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The physical microenvironment plays a crucial role in tumor development,
progression, metastasis and treatment. Recently, we proposed four
physical hallmarks of cancer, with distinct origins and consequences,

to characterize abnormalities in the physical tumor microenvironment:

(1) elevated compressive-tensile solid stresses, (2) elevated interstitial

fluid pressure and the resulting interstitial fluid flow, (3) altered material
properties (for example, increased tissue stiffness) and (4) altered physical
micro-architecture. As this emerging field of physical oncology is being
advanced by tumor biologists, cell and developmental biologists, engineers,
physicists and oncologists, there is a critical need for model systems and
measurement tools to mechanistically probe these physical hallmarks.
Here, after briefly defining these physical hallmarks, we discuss the tools and
model systems available for probing each hallmarkin vitro, ex vivo, in vivo
and in clinical settings. We finally review the unmet needs for mechanistic
probing of the physical hallmarks of tumors and discuss the challenges and
unanswered questions associated with each hallmark.

The tumor microenvironment surrounding cancer cells plays a criti-
cal role in tumor initiation, progression, metastasis and treatment
response. During growth, tumors not only disturb the structure and
function of the adjacent tissue but also co-opt normal cells from the
nearby environment. This recruitment of normal cellsleads to further
changes in matrix and cellular composition within the tumor. This
results in physical abnormalities in both cancer cells and the tumor
microenvironment that not only fuel tumor progression and metastasis
but also confer resistance to various treatments (Table 1). The direct
and indirect links between tumor biology and physics have provided
new opportunities for the discovery of new mechanisms underlying
tumor progression, immune evasion and treatment resistance.

To provide a conceptual framework for cancer, we recently pro-
posed four physical hallmarks of cancer”: (1) elevated solid stress, (2)
elevated interstitial fluid pressure (IFP), (3) increased stiffness and
altered material properties and (4) abnormal micro-architecture. These
four physical hallmarks are conceptually distinct, having different
causes and consequences, and they enable and synergize with many
ofthebiological hallmarks to facilitate cancer cell expansion, invasion
and evasion ofimmune attack. Solid stresses are created as a growing
tumor pushes and stretches solid components of the surrounding tis-
sue (Fig. 1and Table 1). Solid stresses are distinct from fluid pressure,

and they are almost zeroin most normal tissues. However, solid stresses
are large enough to compress blood and lymphatic vessels in and
around tumors, causing hypoxia and low pH*”. Elevated IFP is caused
by leakage of plasma from abnormally permeable tumor blood vessels
and insufficient lymphatic drainage (Fig. 2 and Table 1). The resulting
abnormal fluid dynamics make it difficult to deliver drugs to the tumor
and can enhance angiogenesis and metastasis®. Increased stiffness is
caused by matrix deposition and remodeling (Fig. 3 and Table 1). Tis-
suestiffness, either equilibrium stiffness or time-dependent stiffness
(viscoelasticity), has been linked to several hallmarks of cancer®.
Finally, when normaltissue architectureis disrupted by cancer, thereis
altered micro-architecture asnormal and cancer cells lose association
withtheir lumens and basement membranes and as matrix components
adopt new configurations (Fig. 4 and Table 1). How these changes in
theinteractions between anindividual cell and its surrounding matrix
and neighboring cells facilitate invasion and metastasis is not fully
understood, in part due to a lack of widely accepted and validated
methodsto measure them. We aimto fill this gap by critically evaluating
current and emerging tools and model systems to probe the physical
hallmarks of cancer.

Webegin each section with the definition and description of each
physical hallmark followed by asummary of its biological importance
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Fig. 1| Solid stress, range of values, measurement tools and experimental of cellsin 3D hydrogels"™?, application of chronic compression to colon tissue in

model systems. a, The pathophysiological range of values of compressive and
tensile stress in human® and mouse tumors™>®. The repeated tumor types are from
different patients. b, Measurement tools for quantifying solid stress include
partial cut’, planar cut?, slicing®, needle biopsy?, microbeads* and microgels
demonstrated through intravital imaging’ and crystal ribcage*.. ¢, Experimental
model systems include growth of spheroids in hydrogels", osmotic pressure
applied to spheroids*, compression of cellmonolayers', pre-stretch of cell
monolayers*’, stretching cells by swelling of amembrane', confined growth

7,33-35
’

vivo using magnetic nanoparticles' and mechanical devices for applying chronic
compression to brain tissue® or lymph nodes". [, length; P, pressure. Photographs
reproduced with permission from the following: b, partial cut, ref. 5, PNAS; planar
cut, slicing and needle biopsy, ref. 3, Springer Nature Limited; microbead, ref.

12 under a Creative Commons license CC BY 4.0; microdroplet, ref. 46, Springer
Nature America; microgel, ref. 7, Springer Nature Limited; ¢, in vivo models,

ref. 24, Springer Nature Limited.

Nature Methods


http://www.nature.com/naturemethods
https://creativecommons.org/licenses/by/4.0/

Review article https://doi.org/10.1038/s41592-024-02564-4

@ Pathophysiological range IFP (mmHg)
of values 0 5 10 15 20 25 30 35 40
|

Renal cell carcinoma
Ovarian carcinoma
Colorectal liver metastasis
Cervical carcinoma

Head and neck carcinoma
Metastatic melanoma
Breast carcinoma

Rectal carcinoma

PDAC

Lung carcinoma

Sarcoma

Brain tumors

Lymphoma

Normal skin

Normal breast

0 1 3 4 5
IFP (kPa)
b Measurement tools
Wick-in-needle Implanted diffusion FRAP Particle image Dynamic contrast
chamber velocimetry -enhanced MRI

Pressure transducer e
Diffusion chamber

- 1
E——
Flow
Tumor
Wick-in-needle

€ Experimental model

Transflow chamber

Fig. 2| IFP and interstitial fluid flow, range of values, measurement tools MRI®, ¢, Experimental model systems to study IFP and interstitial flow in

and experimental model systems. a, Pathophysiological range of IFP valuesin vitro include transflow chambers and microfluidics***°. ECs, endothelial cells.
human tumors*. b, Measurement tools used to quantify IFP and interstitial fluid Photographsinb reproduced from the following: particle image velocimetry,
flow include wick-in-needle or micropipette®, implanted diffusion chamber in ref. 50, Springer Nature Limited; axial, ref. 51, Springer Nature.
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experimental model systems. a, The pathophysiological range of values in
mouse and patient tumors: cholangiocarcinoma (ultrasound®*), hepatocellular
carcinoma (ultrasound®, MR®), prostate cancer'*, breast cancer (AFM”’,
MRE"*), meningioma, low-grade glioma, high-grade glioma, normal brain'*,
glioblastoma (AFM)’°, glioblastoma (MRE"°). Range of stiffness valuesin
mouse tumors: primary and metastatic pancreatic and colorectal tumors’;

glioblastoma and breast cancer brain metastasis (mets)°. b, Measurement tools

macroscale compression and shear tests”, optical methods such as laser speckle
rheology®, Brillouin scattering®” and pElastography®® and MR or ultrasound
elastography®*#'*°_ ¢, Experimental model systems for studying stiffness include
monolayer 2D culture on substrates with controlled stiffness®, 3D cultureina
hydrogel overlaid on substrates with controlled stiffness, 3D culture systems with
controlled material density and stiffness properties® and 3D culture systems
with controlled cross-linking®”.

and clinical relevance. We then describe the existing tools to quantify
these hallmarksin patients, animal models and in vitromodel systems,
which have played an important role in identifying the origin and

revealing the importance of physical abnormalities in the microenvi-
ronment. The final section describes the experimental model systems
available for mechanistic studies of each hallmark.
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c-h, Experimental model systems. a, Linking structure to functionin infiltrative
versus nodular tumors via SHG in a lung metastasis imaged through crystal
ribcage*. Nodular tumors stretch collagen around the tumor, while infiltrative
tumors preserve the wavy collagen architecture. b, An example of 3D pathology
reconstructed H&E images from the CODA platform, which enables visualization
of tumor architecture in 3D", ¢, Studying cellular response, for example,
proliferation, apoptosis and migration, in response to changes in the geometry

g Micropost

/ i\
LA

h Transwell

ofthe cells and their surroundings is made possible via microcontact printing
for awide range of cellular responses'®. d, Nanofabrication is used to engineer
substrate architecture and its effect on cell migration, amode of migration
termed topotaxis'*. e, Channels with different widths and aspect ratios are used
to probe cell response to geometry and confinement; channel compliance can
also be modified?. f-h, Microchannels, microposts and transwells are used

as model systems to control architecture and consequently celland nucleus
geometry during migration'°*'“”'"*, Photographs reproduced from the following:
a, ref. 17, Springer Nature America; b, ref. 116, Springer Nature America.

Solid stresses and elastic energy

Biological tissues are composed of two phases: a solid phase that
includes the extracellular matrix (ECM) and solid constituents such
ascellmembranes and cytoskeletons and a fluid phase, whichincludes
blood and lymph as well as interstitial and intracellular fluids. When
pushed or pulled, solid elements resist the force, and, if they have
elasticity, they can store some of the energy (think of a spring being
stretched or compressed). Similarly, solid elements can resist shear
forces. Solid stresses are the mechanical forces (compressive, ten-
sile and shear) contained in and transmitted by solid and elastic ele-
ments of the ECM and cells rather than fluids". Solid stresses are also
known as residual stresses, as they remain unrelaxed in tissues and
can store mechanical energy. Originating in physics, the term ‘stress’
is defined as a force normalized by area, with units of pascals (Pa)
(I mmHg =133.322 Pa). In mouse tumor models, solid stress values
range fromlessthan100 Painglioblastomasto 1,000 Pain pancreatic
ductal adenocarcinomas (PDACs; Fig. 1a). In human tumors, substan-
tial levels of solid stress have been reported, assessed by measuring
the deformation of ex vivo tissues after stress relaxation’, but more
precise measurements are needed by converting the deformation to
stress values.

Itis crucial to recognize that solid stress, a mechanical force,
differs fundamentally from elasticity (stiffness) and viscoelasticity
(time-dependent stiffness). Stiffness and viscoelasticity define how
much or how fast a tissue will deform under an applied force, respec-
tively. By contrast, solid stress is itself a latent force that results in
stored energy. If a tissue contains solid stresses, it will undergo defor-
mation when the stress is released (for example, through the meth-
ods discussed below). A biological sample can be stiff (rigid) or soft

(compliant), and, regardless of its stiffness, it can be under compressive
or tensile solid stresses® or be stress free as in most normal tissues. If
the tissue is stress free, the relaxation of stress does not result in any
deformation regardless of how stiff or soft the tissue is and regard-
less of how viscoelastic the tissue is. Solid stress can be compressive,
as when it compresses blood vessels, and tensile, as seen when wavy
collagen fibers become stretched. Solid stress, the forces transmit-
ted or contained in the solid phase of the tissue, is also distinct from
fluid pressure, the force applied through the fluid phase: there can be
increased solid stress with no change in fluid pressure and vice versa.

Importance in cancer
Theinfluence of solid stress on the biology of cancer cells was initially
identified in 1997 by Helmlinger and colleagues, who discovered that
the accumulation of solid stress limits the in vitro growth of tumor sphe-
roids™. It was quickly realized that such stresses exist in vivo and that
they are sufficiently large to compress and impair blood and lymphatic
vessels™. Vessel compression contributes to hypoxiaand low pH*’ and
interferes with the delivery as well as the efficacy of chemotherapies,
radiotherapies and immunotherapies®. Solid stress may also have
more direct effects on tumor biology. For example, the application of
compressive forces on acell monolayer in vitro promotes invasiveness
of cancer cells™ and the application of mechanical stress in vivo can
impair infiltration of lymphocytes” and stimulate tumorigenic path-
ways, for example, increasing B-catenin signaling in colon epithelia®.
Because the matrix components retain solid stresses, numerous
associated issues can be mitigated by using therapies that break down
matrix and diminish fibrosis. For example, losartan, an angiotensin
receptor 1 blocker, reduces fibrosis by (1) inhibiting transforming

Nature Methods


http://www.nature.com/naturemethods

Review article

https://doi.org/10.1038/s41592-024-02564-4

growth factor (TGF)-B, required for collagen production by fibro-
blasts, and (2) blocking the function of connective tissue growth fac-
tor (CTGF), required to stabilize collagen fibers, and downregulating
hyaluronan synthases 1-3 to lower hyaluronic acid (HA) levels®. In
preclinical models of PDAC, losartan alleviates solid stress and decom-
presses blood vessels, improving blood flow, resulting in improved
delivery and efficacy of chemotherapy, leading to increased overall
survival®. It should be noted that reducing matrix production can also
result in less stiffness, which is discussed in Stiffness (elasticity) and
viscoelasticity. This strategy was tested in a phase 2 trial and led to
unprecedented improvementinthe resectionrates of locally advanced
PDAC treated with chemoradiotherapy”. However, this strategy failed
when combined with immunotherapy in a randomized clinical trial
(NCTO01821729). Losartanalsoincreased the efficacy ofimmunotherapy
in murine models of glioblastoma, a uniformly fatal disease, when
all randomized phase 3 trials of immunotherapy have failed'®. Other
tumors that have benefited from losartan include ovarian cancer and
neurofibromatosis type 2 schwannomas'?°.

Similarly, based on encouraging preclinical data”, targeting the
vitamin D receptor is currently being tested in patients (NCT03472833).
Because PDAC tumors have high levels of HA, treatment with pegylated
hyaluronidase (PEGPH20)* alleviated the compressive forces onblood
vessels and increased overall survival when combined with chemother-
apy*.Hyaluronidase alsoimproves treatment efficacy in colorectal liver
metastasis when combined with anti-VEGF agents and chemotherapy®.
However, PEGPH20 has failed in all clinical trials to date®. Inhibiting
the vitamin D receptor, which reduced markers of inflammation and
fibrosis?, and blocking Sonic Hedgehog signaling® improved blood
flow and the outcome of chemotherapy in pancreatic tumorsin mice,
presumably as aresult of decreased solid stress, but failed ina clinical
trial. Collectively, these results suggest that we need a better under-
standing of the origins of solid stress and targetable elements to reduce
solid stresses. Another gap of knowledge is the consequences of solid
stressintumors and the differential effect it may have on cancer versus
normal cells to leverage strategies that decrease different components
of the ECM of tumors to improve the treatment outcome in patients
with desmoplastic tumors, which constitute -20% of all human tumors.

Finally, solid stresses, whether as static intratumoral stresses
or cyclic stresses generated by circulation and respiration cycles,
play a substantial role in the activation of innate immune cells and
their interactions with cancer cells through the activation of piezo
ion channels®. More recently, the impact of stretch-activated piezol
channels on adaptive immunity, for example, CD4" and regulatory
T cells”, has been reported in the context of cancer, wound healing
and infectious diseases. Abnormal mechanics of tumors and their
surrounding tissues, which may provide a new form of danger signal
to both innate and adaptive immune cells, provide potential targets
to regulate mechano-immunity of the tumor microenvironment®°,

Measurement techniques

Studying cardiovascular tissue in the 1980s, Fung noticed that the
arterial wall relaxes and deforms when it is cut surgically because it
contains ‘residual’ solid stresses®. He showed that the relaxation can
be used to measure the intrinsic solid stress. The same approach canbe
used to estimate solid stress in tumors by partially cutting into atumor
and measuring the relaxation at the location of the cut’ (Fig. 1b). This
method can give an estimate of solid stress after making mathematical
assumptions about tissue geometry, tissue mechanical properties and
the distribution of solid stress.

More reliable measurements can be made if the cutting method
is well defined and tissue stiffness is independently measured®*.
Recently, the experimental and mathematical frameworks of three
such methods have been developed: the planar cut method, which
allows two-dimensional (2D) mapping of solid stress in tumors; the
slicing method, which provides a sensitive estimate of solid stress

in small tumors with low levels of solid stress; and the needle biopsy
method, which provides quantification of solid stress ex vivo and in situ
(Fig.1b).Inthe needle biopsy method, the tumor can be stillembedded
inthe host organ; therefore, the mechanical confinement of the tumor
and stromal tissue by host tissue remains intact®. Each of the three
techniques usesthe principle of controlled release of solid stress with
precise geometry, followed by measurement of the resulting deforma-
tion through high-resolution ultrasonography or optical microscopy.
Considering the distinctive patterns of stress relaxation, alongside
the tumor’s geometric and material characteristics, the distribution
of compressive and tensile solid stress as well as the released elastic
energy are calculated using mathematical models>. (Fig. 1b). These
methods are capable of only measuring the tensile and compressive
components of solid stress. Methods for quantifying the shear compo-
nentof solid stress, acomponent with potential influence on biological
responses of cells, remain to be developed. The above methods can be
appliedtotumorswith arbitrary geometry and are accurate over awide
range of solid stress levels from afew pascals to tens of kilopascals. How-
ever, these methods are limited to only ex vivo or in situ measurements,
for which the measurement is performed after the tissue is surgically
removed. Hence, in comparisonto in vivo measurement of solid stress’
(see the paragraph below), ex vivo measurements may not represent
the full range of solid stresses. Efforts to develop tools for measuring
solid stress in vivo in human or preclinical tumor models are needed.

Itis also possible to estimate solid stress by measuring the defor-
mation of fluorescent oil microdroplets that have been injected into
the tissue of interest. In tissues with negligible solid stress, the drop-
lets remain spherical when there is negligible solid stress but change
shape when solid stresses have deformed the tissue. This method has
the advantage thatit canbe used in vivo and is sensitive at micrometer
length scales. However, because it relies on optical microscopy to
record drop morphology, there are depth penetration limitations.
In addition, injecting the microdroplets may mechanically disrupt
the tissue or biologically affect cells, and the method is insensitive to
isotropic stresses, as oil droplets areincompressible. Another method,
whichincorporates elastic microgels made from hydrogels in vivo’ and
invitro”*~*, addresses the incompressibility issue of the oil microdrop-
let method. When cell aggregates are formed around the compressible
microgel, the solid stress generated during spheroid growth changes
the diameter of the beads, which can be imaged via confocal micros-
copy andrepresents anindicator of solid stress. The solid stress exerted
externally on a spheroid in a hydrogel can also be measured by track-
ing the microparticles embedded in the confining hydrogel’**. While
these works quantify solid stress generated collectively by multicel-
lular aggregates, similar approaches have been used to measure the
dynamic forces that a single cell generates during division®” (Fig. 1b).
Formethods to measure solid stress or mechanical forces at the cellular
and subcellular scales, using traction force microscopy, micropillars
or molecular sensors (for example, fluorescence resonance energy
transfer), we refer the reader to a relevant review paper.

Experimental model systems

The solid stress within the core of most tumorsis compressive and rela-
tivelyisotropic (the sameinall directions), while the stress at the outer
rim is mostly anisotropic, a combination of circumferential tension
and radial compression. There are multiple experimental models for
applying various mechanical stresses to tumorsinvitroandinvivo. To
simulate theisotropicforcesinside atumor, one simple approachisto
grow cancer spheroidsin hydrogels that have tunable elastic properties
andwithno adhesionligands such as agarose" (Fig.1c). As the spheroids
grow dueto proliferation and matrix deposition, the surrounding aga-
rose gelis displaced. As the gel resists the displacement, the spheroid
will experience solid stress thatis proportional to the elastic constant
(‘stiffness’) of the agarose and its displacement, caused by growth of the
spheroid. Agarose displacement can be determined by quantifying the
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volume change of the spheroid or alternatively by embedding fluores-
centparticles in the hydrogel that can be tracked microscopically** to
determine the deformation field. However, it should be noted that, due
to strain-stiffening phenomena, the stiffness of the spheroid may also
change under solid stresses. Another way to apply isotropic solid stress
isthrough the application of osmotic stresses externally to cell aggre-
gates™. The osmotic pressure is applied by adding dextran (100 kDa)
to the medium. The outer layer of the cellular aggregate restricts the
penetration of particlesinto the spheroids, creating an osmotic force
across the spheroid boundary. This method s capable of applying up to
20 kPa of stressisotropically (thatis, uniformly from all directions) on
spheroids. This method is more controllable interms of adding dextran
and controlling the solid stress level, while solid stress in the method of
growing spheroids in agarose depends on the growth rate of spheroids.

Torecapitulate the anisotropic stress field at the tumor margin®’,
where cells are predominately compressed in the radial direction and
arebeing effectively pressed against the surrounding tissue, it is possi-
bleto place defined weights on cellsin culture. The cells are plated onto
afilter to provide nutrients and oxygen from the bottom of the plate,
independent of the loading, and a piston or platen with defined weight
isplaced ontop. Itis also possible to apply anisotropic forceinthe plane
of the monolayer by plating the cells on a pre-stretched membrane
where the compressive forceis aligned with cell-cellinterfaces. When
the pre-stressis released, the membrane contracts, applyingin-plane
compressive forces on the cells*°. However, it should be noted that the
application of anisotropic solid stresses may represent stresses at the
tumor periphery where there is tension-compression anisotropy at
theinterface of tumor-host tissue. To model solid stresses in the tumor
core, systems that apply more isotropic stresses remain to be devel-
oped. The challenge with developing suchmodelsis to apply isotropic
stresses without affecting the delivery of oxygen and nutrients so that
the biological consequences of solid stresses are not confounded with
pathways activated by hypoxia and starvation due to altered diffusion
of oxygen and nutrients (Fig. 1c).

Finally, solid stress can be applied in vivo in mouse models by
incorporating magnetic particles into the tissue (Fig. 1c). For exam-
ple, colon tissue loaded with magnetic particles can be pulled by a
magnet implanted subcutaneously in a mouse'. The cells that are
pulled toward the magnet experience compressive solid stress and are
biologically altered toward atumorigenic phenotype'. Inmore recent
work, aninvivo model system was developed to model the compressive
forcesthat primary and metastatic tumors exert on their surrounding
normal brain. The model consisted of a set screw mounted through
a cranial window to apply controlled deformation of the underlying
tissue, recapitulating the impact of tumor growth on normal brain
tissue. This model system was used to test strategies to protect neu-
rons against solid stress generated by brain tumors®. In brain tumors®
and lung metastasis*, it has been shown that growth patterns, that s,
infiltrative, in which cancer cells diffuse into the normal tissue, versus
nodular growth, in which the tumor grows as a cohesive nodule, give
riseto different levels of solid stressesin the tumor and its surrounding
tissue. Therefore, tumor growth patterns could be used for a deeper
understanding of the causes and consequences of solid stresses.

IFP and interstitial fluid flow

Fluid pressureisanother type of mechanical stress, with units of pascals
(or mmHg due to the tradition of measuring fluid pressure using a
columnofmercury;1 mmHg ~133.3 Pa).Inaddition to the widely inves-
tigated flow of fluids within the blood and lymphatic networks, fluid
also flows through the interstitium, that is, spaces within tissues not
occupied by cells'. IFP is generally higher in tumors than in normal
tissue and ranges from less than 1 kPain brain tumorsto 5 kPainrenal
cell carcinomas (Fig. 2a). Leakage of fluid from abnormal tumor blood
vessels and the inability of dysfunctional lymphatics to absorb this
fluid increases IFP in the tumor, and the pressure difference between

oneregion of tissue to another region causes interstitial flow, exposing
the tissue to shear stresses that can influence its biology.

Importance in cancer

In 1988, we first predicted mathematically*” and confirmed it experi-
mentally in 1990 (ref. 43) that IFP is uniformly elevated throughout
atumor and drops precipitously in the margin with adjacent normal
tissue, creating steep pressure gradients at the tumor periphery*>*.
This causes fluid to percolate out of the tumor into the peritumor tis-
sue, carrying with it growth factors and anti-tumor drugs, causing
edema and aiding tumor progression’. IFP has been proposed as a
prognostic marker in some clinical studies**, and anti-VEGF agents,
whichreduce the leakiness of tumor vessels, reduce IFP in both rectal
and breast tumorsin patients*>*®, Pressure-driven interstitial fluid flow
generates shear stresses at cell surfaces, which can be estimated via
mathematical modeling®’. These shear stresses affect the biology of
cancer cells as well as stromal cells inseveral ways, including activation
of fibroblasts*®, modulating endothelial sprouting*” and mediating
invasion®® and migration of cancer cells™.

IFP and the shear stresses caused by interstitial fluid flow affect
both cancer and stromal cells®. Shear stresses activate B-cateninsign-
aling in cancer cells and stimulate oncogenic signaling pathways*.
They also upregulate TGF- expressionandincrease the activationand
contraction of myofibroblasts™, which results in matrix reorganization
and stiffening. By inducing migration of stromal and cancer cells, shear
stress can facilitate cancer invasion and angiogenesis®*". Fluid flow can
also skew cytokine concentrations and may encourage metastasis by
transporting solutes and cancer cells toward low-pressure areas at the
periphery of the tumor®*. Given that immune cells react to interstitial
flow, itis likely that the fluid shear forces play arole in the regulation of
immune responses as well*?. Interstitial fluid flow also affects angiogen-
esis®*and lymphangiogenesis™, as endothelial morphogenesis during
sprouting has been shown to be directed by fluid flow. It is commonly
assumed that shear stresses affect cell migration merely due to fluid
flow, as the viscosity of interstitial fluid is often assumed constant
throughout the tissue. However, more recently, it was shown that
increased viscosity has a substantial effect on cancer cell migration
through activation of transient receptor potential cation vanilloid 4
(TRPV4), which increases RhoA-dependent cell contractility*®.

In addition to the mechanotransduction activated by fluid shear
stress, increased IFP also has animpact on tumor physiology through
mechanismsincludingthe transport of growth factors and cells. When
IFPis highinside the tumor, the pressure difference betweenblood and
the interstitial space is close to zero™. This hinders the convection of
drugs from the vasculature into the tumor tissue’*. Because there are
functional lymphatic vessels in the normal tissue surrounding the
tumor, theIFP thereis near zero. This sets up asteep pressure gradient
atthe periphery of the tumor, which drives convective flux of interstitial
fluid flow from the tumor toward the surrounding tissue. This outward
interstitial flow promotes tumor invasion and growth by facilitating the
transport of cancer cells and growth factors to the surrounding normal
tissue**. The outward fluid flow also conveys therapeutic agents out of
the tumor and hence reduces drug retention times®*.

Measurement techniques

The gold standard technique for measuring fluid pressureinvivo is the
‘wick-in-needle’ method. This technique uses a pressure transducer
connected to a probe, which consists of a wick contained within a
syringe needle or a glass micropipette (Fig. 2b). This probe can be
inserted into the tissue to measure fluid pressure, independent of solid
stresses*’. By measuring IFP at multiple locations, it is possible to cal-
culate the gradient of the fluid pressure Vp and the fluid velocity U
using Darcy’s law, U = —kVp. This calculation requires information
about the hydraulic permeability of the tissue, k. The hydraulic perme-
ability of the tissue has aninverse relationship with desmoplasia; that
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is, tumors with higher matrix density have greater resistance to fluid
flow and hence a lower hydraulic permeability”’. For large tumors, a
diffusion chamber can be implanted inside the tumor where the high
fluid pressure can be measured directly by tumor growth or inresponse
to treatment’®,

Measurements of fluid flow can be made in vivo by tracking an
appropriate tag or marker in the interstitium. Fluorescent recovery
after photobleaching (FRAP) is a technique based on this concept, in
which some of the fluorescent molecules in the interstitium are pho-
tobleached using a high-power, focally directed laser and the recovery
of fluorescenceinto thebleached areaisrecorded. The bleached spot
generally translates spatially as it disappears, allowing calculation of
convection independent of diffusivity*® (note that diffusionis aprocess
governed by the random walk of particles in a solution, while, in con-
vection, thatis, pressure-induced flow, particles travel by the motion
of the solution). Similar measurements can be made using magnetic
resonance (MR) contrast agents®, For convective flows, for which there
aredistinct fiducial markersto track, such as red blood cells or added
fluorescent particles, particleimage velocimetry could be used to map
the velocity field associated with pressure differences in the tumor
and its surrounding environment®. Different modalities based on MR
imaging (MRI) provide non-invasive and useful information about
fluid flow and velocity in the interstitial space. Phase-contrast MRI
is one approach that provides fluid velocity, and diffusion-weighted
MRIis another method that provides diffusivity (mobility) of water in
tumors®® (Fig.2b). Despite these advances, reliable IFP measurements
remain invasive, and tumor IFP values for patients are only available
for tumors that can be easily accessed by the wick-in-needle probe.
There is a knowledge gap in interpreting clinical images, such as in
fluid-attenuated inversion recovery images in which bright regions
areofteninterpreted as edema. The development of non-invasive and
validated techniques is needed to fill this gap.

Experimental model systems

Flow chambers and transwell inserts have been extensively used to
apply controlled fluid pressure and fluid flow to cells plated in 2D or
seededin three-dimensional (3D) hydrogels® (Fig. 2c). With the advent
of microfabrication technology, researchers now have more control
over the flow configuration, and microfluidic devices are amenable to
high-resolution imaging. Consequently, microfluidic devices are the
most widely used tools for studying biological fluid flows in various
settings* ™",

Stiffness (elasticity) and viscoelasticity

Stiffness, alsoknown as rigidity or elastic modulus, is anintrinsic mate-
rial property. Itis defined as the resistance of the material to deforma-
tion inresponse to an applied force. The proportional (normalized)
deformationis known as strain, and the force per unit of areais known
as stress. With these definitions, the elastic modulus of a material is
the ratio of stress to strain; in other words, it is the amount of force
required to deform the object by a certain amount. The unit of elastic
modulus is the pascal. Elastic modulus values for human tumors are
variable, ranging from less than 1 kPa in brain tumors to up to 70 kPa
in cholangiocarcinomas (Fig. 3a).

Viscoelasticity (time-dependent elasticity) is also an intrinsic
material property of the tissue or cells, which should not be confused
withsolid stress. Viscoelasticity defines the resistance of the material to
deformationinresponsetoanapplied force at apredefined rate. Most
soft tissues, including tumors, exhibit greater resistance to force (for
example, greater stiffness) when the force is applied at high rates'*%,

Consequences and importance in cancer

The best recognized and most tangible mechanical abnormality in
tumorsisincreased tissue stiffness (Fig. 3). Unlike solid or fluid mechan-
ical stresses, which describe a state of the tissue exposed to a force,

stiffnessis anintrinsic material property of the tissue. Ina seminal study
in2006, sensing of stiffness by cells was implicated in determining cell
lineage®. There are currently numerous studies showing how material
properties, such as the stiffness of the microenvironment, are central
to many hallmarks of cancer including proliferation®, metabolism®,
angiogenesis®®, invasion® and migration, and metastasis®®.

The ECM often becomes stiffer during tumor development
and progression, and this can facilitate malignancy. Stiffening pro-
motes tumor progression in many tumor types including breast®*,
pancreatic®’, colorectal® and brain tumors’. Additionally, increased
stiffness promotes cancer cell invasiveness®, induces invasion and
metastasis’, enhances immune cell infiltration®®”, facilitates the epi-
thelial-mesenchymal transition through TGF-B’2, alters growth factor
secretion and signaling and increases angiogenesis and vessel perme-
ability®®. More recently, stiffening the ECM through glycation has been
linked to increased tumor growth, providing a biomechanical link by
which diabetic hyperglycemia promotes breast tumor progression’.

Substantial evidence suggests that increased stiffness in breast
tissue is associated with a greater risk of breast cancer™, and mam-
mographic density, which is strongly correlated with tissue stiffness,
hasbeen proposed as a predictor of poor survival”. InPDAC, increased
stiffness negatively correlates with response to chemotherapy®. While
stiffening has oftenbeen correlated withincreased malignancyin can-
cercells,inthe case of bone metastases, higher bone density dampens
metastatic progression through the attenuation of integrin-mediated
mechanosensing’.

Viscoelasticity is another stiffness-related material property, and
its role has been studied in the context of mechanobiology in cancer
and regenerative medicine'’. Viscoelasticity, in general, constitutes
intrinsic viscoelasticity, which is scale and fluid flow independent, and
poroelasticity, whichis both scale and fluid flow dependent. Chaudhuri
etal.developedahydrogel based on alginate, modified with polyethyl-
eneglycol (PEG) as aspacer to modulate the viscoelastic properties of
the hydrogel while keeping the equilibrium elasticity constant””. In later
works, reviewed comprehensively by Chaudhuri etal.’’, the contribu-
tion of viscoelasticity has been discussed in the context of cells sensing
the mechanical properties of their microenvironment in 2D and 3D.

Physical hallmarks of cancer may interact and affect each other.
For example, these mechanical stresses can alter the stiffness and
architecture of the matrix through strain-stiffening’®’° or because of
nodular tumor growth that causes local expansion and stretching of
the ECM>*., These tensile stresses increase the stiffness of collagen
fibers, whichinturn further activates the focal adhesion contractility
of cancer-associated fibroblasts in their vicinity, leading to a vicious
cycle of matrix deposition and stiffening.

Currently, many researchers rely on pan-cancer analyses using
matrisome libraries or genomic sequencing data to detect changes
in the ECM as well as the cytoskeleton®®. While useful for inferring
mechanical changes in the tumor microenvironment, they do not
provide direct measurements of the physical parameters.

Methods of measurement

Palpation has long been used to identify stiff tumors embedded in
compliant tissue, especially in accessible locations such as the breast
and skin. Palpationis based on the qualitative assessment of how much
the tissue moves in response to a given force applied by the fingers
or hand. It is possible to use this same concept to measure stiffness
quantitatively ex vivo over a wide range of length scales (Fig. 3b). At
the macroscale, the elasticity modulus can be measured via unconfined
and confined compression and shear tests”. At the microscale and the
nanoscale, atomic force microscopy (AFM)***’® and optical and mag-
netic tweezers use microscopic probes to manipulate cells, proteins
ormembranes to measure elasticity moduli’®. Optical-based methods
have been developed to analyze viscoelastic® and hydromechanical
properties® of tissues and cells with high spatial resolution. More
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recently, athermo-responsive material hasbeen used to deform tumor
spheroidsin 3D, and, using optical imaging coupled with mathemati-
calmodeling, the 3D stiffness map of the sample hasbeenreported at
optical resolution®’, Many of these methods are difficult to perform
invivoand therefore rely on cell cultures or ex vivo sample preparation.
However, several methods have been developed to quantify stiffness
intumorsinvivo, suchasultrasound electrography®* and MR electrog-
raphy (MRE)®. Because stiffness is highly heterogeneous in tumors, as
seeninFig.3a,b, animportant unmet need is the measurement of stiff-
ness of the whole tumor or the whole organ at high spatial resolution
that can capture the heterogeneities. Methods such as AFM can map
stiffness at subcellular resolution, however, through a limited region
of interest that spans usually up to ten cells. Methods such as MRE
map stiffness but usually at submillimeter resolution. More recently,
methods such as pElastorgraphy using optical microscopy have been
developed to bridge the gap between resolution and measurement
extent with the potential to map the stiffness of whole-organ samples
(for example, lymph node) at optical resolution®. Finally, measure-
ments of tissue viscoelasticity with higher sensitivity and resolution
have been made possible using high-frequency AFM®%. While numerous
methods are available to measure the stiffness of biological samples at
different scales and resolutions, a remaining challenge is comparing
these values across scales. The highly heterogeneous values reported
and the differences between macroscale methods such as MRE and
microscale methods such as AFM can also be attributed to methodol-
ogy and sample preparation. Hence, it is essential to use consistent
methods when changes in stiffness are to be evaluated in response to
any interventions.

Experimental model systems

Unlike solid stress and IFP, where experimental methods are limited,
several experimental model systems exist for simulating tissues with
various elasticand viscoelastic properties to recapitulate this mechani-
calaspect of the tumor microenvironment. For example, plating cells
on polyacrylamide gels with various Young’s moduli results in differ-
entiation along various lineages®. This highlights the central role that
tissue stiffness plays in development. By controlling cross-linking,
polyacrylamide gels canbe prepared withawide range of elastic moduli
from 0.05 kPa to 100 kPa®, mirroring the pathophysiological ranges of
elastic constants in different tumors. Polyacrylamide gels are also easy
to use forimaging and cell collection®*. However, many signaling cues
arelostin2D cultures systems, and 3D culture systems are required to
restore these signaling pathways®. Three-dimensional culture systems
can implement multiple natural materials such as collagen®, fibrin,
reconstituted basement membrane (for example, Matrigel, CorningLife
Sciences)® and synthetic or mixed materials such as PEG*®, alginate®’,
HA®, collagen-agarose” and alginate-reconstituted basement mem-
brane to simulate different elastic or viscoelastic features of the tumor
ECM™, The tunable properties include cell-matrix adhesion, pore size,
fibrillar structure, organization and degradability. The elastic modulus
of 3D gelsis controlled either by (1) adjusting the density of the constitu-
ent such as collagen®*°?, which may have unwanted secondary effects
such as altering signaling pathways that can be sensitive to collagen |
density, tension or alignment®, or (2) enzymatic and chemical changes
implemented by fibril cross-linking® and physical approaches such as
varying the gelation temperature, pHand ultraviolet light treatment®*.
The approach of inhibiting cross-linkers has also been used in vivo to
alter the stiffness properties of neoplastic and pre-neoplastic tissues®’.
lonic or covalent cross-linking of hydrogels could also be used to alter
viscoelasticity and the stress relaxation response of the hydrogel™. An
‘overlay’ culture system, also called the ‘on-top assay’, has been used
to benefit from the advantages of both 2D and 3D culture systems®.
Due to anabolic and catabolic activities of cancer and stromal cells,
the material properties of tumors and their surrounding tissue change
over time. To simulate the dynamic material properties, hydrogels

based on click chemistry with dynamically tunable properties have
been proposed®.

Matrix architecture and cell geometry

Consequences and importance in cancer

Localtissue architecture plays animportantrolein cancer progression
and treatment response, independent of solid stress, fluid forces and
stiffness of the microenvironment. The simplest and one of the earliest
ways to demonstrate the role of architectureisby comparing 2D to 3D
cell culture: when grown within 3D matrices, normal and cancerous
breast epithelial cells exhibit markedly distinct morphologies and
proliferation rates. However, these differences become challenging to
discernwhenthe cells are cultured on 2D surfaces®. This is an example
of the dynamic reciprocity between tissue function and neoplastic
transformation, which alters tissue architecture: cells create their
environmentbutare also affected by it””. Another major phenomenon
that demonstrates the reciprocity conceptis the cancer cellmigration
capability as the cells actively remodel and sense their surrounding
matrix’®, Studies of 3D matrix architecture, mainly focused on collagen,
show that collagen organization is a prognostic biomarker®” and that
certain architectures facilitate cancer cell migration'. Using a 3D
model system to recapitulate matrix organization, these investigators
demonstrated that Rho-associated protein kinase (ROCK)-mediated
matrix alignmentisakey step in promoting cancer cell migrationin the
early stages of invasion'”’. Additionally, collagen alignment modulates
matrix metalloproteinase-dependent mechanisms'® and integrin 3,
expression'®, which affect the ability of cells to migrate.

One of the aspects of biology most influenced by tissue architec-
ture is cell geometry, which can affect cell phenotype independent
of tissue stiffness or other environmental cues. One of the earliest
works thatidentified the links between cell geometry and its biological
responses was reported in 1978 by Folkman and Moscona'®, showing
thatareductionincell substrate contact areareduces DNA synthesis.
In another seminal study, Chen and colleagues demonstrated that
growth and viability of cells could be controlled by confining cells to
micro-patterned islands'®. In this work, cellgrowth and apoptosis were
shown to be regulated by cell shape, regardless of substrate matrix
type or integrin-mediated adhesion'®. This model system has later
been extended to micropillar and nanopillar substrate systems'*® that
decouple cell contact area from substrate stiffness (as shownin Fig. 4c)
by varying pillar length, width and spacing.

Cell geometry also alters gene expression through changes in
nuclear geometry'?”'%, Cells that are more spread out with large contact
areas haveamore spread out or flattened nucleus; this change of shape
hasbeentied to perinuclear actinand microtubule networks'”. By alter-
ing the contact geometry via a microcontact printing model system,
specific chromosomes were shown to change their 3D orientation
and arrangement in the nucleus, resulting in differential gene expres-
sion'”’, The geometry of the cell and its nucleus is also altered during
cell migration through constriction. Migration of cancer cells*""%™",
immune cells" and primary mesenchymal stem cells"° through pores,
which are sometimes smaller than their nucleus size, results in exces-
sive compression and deformation of the nucleus, which leads toloss
of integrity of the nuclear envelope and eventually DNA double-strand
breaks'”"*"and genomic instabilities™.

Nuclear transcription factors, such as YAP and TAZ, are key play-
ersinthe genetic programdriven by cellgeometry, as their regulation
is sensitive to cell shape. When breast cancer cells are allowed to
spread on large micro-patterned islands coated with fibronectin, YAP
and TAZ localize to the nucleus; when they are confined to smaller
micro-patterned areas, YAP and TAZ are exported to the cytoplasm.
Similar nuclear localization of YAP-TAZ was observed in cells at the
edges of epithelial sheets with high curvature, another geometrical
parameter. Actomyosin cytoskeleton and Rho GTPase activity were
shown to regulate YAP-TAZ activity in response to cell geometry,
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similar to the YAP-TAZ response to mechanical stress and stiffness'.
A variety of biomaterials including synthetic and natural hydrogels
in 2D and 3D have been engineered to control YAP-TAZ dependence,
which arereviewed in detail in ref. 113.

The migratory response of cancer cells to substrate topogra-
phy, termed topotaxis, has been studied by the use of nanofabricated
substrates, in which the density of the posts and pillars that define
the contact geometry alters spatially. Altered topography via such
a system was shown to guide the migration of melanoma cells via
phosphoinositide-3-kinase (PI3K) and ROCK signaling™*. The anisot-
ropy of the cell substrate, designed to simulate collagen anisotropy,
has also been shown to reduce proliferation of breast epithelial cells
(MCF-10A) and induce a temporary dormancy via activation of acto-
myosin contractility, while having a minimal effect on the proliferation
of breast cancer cells as MCF7 and MDA-MB-231 cells'”.

Finally, the links between architecture and function of the tissue
surrounding the tumors and how different tumor growth patterns dif-
ferentially affect this link have been reported recently*. Using crystal
ribcage, the matrix architecture was imaged in functioning alveoli
inside, around and far from metastatic tumors. It was shown that col-
lagen structure is substantially changed from wavy to stretched ina
breast cancer lung metastasis with anodular growth pattern. The ten-
silestresses thatresultedinstretched collagenalso altered alveolar and
capillary functions in the peritumoral region up to a couple of alveoli
into the normal-looking tissue. By contrast, a size-matched breast
cancer lung metastasis, formed from another cell line that exhibits an
infiltrative growth pattern, did not alter the matrix architecture. The
collagenfibers maintained their wavy structure, and alveoli within and
surrounding the tumor maintained their functionality. This contrast-
ing effect of nodular versusinfiltrative growth on the structure-func-
tion of the surrounding alveoli”, similarly reported in the context of
brain tumors®, demonstrates the importance of growth patterns as a
determinant of key physical hallmarks of cancer such as architecture
and solid stresses.

Methods of measurement

Histological analysis and second-harmonic generation (SHG) micros-
copy are the main methods available to characterize cellular geom-
etry and ECM architecture (Fig. 4a)*'°""°, SHG imaging is a powerful
method that canimage collagen I networks in live tissue*'°*"*7 As a
label-free method, SHG is a powerful tool for longitudinal characteri-
zation of tissue architecture at high resolution without the need for
fixation and subsequent sectioning. Major matrix components such
as collagen I can also be analyzed through immunohistochemistry in
paraffin-embedded or frozen samples, and the former is the preferred
method as it better preserves tissue architecture. More recently, 3D
reconstruction of large tissues up to 3.5 cm® from serial histological
sections has been reported, and 3D images of normal, precancerous
and cancerous human pancreata have been reconstructed at subcel-
lular resolution (Fig. 4b)"s.

Experimental model systems

One of the most used model systems for controlling cell geometry is
microcontact printing'®, which restricts cell spreading by patterning
the ECM component of interest onto a2D substrate (Fig. 4c). The shape
ofthe microcontact area canbe arbitrarily specified; for example, cir-
cular, rectangular or stretched patterns have been used to study cell
spreading and cytoskeletal organization, while micro-patterned lines
allow studies of one-dimensional migration'’. Microcontact printing
canalsobe performed onthetop of micropillars to study the effects of
cellgeometry and substrate stiffness simultaneously'®. Other studies
have used grooved substrates to simulate spacing between aligned
fibersintissues''. Groove depth and spacing can be tuned from nanom-
eters to micrometers to determine the effects of aspect ratio'** as well
as width and density on cell migration'* (Fig. 4d). Microfabricated

posts with varied spacing'” and microchannels with widths smaller

than a cell nucleus™ have been used to study nucleus mechanics in
cells migrating through constrictions (Fig. 4e-g). Transwell filters
with pore sizes smaller than cell nuclei have been used to study cell
migration through constrictions and are more practical for analyzing
larger numbers of cells"°(Fig. 4h).

Inexperimental systems, itis possible to control the architecture
of the collagen network by adjusting collagen density, gelation tem-
perature and pH'>. While these models allow researchers to control
matrix architecture and have been used to probe the effect of colla-
gen orientation on cellular response, they have some limitations. For
example, changing tension or alignment likely also affects stiffness and
porosity of the matrix, which may affect cell biology directly or indi-
rectly throughaltered hydraulic permeability or focal contact dynam-
ics. Macromolecular crowding has been proposed as an improved
method for tuning the matrix architecture independent of stiffness
and porosity of the matrix'**. Using PEG as the molecular crowding
agentinacollagengel, it was shown that the resulting matrix has tighter
fibrillar networks, and the cells exhibit a less contractile and spread-
ing phenotype'. In addition to 3D collagen matrices, the geometry
surrounding the cells can be modeled in 3D by the use of microchan-
nels made in polydimethylsiloxane (PDMS)'*. Other 3D models for
simulating the 3D topography and geometrical features of the tumor
microenvironmentinclude photopatterned gels’ and micromolding,
which independently tunes matrix stiffness and geometry in 3D,

Asmentionedin Consequences and importancein cancer, cellular
geometry and consequently biological responses change dramatically
when cells are cultured in 2D versus 3D. Ex vivo or organoid tumor
models are arecent development for studying tumor biologyin 3D in
which architecture and cellular geometry resemble the tumor more
closely thanin2D model systems. These models generally involve one
or more cell types cultured in 3D and have been developed for many
cancer types including colon, esophagus, pancreas, stomach, liver,
endometrium and breast'*, Organoids are developed by culturing the
isolated tumor cells in 3D basement membrane extract and selecting
cancer cells with specific inhibitors. The resulting cultures resemble
the tumor epitheliumboth genetically and phenotypically and can be
cryopreserved and genetically modified. Despite these advantages,
organoid modelsare very far fromin vivo tissues including neoplastic
tissues, and the findings would requirein vivo validations. Characteri-
zation of other physical hallmarks in organoids such as stiffness and
solid stress and tuning them in association with pathophysiological
valuesin tumors will benefit the effortin using organoid model systems
incancer research.

Perspective

The tumor microenvironment is distinctively abnormal in both its
biologicaland physical aspects. The growing recognition of the physi-
cal microenvironment’simportance in cancer research has led to key
insights regarding the origins and impacts of its physical character-
istics, yielding novel therapeutic targets and strategies for patient
treatment. The field of physical sciencesin cancer, inherently interdis-
ciplinary, necessitates active collaboration among cancer biologists,
clinicians, physical scientists, engineers and data scientists. Under-
standing the often non-intuitive conceptsinvolved demandsathorough
grasp of both physical and biological facets of tumors.

The expansion of physical oncology as a field faces several chal-
lenges. Given that these proposed physical hallmarks have been less
explored than their biological counterparts, the in vivo and in vitro
methods for studying them are currently limited. Therefore, thereisa
need for more advanced and representative in vivo and in vitro model
systems to simulate the prolonged stress exposure experienced by
cells. Improved models will help uncover pathways responsive to solid
stress and differentiate the biological effects of solid stress from those
of other factors, such as increased stiffness. Moreover, there isa need
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for enhanced measurement tools to differentiate the various causes
and effects of solid stress. Identifying the roles of different factors
contributingtosolid stress accumulation, like cell-cell and cell-matrix
interactions, remains a crucial, unaddressed need that could lead to
new therapeutictargets toreduce solid stressin tumors and normalize
their physical microenvironment.

We will also need better strategies for reducing solid stress or tis-
sue stiffness in the clinic. Despite being the most extensively studied
physical hallmark of tumors, there is a lack of pharmacologic inter-
ventions to target stiffness selectively and specifically. Approaches
to target the ECM to reduce solid stresses, for example, angiotensin
receptor blockers and enzymatic targeting of HA as discussed above,
potentially reduce stiffness as well. Open questionsinclude how these
strategies affect stiffness in tumors and the pathways associated with
it. Dissecting the physical mechanisms (for example, solid stress versus
stiffness versus IFP) underlying the outcome of these drugs willinform
the development of novel therapeutic strategies.

Similarly, cell micro-architecture is one of the most extensively
studied physical hallmarks of cancer, and it has been associated with
many cellular responses including proliferation, apoptosis, migration
and metabolism, not only in cancer cells but also in stromal cells includ-
ing endothelial cells, fibroblasts and normal epithelial cells. Despite
the immense progress in our basic understanding of the importance
of cell geometry, opportunities for translating these concepts into
clinical practice have not been identified. One reason for this lack of
translationin clinical practiceisthat currently there are no techniques
toaccomplish thisin vivo or insitu in patients.

Emerging technologies can be used to better understand the
causes and the consequences of physical hallmarks of cancer. Such
technologiesinclude digital and 3D pathologies, such as CODA™, with
whichthe hidden third dimension of tumor architecture is now readily
available and canbe used in archived and fresh clinical and preclinical
samples. Another key technology is single-cell omics, whichis gradually
being used inthe context of physical hallmarks of cancer. This technol-
ogy will have the potential to reveal the highly heterogeneous origins
of physical hallmarks of cancer and to delineate the differential effect
of each hallmark on the highly diverse cellular constituents of the
tumor'?. Finally, novel model systems, such as whole-organ ex vivo
maintenance*, which combines the controllability of in vitro systems
and the complexity of in vivo systems, have the potential to advance our
understanding of the physical hallmarks of cancer. These models can
modulate and monitor the physics and immunity of tumor cells while
preserving whole-organ function, as demonstrated in the context of
lung tumors via crystal ribcage*’.
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