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Abstract

Solid tumors have low oxygen tension — hypoxia — that fuels disease progression and
treatment resistance. Thus, strategies for alleviating hypoxia are needed. Two factors
affect tissue oxygen levels: oxygen supply via blood vessels and oxygen consumption by
cells. I focused on improving supply to combat hypoxia. Two vessel abnormalities limit
supply. Compression decreases the density of perfused vessels supplying tumors.
Excessive leakiness slows blood flow partly by reducing the intravascular pressure drop.
Strategies to repair leakiness towards decreasing hypoxia exist, so I developed

approaches for overcoming compression.

In order to understand the origin of vessel compression, we developed the first ex vivo
technique to estimate compressive solid stresses held in tumors. We made
measurements of this residual solid stress in numerous tumor types from patients and
mice to confirm that elevated stress is conserved across tumors. We then identified
structural components within tumors that contribute to stress. Since cancer cells were
known to compress vessels, we found that depleting them reduced stress, as did
depleting fibroblasts, collagen, and hyaluronan. Depleting these components

decompressed blood and lymphatic vessels.

After identifying targets to reduce stress, we sought to decrease stress therapeutically to
improve treatment outcomes. First, we demonstrated that losartan, an FDA-approved
therapy indicated for hypertension, decreases the activation of fibroblasts and the
production and maintenance of collagen and hyaluronan. As a result, losartan
decompressed vessels, restored perfusion, decreased hypoxia, and potentiated

chemotherapy. These results provide a rationale for retrospective analyses



demonstrating losartan’s benefit and for future clinical trials, one of which is currently
underway (NCT01821729).

To understand how reversing compression modulates both individual vessels and the
vascular network to improve oxygen delivery, we developed a technique using multi-
photon phosphorescence quenching microscopy to map oxygenation to perfused blood
vessels in live tissues. This technique allowed us to compare the effects of reversing
compression to the effects of repairing leakiness on individual vessels and vascular
network geometry. In comparing and contrasting these two strategies, we showed how
each of these strategies could be improved to increase oxygen delivery. This work also
has implications for optimally combining both treatment strategies to increase oxygen

delivery to tumors.
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Chapter 0 Motivation

Oxygen levels are highly regulated in the tissues making up our bodies, because oxygen
is critical for the function of our organs. Each organ, and each type of cell within an
organ, requires a unique amount of oxygen to support its function. Thus, the
observation that all tumors have lower average oxygen levels than the organ they grow
in implies that tumors are organs that benefit from having low oxygen levels. This state
of oxygen concentration lower than normal physiological oxygen concentration is called
hypoxia. Indeed, patients that have less oxygen in their tumors live less and respond less

to therapy. Thus, hypoxia is a negative prognostic and predictive biomarker.

There are a number of processes that hypoxia stimulates. These processes make tumors
more deadly. First, hypoxia induces a cancer stem cell phenotype. Low oxygen might
make these cells quiescent and not proliferative, allowing them to preserve their
stemness and remain potent. Second, hypoxia promotes resistance to radiotherapy,
chemotherapy, and immunotherapy. These treatment strategies, which comprise all
non-surgical techniques to treat cancer, depend to varying degrees on a chemical
reaction involving oxygen to produce the desired cytotoxic effects. Third, low oxygen
levels promote genomic instability and affect the expression of growth factors,
oncogenes, and tumor suppressor genes. As a result, low oxygen levels stimulate

mutations and other conditions that make the cancer cell population more aggressive

and immune defenses. Tourth, hypoxia promotes
epithelial to mesenchymal transition, invasion, and metastasis. These processes allow
cancer cells to spread throughout the body. This makes the primary tumor more deadly.
Fifth, hypoxia promotes a wound healing response that includes inflammation,
immunosuppression, and fibrosis. Sixth, hypoxia promotes abnormal angiogenesis that
can lead to deeper levels of hypoxia. Seventh, hypoxia induces resistance to hypoxia in
cancer cells. Eighth, hypoxia promotes a switch to anaerobic metabolism. Through these

eight mechanisms, hypoxia makes tumors more deadly.

Oxygen levels are reduced in tumors because there is decreased supply of oxygen
without a simultaneous decrease in the consumption of oxygen by rapidly proliferating
cancer cells. Thus, the balance that holds in normal organs is not maintained. There are
two reasons why supply of oxygen is reduced. The first is that tumor vessels are leaky
and the second is that tumor vessels are compressed. Tumor vessel leakiness has been

extensively studied and various treatment strategies have been validated clinically. The

18



causes of tumor vessel compression are less clear and there are no clinically validated
strategies to reduce it. Thus, the goal of my doctoral research was to answer the
question, “why is vascular function impaired by vessel compression in tumors?” The
answer to this question has been pursued for at least a half of a century, since cancer
researchers first observed red blood cells in regions of tumors apparently disconnected
from the body’s circulation. As basic and clinical research reveal the insidious role of
compression-induced vascular dysfunction in driving tumor progression and resistance
to treatment, understanding and reversing vessel compression in tumors has become
crucial. Developing new strategies to prevent tumor progression and overcome inherent
resistance to existing therapies will improve treatment outcomes. In this dissertation, I
define the causes of tumor vessel compression, develop a treatment strategy to

overcome compression, and evaluate the effects of this strategy on the vasculature.

One of the limiting factors in addressing the question posed above was the lack of
techniques to measure tissue-level solid stresses that were hypothesized to cause vessel
compression. In this dissertation, I describe a technique we developed to estimate solid
stress in tumor tissue. This technique enabled the discovery of the structural
components of tumors that generate, store, and transmit solid stresses. This technique
also allowed us to prove that solid stresses are uniquely responsible for compressing

tumor vessels.

With the identification of structural components that contribute to solid stress and vessel
compression, [ then investigated whether there were existing therapies that could
efficiently target these tumor components towards overcoming inherent resistance to
systemic chemotherapy. FDA-approved anti-hypertensive agents that target angiotensin
II signaling affects the activation, production, and maintenance of the components that
contribute to solid stress. I demonstrated that this class of therapeutics, approved to
relieve hypertension by blocking angiotensin II receptor I, also synergistically increases
the delivery and efficacy of systemic chemotherapies in murine cancer models. While
retrospective analyses of these anti-hypertensive agents combined with chemotherapy
are promising, they need to be evaluated in prospective clinical trials, one of which we

recently initiated.

Finally, after demonstrating that targeting solid stress can help overcome the
physiological resistance of tumors to chemotherapy, I examined how various subsets of
tumor vessels are affected by a reduction in solid stress. To address this, I monitored the

spatial and temporal distribution and function of tumor vessels using real-time
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measurements in murine cancer models. For this purpose, we adapted a technique to
measure oxygenation — phosphorescence quenching microscopy - to a technique to
image tumor vasculature — multi-photon microscopy. 1 used this technique to
longitudinally monitor the effects of decompressing vessels on the function of subsets of
vessels. Furthermore, I compared the strategy of decompressing vessels to other
strategies known to increase oxygenation in certain tumors. This knowledge will guide
optimal use of anti-solid stress therapies to increase oxygenation in tumors.
Furthermore, it provides guidelines for combining multiple strategies to increase
oxygenation in tumors in order to impair tumor progression and resistance to systemic

chemotherapies.
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Chapter 1 Introduction

Some of the work, text and figures presented in this chapter are adapted from the

following reference with permissions granted by Annual Reviews:

Jain RK, Martin JD, Stylianopoulos T. 2014. The role of mechanical forces in tumor

growth and therapy. Annu. Rev. Biomed. Eng. 16:321-46
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1.1.Abstract

Tumors generate physical forces during growth and progression. These physical forces
are able to compress blood and lymphatic vessels, reducing perfusion rates and creating
hypoxia. When exerted directly on cancer cells, they can increase cells” invasive and
metastatic potential. Tumor vessels— while nourishing the tumor—are usually leaky
and tortuous, which further decreases perfusion. Hypoperfusion and hypoxia contribute
to immune evasion, promote malignant progression and metastasis, and reduce the
efficacy of a number of therapies, including radiation. In parallel, vessel leakiness
together with vessel compression causes a uniformly elevated interstitial fluid pressure
that hinders delivery of blood-borne therapeutic agents, lowering the efficacy of chemo-
and nanotherapies. In addition, shear stresses exerted by flowing blood and interstitial
fluid modulate the behavior of cancer and a variety of host cells. Taming these physical

forces can improve therapeutic outcomes in many cancers.
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1.2.Introduction

A solid tumor is an aberrant tissue made of cancer cells and a variety of host cells—all
embedded in an extracellular matrix—nourished by blood vessels and drained by
lymphatic vessels (1). Solid tumors often stiffen as they grow in a host’s normal tissue.
Stiffening, which is perhaps the only mechanical aspect of a tumor that clinicians and
patients can feel/sense, is caused by an increase in the structural components of the
tumor, particularly in the amount of cancer cells, stromal cells, and the extracellular
matrix constituents. As tumor tissue becomes stiffer than the surrounding tissue, the
continued generation of forces by the tumor constituents displaces the surrounding
normal tissue and allows the tumor to invade and grow in size. Thus, tumor growth
involves the generation of mechanical forces both within the tumor and between the
tumor and the host tissue. These mechanical forces, coupled with aberrant tumor blood
vessels, induce abnormal solid and fluid stresses (i.e., force per unit area) that facilitate

tumor progression and hinder response to various treatments (2).

Solid stress—the mechanical forces exerted by the nonfluid components of a tumor—is
accumulated within tumors as the rapid proliferation of cancer cells strains the tumor
microenvironment, which itself pushes against and deforms the surrounding normal
tissue (Figure 1). The solid stress held solely within a tumor—that remains in the tissue
after it is excised and external loads are removed—is referred to as growth-induced or
residual stress (3-5). An additional, externally applied stress is generated as the growing
tumor deforms the normal tissue, which, in turn, resists tumor expansion (5, 6). Solid
stresses affect tumor pathophysiology in at least two ways: directly, by compressing
cancer and stromal cells, and indirectly, by deforming blood and lymphatic vessels. Cell
compression alters gene expression, cancer cell proliferation, apoptosis and
invasiveness, stromal cell function, and extracellular matrix synthesis and organization
(7-13). Blood and lymphatic vessel compression reduces the delivery of oxygen,
nutrients, and drugs, creating a hypoxic and acidic microenvironment and

compromising therapeutic outcomes (1, 5, 14-18).

Fluid stresses—the forces exerted by the fluid components of the tumor—include the
microvascular and interstitial fluid pressures (MVP and IFP, respectively), as well as the
shear stress exerted by blood and lymphatic flow on the vessel wall and by interstitial
flow on cancer and stromal cells and extracellular matrix (19). Fluid stresses are

determined in large part by the combined effect of the structure of tumor vessels and the
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compression of blood and lymphatic vessels. Blood vessel compression reduces the
effective flow cross section of the vessel and, thus, increases the resistance to blood flow,
which can affect MVP, shear stress, and perfusion (20) (Figure 1). In addition,
compression of lymphatic vessels hinders the drainage of excessive interstitial fluid (21,
22). This, in turn, results in accumulation of fluid in the interstitial space and formation
of edema, which is often seen in patients. Furthermore, the hyperpermeability of the
tumor vessels, formed during the process of angiogenesis, usually leads to increased
fluid flux from the vascular to the interstitial space. This fluid leakage reduces tumor
perfusion and, along with the loss of functional lymphatics through physical
compression, elevates IFP (21). This is a vicious cycle, as elevated IFP also reduces
perfusion without compressing leaky tumor vessels, because the upstream
microvascular pressure is communicated to the extravascular space and then to
downstream vessels, minimizing the pressure drop between upstream and downstream
segments of vessels and leading to reduced flow (23, 24). Taken together, the effects of

elevated IFP make it a major barrier to drug delivery (22, 25-28).

Here, we review the existing knowledge on solid and fluid mechanics of tumors and
describe the mechanisms by which tumor mechanics affect cancer cell growth and
metastasis and inhibit the delivery of drugs. We also propose therapeutic strategies that
can alter the tumor mechanical microenvironment and improve the delivery of

therapeutic agents and, thus, the efficacy of cancer treatment.
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1.3.Solid mechanics of tumors

Externally applied and growth-induced stresses affect tumor progression and treatment
either directly, by being exerted on cancer and stromal cells and extracellular matrix
constituents, or indirectly, by deforming blood and lymphatic vessels. The two stresses
compose the total solid stress, which begins to evolve from the early stages of
carcinogenesis (29). Unlike fluid pressure, solid stress can be direction dependent. Thus,
total solid stress is compressive in the interior of the tumor in all directions, whereas at
the interface with the normal tissue, it is compressive in the radial and tensile in the
circumferential directions as shown in Figure 2a (5, 6). We review separately the

externally applied and growth-induced solid stresses.

Externally Applied Solid Stress

The effect of solid stress applied externally by the surrounding tissue on solid tumors
has been studied in vitro by growing avascular tumor spheroids within a polymer
matrix (7, 11, 12, 30). We first grew cancer cells within an agarose gel of varying
concentration to increase the compressive stress exerted on the cells and found that
increasing compressive stress inhibits spheroid growth (7). The inhibitory effect of stress
on growth is, however, reversible, and growth-inhibited spheroids resume normal
growth once the stress is removed. Later, we repeated the experiment to investigate the
underlying mechanisms and found that compressive stresses suppress cancer cell
proliferation and induce apoptotic cell death via the mitochondrial pathway (11). More
specifically, anisotropic (i.e., nonuniform) mechanical loads can induce apoptosis in
regions of high compressive stress and allow proliferation in low-stress regions of the
tumor spheroid (11). As a result, external forces can shape tumor morphology: Isotropic
(i.e.,, uniform) loads lead to the growth of spherical cancer cell aggregates, whereas
anisotropic loads force cancer cells to grow preferentially in the direction of least stress.
Again, tumor spheroid growth patterns are reversible, and the aggregates can be
remodeled by altering the stress field. Moreover, compressive stress can enhance the
invasive phenotype of cancer cells (13) (Figure 3a) and increase the expression of genes
that remodel the extracellular matrix and tumor vessels (12, 31, 32). Estimates of the
external stress levels in the spheroids are in the range of 28 to 120 mm Hg (3.7 to 16.0
kPa) depending on the concentration of the matrix (7, 11). Recently, with the use of
mathematical modeling, we found, based on experimental data for murine tumors, that

the externally applied stress at the tumor interior can exceed 150 mm Hg (20 kPa) (6).
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These stresses are sufficient to compress fragile intratumoral blood and lymphatic
vessels, whereas the tensile circumferential stress at the interface of the tumor with the

normal tissue can deform peritumoral vessels to elliptical shapes (Figure 2b).

Growth-Induced Solid Stress

Growth-induced or residual solid stress is accumulated within tumors during
progression as the growth of proliferating cancer cells strains the tumor
microenvironment and stores strain energy (Figure 1) (5). This stress is evident when a
tumor is excised, with no external loads applied, and a cut is made along its longest axis.
The cut releases the stress and allows the tissue to relax, resulting in simultaneous
swelling at the center and retraction at the boundary of the tumor. These relaxations
lead to a significant opening at the location of the cut (Figure 3b). The retraction of the
tissue is indicative of tension at the tumor periphery. The swelling at the center indicates
that the intratumoral region is in compression, which presumably balances the tension
at the periphery. The tensile growth-induced stress at the periphery causes a smooth
transition of the circumferential stress from compressive inside the tumor to tensile at

the interface with the normal tissue (6).

Based on experimental data and with the use of mathematical models, the levels of
compressive growth-induced stress at the intratumoral region were estimated to be in
the range of 35 to 142 mm Hg (4.7 to 18.9 kPa) for human tumors, 2 to 60 mm Hg (0.3 to
8.0 kPa) for murine tumors, and 0 to 10 mm Hg (0 to 1.3 kPa) for avascular tumor
spheroids (5, 33, 34). Interestingly, tumors with higher growth-induced stress levels
exhibited lower growth rates, presumably owing to reduced cancer cell proliferation and
increased apoptosis (5, 11). Finally, according to our calculations, growth-induced stress
contributes less than 30% of the total solid stress of a tumor, which suggests that the

contribution of the external stress from the host tissue is more significant (6).

Cancer cells, stromal cells, and the extracellular matrix participate in the accumulation of
growth-induced stress (5). Cancer and stromal cells contribute to growth-induced stress
by generating forces during proliferation and contraction. They both also contribute to
the remodeling of matrix components. The extracellular matrix constituents, such as
collagen and hyaluronic acid, store and transmit stress in a manner dependent on their
mechanical properties. Collagen fibers, which are remarkably stiff in tension and
provide tensile strength to tissues, can contribute to growth-induced stress by virtue of

the fibers’ ability to resist stretching when connected cells are forced apart. Collagen
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fibers are also remodeled and pulled by fibroblasts. By contrast, hyaluronic acid
provides compressive resistance because of its capacity to trap water molecules. Water is
incompressible, and because water molecules cannot escape from the tumor, they resist
the compressive stress developed in the tumor interior. Thus, collagen and hyaluronic

acid collaborate in stress generation (35).

Desmoplasia and Solid Stress Accumulation

It is notable that during tumor progression, extensive extracellular matrix synthesis and
remodeling can take place. One pathway through which this occurs is the activation or
overexpression of transforming growth factor-p (TGF-B). TGF-p can regulate the
production of matrix-modifying enzymes [e.g., matrix metalloproteinases (MMPs) and
lysyl oxidase (LOX)] in order to increase matrix protein synthesis and cross-linking and
decrease matrix proteinase activity (36-38), thereby increasing matrix stiffness (36).
Stiffening of the matrix and the resulting increase of the stress levels can, in turn, induce
production of fibronectin, enhance focal adhesions, and increase cytoskeletal tension by
Rho/ROCK signaling activation (39, 40). Matrix stiffening can also promote integrin
clustering and enhance PI3 kinase activity, which regulates tumor invasion and other

processes that promote tumor progression (41, 42).

In addition, mechanical stress and TGF-f activation can convert fibroblasts or other
quiescent precursor cells into contractile myofibroblasts, also known as cancer-
associated fibroblasts, which produce more extracellular matrix molecules (collagen-I,
fibronectin, glycosaminoglycans) and remodel the extracellular matrix (8, 43, 44).
Production of new extracellular matrix again increases tissue stiffness and solid stress,
and myofibroblast contraction further activates latent TGF-p from the extracellular
matrix (10, 43), creating a positive feedback loop. TGF-p may also play a role in both
endothelial-to-mesenchymal transition (EndMT) and epithelial-to-mesenchymal
transition (EMT), which are associated with loss of intercellular adhesion and

acquisition of a motile phenotype that promotes cancer cell invasion and metastasis (45,
46).

Consequences of Solid Stresses for Cancer Progression and Treatment

Blood vessel compression, caused by solid stresses, reduces tumor perfusion and, thus,
the supply of oxygen and nutrients (14). Limited oxygen and nutrient supply results in

the formation of necrotic tissue at the tumor interior. But because oxygen and nutrients
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are essential for tumor progression, a question arises about why solid tumors compress
their own vessels. One hypothesis is that vessel compression by solid stress protects
cancer cells from the immune system of the host (1, 47). The cells of the immune system
require an effective vascular network to continuously patrol the human body. Vessel
compression prevents these cells from entering the tumor, whereas the resulting
hypoxia compromises their killing potential (48). Hypoxia also produces growth factors
le.g., TGF-B and vascular endothelial growth factor (VEGF)] that suppress the activity of
macrophages and have the potential to convert macrophages to protumorigenic (tumor-
friendly) cells (49). Furthermore, a hypoxic microenvironment can select for cells that
can survive in a harsh microenvironment, which enhances the invasive and metastatic
potential of cancer cells and lowers the efficacy of radiation and immunotherapy (1, 49-
51).

Vessel compression can also exclude large tumor regions from the systemic
administration of therapeutic agents by reducing blood flow and creating vascular
shunts (i.e., short, high-flow vascular pathways that bypass long, downstream
pathways) (52-54). Therefore, drugs might not be able to reach certain regions of tumors
in sufficient amounts. Furthermore, the collapse of intratumoral lymphatic vessels
contributes to the uniform elevation of IFP, which can be equal to or locally exceed MVP
transiently (21, 22, 26, 55, 56). As we discuss in detail below, IFP elevation eliminates
pressure gradients across the tumor vasculature and in the interstitial space of tumors

and, thus, inhibits convective transport of drugs.

Mathematical Modeling of Solid Mechanics of Tumors

Several mathematical models have been developed to study the biomechanical response
of solid tumors. Most of them make use of the multiplicative decomposition of the
deformation gradient tensor, F (see Appendix in this chapter), to account for tumor
growth, Fg, evolution of growth-induced stress, Fr, and the mechanical interactions with

the surrounding normal tissue, F (5, 6, 57-60):
F = F.F.Fy. (1)

The tensors Fr and F, are usually assumed to be isotropic, and their values are taken
either based on experimental observations, based on phenomenological expressions
(e.g., Gompertz law for tumor growth), or by relating growth to the concentration of

oxygen and nutrients. Methodologies also exist that involve the incorporation of a
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growth strain factor to drive tumor expansion (33, 34).

Although the mathematical framework for tumor growth is well defined, little work has
been done to date regarding constitutive modeling of solid tumors compared with other
biological tissues, such as arteries, heart valve leaflets, and articular cartilage. Tumors
are often modeled as isotropic, hyperelastic materials (e.g., neo-Hookean or Blatz-Ko)

with strain energy density functions given as follows (5, 57, 59, 60):

neo-Hookean: W = 0.5u(-3 + II;) — 0.51k(~1 + ]e)z, 2)

2 e

w9 (11 -3 3(1;” -+ Ga-H (5 -3- 3(1;’//2 - 1))),
Blatz-Ko: 2 7 1 (3)

where p and k are the shear and bulk modulus of the material, respectively; Jeis the
determinant of the elastic deformation gradient tensor F ; and Il = | ]_2/ 3. G is the tumor
shear modulus; I, I, and [3are the invariants of the strain tensor F'F; and f € [0, 1] and gq

< 0 are nondimensional parameters. Additionally, tumors have been treated as isotropic
poroelastic materials composed of a solid and a fluid phase (6, 61) or as a mixture of
more than two components (58). These models work well and provide accurate
qualitative predictions for the mechanical microenvironment of tumors and its effect on
tumor growth, progression, and treatment. However, they are limited in that tumors are
not isotropic and their structure is too complex to be described by continuum- level
constitutive equations. A main reason for the uncertainty of the mechanical behavior of
tumors is a lack of experimental studies. Indeed, most of the models developed to date
lack experimental validation. Spatial and temporal heterogeneities in the structure of a
tumor, as well as differences between the primary tumor and its metastases and among
tumors of the same type or tumors of different types, render the derivation of a global
constitutive equation a challenging task. To deal with the structural heterogeneity of
tumors, development of structure-based models that incorporate directly tumors’
heterogeneity by utilizing multiscale methodologies—similar to those developed for

other soft tissues—is a promising approach (62, 63).
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1.4.Fluid mechanics of tumors

Fluid mechanics of tumors involve flow along the tumor vasculature, across the vessel
wall, and through the tumor interstitial space and drainage of excessive fluid by the
lymphatic network. Abnormalities in the tumor microenvironment due to the formation
of hyperpermeable tumor blood vessels and the accumulation of solid stress affect blood
flow, MVP, IFP, and fluid shear stresses (19, 64). As a result, tumors are often
hypoperfused: The arteriovenous MVP gradient drops, whereas IFP increases uniformly
throughout the tumor interior. At the same time, fluid shear stresses cause remodeling
of the vascular network, and lymphatic flow is limited only to the tumor periphery.
Here, we review separately vascular, interstitial, and lymphatic flows and their effects

on tumor progression and treatment.

Vascular Fluid Mechanics

Blood flow rate, Q, in the vasculature of normal and tumor tissues is given by the
microvascular pressure drop, AMVP, divided by the flow resistance, FR: Q = AMVP/FR.
The resistance to fluid flow can be either due to vascular network geometry (e.g., vessel
morphology, tortuosity) or due to changes in blood viscosity. In solid tumors, both

geometric and viscous resistances are elevated (20, 65, 66).

Rapid tumor growth requires a sufficient vascular network to feed cancer cells with
nutrients and oxygen. For that reason, proangiogenic factors [e.g., VEGF, platelet-
derived growth factor (PDGF)], which induce angiogenesis, are upregulated in order to
recruit endothelial cells to form new vessels (67, 68). Tumor vessels are usually
immature and have an abnormal structure and function (1, 54, 69, 70). The endothelial
lining that forms the vessel wall can have wide junctions, have large numbers of
fenestrae and transendothelial channels, and be accompanied by a discontinuous or
absent basement membrane and poor pericyte coverage. As a result, the openings in the
tumor vessel wall can be as large as a few micrometers in size, much larger than the
pores of normal vessels, which are less than 10 nm (71-73). The large pores of tumor
vessels enhance leakage of blood plasma to the interstitial space, which, in turn,
increases red blood cell concentration (hemoconcentration) and blood viscosity (66, 74,
75). In addition, tumor vessels can be dilated and tortuous (70) and create vascular
shunts (52). Finally, as mentioned above, blood and lymphatic vessels can be
compressed owing to solid stresses, which further increases geometric resistance to flow.

As a result of all these abnormalities, blood velocity in tumors is highly heterogeneous
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and is not correlated with vessel diameter. It can also be an order of magnitude lower
than the velocity in normal vessels, ranging from 0.001 to 10 mm/s (53, 76) (Figure 4a).
In normal vessels, which have higher velocities, shear stress contributes to the regulation
of an important step in metastasis. Shear stress controls whether circulating tumor cells
(CTCs) adhere to normal blood vessel walls in distant organs. Increasing shear increases
the amount of collisions of CTCs with vessel walls, but it also reduces their residence

time of adhesion, which could impair extravasation (77).

Within intratumoral vessels, the lower shear stress applied to endothelial cells
contributes to the regulation of angiogenesis and tumor vascular network abnormalities.
Shear stress from blood flow on the endothelial lining is transmitted by the glycocalyx
layer. This layer is a negatively charged fibrous structure of proteins and
macromolecules and is connected to the cytoskeleton of endothelial cells (78). This
connection allows the layer to mediate the transduction of fluid shear stress to the
endothelial cell lining. Through this mechanism, high and low shear stresses regulate
different steps of angiogenesis. A lack of shear stress, indicative of a static vessel,
induces endothelial cells to sprout to seek new sources of blood flow. Nitric oxide (NO)
production, however, with moderate levels of shear stress results in the attenuation of
sprouting (79). Whereas low shear stress encourages endothelial cells to seek alternate
sources of nutrients, higher shear stress induces vessel branching, which is termed
intussusceptive angiogenesis (80). This process occurs as endothelial cells, protruding
into the vessel lumen, connect to form a pillar within the vessel. The pillar’s location is
governed by shear stress because it forms where there was high velocity and, thus, low
shear in the original vessel. As a result of the branching, there is a stress reduction in the
individual endothelial cells, but the flow rate within the original, single vessel is
maintained by the combination of the two vessels. Therefore, high and low shear

stresses affect angiogenesis in single vessels in different ways.

The effect of shear stress on a single vessel can have a substantial impact on the blood
flow through nearby regions of the vascular network. Functional shunts are an
interesting example of this relationship. They occur in situations in which there is a short
arteriovenous connection through which blood flow can bypass the downstream
vascular network. The shear stress is often high in the short vessel serving as the
functional shunt, which causes the shunt to dilate, allowing more blood to flow through
the shunt (81). The feeding arteriole downstream of the shunt senses less flow and shear

stress. As a consequence, it reduces in diameter, further discouraging flow throughout
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the vascular network downstream of the branch point from the shunt (52). Abnormal
shear stress in a single vessel can impair blood flow to downstream regions of tumors,

contributing to the low perfusion found in multiple areas in most solid tumors.

Interstitial Fluid Mechanics

The driving forces for interstitial flow are hydrostatic and osmotic pressure gradients
between the vascular and interstitial space. The interstitial space of solid tumors is
composed of a network of collagen fibers, along with other fibrillar and space-filling
proteins and molecules, such as proteoglycans and glycosaminoglycans (e.g., hyaluronic
acid) (82, 83). The compressive stress throughout a tumor compresses the matrix into a
dense and tortuous network that hinders transport of fluid. We provided the first
measurements of the interstitial fluid velocity and found that it is on the order of 0.2 to
0.8 um/s (84), resulting in very low Reynolds number (i.e., Stokes flow). Even with low
flow velocity, shear stress can be high when there are small pores. Nonetheless, in
tumors, the shear stress applied to cells remains low because the matrix shields the cells

from stress, and local gradients in hydraulic conductivity divert flow from cells (85).

Despite the low velocity of the interstitial fluid, studies have shown that fluid shear
stress— similarly to solid stress—can upregulate TGF-f, causing myofibroblast
differentiation and contraction and extracellular matrix reorganization and stiffening
(86, 87). Therefore, the role of fluid and solid stresses on TGF-B-dependent pathways
appears to be synergistic. Furthermore, despite the fact that the interstitial shear stresses
are up to two orders of magnitude lower than the intravascular shear stresses, when
applied to cancer cells they can stimulate oncogenic signaling pathways (88). Stromal
cells may increase their motility in response to interstitial flow as a result of a small
shear gradient across the cell (89). Thus, interstitial shear stress influences cancer cell
and stromal cell behavior. Shear stress generated by interstitial flow also affects
angiogenesis. Interstitial flow increases the rate of vessel morphogenesis, which is the
rearrangement of the vessel wall microanatomy before sprouting. After sprouting,
invading endothelial cells preferentially protrude against the direction of interstitial
flow (79). In this way, a vessel, which began sprouting because of low intravascular
shear stress, sprouts in the direction of another leaky vessel—in other words, toward a

higher pressure region.

Interstitial fluid flow is governed in large part by the hydraulic conductivity of the

interstitial space, a measure of the resistance to fluid flow in porous and fibrous media.
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The higher the conductivity, the more easily fluid will percolate through the
extravascular space of the tissue. Importantly, interstitial hydraulic conductivity,
together with vessel leakiness and lymphatic dysfunction, is a regulator of IFP, and the
low conductivity values often found in tumors contribute to the elevation of IFP to
values comparable to those of MVP (Figure 4b). For fibrous media, which are our focus,
hydraulic conductivity depends on the volume fraction, surface charge, and
organization of the fibers (90, 91). Therefore, tumors rich in collagen might exhibit
hydraulic conductivity an order of magnitude lower than that of tumors of low collagen
content (92). As mentioned above, in many tumors an accumulation of fibrillar collagen
types I and III occurs presumably owing to increased activity of tumorigenic factors,
such as TGF-B, that might stiffen the extracellular matrix and induce fibrosis (38, 93).
Therefore, this desmoplastic response of tumors further decreases hydraulic
conductivity. The hydraulic conductivity of the interstitium is also influenced by the
negatively charged proteoglycans and glycosaminoglycans. Increasing the
glycosaminoglycan concentration leads to increased flow resistance owing to the
capacity of these polysaccharides to trap water (90). Accordingly, depletion of
glycosaminoglycans with MMP-1 and MMP-8 increases the hydraulic conductivity and,
thus, the interstitial fluid velocity (94). Cancer and stromal cells form another barrier to
interstitial fluid flow. High cellular density, which is common in many cancers, reduces
the space available for flow and, thus, increases fluid resistance. Also, plasma proteins,
soluble collagen, and the thin and elongated glycosaminoglycan chains that are
contained in the interstitial fluid might significantly increase the viscosity of the

interstitial space (95, 96).

Lymphatic Fluid Mechanics

The lymphatic network drains excessive fluid from the interstitial space and returns it
back to the blood circulation. By doing so, it regulates the fluid balance in tissues and
prevents formation of edema. Tumor lymphatics have two phenotypes that are common
in many cancers. They are not functional in the intratumoral region (97, 98), and they are
hyperplastic and exhibit increased flow at the periphery (99, 100). The loss of
functionality is attributed to compressive solid stress that is developed in tumors. This
stress has been shown to collapse intratumoral lymphatic vessels and, thus, to eliminate
lymph flow. Lymphangiogenesis in the tumor periphery is regulated by the expression
of VEGF-C and VEGF-D. Overexpression of these growth factors in tumors might result

in hyperplasia of the vessels, dilation of their lumen, and increased volumetric flow rate



(Figure 4c) (100-102). The lymph fluid velocity in tumors is on the order of 5 um/s,
about an order of magnitude higher than the interstitial fluid velocity (103-106). The
increase in lymph flow rate of the peritumor lymphatic vessels might lead to a 200-fold
increase in the accumulation of cancer cells in lymph nodes and a 4-fold increase in
metastasis, despite the absence of intratumoral lymphatics (98, 100). Therefore, lymph

flow plays a crucial role in the dissemination of cancer cells.

Another regulator of lymphatic function is NO (1, 107, 108). NO is synthesized by NO
synthase (NOS) and can be neuronal (nNOS), endothelial (eNOS), or inducible (iNOS).
nNOS and eNOS are constitutively expressed by neuronal and endothelial cells, whereas
iNOS is induced by inflammatory cytokines, endotoxin, hypoxia, and oxidative stress.
We have shown that eNOS maintains strong lymphatic contractions and that its
inhibition decreases lymphatic fluid velocity (106). We attribute this effect to the
regulation of the deeper collecting lymphatics of eNOS, as the velocity of the superficial
lymphatics did not change with eNOS inhibition. iNOS levels can maintain lymphatic
pumping during inflammation and infection (109, 110). Lymphatic flow is also
susceptible to changes in the interstitial flow. An increase in interstitial flow can
stimulate lymphatic endothelial cell morphogenesis and increase lymphatic permeability
(111, 112). Therefore, the composition of the interstitial space and particularly the

hydraulic conductivity can regulate not only interstitial but also lymphatic flow (87).

Consequences of Fluid Stresses for Cancer Progression and Treatment

Heterogeneous and compromised vascular flow results in heterogeneous distribution of
therapeutic agents in the tumor, and thus it can reduce the efficacy of the treatment. In
addition, because not all tumor vessels are leaky, the delivery of large therapeutic agents
(e.g., nanotherapeutics), through the enhanced permeability and retention (EPR) effect,
is not uniform (113). Furthermore, the excessive leakage of blood plasma from the
abnormal vascular network, in conjunction with the lack of functional lymphatic vessels
to maintain fluid balance as well as the increased resistance to interstitial fluid flow
owing to low hydraulic conductivity, results in interstitial hypertension (22, 26, 56, 114—
117). Young and coworkers (118) reported in 1950 the first measurements of elevated
IFP, in tumors growing in rabbits, but the implications of this interstitial hypertension
for tumor progression and treatment were not fully revealed until nearly four decades
later. In 1988, we showed mathematically and confirmed later with experimental
measurements that IFP is uniformly elevated throughout the bulk of a tumor (Figure 4b)

with a precipitous drop to normal values in the tumor margin creating a steep pressure
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gradient (21). Elevated IFP can compromise the efficacy of therapeutics and facilitate
metastasis in multiple ways. First, the uniform elevation of IFP can reach and locally
exceed MVP transiently, which, as discussed above, eliminates transvascular and
interstitial pressure gradients and, thus, the convective transport of drugs across the
vessel wall and in the interior of the tumor (26, 28, 55, 56, 119). Second, the steep
pressure gradients in the periphery cause fluid leaking from the blood vessels located in
the tumor margin—but not from the vessels in the tumor interior—to ooze into the
surrounding normal tissue (1, 27). This oozing fluid would facilitate transport of growth
factors and cancer cells into the surrounding tissue, thereby fueling tumor growth,
progression, and lymphatic metastasis. It also reduces the retention time of small drugs
(<10 nm in diameter) and, thus, inhibits their homogeneous distribution inside the

tumor.

Mathematical Modeling of Fluid Mechanics of Tumors

Modeling blood flow in the highly irregular structure of the tumor vasculature is a
challenging task. Direct solution of the equations of flow in a three-dimensional vascular
network is computationally intensive. For that reason, most studies assume an idealized,
one-dimensional blood flow (i.e., axial flow) that follows Poiseuille’s equation (24, 28,
120),

TR* AP
=g T
I"Lapp (4)

where R is the vessel radius, AP is the pressure difference along a vessel of length L, and
Happ is an apparent viscosity that describes the rheological properties of both blood
plasma and cells. Empirical equations have been derived that correlate papp with the
hematocrit (red blood cell concentration) and vessel diameter (Fahraeus-Lindqvist effect)
(121). Based on this approach, several methodologies have been developed to model
tumor progression taking into account the concentration of oxygen and nutrients, shear
forces, cell proliferation and apoptosis, the evolution and remodeling of the tumor

vascular network, and other biochemical processes (122-124).

Coupled with Equation 1 is the equation that describes the fluid exchange rate, Qtrans,
between the vascular and interstitial space. This equation is given by Starling’s

approximation as (22)
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Qtrans = LPS[PV = P;—o(ny —m)], (5)

where L is the hydraulic conductivity of the vessel wall; S is the surface area of the
vessel; Py and P;are the MVP and IFP, respectively; mty and m; are the osmotic pressure in

the vascular and interstitial space, respectively; and o is the osmotic reflection coefficient

for plasma proteins.

In addition, mathematical models have been developed to study blood rheology taking
into account red blood cells and white blood cells, as well as their interactions (125-129).
These models provide predictions not only for the fluid flow, but also for the viscosity of
the blood and for the deformation and distribution of the cells in the vessel. In other
models, remodeling of the vascular network is considered as a function of the shear
stress exerted on the endothelial lining of the vessel wall, the vascular pressure, and the
metabolic stimuli (e.g., partial oxygen pressure) (130). Vascular remodeling usually
involves changes in the structure, diameter, and wall thickness of the vessel, and for low

vascular pressures it might also include vessel collapse.

As in every fibrous medium subject to low-Reynolds-number flow, the interstitial fluid

velocity, v, can be described by the well-known Darcy’s equation as
v = —KVP; (6)
or by the Brinkman’s equation as

1
uViv— -I—<-v = VP,

)

where K is the hydraulic conductivity of the interstitial space, P;is the IFP, and p is the

viscosity.

Brinkman’s equation can be seen as Darcy’s equation with an additional term for viscous
stresses in the fluid phase. Both hydraulic conductivity and IFP can severely affect fluid

flow in the tumor interstitium.

Several mathematical expressions have been derived to predict the hydraulic
conductivity of a fibrous medium. Many of them refer to two-dimensional solutions of
low-Reynolds-number flows parallel and transverse to spatially periodic arrays of fibers

(131). These expressions relate the hydraulic permeability (i.e, the hydraulic



conductivity multiplied by the viscosity) to the fiber volume fraction and might include
more than one family of fibers (132). More recently, mathematical approaches to
calculate hydraulic conductivity in three-dimensional fiber structures have been
developed. These approaches, apart from the fiber volume fraction, might also account
for fiber organization and/or surface charge (91, 133). Caution must be taken, however,
when such methods are used to calculate the hydraulic conductivity of tumors. The
complex structure of the tumor interstitial space involves heterogeneously distributed
fibers with multiple orientations, sizes, and surface charges that cannot be represented
directly by the idealized structures of these models. Alternatively, empirical equations
that are based on experimental studies exist and provide the hydraulic conductivity of

tumors as a function of collagen, proteoglycan, and glycosaminoglycan contents (90,
134).

Finally, the flow rate entering the lymphatic circulation from the interstitial space, Qj, is

given by Starling’s approximation as (25)
Q1= LpSi(P;— Py), (8)

where Lp;is the hydraulic conductivity of the lymphatic wall, Sy is the surface area of the
lymphatic vessel, P; is the IFP, and Pj is the pressure of the lymphatic vessel. As
mentioned above, intratumoral lymphatics are dysfunctional, and thus it is common to
consider lymphatic flow to be negligible. More detailed approaches for modeling
lymphatic drainage and pumping utilizing homogenization or lattice Boltzmann
methods exist (135, 136). For example, one group of investigators (136) modeled
increases in shear stress to trigger NO emission by the endothelium, which, in turn,
caused dilation of the vessel and increased lymph flow, suggesting a direct mechanism

of fluid stress control of lymph flow.
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1.5.Therapeutic strategies

Given the fact that solid and fluid mechanics in tumors are determined mainly by the
accumulation of solid stress and the formation of abnormal vessels, we have proposed
two types of therapeutic strategies to improve drug delivery and efficacy (1, 18). On one
hand, stress-alleviation treatments have the ability to reopen compressed blood vessels
and, thus, improve perfusion and drug delivery in hypoperfused tumors (5, 35). On the
other hand, vascular normalization strategies aim to decrease the leakiness in
hyperpermeable tumors, which is a different mechanism to improve perfusion and
delivery of therapeutic agents (1) (Figure 5). Which of the two strategies is more
beneficial depends on the microenvironment of the tumor and particularly on whether
tumor vessels are hyperpermeable, compressed, both, or neither. Use of these two

strategies alone or in combination could improve therapeutic outcomes.

Stress-Alleviation Treatment

A stress-alleviation strategy is based on the following sequence of events: alleviate stress
levels, re- open compressed tumor blood vessels, improve perfusion, and enhance drug
delivery and efficacy, resulting in improved overall survival. Stress reduction also
increases the diameter of intratumor lymphatic vessels, but their function is not
restored—presumably owing to impaired lymphatic valves in the draining lymphatics
(1, 16). Constituents of the tumor microenvironment—other than cancer cells—that
contribute to the generation of solid stress include stromal cells and extracellular matrix
components (5). Indeed, we have shown that pharmacological depletion of tumor
stroma with saridegib, an inhibitor of the sonic hedgehog pathway, alleviates stress
levels and increases blood vessel diameter and tumor perfusion without affecting
vascular density (Figure 6b-e) (5). In another study, use of saridegib improved
chemotherapy in murine pancreatic cancers and the overall survival of the mice (137). In
addition, enzymatic degradation of hyaluronan when combined with cytotoxic drugs
has been shown to decompress blood vessels and improve tumor perfusion, drug
delivery, and the overall survival of mice bearing pancreatic tumors (17, 138).
Modification of the extracellular matrix can be also achieved by inhibiting signaling
pathways that drive the activation of cancer-associated fibroblasts (139). We have been
able to achieve this by inhibiting either the activity of angiotensin II with angiotensin-
converting enzyme inhibitors or the signaling of angiotensin II with angiotensin receptor

blockers (35). Many of these drugs are widely prescribed as antihypertensive therapies.
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Specifically, the clinically approved antihypertensive drug losartan, an angiotensin
receptor blocker, reduces collagen and hyaluronan levels in murine tumors (Figure 6a)
by decreasing stromal expression of TGF-3 as well as other fibrosis- signaling molecules
(35). This, in turn, alleviates solid stress levels and improves tumor perfusion as well as
the delivery of both chemotherapeutic agents and nanomedicines, thereby increasing the
overall survival of mice bearing tumors (35, 140). These findings have led to a clinical
trial at Massachusetts General Hospital in patients with advanced pancreatic ductal
adenocarcinoma—a uniformly fatal disease with very poor prognosis (see
http://ClinicalTrials.gov, trial identifier number NCT01821729). Retrospective clinical
studies have also shown that treatment with angiotensin receptor blockers and
angiotensin-converting enzyme inhibitors may improve survival in patients with

pancreatic, lung, and renal cancers (141-143).

Vascular Normalization Treatment

Compromised blood flow rates in tumors are also due to the formation of leaky and
tortuous vessels. Therefore, one goal of a therapeutic strategy is to change the phenotype
of the abnormal tumor vasculature to a more functional phenotype that resembles the
structure of normal vessels. We call this strategy vascular normalization and suggest the

use of judicious doses of antiangiogenic therapy to realize this goal (1, 49, 68, 144).

Indeed, vascular normalization remodels the tumor vasculature by increasing pericyte
coverage of blood vessels and, thus, decreasing vessel leakiness. As a result, tumor
perfusion is increased (Figure 7a,b), and IFP is decreased. Therefore, the pressure
difference across the vessel wall is restored (Figure 7c), which, in turn, enhances the
extravasation of therapeutic agents (28, 145~ 151). A decrease in the size and number of
vessel wall openings, however, decreases the maximum size of particles that can pass
through the vessel wall. Thus vascular normalization improves the delivery of
nanoparticles less than 60 nm in diameter (28) (Figure 7d ). Furthermore, normalization
is dose dependent, and high doses will prune the vessels and reduce perfusion (Figure
7a,b) and drug delivery (1, 149). Also, vascular normalization has a transient effect:
When anti-VEGF treatment is continued for a long time, excessive vessel pruning occurs,
which again reduces perfusion and drug delivery. This dose and time dependence of
vascular normalization results in a normalization window within which drug delivery is
improved (1, 49, 68, 152). Clinical studies have verified in humans that antiangiogenic
agents can normalize tumor vasculature and that the patients whose tumor blood

perfusion increases survive longer (1). Agents that have been used include a monoclonal
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antibody (bevacizumab) to block VEGF-A in patients with rectal cancer and an inhibitor
of all three VEGF receptor tyrosine kinases (VEGF-1, -2, -3) (cediranib) in patients with
recurrent or newly diagnosed glioblastoma (116, 117, 150-154).

Guidelines for the Optimal Use of Stress-Based Therapeutic Strategies

With the use of mathematical modeling, we recently showed that stress-alleviation
treatments to decompress vessels and improve perfusion could be effective in poorly or
moderately permeable tumors, such as pancreatic and colon cancers, and various
sarcomas (18). By contrast, vascular normalization treatment is more effective in
hyperpermeable tumors with open vessels, such as a subset of glioblastomas,
melanomas, and ovarian carcinomas. These tumors are expected to have low solid-stress
levels, with perfusion determined mainly by the permeability of the tumor vasculature.
In this case, normalization treatment will decrease permeability and improve perfusion
and drug delivery. Finally, if a tumor is hyperpermeable with abundant compressed
vessels, as are a subset of mammary carcinomas, the two treatments have to be
combined so that stress alleviation will open up the vessels, and vascular normalization
will make them less permeable. Identification of which tumors have vasculatures that
are leaky, compressed, both, or neither is a challenging task. We can make some general
statements, such as pancreatic cancers have compressed vessels, but there are many
tumors, such as breast cancers, for which the levels of solid stress and the permeability
~ are highly variable from one tumor to the next and potentially from the primary site to
the metastatic site. Thus, it could be hard to choose an appropriate strategy until the
state of an individual tumor is known. Existing and/or emerging imaging modalities

may be able to help in this selection (150, 151).
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1.6.Concluding remarks

Our hypothesis is that the abnormal mechanical microenvironment of tumors enables
them to be protected from the immune system of the host body, resist anticancer
therapies, and coordinate their progression. The tumor mechanical microenvironment is
quite different from that of normal tissues and is characterized by accumulation of solid
stress, low perfusion rates, and elevation of IFP. To improve treatment, we need to
revert tumors from their abnormal path back toward a normal state. This can be
achieved with the modification of the tumor microenvironment and modulation of
mechanical stresses. We propose two complementary therapeutic strategies: the
normalization of the tumor vasculature with judicious doses of anti-VEGF therapy and
the normalization of the tumor extravascular space with stress-alleviation therapy. The
fact that certain drugs that normalize the tumor microenvironment are already clinically
approved and/or are being used in clinical practice for other diseases is encouraging.
The scope of the scientific effort should now be to identify new, safe, and well-tolerated
drugs that normalize the tumor microenvironment and can be used in a combinatorial
treatment with immune, radiation, or chemotherapy (1). Specific guidelines for the
optimal use of these therapeutic strategies are essential given the dynamic and highly
heterogeneous nature of tumors and the differences between primary tumors and
metastases. Importantly, these strategies have to be tailored to individual patients, and

techniques, such as imaging methods, must be developed to enable this personalization.
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1.7 Figures
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Figure 1-1 Schematic of the tumor mechanical microenvironment.
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Schematic of the tumor mechanical microenvironment. Cancer cells along with
myofibroblasts (stromal cells) stretch collagen fibers and compress hyaluronan, and this
interaction stores growth-induced solid stress in all constituents. This stress can
compress or even collapse intratumoral vessels, reducing blood flow. The remaining
uncompressed vessels are often leaky, resulting in excessive fluid crossing the vessel
wall and contributing to elevated interstitial fluid pressure. Vessel leakiness further
reduces perfusion and, along with vessel compression, can cause blood stasis. At the
macroscopic scale, the tumor pushes against the surrounding normal tissue, which, in
turn, restricts tumor expansion. Abbreviation: IFP, interstitial fluid pressure.
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Figure 1-2 Solid stress profile in tumors and evidence of vessel compression.

Tumor interior Tumor periphery
a Radial and circumferential Radial compression,
compression circumferential tension

b Tumor interior Tumor periphery

(7) Solid stresses are compressive in the interior of the tumor in both the radial and
circumferential directions, whereas at the periphery, radial stresses are compressive, and
circumferential stresses are tensile. (b) Histological sections of human pancreatic tumor.
The solid stress profile can collapse intratumor vessels (left; green arrows show position of
collapsed vessels), whereas peripheral vessels obtain elliptical shapes (right; dashed black
lines show tumor margin and the two main axes of the arterioles). (Panels a and right-
hand side of panel b adapted with permission from 6; left-hand side of panel b based on
personal communication with Dr. Yves Boucher, Massachusetts General Hospital.)
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Figure 1-3 Externally applied and growth-induced solid stresses.

a Oh 6.5h 20h

Control

Compressed

(@) Direct cancer cell compression enhances the invasive phenotype of 67NR cells. 67NR
monolayers form a rosette shape, the control group is stress free, and the compressed
group is subject to 773-Pa compressive stress. Under compressive stress, the 67NR cells
move faster toward the center of the rosette, which suggests increased motility and
invasiveness. (Panel reproduced with permission from 13.) (b) Evidence of growth-
induced stress in a soft tissue sarcoma. Cutting an excised tumor along its longest axis
(80% of its thickness) causes retraction of the surface and swelling of the interior of the
tumor. These deformation modes are caused by relaxation of the growth-induced stress
and result in a measurable tumor opening. Thus, even though no external loads are
exerted on the excised tumor, the tumor still holds growth-induced, residual stress.
Growth-induced stress is estimated with the use of mathematical modeling by
simulating the cutting experiment. (Panel reproduced with permission from 5.)



Figure 1-4 Abnormal fluid flow in tumors.
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(a) Red blood cell (RBC) flux and blood velocity in interior and peripheral vessels of a
glioma growing in a mouse brain. A significantly larger proportion of interior vessels
are hypoperfused, with velocities of less than 0.1 mm /s, compared with peripheral
vessels. (Panel reproduced with permission from 53.) (b) Interstitial fluid pressure in
tumors is elevated and comparable to microvascular pressure. (Panel adapted with
permission from 114). (c) Lymphatics are absent from the tumor interior and
hyperplastic at the periphery. Fluorescence lymphangiography images of a normal (top)
and a sarcoma-bearing (bottorm) mouse tail. At the normal tissue, lymphatics form a
functional network ( green). At the tumor interior (right side of bottom panel ) lymphatics
are absent but have a larger diameter at the margin. Large arrows indicate attenuated
vessels inside the tumor. Small arrows indicate the increased diameter of the lymphatic
capillary at the margin. (Panel reproduced with permission from 97.)
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Figure 1-5 Strategies to improve perfusion and drug delivery in solid tumors.
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(a) Vascular normalization increases pericyte coverage, which decreases vessel
permeability and improves perfusion. (b) Stress-alleviation treatment depletes structural
components of the tumor microenvironment, which decompresses tumor blood vessels
and improves perfusion. Improved perfusion rates increase the delivery of drugs. These
strategies can be used either alone or in combination based on whether tumor blood
vessels are leaky, compressed, both, or neither. (Figure adapted with permission from

18.)
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Figure 1-6 Stress-alleviation treatment.
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(a) Intravital multiphoton microscopy images show that treatment with the angiotensin
receptor blocker losartan lowers collagen levels (blue) and increases the density of
perfused vessels ( green) in an orthotopic mammary adenocarcinoma (E0771). (Panel
reproduced with permission from 35.) Treatment with the sonic hedgehog inhibitor
saridegib (b) reduces solid stress levels, measured as a function of tumor opening (see
Figure 3b), in two pancreatic ductal adenocarcinomas (AK4.4 and Capan2) and (c)
increases blood and lymphatic vessel diameter as well as (d ) the fraction of perfused
vessels, (e) without affecting vascular density. Asterisks represent a statistically
significant difference between the control group (-) and the saridegib-treated group (+)
(*p < 0.05, *+p < 0.01). (Panels b-e reproduced with permission from 5.)
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Figure 1-7 Vascular normalization treatment with the monoclonal antibody DC101.
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Normalization of tumor vessels improves tumor perfusion in a dose-dependent manner.
(a) Perfusion images of whole-tumor tissue taken by multispectral confocal microscopy.
Animals were treated with IgG (control) and 10, 20, or 40 mg of DC101 per kilogram of
body weight ( green: Sytox staining). (b) Quantification of fractions of Hoechst 33342
positive area in the whole-tumor area presents perfused regions of the tumors shown in
panel a for the control (IgG) and the three DC101 doses (D-10, D-20, and D-40). (c) Model
predictions for the effect of vessel wall pore size on the pressure difference across the
tumor vessel wall. Pressure is made dimensionless by division with the inlet vasculature
pressure. A decrease in vessel wall pore size with vascular normalization restores a
transvascular pressure difference. (d ) Normalization of tumor vasculature and the
resulting increase in transvascular pressure difference improve flux of nanoparticles
across the tumor vessel wall in a size-dependent manner in two orthotopic mammary
adenocarcinomas (E0771 and 4T1). Abbreviation: IgG, immunoglobulin G. (Panel a
adapted from and panel b reproduced with permission from 149; panels c and d
reproduced with permission from 28.)
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Appendix
Deformation gradient tensor

The deformation gradient tensors maps from one tangent space to another. It indicates
how a body is deforming locally going from one state to another. It is a second order

tensor.

If X is the position of a given material element in a tumor and x is the position of the
same element after the tumor tissue grows and deforms, then the motion of the body can

be defined as
x = R(X,t)
and the deformation gradient tensor is

F_ax
T aX

Note that in our model the tissue is fixed so there is no translation or velocity. Thus, the
product of the deformation gradient tensors, F, can be interpreted as the total
deformation gradient tensor. This tensor can undergo factorization of matrices into a
product of matrices. In this way, we can account for deformations material elements of
tumor tissue will undergo resulting from individual sources (i.e. growth of the tumor
tissue, confinement by surrounding tissue, and evolution of growth-induced stress).
Decomposition of deformation gradient tensors is commonly used to account for various

parts of deformations (e.g. elastic versus plastic deformations within a single body).
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We can experimentally measure F and we can assume a growth contribution based on
experimental observations, phenomenological expressions, or by relating growth to the
availability of oxygen and nutrients. Thus, the practical purpose of this decomposition of
deformation gradient tensors is to isolate the elastic deformation component. The elastic
deformation component is necessary for the constitutive relationship that relates strain
to stress. In our study, we assumed tumor tissue to behave as a hyperelastic neo-

Hookean material.
W =05w(-3+1,)+k(=1+/J,)"%)

Where p and k are the shear and bulk modulus of the tumor tissue, respectively. J, is the

determinant of the elastic deformation gradient F. II; = 1/, /3 where I is the first

invariant of the right Cauchy-Green deformation tensor.

Knowing the elastic deformation component allows the Cauchy stress tensor to be

calculated from this elastic strain.
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Chapter 2 Growth-induced solid stress in murine and human

tumors: Causes, consequences an remedies

Some of the work, text and figures presented in this chapter are adapted from reference

under the permissions of the journal:

Stylianopoulos T*, Martin JD*, Chauhan VP, Jain SR, Diop-Frimpong B, et al. 2012.
Causes, consequences, and remedies for growth-induced solid stress in murine and
human tumors. Proc. Natl. Acad. Sci. USA 109:15101-8

'"These authors contributed equally to this work.
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2.1.Abstract

The presence of growth-induced solid stresses in tumors has been suspected for some
time, but these stresses were largely estimated using mathematical models. Solid
stresses can deform the surrounding tissues and compress intratumoral lymphatic and
blood vessels. Compression of lymphatic vessels elevates interstitial fluid pressure,
while compression of blood vessels reduces blood flow. Reduced blood flow, in turn,
leads to hypoxia, which promotes tumor progression, immunosuppression,
inflammation, invasion and metastasis, and lowers the efficacy of chemo-, radio- and
immunotherapies. Thus, strategies designed to alleviate solid stress have the potential to
improve cancer treatment. However, a lack of methods for measuring solid stress has
hindered the development of solid stress-alleviating drugs. Here we present a simple
technique to estimate the growth-induced solid stress accumulated within animal and
human tumors, and demonstrate that this stress can be reduced by depleting cancer
cells, fibroblasts, collagen, and/or hyaluronan resulting in improved tumor perfusion.
Furthermore, we show that therapeutic depletion of carcinoma-associated fibroblasts
with an inhibitor of the sonic hedgehog pathway reduces solid stress, decompresses
blood and lymphatic vessels and increases perfusion. In addition to providing new
insights into the mechanopathology of tumors, our approach can serve as a rapid in vivo

screen for stress-reducing and perfusion-enhancing drugs.
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2.2.Introduction

Elevated interstitial fluid pressure (IFP) and solid stress are hallmarks of the mechanical
microenvironment of solid tumors (1). IFP is the isotropic stress (i.e., applied equally in
all directions) exerted by the fluid, while solid stress is exerted by the non-fluid
components. In 1950, Young and co-workers provided the first measurements of IFP in
tumors growing in rabbits and found it to be elevated compared to IFP in normal
testicular tissue (2). However, the implications of this interstitial hypertension for tumor
progression and treatment were not fully revealed for nearly four decades. In 1988, we
developed a mathematical model that showed IFP is uniformly elevated throughout the
bulk of a tumor and precipitously drops to normal values in the tumor margin causing a
steep pressure gradient (3, 4). Based on the model’s results, we predicted that diffusion
rather than convection would be the dominant mode of transport within tumors,
because of nearly uniform pressure within the tumor. Furthermore, we predicted that
the steep pressure gradients in the periphery would cause fluid leaking from the blood
vessels located in the tumor margin — but not from the vessels in the tumor interior - to
“0oze” into the surrounding normal tissue. This oozing fluid would facilitate transport
of growth factors and cancer cells into the surrounding tissue — fueling tumor growth,
progression and lymphatic metastasis. In subsequent years, we confirmed these
predictions about IFP experimentally both in animal models and human tumors (5-15).
Moreover, we revealed the key mechanisms leading to the elevated IFP - high vascular
permeability coupled with mechanical compression of downstream blood vessels and
draining lymphatic vessels (16-18). We also posited that the high vascular permeability

would cause flow stasis in tumor vessels further compromising drug delivery (19, 20).

Realizing the adverse consequences of abnormal function of tumor vessels, we proposed
that the judicious application of antiangiogenic agents would normalize tumor vessels
and improve their function. Specifically, the decreased vascular permeability would
decrease IFP and increase blood flow in previously static blood vessels, thereby
increasing drug delivery and treatment efficacy of a number of therapies (1, 21, 22). We
and others have provided compelling evidence in support of this therapeutic strategy in
both animal and human tumors (14, 22-27). More crucially, we have shown that the
extent of vascular normalization and the resulting increase in tumor blood perfusion
correlate with increased survival of brain tumor patients receiving antiangiogenic
therapy (28, 29). Understanding the causes and consequences of vessel leakiness and

elevated IFP enabled us to find a clinically translatable strategy to improve the treatment
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outcome (22). However, vascular normalization by antiangiogenic agents can only
improve the function of vessels that have an open lumen and are not compressed by
solid stress. Thus, a better understanding of the solid stress present in tumors is needed

to develop new therapies and the further improve treatment outcome.

In contrast to the elevated IFP, much less is known about the causes, consequences and
remedies for solid stresses in tumors. It is assumed that solid stress is accumulated
within tumors as the proliferating cancer cells strain nearby structural elements of tumor
and normal tissues. Some of the stress within the tumor is contributed by reciprocal
forces from the surrounding normal tissue; the rest is stored within cells and matrix
components of the tumor, and thus persists after the tumor is excised and external loads
are removed. This stored stress is referred to as “growth-induced solid” or “residual”
stress (30). By compressing blood and lymphatic vessels and creating hypoxia and
interstitial hypertension, these solid stresses contribute to tumor progression and

resistance to various treatments (1).

Because there were no simple techniques available to measure solid stresses in tumors in
vivo, initially, we relied on in vitro studies and mathematical models. In 1997, we
provided the first estimates of the magnitude of solid stresses in tumor spheroids, which
represent an avascular phase of a tumor (31). We found that an external stress applied to
a tumor spheroid inhibits tumor growth by decreasing proliferation and increasing
apoptosis. In addition, the external stress field determines the shape of the spheroid.
Using material properties of tumor tissue measured independently, we estimated the
maximum magnitude of the solid stress to be in the range of 45 to 120 mmHg (6 to 16
kPa). In 2009, we provided a more accurate measurement of the growth-induced stress
and found it to be 28 mmHg (3.7 kPa) (32). More recently, we have shown that the
mechanical stress can also directly increase cancer cell invasion, aiding tumor

progression (33).

Given the importance of solid stresses in tumor progression and treatment and lack of
any in vivo data, we developed a mathematical model for solid stress based on our
previous model for IFP. The model predicted a uniform compressive circumferential
stress at the center of the tumor and tensile circumferential stress at the periphery (34).
Moreover, the magnitude of the calculated compressive stress - comparable to that
measured in spheroids (31, 32) - was large enough to compress vessels and nearby
organs, obstruct large blood vessels with life threatening consequences, or induce pain

by pressing on nerves (18). By performing in vivo experiments, we confirmed that cancer
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cells could compress and collapse their own blood and lymphatic vessels, and
destroying cancer cells around vessels could indeed reopen them (17, 18). However,
whether other components of solid tumors contribute to the compressive stresses and

how these can be alleviated was not understood.

To this end, we develop here a new technique to measure growth-induced solid stress in
freshly excised human and animal tumors, and investigate the effects of this stress on
blood and lymphatic vessels. This technique involves measuring the extent of tissue
relaxation after removing all external stresses and using these data to calculate the
growth-induced solid stress by employing a mathematical model. We use this simple
technique to demonstrate that solid stress is elevated in a range of murine and human
tumors. Then, we employ our technique to identify key components of tumors — cancer
cells, stromal cells, collagen and hyaluronan — that contribute to the generation and
accumulation of growth-induced solid stress in tumors. Finally, we demonstrate that
therapeutic depletion of carcinoma-associated fibroblasts (CAFs) with an inhibitor of the
sonic hedgehog pathway reduces solid stress, decompresses vessels and increases

perfusion.
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2.3.Results

Mathematical modeling guides development of our experimental technique

Growth-induced solid stress is extensively characterized in arterial, cardiac and brain
tissues (35-37). These tissues can be excised in such a way to retain growth-induced
stress; a subsequent cut of the excised tissue then releases the stress, and the tissue
deforms in a measurable way. Using the material properties characterizing tissue
stiffness, mathematical models can be used to calculate the stress from the measured
deformations. We hypothesized that tumor-growth must strain solid components within
the tumor, storing growth-induced stress. This stress is distinct from the solid stress that
might be exerted on the tumor by the confining normal tissue’s resistance to the tumor’s

expansion.

Acknowledging that tumors might be more fragile than these normal tissues, we set out
to find the best way to make similar cuts to measure deformation and estimate growth-
induced stresses in excised tumors. Using a computational model (details in
Supplement) we explored various modes of cutting and predicted the resulting
deformations (Figure 1). Cutting spheroids into hemispheres resulted in perpendicular
swelling that was too small to measure in a clinical setting (Figure 1A). Making a cut
through an excised slab of tumor tissue produced measurable deformations (Figure 1B).
However, this proved inconsistent in practice, as the process of excising the slab often
released the growth-induced stress before the final cut could be made. In another
simulation the model predicted that a partial cut through the center of the tumor (80% of
the diameter) would result in a measurable deformation (Figure 1C). The mode of
deformation involves simultaneous swelling at the center and retraction at the
boundary. These deformations arise from the model’s assumption of compressive radial
and circumferential stress in the center balanced by tensile circumferential stress at the
boundary (34, 38) (Figure 1D & E). The release of this stress results in a significant gap,
or an “opening,” at the location of the cut. Rigorous sensitivity analysis of the model

(Supplementary Figures 1-6) confirmed that this approach was robust.
Estimation of growth-induced stress in transplanted and human tumors

To demonstrate that elevated growth-induced stress is a hallmark of solid tumors, we
estimated growth-induced stress levels in tumors formed from nine different cancer cell

lines implanted orthotopically in mice. We cut the tumors and measured the stress
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relaxation as the extent of “tumor opening” normalized to the diameter of the tumor
(Figure 2A-C, Supplementary Figure 7, and Supplementary Movie 1). Further cuts of the
relaxed halves did not result in appreciable shape changes. The experimental
deformations confirmed the main assumption of the model - stress in the tumor interior

is compressive and it is balanced by tensile circumferential stress at the periphery
(Figure 1E).

Calculation of growth-induced stress requires not only on the extent of relaxation
(normalized opening), but also the material properties of the tissue that characterize its
stiffness. Thus, quantitative assessment of growth-induced stress requires material
properties of each tumor analyzed. To calculate growth-induced stress, the
experimentally measured tumor openings (Figure 2C), were combined with previously-
measured or estimated material properties of tumor tissue (Supplementary Table 1) and
our mathematical model (details in the Supplement). From the material properties
presented in Supplementary Table 1, the stiffness is related to the shear modulus, p.
Note that even though the U87 tumor exhibits similar extent of relaxation to the other
tumor types, it has much higher stress because it is considerably stiffer than the other
three tumors whose stiffness we measured previously (Supplementary Table 1). It is
possible that other tumors may be stiffer than these tumors. Model predictions
established that the compressive growth-induced stress in the interior of murine tumors
ranged from 2.8 to 60.1 mmHg (0.37 - 8.01 kPa) (Supplementary Table 2). This is
consistent with previous estimates of compressive stress in multi-cellular tumor
spheroids in vitro, which fall in the range 28 - 120 mmHg (3.7 - 16.0 kPa) (31, 32).

Interestingly, the tumors with the highest stress exhibit the slowest growth rate
(Supplementary Table 2). Additionally, the extent of relaxation increased linearly with
tumor volume before reaching a plateau, but did not correlate with tumor density (mass
per unit volume), which remained constant as volume increased (Supplementary Figure
8). These results demonstrate that growth-induced stress accumulates with growth and
this stress is independent of tumor density. Using the same procedure, we confirmed
that the kidneys (Supplementary Movie 2) of mice did not open measurably. These
results support our hypothesis that growth-induced stress is elevated in tumors

compared to normal, non-contractile organs.

After validating the existence of growth-induced solid stress in murine tumors, we
tested whether growth-induced stress was similarly elevated in human specimens. We

performed tumor relaxation measurements in ten malignant, freshly excised human
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tumors. All deformed similarly to the transplanted murine tumors (Figure 2B & D,
Supplementary Figure 9). Assuming a conservative estimate for the material properties
of the human tumors (i.e., to provide upper bounds for the stresses), the calculated
stresses ranged from 16.4 to 1424 mmHg (2.2 - 19.0 kPa, Supplementary Table 4).
Therefore, human tumors accumulate growth-induced stress similar to those in our
mouse models. After confirming that growth-induced solid stress is a general feature of
solid tumors, we sought to identify tumor components that contribute to the generation

and accumulation of stress.
Solid stress is not affected by interstitial fluid pressure

Collapsed lymphatic and blood vessels are known to contribute to elevated interstitial
fluid pressure (IFP) in tumors and not the other way around (9, 17, 18, 31). Therefore, we
hypothesized that solid stress would not be affected by IFP. To this end, we developed a
methodology that measures solid stress, independent of fluid pressure. Other
techniques, such as piezoelectric probes (39), measure a combination of solid stress and
fluid pressure, making interpretation of results difficult. Indeed, measurements in the
normal pancreas in situ using a piezoelectric probe were significantly higher that those
obtained by the wick-in-needle technique - an established technique to measure
interstitial fluid pressure (Supplementary Table 3). Furthermore, the piezoelectric probe
reported higher values in the pancreas in situ versus exteriorized pancreas, suggesting
that stress from the surrounding organs in the abdomen contributes to these
measurements. Using the wick-in-needle technique we further confirmed that growth-
induced solid stress, which is solely contained within — and transmitted by — solid

structural components, is not affected by the IFP (Supplementary Figure 10).
Cancer and stromal cells generate growth-induced solid stress

Because cancer cells are known to compress vessels (17, 18), we hypothesized that they
contribute to the accumulation of growth-induced stress. Proliferating cancer cells exert
force on other cells and surrounding structures; the force on nearby components causes

them to deform, resulting in accumulation of solid stress.

Since depletion of cancer cells likely changes the material properties in addition to
stresses, determination of growth induced stress levels before and after depletion
requires knowledge of the corresponding material properties. However, our original

goal was to develop an easy-to-implement and simple method to determine whether
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stress levels change after a stress-alleviating intervention. We recognized that, if two
tumors shared the same stress level, a stiffer tumor would have less relaxation than a
compliant one. Thus, if after depletion of cancer cells, compliant (i.e. treated) tumors
open less than the more stiff control tumors, then we can conclude that cancer cell
depletion reduces stress. The same principle applies to any other intervention that

results in a reduction of stiffness.

To test this hypothesis, we depleted cancer cells and measured relaxation. In mice with
orthotopic (human melanoma Mu89) or ectopic (human glioma U87) tumors (Figure 3A
and Supplementary Figure 11) we injected diphtheria toxin i.v. 24 hrs before tumor
excision. We have shown previously that this treatment kills only human cells (18).
Depletion of cancer cells in Mu89 and U87 tumors reduced the tumor opening by 40%
and 30%, respectively (p=0.001 for Mu89, p=0.026 for U87; Student’s t-test). These results

demonstrate that cancer cells contribute to the generation of growth-induced stress.

Stromal cells, as they proliferate and contract to remodel the extracellular matrix (40),
also apply forces on other tumor components. We therefore hypothesized that depleting
fibroblasts would reduce growth-induced solid stress. To test this, we co-implanted
human breast CAFs with murine mammary adenocarcinoma cells in the mammary fat
pad of female SCID mice, using a method developed previously (41). To kill the human
CAFs we injected mice with diphtheria toxin. Tumors in which the CAFs were depleted
had reduced relaxation and less human vimentin staining — a marker used to identify
human CAFs (Figure 3A & B and Supplementary Figure 12). Since CAFs contribute to
accumulation of growth-induced stress like cancer cells, we hypothesized that they
compress vessels, as cancer cells do (17, 18). Indeed, we found that CAF-depleted
tumors had larger mean vessel diameters (Figure 3C), suggesting that depleting CAFs

can improve perfusion in desmoplastic tumors.
Extracellular matrix contributes to growth-induced solid stress

Another prime candidate for accumulation of growth-induced stress is the extracellular
matrix, which is composed of collagen, proteoglycans and glycosaminoglycans (42-44).
We hypothesized that collagen fibers contribute to growth-induced stress by virtue of
the ability of these fibers to resist stretching, thereby confining the proliferating cells.
Collagen fibers are also remodeled and pulled by fibroblasts (40, 45). Collagen resists
tensile stress, because it becomes stiffer as it is stretched. This is true for both capsular (if

present) and interstitial collagen, as the extracellular matrix in tumors is extensively
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cross-linked. Since our model and experiments have shown that tumors are in tension in
the periphery and compression in the interior, we expect that peripheral collagen stores
more stress than interior collagen. To assess the role of collagen in stress accumulation,
we incubated the excised tumors in collagenase or serum (control arm) long enough for
the enzymes to radially diffuse one-sixth of the tumors’ radii and measured stress levels.
We found that the tumor opening decreased with collagenase incubation in three
orthotopic models (Mu89, E0771 and 4T1) and one ectopic model (U87) (Figures 3D & E
and Supplementary Figure 11).

In contrast to collagen, hyaluronan resists compression. Its negatively charged chains
repel due to electrostatic repulsion and trap water forming a poorly-compressible
matrix. Consequently, we reasoned that, for storing growth-induced stress, hyaluronan
in the compressed tumor interior would be more important than hyaluronan in the
tumor periphery, which is under tension. To test this, we first incubated tumors in
hyaluronidase as we did with collagenase. Digesting peripheral hyaluronan had no
effect on relaxation. However, when we administered hyaluronidase systemically, we
found the tumor relaxation to be reduced in two orthotopic models (Figure 3F). Indeed,
hyaluronidase treatment has recently been shown to decompress intratumor vessels
(39). Therefore, collagen and hyaluronan store growth-induced stress through their

ability to resist tensile and compressive stresses, respectively.
Therapeutic depletion of CAFs reduces solid stress and increases tumor perfusion

CAFs contribute to the production of collagen and both of these tumor components
contribute to the accumulation of solid stress. Thus, we hypothesized that therapeutic
agents that deplete CAFs would alleviate solid stress and decompress vessels. The sonic
hedgehog (SHH) pathway is involved in the generation of the desmoplastic response in
pancreatic and other tumors (46). Moreover, depletion of desmoplasia by targeting this
pathway in pancreatic tumors combined with gemcitabine has been shown to enhance
survival in mice (47). To this end, we inhibited the proliferation of CAFs in highly
desmoplastic, hypo-vascular pancreatic tumors with saridegib (IP1-926), which targets
and blocks the Smoothened receptor and SHH signaling (Figure 4). Indeed, saridegib
treatment reduced growth-induced stress (Figure 4C) and opened compressed vessels
(Figures 4A, and B). Specifically, saridegib treatment led to a 10% increase in diameter of
both blood and lymphatic vessels (Figure 4D) and a 47% increase in the fraction of
perfused blood vessels (Figure 4E). One reason that a small change in vessel diameter

can lead to a large change in perfused vessel fraction is that decompressing one vessel
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can re-perfuse several downstream vessels. Since the vessel density did not increase
significantly (Figure 4F), our work suggests that increased angiogenesis is not required
to increase perfusion in hypo-perfused tumors. Instead, reducing solid stress can
increase the number of functional vessels and this increase in functional vascular density
can lead to increased perfusion, which could enhance drug delivery (48). This
mechanism can also explain in part the connection between drug delivery and collagen

content reported previously by our lab (49-52).
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2.4.Discussion

The presence of growth-induced solid stress in tumors had been suspected, but these
stresses had to be estimated using theoretical or computational models (30, 34). Here we
presented a simple technique to determine the growth-induced solid stress accumulated
within a freshly excised tumor and demonstrated that this stress could be reduced by
depleting cancer cells, fibroblasts, collagen, and /or hyaluronan (Figure 5). Based on our
results, solid stress likely develops in two ways in tumors. First, cells generate force
during proliferation and contraction. This force is stored as deformations within other
cells and the extracellular matrix. The matrix is cross-linked to itself in a microstructure
and links to cells directly through cell-matrix and indirectly through cell-cell
interactions. Second, as cells within tumors proliferate and create new solid material —
cells and matrix fibers — the accumulated material pushes against the surrounding tumor
microenvironment. The expansion of the tumor microenvironment is resisted by the
surrounding macroenvironment of the normal organ. Since cancer cells proliferate
uncontrollably, ignoring contact inhibition signals to stop replicating, their expansion
imposes elastic strain on the surrounding tumor microenvironment, storing stress
through the deformation of compliant structures and collapsing more fragile structures
such as blood and lymphatic vessels. This solid stress is accumulated within the tumor,
and is maintained even after the tumor is excised. It is this growth-induced or “residual”
solid stress, rather than the stress caused by mechanical interactions with the

surrounding macroenvironment of the normal organ, that our technique estimates.

Using this technique, we demonstrated that growth-induced solid stress mediates vessel
compression. Compression of vessels by the tumor itself raises an interesting paradox:
since tumors need functional blood vessels to supply oxygen and nutrients why do
tumors compress their own vessels? Our hypothesis is that the vessel compression — a
hallmark of all solid tumors — could be a mechanism that cancer cells exploit to evade
the host’s immune response. Immune cells circulate in our body via blood vessels and
thus, vessel compression may reduce their access. Although many immune cells still
infiltrate the tumor, hypoxia and acidity — resulting from impaired perfusion — can
attenuate their killing potential (53). Hypoxia also has the potential to convert resident
macrophages into pro-tumorigenic cells. In addition, growth factors produced in
response to hypoxia (e.g.,, TGFb, VEGF) suppress the activity of macrophages and
lymphocytes, block the maturation of dendritic cells that process tumor antigens and

present to the immune cells (22). Furthermore, a harsh hypoxic and acidic
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microenvironment imposes a survival advantage for more malignant cancer cells,
harbors the so called “cancer initiating cells”, confers resistance to cell death by
apoptosis and autophagy, and enhances the invasive and metastatic potential of cancer
cells (54). Finally, hypoxia lowers the efficacy of radiation, chemotherapy and

immunotherapy (22, 55).

The compression of vessels also creates two potential barriers to drug delivery. First, the
collapse of blood vessels hinders access of systemically administered drugs (56). This
might explain, in part, the fact that tumors with more extracellular matrix might be more
resistant to treatment. For instance, pancreatic ductal adenocarcinomas,
chondrosarcomas and chordomas are rich in extracellular matrix and refractory to
chemotherapy (39, 47, 57). Second, the lack of lymphatic vessel function reduces
drainage leading to uniformly elevated IFP (3, 4). As a result, the transport of large
therapeutics like antibodies and nanoparticles is reduced, because the dominant
mechanism of transport becomes diffusion, which is a very slow process for large

particles and macromolecules (58).

It is possible that depleting the extracellular matrix in order to alleviate solid stress and
decompress vessels could make it easier for the cancer cells to metastasize by either
invading the surrounding tissue or escaping through the blood vessels. Similarly,
digesting the matrix to open intratumoral vessels and improve blood flow might
promote tumor growth by delivering more nutrients to cancer cells. These concerns need
further study, but several observations suggest that therapies able to ease solid stress

and improve perfusion and delivery of drugs counteract any pro-tumor effects (29, 39,
47).

The deformation induced by solid stress is inversely proportional to the tissue stiffness.
Indeed, increased tumor tissue stiffness has been linked to tumor incidence and
progression (59, 60). Furthermore, the stiffness of the ECM has been shown to direct
stem cell differentiation, cell-cell and cell-matrix adhesion, hyaluronan synthesis, and
the expression of genes that play important roles in invasion and metastasis (60-64). Our
technique can be used to determine whether an intervention reduces growth-induced
solid stress without measuring the stiffness, as long as the experimental group known to
be less stiff has a smaller normalized tumor opening. However, to more precisely
determine the magnitudes of growth-induced solid stress, measurements of tissue

stiffness and growth patterns are necessary.
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In conclusion, by developing a simple technique, we demonstrated that it is possible to
increase perfusion by alleviating solid stress and thereby decompressing vessels. It is
likely that reducing solid stress would reduce IFP by lowering the venous resistance (9).
However, despite this potential to lower IFP, the “anti-solid stress” strategy is distinct
from the “vessel normalization” strategy, which employs direct or indirect
antiangiogenic agents to prune immature vessels and fortify those remaining (1, 21).
Vessel normalization, in contrast, requires the blood vessels to be open and perfused.
This fact explains why antiangiogenic agents have failed thus far in desmoplastic tumors
- such as pancreatic ductal carcinoma, which have abundant compressed vessels and are
hypo-perfused. On the other hand, the antiangiogenic agents might work if combined
judiciously with “anti-solid stress” agents that decompress vessels and improve tumor
perfusion. Anti-solid stress approaches could also be combined with tumor-targeting
ligands (65) and matrix modifying agents (52) to improve drug delivery and efficacy.
The easy-to-implement, simple technique presented here can rapidly test whether
certain tumor components contribute to the accumulation of growth-induced solid
stress, without the need for measurements of material properties in some cases.
Additionally, it can serve as a rapid in vivo screen for stress-reducing and perfusion-

enhancing drugs.
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2.5.Figures
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Figure 2-1 Model predictions for the total displacement of the tumor after
releasing the growth-induced stress.
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Model predictions for the total displacement of the tumor after releasing the growth-
induced stress by (A) cutting the tumor in half, (B) cutting a slice of the tumor, and (C)
cutting the whole tumor. The tumor has a diameter of 1 cm, and the depth of the cut (in
B and C) is 0.8 cm. Notice the different displacement scales on the legends. Negative
total displacements denote swelling (compressive stress) and positive total
displacements opening (tensile stress) of the tissue. (D) Schematic of growth-induced
stresses in tumors. In the tumor center circumferential and radial stresses are
compressive, while in the periphery radial stress is compressive and circumferential
stress is tensile (direction indicated with arrows). A partial cut through the center of the
tumor (80% through the diameter) releases the stresses and the tumor deforms in a
measurable way. Compressive stresses in the tumor interior squeeze tumor components.
After the tumor is cut and the stresses are released, the tumor interior decompresses
(swells). E. Spatial distribution of the circumferential growth-induced stress in an intact
tumor and after making a cut. Compressive circumferential stresses at the tumor interior
diminish, while tensile circumferential stresses at the periphery are also alleviated
considerably.
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Figure 2-2 Estimation of stress in transplanted and human tumors.
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Estimation of stress in transplanted and human tumors: (A) Schematic of tumor
deformation after making a cut and releasing growth-induced stress. The retraction of
the tumor at the surface is indicative of circumferential tension at the tumor margin
while, the swelling of the inner surface at the point of cut is indicative of compression in
the intratumoral region, which presumably balances the tension at the margin.
Measuring the displacement (tumor opening) accounts for both retraction and swelling.
(B) Photographs of the initial and final shape of tumors after making a cut. (C, D) Tumor
openings were measured in transplanted orthotopic tumors surgically excised from mice
and human tumors surgically excised from patients. The diameters of the mouse tumors
(C) are ~1 cm and the dimensions of the human tumors (D) are given in Supplementary
Table 4. Normalized tumor opening is the tumor opening as a fraction of the initial
tumor diameter. For non-spherical tumors an equivalent diameter was used for a sphere
that has the same volume as the volume of the tumors. Yellow columns represent breast
tumors, green columns pancreatic tumors, blue columns melanomas and maroon
columns sarcomas.
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Figure 2-3 Selective depletion of tumor constituents reduces growth-induced
stress and decreases tumor opening.
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Selective depletion of tumor constituents reduces growth-induced stress and decreases
tumor opening. (A) Depletion with diphtheria toxin of human cancer cells in human
Mu89 tumors or human stromal cells in E0771 tumors co-implanted with human CAFs
decreased tumor opening (p=0.001 and p=0.023, respectively; Student’s t-test). (B)
Staining of E0771 tumors for co-localization of vimentin confirms human fibroblast
levels were reduced by diphtheria toxin treatment. The decrease in vimentin stained
area is significant (p=0.03; Student’s t-test). (C) Depletion of stromal cells also increased
mean blood vessel diameter (p=0.05; Student’s t-test). (D) Treatment with bacterial
collagenase decreased significantly the tumor opening and thus, the growth-induced
stress for all tumors (p=0.003 for Mu89, p=0.025 for E0771 and p=4x10-6 for 4T1;
Student’s t-test). (E) Staining of Mu89 tumors for cell nuclei (blue) and collagen (red)
shows reduction of collagen after treatment with collagenase. (F) Treatment with
hyaluronidase also significantly decreased the tumor opening in AK4.4 and E0771
tumors (p=0.022 and p=0.027, respectively; Student’s t-test). All tumor models are

orthotopic.
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Figure 2-4 Saridegib increases tumor vessel diameter and reopens compressed
vessels by reducing stress.
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Saridegib increases tumor vessel diameter and reopens compressed vessels by reducing
stress. (A) Orthotopically transplanted AK4.4 pancreatic tumors are hypovascular with
compressed vessel structures stained with CD31 (green). These tumors also have
reduced perfusion, as detected by lectin (red). (B) Treatment with saridegib increased
the number of lectin-perfused vessels. (C, D, E, F) Treatment with saridegib, reduced
stress (Panel C, p=0.046 for AK4.4 and p=0.022 for Capan2; Student’s t-test) in tumors
leading to increased vessel diameter (Panel D, Blood vessels: CD31 staining p=0.003,
Lymphatic vessels: LYVE-1 staining, p=0.004; Student’s t-test) and fraction of perfused
vessels (Panel E, p=0.049; Student’s t-test) without increasing vessel density (Panel F,
p=NS) in AK4.4. Scale bar is 100 um. +, saridegib; -, vehicle.
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Figure 2-5 Strategies to alleviate growth-induced solid stress in tumors.
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Strategies to alleviate growth-induced solid stress in tumors. Center Panel: In an
untreated tumor, proliferating cancer cells and activated fibroblasts deform the
extracellular matrix resulting in stretched collagen fibers, compressed hyaluronan (HA)
and deformed cells - all storing solid stress. This stress compresses intratumor blood
and lymphatic vessels. Potential strategies to alleviate solid stress and decompress
vessels involve depleting these components. Depleting cancer cells (Top Left Panel) or
fibroblasts (Top Right Panel) relaxes collagen fibers, hyaluronan and the remaining cells,
alleviating solid stress. Depleting collagen (Bottom Left Panel) alleviates the stress that
was held within these fibers as well as relaxes stretched / activated fibroblasts and
compressed cancer cells within nodules. Finally, depleting hyaluronan (Bottom Right
Panel) alleviates the stored compressive stress, allowing nearby components to
decompress. (Note that other stromal cells, such as, pericytes, macrophages, and various
immune cells that might also control production of collagen or hyaluronan are not
shown. Lymphatic vessels are also not shown.)
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Figure 2-6 Supplementary Figure 1. Boundary conditions of the model.
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Supplementary Figure 1. Boundary conditions of the model. Because of symmetry we
solved for the one quarter of the domain and applied symmetry boundary conditions at
the planes of symmetry and stress-free boundary conditions at the free surfaces.
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Figure 2-7 Supplementary Figure 2. Model predictions of the tumor shape after
making a cut for four values of « .
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Supplementary Figure 2. Model predictions of the tumor shape after making a cut for

four values of . The value of /1; was 1.2, the peripheral layer occupied the 5% of the
thickness, and the depth of the cut was 0.8 cm.
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Figure 2-8 Supplementary Figure 3. Schematic of the deformation of the tumor
after making a cut along one of its axes.
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Supplementary Figure 3. Schematic of the deformation of the tumor after making a cut
along one of its axes. The figure shows the centerline of the inner surface of the tumor
that is presented in Supplementary Figure 4, and the tumor opening that was measured
experimentally in Figs. 2, 3 and 4 in the main text.
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Figure 2-9 Supplementary Figure 4. Parametric analysis of the model

predictions.
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Supplementary Figure 4. Parametric analysis of the model predictions. The plots depict
the deformation of the centerline of the inner surface of the tumor as shown in Figure 3.
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Figure 2-10 Supplementary Figure 5. Compressive circumferential growth-

induced stress at the interior of the tumor as a function of the relative growth,
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Supplementary Figure 5. Compressive circumferential growth-induced stress at the
interior of the tumor as a function of the relative growth, A,. The shear modulus, y, of
the interior was set constant to 150 mmHg and that of the periphery to 3000 mmHg.

86



Figure 2-11 Supplementary Figure 6. Compressive circumferential growth-
induced stress at the tumor interior as a function of the relative stiffness
between the tumor periphery and center.
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Supplementary Figure 6. Compressive circumferential growth-induced stress at the
tumor interior as a function of the relative stiffness between the tumor periphery and
center. The stiffness (shear modulus) at the center was kept constant at 150 mmHg and
the stiffness at the periphery was increased from 150 - 6000 mmHg. A was set constant to
1.2.
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Figure 2-12 Supplementary Figure 7. Normalized tumor opening for five
transplanted sub-cutaneous tumor models.
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Supplementary Figure 7. Normalized tumor opening for five transplanted sub-
cutaneous tumor models. The tumors grew on the flank of SCID mice. MCalV, E0771,
and 411 are murine mammary adenocarcinomas (breast tumors), LS174T is a human
colon adenocarcinoma (colon tumor), and U87 is a human glioblastoma (brain tumor).
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Figure 2-13 Supplementary Figure 8. Tumor opening as a function of tumor
volume and mass density for two orthotopic cancer cell lines.
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Supplementary Figure 8. Tumor opening as a function of tumor volume and mass
density for two orthotopic cancer cell lines: Mu89 melanomas and E0771 mammary
adenocarcinomas. Tumor opening increases linearly with volume before reaching a
plateau. Higher volumes are usually correlated with increased necrosis, which is likely
to reduce the interior swelling and thus reduces opening. No dependence of tumor

opening on density was observed.
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Figure 2-14 Supplementary Figure 9. Tumor opening of human pancreatic
neuroendocrine tumors.

Supplementary Figure 9. Tumor opening of human pancreatic neuroendocrine tumors.
A human pancreatic neuroendocrine tumor after it is excised from a patient before
processing for histology (A) opens after a partial cut (B). The tumor opening is not
affected after the tumor is placed on its side (C) or the tumor is closed manually.
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Figure 2-15 Supplementary Figure 10. Interstitial fluid pressure measurements
of B16F10, Mu89, E0771, and U87 tumors.
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Supplementary Figure 10. Interstitial fluid pressure measurements of B16F10, Mu89,
E0771, and U87 tumors. Even though E0771 breast tumors exhibit less growth-induced
stress than U87 gliomas, there is no statistically significant difference in their interstitial
fluid pressure (p=0.345).
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Figure 2-16 Supplementary Figure 11. Solid stress of ectopic tumors after

collagen or cancer cell depletion.
0.7 —_

o
[l

A. Control B

o
1

e
a

©
w

Collagenase-Treated

Normalized tumor opening
o
o

o

Control Collagen Cell
depletiondepletion

Supplementary Figure 11. A) Treatment of U87 tumors with bacterial collagenase
altered the collagen structure. Blue and red colors represent the nuclei and collagen,
respectively. B) Tumor opening of U87 glioblastoma implanted on the flank of SCID
mice. Treatment with bacterial collagenase decreased significantly the tumor opening
and thus, the growth-induced stress (p=0.013). In addition, depletion of cancer cells with
diphtheria toxin decreased the tumor opening significantly (p=0.026).
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Figure 2-17 Supplementary Figure 12. Staining of E0771 tumors for co-
localization of vimentin and aSMA confirms human fibroblast levels were
reduced by diphtheria toxin treatment.

Saline - Control DT - Treated

Supplementary Figure 12. Staining of E0771 tumors for co-localization of vimentin and
aSMA confirms human fibroblast levels were reduced by diphtheria toxin treatment.
Representative images show more human cells are intact in control compared to
diphtheria toxin treated tumors.
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Figure 2-18 Supplementary Movie 1 - A freshly excised, orthotopically grown
4T1 breast tumor is cut.

Supplementary Movie 1 - A freshly excised, orthotopically grown 4T1 breast tumor is
cut. After the cutting is completed, the tumor is allowed to relax for 10 minutes. The
real-time is displayed on the left. Note the white tape of the scalpel. This tape was
placed on the scalpel to indicate the depth of the tumor to cut. This assures the tumor
was cut 80% of its depth.
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Figure 2-19 Supplementary Movie 2 - A freshly excised kidney from a female
SCID mouse is cut following the same procedure as with tumors.

Supplementary Movie 2 - A freshly excised kidney from a female SCID mouse is cut
following the same procedure as with tumors. The kidney does not deform measurably.



Table 2-1 Supplementary Table 1. Mechanical material properties of the tumor

types employed in the study.

Tumor origin Tumor type Cancer cell line Bulk Modulus «, Shear Modulus y,

mmHg kPa mmHg kPa

Breast MCalV, 4T1, E0771 50 6.7 37.5 5.0

Epithelial Colon LS174T 30 4.0 22.5 3.0

Pancreatic Pan02, Capan-2, AK4.4 Not available Not available

Sarcoma HT1080 Not available Not available
Mesenchymal Melanoma Mu89, B16F10 19 2.5 14.25 1.9
Glioma U7 200 26.7 150 20.0

Supplementary Table 1. Mechanical material properties of the tumor types employed in
the study. The shear modulus, p, is a measure of the stiffness of the tumor. The higher
the value of the shear modulus the stiffer the tumor is. The values of p and k shown here

were measured experimentally in our previous work (5,6).
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Table 2-2 Supplementary Table 2. Experimentally measured doubling time

and model estimates of the growth stretch ratio and the growth-induced solid

stress in the interior of the transplanted tumors employed in the study.

Cancer cell line Doubling time (days) Growth stretch ratio, Compressive circumferential
A;(u*=l/10-1/40) stress (1 =1/10-1/40)
mmHg kPa

U87 (ectopic) 5.18 1.17-1.32 38.0-60.1 5.07 - 8.01
Mu89 2.13 1.15-1.29 32-53 0.43-0.71
B16F10 0.94 1.13-1.25 2.8-47 0.37-0.63
LS174T 1.88 1.11-1.20 5.0-8.4 0.67-1.12
E0771 (ectopic) 2.21 1.08 - 1.14 49-82 0.65-1.09
E0771 (orthotopic) - 1.13-1.25 74-12.4 0.99 - 1.65
MCalV (ectopic) 2.50 1.07-1.13 45-74 0.60 - 0.99
MCalV (orthotopic) - 1.19-1.34 8.4-14.5 0.67 - 1.99
4T1 (ectopic) 2.25 1.09 - 1.16 53-8.8 0.71-1.17
4T1 (orthotopic) - 1.11-1.20 6.3-10.5 0.84 - 1.40

Supplementary Table 2. Experimentally measured doubling time and model estimates

of the growth stretch ratio and the growth-induced solid stress in the interior of the
transplanted tumors employed in the study. Doubling time is a measure of tumor
growth rate. High doubling times correspond to slow growing tumors. The growth-

induced solid stress in the tumor interior is compressive. The table shows the estimates

of the growth-induced solid stress in the circumferential direction of the tumor.
-Material properties of pancreatic tumors and HT1080 soft tissue sarcoma are not
available and analysis was not performed.
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Table 2-3 Supplementary Table 3. Comparison of IFP measured with the
piezoelectric probe and wick-in-needle techniques.

Method Normal
pancreas

Piezoelectric probe (N=4) | 9.8 (8.5-11.3)

Wick-in-needle (N=8) -0.3(-1.3-0.7)

Supplementary Table 3. Comparison of IFP measured with the piezoelectric probe and
wick-in-needle techniques. The gold standard wick-in-needle technique measures I[FP
only while the piezoelectric probe measures IFP along with a component of solid stress.
Values are given as mean (range) in mmHg.
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Table 2-4 Supplementary Table 4. Dimensions and model estimates of the
growth-induced solid stress developed in the interior of surgically excised

human tumors along the circumferential direction.

Tumor type Tumor dimensions Compressive circumferential
(cm) stress
mmHg kPa
Breast tumor 2.2x2.5x2.0 75.1-97.2 10.0-12.9
Breast tumor 2.6x2.7x1.6 99.5-142.4 13.3-19.0
Pancreatic neuroendocrine 1.4x1.6x1.2 549 -81.2 7.3-10.8
tumor
Pancreatic neuroendocrine 1.3x1.8x0.9 16.4-31.2 22-42
tumor
Osteosarcoma 13.0x15.7x9.8 35.3-48.3 47-6.4
Soft tissue sarcoma 5.0x5.9x3.1 73.7-107.6 9.8-143
Soft tissue sarcoma 6.5x10.5x4.0 429-57.2 5.7-76
Soft tissue sarcoma 12.0x15.0x6.0 50.8 - 58.5 6.7-7.8
Liposarcoma 6.2x6.9x6.8 41.8 - 58.7 56-78
Neurofibrosarcoma 8.5x12.0x8.0 45.6 - 62.3 6.1-8.3

Supplementary Table 4. Dimensions and model estimates of the growth-induced solid
stress developed in the interior of surgically excised human tumors along the
circumferential direction. The growth-induced solid stress in the tumor interior is
compressive. The table shows the estimates of the growth-induced solid stress in the
circumferential direction of the tumor®.

* We used the mechanical properties of U87 tumors, the stiffest tumor in Supplementary
Table 1.
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2.6.Methods

Animal and tumor models. Tumors were prepared by implanting a small piece (Imm-)
of viable tumor tissue from a source tumor animal into the orthotopic site of a male FVB
mouse (AK4.4) or a severe combined immunodeficient (SCID) mouse (other cell lines).
The orthotopic sites included the mammary fat pad (mfp), the pancreas and the flank.
Specifically, we used the following eleven cell lines: human melanoma Mu89
(orthotopic-flank), human glioblastoma U87 (ectopic-flank), human fibrosarcoma
HT1080 (orthotopic-flank), human colon adenocarcinoma LS174T (ectopic-flank),
murine melanoma B16F10 (orthotopic-flank), murine mammary tumor 4T1 (orthotopic-
mfp and ectopic-flank), murine mammary adenocarcinoma MCalV (orthotopic-mfp and
ectopic-flank), murine mammary adenocarcinoma E0771 (orthotopic-mfp and ectopic-
flank), murine pancreatic adenocarcinoma Pan02 (orthotopic-pancreas), pancreatic
adenocarcinoma Capan-2 (orthotopic-pancreas), and murine pancreatic adenocarcinoma
AK4.4 (orthotopic-pancreas). AK4.4 cells were isolated from spontaneous pancreatic

tumors arising in Kras+: - p53- mice (66).

To grow mouse tumors bearing human cancer-associated fibroblasts (CAFs), we
adopted our previously used procedure (41). Female SCID mice were co-implanted s.c.
in the mfp with 5 x 10: E0771 tumor cells and 5 x 10- human CAFs in 0.1 ml of PBS (i.e.,
1:10 ratio). All animal experiments were done with the approval of the Institutional

Animal Care and Use Committee. For each tumor type 4-12 specimens were used.

Growth-induced solid stress measurements. When the tumor diameters reached ~1 cm,
the animals were anaesthetized by injecting 0.2 il of ketamine-xylazine solution (100/10
mg/kg body weight) i.m. Subsequently, each tumor was excised, washed with Hanks'
Balanced Salt Solution (HBSS) and its three dimensions and weight were measured. To
measure the opening, we cut the tumor along its longest axis, ~80% of its thickness.
Then, the tumor was allowed to relax for 10 min in order to diminish any transient,
poro-elastic response. Afterwards, we measured the opening at the surface of the tumor,
in the center and close to the two edges of the cut. Performing preliminary
measurements of the tumor opening we found that after 5 min the opening did not
change. Thus, we considered 10 min to be sufficient time for stress relaxation. We report
the maximum opening at the center of the tumor. We chose the tumor size to be 1 cm;
tumors of smaller size (< 0.5 cm) often did not exhibit a measurable opening, while

larger tumors had large necrotic areas, which affected the measurement. Supplementary
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movies 1 and 2 demonstrate the technique performed on a tumor and normal mouse

kidney, respectively. Stress was calculated from the measured opening using the

mathematical model given in Supplement

A description of the IFP measurements, the piezoelectric probe measurements, the
treatments to deplete collagen, hyalouronan and CAFs, the immunostaining methods

and statistical analysis can be found in the Supplementary Information.
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