the nucleus in fibroblasts derived from lung tissue when the cells are
cultured on 25 kPa substrata that mimic the mechanical properties of fibrotic lung
lesions, but not on 0.4 kPa substrata that mimic the mechanical properties of normal
lung tissue [224]. Downregulation of YAP and TAZ attenuates stiffness-induced cell
spreading, actin polymerization, collagen I expression, and traction forces exerted
by lung fibroblasts. These findings together suggest that mechanical properties of
the microenvironment influence YAP/TAZ signal transduction and impact tumor
cell EMT and drug resistance as well as the activity of fibroblasts and their ability
to remodel the matrix via protein deposition and exertion of force.

6 Effect of Matrix Dimension on TGFg-Induced EMT

Most in vitro experiments investigating TGFp-induced EMT have been performed
in two-dimensional (2D) culture, but there is growing interest in three-dimensional
(3D) cell culture, which better mimics properties of the tumor microenvironment.
Gene expression profiling of cells from multiple types of breast cancer determined
that genes that encode proteins involved in signal transduction, such as ITGB1, the
gene that encodes for $1-integrin which is required for TGFp1-induced EMT [225],
are differentially expressed in cells grown in 2D compared to 3D environments, and
resistance to chemotherapeutic agents is increased in 3D cultures [226]. Cells can
be cultured in 3D spheroids, scaffolds, organoids, and microfluidic devices to more
closely mimic the in vivo tumor environment. These 3D cultures can incorporate
cell—cell and cell-ECM interactions, as well as hypoxic centers and oxygen and
nutrient gradients that are present in tumors [227, 228].

A better understanding of cell behavior in 3D during mammary gland devel-
opment could provide insights into how breast tumors form and progress. Hence,
efforts have been made to study branching morphogenesis, a process required
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Fig. 9 Matrix stiffness regulates YAP/TAZ nuclear localization in pancreatic cancer cells. (A)
Pancreatic cancer cells, BxPC-3 (mostly epithelial), AsPC-1 (some metastases), and Suit2-007
(highly mesenchymal), were cultured on polyacrylamide hydrogels with varying stiffnesses.
Localization of YAP/TAZ (green) and filamentous actin as visualized by staining with phalloidin
(red). The cell nuclei are shown in blue. (B) YAP and (C) TAZ nuclear localization increases with
increasing stiffness. Data represent mean £ s.e.m. *p < 0.05, **p < 0.01. (Figures adapted with
permission from Rice, A.J., Cortes, E., Lachowski, D., Cheung, B.C.H., Karim, S.A., Morton, J.P.,
& Del Rio Herndndez, A. (2017). Matrix stiffness induces epithelial-mesenchymal transition and
promotes chemoresistance in pancreatic cancer cells. Oncogenesis, 6(7), €352)

for normal mammary gland formation where EMT occurs at branch tips to
enable invasion into the ECM and organ development. Geometric constraints in
3D regulate branching morphogenesis; normal mouse mammary epithelial cells
(EpH4) embedded in micropatterned collagen tubules show increased vimentin gene
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promoter activity in cells positioned at the tips of the microfabricated tubules where
branching occurs. Branching position depends on the geometry of the tubule, and
branching is promoted in regions of the tubule that experience high mechanical
stress. TGFP overexpression inhibits branching, and blocking TGFf results in
uniform branching from tubules suggesting an important role for TGFp signaling
in patterning branching morphogenesis [229].

Similar to what has been observed in 2D cell culture, mechanical cues regulate
cell migration and cell signaling in 3D. MRTF-A localized to the nucleus in normal
EpH4 mouse mammary epithelial cells cultured in 3D collagen matrices at the tips
of micropatterned tubules, and inhibiting cell contractility reduced cell migration
and MRTF-A nuclear localization [230], similar to what has been found during
TGFB-induced EMT in 2D [206, 231, 232]. Focal adhesion assembly, an event
that occurs during TGFB-induced EMT, requires a stiff matrix in both 2D and 3D;
mammary epithelial cells could phosphorylate FAKpY397 and recruit vinculin to
integrin adhesions when cultured on 1-2 GPa 2D tissue culture plastic and 1200 Pa
3D collagen gels, but not on 175 Pa 3D collagen gels [8]. It is not yet fully clear
how cell signaling in response to mechanical changes differs, or remains similar, in
2D and 3D cell culture models and further studies are needed to determine the role
of substrate dimension in regulation of cell behavior.

TGFB signaling and EMT progression differ in 2D and 3D culture and depend
on cell type. Some studies suggest that cells may undergo TGFp-induced EMT
more efficiently in 3D tumor models. For instance, TGFf signaling is upregulated
in ovarian and endometrial cancer cells when cultured in 3D compared to 2D
[233-235]. Epithelial marks, such as E-cadherin, decrease and mesenchymal marks
increase in SKOV3 and CAOV3 ovarian cancer and A549 non-small cell lung cancer
cells cultured in 3D spheroids compared to cells cultured on 2D tissue culture plastic
[233, 236]. Furthermore, when cultured in 3D collagen I scaffolds, OV-NC and OV-
206 invasive ovarian cancer cells form spheroids, have decreased E-cadherin levels,
and increased levels of mesenchymal markers compared to 2D. However, OV-206
cells have significantly higher levels of mesenchymal markers compared to OV-NC
cultured in 3D [235]. In contrast, other studies suggest that E-cadherin reduction and
stress fiber formation are more prominent in cells cultured in 2D compared to 3D.
Indeed, LK1108 and LK0902 head and neck squamous carcinoma cells have higher
levels of E-cadherin and lower levels of vimentin when cultured in anchorage-
independent 3D spheroids compared to on 2D tissue culture plates [237]. Following
TGFp treatment, human adenocarcinoma stomach cells (MKN-1) cultured on 2D
tissue culture plastic form robust actin stress fibers, while cells cultured in 3D type
I collagen gels have peripheral actin filaments [238]. Thus, substrate dimension
exhibits differential effects on TGFf signaling and EMT phenotypic changes in
cells from different types of tumors. While 3D cell culture models show promise
in more closely mimicking the in vivo tumor microenvironment, further studies
are needed to elucidate how the dimensionality of culture systems regulates TGFg-
induced EMT.
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7 Targeting TGFB-Associated Mechanoresponsive Pathways
for Treatment of Cancer

Due to the critical regulatory roles of TGFp in cancer development and metastasis,
much effort has been directed toward identifying and designing novel therapies
to target TGFP signaling. However, because TGFp is also important for tissue
homeostasis and development, targeting TGFp directly is challenging due to
potential off-target effects on normal tissue functions. Investigators have developed
a number of receptor kinase inhibitors, small molecule inhibitors, monoclonal
antibodies, ligand traps, and antisense oligonucleotides to target the TGFp path-
way, as previously reviewed [239]. Other approaches that may prove fruitful as
cancer therapies include targeting CAFs, matrix remodeling, activation of TGFg,
and TGFp-induced mechanoresponsive signaling cascades. Indeed, avf6 integrin
monoclonal antibodies, which block activation of TGFp from its latent complex,
have been shown to reduce tumor cell invasiveness and prevent xenograft tumor
growth in vivo [240, 241]. Anti-fibrotic drugs such as Transilast and Pirfenidone
have also been shown to decrease expression of collagen, leading to enhancement
in the efficacy of chemotherapeutic drugs such as doxorubicin [242, 243]. Inhibition
of LOX, using a LOX-blocking antibody, decreases pancreatic cancer migration,
decreases fibrillar collagen levels, and abrogates metastasis in a mouse tumor model
[244]. In addition, several inhibitors targeting the Rho/MRTF/SRF pathway have
been developed and tested in various cancer models and have shown efficacy in
blocking aspects of EMT, reducing the viability of CAFs, and in preventing cancer
cell proliferation and invasion [245-248]. As such, methods to target biophysical
aspects of the tumor microenvironment and cell response to these mechanical
properties may prove to be viable approaches for blocking TGFp-mediated cancer
progression.

8 Summary

TGEFB is highly expressed in many cancers and it mediates both the development
and function of resident cells of the tumor microenvironment, including CAFs and
tumor cells. During cancer progression, the biochemical and physical properties
of the tumor stroma change dynamically, with increases in collagen levels and
alignment that are accompanied by variations in the mechanics of the tumor and
surrounding matrix. These changes in mechanical properties can impact TGFp
activation by CAFs and tumor cells as well as signaling cascades downstream
of TGFp including Rho/ROCK, ILK, MRTF, and YAP/TAZ to facilitate EMT,
metastasis, and chemoresistance. Future experiments using technologies such as
single-cell RNA sequencing along with in vivo tumor models and biophysical
characterization of cell phenotypes can assist with further defining the properties
of CAFs, cancer cells, and other cell types in the tumor microenvironment. Efforts
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can also be directed toward the development of biomaterials and cell culture systems
that more closely mimic the in vivo tumor environment. Further examination of the
role of biophysical properties of the tumor and surrounding stroma in the regulation
of TGFB, CAFs, and tumor cells will provide mechanistic insight into how TGFp
orchestrates tumor growth, cancer cell invasion, and therapy resistance.
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significant subpopulation heterogeneity, where subsets can exhibit either pro-
tumor or anti-tumor functions. In the clinic, high TAM infiltration correlates with
aggressive breast cancer; this is supported by multiple preclinical studies that
demonstrate the effects of TAMs on tumor progression, metastasis, drug resistance,
and tumor recurrence. Hence, there is a strong interest to therapeutically target
the pro-tumor function of TAMs. The extracellular matrix (ECM) is an integral
component of the tumor microenvironment; it modulates cell motility, proliferation,
and survival, while also impacting transport of paracrine signaling molecules or
therapeutic agents due to the physical tissue microarchitecture. Here, we describe
how ECM remodeling in the breast tumor microenvironment regulates macrophage
recruitment and polarization via a complex cancer cell-TAM crosstalk during tumor
progression. We also introduce bioengineering approaches to precisely control cell—
matrix interactions in 3D environments and study cancer—macrophage dynamics.
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1 Introduction

Macrophages that have been recruited to the tumor microenvironment convert into
tumor-associated macrophages (TAMs) and can be classified into subpopulations
along a spectrum with differential effects on tumor progression [1]. On one end
of the spectrum are the pro-tumorigenic “alternatively activated” TAMs (M2 like)
that establish an immunosuppressive microenvironment [2], and on the other end
are the anti-tumorigenic “classically activated” (M1 like) TAMs [1]. A majority
of TAMs in breast tumors acquire an M2-like phenotype driven by tumor-secreted
factors [3]. In the clinic, a high ratio of M2-like TAMs to M1-like TAMs has
been associated with poor breast cancer patient outcomes [4]. Furthermore, TAM-
rich microenvironments have been linked with increased invasion of cancer cells
through ECM remodeling [5], new blood vessel formation through secretion of pro-
angiogenic factors [6], impaired endothelial barrier function that supports cancer
cell intravasation [7], and suppressed cytotoxic T cell function [8].

The tumor-promoting role of TAMs has motivated the development of various
therapeutic approaches targeting TAM function that can be classified into the
following categories: (1) blockade of TAM recruitment by targeting paracrine
signals (e.g., CCL2) driving chemotaxis [9], (2) depletion of TAMs by inhibiting
key survival regulators (e.g., CSFIR) [10], (3) repolarization of M2-like TAMs
toward an anti-tumorigenic M1-like phenotype using pharmacological approaches
(e.g., BRD4 inhibitors) [11], (4) activation of costimulatory receptor CD40 to
promote macrophage-T cell immunostimulatory crosstalk [12], and (5) regulation
of the CD47 phagocytic checkpoint to increase TAM tumoricidal activity [13].
A better understanding of how TAMs evolve during tumor progression and the
interactions between TAM subpopulations is necessary to improve the efficacy of
macrophage-targeted therapeutic approaches [14]. The heterogeneity and plasticity
of TAM subpopulations that are impacted by the complexity of the biochemical
and biophysical factors in the tumor microenvironment remain major challenges.
Specifically, the extracellular matrix (ECM) is a key dynamic component of the
tumor microenvironment that is remodeled during breast cancer progression. This
remodeling includes synthesis of ECM proteins, cellular-force-mediated alignment,
and expression of proteolytic enzymes that alter ECM stiffness and microstructure,
while also impacting cytokine transport (diffusion and binding) [15]. The local
remodeling of the ECM 3D networks regulates macrophage function including
migration [16], polarization [17], proliferation [18], and phagocytic activity [19].
Despite progress in characterizing macrophage gene expression programs and
changes during tumor progression, the mechanisms regulating the interactions
between macrophage recruitment, conversion toward a pro-tumor TAM phenotype,
and ECM matrix microarchitecture in physiologically relevant 3D breast tumor
microenvironments are poorly defined.

In this chapter, we review the role of matrix remodeling in regulating TAM
infiltration in breast cancer with a focus on bioengineered model systems, in
vivo findings, and bioinformatic approaches. First, we present mechanisms of 3D
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macrophage migration and introduce recent experimental studies on how matrix
remodeling regulates cancer cell-macrophage dynamics. We also discuss in vitro
approaches, which modulate individual structural components and enable novel
measurements of biophysical cell-matrix interactions, to precisely engineer the
ECM architecture and dissect the complexity of the in vivo matrix. Finally,
we introduce bioinformatic approaches to discover ECM- and TAM-gene signa-
tures expressed in breast tumors. In summary, these quantitative bioengineering
approaches provide unique opportunities to improve our understanding of breast
cancer-TAM crosstalk in a dynamically changing microenvironment, develop
biomarkers of tumor progression and therapy response, and prioritize new thera-
peutic target development.

2 Macrophage Recruitment in Breast Tumors

Increased macrophage density in tumors can be driven via differentiation of
monocytes trafficking from the bone marrow and/or proliferation of tissue-resident
macrophages [20]. Several animal studies have shown that the major source of
TAMs in solid tumors is bone marrow—derived monocytes [21, 22]. During tumor
progression, circulating monocytes extravasate from blood vessels and differentiate
to TAMs in the breast tumor microenvironment (Fig. 1). A number of chemokine
signaling pathways have been shown to play a critical role in monocyte trafficking,
including the CCL2-CCR2 [23], CCL20-CCR®6 [24], CCL5-CCRS5 ligand-receptor
pairs [25] (The regulation and crosstalk between chemokine signaling pathways
are described in detail elsewhere [9]). Elevated levels of chemokines in the tumor
microenvironment promote monocyte adhesion to the endothelial barrier, integrin
activation (e.g., a4p1) to invade across the endothelial barrier [26], and subsequent
migration in the 3D tissue [27]. For example, tumor-derived overexpression of
the macrophage colony stimulating factor 1 (CSF1) activates CSFIR signaling
to enhance monocyte infiltration, followed by subsequent macrophage differen-
tiation and proliferation [28]. In turn, these monocyte-derived macrophages are
reprogrammed toward pro-tumorigenic M2-like TAMs that are characterized by
markers, including arginase-1 and secretion of IL-10 and TGF-b (described in detail
elsewhere [29]).

Compared to normal breast tissue, tumor ECM exhibits a higher density,
stiffness, and fiber linearization [30]. For example, breast tumor tissue stiffness
has been reported to be up to ~20 kPa depending on the tumor stage, compared
to healthy breast tissue stiffness, which is ~1.83 kPa [31]. Matrix stiffness regulates
cell-ECM adhesion via cell surface receptors (e.g., integrins) that activate signaling
cascades (e.g., PI3K) to regulate cell survival and proliferation [32]. Furthermore,
the mechanical properties of the 3D ECM can modify macrophage polarization;
macrophages cultured on high stiffness substrates exhibit pro-inflammatory phe-
notypes compared to anti-inflammatory phenotypes on softer substrates [17]. In
addition to directly stimulating intracellular signaling, ECM functions as a physical
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Fig. 1 Macrophage recruitment factors in the 3D breast tumor microenvironment. Following
adhesion on the blood vessel wall, monocytes are recruited in the subendothelial space via
chemokines such as CCL2, CCL5, and CCL20 and subsequently differentiate into macrophages.
The mechanical properties of the tumor matrix (such as ECM deposition, alignment, crosslinking,
stiffness, pore size) can regulate macrophage migration, proliferation, and polarization. (Created
with BioRender.com)

barrier for cell migration and transport of soluble factors, including chemokines,
growth factors, proteolytic enzymes, and therapeutic agents [33, 34]. Specifically,
multiple features of the tumor ECM, including fiber binding properties, enzyme-
mediated degradation (e.g., matrix metalloproteinases [MMPs]) crosslinking, and
microstructure (e.g., alignment and pore size) need to be considered when exam-
ining the direct matrix effects on both cancer cells and TAMs and the distribution
of chemokines and soluble factors that regulate cell-cell crosstalk. We illustrate
this complex interplay between macrophages and cancer cells including soluble
and biophysical factors that are impacted by dynamic ECM remodeling during the
different steps of monocyte recruitment in Fig. 1.

3 Mechanisms of Macrophage Migration in 3D
Environments

Macrophage migration efficiency through the 3D ECM is determined by the
balance of cell-matrix adhesion, cell deformability, and remodeling of the ECM
via cell-mediated contractile forces or proteolytic matrix degradation [35]. Several
studies have reported the heterogeneous migration modes in 3D matrices [36].
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Amoeboid migration largely depends on actomyosin contractility regulated by
the Rho/ROCK pathway with low cell-matrix adhesion and matrix degradation.
In this mode, macrophages do not form new migratory microtracks (Fig. 1) but
instead actively navigate the 3D ECM via cellular shape changes (e.g., blebs) and
utilize matrix passages with the least resistance [37]. The other type of migration
mode involves cellular protrusions with strong cell-matrix adhesion and proteolytic
matrix degradation. During this mode, macrophages often utilize “podosomes,”
which are actin-rich structures formed at the end of long finger-like protrusions
(often termed as “invadopodia”) and include complexes with vinculin and paxillin
[38]. Furthermore, matrix proteolytic enzymes such as matrix metalloproteinases
are enriched at podosomes and mediate localized matrix degradation [39] to form
new migratory microtracks in the 3D matrix (Fig. 1). Since cells need to degrade the
matrix to create these microtracks, this mode of migration exhibits slower migration
speeds compared to amoeboid migration [35]. Importantly, migration modes can
be plastic, where macrophages actively switch modes to achieve the most efficient
migration depending on the matrix composition and architecture [16]. Interestingly,
the migration mode can vary spatially inside a tumor, with TAMs exhibiting an
amoeboid migration mode in the tissue periphery (connective tissue), while an
MMP-mediated migration mode is engaged in the tumor core [36]. Moreover, a
hybrid mode has been described that is characterized by high cell deformability,
cellular contractile forces, and cell-matrix adhesion to create an aligned microtrack
in the matrix without proteolytic matrix degradation [35]. Taken together, these
studies highlight that local matrix architecture determines the mode of macrophage
migration, with a high degree of plasticity that enables efficient navigation in the
breast tumor microenvironment.

4 Matrix Remodeling and Cancer Cell-Macrophage
Dynamics

4.1 Tumor ECM Composition

Compared to normal breast tissue, breast tumors exhibit alterations in ECM
components, such as fibrillar collagens, fibronectin, hyaluronic acid (HA), pro-
teoglycans, and matricellular proteins such as tenascin-C [34, 40, 41]. Critically,
a high expression of these components has been associated with tumor stage and
poor prognosis in breast cancer [30, 40, 42]. Furthermore, breast tumors with
high levels of HA [43], tumor-derived tenascin-C [44], and collagen type I also
exhibit high levels of TAMs (Table 1) [45]. For example, in the transgenic PyMT
breast mouse model carrying a mutation in collagenase, an increased collagen
type I density was associated with high cyclooxygenase-2 (COX-2) expression,
elevated chemokine/cytokine levels (CCL2, CCL3, TNF-a, and IL10), and increased
macrophage numbers [45]. COX-2 inhibition using celecoxib in these spontaneous
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tumors blocked macrophage recruitment [45]. The critical role of COX-2 in
macrophage function has also been shown in the 4T1 syngeneic model, where COX-
2 inhibition impaired CSF1-induced M2 macrophage differentiation and promoted
the anti-tumor TAM function with reduced lung metastatic burden in vivo [60].

4.2 Cell-Matrix Adhesion

Cell-matrix adhesion involves multiple cell surface receptors, such as integrins,
which activate downstream signaling nodes regulating cellular contractility, matrix
proteolysis, migration, and proliferation [61]. Loss of integrin-regulatory protein
kindlin-2, which regulates integrin-dependent cell adhesion, was shown to inhibit
tumor growth and macrophage infiltration in vivo via a lower expression of cancer
cell-derived CSF1 that was dependent on a kindlin-2/TGF-B/CSF1 signaling axis
(Table 1) [46]. In addition, cancer cell-secreted CSF1 has also been shown to acti-
vate the E2F3 transcription factor in TAMs that enhanced cancer progression [50].
Specifically, loss of E2F3 in TAMs led to impaired adhesion to extracellular matrix,
cellular contractility, and migration [50]. In a recent elegant in vivo study employing
syngeneic mouse models, activation of the YAP-TAZ mechanosensing complex was
shown to regulate disabled homolog 2 mitogen-responsive phosphoprotein (DAB2)
expression in macrophages [47]. Mechanistic studies highlighted the critical role
of DAB2 in integrin recycling and 3D ECM remodeling that, in turn, enhanced
cancer cell invasion. Furthermore, an increased number of DAB2+ macrophages
were detected in breast cancer patients with a luminal B molecular subtype, and a
high DAB2 expression was associated with decreased survival in invasive lobular
carcinoma [47].

TAM-mediated matrix remodeling can also indirectly regulate matrix adhesion
of cancer cells to induce a pro-metastatic phenotype. For example, TAM-derived
secreted protein acidic and rich in cysteine (SPARC) enhanced cancer cell adhesion,
migration, and metastasis via an integrin f5—dependent mechanism [48]. Finally,
in addition to the matrix remodeling factors, TAM-derived chemokines, such
as CCLI18, can also promote breast cancer invasion via integrin clustering and
binding to the phosphatidylinositol transfer protein 3 (PITPNM3) receptor [49].
These studies suggest that cancer cells and macrophages employ direct or indirect
mechanisms involving cell-matrix adhesion in the tumor microenvironment to
regulate cell motility.

4.3 Matrix Crosslinking and Fiber Alignment

Increased matrix crosslinking and fiber alignment at the tumor invasive front have
been associated with breast tumor progression [30]. The lysyl oxidase (LOX)
family of proteins are frequently elevated in tumors [62] and regulate matrix
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crosslinking. LOX proteins modify the side chain of lysine residues in collagen and
elastin precursors, leading to a highly reactive aldehyde-derived crosslinking and
fibrillogenesis via stabilization of ECM proteins [63]. Furthermore, LOX-mediated
collagen crosslinking increases matrix stiffness [64] and activates integrin signaling
to promote cancer cell adhesion, motility, and invasion [65]. Inhibition of LOX
reduces collagen crosslinking with both direct effects on enhancing transport of
diffusible factors (e.g., chemokines or drugs) and downregulating integrin-mediated
signaling in cancer cells to prevent cancer cell survival [66]. Interestingly, LOX
secreted from cancer cells promotes the adhesion of CD11b + bone marrow—derived
monocytes to the matrix and enhances their recruitment to premetastatic sites
(Table 1) [52, 56]. TAMs can also stimulate LOX-mediated matrix crosslinking to
stiffen the matrix resulting in a sustained cancer—TAM feedback loop that enhances
metastasis via the CSFI-TGF-B1-LOX signaling axis [53]. Thus, both cancer- and
TAM-mediated effects on matrix crosslinking need to be considered to understand
the establishment of pro-metastatic breast tumor microenvironments.

In addition to crosslinking, collagen alignment in fibrils has also been associated
with increased TAM recruitment. Fibrillar collagen levels have also been reported
to increase during mammary gland involution, where changes in macrophage
number have been documented [55]. Hence, matrix alignment plays a critical
role both during tissue regeneration and malignant progression. During tumor
progression, the linearization of collagen is maximum at the tumor invasive front
resulting in the increased mechanical stiffness with a heterogeneous pattern of
mechanotransduction pathway activation associated with focal adhesions, YAP,
and growth factor receptors [30]. This spatial reorganization of matrix alignment
promotes the accumulation of infiltrating macrophages at the invasive front where
the mechanical stiffness was the highest [30, 54]. Matrix crosslinking and alignment
have been linked with chemokine secretion, whereby CCL2 overexpression in the
mammary epithelium overlaps with high collagen density, expression of LOX,
and tissue inhibitor of matrix metalloproteinases 3 (TIMP3) [51]. Elevated matrix
stiffness has also been shown to increase CSF1 expression in breast cancer cells and
recruit more macrophages [67]. Overall, these studies suggest that the spatial matrix
remodeling in the tumor microenvironment changes the mechanical ECM properties
and plays a central role in TAM recruitment.

4.4 Matrix Degradation and Formation of Microtracks That
Promote Cancer Cell and Macrophage Migration

Under conditions of 3D cellular physical confinement, where cell size is large
compared to matrix pore size, matrix proteolysis plays a critical role in facilitating
3D cell migration. The expression of proteolytic enzymes, such as MMPs, has been
shown to be higher in metastatic cancers compared to benign tumors or matched
normal breast tissue (Table 1) [68, 69]. CD11b + myeloid cells that adhere to cancer
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cell—derived collagen type IV are activated to produce MMP-2 that degrades the
matrix and, in turn, enhances both the recruitment of new bone marrow—derived
cells and tumor cell invasion [56]. Both cancer cells and infiltrating monocytes
at the invasive front express high levels of another member of the MMP family,
MMP-9, which degrades fibrillar collagens [57]. Recent studies also demonstrate
that cancer cell-mediated matrix degradation promotes TAM polarization toward
an immunosuppressive phenotype that limits anti-tumor immunity [29]. Treatment
with amino-biphosphonates has been shown to reduce MMP-9 expression, recruit
macrophages in the tumor stroma, and ultimately impair tumor growth [59]. Follow-
ing MMP-mediated proteolysis, the denatured non-fibrillar collagen fragments have
been shown to act as a chemoattractant factor and increase macrophage motility
[55]. Macrophages can, in turn, promote cancer cell invasion in an MMP-dependent
mechanism by releasing TNF-a and TGF-81 [70]. Taken together, these studies
highlight the complex interplay between cancer—TAM crosstalk in a dynamically
remodeled ECM and the establishment of bidirectional feedback loops with effects
both on chemokines and proteolytic enzymes.

Spatial analysis of matrix remodeling has shown that local MMP-mediated
matrix degradation by macrophages facilitates 3D cancer cell migration via the
formation of microtracks. These are migratory passages in a dense ECM, where
physical confinement dominates, and provide routes for fast and directional cell
migration [58]. Real-time analysis of cancer cell-macrophage dynamics in a
microfluidic device showed that macrophage-derived MMP-9 results in the forma-
tion of microtracks to subsequently promote cancer cell migration [58]. Intravital
imaging of solid tumors showed that endocytic collagen degradation is highly active
in the tumor and that TAMs originating from CCR2+ monocytes were driving
collagen degradation [71]. Macrophages expressing DAB2, which are localized
at the invasive tumor border, also contributed to this endocytic ECM degradation
and promoted breast cancer cell invasion [47]. In addition to these effects on
3D cancer migration, in vitro and in vivo studies have shown that macrophage-
mediated matrix remodeling contributes to multiple steps in the metastatic cascade
including angiogenesis, intravasation, extravasation, and metastatic outgrowth in the
secondary sites (reviewed in detail in [6, 72, 73]).

5 Bioengineering Approaches to Dissect Extracellular Matrix
Complexity and Quantify Cancer-Macrophage Dynamics

5.1 Engineering the Extracellular Matrix Structure

To dissect the in vivo complexity of the extracellular matrix, several bioengineered
technologies have been developed to independently control individual matrix
properties and investigate effects on cell adhesion, migration, and growth. Different
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technologies that can be used to modulate matrix alignment, stiffness, and pore size
are summarized in Table 2.

Fiber alignment in collagen type I hydrogels can be tuned by controlling the
levels of mechanical stress during matrix polymerization. Microfluidic devices are
an ideal platform to precisely control these mechanical forces using channels of
varying dimensions and flow rates, with a higher shear stress promoting a greater
collagen alignment [74]. Aligned collagen type I hydrogels in microfluidic chips
enhanced lymphocyte migration compared to nonaligned collagen hydrogels [75].
Breast cancer cell migration was also greater in aligned matrices [79]. Cyclic stretch
presents another approach to align collagen matrices using mechanical strain. Cyclic
stretch has also been shown to promote cellular alignment in the direction of the
applied force in a magnitude- and frequency-dependent fashion [78]. Cyclic stretch
exerted on fibronectin-coated substrates induced alignment of macrophages and
downregulated the expression of inflammatory genes, such as iNOS and ARG [89].
ECM alignment by ECM micropatterning also induced macrophage elongation and,
in turn, modulated their polarization state [77]. Fibronectin micropatterning in a
20 pm or 50 wm wide linear pattern induced greater cell shape elongation compared
to homogeneous substrates and also resulted in macrophage polarization toward
an M2-like state [77]. Finally, magnetic beads embedded in collagen hydrogels
under an externally controlled magnetic field [80] or electrospinning of anisotropic
collagen nanofibers [76] have been employed to modulate matrix linearization and
induce endothelial cell realignment.

Matrix stiffness can be controlled using various types of hydrogels such as
polyacrylamide (PA) [81], gelatin methacryloyl (GelMA) [82], and fibrin [83].
In these hydrogel systems, matrix stiffening is determined by the monomer to
crosslinker ratio or via UV exposure and photo-crosslinking. Matrix stiffness has
been shown to play a critical role on macrophage motility. Macrophages cultured
on collagen-coated polyacrylamide gels with varied stiffness exhibited amoeboid
migration on soft substrates compared to contractility-driven migration on stiff
substrates [17]. Matrix stiffness promoted the expression of the Piezo-1 ion channel
via NFkB-dependent transcription that resulted in the upregulation of inflammatory
markers such as INOS and ARGI1 [90]. Matrix stiffness also promoted CSF1
overexpression in cancer cells and macrophage recruitment. Specifically, transwell
experiments showed that a higher number of macrophages migrated toward MDA-
MB-231 cells when they were cultured on a stiffer PA gel [67]. Furthermore, fibrillar
matrices with tunable stiffness have been fabricated, by combining UV crosslinking
and electrospinning [84]. Using this method, methacrylated dextran (DexMA) fibers
with different stiffness have been aligned by electrospinning followed by exposure
to varying duration of UV light [84]. Specifically, it was shown that mesenchymal
stem cells locally modified the fiber stiffness with increased focal adhesion signaling
and cell proliferation [84].

The matrix pore size plays a key role in determining the mode of 3D cell
migration. Temperature control during collagen hydrogel polymerization has been
used to control fibril size and pore size. Modulation of the freezing rate during
fabrication of collagen—glycosaminoglycan scaffold in a freeze—dry process has
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also been shown to result in different scaffold pore sizes [88]. Another approach
involves electrospinning of a hybrid scaffold that combines synthetic materials such
as poly(3-caprolactone) (PCL) with natural materials such as gelatin, collagen, and
elastin [87]. Fiber diameter and pore size can be controlled by tuning the synthetic—
natural material mixture [87]. For example, culturing murine bone marrow—derived
macrophages on these hybrid matrices showed a correlation between increasing
scaffold pore size and expression of M2-like markers in macrophages [91]. Finally,
embedding membrane inserts with a predefined pore size between two microfluidic
channels has also been used to study cancer cell transmigration [92]. A subpopula-
tion of cancer cells that transmigrated through a pore diameter of 24 wm showed a
higher cell migration speed compared to the bulk cell population [92]. These studies
demonstrate that the ECM microstructure modulates the morphology, dynamics, and
proliferation of multiple cell types.

5.2 Quantification of Matrix Remodeling

Matrix remodeling involves complex processes including cell-matrix adhesion,
cellular contractile force generation, matrix synthesis, and degradation [93]. Impor-
tantly, these processes can be coupled via feedback loops, where proteolytically
degraded matrix components activate cellular signaling programs that further
promote remodeling via cell-generated forces [94]. Thus, real-time quantification
of cell-matrix interactions is critical for elucidating this complex bidirectional
crosstalk. Below, we describe multiple methods to characterize cell-matrix adhe-
sion, contractile forces, and matrix degradation (Fig. 2).

The strength of cell-matrix adhesion exhibits a biphasic relationship with cell
migration. Specifically, baseline integrin expression levels in macrophages result
in moderate matrix adhesion and support 3D migration, while overexpression of
integrins results in strong adhesion and hinders 3D migration both in vitro and in
vivo [95]. Adhesion characterization methods quantify the number of adherent cells
and cellular area on a matrix-coated substrate, as a function of time following cell
seeding [96]. Cell detachment assays represent another approach to measure the
strength of cell-matrix adhesion. There are two types of cell detachment assays:
chemically induced cell detachment [97] and mechanically induced cell detachment
[98]. In chemically induced cell detachment, adherent cells are treated with enzymes
to cleave their substate adhesion (e.g., trypsin) and the temporal evolution of the
cellular area that is determined by cell-matrix adhesion strength is characterized
[97]. This method has been employed to monitor cancer cell adhesion strength
following treatment with cytoskeletal inhibitors targeting actin, myosin-II, and
microtubules [97] or adhesion strength to substrates with different geometries [99].
In the mechanically induced cell detachment assay, cells are exposed to controlled
levels of shear stress using a spinning disk [98], parallel plate shear channel [100],
or a micropipette [101]. The spinning disk method sorts cancer cells according to
their adhesion strength, where weakly adherent cells are collected in the floating
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Methods for quantifying cell-matrix adhesion strength

Chemical cell detachment assay Physical cell detachment assay
Trypsin p
J— = ) /-:D Shear flow
: =D »\_: 1--h.-.-._:1--b - - = —_—

— { - . -

'

-

Methods for quantifying cell contractility

Collagen gel confraction assay Traction Force Microscopy
Collagen ge
4 (_/‘;\,’ (_/"6\
A (:) PR Polyacrylamide gel Micropillar
Methods for quantifying MMP-mediated matrix degradation
FITC-Collagen Degradation assay Gelatin Fluorescence-based Elisa: Enzyme-linked
release assay collagen film zymography immunostaining ImmUncassay

= D
% e

Fig. 2 Experimental methods to quantify cell-matrix adhesion strength, cell contractility, and
matrix remodeling. (Created with BioRender.com)

fraction after shearing and strongly adherent cells are collected by subsequent
trypsinization of the adherent fraction [98]. Using this methodology, the weakly
adherent subpopulation of MDA-MB-231 cancer cells was found to exhibit higher
migration rates compared to the strongly adherent subpopulation [98, 100]. The
micropipette-mediated assay has been used to show that blocking integrin CD11b
in dendritic cells, macrophages, and monocytes enhances the adhesion strength to
fibrinogen [96].

Cytoskeleton alignment and actomyosin-mediated contractility in TAMs can
impact migration and polarization [102]. Following adhesion to the matrix,
cells exert mechanical forces via actomyosin-mediated contractility [103]. These
contractility-generated forces are transduced to the cell exterior via cell-matrix
adhesion complexes that, in turn, remodel the extracellular environment to regulate
cell migration and matrix remodeling [104]. One of the simplest methods for
quantifying cellular traction forces is the gel contraction assay [105, 106]. In this
method, cells are seeded inside or on top of a hydrogel (typically collagen type
I hydrogel), and the hydrogel is released from the supporting culture vessel in a
floating setup to observe cell-mediated contraction. Hydrogel area and shape are
monitored over time. Another technique is traction force microscopy (TFM), where
the cell-induced deformation of the substrate is measured using soft hydrogels
of predefined stiffness [107] or an elastic micropillar array [108]. The substrate
deformation field is monitored by either the displacement of embedded microbeads
or the deflection of micropillars. Given a known substrate or pillar stiffness,
traction forces can be calculated [109]. TEM enables high-resolution analysis
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of single cells or cellular monolayers [110] and has been employed to compare
cancer and normal cells [111] or macrophages with different polarization states
[112]. A number of biophysical platforms have integrated TFM with control of
exogeneous biochemical or biophysical factors to study the interplay between
cell mechanics and different tumor microenvironment factors (e.g., shear stress,
mechanical compression, electric fields) [113]. Finally, recent developments
in microparticle TFM have enabled visualization of subcellular force patterns
throughout macrophage phagocytosis of deformable hydrogel microparticles [114].

MMP expression levels correlate with poor outcomes in breast cancer and are
elevated in aggressive breast cancer subtypes compared to normal breast tissue
[69, 115]. Macrophage-derived paracrine signals (TNF-a, TGF-8) enhance cancer
cell migration via MMP-mediated matrix remodeling [70]. The expression level
of MMPs in cancer cells or macrophages can be characterized using enzyme-
linked immunoassays, immunoblotting and immunostaining assays. Functional
assays to quantify the matrix remodeling activities of MMPs against specific ECM
components are shown in Fig. 2. One of these assays involves quantification of
fluorescence-labeled collagen monomers that are released following matrix degra-
dation [116]. Alternatively, using a FITC-conjugated collagen I film, the spatial
reorganization of matrix remodeling can be quantified [117]. Collagen degradation
by cancer cells can also be visualized by staining collagen fragments derived from
the MT1-MMP-mediated cleavage [116, 118]. Expression levels of gelatinases
(MMP-2 and MMP-9) can also be assessed by gelatin zymography [119]. The
development of the quantification methods described above has proven how cells
actively remodel the matrix, in either a physical or chemical way. A combination
of these techniques will unveil the strategies that cells use to accommodate to their
surroundings for survival, proliferation, and invasion.

6 Bioinformatic Analysis of ECM- and Macrophage-Specific
Gene Signatures

Gene expression analysis is a powerful tool to identify genes that are associated
with cancer progression and different tumor microenvironment features (e.g.,
macrophages and ECM). A major application of these bioinformatic approaches
is the identification of gene signatures that can stratify breast cancer patients
into groups with distinct clinical characteristics, such as survival outcomes and
therapy response [120]. Breakthrough molecular signature studies in the last two
decades have reshaped clinical decision-making for therapy in two out of the
three receptor-based subtypes. For example, Oncotype DX provides a validated
prognostic signature for endocrine therapy outcomes and a predictive signature
for whether chemotherapy reduces recurrence [121, 122]. In Table 3, we present
landmark gene signatures with prognostic value in breast cancer, as well as ECM-
and macrophage-specific gene signatures.
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6.1 Extracellular Matrix Gene Signatures

In many solid tumors, the expression levels of ECM genes are higher compared
to matched normal tissue [134]. ECM gene signature studies in breast cancer have
been shown to have prognostic value (Table 3). Using hierarchical clustering of
278 ECM-related genes, breast cancer patients were classified into four groups
with distinct survival outcomes [130]. The group with poor survival exhibited a
high expression of integrins and metallopeptidases, while the good outcome group
was enriched in protease inhibitors belonging to the serpin family [130]. Another
pioneering study identified a 50-gene ECM-related signature that predicted response
to chemotherapy and was associated with stroma-rich tumors [131]. In addition to
chemotherapy, ECM gene signatures have been developed to predict resistance to
endocrine therapy and radiotherapy [135]. Furthermore, ECM gene signatures have
been shown to predict the failure of immunotherapies, such as PD-1 blockade [136],
where the anti-tumor function of TAMs and immune infiltration plays a critical
role. Proteomics-based ECM molecular signature studies in animal models have
shown that the ECM composition differs with the tumor’s metastatic potential [137].
Furthermore, single-cell RNA sequencing—based comparison of premalignant and
invasive breast tumors in an immunocompetent mouse model revealed that TAM
subpopulations exhibit differences in the expression of tissue remodeling gene sets
[138]. Hence, the analysis of ECM signatures combined with mechanistic in vitro
and in vivo studies provides an unbiased approach to identify new regulators of
metastasis, stroma reaction, and therapeutic response [34].

6.2 TAM-Specific Gene Expression Signatures

TAM molecular signatures in breast cancer have been developed using both
single-cell RNA sequencing [132, 139] and bulk RNA sequencing of flow-sorted
macrophages [133]. A seven-gene macrophage gene signature has been developed
using the tumor cancer genome atlas (TCGA) dataset that predicts patient survival
in breast tumors; these seven genes are a subset of 314 differentially expressed
genes in macrophages [132]. Differential expression analysis of these seven genes
in normal breast tissue compared to breast tumors highlighted that ADAM9 and
SERPINA1 expression was similar; CD24, CD74, and PGK1 were overexpressed in
tumors; while STX11 and NFKBIA exhibited lower levels in tumors. Interestingly,
the prognostic ability of this seven-gene signature was higher in the estrogen-
receptor-positive breast tumor subtype, and the predicted risk was dependent on
the patient cohort, highlighting the challenges with patient-to-patient heterogeneity.
Macrophage heterogeneity in the breast tumor microenvironment has been elegantly
demonstrated in a landmark study of transcriptomic phenotyping of macrophages
in breast tumors [139]. Specifically, although a subset of TAMs exhibited a
higher expression of M2-like marker genes compared to other myeloid cells,
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these M2-like marker genes correlated significantly with M1-like marker genes.
These results highlight that the TAM transcriptomic state in the breast tumor
microenvironment does not match a discrete polarization model of M1-like and
M2-like TAMs. Transcriptional analysis of monocytes, tissue resident macrophages,
and TAMs in breast tumors identified a 37-gene TAM signature that was enriched
in aggressive breast cancer subtypes and predicted shorter disease-free survival
[133]. Mechanistic follow-up studies uncovered a positive feedback loop between
cancer cells and TAMs involving CCL8-SINGLECI that was sustained via tumor-
derived CSF1 and resulted in monocyte recruitment in the tumor. The central
role of ECM on modulating immune cell function in the tumor microenvironment
[140] is supported by studies that have shown overexpression of ECM gene
signatures (such as collagen, lumican, LOX, PCOLCE2) in TAMs compared to
normal macrophages [141] and other inflammatory cells [142]. Taken together, these
bioinformatic studies highlight the association between gene signatures of ECM and
TAM function.

7 Summary and Future Perspectives

TAMs are a major component of the tumor microenvironment and play a critical
role in tumor progression, metastasis, and anti-tumor immunity. Both pathology-
based and bioinformatic approaches have highlighted that high infiltration of
pro-tumorigenic TAMs in the breast tumor microenvironment predicts poor patient
survival. Despite the progress in understanding TAM biology, targeting TAMs
remains challenging due to the presence of heterogeneous subpopulations and their
phenotypic plasticity. ECM composition and architecture in the tumor microenvi-
ronment modulate multiple TAM functions, including cell-ECM adhesion, motility,
cytokine secretion, and matrix remodeling that can, in turn, stimulate pro-metastatic
signaling in the cancer cells. Recent studies have identified strategies to target
tumor-specific ECM (e.g., HA, tenascin C) [34, 143], ECM remodeling (e.g.,
MMPs, LOXL2) [144, 145], and cell-mediated forces (e.g., ROCK) [146] in order
to halt tumor progression and improve therapy response.

A number of key unanswered questions remain regarding fundamental mecha-
nisms of tumor matrix—macrophage communication. Understanding the plasticity
of migration modes employed by macrophages in the context of a complex tumor
ECM is currently limited. The relationship between spatial heterogeneity in ECM
deposition, matrix alignment, and macrophage function also needs to be further
elucidated. The role of denatured ECM on macrophage recruitment also needs to be
investigated. For example, there is a lack of systematic comparison of macrophage
recruitment into denatured ECM versus loosely crosslinked matrix, where despite
similar mechanical properties macrophage behavior can diverge due to differential
cell adhesion. Furthermore, the role of tumor subtype heterogeneity on tumor cell
chemokine profiles and distinct matrix-remodeling characteristics remains poorly
understood. In-depth characterization of tumor-associated macrophage transcrip-
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tional signatures, paired with analysis of the secretome and matrisome in the tumor
microenvironment, will reveal novel cancer-specific and TAM-specific regulators of
disease progression.

To this end, the development of novel in vitro model systems that enable spa-
tiotemporal control of mechanical and chemical signals in bioengineered matrices
combined with high-resolution, real-time imaging of intracellular and intercellular
pathway activity is necessary. For example, future studies that integrate bioengi-
neered matrices with cancer—macrophage cells expressing signaling reporters [147,
148] with microfluidic systems could provide novel insights into the interplay of
chemokine and mechanotransduction regulators. Development of bioengineering
and bioinformatic approaches to investigate tumor-specific matrix features in TAM-
rich breast cancers will lead to the discovery of novel therapeutic targets and
identification of biomarkers to personalize cancer therapies and ultimately improve
patient outcomes.
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Engineering Approaches in Ovarian )
Cancer Cell Culture S

Marcin Iwanicki, Tonja Pavlovic, and Panteha Behboodi

Abstract Determination of the frequency of somatic mutations, copy number vari-
ations, and the composition of single-nucleus transcriptomes in epithelial ovarian
cancer (OC) biopsies have provided crucial information about the heterogeneity
of cancer cell assemblies and their various tumor microenvironments (TMs).
Translating this information into tumor biology for the discovery of new treatments
could be accomplished by the engineering tissue culture models of OC within its
™.

Keywords Biomaterial - Dissemination - Endometrium - Fallopian tubes -
Mesothelium - Microfluidic - Organoid - Organotypic culture

1 Introduction

OC remains a major health problem among women because the disease often
progresses after treatment is completed [1]. Standard-of-care approaches to disease
management can involve cytoreductive surgery followed by platin-/taxane-based
cytotoxic therapies and targeted inhibitions of angiogenic and/or DNA repair
mechanisms [2]. However, despite these aggressive interventions, tumors continue
to grow [3], signifying a need to further understand disease progression after
therapy.

While genomic, transcriptomic, and proteomic analysis of tumor tissues [3-9]
will continue to play a major role in tracking the diversification of tumors and
the identification of new therapeutic targets, these analyses will need to be supple-
mented with disease-relevant assays that can resolve the functional consequences of
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disease evolution for a better understanding of the mechanisms of OC cell growth
and treatment response.

Traditional in vitro approaches to study OC involve cancer cell monolayers or
suspended spheroid cultures of established OC cell lines or short-term cultures of
patient-derived cells [10]. These tissue culture methods provide high reproducibility,
but they are limited to studying tumor cells in isolation and might not preserve
the heterogeneous nature of human tumors. In contrast, mouse models that are
grafted with excised human tumor fragments have been used in pre-clinical studies
and currently represent the most relevant platform to study tumor growth and
therapy response [11]. However, these models lack components of human TMs;
they are expensive and generally not applicable to discovery screens to identify new
treatments for OC growth within TMs. Therefore, a need exists for methods that
would fill the gap between traditional tissue culture approaches (monolayers and
spheroids) and xenografts to study the disease.

Collaborations among clinicians, tumor biologists, immunologists, and bioengi-
neers can offer a prospect to move beyond OC cell monolayers and spheroids and
increase the complexity of in vitro OC tissue culture systems. Recently, the field
has seen an advance in the engineering of cellular approaches that incorporate
reconstituted basement membranes, novel growth factors, cell-cell interactions,
and fluid mechanics. The intention of this book chapter, entitled Engineering
Approaches in Ovarian Cancer Cell Culture, is to provide basic information about
OC progression and present an overview of traditional and newly emerging tissue
engineering culture models that are intended to mimic disease phenotypes. These
evolving culture techniques might offer a unique opportunity to better understand
the mechanisms of OC and provide, in addition to mouse models, an opportunity to
examine more directions for the evaluation of clinical and experimental therapeutics.

2 OC Progression

2.1 Initiation

OC can originate from the epithelium of the reproductive tract including the
endometrium, ovaries, and the fallopian tubes [12—14]. Based on histopathology
and tumoral genetics, the disease has been classified as type I or type II cancers
[15] (Table 1). Type I cancers include low-grade endometrioid, mucinous, low-
grade serous, and clear cell carcinomas. Endometrioid tumors have mutations in
phosphatase and tensin homology (PTEN) and catenin beta 1 (CTNNBI) genes [16—
18]. In mucinous tumors, the tumor protein P53 gene (7P53) is highly mutated
(>50%) and frequent mutations are also observed in the Kirsten rat sarcoma
viral oncogene (KRAS) pathway [19]. Clear cell tumors are frequently associated
with mutations in KRAS, PTEN, and phosphatidylinositol-4,5-biphosphate 3-kinase
catalytic subunit alpha (PIK3CA) [18]. Low-grade serous carcinomas are predom-
inantly characterized by mutational activation of KRAS pathways [20]. The most
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Table 1 OC types and subtypes with reported mutations

OC main types | OC subtypes Mutations References (PMID)
Type I Endometrioid PTEN, CTNNBI, PPP2RI1«a, |[16-18], [21]
MMR deficient, ARIDIA
Mucinous KRAS, HER-2 amplification | [21-26]
Clear cell PIK3CA, KRAS, PTEN, [18], [27], [21], [28-31]
ARIDIA
Low-grade serous | BRAF, KRAS, NRAS, ERBB2 | [20], [21], [32-34]
Type I High-grade serous | TP53, BRCAI, BRCA2, [21], [35-39]
CDK]I2

prevalent among women are type II OCs that include high-grade serous ovarian
carcinomas (HGSOCs) [1]. These tumors are characterized by the omnipresence
of TP53 mutations, a high degree of copy number variations, and defects in DNA
repair pathways [1].

Until recently, it was thought that most OCs, such as HGSOC:s, initiate from
the superficial single mesothelial cell layer that encloses ovaries. However, with the
advancement of tissue sectioning methodologies, examination of whole fallopian
tubes revealed secretory epithelial cells as a candidate site of origin for HGSOC
[40]. Neoplastic fallopian tube lesions referred to as serous tubal intraepithelial
carcinomas (STICs) have been identified in women carrying mutations in breast
and ovarian cancer susceptibility protein 1 (BRCAI), and pathologic examination
of STICs shows strong expression of Ki67 and p53 proteins, an indication of the
loss of p53-mediated control of the cell cycle [41]. Follow-up studies [42, 43] using
genomic analysis of STICs and matched disseminated HGSOCs confirmed near-
ubiquitous loss of TP53 heterozygosity and discovered additional genetic alterations
that were shared between early (in the fallopian tube) and late (disseminated within
peritoneal cavity) tumors, giving strong support that HGSOC can originate not only
from the ovarian mesothelium but also from the fallopian tube epithelium.

Secretory epithelial cells, along with the ciliated epithelial cells, polarize to
form the mucosal layer of the fallopian tube [44], and clinical observations support
the idea that transformation could occur in secretory cells expressing paired box
8 (PAXS8) transcription factor [45]. Loss of tumor suppression, through targeted
disruptions of Tp53, Pten, and Brcal alleles in Pax8-positive murine fallopian tube
secretory cells can evoke HGSOC development [46], highlighting the important
role of secretory cell biology in tumor initiation. However, a direct comparison
of tumorigenic potential between secretory epithelial cells of the fallopian tube
and mesothelial cells of the ovary revealed that the same genetic manipulations
can initiate HGSOC from both cell types in a genetically modified mouse model
[47]. These experiments are consistent with the hypothesis that multiple and distinct
tissues, upon transformation, can initiate HGSOC.

In addition to a tumor’s intrinsic mutations in TP53, PTEN, and BRCAI genes,
extrinsic microenvironmental factors, including deposition, and remodeling of
extracellular matrix (ECM) have been associated with HGSOC initiation [48, 49].
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Immunohistochemical and second harmonic two-photon microscopic evaluation of
STICs documented the extensive presence of laminin y1 [48] within carcinoma
tissue and the presence of dense collagen fibers in the adjacent microenvironment
[50]. Therefore, OC initiation from the fallopian tube could also be linked to the
formation of at least two ECM TMs that support growth and dissemination. In
contrast to mutations in tumor suppressor genes, the roles of these ECM TMs
in tubal tumorigenesis are currently unknown, as new ECM-reconstituted tissue
culture approaches that mimic the spatial organization of laminin y1 and collagens
are being developed to study the contributions of these factors. In addition to
ECM, immune cell dynamics have been shown to associate with the expansion of
fallopian tube epithelium [51]; however, it is not clear whether recruitment of these
cell types is caused by tumor initiation, e.g., due to BRCAI/BRCA?2 alterations, or
normal growth homeostasis of tubal tissue. Current in vitro models of fallopian tube
transformation involve monolayer or ECM-reconstituted cultures that can assess the
role of tumor suppressors or proto-oncogenes in tubal tumorigenesis.

2.2 Dissemination

Type I and type I OCs share a common metastatic site, the peritoneum [52]. Peri-
toneal dissemination of OCs is a result of malignant tissue detachment from primary
or secondary sites (fallopian tube, ovary, omentum) and subsequent translocation
of detached tumors into the peritoneal cavity [53, 54] (Fig. 1). After detachment,
surviving tumor clusters can establish solid implants by intercalation into the super-
ficial mesothelial cell layers covering nearby organs, including the ovary, bowel, and
the omentum [55]. While the biological processes that promote OC detachment are
unknown, the mechanism associated with the survival of detached tumor clusters
and their attachment to, and intercalation into, the mesothelium is beginning to be
better understood. Suspended OC cell cultures (spheroids) of established cell lines
or patient-derived cells are considered to partially mimic conditions of OC tumors
that float within the peritoneal cavity after detachment [56]. In contrast to monolayer
cultures, spheroids display increased activation of molecular programs involved in:
(a) anti-apoptotic signaling [57], (b) ECM production [58], and (c) activation of stem
cell regulatory components including mesenchyme transcription [59] and enzymes
involved in aldehyde metabolism [60]. Spheroids can adhere to and intercalate into
mesothelial cell monolayers that enclose peritoneal organs [61]. The mechanisms
associated with OC adhesion to the mesothelium have been linked to the expression
of various ECM, cell-matrix, and cell-cell adhesion molecules on mesothelial and
OC cells [62-64]. Mesothelial cells, in response to TGFf secreted by tumor cells,
can produce and deposit fibronectin and collagens on their lateral surfaces and
engage integrins expressed on OC cells [65]. These ECM—integrin interactions
mediate activation of actomyosin contractility to promote force-induced mesothelial
cell displacement from beneath the intercalating spheroids [66]. In addition to
integrins, cadherins [67] and hyaluronic acid receptors [68] mediate the adhesion
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Fig. 1 Mode of OC dissemination. Transformed epithelial cells form outgrowths at the primary
site, the fallopian tube. These outgrowths eventually dissociate and translocate into the peritoneal
cavity where they adhere to the surface of omentum and intercalate into mesothelial cell layers

of OC cells to mesothelial monolayers, and tetraspanins [69] contribute to integrin
activation and control mesothelial intercalation. The expression of cell-matrix and
cell—cell adhesion receptors that mediate OC cell adhesion to the mesothelium
is largely regulated by the activity of OC-associated mesenchymal transcription
factors (MTFs), and recent studies support the role of MTFs, such as ZEB, TWIST,
and SNAI1 in controlling mesothelial intercalation [61]. The cell culture models that
examine OC spheroids’ capabilities to intercalate into mesothelium involve the co-
culture of spheroids on the top of the monolayers composed of mesothelial cells
expressing fluorescent proteins [70]. Under these culture conditions, fluorescent
mesothelial cells contact OC spheroids and can migrate away (clear) from the initial
site of spheroid attachment. The migration of mesothelial cells creates a hole in the
monolayer, and the hole can be visualized by the loss of fluorescent intensity. The
size of the hole is measured and correlated with the spheroid’s size to estimate the
degree of intercalation.

2.3 OC Metastatic Microenvironment

Ovarian tumors predominantly metastasize to the mesothelial cell layer that covers
the adipocyte-rich tissues of the omentum [55]. Intercalation of tumors into omental
tissues results in direct contact between carcinoma and omental TMs [71]. These
new interactions are important for tumor growth [52]. For instance, tumor contact
with adipocytes activates lipolysis that promotes the growth of OC cells within
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Fig. 2 OC metastatic microenvironment. Metastasis of OC cells into the mesothelial cell layer
and the omental tissue. Several cellular components and non-cellular components in the TM
including adipocytes, macrophages, neutrophils, NETosis, and ECM can promote OC growth and
progression

the omentum [71]. In addition to adipocytes, cancer-associated fibroblasts [72],
macrophages [73], and neutrophils [74] have been implicated in supporting disease
progression in the context of tumor metastasis. For instance, extravasated neu-
trophils that take residence within omentum, through the tumor-induced NETosis,
a form of neutrophil death resulting in the formation of neutrophil extracellular
traps (NETSs), can support OC adhesion to the mesothelium and subsequent tumor
expansion [74] (Fig. 2). Fibroblasts, mesothelial cells, and platelets in response to
tumor-derived TGFp and/or IL6 activate ECM production that can support OC cells
[65, 75, 76]. Engineering cell cultures that can mimic ECM deposition by stroma in
the context of tumor metastasis can provide an opportunity to test whether stroma-
specific ECM programs could be exploited as a vulnerability to target disseminated
OC. Recently developed organotypic models (discussed in technical detail below),
which mimic ECM deposition observed in solid OC omental metastases [75, 76],
began to address the possibility of targeting ECM through inhibition of cancer-
associated fibroblasts or platelets. The incorporation of other cellular components
including immune cells and endothelium will improve the modeling of the spectrum
of OC cell interactions with nearby microenvironments.

2.4 Tumor Expansion After Therapy

Chemotherapy can induce genomic and transcriptomic changes in OC [8], and
dissemination continues after chemotherapy because detached tumor cell assemblies
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Fig. 3 Tumor recovery after chemotherapy. Chemotherapy reduces primary and/or metastatic
tumors by killing most OC cells. However, a subset of tumor cells survive and recover, resulting
in recurrent disease. Recovered OC tumors can continue expanding uncontrollably, metastasizing
even further. In some cases, however, tumor cells that survive initial chemotherapy face restricted
growth, which can be modulated by immune cells

are detected in patients with recurrent disease [3]. While genetic-guided approaches
have identified chemotherapy-induced alterations that could potentially be leveraged
to sensitize OC cells to a new treatment, the role of TMs in modulating tumor
recovery from chemotherapy is largely unknown. Most recent studies implicate
that some residual tumors can form new metastases between or after treatment’s
regimens, and their evolution appears to be controlled by the dynamics of immune
cell recruitment into tumors [3] (Fig. 3). OC mouse models, which are the
gold standard for translational OC research [77], often lack appropriate immune
components. Hence, tissue culture engineering of immune response in the context of
chemotherapy could supplement mouse models to determine immune mechanisms
that support or restrict the disease.

3 In Vitro Modeling of OC: What to Consider Before
Starting the Project

The pathology-driven knowledge of tumor cell phenotypes and molecular charac-
teristics of the disease offers enthusiasm to engineer OC culture systems. The use of
appropriate OC cells has been crucial in disease modeling, since the initial finding
that frequently utilized cell lines in OC research, SKOV3, and A2780, were not
representative of the most prevalent type of OC, HGSOC [78]. Hence, knowing
which OC cell lines represent what type of OC is key information to starting tissue
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culture models. There are several resource papers that should help investigators to
choose appropriate cell lines for projects [79-83]. If patient-derived tumor cells
are used, the investigators usually confirm the expression of PAXS8 protein, the
Miillerian transcriptional factor expressed by most HGSOCs, and the presence of
mutated TP53 alleles. These two molecular markers are routinely used in pathology
to diagnose HGSOC; thus, they would represent a good confirmation of OC cells
used in culture.

Tumor growth, detachment, abdominal dissemination, and establishment of solid
peritoneal metastases are key biological characteristics of OC progression. To
model these phenotypes, various culture approaches have been developed (described
in technical details below) using adhered, suspended, ECM-reconstituted, and
multicell type co-culture systems. Combining immunohistochemistry and molecular
genetics became a good approach to compare in vitro engineered models with
human OC biopsies. The similarities between the topographical locations of differ-
ent types of cells and ECM within biopsies and engineered cultures determine the
validity of the model. Below, we discuss traditional and emerging culture models of
OC and its TMs.

4 1In Vitro Culture Models of OC

4.1 Two-Dimensional (2D) Tissue Cultures

Two-dimensional tissue cultures can provide a quick, reproducible, and high-
throughput approach to evaluate OC cell culture growth, migration, and treatment
response. These methods usually involve culturing monotypic cells on flat surfaces
such as the bottom of culture ware (Fig. 4). Under 2D culture conditions, cells form
substrate adhesion complexes that mediate cell spreading leading to the formation
of flat monolayers (Fig. 4). The monolayers are artificial because they reflect the
response of cells to substrates with stiffness far beyond tissues where OC develops
and grows after dissemination. However, the establishment of patient-derived OC
cell lines frequently involves 2D cultures, and recently, a combination of 2D
cultures and defined cell culture media led to the derivation of 25 OC cell lines,
which phenocopied genetic landscapes of type I or type II tumors [84]. These cell
lines have been used in multiple studies [85-88] and represent well-validated and
important cellular models of OC.

4.2 Spheroid Cultures

One of the characteristics of metastatic OC is the enrichment of detached tumor
clusters within the peritoneal cavity. These floating cellular assemblies are often
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Fig. 4 Establishment of the classic 2D culture method. Cells are extracted from an OC patient
during biopsy, isolated, and transferred into specialized media. Individual cells suspended in media
begin to attach and spread on the provided surface if supplied with correct growth stimulants. Some
patient-derived cells can be propagated and cryopreserved

referred to as spheroids [89]. To partially mimic spheroids in vitro, OC cell cultures
are initiated under non-adherent conditions, which can be achieved by coating
adherent surfaces with adhesion blocking solutions such as poly(2-hydroxyethyl
methacrylate) (pHEMA) or poloxamers including Pluronics” (Fig. 5). In these
culture environments, single cells clump to form cell assemblies that can evolve
into spherical structures. Spheroid cultures are frequently established using ultra-
low adhesion 96-well plates, where single cells are plated to form one suspended
spheroid [90]. The recent integration of spheroid cultures with quantitative imaging
provided an attractive approach to studying the dynamics of spheroid formation
and the role of suspended cell—cell interaction in OC survival and growth [91]. It
has become apparent that, as in vivo, cells that make spheroids use intercellular
interactions to self-organize and, as opposed to 2D cultures, from structures
resembling epithelial tumors. These phenotypic characteristics appear to correlate
with resistance to therapeutics and the evolution of distinct phenotypes associated
with the activation of various transcriptional and epigenetic programs that contribute
to tumor progression in vivo. Therefore, spheroids continue to be a major tissue
engineering approach to studying the mechanisms of OC growth, interaction with
the microenvironment, and response to therapy.

4.3 Organotypic OC Cultures

Organotypic OC cultures represent cellular models that incorporate carcinoma
cells and components of TMs. These approaches can integrate spheroids with
ECM and/or 2D or 3D cultures of other cell types [75, 92]. The establishment
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Fig. 5 3D tumor spheroid culture method. (A) 3D spheroid culture is generally started in a 96-
well format (or 384-well format for high throughput) with round bottom wells. To prevent cell
attachment and spreading, the bottom of each well is treated or coated with solutions to prevent
adhesion. Examples of an anti-adherence surface treatment is poly-HEMA or Pluronics coating.
(B) Method for establishing 3D spheroids from cell lines. Cells grown in 2D monolayer are
detached and transferred to the round bottom wells in suspension. Suspended cells cluster at
the bottom, whereas the anti-adherence surface treatment prevents cells from spreading across
the surface. After formation of intercellular interactions, a 3D spheroid unit is formed. ECM
components can be added to provide support and scaffolding around the 3D spheroid and thus
reconstitute its specific microenvironment

of organotypic cultures is usually guided by the pathology examination of tissues
that are intended to be modeled in vitro. For instance, a recent examination
of OC outgrowths in the fallopian tubes or the ovaries revealed enrichment of
laminin y1 inside tumors and collagen deposition within tumor-adjacent connective
tissue [48, 50, 93]. Guided by these observations, we have engineered an OC
outgrowth model using suspended cultures of fallopian tube non-ciliated epithelial
cells expressing mutant p53 (FNE-m-p53) reconstituted with low elasticity media
containing laminin-/collagen-rich ECM [93]. This tissue mimetic was created by
culturing 100 FNE-m-p53 cells as suspended 3D spheroids in single wells of an
ultra-low attachment 96-well plate. Integration of this model with live cell imaging
and quantitative image analysis revealed that cells forming outgrowths proliferate
and translocate within the 3D structure. Outgrowths that protrude from an afflicted
organ can detach and invade superficial layers of the mesothelial cells covering
the omentum [94]. To model detached OC cell interaction with the omentum, the
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Fig. 6 Multicellular organotypic models of human omental tissue. Primary omental adipocytes are
cultured in a 3D substrate (collagen) to form a gel composed of adipocytes and collagen polymers.
After addition of primary omental fibroblasts and mesothelial cells overlaying the adipocyte base, a
multicellular culture recapitulates a normal omentum model. Incorporation of HGSOC cells takes
the multicellular model further in mimicking the progress of omental metastasis

organotypic omental model has been engineered by integrating (into one culture
system) omental mesothelial cells, omental fibroblasts, and collagen-/fibronectin-
rich ECM that separates these cell types [65]. Omental fibroblasts were encapsulated
within collagen-/fibronectin-rich matrices and plated on flat surfaces. Mesothelial
cells were layered on top of the ECM-encapsulated fibroblasts (Fig. 6). This
model has been used, in conjunction with mouse studies, to discover that detached
OC cells reprogramed mesothelial cells to self-deposit fibronectin that supported
adhesion and growth of OC cells. Recently, this model has been extended to a high-
throughput format to identify compounds that might target omental metastasis [95,
96]. Since the initial design, omental metastasis models have evolved significantly
and now incorporate other cell types of the omentum. For instance, in a recently
engineered model, omentum-derived adipocytes were embedded into collagen I gel,
cultured for up to 7 days, and then integrated with carcinoma and fibroblasts that
were previously reconstituted with collagen I gels. The cells and the ECM were
co-cultured for additional 14 days. The resulting organotypic model of omental
metastasis remarkably mimicked the architecture of omental tissue, and the cells
maintained expression of molecular markers associated with carcinoma, fibroblasts,
and adipocytes [75]. The same group has already extended this model to incorporate
mesothelial cells and platelets and found that the addition of platelets further
induced deposition of ECM by mesothelial cells [76]. These organotypic omental
models currently represent the most advanced tissue engineering approaches to OC
metastasis. Adaptation of these approaches to long-term culture, incorporation of
immune cells and fluid flow, and integration with single-cell technologies will help
to recreate OC progression and open possibilities to gain new knowledge about the
mechanisms of tumor evolution in the context of TMs and response to treatment.
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4.4 Organoid Cultures of the Fallopian Tube and OC Cells

Organoids are broadly defined as ECM-embedded cultures of organs, tissues, or
tissue-derived cells [97, 98]. Organ or tissue-specific organoid cultures involve
embedding the entire cellular composition of an explant into ECM gels [99-102].
The explants can contain multiple types of cells that represent the epithelium and
its microenvironment, including fibroblasts, adipocytes, and immune cells. Tissue-
derived cell-type organoids are established from single cells, extracted from tissues
by reconstituting with ECM [103]. The derivation of organoids from single cells
depends on the clonal expansion of cells with stem-cell-like characteristics [104].
Recently, a variety of normal tissue-derived cell-type organoid models, which
represents different tissue types, has been established to study cell differentiation
and tissue development in vitro [97]. These include the intestines [105], liver
[106], stomach [107], brain [108], breast [109], kidney [110], and fallopian tube
[111]. Tissue-derived cell-type organoid cultures involve resuspension of single
cells in Matrigel® (MG) or other types of ECM gels. An MG—cell suspension is
positioned, in the form of domes, on the surface of the culture dish or a precast
MG layer, and the domes are overlaid with a complete media containing tissue-
specific growth factors, hormones, nutrients, and supplements (Fig. 7). In one of
the first reports on establishing an organoid system, from single cells isolated
from human fallopian tubes [111], Kessler et al. demonstrated clonal expansion
and differentiation into ciliated and secretory cells forming cystic structures made
of epithelial-tissue-like layer(s). The derivation of fallopian-tube-like epithelium
depended on supplementation with novel growth factors activating Wnt and Notch
signaling that supported expression of stem cell regulatory pathways including
G-coupled protein receptor 6 (LGR6), olfactomedin 4, and the gene encoding Axin-

) ) Specialized
organ-derived single s  medium
epithelial cells .D

)

37°C
— —

e @ - -ﬁ‘m LD
Clonal expansion of

i ’ single cells and
Liquid (ice-cold) Matrigel organoid formation

Fig. 7 Establishment of tissue-derived cell-type organoids. Organoid cultures are established by
isolation of single epithelial cells, followed by resuspension of cells in liquid (ice-cold) Matrigel®
(MG). MG and cell suspension is then plated to form a liquid droplet at the bottom of the culture
well. To crosslink MG, the liquid droplets are then incubated at 37° C to promote gelling and
formation of domes, which tightly embed the organoids. Domes are subsequently overlaid with
specialized media formulation containing specific growth factors and other supplements
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related protein 2 (AXIN2) [111, 112]. In addition to studying cell differentiation
and epithelial layer development, organoid culture approaches have been used as
novel pre-clinical cell models to evaluate OC response to therapeutics. Using high
ECM gel content and growth factors that stimulate Wnt and Notch signaling,
Hill et al. demonstrated the feasibility of short-term culture of patient-derived
OC organoids and their application to study response to DNA repair inhibitors
[113]. The durability of patient-derived OC organoid cultures has been subsequently
improved by the development of culture conditions that, through activation of bone
morphogenetic protein (BMP) and the absence of Wnt signaling, supported long-
term organoid propagation without loss of a tumor’s genetic makeup [114, 115].
These studies provided proof of concept that OC organoids could represent an
attractive, pre-clinical tissue engineering approach to study OC growth and therapy
response.

4.5 OC Cultures with Natural and Synthetic Polymers

MG reconstitution has been a preferred method of casting a natural 3D ECM
scaffold to support organotypic or organoid OC cultures. However, the complexity
of MG and variations among MG preparations constitute a major problem in
reproducing the results and understanding the contribution of individual ECM
components or a scaffold’s physical characteristics to OC growth, survival, and
chemotherapy resistance [116]. Non-MG-based hydrogels have recently emerged
as highly reproducible 3D methods to grow OC cells in vitro [116]. Purified ECM
components such as collagens [117] and laminins [118] can be used to form
hydrogels and provide a controlled 3D ECM environment for cell culture. As
opposed to MG, mechanical properties including viscoelasticity and porosity can
be precisely tuned to mimic the mechanical characteristics of various tissues. In
addition to natural ECM biomimetics, synthetic poly(ethylene glycol)-crosslinked
poly(methyl vinyl ether-alt-maleic acid) hydrogels containing arginine—glycine—
aspartic acid (RGD) molecules have been developed [119] to mimic ECM adhesion
and study OC cell growth and chemotherapy response [120] (Fig. 8). There
are several methods to fabricate ECM mimetics including freeze-drying, solvent
casting, electrospinning, and 3D printing [121] to resemble the pathophysiological
features of the ovarian tumor tissue (Fig. 9). Freeze-drying is a method to make
a porous structure by sublimation of water ice crystals from frozen material. In
the lyophilization or freeze-drying process, the material is first frozen and then
placed under a high vacuum to convert the frozen water directly into vapor, finally
leaving the original material in a solid state [122] (Fig. 9A). A second method is
solvent casting to form a fibrous scaffold. The polymer is dissolved in an organic
solvent, then salt is added to the polymeric solution, and the final dispersion is
cast in silicone molds. After solvent evaporation, the sample is extracted from the
mold and washed with DI water to remove the salt resulting in the formation of the
final scaffold [123] (Figure 9B). Another popular method to create porous scaffolds
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Fig. 8 Synthetic polymer network as a scaffold for OC spheroids. (A) Monolayer of OC cells in
a petri dish, (B) formation of 3D suspended spheroid in single U-shaped well, (C) embedded OC
spheroids within the crosslinked networks of the poly(methyl vinyl ether-alt-maleic acid) (PMMA)
and polyethylene glycol (PEG) containing arginine—glycine—aspartic acid (RGD) peptide

resembling the ECM environment is electrospinning, which utilizes electrostatic
forces to make nanoporous scaffolds with a large surface-to-volume ratio. In this
procedure, a high-voltage electric field passes through the polymer melt, creating
an electrostatic repulsion that results in the formation of a thin jet. Eventually, the
jet is directed toward a counter electrode or collection surface to form the final
scaffold [124] (Figure 9C). One of the most recent methods for scaffold fabrication
is 3D printing (Figure 9D). 3D printing is a precision technique that enables the
making of scaffolds with accurate pore size; well-arranged, highly interconnected
fibers; and high mechanical strength. Synthetic polymers like poly(ethylene glycol),
diacrylate (PEGDA), poly(e-caprolactone) (PCL), and poly(D, L-lactic-co-glycolic
acid) (PLGA) can be used to create suitable paths for cell proliferation and
differentiation [125].

4.6 Integration of OC Tissue Culture with Microfluidics

OC progression is often associated with inflamed vasculature that can cause abdomi-
nal accumulation of fluids containing extravasated immune cells and platelets. Thus,
OC cells that come in direct contact with eluates can be exposed to additional
fluid shear stresses [126—129] and de novo cell—cell interactions [130, 131]. The
relevance of fluid-mediated shear stress and stromal extravasation to OC progression
has been recently evaluated using microfluidic cultures. The studies demonstrated
that low levels of fluid shear force can activate chemotherapy resistance programs
[132] and promote platelet extravasation to infiltrate OC monolayers and induce
cancer cell growth [133]. Microfluidic culture systems usually consist of micro-
channels that connect cell culture chambers to produce fluid-movement-induced
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Fig. 9 Various porous scaffold fabrication methods. (A) Freeze-drying; (B) Ssolvent casting; (C)
Eelectrospinning; (D) 3D printing

tensile stresses. These micro-channels also enable the incorporation of cancer
cells, ECM microenvironment, and stroma while providing a path to perfuse
nutritious media and remove wastes. The main component of microfluidic devices
is polydimethylsiloxane (PDMS), which is a flexible and biocompatible polymer.
PDMS is easy to get patterned and bonded to glass, which makes it a convenient and
inexpensive tool to make culture devices. Moreover, it is permeable to gas and trans-
parent, which enables the integration of cell-based assays with optical observations.
The conventional method for fabrication of PDMS molds, and eventually a simple
microfluidic channel, is represented in Fig. 10. Soft lithography is the basic method
to make an epoxy-based photoresist master mold for PDMS casting. The process
is initiated by spinning the epoxy coat (SU-8) and binding it to a silicon wafer
substrate. Then, the patterns of desired chambers and channels can be designed and
carved, using a bio-printer, to form a photomask. PDMS is poured on the photomask
pattern and cured. The resulting microfluidic device is peeled off the mold and
sealed to a glass slide by plasma cleaning. Another fabrication method utilizes a
biocompatible pressure-sensitive adhesive (PSA) tape to design and print various
patterns using a Silhouette cutter. PSA patterns are adhered to a glass base and
overlayed with PDMS containing inlet and outlet ports (Fig. 11).
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Fig. 10 Microfluidic device fabrication. (1) SU-8 photoresist on a silicon wafer substrate; [2] spin
coating and soft baking; [3] photomask alignment and exposure to UV light to harden exposed
photoresist; [4] SU-8 development, baking, and rinsing; [5] PDMS casting on the SU-8 mold; [6]
inlet and outlet creation, plasma treatment, and sealing the PDMS to a glass slide for final device
configuration

Fig. 11 Microfluidic device fabrication with pressure-sensitive adhesive (PSA) tape. (1) Final
device is made from a glass slide, PSA tape, and PDMS layer, [2] OC cells (red) on a mesothelial
cell layer (green) in a hexagon-shaped microfluidic device

5 Concluding Remarks

Traditional methods of culturing OC cells (monolayers and spheroids) paved the
way for studies addressing the mechanisms of OC growth, survival, invasion, and
response to clinical or experimental drugs. These approaches are a preferred choice
for many OC researchers today. However, with the increasing recognition of the
important roles of various TMs in OC and profound OC cancer cell heterogeneity
within tumor biopsies, new in vitro cell culture approaches incorporating patient-
derived OC cells and TMs started to emerge. So far, these methodologies have
provided evidence that supports the idea of treating OC by targeting TMs. Therefore,
the utility of these models might provide an opportunity to answer outstanding
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questions relating to the role of different components of OC TMs in the modulation
of tumor growth and survival. However, these models are still prototypes, and
they need to include vasculature and the immune system, critical components
that have long been implicated in regulating tumorigenesis. The challenges ahead
are also related to technological advances that standardize complex multicellular
culture approaches and integrate them with image-based automated quantification
of phenotypes associated with different cell types represented in the model. Collabo-
rations among pathologists, cell biologists, immunologists, and bioengineers should
be strongly encouraged to overcome these challenges by providing appropriate
directions for meaningful engineering of OC cell cultures that fill the gap between
standard culture approaches and animal models.
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Biophysical Properties and Isolation )
of Circulating Tumor Cells S

Diane S. Kang, Aidan Moriarty, Jeong Min Oh, Hydari Masuma Begum,
Keyue Shen, and Min Yu

Abstract Circulating tumor cells (CTCs) are tumor cells that have entered the
bloodstream. Although the vast majority do not survive the numerous stressors
in the fluid environment, the small fraction of CTCs that are able to resist
destruction and elimination have the potential to form metastatic colonies and
can therefore be considered metastatic precursors. CTC survival in the circulatory
system is dependent on a number of factors including interactions with the physical
environment and intrinsic biophysical characteristics. Additionally, CTCs are highly
heterogeneous due to intratumoral heterogeneity and molecular plasticity inherent
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to cancer cells. The heterogeneous nature of CTCs is essential when considering
the design and implementation of techniques for the detection, isolation, and
characterization of these critical metastatic precursors. However, the rarity of CTCs
in the blood makes their isolation and subsequent research difficult. Improving
our understanding of CTC biology and the underlying molecular and biophysical
mechanisms contributing to metastasis, organotropism, and other clinically relevant
parameters will generate a more accurate and comprehensive understanding of this
devastating phenomenon. In this chapter, we will discuss the physical environment
of circulation and its relevance in CTC biology, as well as different engineering
approaches for CTC isolation.

Keywords Circulating tumor cell - Epithelial-mesenchymal transition -
Fluid shear stress - Leukocyte - Metastatic colonization - Microfluidics -
Negative selection - Platelet

1 Introduction

Circulating tumor cells (CTCs) are malignant cells that acquire distinct biological
and physical properties that allow them to move from primary or metastatic solid
tumors into the bloodstream where they then circulate and have the potential to
disseminate to distant sites as “seeds” of metastasis. However, the circulatory system
is a harsh physical environment drastically different from that of a solid tumor. CTC
survival in circulation is dependent on numerous factors such as interactions with the
physical environmental forces including shear stress forces, collisions, compression,
traction, and anoikis, as well as intrinsic biophysical characteristics such as stiffness
and deformability [1-3]. Therefore, only CTCs that have certain properties will
survive the pressures of the vasculature to form new metastases. Understanding CTC
biology and the molecular mechanisms contributing to metastasis, organotropism,
and other clinically relevant parameters will generate a comprehensive knowledge
of this devastating phenomenon to improve patient outcomes. One major obstacle
to achieve this is the difficulty in isolating CTCs for downstream molecular analysis
and ex vivo culture, due to the rarity and heterogeneity of CTCs. As a majority of
CTCs originate from carcinomas, this chapter will primarily focus on the epithelial
subset of solid tumors.
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Epithelial cells have inherent apical-basal polarity, form strong cell—cell attach-
ments through tight junctions and adherens junctions and are also anchored to
the extracellular matrix (ECM) of the basement membrane by hemidesmosome
structures [4-5]. Together, these properties enable epithelial organization into
mono-or multi-layered epithelium, which line the various luminal spaces of the
body. In epithelial cancers, however, these cell-cell adhesions and polarity are
disrupted, primarily through the process of epithelial-to-mesenchymal transition
(EMT). EMT is a fundamental process of embryogenesis, but it is now clear
this process is also instrumental in metastasis [6—7]. During EMT, epithelial cells
undergo significant molecular and biophysical changes that alter the cytoskeleton
and migratory potential to resemble that of mesenchymal cells. These changes
include restructuring of cellular polarity and morphology, loss of cell-cell adhesions
due to decreased E-cadherin and increased N-cadherin expression, and increased
expression of matrix metalloproteinases that degrade the confining ECM [4-7],
all of which enables the transmigration of a tumor cell and the intravasation into
circulation, at which point they are referred to as CTCs.

CTCs undergoing EMT exist on a spectrum of intermediate states [8—10],
contributing additional phenotypic diversity to the high heterogeneity of CTC
populations, both intratumor and between patients. Intratumoral heterogeneity is
a well-established feature of solid tumors, due to genomic instability, epigenetic
changes, and phenotypic plasticity intrinsic to cancer cells, which, in turn, lead to
functional variation between cells [11-16]. Additionally, it has become increasingly
clear that interactions with the tumor microenvironment (TME) have significant
effects on tumor evolution, highlighting the effect of spatial placement on intra-
tumoral heterogeneity as well [16, 17]. These various molecular factors translate to
high diversity in biophysical features of CTCs including surface biomarker expres-
sion, size, deformability, and existence in clusters or as single cells. Engineering
approaches for the detection, isolation, and characterization of CTCs should take
these variations into account to generate robust, accurate representations of these
rare cell populations.

In this book chapter, we will first provide an overview of the physical forces
exerted on CTCs in the bloodstream and the engineering approaches to mimic these
forces in the laboratory to improve our knowledge of CTC survival and metastatic
potential. Secondly, we will review the various existing methods for CTC isolation
and considerations for the heterogeneity of CTC populations when utilizing one
technique or another.

2 Physical Environment of CTCs and Engineering
Approaches for Research

2.1 Introduction

The human vascular system is a highly variable and physically treacherous envi-
ronment in which CTCs must survive to successfully metastasize. It encompasses
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Fig. 1 CTCs experience various physical stressors as they travel through the circulatory system.
These stressors include fluid shear stress, collisions with red blood cells and the vascular
endothelium, traction forces, and compressive forces. Created with BioRender.com

a large range of lumen diameters from the large aorta (2 cm) to tiny capillaries (8
wm), possesses different functional properties depending on whether it is an arterial
or venous vessel, displays a wide range of organ-specific endothelial permeability
(liver versus blood-brain barrier), and experiences different blood flow velocities
depending on the amount of cardiac output at rest or during exercise. In addition
to the rate of flow, there are also different types of blood flow patterns, such as
disturbed, or turbulent flow in aberrant blood vessels near tumor cells, as well as
undisturbed, laminar flow in healthy vessels [18]. Additionally, CTCs experience
collisions with other blood cells such as red blood cells (RBCs) and white blood
cells (WBC:s) at the branch points of furcating blood vessels and the vessel wall. In
the smallest capillaries where CTC diameter is larger than the capillary diameter,
tumor cells experience compressive forces and undergo large deformations. How
these forces affect CTC biology still requires further investigation. Furthermore, dif-
ferences in cardiovascular anatomy and function and the development, progression,
and presentation of vascular diseases are very different between men and women
[19]. It is, therefore, conceivable that physiological blood flow profiles measured
in men may not be applicable for in vitro experimentation of female breast cancer.
Modeling the human vascular system is, therefore, incredibly complex and requires
a more thorough description of such parameters in both healthy and disease states if
we are to grasp its full impact on CTCs and the metastatic cascade (Fig. 1).

2.2 CTCs Experience Fluid Shear Stress

The velocity of blood in the center of a blood vessel is higher than that of blood
moving closer to the vessel wall [20]. This difference in velocity generates a force
vector that is parallel to the cross section of the blood vessel and is defined as fluid
shear stress (FSS), whereas the frictional forces exerted by blood flowing against the
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endothelial wall are specifically called the wall shear stress (WSS). While WSS has
been well studied as a factor influencing remodeling of the vascular endothelium,
atherosclerosis, and general health of blood vessels [21-23], the effect of FSS on
CTCs or adherent cell lines grown in suspension conditions has been the most well-
studied physical parameter in vitro. Physiological FSS in humans is reported to
range from 0.5 to 4 dynes/cm? in venules and 4 to 30 dynes/cm? in the arteries [24]
but can vary greatly based on the type of blood vessel, location, physical activity,
and underlying health conditions.

In a peristaltic pump—based microfluidic assay where cells are continuously
circulating for 4 hours, the application of high FSS of 60 dynes/cm?, associated
with vigorous exercise, was found to destroy more CTCs than physiological levels
of FSS that are typical of human arteries in the resting state [25]. The high FSS
condition resulted in the death of 90% of CTCs within the first 4 hours of circulation
and the majority of surviving cells underwent apoptosis within 24 hours. In clinical
studies as well, physical activity was significantly associated with reduced CTC
count among stage I-III colon cancer patients [26]. Reduced blood flow, on the
other hand, was permissive for the arrest and stable adhesion to the vascular
endothelium and subsequent successful extravasation in a zebra fish model [27].
Additionally, FSS plays a role in CTC interactions with other cells that typically
traffic and adhere to endothelial cells of the bloodstream such as neutrophils,
platelets, and monocytes [28]. The study of neutrophils in promoting metastasis has
been gaining traction in recent years [29] and have particular importance in CTC
behavior. For example, Chen et al. found that when tumor cells and LPS-stimulated
neutrophils were subjected to shear flow conditions in vitro, heterotypic cell clusters
between these two cell types formed and significantly increased the extravasation
potential of tumor cells through interaction and modulation of endothelial cells
[30]. Additionally, these researchers observed this phenomenon in an in vivo zebra
fish model. Platelets are also well known to form complexes with CTCs and
increase adhesion to endothelial cells when subjected to FSS in vitro [21, 31].
Similarly, another in vitro FSS model demonstrates that breast cancer cells under
low FSS require monocyte binding to adhere to endothelial cells [32], although
it should be noted these studies do not measure the combined effect of numerous
hematopoietic cells that are present in patients. Together, these studies highlight the
importance of blood flow velocities and shear stress in CTC survival and eventual
extravasation. However, while these studies are informative, there are still many
unknown parameters that make it difficult to accurately model these forces on
CTCs. For example, it is unknown how much shear stress a CTC experiences and
for how long in the human body. One study applying an in vivo flow cytometry
(IVEC) approach with a highly metastatic and adherent MDA-MB-231 cell line in
mouse models found that single MDA-MB-231 cells could be detected circulating
in the bloodstream with a half-life of about 25-30 minutes, whereas the half-life of
circulating tumor clusters was only 6—10 minutes [33].

Other groups looked at the contribution of FSS to the molecular and phenotypic
characteristics of CTCs. There are various reports regarding the effect of FSS on
the viability and proliferation of colon cancer CTCs [34], the induction of EMT
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in breast cancer CTCs [35], induction of RhoA/actomyosin-dependent resistance
to mechanical destruction [36], and CTC metabolism [37]. However, the biggest
caveat of these studies is that they were performed on adherent cell lines simply
grown or assayed in suspension conditions to mimic the circulatory environment
and not on true CTCs. The differences in physical and molecular properties
between CTCs and adherent cell lines across different cancer types have been
well characterized [38—41]. Understandably, the rarity of CTCs in blood samples
combined with the paucity of available CTC lines that can be cultured and expanded
long term for experiments necessitates the use of CTC-like cells [42]. However, the
generalization of phenomenon observed in CTC-like cells to true CTCs must be
carefully considered, and the terminology used to describe CTC research needs to
be more specific and rigorously defined. Despite these caveats, the experimental
approaches to studying tumor cells in suspension have proven to be simple for in
vitro approaches and provide useful insights. Future experimentation on existing
CTC lines or freshly isolated patient CTCs will advance our understanding of FSS
on CTC biology.

Controlled FSS can be applied to cells in various microfluidic configurations.
Syringe pumps connected to microfluidic devices made of polydimethylsiloxane
(PDMS) channels adhered to glass coverslips can model the effect of various shear
flow conditions on cells. In a recently reported method, glass coverslips could be
directly or indirectly functionalized with various ligands that mimic endothelial
cell surface receptors, such as vascular cell adhesion protein 1 (VCAMI1) [43].
Indirect functionalization involved embedding freely diffusible receptors in a lipid
layer, thus more accurately modeling fluid cell membranes. Direct visualization of
cell morphology and adhesion under various flow conditions are possible through
the glass coverslip, and adhered cells can later be analyzed for transcriptional or
signaling changes.

Peristaltic microfluidic devices are similar except that they are closed-loop
systems where the rotational motion of various rollers pumps cell-containing fluid
suspensions through the microfluidic device at desired speeds to control flow rate
and shear stress in a pulsatile manner [25, 43].

Cone-and-plate shear devices [44, 45] were the earliest techniques to examine
the effect of shear stress on cells and involve a rotating cone inside a flat plate filled
with cells and fluid. The rotation rate of the cone can be manipulated to control the
amount of shear stress applied to the sample in the plate. This technique is based
on mechanical principles of non-Newtonian fluids, such as whole blood. A parallel-
plate flow chamber [46, 47] is another device where a cell suspension is injected
between two parallel plates with a defined gap size, and the rate lateral motion of
one of the plates exerts a shear stress on the sample in the gap.

In vivo flow cytometry is a type of intravital microscopy method in which
cells are injected into a live anesthetized animal, and fluorescently labeled cells
are detected in a blood vessel that is between 20 and 50 wm in diameter in the
mouse or rat ear [48]. This method involves a complicated set up but can be
used to quantitate CTC dynamics in the circulatory system over time, with the
caveats being differences between the animal and human circulatory systems and
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that the animal must be immobilized. Since initial invention, this technique has
been further optimized for increased sensitivity and sampling rate and for detection
in larger vessels [49]. Development of a different type of intravital microscopy,
where a microscopic window is mounted over the dorsal skin fold to illuminate
the superficial blood vessels of an awake and mobile mouse [50], removes the
requirement for an animal to be immobilized and can potentially be used to examine
the effect of exercise-induced increased blood flow and shear stress on CTC biology
and circulatory dynamics.

2.3 CTCs Experience Numerous Collisions

CTCs can exist as clusters or as single cells. Both can also exist together with non-
tumor blood components such as leukocytes and platelets. The differing configura-
tions of CTC composition can affect their survival in circulation as they collide with
surrounding RBCs, WBCs, and the vascular anatomy. For example, CTCs coated in
platelets were reported to be physically shielded from destruction by natural killer
cells [51, 52], which contributes to an increased potential for metastasis. In general,
physical interactions between CTCs and their physical environment have been most
extensively studied by in silico mathematical modeling. Specifically, these collisions
generate wall-directed forces that change CTC trajectory and cause margination
of cells from the center of a blood vessel to the periphery where fluid velocity is
comparatively slower [53] and adhesive interactions can occur [26]. Computational
experiments predict that tumor cells frequently adhere to microvascular bifurcations
and that increasing numbers of collisions with RBCs are positively correlated with
tumor adhesion to the endothelium [54].

Collisions can also result in cell rupture and death. Only cells with favorable
intrinsic biophysical characteristics and cytoskeletal composition survive collision
events. Intermediate filaments within the cell are responsible for modulating
mechanical forces experienced by cells, and vimentin, in particular, has been
shown to protect cells against nuclear rupture during migration [55]. Vimentin,
an intermediate filament molecule highly expressed in mesenchymal cells, is
upregulated by cancer cells undergoing EMT, and therefore, CTCs with a more
mesenchymal phenotype may have greater resistance to collision forces compared
to CTCs with epithelial phenotypes, although this concept requires further research.
Various studies have also examined the contributions of actin and tubulin to CTC
survival and metastatic propensity [56]. For example, the ratio of globular (G) to
filamentous (F) actin was reported to be higher in malignant cells compared to
normal cells [57], but exactly how that translates to mechanical resistance to rupture
is unclear.

In vitro methods for studying the effect of collisions on CTCs are limited to
microfluidic platforms that mimic obstacles encountered in the bloodstream. The
obstacle can be on the scale of an individual cell [58] or on a much larger scale to
model turbulent flow of a mixture of cells [59]. For example, one study used an in
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vitro microfluidic device to investigate the correlation between metastatic propensity
and resistance to fragmentation upon flow-induced collision at a micropillar-based
bifurcation. Results showed that highly metastatic prostate cancer cells were more
resistant to fragmentation compared to weakly metastatic cells [58].

2.4 CTCs Experience Traction Forces

Besides physical occlusion, which is a passive process, CTCs can adhere to the
endothelial cell lining in an active, multi-step process that is very similar to that of
leukocytes [60]. CTCs initially experience margination by collisions with RBCs.
Closer to the endothelial wall, slower blood flow velocities allow marginated
tumor cells to form weak adhesions and begin to roll along the endothelium. If
not complexed with platelets or other endothelial interactors, this rolling motion
of CTCs alone still increases the probability and strength of adhesive contacts
between the cancer cell and the endothelium that eventually results in cell arrest.
The continual movement of blood flow over the adhering tumor cell applies an
FSS that not only impacts cell morphology but also contributes to traction forces
of the cell rolling along the endothelium [61]. Traction forces of leukocytes on
vascular endothelial cells were observed to facilitate the opening of junctions before
transendothelial migration [62], but whether CTCs also co-opt this mechanism is
yet unclear. FSS can also increase the adhesion strength of already adhered cells—
according to a study that used adhered glioma cells with or without FSS exposure
[63] in a novel live-single-cell extractor (LSCE) assay, which measures the amount
of time it takes for a detaching cell to move a specified distance [64]. Adhesion
to the endothelium is also affected by the cortical tension exhibited by CTCs. FSS
can induce a higher cortical tension, which is correlated with rounded morphology
and decreased deformability [63] and faster margination and prolonged time in
circulation [73]. As adhesive strength between CTCs and the endothelium increases,
lower cortical tension and therefore higher deformability allow for lower rolling
velocities and a higher degree of cell spreading that enables the formation of firm
adhesions and decreased time in circulation [65, 66]. Once adhered, metastasizing
cells must continue to resist rupture under the forces experienced and achieve
transendothelial migration. It has been shown that microtentacles on CTCs can
facilitate the transendothelial cell migration [67, 68], but whether microtentacles
can be induced by physical stresses or if they facilitate CTC survival during
extravasation requires further investigation.

In addition to microfluidics-based approaches to examine CTC rolling adhe-
sion on selectin-coated channels, traction forces can be measured using PDMS
micropillars. Cells are seeded on a bed of micropillars that can bend like a spring
depending on the pillar dimensions. Taking into account the size and spacing of
the micropillars, traction forces can be calculated from the amount of displacement
experienced by the apex of the micropillar [69].
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Traction force microscopy [70] is another method that couples the amount of
substrate deformation with the amount of traction force exerted by a cell on that
substrate. The substrate can be a wide range of ECM components or hydrogels that
are embedded with fluorescent beads. Traction forces upon the substrate causes
a measurable displacement of the fluorescent beads that can be quantified and
converted into a traction force.

Cortical tension measurements are typically achieved using micropipette aspira-
tion assays, in which a vacuum is applied to the surface of the cell membrane in
order to induce a membrane deformation. The amount of negative pressure applied
and the amount of membrane deformation can be used to determine the cortical
tension of a single cell. High-throughput micropipette aspiration arrays have been
developed to assess the individual cortical tensions of a population of cells [71].

2.5 CTCs Experience Compressive Forces

It takes less than a minute for blood to circulate around the entire body. When CTCs
enter small capillary vessels, they can either squeeze through or become trapped.
The number of compressive events and the amount of force experienced by the cell
depend on the circulatory half-life, the amount of time spent trapped in the blood
vessel (which is related to cell deformability [72]), the size differential between
the CTC and the vasculature, intermediate filament expression, and whether they
exist as single cells or clusters. Many of these parameters are unknown, but some
studies provide clues. At the single cell level, a recent study determined that
vimentin intermediate filaments stiffen when the cell experiences compression stain,
as opposed to F-actin or microtubules, which typically soften under compressive
forces, and that this stiffening of vimentin filaments was also shown to protect nuclei
from compression [73]. On the other hand, CTC clusters have been reported to
exhibit upregulation of plakoglobin, a desmosomal protein that links the cytoskele-
tons of adjacent cells together and facilitates tight cell-cell adhesions [6]. These
plakoglobin-enriched clusters showed greater resistance to apoptosis compared to
single CTCs and had a 23-50-fold higher metastatic potential [33]. This suggests
that the supracellular cytoskeletal scaffold generated by plakoglobin upregulation
and enhanced desmosomal junctions is a potential mechanism by which mechanical
resilience is achieved by distribution of compressive forces [74] across the CTC
cluster, therefore leading to the observed phenotypes. In contrast to the idea
that CTC clusters maintain their structure and organization under compression, a
different study reported that individual cells within an aggregate can rearrange into
single-file chain-like configurations in order to squeeze through capillary sized 5—
10 pm constrictions [75]. This indicates that each individual cell could experience
the same amount of compressive forces, which is highly dependent on cluster
size and shape [76]. These are merely speculations, however, and there are many
unknowns that warrant further investigation.
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On a cellular level, compressive forces can lead to either deformation or
rupture. Individual CTCs were observed to undergo extreme physical elongation
and deformation in capillaries. Tumor cells observed inside mouse capillaries had 4x
increased cellular length and 1.6x greater nuclear length compared to uncompressed
cells [77]. Furthermore, nuclear volume and stiffness have been inversely correlated
with the ability and speed at which a cell moves through a smaller constrictive vessel
[78]. This suggests that cells with nuclei that are more resistant to compressive
forces remain lodged in capillary vessels for longer periods of time and can increase
the probability of metastatic colonization. Nuclear flattening also results in an
increased nuclear transport of the yes-associated protein 1 (YAP1) transcription
co-factor that activates genes involved in cancer progression [79]. Therefore, the
ability of CTCs and their nuclei to deform and resist rupture and fragmentation
under compressive forces determines the rate of metastasis [80].

Indeed, highly metastatic cell lines have been reported to be softer and more
deformable than less metastatic cell lines [81] and their parental, isogenic coun-
terparts [82]. Atomic force microscopy (AFM) measurements of metastatic cancer
cells isolated from the pleura of patients with lung, breast, and pancreatic cancer
were also 70% softer than benign cells [83]. In a study where cell stiffness
was directly manipulated by hypo- or hyperosmotic environmental conditions to
induce swelling or compression, respectively, increasing the tumor cell stiffness
at the periphery of a breast cancer organoid led to a significant decrease in the
formation of invasive structures [84]. Furthermore, mechanical compression of
brain tumor cells impairs proliferation but can induce migration via MEK1/Erk1
pathway activation [85]. Despite the evidence for the effect of compressive forces
on tumor cell behavior and the biophysical characteristics related to modulation of
cellular response, there are very limited studies specifically examining the effects
of these forces on CTCs. As CTC survival and subsequent metastasis are likely a
combination of both selective and adaptive events, future investigations are needed
to further elucidate the nuance within the metastatic cascade.

Though there are many ways to apply compressive forces on adherent cells
or tissues, the methods described to date for suspension cells are mainly pore
or microfluidics based. Pore-based approaches involve driving cell suspensions
through membranes containing micron-sized pores. However, microfluidic devices
fabricated with constricted microchannels of specific dimensions can better model
the anatomy of a blood capillary. A high-throughput microconstriction array has
been developed that can drive cells through a constrictive channel and simultane-
ously provide readouts for the deformability and stiffness of each individual cell
in the given population [86]. The dimensions of the microchannels still need to be
optimized for different cell lines due to cell/nuclear size considerations in order to
find the optimal balance between high throughput and high sensitivity.
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3 CTC Detection and Isolation Methods

3.1 Introduction

The physical forces exerted on CTCs in the bloodstream directly relate to their rarity.
The rarity of CTCs presents significant challenges not only to the actualization
of using CTCs as a liquid biopsy for precision medicine but also to the study of
these critical metastatic precursors due to difficulties in isolation and downstream
analysis. Isolation methods must also account for the heterogeneity in size, density,
cluster formation, and biomarker expression of CTCs.

Molecular heterogeneity is common in CTC populations even within a single
patient. One major cause of CTC heterogeneity is EMT, which is critical to the
invasive and metastatic potential of CTCs [10, 33]. In addition to the previously
mentioned changes to polarity, morphology, cell adhesions, and ECM remodeling
that enable invasive and migratory behavior, the molecular changes involved in
EMT also result in cellular changes in biomarker expression. For example, unlike
EMT in development, EMT in cancer is characterized by a switch from cytokeratin
expression as the major intermediate filaments to vimentin expression [87, 88]. As
cytokeratin expression is often utilized as a biomarker in CTC detection methods,
cells along the spectrum of EMT may not be captured and may misrepresent the
CTC population. Others have suggested the importance of EMT in regard to the
collective migration model, which hypothesizes that groups of heterogeneous tumor
cells migrate collectively to form metastases, with a mix of mesenchymal-like cells
at the “front,” which aid in ECM remodeling and motility, while partial EMT and
epithelial cells that have retained their cell adhesions and proliferative properties
exist to hold the cluster together and colonize metastatic sites. This model has been
supported by various studies. Research by Tsuji et al. demonstrated that in a BALB/c
athymic mouse model, co-injection of both non-EMT and EMT cells is necessary
for the formation of metastasis [89]. Additionally, other groups have reported that
CTC clusters have a 23-50-fold increased metastatic potential in mouse models
[33]. While these studies largely focused on single CTCs and homotypic CTC
clusters, heterotypic CTC clusters that can include neutrophils, platelets, and other
cell types [90] have been reported to be more resistant to anoikis [91] and shielded
from destruction by natural killer cells [92]. This molecular heterogeneity and its
correlation to metastatic behavior must also be accounted for when isolating CTCs.

Beyond EMT, molecular plasticity of CTCs has been documented in the litera-
ture. In one study, 84% of CTCs analyzed from 19 HER2- breast cancer patients
had acquired HER2 expression and some were observed to interconvert between
HER2+ and HER2- states [93], highlighting the unique properties and molecular
plasticity of CTCs. This study also exemplified that CTCs can exhibit biological
characteristics distinct from that of the primary tumor, which has important
implications for the molecular characterization of metastatic lesions and metastatic
precursor cells.
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CTCs are also reported to show a wide range of diversity in physical properties
not only within a single patient but also between CTC populations of different
cancer types. For example, whereas ER+/PR+- breast cancer CTCs are reported to
have diameters ranging from 9 to 19 pm, most melanoma CTC diameters are >12
pwm [94]. However, to complicate things further, reports have shown that between
melanoma patients, there is also a range of median CTC sizes, with one patient
demonstrating a median CTC diameter of 16 pwm, while another had a median CTC
diameter of approximately 10 wm [94], with 10 wm being the approximate size
of the white blood cells from the same patient. Given the heterogeneity of CTC
population, many groups are focusing on developing technologies that can isolate
CTCs based on various combinations of molecular and biophysical properties.

As mentioned in the previous chapter, there are currently only a handful of
patient-derived CTC lines that have been successfully established for long-term
culture and expansion: six from luminal breast cancer patients [95], one from
prostate [96], and one from colon cancer [97]. Although advanced technologies exist
for the fixation, detection, and enumeration of CTCs in set volumes of patient blood,
there is an urgent need for further development of techniques that can isolate live,
rare CTCs for ex vivo expansion and in vitro and in vivo characterization. This was
highlighted by findings from Klotz et al., in which the researchers demonstrated that
CTC cell lines established from breast cancer patients generate metastases in mice
with similar organotropism as observed in the individual patients from which the
CTCs were derived [98]. Although technological advances for the study of CTCs
are expanding rapidly, each method has particular advantages and disadvantages.
In this section, we will provide an overview of the various methodologies to CTC
detection and isolation, in particular, focusing on techniques that can isolate live,
rare CTCs for ex vivo expansion and in vitro and in vivo characterization (Table 1).

3.2 Positive Selection Approach to CTC Isolation

Positive enrichment-based approaches to CTC isolation, meaning those that select
for a tumor-associated antigen expressed on the surface of CTCS, are an attractive
concept as they theoretically allow for the selective isolation of CTCs with a
high specificity and reproducibility. The most common biomarker used for positive
selection CTC isolation is epithelial cell adhesion molecule (EpCAM), which is
highly and exclusively expressed by epithelial cells.

Currently, the only FDA-approved system for CTC detection is the CellSearch”
platform, which utilizes a positive selection approach. CellSearch is specifically
designed for the enumeration of CTCs but not necessarily the isolation or down-
stream molecular analysis of these cells. This system uses an antibody-conjugated
ferromagnetic approach to first isolate all EpCAM-expressing cells in the buffy coat
(thin cell fraction in an anticoagulated blood sample that contains a concentration
of white blood cells and platelets after centrifugation) of a whole blood sample.
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These EpCAM+ cells are stained with fluorescently labeled antibodies against the
epithelial markers cytokeratins 8, 18, and/or 19 (pan-cytokeratin, pCK) and the
white blood cell marker CD45, aligned to a single focal plane by a magnet, and then
microscopically identified as a true CTC by pCK+ and CD45- status [99—-104].

The major caveat to positive antibody-based selection approaches like the
CellSearch” system is that a CTC population within an individual exhibits a
spectrum of gene expression along the EMT continuum that can preclude more
mesenchymal-like CTCs from EpCAM-based detection [10]. These CTCs also
show epithelial-mesenchymal plasticity (EMP) and can possess molecular charac-
teristics of one or the other, or even both simultaneously [105], further complicating
positive-selection-based approaches. Additionally, certain cancers like clear cell
renal cell carcinoma have reduced EpCAM expression, suggesting positive selection
approaches based on this marker would not be an appropriate choice in this or
similar contexts [106]. Positive selection can be based on other biomarkers, such as
EGFR [107] or folate receptor [108], but a similar bias will be applied as only cells
expressing those markers will be captured. Other methods of tumor-antigen-based
identification of CTCs, such as the high-definition single-cell analysis (HD-SCA)
platform, may expand on this technique by isolating and plating all nucleated cells
from a whole blood sample onto a slide and then performing immunofluorescence
staining for immune cell markers and pCK and vimentin [109, 110], potentially
capturing a greater range of heterogeneous CTCs. Importantly, however, these
methods are still not compatible with live cell capture and ex vivo culture due to
the requirements of fixation for immunofluorescence staining.

3.3 Negative Selection Approach to CTC Isolation

Given that antibody-based positive selection approaches selectively enrich for only a
subset of CTCs, many groups are working on the development of negative selection
approaches to CTC isolation, or those that rely on the identification and/or depletion
of the leukocyte population to thereby detect and isolate CTCs. These methods
often combine biomarker-based strategies with other methods that take biophysical
factors such as size or density into account. For example, PIC&RUN [111] is a
recently developed negative selection assay based on the AccuCyte® density-based
cell separation instrument and RareCyte® robotic detection and retrieval system
(reviewed more thoroughly in Sect. 3.4). In the negative selection module of the
PIC&RUN protocol, all nucleate cells within the buffy coat of a blood sample are
retrieved by AccuCyte® -based separation and subsequently stained with a live cell
dye and an antibody cocktail detecting immune cells. The cells that are labeled
with the live cell dye but negative for immune markers are thus identified as CTCs,
isolated by a computer-controlled robotic needle and transferred to a cell culture
vessel. Subsequent molecular and phenotypic analysis confirms these cells as CTCs.
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The CTCs isolated in this antibody-agnostic, negative selection approach remained
viable and were able to be expanded in culture [111].

Another negative-selection-based method is the CTC-iChip [94], a microfluidic
device combining size and negative-selection-based systems. In this approach,
magnetic labelling of CD45+/CD154 WBCs in whole blood is applied prior to
sample input into the microfluidic device. Nucleated cells, including CTCs and
WBCs, are debulked from whole blood using deterministic lateral displacement
for hydrodynamic size-dependent sorting. The smaller, non-nucleated components
including RBCs, platelets, plasma proteins, and free magnetic beads are automati-
cally discarded leaving only nucleated cells. Nucleated cells are then subjected to
inertial particle focusing to create a tight row of single nucleated cells entering the
collection channel, upon which magnetophoresis is applied to deflect magnetically
labelled WBCs, leaving only non-labelled CTCs. This platform is responsible for
the isolation of the six successfully established patient-derived CTC lines from
breast cancer patients, a valuable resource for long-term culture of patient-derived
CTCs [95].

Compared to antibody-based positive selection approaches, the tumor-antigen-
free negative selection approaches are capable of a more heterogeneous CTC
capture and thus isolate greater numbers of CTCs that may better represent a
patient tumor population [111-113]. However, CTC selection without the use of
antibodies is difficult and requires the integration of multiple approaches in various
combinations and permutations optimized for different types of cancers. Too much
cell manipulation can impact downstream viability, whereas too little can lead to
impurities and contaminants that contribute to noise and obscure biological data.

3.4 Density-Gradient-Based CTC Isolation

A majority of CTCs have densities that are similar to that of the buffy coat
(<1.077 g/mL) [114], although some very small CTCs and CTC clusters can
have much lower or higher densities. Density-based approaches, therefore, involve
mixing blood samples with solutions that are formulated to precise densities to
achieve separation of red blood cells and granulocytes that have densities >1.077
g/mL from the less-dense CTC-containing buffy coat layer.

The AccuCyte® instrument and RosetteSep™ procedure are both density-based
CTC isolation methods that work by the same principles but differ in their
approaches to the challenges of getting a clean separation of the different cell layers.
The AccuCyte® by RareCyte [115] overcomes this challenge by utilizing a float
with specific density in the blood collection tube, which settles between the red
blood cell (RBC) layer and the buffy coat after centrifugation. A CyteSealer® device
then forms a tight seal around the float to accurately and reproducibly separate
the buffy coat from the RBCs without human manipulation [116]. All nucleated
cells isolated from the buffy coat are then plated onto a slide for subsequent
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immunofluorescence staining to differentiate CTCs from immune cells. Slides are
scanned by a high-speed fluorescence scanner, the CtyeFirlder® [117], and verified
CTCs can then be picked using the CtyePicker® module, which utilizes a ceramic-
tipped needle to extract single cells [118]. Various compatible antibody panels
are available from the company depending on the cancer type being investigated.
However, although the AccuCyte® technology provides an unbiased and antigen-
independent isolation of all nucleated cells including CTCs, it is not compatible
with downstream analyses requiring live cells. The RosetteSep™ procedure, on the
other hand, works by crosslinking the undesired cells (WBCs) to the RBCs before
density centrifugation, thereby pelleting unwanted cells and leaving behind live
CTCs for downstream analysis, including for ex vivo culture [119, 120]. Of note,
the RosetteSep™ procedure using CD45 depletion prior to density-based separation
with Ficoll-Paque was used to successfully isolate viable CTCs from one prostate
cancer patient to establish a patient-derived prostate cancer CTC line [96]. Density-
gradient approaches have the advantages of unbiased CTC selection but are also
limited by a lower specificity and therefore lower purity for downstream analyses.

3.5 Size-/Deformability-Based CTC Isolation

CTCs from different types of cancers are reported to be different sizes. In a study
that used the CellSearch” platform to detect a total of 71,612 patient-derived CTCs
from across different cancer types, the median computed diameter was reported
to be 12.4 pm in breast cancer, 10.3 pm in prostate cancer, 7.5 pm in colorectal
cancer, and 8.6 pm in bladder cancer [41]. Leukocytes, on the other hand, had
a median computed diameter of 9.4 pwm in this study [39], whereas other groups
that used different detection and measurement methods have reported diameters
ranging between 7 and 20 pm [121]. In addition to cell size, deformability is
another biophysical parameter that can be exploited to isolate CTCs. Deformability
is defined as the amount of change in shape under application of a defined amount
of pressure without rupture. Related to deformability is the concept of cellular
stiffness, which is defined as the amount of resistance to deformation under an
applied force. Although a higher deformability of tumor cells is correlated with
increased metastatic propensity [81, 122], they are reported to be comparatively
less deformable than RBCs and WBCs [72].

The Parsortix system takes advantage of both the size and deformability
parameters of CTCs to isolate them from other blood components [123—-125]. This
technology involves injecting a whole blood sample through a filtration cassette that
captures CTCs based on their large size and low deformability (high resistance to
compressive forces) while letting other blood components pass through. Although
Parsortix  can isolate significantly more mesenchymal CTCs compared to the
antibody-based CellSearch” system [124], CTC sizes can overlap with some WBCs,
and the deformability of different types of cancer cells compared to the surrounding
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blood components is yet to be extensively studied. At the time of this writing,
the Parsortix" system is under evaluation in a clinical trial that begun in 2018
(NCT03427450), the results of which will provide insight into the advantages and
disadvantages of the size- and deformability-based capture technique.

Inertial particle focusing is another size-based separation technique. This method
takes advantage of the physics of fluid forces and particle dynamics flowing through
a microchannel [125] to isolate CTCs. The first prototype was designed with a
double-spiral inertial focusing configuration [128, 129], but subsequent iterations
have investigated various designs to achieve improved CTC separation [130-133].

3.6 Acoustofluidic-Based CTC Isolation

Acoustofluidics is a field of research that uses tunable ultrasonic acoustic waves to
achieve microfluidic-based cell separation. Acoustofluidic separation of CTCs takes
advantage of how acoustic waves interact with the physical properties of fluids and
the particles embedded within and enables a contactless and more biocompatible
approach to CTC isolation. The first proof-of-concept acoustofluidic separation of
tumor cells from WBCs was developed using prostate cancer cell lines spiked into
whole blood [134]. In this first-generation prototype of acoustofluidic-based tumor
cell isolation from blood samples, RBCs were depleted by lysis buffers before
processing the remaining WBCs and tumor fraction by acoustic focusing [134].
Since then, protocols have been optimized to detect CTCs from breast cancer [137]
and metastatic castration-resistant prostate cancer patients [136]. Of note, these
protocols require an RBC lysis step, which may result in loss of rare CTCs or be
incompatible with downstream ex vivo culture. Furthermore, acoustofluidic-based
approaches have not yet demonstrated capability for isolating viable CTCs from
patient samples, thereby presenting opportunities for improvement.

3.7 Dielectrophoresis-Based CTC Isolation

Dielectrophoresis (DEP) isolation approaches leverage the differences in cellu-
lar morphology and electrical conductivity between CTCs and WBCs. When a
nonuniform high-frequency electrical field is applied to viable cells in a suspension
media with low conductivity, a dielectrophoretic force is generated that causes
cells to move directionally either toward or away from the electric field depending
on their polarization state. The polarization state of a given cell will depend on
its surface area and size, which will determine the accumulation of charge on
the cell membrane relative to the surrounding media [135]. As cancer cells from
solid tumors have been shown to have distinct dielectrical properties compared to
blood cells [136], DEP-based approaches can be utilized as an antigen-independent
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method for CTC separation from leukocytes. ApoStream™ is a commercially
available DEP-based technology that was first developed in 2012 [139], which
separates cancer cells from peripheral blood monocytes (PBMCs) and has been
proven to work on patient samples [140]. DEPArray™ is a similar technology but
has the ability to generate ~30,000 DEP “cages” that can each individually levitate
and capture single CTCs avoiding adhesive interactions with other cells and surfaces
[141]. A major advantage of DEP approaches compared to other methods utilizing
the physical properties of a cell is that it relies on differences in cell surface area,
which are on the nanometer scale, compared to other approaches such as size-based
separation that rely on micrometer-scale properties with less variation across cell
types. While DEP-based approaches are promising, particularly for the capture of
heterogeneous CTC populations, further research is needed before they are firmly
adopted into clinical practice as the CellSearch platform is.

3.8 Caveats and Future Directions

Different isolation methods have different downstream consequences—some meth-
ods affect cell viability and are therefore not suitable for live cell isolation.
Employing singular physical approaches to CTC detection and isolation is also not
recommended due to overlapping biophysical parameters. For example, employ-
ment of a size-based approach to isolating CTCs from bladder cancer would be
unadvisable since they are reported to have diameters similar in range to leukocytes
[39]. Moreover, some CTC isolation methods involve WBC depletion, but CTCs can
exist in heterotypic cell clusters with WBCs [142] and depletion can unintentionally
reduce the already low numbers of CTCs. While methods for CTC cluster isolation
are being developed, such as that reported by Boya et al. for the label-free
isolation of clusters in meshed microwells [143], refinement of these techniques and
comparison to existing methods are needed. It is also evident that the molecular and
physical properties of CTCs can vary widely between different types of cancers.
Taking a singular approach to broadly capture a heterogeneous population of
CTCs is unlikely. However, different approaches can be individually optimized and
integrated together in various ways to improve the broad recovery of heterogenous
CTCs. For example, density-based RBC depletion with WBC crosslinking can be
combined with acoustofluidic isolation to improve CTC viability, recovery, and
purity. In line with both inter-patient and inter-cancer CTC heterogeneity, the
standard criteria for CTC identification may require refinement based on a cancer-
type or cancer-subtype basis. As such, large-scale profiling of the range of physical
parameters of CTCs from different cancers will be needed in future studies to
improve our knowledge of CTC biology.
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4 Conclusions

Mechanical phenotyping of CTCs is quickly being investigated as a way to predict
cancer progression. Characterization of stiffness, deformability, and fragmentability
are all emerging physical approaches to generating a better understanding of
measurable biophysical parameters associated with the metastatic propensity of
CTCs. Despite these technological advances, the challenge of CTC rarity remains.
This has prompted the use of adherent cell lines grown briefly in suspension
conditions to model CTCs. However, the validity of using adherent cell lines as
a model for CTCs has never been tested, and there are yet no reports comparing
these two distinct biological resources. Since the establishment of the first long-term
cultures of CTC lines generated from breast cancer patients [10], there have been
continued efforts to develop methods compatible with the isolation of viable CTCs
for cell line establishment and the generation of renewable sources of CTCs [90].
Simultaneously, there are also parallel efforts generating biophysical profiles of real
CTCs from different cancer types using combinations of the detection, isolation,
and mechanical phenotyping platforms described. This will allow for the accurate
determination of parameters necessary for in vitro and in silico modeling of CTCs in
circulation and the ability to deduce appropriate conclusions from in vivo models.
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In Vitro and In Vivo Host Models ®)
of Metastasis Check for

Sam H. Au

Abstract Metastasis is a complex multi-step process that typically occurs over
years, making the process challenging to accurately model in the laboratory. This
chapter explores our existing animal and non-animal host model systems commonly
used to study metastasis: mice, zebrafish and microfluidics. These model systems
have inherent strengths and limitations, and the combined use of multiple models
either through the use of parallel or integrated model systems can enable new
questions to be explored and provide greater confidence to our findings.

Keywords Model systems - Metastasis - Mice - Rats - Zebrafish - Animals -
Microfluidics

A majority of cancer-related deaths are not caused by primary tumours but are the
result of the spread of cancer cells to distant organs, a process called metastasis.
Patients who present with metastatic disease at diagnosis have dramatically worse
prognoses. For example, patients diagnosed with localized non-metastatic breast
cancer have 5-year survival odds of 99%, while those diagnosed with stage IV
metastatic cancer have only a 26% chance of 5-year survival [1].

The local microenvironment provides important cues that facilitate or hinder the
metastatic process. Tissue stiffness [2], interstitial fluid pressure [3], extracellular
matrix pore sizes [4], microvascular confinement [5], fibroblasts [6], neutrophils [7],
macrophages [8], platelets [9], extracellular vesicles [10] and inflammation [11] all
appear to influence the ability of tumour cells to metastasize. Experimental model
systems that accurately mimic human tumour and tissue microenvironments are
therefore important for studying the metastatic process and developing inhibitory
strategies against it. An instructive case study for our need for better host model
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systems for metastasis is the example of therapies developed to inhibit matrix metal-
loproteinases, enzymes that promote tumour cell invasion by degrading extracellular
matrix proteins. These therapeutic candidates were successful in preclinical in vitro
and in vivo models but have thus far disappointingly failed clinical trials due to poor
efficacy and deleterious side effects when administered to humans [12]. Host model
systems that better recapitulate tumourigenesis and drug responses in humans will
allow us to accelerate drug discovery and development.

Creating biologically meaningful host models of the metastatic process is
particularly difficult for a number of reasons: (1) The metastatic process is very
inefficient on a per cell basis. Millions of tumour cells per gram of tumour mass
may disseminate into the bloodstream daily [13], yet very few of these eventually
establish metastases. (2) While billions of cells may be released over the course
of metastatic disease, metastases can be initiated by a single tumour cell or cluster.
Experiments that model the physiological rates of metastasis, must therefore balance
the requirement for high numbers of individually weakly metastatic competent cells
and the challenge of deriving statistical significance from the rare cells that do
succeed. (3) Tumour cells that disseminate to distant organs may take years before
they establish a metastatic tumour [14, 15] because these cells can remain dormant
for decades. Immunocompromised or genetically modified host organisms and
transplantation of cell lines with highly aggressive metastatic propensities can accel-
erate our studies, but these results may be poorly representative of the metastatic
process in patients (4). The metastatic process occurs in multiple organ sites and
microenvironments. Tumour cells disseminate from primary tumours, intravasate
into circulation and transit and extravasate into distant organs for colonization. It
is particularly challenging to develop in vitro models that accurately represent all
these landscapes, but even in vivo models have difficulty in this area. For instance,
our models should ideally allow us to address inter-patient heterogeneity (e.g.
how differences in geography, human behaviour, diet and genetics interact to drive
disparate outcomes in metastasis). Advancements in this area will enable us to better
explore important epigenetic influences on metastatic progression.

This chapter introduces established and emerging “in vitro and in vivo” labora-
tory host models used for metastasis research. Engineered in vitro model systems
will be compared to living organisms commonly used to model the development
of human metastases. Table | is a summary of the relative merits and weaknesses
of commonly used host model systems. We do not (and may never) have perfect
experimental models of human metastasis, but understanding the relative merits and
weaknesses of our models may help us draw meaningful conclusions from our data
and help us develop better strategies for mimicking the process in humans.
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Table 1 Comparison of strengths and limitations of host model systems for metastasis research

Rodent | Fish | Large mammalian | Microfluidic & in vitro

Similarity to human + — ++ +/—
microenvironment

Ease of genetic engineering + ++ |- N/A
Ease of cellular and - ++ | = 4+
subcellular imaging

Multi-organ interactions ++ + ++ —
Control over biophysical - - — ++
parameters

Feasible throughput — + — +
Ethical considerations — - - ++

1 Rodent Models

Mice and, to a lesser extent, rat models are the most commonly used host organisms
for metastasis research. It is difficult to estimate the precise number of animals
used for these purposes, but a Pubmed search for “metastasis AND mouse” reveals
approximately 3000—4000 journal articles published annually. If we estimate that
8 mice are required per condition and two condition and one control arm are run
per experiment, we could conservatively estimate that ~70,000 mice are used in
published metastasis research yearly. The widespread use of murine models is due
to their high levels of genetic and organ homology to humans, reasonable costs and
ease of genetic modification.

Numerous murine models have been developed. Tumours induced by chemical
carcinogens [16] and mice genetically engineered to overexpress oncogenes [17] or
with inhibited expression of tumour suppressors genes [18] allow for the formation
of tumours and metastases in manners that mirror spontaneous tumourigenesis in
humans. These models can take up to 12 months or longer to produce detectable
metastases [19], however, and by their nature, these developed tumours are not
of human origin. Although there is good genetic homology between humans and
mice, tumourigenicity in mouse cells differs from human counterparts. Mouse cells
spontaneously immortalize in culture and can be transformed by modifying just two
oncogenes [20], neither of which are true for human cells.

Xenograft models where human tumour cells are injected into rodents enable
the more rapid formation of models of human metastases but require modification
of host immunity to prevent cross-species immune responses. Immunodeficient
Prkdc™'= SCID [21] and Ragl ™'~ [22] mutant models do not reject xenografts
because they lack mature T and B cells, while Foxnl~'~ nude mutants are T cell
deficient but still reject xenografts. As explored later, the manner and location that
tumour cells are introduced into animals can also considerably bias the results we
obtain because tumour cell injections are not representative of how tumours arise
and disseminate in humans.
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The rodent models described above do not permit us to study the interactions
between human immunity and human tumour cells. These interactions are vital for
the formation and progression of metastatic tumours [7, 8]. Humanized models
attempt to reconstruct human immunity through the engraftment of functioning
human immune cells into animal hosts. The introduction of human hematopoietic
stem cells and peripheral blood mononuclear cells into mice hosts has led to
the establishment of numerous cancer models with humanized host immunity
including lymphoma, glioma, breast cancer, colorectal cancer, kidney cancer and
prostate tumours [23]. Human immunity in these systems is particularly useful
for the development of immunotherapies. Experiments using humanized mice are
the gold standard for evaluating safety, efficacy, immune response, exhaustion
and persistence in chimeric antigen receptor (CAR) T and NK therapies [24]. An
alternative approach to humanizing the immune system of mice is to humanize
specific distant organ sites for metastatic colonization. In one example of this, the
subcutaneous implantation of bone discs obtained from patients undergoing hip
replacement surgery into SCID mice allowed the study of breast cancer colonization
patterns into human bone [25]. These humanized models overcome many of
the limitations inherent to cross-species studies of cancer, but their use must be
considered within the context of the additional expertise, cost and effort required to
utilize them.

There are far more details and nuances to rodent models in metastasis research
than is covered here. Readers interested in this topic are encouraged to explore more
comprehensive reviews elsewhere [26, 27]. Overall, rodent models of metastasis
have many strengths, providing more physiological recapitulation of multi-organ
interactions than non-mammalian model systems, potential for incorporation of
human stromal interactions through humanized models and a lower cost with greater
availability of genetically modified models than larger mammalian models. These
must be balanced by acknowledging that drug candidate responses in these models
may not be representative of those in humans and the ethical implications of our
experiments, particularly when serious or severe procedures are required.

2 Fish Models

Fish may at first glance seem unlikely models for human metastases, but their
use has expanded since the first xenotransplantation of human melanoma cells
into zebrafish in 2005 [28]. These vertebrate model organisms have a number of
attractive features including: (1) fast reproductive cycles allowing large numbers of
experimental conditions to be conducted at low cost, (2) limited immune rejection
in young animals since they do not have fully formed immune systems until as
late as 6 weeks post fertilization [29], (3) small size meaning that few numbers
of rare or precious tumour cells can be efficiently studied, (4) ease of genetic
modification because fertilization occurs in vitro and (5) naturally transparent at
young ages, which when combined with bioluminescent or fluorescent protein
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expressing transgenic models allows for superior visualization of tumour cells in
Vivo.

There are some limitations to the use of zebrafish however. Beyond the most
obvious reduced genetic homology to humans in comparison to mammals, zebrafish
are typically maintained at 28 °C, lower than the human physiological temperature
of 37 °C. Incubation at lower temperatures may not be catastrophic to tumour
cell functions, however. Follain et al. found that the adhesion characteristics of
melanoma cells to endothelial cells was not impaired at 28 °C [30], and Lee
et al. reported that the proliferative colony formation ability of melanoma cells
was retained at 31 °C on agar [28]. An alternative compromise to address this
temperature mismatch may be to incubate zebrafish around 35 °C, which appears to
allow normal fish development [31, 32]. Some concerns, however, remain around
potential zebrafish development defects, transcriptional changes in response to
hyperthermia and differential drug responses by tumour cells at non-physiological
temperatures [33].

Another limitation to the use of zebrafish as metastasis models is the difference
in anatomy in comparison to humans. Zebrafish lack organs such as lungs and mam-
maries, which limits opportunities for orthotopic transplantation. Organ systems in
zebrafish are also often of a much smaller scale than that of humans, which can lead
to significant differences in biomechanical parameters. For instance, the circulatory
system of zebrafish 2-3 days post fertilization is comprised of ~5-10 pm diameter,
one-cell thick blood vessels that are good models of human capillaries but not larger
vessels [34] and have pressure drops across their circulation lower than that across
human capillaries [35, 36]. When combined with fish genetically engineered to
express fluorescent protein throughout their blood vessels [37], zebrafish models
are exceptional platforms for studying the behaviour of circulating tumour cells
(CTCs) in the micro circulation [30, 38]. Care should still be taken when translating
results to humans due to anatomical differences in the vasculature. As described in
more depth below, tumour cells were found to preferentially occlude in regions of
zebrafish microvasculature [30] of which there is no human analog.

Transgenic models with fluorescently tagged reporter neutrophils [39] and
macrophages [40] allow us to study interactions between immune cells and tumour
cells at single-cell resolution over time. Studies have demonstrated a remarkable
degree of conservation in tumour cells and immune cell interactions across species.
Neutrophils [41] and macrophages [42] have been observed migrating to and
promoting neovascularization within tumour xenografts and their micrometastases.
The lack of adaptive immunity and the translatability of these findings to human dis-
ease, however, is still limiting. Recently, groups have begun to humanize zebrafish
through co-injection of tumour-associated macrophage cells during xenograft trans-
plantation [43] and the transplantation of human hematopoietic stem cells into
zebrafish hosts engineered to express human hematopoietic-specific cytokines [44].

Altogether, the superior optical properties of transgenic reporter zebrafish models
and their non-mammalian incubation temperatures make them potentially better
suited for shorter-term studies such as exploring the transit and migration of
circulating tumour cells through the vasculature.
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3 Microfluidic and In Vitro Systems

The use of laboratory models of metastasis removes most impediments to through-
put because these systems are less hindered by the high costs and ethical concerns
associated with animal experimentation. Laboratory systems also benefit from
superior optical properties but are often poor substitutes for the complex microenvi-
ronmental conditions present in tumours, vasculature and colonizable distant organs.
This is particularly true for traditional in vitro culture systems, but historical and
ongoing improvements to our model systems are closing the gap between the
physiological relevance of living and non-living host models for metastasis. This
subsection will explore how technological advances are helping us achieve this.
Given the plethora of technologies and model systems that may be useful for
studying metastasis, this will not be an exhaustive review, but rather a high-level
overview of ongoing trends.

Solid tumours stiffen their local microenvironment through matrix remodelling
and the deposition of extracellular matrix proteins [45]. However, tumour cells and
associated matrix are still far softer than commonly used substrates for tumour cell
culture. Polystyrene and glass substrates have Young’s modulus values of ~3 and
50 GPa, respectively, making them approximately six orders of magnitude stiffer
than human tumours [46, 47]. The stiffness of the local microenvironment is an
important cue for cancer progression and metastasis by promoting proliferation
[48], tumour cell dissemination [49], epithelial mesenchymal transition [50] and
drug resistance [51]. Many of these effects appear to be regulated in part by Hippo
pathway activation via yes-associated protein (YAP) nuclear translocation [52].
For example, YAP activation has been linked to enhanced expression of matrix
metalloproteinases [53] integral to tumour cell migration, phenotypic changes that
render cells more capable of resisting chemotherapy [51]. Cells and organoids can
be cultured using hydrogel stiffness matched to tumours [54] to more accurately
recapitulate tumour microenvironments or with hydrogels containing stiffness
gradients [55] to study durotaxis and migration. Beyond stiffness, the architectural
characteristics of extracellular matrices can influence tumour cell migration and
speeds. The alignment and porosity of collagen fibres can be controlled by methods
such as gelation temperature [56] and microfabricated devices can be engineered
to provide precise control over alignment [57] and porosity [58] during migration.
The advantage of in vitro hosts for these studies is the greater degree of control
over microenvironmental conditions such as the extent and magnitude of a stiffness
gradient, which can be used to elucidate causal relationships between biomechanical
signals and cellular behaviour.

One of the most apparent disadvantages of non-living host model systems is
their lack of inherent stroma. Co-culture with human stromal cells [59] or media
conditioned by these cells [60] can restore some important paracrine signals.
Microfluidic devices can be beneficial in these systems because of their precise
spatiotemporal control over cellular organization. For instance, microfluidics can
spatially organize cancer-associated fibroblasts [61, 62] or bacteria [63] to study
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the influence of stromal cells and the microbiome on tumour cell phenotypes.
More complex microfluidic platforms have been developed, to recapitulate organs
or their subsystems. Numerous ‘“organ-on-a-chip” devices have been developed
to mimic distant organs for exploring metastatic colonization [64, 65] and the
establishment of the premetastatic niche [66], blood vessels to study tumour cell
transit and intravasation/extravasation in vascular endothelial cell models [38, 67—
69] and tumour-on-chip platforms for exploring immune-tumour cross-talk [70].
The further development of organ-on-chip platforms may allow us to reduce the
number of animals required by eliminating compounds destined to fail clinical trials.

Tumour cells are highly responsive to biomechanical factors, which drive many
aspects of metastasis [71]. Microfluidic devices can provide tight control over the
forces, stresses and strains that tumour cells experience at all stages of the metastatic
cascade. Compliant devices featuring microactuators have been developed’, capable
of mechanically stimulating and compressing tumour cells [72]. Microscale features
can be used to study how tissue confinement [58, 73, 74] affects tumour cell motility
and fluid shear stress affects tumour cell adhesion [30, 75], vasculature transit [5,
38] and extravasation [76, 77]. The influence of the higher interstitial fluid pressure
present in tumours on mass transport [78] and drug resistance [79] is also readily
modelled with integrated pressure control systems. While these biomechanical cues
are also present in in vivo models, the ability to precisely control and manipulate
these cues in microfluidics allows us to better understand the relationship between
biomechanics and metastatic progression.

4 Complementary Investigations Using In Vitro and In Vivo
Models

One approach to addressing the relative strengths and weaknesses of various models
(Table 1) is to use multiple host systems. This is most often accomplished by
conducting similar experiments in parallel but using different models to provide
greater functionality and give greater confidence in obtained results. Au et al. [38]
used microfluidic, computational and zebrafish models to explore how CTC clusters
can traverse narrow vessels far smaller than their overall diameters. The use of
these three models was complementary because: (1) hydrodynamic relationships
between applied pressures and vessel diameters could be determined because of
precise over microfluidic channel geometries and applied pressures, (2) the impact
of intercellular adhesion strengths on cluster cohesion could be easily studied in
computational models and (3) the recapitulation of these behaviours in zebrafish
vessels that closely mimic human microvasculature helped to give confidence to
this observation. To explore how microvascular hemodynamics were permissive
or inhibitory for CTC arrest, Follain et al. [30] also used three different comple-
mentary model systems: zebrafish, microfluidics and mice (Fig. 1). The majority
of experiments were conducted in zebrafish models that provided superior optical
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Fig. 1 Arrest and adhesion of CTCs driven by hemodynamics in multiple model systems. (A)
Blood flow velocity measurements (PIV) in the indicated region (red and blue squares 1 to
8) of the zebrafish embryo. Arrows indicate blood flow direction. Minimum, maximum and
mean values of the blood flow velocity are plotted over the eight different regions (n = 3
embryos). (B) Experimental setup, representative images and quantification of the microfluidic
approach. CTCs (green) are perfused over a monolayer of HUVECs (ECs, red) and adhesion is
quantified. (C) Experimental workflow and representative images of micrometastases in 7 days
post-infection (dpi) mice injected with Jimt1-GFP cells (2 PM, two-photon microscopy). (Adapted
with permission from Follain et al. [30])

and microenvironmental conditions. Studies of tumour cell adhesion on microfluidic
channels conducted in parallel allowed better control over fluid velocities and
applied shear stress and also permitted the interaction between human tumour cells
and human endothelial cells to be explored. The use of mice helped to address
the anatomical differences between fish and mammalian microvasculature. The
majority of tumour cells were found to arrest in the caudal plexus of zebrafish
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tails, a tightly connected meshwork of narrow vessels that experiences low blood
velocity. Because we have no human analog to these networks, it can be difficult to
generalize these findings to human metastases. However, the observation that CTCs
preferentially arrested in regions of low flow in mouse capillary networks helped to
bridge these cross-species differences. In a third example, Martinez-Pena et al. [80]
compared the survival and proliferative ability of xenotransplanted CTC clusters and
single CTCs in both zebrafish and mice models. Similar trends of greater survival
and proliferative abilities for CTC clusters were observed in both models even
though fish were incubated at 28 °C and were in good agreement with patient-
derived data [81]. In a similar fashion, Paul et al. demonstrated that breast cancer
tumour cells presented patterns of organ-specific homing similar to those observed
in mice models [82]. These findings help validate the use of zebrafish as models
for studies in metastasis. While models can be actively compared through parallel
experiments such as these, we also “passively” generate useful data through the drug
development process. The primary objective of clinical trials is to evaluate a drug
candidate’s efficacy and safety in humans, but this data can also help us validate
and refine our models through better understanding the limitations of currently
deployed preclinical models [12]. For instance, this data has been used to promote
the development of humanized animal models [83], change regulatory standards
[83] and justify the need for more sophisticated organ-on-chip models [64].

5 Multiple Integrated Models

Another approach to incorporating multiple host model systems is to integrate
the systems together to create hybrid systems with greater utility than what their
constituent parts can provide individually. For instance, one challenge with the use
of immature zebrafish is that these small organisms need to be immobilized, aligned
and repositioned for imaging, microinjection and culturing purposes. These are
time- and labor-intensive processes. Microfluidic devices have been developed to
address all of these challenges [84]. Alignment and immobilization can be achieved
using pressure traps [85], passive pumping into microscale constrictions [86] or even
microstructured indentation arrays that zebrafish passively settle into [87]. When
combined with automation, this can allow the automated microinjection of large
numbers of zebrafish [88].

While mice are too large to fit onto microfluidic devices, these two host systems
can be integrated in another manner. Hamza et al. [89] permanently cannulated mice
to withdraw blood from the left carotid artery, which was then perfused through a
microfluidic device that could detect and sort CTCs as desired (Fig. 2A). Unsorted
blood was returned to the mice through the right jugular vein, completing a full loop.
This setup allowed the continuous tracking of CTCs in circulation for up to weeks at
a time. This technique was taken a step further by connecting the circulatory systems
of two mice with microfluidic CTC cell counters bridging both circuits [90] (Figs.
2B-C). This double animal setup allowed the researchers to track the number of
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carotid artery of a genetically engineered mouse, directed into the main flow channel of
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In Vitro and In Vivo Host Models of Metastasis 295

CTCs released from one tumour-laden animal and to compare that to the number of
metastatic tumours seeded by these cells in the other initially tumour-free animal.
This approach addresses some of the concerns around our existing experimental
models of mouse metastasis. For instance, tumour cells suspensions of ~0.2 mL [91]
are routinely injected into the tail vein of mice to generate experimental models
of metastasis and to measure CTC circulatory half-lives. This can be problematic
because this volume is a large fraction of the ~1.5 mL total blood volume of a
~25 g mouse, which may cause alterations to arterial pressure and cardiac output.
Furthermore, the bolus injection of tumour cells increases the probability of multiple
occlusion events and intravascular clustering, and cells injected into mice tails do not
encounter the same vascular environments and conditions as experienced by those
released by human tumours. Finally, bolus injection protocols typically use tumour
cells that have been expanded in vitro. These cells are likely phenotypically different
from CTCs since they may not have undergone important processes undertaken
by metastasis-competent cells such as epithelial-to-mesenchymal transition and
survival adaptations against anoikis. This integrated model method allows for the
study of CTCs that are more representative of human disease. Altogether, these
factors have likely contributed to the extremely divergent reports of the circulating
half-lives of CTCs, ranging from seconds [92] to hours [93]. At the cost of additional
complexity, the integrated microfluidic mouse approach has a number of advantages
for metastasis research: (1) the use of genetically engineered mice meant that tumour
progression and CTC release occurred in a more physiological manner over time
than experimental xenotransplantation models and (2) as little as 1.0% of the total
blood volume of each animal can be withdrawn into the ex vivo space at a steady
state. This reduces the likelihood of altering the hemodynamics, which we know
greatly affects tumour cell arrest and colonization behaviours [30].

&
<

Fig. 2 (continued) the velocity of the cells and operates computer-controlled pneumatic valves
to redirect fluorescent CTCs towards a collection tube. After exiting the chip, CTC-depleted blood
returns to the jugular vein of the mouse a second surgically a second surgically implanted cannula.
(Adapted from Hamza et al. [89] under Creative Commons CC BY-NC-ND 4.0 license). (B)
Schematic demonstrating the blood exchange method in which the circulatory systems of two mice
(one tumour-bearing mouse [TBM] and one healthy mouse [HM]) are connected in a closed-loop
through two CTC counters. (C) A visual representation of the relevant parameters of the blood
exchange technique to solve for the generation rate and the half-life time of CTCs. The circulatory
system of each mouse is represented as a well-mixed container of red spheres (CTCs). In the TBM
(left tank), CTCs enter the circulation from the tumour microenvironment at a rate equal to rgen.
CTC clearance out of the circulation is represented by a hole at the bottom of each container with
a clearance rate of Kclear x N. Pumps with counters represent the CTC counter systems and their
peristaltic pumps that transfer the CTC-containing blood at rates equal to C x Q. r, Rate of CTC
transfer. C, concentration. Q, flow rate. Kclear, first-order clearance coefficient. N, total number of
CTCs in each mouse. (Adapted from Hamza et al. [90] under Creative Commons CC BY license)
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6 Summary

The complexity and long-time scales associated with the metastatic process mean
we have much work ahead to arrive at an ideal in vitro, in vivo or integrated
host model system. However, understanding the capabilities and limitations of our
existing rodent, fish, large mammalian and microfluidic hosts for modelling human
cancer metastasis will allow us to use the correct model system or systems for
a given experiment. As we continue to discover the importance of immune and
stromal interactions in driving tumourigenesis and metastasis, it becomes more and
more imperative that we accurately model these interactions in our host systems.
Further development of humanized animal models can provide us with more
reliable experimental data and may improve our drug development process. The
development and validation of more sophisticated organ-on-chip platforms give us
the possibility of studying fully human—human tumour—stromal interactions without
the burden of ethical concerns around animal experimentation.
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Physical Sciences in Cancer: Recent )
Advances and Insights at the Interface Qs

Olalekan H. Usman and Jerome Irianto

Abstract Within the tumor, cancer cells interact dynamically with their microen-
vironment via biochemical and physical mechanisms. The roles of biochemical
interactions between the cancer cells and their environment and their impact on
tumorigenesis have been the focus of many studies. However, the study of the
effects of physical cues on cancer progression started garnering attention in the
last decade. Here, to provide a glance at the current state of this research field,
we summarized some of the studies associated with the National Cancer Institute—
funded Physical Sciences-Oncology Network, including the use of computational
modeling to study cancer biology, the use of physical science technologies in cancer
studies, and the study of physical cues in cancer biology. These studies cover a wide
range of topics, ranging from cancer evolution and progression to the optimization
of cancer therapies, suggesting the significant contribution of physical science to
studying cancer biology and to the development of more efficient therapies.

Keywords Computational modeling - Hydrogel - Matrix stiffness -
Microfluidics - Nuclear mechanics - Therapy response - Solid stress - Tumor
evolution - Tumor microenvironment

1 Introduction

A tumor is a complex tissue consisting of cancer cells that are in dynamic metabolic
and physical interactions with immune cells, cancer-associated fibroblasts, and
the extracellular matrix (ECM) in their microenvironment. Cancer is considered
to be a cellular disease whose progression is driven by mutations in genes that
regulate apoptosis, cell proliferation, and angiogenesis [1]. The molecular biology
of cancer is relatively well studied when compared to the physical aspects of
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Fig. 1 Publication counts from the year 2000 to 2022, acquired from Pubmed search with the
following keywords: cancer, cancer molecular biology, and cancer physics. This plot shows the
increasing publication rate of physics-related cancer studies

the disease (Fig. 1). Interestingly, the emerging studies suggest the role of these
physical cues on cancer evolution, metastasis, progression, heterogeneity, and even
resistance to drug treatment [2]. The recent understanding and growing appreciation
of the effects of physical cues on cancer tumor development have led to the
birth of a transdisciplinary field made up of cancer researchers, computational
scientists, physicists, chemists, mathematicians, and engineers. The growth of this
transdisciplinary field was facilitated by the creation of the Physical Sciences-
Oncology Network (PS-ON) in 2009, which was funded by the National Cancer
Institute. The PS-ON aims to promote the physical sciences perspective of cancer
by fostering the formation of transdisciplinary research teams of physical scientists
and cancer researchers. Hence, the funded projects need to: (i) establish a physical
sciences perspective within the cancer research community, (ii) facilitate field
convergence of physical sciences and cancer research, and (iii) collectively test
physical sciences—based experimental and theoretical concepts of cancer while
promoting innovative solutions of outstanding questions in cancer research. The
current and past members of PS-ON and their funded projects can be found in the
following website: https://physics.cancer.gov/. The term physical sciences can cover
broad aspects of cancer, such as the study of physical properties of the tumor, like
physical cues and transport phenomena, or the use of advanced imaging techniques
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Fig. 2 The application of physical sciences in cancer research, ranging from the use of computa-
tional and mathematical modeling; the use of physical science instrumentations, like microfluidics
technology; and the studies of various physical cues from within and outside of the tumor. (Image
created in Biorender.com)

to study biological processes with a high degree of temporal and spatial precision.
In this chapter, we provide an overview of the current state of this research field:
We summarize the studies that are associated with the projects funded by the PS-
ON initiative, including the use of computational modeling to study cancer biology,
the use of physical science technologies in cancer studies, and the study of physical
cues in cancer biology (Fig. 2). It is important to note that the members of PS-ON
are only a fraction of US-based researchers in this field; hence, this chapter does not
represent the whole international effort in studying the physics of cancer.

2 Mathematical and Computational Modeling of Cancer

Throughout disease progression, cancer cells actively interact with the surrounding
biochemical and physical environment. A tumor’s microenvironment is complex,
and researchers often use a reductionist approach in which cancer is studied in
vitro by decoupling different factors (e.g., interstitial pressure, oxygen diffusion,
stiffness, metabolite gradient) and investigating their effects independently on
tumor evolution, progression, and resistance to therapy. However, most of these
factors affect the tumor simultaneously in vivo, and understanding how they work
together in the tumor microenvironment will provide better insight to delineate
tumorigenesis. To solve this limitation in wet lab research oncology, scientists
developed mathematical and computational models that enable the integration of
multiple inputs from experimental studies to provide insightful predictions of a
complex process. In this section, we will highlight the utilization of mathematical
and computational modeling to study the roles of the tumor microenvironment
in cancer progression, the biological processes in cancer cell migration, and the
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Table 1 Summary of the mathematical models’ inputs and outputs

Author
Leder et al. [31]

Poels et al. [40]

Rockne et al. [42]

Zhang et al. [44]

Gatenby et al. [12]

Chaplain et al. [11]

Bauer et al. [10]

Chan and Odde [19]

Input

i. SLRC and DSC response to
radiation percentage of DSC that
mutate to SLRC

ii. Rate at which both DSC and
SLRC enter and exit the cell cycle
i. Drug concentration over time
ii. Patients’ drug pharmacokinetics
iii. Toxicity constraints

iv. Tumor composition

i. Gene expression variation with
drug

ii. The transition from drug
sensitive to drug resistant

i. Cellular competition

ii. Differences in subpopulation
growth

i. Rate of glycolysis

ii. Diffusion rate of hydrogen ion
produced by the tumor into adjacent
normal cells

i. Cell growth

ii. ECM production

iii. ECM-degrading enzyme
production

i. Cell growth

ii. Cell migration

iii. ECM degradation

iv. Cell adhesion

i. Myosin motors

ii. Number of integrins

iii. Force exerted on F-actin

iv. Rate of integrin binding and
unbinding

Output

Optimal radiotherapy dosing
schedule

The optimal dosage for
dacomitinib—osimertinib
combination therapy

Drug-induced tumor evolution

Optimal concentration and
frequency of cytotoxic agent
needed for adaptive therapy

Acid-induced toxicity level

Compression-induced clonal
selection

Effect of matrix density on
angiogenesis and sprout
branching

Optimal substrate stiffness for
cell migration

SLRC stemlike resistant cells, DSC differentiated sensitive cells, ECM extracellular matrix

optimization of cancer therapies. The summary of the inputs and outputs of these
models can be seen in Table 1.

2.1 Modeling the Roles of Tumor Microenvironment

The tumor microenvironment is defined as the surrounding in which the tumor exists
[3]. The cellular components of the tumor microenvironment consist of the stromal
cells, which may include various immune cells, endothelial cells, and fibroblast
cells in most tumors. The non-cellular part includes the soluble factors like growth
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Fig. 3 The mathematical model approaches used in modeling tumor biology. (Imaged adapted
from [6, 7]. Image created in Biorender.com )

factors and nutrients and the non-soluble extracellular matrix proteins such as
laminin, fibronectin, collagen, and hyaluronic acid. The cancer cells dynamically
interact with the microenvironment, and the microenvironment is often modified
and regulated by the cancer cells to promote cancer progression and metastasis.
One example of such regulation is through cancer cells’ aberrant metabolism. Under
normoxic conditions, normal cells use the oxidative phosphorylation pathway to
synthesize ATP. In contrast, cancer cells preferentially use glycolysis to meet their
energy demands (a phenomenon known as the Warburg effect), thereby leading
to an elevated level of lactic acid [4]. The acidic tumor microenvironment will
then preferentially promote tumor cell growth over normal cells. Another example
of tumor microenvironment modification is through the inflammation response.
Tumor cells often secrete inflammation-promoting growth factors that activate
the surrounding fibroblasts to produce and deposit excessive extracellular matrix
(ECM) proteins in the microenvironment. This process is called fibrosis, and it
leads to drastic physical alterations of the microenvironment, which enhances tissue
stiffness and may also provide a path for cancer cell migration. Such excessive
deposition of ECM may also alter cancer cell phenotype and metabolism through
mechanotransduction pathways, reviewed in [5].

Mathematical models can integrate laws of physics and experimental data to
derive the impact of the tumor microenvironment on disease progression. Mathemat-
ical modeling of the tumor can be broadly classified into three approaches (Fig. 3):
discrete, continuum, and hybrid models [6]. The discrete model predicts individual
cell behavior in a tumor environment by following a set of biological rules that guide
the phenotype of the model. Some examples of these rules include the placement of
a daughter cell in a nearby space when a cell divides, the removal of a cell from
a defined space when a cell dies, or the movement of the cell to an adjacent space
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for migration [7]. The discrete model can be categorized into two categories based
on the rules: (i) Lattice-based models use structured or unstructured coordinates
for the location where the cells are permitted to occupy. Lattice-based models can
either be the cellular automaton model (one cell occupies one lattice), the lattice
gas cellular automaton model (multiple cells occupy one lattice), or the cellular
Potts models (single cell occupies multiple lattices) [8]. (ii) Off-lattice models, on
the other hand, are not bound to coordinates and the cells are allowed to move in
any distance and direction in line with the physical and biochemical processes in
the study. Some of the off-lattice models track the cell position either by using
their center of mass or volume (center-based models) [7] or by calculating the
forces acting on the vertices of the cells represented as polygonal/polyhedral shape
evolved by minimizing an energy potential (vertex-based models) [9]. Continuum
models use differential equations to simulate the interaction between cells and the
underlying chemical and physical processes with parameters that are represented as
continuously distributed variables. Although developing parameters and simulating
cellular processes with this model are easier compared to discrete models, the
equations may result in simplifications, such as the assumption of continuity that
do not totally mirror the biology of the process [6]. The hybrid modeling approach
combines both the continuum and discrete models. To apply this model to a tumor,
the cells are often modeled with discrete models while hormones, growth factors,
cytokines, nutrients, and oxygen are described with the continuum model.

The hybrid mathematical model approach was used by Bauer and colleagues
to study angiogenesis in tumors. In this study, the authors combined cellular Potts
and continuous models to investigate the effect of inhomogeneous tumor microenvi-
ronment on tumor-induced angiogenesis. The continuous—Potts hybrid model takes
into account endothelial cell growth, migration, adhesion, and extracellular matrix
degradation, while the continuous model is used to describe uptake, diffusion, and
the half-life of the VEGF secreted by the tumor. In this study, the authors observed
that when leading endothelial cells encounter a high matrix region in the stroma, the
cells redirect themselves to take the path of a lesser resistance [10], leading to blood
vessel sprout branching—a process in which new capillary vessels penetrating the
tumor divide into two. Meanwhile, considering the space required to accommodate
cellular overgrowth in a tumor, the surrounding tumor microenvironment also
physically constrains tumor growth, leading to a highly compressed environment
inside the tumor. Chaplain and colleagues developed a mathematical model to
understand the effect of this compressive stress on tumorigenesis. The model’s
inputs include cellular growth, ECM production, and the production of matrix-
degrading enzymes. This model’s output shows that a cell’s inability to sense
compression from its immediate environment can lead to a clonal selection of
abnormal cells and tumor growth [11].

In another study, Gatenby and colleagues developed a mathematical model to
understand acid-mediated tumor invasion [12]. This model’s inputs include the
glycolysis rate and diffusion rate of the hydrogen ion produced by the tumor into
adjacent normal tissues. This model gives the peritumoral hydrogen concentration
and the acid-induced toxicity as its output. This model predicts that due to the altered
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metabolism of glucose, cancer cells can create an acidic environment that impairs
the phenotype of the neighboring normal cells. Finally, they concluded that this
acidic environment promotes the cancer cells’ invasiveness, a process referred to as
acid-mediated invasion. Furthermore, the tunability of mathematical models enabled
the authors to accommodate another variable: the interactions between stromal
cells and cancer cells [13]. This mathematical model, aiming to show the effect
of the interactions between stromal cells and tumor cells on invasion, takes inputs
that include hydrogen concentration, normal cell death induced by acidification of
the tumor environment, remodeling of the extracellular matrix, metalloproteinases
(MMP) density. This model predicts that optimal tumor acidity can cause matrix
remodeling. Also, it predicts that the tumor-induced acidity causes stromal cell
death; however, the tumor also needs the stromal cells for invasion, suggesting that
very high acid levels may prevent invasion in some types of tumors. Cumulatively,
these two models predict the effects of acidity on tumorigenesis and metastasis.

2.2 Modeling Cancer Cell Migration

Cell migration is crucial for various physiological and pathophysiological processes:
epithelial cells migrate collectively to the site of injury during wound healing [14].
During embryonic development, cells migrate to form the germ layers, and the
cells of the germ layers migrate to specific regions, forming specialized cells and
tissues [15]. During metastasis, cancer cells migrate to the basement membrane and
extracellular matrix to the lymphatics and the blood vessels [16]. Cell migration
has been studied in 1D, 2D, and 3D. In 1D migration, cells move along a linear
structure, e.g., the migration of cancer cells along collagen fibrils. One-dimensional
studies have shown that invasive breast cancer cells preferentially migrate along
perpendicular collagen arrays [17]. In 2D migration, cells migrate over a flat surface,
while in 3D, cells are continuously surrounded by the extracellular matrix or other
cells as they migrate [18]. In general, mechanistically, migration can be summarized
into a cyclic process of three steps: (i) cell polarization and extension of filopodia
and lamellipodia at the leading edge, driven by actin polymerization, in response
to migration-inducing signals, (ii) cell adhesion and formation of focal contacts
as a result of interaction between integrins and the extracellular matrix, and (iii)
detachment of the rear of the cell following turnover of focal adhesion [18]. In
the effort to study cancer cell migration, the utilization of mathematical modeling
enables the integration of the different modalities such as substrate stiffness, ECM
ligand concentration, and activities of other proteins that control migration.

Cell migration depends on the ability of a cell to adhere to the underlying
substrate and to pull in the migration direction, which is driven by actomyosin
contractility. With this in mind, Chan and Odde developed the motor-clutch
mathematical model to simulate single-cell migration [19]. In this model, the cell
migration rate depends on the force balance between the myosin contraction on
the F-actin (the motor) and the cellular bond to the substrate through proteins like



308 0. H. Usman and J. Irianto

integrins (the clutch). In a follow-up study, Bangasser and colleagues incorporated
the compliance of the substrate into the model and predicted the optimal substrate
stiffness for cell migration [20]. This model input includes the number of myosin
motors (which pull the F-actin in opposite direction, thereby driving a retrograde
flow), the number of clutches, the force exerted on the F-actin, and the rate at
which the clutches bind and unbind F-actin. This model predicts that the stiffness
optimum for retrograde flow can be shifted by changing the number of motors
and clutches accordingly. To experimentally validate this, the group inhibited both
myosin (motor) and integrins (clutch) in U251 glioma cells and they observed
optimum stiffness reduction from ~100 kPa to 4 kPa.

Unlike single-cell migration, the study of collective cell migration must consider
the impact of the neighboring cells, including cell-cell adhesion bonds and straining
effects from the neighboring cells. The normal confluent epithelial cell layer is often
non-migratory and jammed, where cells rarely swap places with their neighbors and
become locked in place. In contrast, the healing or remodeling confluent epithelial
cell layer tends to be migratory and unjammed. Ilina et al. reported an increase in
unjamming and single-cell dissemination with downregulation of cell—cell adhesion
protein, E-cadherin, and low matrix density in breast cancer [21]. In a study where
various adherens junction proteins were knockdown, Bazellieres and colleagues
showed that the velocity of cells in a jammed phase increases with low levels
of P-cadherin and «- and B-catenin [22]. This transition between jammed and
unjammed cellular behavior is in line with a widely studied physical theory for
granular materials: jamming phase transition. Kim and colleagues showed that this
concept of cell jamming can be used as an indicator of cancer cells’ invasiveness
[23]. The more invasive cells tend to have a higher degree of unjamming and larger
cooperative cell packs. The authors also suggested the correlation between cellular
morphology heterogeneity and the degree of unjamming. In a follow-up study, Kang
and colleagues showed that the mode of collective cancer cell migration in 3D
collagen I hydrogels can be predicted by a jamming phase diagram, which was a
function of extracellular matrix density and cancer cell migration potential [24].

2.3 Modeling Cancer Evolution and Response to Therapy

Cancer undergoes cycles of clonal expansion, genetic diversification, and selection
of adaptive clones, a process that mirrors Darwin’s natural selection [25]. In a tumor,
specific mutations will provide a growth advantage to some cancer cells, giving rise
to the evolution of different cellular clones [26]. This evolution creates a myriad
of cells within the tumor with different phenotypes and specifically responses
to therapy [27]. In this section, we will summarize several studies that utilize
computational modeling to develop or optimize cancer therapies, ranging from the
development of the adaptive therapy regimen that is based on cancer evolution to
the optimization of the radiotherapy dosing schedule.
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Glioblastoma (GBM) is a malignant primary brain tumor with a low survival
rate. There is a high recurrence rate of this cancer in patients treated with surgery,
chemotherapy, or radiotherapy [28]. This nearly inevitable recurrence in GBM
patients is partially a result of clonal evolution and dynamic heterogeneity states,
which then lead to the proliferation of therapy-resistant cancer cells. Different
radiotherapy dosing schedules that have been applied to treat GBM include:
hypofractionated dosing of 3—6 Gy per treatment session, accelerated dosing that
involves radiation with 2 Gy multiple times per day, hypofractionated dosing of
1 Gy fractions 2-3 times per day during the course of treatment [29]. However,
none of these schedules has significantly improved the GBM survival rate. This is
attributed to the presence of a subpopulation of cells that are resistant to radiation
[30] and the plasticity of the radiosensitive cells to revert to radioresistant cells after
exposure to radiation [31]. To address this problem and to identify the optimal and
efficient radiation dosing schedules in glioma, Leder and colleagues developed a
mathematical model that puts into consideration both the stemlike resistant cells
(SLRC) and differentiated sensitive cells (DSC) in GBM [31]. The inputs for this
model are the response of the SLRC and DSC to radiation, the percentage of DSC
that turns to SLRC after rounds of radiation, the rate of DSC to SLRC reversion,
the rate at which newly created DSC reproduces and gives rise to clonal expansion,
and the rates at which both DSC and SLRC leave quiescence and enter the cell
cycle. Putting these inputs together, this model predicts an optimal radiation dosing
schedule to be 2 Gy radiation for 5 days as its output. To validate the application
of this model, the authors performed a survival analysis using mice with glioma.
They found out that glioma mice treated with a standard single dose of 10 Gy
have a significantly lower survival rate compared to those treated with the optimal
schedule predicted by the model. In another GBM study, Zhao and colleagues used
an extensive computational model approach to combine and analyze the clinical,
imaging, genomics, and transcriptomic data that were collected from 66 patients
throughout their treatment with PD-1 inhibitors, nivolumab or pembrolizumab. In
this study, the authors derived the tumors’ molecular evolution during the anti-PD-1
therapy and characterized the genetic background of responders and non-responders
to this immunotherapy [32]. Such molecular characterization of the responders and
non-responders will potentially enable the derivation of a set of genetic markers that
predicts the efficacy of anti-PD-1 therapy for patients with GBM, prior to the actual
treatment. This insight might provide a piece of essential information for the clinical
management algorithm of patients with GBM.

In addition to GBM, mathematical modeling has also broken a new ground for
lung cancer, melanoma, and myeloid leukemia. Lung cancer is the leading cause
of cancer-related deaths [33]. Non-small cell lung cancer (NSCLC) is a subtype
of lung cancer with poor diagnosis and approximately 50% of this subtype are
diagnosed at metastases [34]. About 10-50% of NSCLC patients have exon 19
deletion or missense mutation in exon 21 (L588R) of EGFR, thereby activating
the receptor [35]. First-generation EGFR tyrosine kinase inhibitors (TKIs), such as
erlotinib and gefitinib, inhibit the binding of ATP to the mutant EGFR in NSCLC.
However, the cells become resistant over time due to the occurrence of a secondary
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mutation (T790M) on the EGFR [36]. This resistance-conferring mutation is also
observed with second-generation EGFR TKIs such as dacomitinib, a pan-HER
inhibitor [37]. Osimertinib, a third-generation EGFR inhibitor, is effective in
patients with T790M mutations [38]. However, over time, NSCLC cells acquire
resistance to osimertinib due to second-site mutations at EGFR C797S, the site at
which osimertinib binds EGFR [39]. To combat this series of mutation-induced
resistance to treatment in NSCLC lung cancer, Poels and colleagues developed a
mathematical model to identify the optimal dosing schedule for combination therapy
of dacomitinib and osimertinib [40]. The inputs for this model include changes in
concentrations of the drugs over time, patients’ pharmacokinetics variation, changes
in tumor composition over time, the probability of drug-sensitive cells becoming
drug-resistant cells after division, and toxicity constraints. This model predicts the
optimal combination of the two drugs. The output of the model showed that the
combined therapy of lower but more frequent doses of ositerminib and higher but
less frequent doses of dacomitinib significantly reduces the resistance of NSCLC to
drug treatment when compared with the conventional treatment. In a study aimed
at understanding the transition from drug-sensitive to drug-resistant phenotype in
melanoma, Su and colleagues combined mathematical modeling and experimental
methods to study the plasticity of BRAFY®%F mutant melanoma cell lines [41]. The
inputs for this mathematical model are gene expression variation over 2.5 months
of BRAF low-dose treatment, flow cytometry plots showing the transition between
melanocytic (drug-sensitive) cells, and cells displaying mesenchymal properties
(drug resistant). This model predicts the drug-induced cell evolution in melanoma
and free energy-like potential during the transition from drug response and tolerance
as its output. Similarly, the application of the state-transition model on time-
sequential transcriptomic data from an acute myeloid leukemia murine model has
been reported to predict critical points in leukemia progression and evolution [42].
Put together, these models can contribute to better therapy development by helping
to predict the susceptibility and response of cancer cells to the drug (as shown in the
Su et al. study above) [41]. Also, they can predict the most effective dosing radiation
schedules used in cancer treatment (as described by Leder et al. study) [31] and also
identify the most optimal drug combination to combat drug resistance as shown in
Poels et al. study [40].

Mathematical models have also played a crucial role in the birth of a new cancer
therapy regimen termed adaptive therapy. Adaptive therapy takes into account tumor
heterogeneity, evolution, and therapy-induced changes. It hinges on the competition
between the chemosensitive and chemoresistant subclones in the tumor. Before a
treatment, chemosensitive cells have a growth advantage and occupy most of the
tumor space, which suppresses the growth of less fit chemoresistant cells. In this
context, standard-of-care treatment of cancer is termed linear therapy because it
aims at using the maximum tolerated dose administered to kill the highest possible
number of cancerous cells. Upon a conventional fixed and linear therapy, most of the
chemosensitive cells will be killed, leaving behind space and resources that enable
the growth of the chemoresistant cells during remission. Adaptive therapy, on the
other hand, aims to control the growth of chemosensitive cells while suppressing
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Fig. 4 Illustration of conventional linear therapy and adaptive therapy, showing the population
control of drug-sensitive cells (red) in adaptive therapy by modulating the amount of drug-resistant
cells (green). (Image adapted from [47] and created in Biorender.com )

the growth of chemoresistant cells (Fig. 4) [43]. In contrast to linear therapy,
adaptive therapy is aimed at controlling cancer rather than curing it. Therefore, it
was proposed for aggressive cancers, such as metastatic castration-resistant prostate
cancer (mCRPC) [44], that are irresponsive to conventional treatment or cancers that
show early drug resistance such as advanced BRAF mutant melanoma [45]. Zhang
and colleagues developed a mathematical model that takes the cellular competition
for limited resources in the tumor and the proliferation differences within tumor
subpopulations as its inputs. This model then predicts the optimal concentration and
frequency of cytotoxic therapy that will permit the survival of a minimal number
of chemosensitive cells, which will then keep the chemoresistant cells in check,
as its output. To date, adaptive therapy has been applied to a clinical trial for the
treatment of metastatic castrate-resistant prostate cancer. In this trial, all the patients
were exposed to only 47% of the standard treatment dosage. Ten of the 11 patients
in the adaptive therapy treatment arm have significantly improved remission time
from 16.5 months to 27 months compared to the patients in the standard-of-care
arm [44].

The efficacy of a drug also depends on its ability to go through various physical
barriers in the stroma to reach the cancer cells. Considering the heterogeneity of
tumors, a given drug might have a different uptake rate from tumor to tumor.
To address this issue, Karolak and colleagues developed a mathematical model
that takes the drug transport properties and tumor stroma topological information
obtained from tissue section imaging as inputs [46]. This model predicts more
accurate pharmacokinetics of a drug within a specific tumor microenvironment.
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2.4 Limitations of Computational and Mathematical Modeling

Typically, computational and mathematical models rely on various laws of physics
and biological observations, as the input, to predict a specific biological process,
as the output. Hence, the accuracy of the prediction is highly dependent on the
availability and accuracy of the required inputs. However, the required inputs are not
always available, and to fill this gap, the model will need to rely on assumptions or
neglect the role of some biological factors. For example, in the acid-induced toxicity
model by Gatenby et al. [12], the authors assume that each cell has an optimal pH
for its survival and any deviation from this pH level will lower cell viability. In the
EGFR TKIs study by Poels et al. [40], the authors do not have the clinical toxicity
data of combined osimertinib—dacomitinib treatment; hence, this was not accounted
for in their model. Also, in the radiotherapy optimization model by Leder et al.
[31], the authors excluded the effects of several key biological factors, including
the immune system response, nutrient gradient, and tumor—stromal interactions.
These assumptions might compromise the accuracy of the model at a certain level.
Nevertheless, a mathematical model enables the fine-tuning of input variables to
get a range of possible outcomes at a high resolution, a feat that otherwise will
require a high level of resources experimentally or even not possible. Furthermore,
the predictions made by the model are still based on real experimental data and
might be extremely insightful to guide the respective studies.

3 Microfluidics and Hydrogels in Cancer Studies

Historically, wound healing assay is an in vitro method used to study cancer cell
migration. This technique involves physically scraping cells off the culture plate
and monitoring the time required for this gap to be covered by migrating cells.
This technique is simple and widely used, but it does not recapitulate the in vivo
3D properties and chemical gradient. To solve some of the limitations posed by
wound healing assay, scientists have used the Boyden chamber assay, which allows
cells to migrate through a membrane with micron-sized pores in the direction of
a chemical gradient. However, the phenotypes of the cells can only be studied
before and after they go through the chamber, and imaging the within-constrictions
morphology or biochemical changes that are temporal is very challenging with
this assay. Microfluidic devices solve both the limitations of the Boyden chamber
and wound healing assay; they allow real-time microscopy, and they can be easily
fabricated to accommodate the complexity of a tumor environment.

In microfluidics, minute volumes of solvents and samples (e.g., cells) move
through small channels embedded on a chip. One of the most common fabrication
techniques for these microfluidic devices is soft lithography. Poly(dimethylsiloxane)
(PDMS), being a transparent, non-toxic, and conformable silicon-based material,
is a widely used material for microfluidic fabrication. In general, the process of
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making a microfluidic device with PDMS-based soft lithography consists of the
following steps: (i) computer-aided design of the microchannels, (ii) fabrication of
photomask with the design, (iii) fabrication of a master mold by photolithography,
(iv) fabrication of the PDMS microchannels by pouring PDMS on master with
complementary reliefs, and (v) enclosure of the microchannels by bonding the
PDMS onto a plasma-treated glass slides or coverslips [48].

The majority of cancer death is associated with metastasis [49]. This is a
multistep process starting from the invasion of the basement membrane by the
cancer cells, then their intravasation into the lymphatic system or bloodstream, then
their migration in the circulation, and, finally, their extravasation into the secondary
site. where they form a new tumor niche [50]. During this migration, cancer
cells need to migrate through various constrictions imposed by the dense tissue
environment and the endothelial layer of the blood vessels. Using a microfluidic
device with an array of constrictions, Irimia and Toner showed that cancer cells
migrate constantly within the confinement channels and at a higher speed than
unconfined cells. This confinement-induced migration can be hindered by the
microtubule stabilizer chemotherapeutic agent paclitaxel, suggesting a role for the
microtubule. Zanotelli and colleagues used microfluidic fabrication with Y-shaped
micro-tracks of different confinements to show that migrating through confinement
is an energy-intensive process for cells, and cells tend to migrate in the direction of
less confinement, i.e., lesser energy demands [51]. In a breast cancer study, cancer
cells were subjected to a chemical gradient—driven migration through a microfluidic
device of varying confinements that models the tight spaces between ECM fibers in
vivo. The cells migrating through tight lateral confinement of around 3 pm showed
modifications in cytoskeletal arrangement, in which microtubule polymerization
was redirected toward the leading edge of the cell migration [52]. Hydraulic
pressure also influences the direction of the migration of cells. Using a microfluidic
device with trifurcating microchannels of different hydraulic pressures, Zhao and
colleagues observed that in a calcium ion—mediated signaling pathway, TRPM7, a
mechanosensor, senses a difference in hydraulic pressure and triggers the cells to
move in the direction of low pressure [53]. In another study, Zervantonakis and
colleagues designed a microfluidic device to study cancer cell intravasation through
the endothelium of blood vessels [54]. The device consists of three channels:
endothelial and cancer cells were seeded through the first and third channels,
respectively, while the middle channel was filled with ECM hydrogels. Confluent
endothelial monolayer formed in the first channel to mimic the endothelium. Then,
the chemical gradient drove the migration of cancer cells through the ECM and
the endothelial layer. Live imaging of the cancer cells showed that perturbations
in the endothelial cell layer by TNF-a stimulation led to enhanced intravasation
of cancer cells, suggesting the role of endothelium as a barrier to cancer cell
invasion. The application of microfluidics technology is not limited to the study
of cancer cell migration, however; for example, Karabacak and colleagues designed
a microfluidic device that enables marker-free isolation of rare circulating tumor
cells from patient’s blood samples [55].
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In addition to microfluidics, hydrogels are also widely used to study cell
migration and response to physical cues. Hydrogels are fabricated by the physical
or chemical cross-linking between their monomers, thereby transforming from
liquid to a gel-like structure [56]. For example, collagen hydrogels self-assemble
by physical cross-linking between the subunits or solubilized fibrils over time.
Meanwhile, chemical cross-linking of acrylates is often induced by various stimuli,
like photoinitiation or redox initiation, to initiate the chain-growth polymerization
for rapid hydrogel formation. Hydrogels for cell culture can be classified as
ECM-derived (e.g., collagen, fibrin, hyaluronic acid, Matrigel) and inert non-ECM-
derived hydrogels (e.g., polyacrylamide, polyethylene glycol, alginate). Tunability
of hydrogel properties such as pore size, stiffness, and degradability makes them
important to study the influence of mechanical cues on cells [57].

Polyacrylamide (PA) hydrogel has been widely used in studying the role of
substrate stiffness and extracellular matrix proteins in cancer progression. The
stiffness of PA hydrogel can be finely tuned by varying the concentrations of
acrylamide and its cross-linking reagents, to cover a wide range of stiffnesses to
represent various tissues, such as the soft lymph node at ~0.1 kPa, the pancreas
at ~1 kPa, and the lung at ~8 kPa [58-60]. Typically PA hydrogel is used for 2D
studies, where the cells are seeded onto the substrate. Due to the inert properties
of PA gels, the gels need to be coated with ligands to allow cell adhesion, such
as the extracellular matrix proteins collagen I, fibronectin, and laminin. Through
the use of PA gels, stiff substrates have been shown to promote the proliferation
of lung and breast cancer cells [61]. By using PA gels with fluorescently tagged
fibronectin coating, a study also showed that stiff substrates promote the formation
of invadopodia in breast cancer cells [62].

Hydrogels can also be used for 3D studies, where the cancer cells are embedded
into the hydrogels before cross-linking. For example, collagen I hydrogels have
been used to study the invasion of breast cancer and pancreatic cancer organoids.
Interestingly, when mammary acini are cultured in collagen I gels, they can form
physical connections with each other by modifying the collagen fibers and forming
bridges of aligned collagen fibers between the acini, which then promotes the
invasion phenotypes of the mammary cells [63]. In another study, polyethylene
glycol gels were used to show that the interaction between laminin and integrin
alpha 3/alpha 6 is important for maintaining pancreatic cancer organoid growth
[64]. Furthermore, by using an alginate hydrogel system, substrate stiffness was
also shown to induce epigenetic changes that in turn drive tumorigenicity of the
mammary cells [65]. Considering the breadth of topics covered in this section, it is
clear that the use of physical sciences technologies, like microfluidic and hydrogel
fabrication, has contributed significantly to the study of cancer biology.
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Fig. 5 Some of the physical cues that affect cancer progression. (Image created in Biorender.com)

4 Physical Cues in Cancer Biology

In this section, we will discuss several cancer studies that investigate various
physical cues in tumor progression, ranging from tumor microenvironment stiffness,
solid stress of the tumor, mechanical forces in T-cell interactions, and the impact of
constrictions on cancer cell nucleus and genome (Fig. 5).

4.1 Effect of Tumor Microenvironment Stiffness on Cancer
Progression

The organization and assembly of the ECM constituents determine the matrix’s
architecture and properties (e.g., stiffness or viscoelasticity), which, in turn, dictate
the physical properties of the tissue [66]. Of more than 300 proteins found in
the extracellular matrix, only the elastic fibers, glycosaminoglycans, and fibrillar
collagen have a significant impact on the mechanical properties of the tissue [67,
68]. The elastic fibers are made up of elastin, fibulin, and fibrillin, and their major
role is to allow the tissue to reverse its homeostatic state after being loaded with
a mechanical force. Elastic fibers have been implicated in wrinkling of the skin
and stiffening of the arteries with aging [69]. Collagen contributes to the stiffness
and strength of the matrix and its remodeling by reorientation or cross-linking, and
turnover helps to maintain the cell-matrix homeostasis.

The physical crosstalk between cells and their environment garner significant
attention after the seminal work of Engler et al., which showed that the differentia-
tion of naive mesenchymal stem cells (MSCs) can be regulated by the elasticity of
the substrate on which they are cultured [70]. They showed that MSCs cultured
on compliant substrates (0.1-1 kPa) differentiated into neurogenic cells, while
those cultured on stiff substrates (25-40 kPa) differentiated into osteogenic cells.
The ability of cells to sense stiffness relies on the force-sensitive focal adhesion
maturation [71]. When a cell lands on a substrate, the transmembrane protein,
integrin, will bind to the ECM and initiate the formation of a focal adhesion complex
inside the cell, which is connected to the actomyosin fibers (Fig. 6). On a stiff
substrate, the integrin—~ECM connection will be able to withstand the forces exerted
by the actomyosin contraction, leading to the maturation of the focal adhesion, the
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Fig. 6 Physical connection between the cytoplasm and extracellular matrix. (Image created in
Bioreder.com)

stability of actomyosin stress fibers, the increase in cellular contractility, and the
spread cellular morphology on a 2D surface. In contrast, on a soft substrate, the
focal adhesion cannot withstand actomyosin contraction, leading to lower cellular
contractility and a more rounded cellular morphology.

The cells can translate physical cues, like stiffness, to functional chemical
signaling through mechanotransduction. Dupont et al. revealed the role of the
YAP/TAZ pathway in mechanotransduction. In this work, they cultured cells on
fibronectin-coated polyacrylamide gel of varying stiffness. They found out that in
cells cultured on a stiff substrate (i.e., cells with high actomyosin tension), YAP/TAZ
resides in the nucleus where they upregulate the expression of genes such as CTGF
and ANKRDI. While in cells grown on a compliant substrate, YAP/TAZ is mainly
cytoplasmic and there is a reduction in the level of YAP/TAZ-regulated genes [72].
Swift et al. reported the translocation of RARY transcription factor into the nucleus
when cells are cultured on a stiff substrate, leading to the regulation of lamin-A/C
expression [59].

In most solid tumors, disease progression is accompanied by desmoplasia-
chronic fibroblast activation and remodeling of the ECM, which results in stiffened
tissue stroma [73]. Stiffness is an intrinsic property that is regarded as the extent
to which a substance can resist deformation. Cells probe ECM stiffness and
viscoelasticity by the interaction of their transmembrane receptors, like integrins,
with specific motifs within the ECM constituents. Subsequently, cells tune their
contractility and behavior according to their environment’s stiffness [74]. Aside
from providing physical support to the cells, the ECM participates in tissue and
tumor development by controlling the abundance of cytokines and specialized
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receptors like discoidin domain receptors, pH of the tissue or tumor environment,
and hydration [75].

Tissue stiffness correlates with the disease progression of breast cancer, and
people with higher mammary matrix density, as a result of increased collagen
cross-linking in the ECM, are more likely to develop breast tumors [76]. In
breast cancer, stiff matrix activates malignant phenotype due to the activation of
the Rho and actomyosin contractility [77]. However, ovarian cancer cells have
been shown to be more invasive and resistant to drug treatment in a compliant
matrix. Specifically, ovarian cancer cells undergo epithelial-mesenchymal transition
and display enhanced migratory capacity on soft matrices [78]. According to
Stephen Paget’s “Seed and Soil” hypothesis, stiff cancer cells (e.g., breast cancer)
preferentially metastasize to stiff tissues (e.g., bone), and soft cancer cells tend to
migrate to a compliant tissue [79]. In addition to invasion and disease progression
[80], stiffness can also regulate TGF-f1-induced apoptosis [81], enhance immune
infiltration [82], regulate DNA damage repair efficiency, and control sensitivity to
genotoxic agents [83].

4.2 Solid Stress and Tumor Progression

Solid stress is one of the physical cues in a tumor. Solid stress is the compressive
and mechanical forces exerted by the solid components of a tissue, such as
cells and ECM. The total solid stress of the tumor is composed of two solid
stresses: the growth-induced and the externally induced solid stress [84]. The
growth-induced solid stress accumulates within the tumor when the cancer cells
proliferate rapidly during tumor growth, causing deformation of the surrounding
tumor microenvironment and stores strain energy. While the externally induced
solid stress is applied by the surrounding tissues of the tumor. Growth-induced solid
stress along with fluid pressure and externally applied stress was used to develop
a mathematical model to predict the effect of solid stress on tumor progression
[85]. This mathematical model, validated by in vivo experiments on murine tumors,
shows that upon excision, a proliferating tumor releases its residual stress, and
when it reaches a relaxed state, the tumor swells in the central region and retracts
at the tumor boundary. This suggests that the intratumoral region of the tumor
was under a compressive state, which compensates for the tensional stress in the
peripheral region. Not surprisingly, solid stress differs among cancers, both between
primary and metastatic cancer and between different cancer types. For example,
pancreatic ductal adenocarcinoma primary tumors have a higher solid stress when
compared to liver metastases, while primary colorectal cancers have low solid stress
compared to corresponding liver metastases [86]. Solid stress can also compress
the intratumoral blood and lymphatic vessels, a process that leads to hypoxia,
immunosuppression, metastasis, and poor delivery of therapeutics [87]. Hence,
combining cancer therapies with drugs that relax blood vessels may hold enormous
potential in cancer treatment [88]. Indeed, multiple ongoing clinical trials are testing
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the use of losartan in conjunction with chemotherapeutic agents for the treatment of
pancreatic cancer [89, 90].

The externally applied solid stress can also modulate tumor morphology and
progression. To study the effect of externally applied solid stress on cancer growth,
Cheng et al. cultured carcinoma cell lines in 0.5% and 1.0% agarose gel. They found
that cells in 0.5% were able to grow to about 50 wm spheroid before apoptosis
and necrosis were observed. However, for cells in 1.0% gel, cell death appeared
earlier, and the spheroid could not grow bigger than approximately 30 wm. Also,
uniformly applied mechanical stress suppresses the overall growth of spherical
cancer cell aggregates. In contrast, the application of nonuniform stress—allowing
the spheroid to be exposed to low stress in some regions and high stress in other
regions—revealed that cancer cells proliferate in regions with low stress while they
undergo cell death in high-stress regions [91]. By using ultra-magnetic liposomes,
Fernandez-Sanchez and colleagues applied external solid stress to the colon cells
of the Notch™Apct/1638N mouse and showed that mechanical pressure rapidly
activates Ret, which then inhibits the interaction of E-cadherin with p-catenin,
followed by B-catenin translocation into the nucleus. Furthermore, after a month of
applying this solid stress, the expression of B-catenin-target genes was upregulated
together with the formation of tumorous crypt foci [92]. These findings suggest a
potential mechanism of tumorigenesis driven by a mechanical signaling pathway,
where solid stress from the growing tumor may induce tumorigenic phenotypes of
the surrounding healthy epithelial cells.

4.3 T-Cells and Mechanical Forces

Immunotherapy involves the use of monoclonal antibodies to block immune
checkpoint inhibitors (and their ligands, e.g., CTLA-4, PD-1/PDL-1) that inhibit
T-cell activity in an immune response, thereby allowing the host immune system
to combat cancer cells [93]. Since the approval of ipilimumab, an anti-CTLA-4
inhibitor, by the Food and Drug Administration in 2011 for the treatment of stage
III/TV melanoma, the oncology field has recorded a number of immunotherapies
with enormous potential in cancer treatment.

During immunosurveillance, immune cells move through the blood and the
lymphatic system looking for foreign agent—derived peptides on cell surface major
histocompatibility complex (MHC). This process exposes the immune cells to
various mechanical stresses that may cause changes in conformations of bonds
between T-cell antigen receptor (TCR) and peptide-bound MHC (pMHC) on
antigen-presenting cells and, by extension, affects antigen recognition and cyto-
toxicity activity [94]. Mechanistically, tensile force induces conformation change
in the pMHC. By using a technique called biomembrane force probe [95], Liu and
colleagues showed that the dissociation lifetime of the TCR-agonist pMHC bond
increases with the application of tensile force; this tensional strengthening bond is
called a catch bond [96]. The authors also showed that the application of 10 pN
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tensile force triggers the highest Ca?t flux, an indicator of T-cell activation. These
findings suggest a key role of mechanical stress in the stabilization of the catch bond
and T-cell activation. In contrast, the bond between TCR and antagonist pMHC
dissociates faster with tensional force. The differential responses to tensile force
amplify TCR specificity and discrimination. Wu and colleagues have shown that a
specific mutation in the MHC can prevent force-induced conformational changes,
thereby impairing the formation of catch bonds between TCR and agonist pMHC
[97].

The role of substrate stiffness on cell migration potential has been demonstrated
in a myriad of studies [98]. For example, Saitakis and colleagues studied the impact
of substrate stiffness on the migration of human CD4™ T lymphoblast by culturing
the cells on polyacrylamide gels with stiffnesses ranging from 0.5 kPa to 100 kPa
[99]. The polyacrylamide gels were coated with ICAM-1 only or in addition to
CD3 and CD28 antibodies, and then migration of T-cells was monitored through
live imaging. The authors showed that both T-cell ICAM-1-dependent migration
and TCR-induced stop signaling are influenced by substrate stiffness. Furthermore,
another study showed that naive T-cells are stiffer than effector T-cells [100]. This
higher cellular stiffness leads to the formation of smaller immune synapses between
naive T-cells and antigen-presenting cells, suggesting the role of cellular stiffness
on T-cell activation. Overall, it is clear that a better understanding of the role of
physical cues on the immune response will help the development of a more effective
immunotherapy against cancers.

4.4 Physical Cues on Cancer Cell Nucleus and Genome
4.4.1 Nucleus and the Nuclear Envelope

The nuclear envelope is a lipid bilayer that protects the genome by controlling
the exchange of materials between the nucleus and the cytoplasm via selective
nuclear pore complexes [101]. The outer nuclear membrane of the nuclear envelope
connects with the endoplasmic reticulum and is surrounded by ribosomes [102]. The
inner envelope consists of hundreds of proteins including the SUN (Sad1-UNC-84
homology) and LEM (LAP2-emerin-MAN1) families, which have been described
to play crucial roles in nuclear structure and positioning [103]. In addition to
the nuclear envelope’s role in regulating nucleocytoplasmic biochemical materials
exchange, there is a dynamic transmission of force between the nucleus and the
cytoskeletal network through the linker of nucleoskeleton and cytoskeleton (LINC)
complex that spans through the nuclear envelope [104]. The LINC complex consists
of SUN and KASH domains, which are located in the inner and the outer membranes
of the nuclear envelope, respectively. The SUN proteins bind directly to the nuclear
lamina within the nucleus, while the KASH proteins, like nesprins in mammalian
cells, bind both directly and indirectly to the cytoskeletal network [105]. Ultimately,
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these connections create a physical continuity between the cytoplasmic cytoskeletal
network and the nucleus.

4.4.2 Nuclear Lamina

The nuclear lamina is primarily made of a mesh network of lamins, type V
intermediate filament proteins. Lamins have a short N-terminal domain, a central
rod domain, and a long C-terminal tail characterized by an Ig-like domain [106].
A-type lamins and B-type lamins are the two groups of lamins. A-type lamins
have an alternative splicing lamin C, both of which are from the LMNA gene
[107]. B-type lamins are encoded by LMNBI (for lamin B1) and LMNB?2 (for
lamin B2 and B3). By using proteomics analyses, Swift and colleagues showed
that lamin-A protein level scales with tissue stiffness: The lamin-A protein level
is 30-fold higher in stiff tissue when compared to softer tissue [59]. Moreover, by
culturing mesenchymal stem cells in stiff and soft matrices, they found that lamin-
A levels regulate nuclear translocation of the retinoic acid receptors, leading to
the differentiation regulation of these stem cells. In another study, the interaction
between lamin A/C and emerin has been shown to regulate the nuclear translocation
of MKLI1 as a cofactor of SRF pathway [108], while the interaction between
nesprinl and emerin has been shown to regulate the translocation of YAP and
TAZ transcription factors of the Hippo pathway [109]. These findings suggest the
role of nuclear proteins in mechanotransduction, i.e., nuclear mechanotransduction.
Furthermore, the lamin-A protein level also dictates the stiffness of the nucleus itself
[110, I11]. When a cancer cell migrates through micron-sized constrictions, like the
tight spaces between ECM fibers, the nucleus, as the biggest organelle in the cell,
needs to physically squeeze through these constrictions. The stiffer the nucleus, the
harder it will be for the cell to pull the nucleus through such constrictions. Indeed,
the lamin-A level, which dictates nuclear stiffness, has been reported to be the rate-
determining factor in the migration of adenocarcinoma cell lines and mesenchymal
stem cells through micron-sized constrictions [112].

4.4.3 Effect of Constriction on DNA Damage

Alteration in the DNA when not properly repaired may lead to the acquisition of
multiple mutations in both oncogenic and tumor suppression genes. These mutations
give rise to various hallmarks of cancer, such as uncontrolled proliferation, evasion
of cell death, and enhanced angiogenesis [1]. Normal cells have functional repair
machinery known as the DNA damage response to maintain their genome integrity
[113]. The DNA damage repair processes of cells within a tumor are perturbed and
genome instability leads to clonal selection and enables the growth of dominant
subclones that are more invasive and resistant to therapies. Ionizing radiation,
alkylating agents, UV, replication errors, and spontaneous base deamination have
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been well studied as causes of DNA damage [114]. In addition to these, physical
cues like constriction and compression can also lead to an increase in DNA damage.

To mimic the in vivo constricted migration, cancer cells were subjected to
constricted migration through Transwell micron-sized pores or microfluidic devices
with sizes ranging from 1 pwm to 20 pm [112, 115]. Nuclear deformation during
constricted migration has been shown to cause nuclear envelope rupture and
an increase in DNA damage [116, 117]. The mechanism behind the migration-
induced increase in DNA damage is still unclear. However, the recruitment of
cytoplasmic DNA binding protein cGAS has been observed at the nuclear rupture
site, suggesting the exposure of chromatin to cytoplasmic factors that may induce
DNA damage [116-118]. Furthermore, the migration of a nucleus through a micron-
sized constriction has been shown to induce stretching of the chromatin, suggesting
the application of mechanical stress on the chromatin itself, which may also
induce DNA damage [119]. Alternatively, depletion of the DNA damage repair
proteins during constriction migration has been shown in two different modes:
the mislocalization of the DNA damage repair proteins into the cytoplasm during
nuclear rupture and the segregation of the repair proteins away from the chromatin
as the nucleus migrates through the constriction [120]. The depletion of DNA
damage repair proteins from the damaged region may inhibit the repair processes.
Furthermore, this migration-induced increase in DNA damage also represses the
cell cycle and causes genomic instability [121, 122], suggesting its contribution
to cancer cell heterogeneity and evolution. Hence, a better understanding of the
underlying mechanisms of this phenomenon may shed light on potential therapeutic
targets that inhibit cancer evolution and progression.

S Summary and Future Direction

In this chapter, we described a number of studies that utilized physical sciences
in cancer research. These studies cover a wide range of topics and highlight the
significant contribution of physical sciences to studying cancer biology and to the
development of more efficient therapies. Some of the studies involve the use of
physical science approaches to studying the disease, such as the application of
computational and mathematical modeling to better understand complex cancer
biology and to improve cancer therapies. The use of microfluidics technology, a
physical science instrument, in cancer research has resulted in numerous insights
into cancer cell migration. Furthermore, many of the studies investigate the various
physical factors that contribute to cancer progression, including the role of solid
stress in suppressing drug penetration, the role of cellular contractility on cancer
cell migration, the role of ECM compliance on cancer cell phenotypes, and even
the role of mechanical stress in T-cell activation. A commonality among the studies
and findings we discussed is that they provide a strong rationale for the continued
involvement of physical science in cancer research and the further development of
this field of research as part of the effort to finally beat cancer.
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It is challenging to predict the future direction of this highly diverse transdis-
ciplinary field. However, the following directions might help us to acquire a better
understanding of cancer biology. First is the development of mathematical modeling
that enables the integration of genomic data and phenotypic functional data to study
cancer biology. Such a model will allow us to integrate the molecular aspects of
cancer into our effort to predict the phenotype of interest. Furthermore, the ever-
growing knowledge in cancer biology will also provide more and better data for
the input of more accurate models. The application of microfluidics in cancer study
is also rapidly and continuously growing, with the hope to develop a better and
more accurate model that mimics the in vivo environment of a tumor. Physical
sciences and engineering technologies are also an ever-growing field and resulted in
novel tools that can be applied to cancer studies; one example is the 3D bioprinting
technologies that may enable the fabrication of a more complex in vitro cancer
model by using a biomimetic construct with spatially controlled seeding of various
cell types, like cancer cells, immune cells, endothelial cells, and fibroblasts. Finally,
although a myriad of studies has shown the importance of physical cues in cancer
progression and treatment, we are still far from fully understanding the impact
of physical cues in cancer biology; hence, further cancer mechanobiology studies
should be pursued.
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