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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 their invasive and metastatic potential. Tumor
vessels - while nourishing the tumor - are usually leaky and tortuous, which further decreases
perfusion. Hypo-perfusion 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 cause a uniformly elevated
interstitial fluid pressure that hinders delivery of blood-borne therapeutic agents, lowering the
efficacy of chemo- and nano-therapies. 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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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 stiffen as they grow in a host 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 amount of the structural components of the tumor, particularly
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the 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 within the
tumor, and between the tumor and the host tissue. These mechanical forces, coupled with
aberrant tumor vessels, induce abnormal solid and fluid stresses (i.e., force per unit area)
that facilitate tumor progression and hinder response to various treatments.

Solid stress - the mechanical forces exerted by non-fluid components of the 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
(Fig. 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.
An additional, externally applied stress is generated as the growing tumor deforms the
normal tissue, which in turn, resists tumor expansion (2, 3). 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 (4-10). Blood and lymphatic vessel
compression reduces the delivery of oxygen, nutrients and drugs, creating a hypoxic and
acidic microenvironment and compromising therapeutic outcomes (1, 2, 11-15).

Fluid stress - the forces exerted by the fluid components of the tumor - includes 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 as well as extracellular matrix (16). Fluid stresses are determined
in large part by the combined effect of the structure of tumor vessels, and the 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 MV/P,
shear stress and perfusion (17) (Fig. 1). In addition, compression of lymphatic vessels
hinders the drainage of excessive interstitial fluid (18, 19). This in turn results in
accumulation of fluid in the interstitial space and formation of edema, which is often seen in
patients. Furthermore, the hyper-permeability of the tumor vessels, formed during the
process of angiogenesis, usually lead 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 (18). This is a vicious
cycle, as elevated IFP also reduces perfusion, 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 leading to reduced
flow. Taken together, the effects of elevated IFP make it a major barrier to drug delivery
(19-23).

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

Solid Mechanics of Tumors

Externally applied and growth-induced stresses are additive and 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 sum of the
two is the total solid stress, which begins to evolve from the early stages of carcinogenesis
(24). Contrary to fluid pressure, solid stress can be direction dependent. Thus, total solid
stress is compressive in the interior of the tumor in all directions, while at the interface with
the normal tissue, it is compressive in the radial and tensile in the circumferential directions
as shown in Fig. 2 (2, 3). We review separately the external and growth-induced solid stress.

Externally applied solid stress

The effect of solid stress exerted externally by the surrounding tissue on solid tumors has
been studied in vitro, by growing avascular tumor spheroids within a polymer matrix (4, 8,
9, 25). 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 (4). 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 (8) and found that
compressive stresses suppress cancer cell proliferation and induce apoptotic cell death via
the mitochondrial pathway. More specifically, anisotropic (i.e., non-uniform) mechanical
loads can induce apoptosis in regions of high compressive stress, and allow proliferation in
low-stress regions of the tumor spheroid (8) (Fig. 3A). As a result, external forces can define
tumor morphology, isotropic (i.e., uniform) loads lead to the growth of spherical cancer cell
aggregates, while anisotropic loads force cancer cells to grow preferentially in the direction
of least stress. Tumor spheroid growth patterns are again reversible and the aggregates can
be remodeled by altering the stress field. Moreover, compressive stress can enhance the
invasive phenotype of cancer cells (10) (Fig. 3B) and increase the expression of genes that
remodel the extracellular matrix and tumor vessels (9, 26, 27). Estimates of the external
stress levels in the spheroids are in the range of 28-120 mmHg (3.7 - 16.0 kPa) depending on
the concentration of the matrix (4, 8). Recently, with the use of mathematical modeling we
found that the externally applied stress at the tumor interior can exceed 150 mmHg (20 kPa)
based on experimental data for murine tumors (3). These stresses are sufficient to compress
fragile intratumoral blood and lymphatic vessels, while the tensile circumferential stress at
the interface of the tumor with the normal tissue can deform peritumoral vessels to elliptical
shapes (Fig. 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 (Fig. 1)(2). This stress is evident when one excises a tumor, so that no external loads
are applied, and makes a cut along its longest axis. The cut releases the stress and allows the
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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 (Fig.
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 (3).

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 35-142 mmHg (4.7 - 18.9 kPa) for human tumors, 2-60 mmHg (0.3 - 8.0 kPa) for
murine tumors and 0-10 mmHg (0 - 1.3 kPa) for avascular tumor spheroids (2, 28, 29).
Interestingly, tumors with higher growth-induced stress levels exhibited lower growth rates,
presumably due to reduced cancer cell proliferation and increased apoptosis (2, 8). Finally,
according to our calculations, growth-induced stress contributes less than 30% to the total
solid stress of a tumor, suggesting that the contribution of the external stress from the host
tissue is more significant (3).

Cancer cells, stromal cells, and the extracellular matrix participate in the accumulation of
growth-induced stress (2). 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 ability of the
collagen fibers to resist stretching when connected cells are forced apart. Collagen fibers are
also remodeled and pulled by fibroblasts. On the other hand, 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 (Fig. 1).

Desmoplasia and solid stress accumulation

It is notable that during tumor progression, extensive extracellular matrix synthesis and
remodeling takes place. One pathway through which this occurs is the activation or over-
expression of transforming growth factor-p (TGF-B). TGF- can regulate the production of
matrix-modifying enzymes (e.g., metalloproteinases (MMPs) and lysil oxidase (LOX)) in
order to increase matrix protein synthesis and crosslinking and decrease matrix proteinase
activity (30-32), thereby increasing matrix stiffness (30). 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 (33, 34).
Matrix stiffening can also promote integrin clustering and enhance P13 kinase activity that
regulates tumor invasion (35, 36).

In addition, mechanical stress and TGF-f activation can convert fibroblasts or other
quiescent precursor cells into contractile myo-fibroblasts, also known as cancer associated
fibroblasts, that produce extracellular molecules (collagen-I, fibronectin,
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glycosaminoglycans) and remodel the extracellular matrix (5, 37, 38). Production of new
extracellular matrix again increases tissue stiffness and solid stress, while myo-fibroblast
contraction further activates latent TGF-§ from the extracellular matrix (7, 37), creating a
positive feedback loop. TGF-B 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 (39, 40).

Consequences of vessel compression to cancer progression and treatment

Blood vessel compression reduces tumor perfusion and thus, the supply of oxygen and
nutrients (11). Limited oxygen and nutrient supply results in the formation of necrotic tissue
at the tumor interior. But since oxygen and nutrients are essential for tumor progression, this
paradox raises questions about the role of vessel compression and solid stress in cancer
progression. Our hypothesis is that vessel compression and solid stress protect cancer cells
from the immune system of the host (1, 41). The cells of the immune system continuously
patrol the human body through the circulation. Therefore, lack of functional intratumoral
vessels would inhibit immune cells from reaching the tumor. But even if these cells arrive in
the tumor tissue, hypoxia compromises their killing potential (42). Hypoxia also produces
growth factors (e.g. VEGF, TGF-f) that suppress the activity of macrophages and have the
potential to convert macrophages to protumorigenic (tumor-friendly) cells (43).
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, 43-45).

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) (46-48). 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 (18, 19, 21, 49, 50). As we will discuss in
detail later, 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 to account for tumor growth, evolution of growth-induced stress and/or the
mechanical interactions with the surrounding normal tissue (2, 3, 51-54). Methodologies
also exist that involve the incorporation of a growth strain factor to direct tumor expansion
(28, 29). While the mathematical framework for tumor growth is well defined, little work
has been done to-date regarding constitutive modeling of solid tumors, at least compared to
other biological tissues, such as arteries, heart valve leaflets and articular cartilage. Tumors
are usually modeled as isotropic, hyper-elastic materials (e.g. Neo-Hookean or Blatz-Ko) (2,
51, 53, 54), isotropic poroelastic materials composed of a solid and a fluid phase (3, 55) or a
mixture of more than two components (52). These models, however, are limited in that
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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 the lack of experimental studies as most of the models developed to date lack
experimental validation. Spatial and temporal heterogeneities in the structure of a tumor,
differences between the primary tumor and its metastases, as well as 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, structure-based
models that incorporate directly tumors’ heterogeneity by utilizing multi-scale
methodologies similar to these developed for other soft tissues is a promising approach (56,
57).

Fluid mechanics of tumors

Fluid mechanics of tumors involve flow along the tumor vasculature, through the tumor
interstitial space and drainage of excessive fluid by the lymphatic network. Abnormalities in
the tumor microenvironment due to the formation of hyper-permeable tumor blood vessels
and the accumulation of solid stress affect blood flow, MVP, IFP and fluid shear stresses
(16, 58). As a result, tumors are often hypo-perfused, MVP drops while IFP increases
uniformly throughout the tumor interior, 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 flow 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

AMYE / pp The

microvascular pressure drop, AMVP, divided by the flow resistance, FR, @=
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 (17, 59, 60).

Rapid tumor growth requires a sufficient vascular network to feed cancer cells with nutrients
and oxygen. For that reason pro-angiogenic factors (e.g VEGF, PDGF), which induce
angiogenesis, are over-expressed in order to recruit endothelial cells to form new vessels
(61, 62). Tumor vessels are usually immature and have an abnormal structure and function
(1, 48, 63, 64). The endothelial lining that forms the vascular network can have wide
junctions, 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 10nm (65-67). 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 (60, 68, 69).
In addition, tumor vessels can be dilated and tortuous (64), and create vascular shunts (46).
Finally, as mentioned previously, blood and lymphatic vessels can be compressed due to
solid stresses, which further increases geometric resistance to blood flow. As a result of all
these abnormalities, blood velocity in tumors is highly heterogeneous and is not correlated
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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 (47, 70) (Fig. 4A). In normal vessels with 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 reduces their residence time of adhesion, which could impair extravasation (71).

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 (72). 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 stress regulate different steps of angiogenesis. A lack of shear stress,
indicative of a poorly-perfused vessel, induces endothelial cells to sprout to seek new
sources of blood flow. Nitric oxide production, however, with moderate levels of shear
stress results in the attenuation of sprouting (73). While low shear stress encourages
endothelial cells to seek alternate sources of nutrients, higher shear stress induce vessel
branching, termed intussusceptive angiogenesis (74). 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
stress 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 where there is a short arterio-venous
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 (75). The feeding arteriole
downstream of the shunt senses less flow and shear stress. As a consequence, it reduces in
diameter, further discouraging flow throughout the vascular network downstream of the
branch point to the shunt (46). Abnormal shear stress in a single vessel can impair blood
flow to downstream regions of tumors, contributing to the low perfusion found in multiple,
large volumes within 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) (76, 77). The compressive stress throughout a tumor compresses the matrix into a
dense and tortuous network that hinders transport of fluid. We provided the first
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measurements of the interstitial fluid velocity and found on the order of 0.2-0.8 um/s (78),
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
remains low because the matrix shields the cells from stress and local gradients in hydraulic
conductivity divert flow from cells (79).

Despite the low velocity of the interstitial fluid, studies have shown that fluid shear stress -
similar to solid stress - can upregulate TGF-f, causing myo-fibroblasts differentiation and
contraction and extracellular matrix reorganization and stiffening (80, 81). Therefore, the
role of fluid and solid stresses on TGF- dependent pathways appear to be synergetic.
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 (82). Stromal cells present in large numbers in
many tumors may increase their motility in response to interstitial flow as a result of a small
shear gradient across the cell (83). 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 the vessel morphogenesis, which is the rearrangement
of the vessel wall microanatomy preceding sprouting. After sprouting, invading endothelial
cells preferentially protrude against the direction of interstitial flow (73). In this way, a
vessel, which began sprouting because of low intravascular shear stress, sprouts in the
direction of another leaky vessel, or in other words, towards 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. The higher the
conductivity, the more easily fluid will percolate through the extravascular space of the
tissue. Importantly, hydraulic conductivity - along 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 MVP (Fig. 4B). For fibrous
media, which is the case of our interest, hydraulic conductivity depends on the volume
fraction, surface charge and organization of the fibers (84, 85). Therefore, tumors rich in
collagen might exhibit an order of magnitude lower hydraulic conductivity than those of low
collagen content tumors (86). As has been already mentioned, in many tumors an
accumulation of fibrillar collagen types | and Il occurs presumably due to increased activity
of tumorigenic factors, such as TGF-, that might stiffen the extracellular matrix and induce
fibrosis (32, 87). Therefore, this desmoplastic response of tumors would further decrease
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 due to their capacity to
trap water (84). Accordingly, depletion of glycosaminoglycans with matrix
metalloproteinases-1 and -8 increases the hydraulic conductivity and thus, the interstitial
fluid velocity (88). Cancer and stromal cells form another barrier to interstitial fluid flow.
The 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
increase significantly the viscosity of the interstitial space (89, 90).
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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 characteristics, common in many cancers.
They are not functional in the intratumoral region (91, 92), and they are hyperplastic and
exhibit increased flow at the periphery (93, 94). 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 eliminates lymph flow. Lymphagiogenesis in the
tumor periphery is regulated by the expression of the vascular endothelial growth factors C
and D (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 (Fig. 4C) (94-96). The lymph fluid velocity in tumors has been measured to be on the
order of pm/s, about an order of magnitude higher than the interstitial fluid velocity
(97-100). 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 (92, 94). Therefore lymph flow
plays a crucial role to cancer dissemination.

Another regulator of lymphatic function is nitric oxide (NO) (1, 101, 102). Nitric oxide 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, while iNOS is induced by inflammatory cytokines, endotoxin, hypoxia, and oxidative
stress. We have shown that eNOS maintains strong lymphatic contractions and its inhibition
decreases lymphatic fluid velocity (100). We attributed 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. iINOS levels can maintain lymphatic pumping during
inflammation and infection (103, 104). 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 (105, 106). Therefore, the composition
of the interstitial space and particularly the hydraulic conductivity can regulate not only
interstitial but also lymphatic flow (81).

Consequences of fluid stresses to 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 (107). 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 due to low hydraulic
conductivity result in interstitial hypertension (19, 21, 50, 108-111). Young and co-workers
reported the first measurements of elevated IFP in tumors growing in rabbits in 1950 (112),
but the implications of this interstitial hypertension for tumor progression and treatment
were not fully revealed for nearly four decades. In 1988, we showed mathematically and
confirmed later with experimental measurements that IFP is uniformly elevated throughout
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the bulk of a tumor (Fig. 4B) with a precipitous drop to normal values in the tumor margin
creating a steep pressure gradient (18) (Fig. 1). 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 we already discussed eliminates
transvascular and interstitial pressure gradients, and thus the convective transport of drugs
across the vessel wall and in the interior of the tumor (21, 23, 49, 50, 113). Second, 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 “00ze” into the
surrounding normal tissue (1, 22). This oozing fluid would facilitate transport of growth
factors and cancer cells into the surrounding tissue — fueling tumor growth, progression and
lymphatic metastasis. It also reduces the retention time of small drugs (less than 10nm 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), which follows Poiseuille’s equation (23, 114,
115),

_ 7R* AP
Sitapp L

@)

where R is the vessel radius, AP the pressure difference along a vessel of length L, and papp
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) (116). 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 (117-119).

Coupled to Eq. 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 (19)

Qtrans:LpS [Pv - Pz -0 (ﬂ—v - ﬂ—l)] )

where L, is the hydraulic conductivity of the vessel wall, S the surface area of the vessel, P,
and P; the vascular and interstitial fluid pressure, m, and mj the osmotic pressure in the
vascular and interstitial space and o the osmotic reflection coefficient for plasma proteins.

In addition, mathematical models have been developed to study blood rheology taking into
account red blood cells, white blood cells, as well as their interactions (120-124). 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
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the endothelial lining of the vessel wall, the vascular pressure, and the metabolic stimuli
(e.g. partial oxygen pressure) (125). Vascular remodeling usually involves changes in the
structure, diameter and wall thickness of the vessel, while 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=—KVPF;, (@

or the Brinkman’s equation

1
uV2v — gv:VPi (4
where K is the hydraulic conductivity of the interstitial space, P; the IFP and p 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 (126). 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
(127). 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 (85, 128).
Caution has to be taken, however, when such methods are to be 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 content (84, 129).

Finally, the flow rate entering the lymphatic circulation from the interstitial space, Q) is
given by Starling’s approximation as (20)

Ql:LplSl (-Pz - B) (5)

where L) is the hydraulic conductivity of the lymphatic wall, S the surface area of the
lymphatic vessel, Pj the IFP, and P, the pressure of the lymphatic vessel. As we have
mentioned earlier, 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 (130,
131). Particularly in (131) increases in shear stress were modeled to trigger NO emission by
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the endothelium, which in turn causes dilation of the vessel and increased lymph flow,
suggesting a direct mechanism of fluid stress control of lymph flow.

Therapeutic Strategies

Given the fact that solid and fluid mechanics in tumors are mainly determined by the
accumulation of solid stress and the formation of abnormal vessels, we proposed two
therapeutic strategies to improve drug delivery and efficacy (1). On one hand, stress-
alleviation treatments have the ability to re-open compressed blood vessels and thus,
improve perfusion and drug delivery in hypo-perfused tumors (2, 15). On the other hand,
vascular normalization strategies aim to decrease the leakiness in hyper-permeable tumors,
which is a different mechanism to improve perfusion and delivery of therapeutic agents (2,
15) (Fig. 5). Which of the two strategies is more beneficial depends on the
microenvironment of the tumor and particularly on whether tumor vessels are hyper-
permeable, compressed, both or neither. Use of these two strategies alone or in combination
could improve therapeutic outcomes.

Stress alleviation treatment to decompress vessels

A stress alleviation strategy is based on the following sequence of events: alleviate stress
levels, re-open compressed tumor blood vessels, improve perfusion, 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 due
to impaired lymphatic valves in the draining lymphatics (1, 13). Constituents of the tumor
microenvironment — other than cancer cells — that contribute to the generation of solid stress
include stromal cells and extracellular matrix components (2). Indeed, we have shown that
pharmacological depletion of tumor stroma with Saridegib, an inhibitor of the Hedghog
pathway, alleviates stress levels and increases blood vessel diameter and tumor perfusion
(Fig. 6) (2), while in another study use of Saridegib improved chemotherapy in murine
pancreatic cancers and the overall survival of the mice (132). In addition, enzymatic
degradation of hyaluronan when combined with cytotoxics has been shown to decompress
blood vessels, improve tumor perfusion, drug delivery and the overall survival of mice
bearing pancreatic tumors (14, 133). Modification of the extracellular matrix can be also
achieved by inactivation of cancer-associated fibroblasts by inhibiting signaling pathways
that drive their activation (134). We have been able to achieve this by inhibiting either the
activity of Angiotensin Il with angiotensin-converting enzyme inhibitors or the signaling of
Angiotensin Il with angiotensin receptor blockers (135). Many of these drugs are widely
prescribed as anti-hypertensive therapies. Specifically, the clinically approved anti-
hypertensive drug losartan, an angiotensin receptor blocker reduces collagen and hyaluronan
levels in murine tumors by decreasing stromal expression of TGF-f as well as other fibrosis
signaling molecules (135). This in turn, alleviates solid stress levels and improves tumor
perfusion as well as the delivery of both chemotherapeutic agents and nanomedicines, and
thereby increasing the overall survival of mice bearing tumors (135, 136). 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
ClinicalTrials.GOV - trial identifier number NCT01821729). Retrospective clinical studies
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have also shown that treatment with angiotensin receptor blockers and angiotensin-
converting enzyme inhibitors may contribute to prolonged survival in patients with
pancreatic, lung and renal cancers (137-139).

Normalization of tumor vasculature

Compromised blood flow rates in tumors are also due to the formation of leaky and tortuous
vessels. Therefore, the goal of a therapeutic strategy should be to change the phenotype of
the abnormal tumor vasculature to a more functional phenotype that resembles the structure
of normal vessels. We coined this strategy as vascular normalization and suggested to use
judicious doses of anti-angiogenic therapy to realize this goal (1, 43, 62, 140).

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 and interstitial fluid pressure is decreased to more normal levels (Fig. 7 A & B).
Therefore, the pressure difference across the vessel wall is restored, which in turn enhances
the extravasation of therapeutic agents and oxygen transport (Fig. 7C) (23, 141-147). A
decrease in vessel wall openings, however, will decrease the maximum size of particles that
can pass through the vessel wall, and thus vascular normalization adversely affects the
delivery of nanoparticles larger than 20 nm in diameter (23) (Fig. 7D). Furthermore,
normalization is dose-dependent and high doses will prune the vessels and reduce perfusion
and drug delivery (1, 145). Also, vascular normalization has a transient effect, resulting in a
time window within which drug delivery is improved, but when anti-VEGF treatment is
continued the tumors may shrink or the cancer cells may employ other angiogenic signaling
pathways (1, 43, 62, 148). Clinical studies have verified in humans that anti-angiogenic
agents can normalize tumor vasculature. Agents that have been used include a monoclonal
antibody (bevacizumab) to block VEGF-A in patients with rectal cancer, and an inhibitor of
all three vascular endothelial growth factor receptor (VEGF-1,-2,-3) tyrosine kinases
(cediranib) in patients with recurrent or newly diagnosed glioblastoma (110, 111, 146-150).

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
(15). On the other hand, vascular normalization treatment will be more effective in hyper-
permeable 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 mainly determined 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 hyper-permeable with abundant compressed vessels, such as 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, or
both 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, where the levels
of solid stress and the permeability are highly variable from one tumor to the next and
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potentially from the primary site to the metastatic site, and thus it could be hard to choose an
appropriate strategy until the state of that individual tumor is known. Existing and/or
emerging imaging modalities may be able to help in this selection (146, 147).

Conclusions

Our hypothesis is that the abnormal mechanical microenvironment of tumors enables them
to be protected from the immune system of the host body, resist anti-cancer therapies, and
coordinate their progression. The tumor mechanical microenvironment is quite different
from that of normal tissues, 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 towards 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 interstitial 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 the clinical
practice for other diseases is encouraging. The scope of the scientific effort should now be to
indentify new, safe and well-tolerated drugs that normalize tumor microenvironment and
can be used in a combinatorial treatment with chemo-, immune- or radiation therapy (1).
Specific guidelines for the optimal use of these therapeutic strategies is 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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Figure 1.
Schematic of the tumor mechanical microenvironment. Cancer cells along with

myfibroblasts (stromal cells) stretch collagen fibers and compress hyaluronan storing
growth-induced solid stress. 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.
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Figure 2.
Solid stress profile in tumors and evidence of vessel compression. A | Solid stresses are

compressive in the interior of the tumor in both radial and circumferential direction, while at
the periphery radial stresses are compressive and circumferential stresses are tensile.
[Reproduced from Reference (3)]. B | This stress profile can collapse intratumor vessels
(histologic section of human pancreatic tumor [Reproduced from Reference (135)], arrows
show position of collapsed vessels), while peripheral vessels obtain elliptical shapes
(histologic section of human pancreatic neuroendocrine tumor [Reproduced from Reference
(3)], dash lines show tumor margin and the two main axes of the arterioles). Scale bar 100
pm.
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& compressed control

Figure3.
External and growth induced stress. A | Direct cancer cell compression enhances the

invasive phenotype of 67NR cells. 67NR monolayers form a rosette shape, the control group
is stress-free, while the compressed group is subject to 773 Pa compressive stress. Under
compressive stress the 67NR cells move faster towards the center of the rosette, which
suggests increased motility and invasiveness. Scale bar 100 pm [Reproduced from
Reference (10)]. B | Evidence of growth-induced stress. Cutting of 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
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cutting experiment [Reproduced from Reference (2)]. The tumor in the figure is a soft tissue
sarcoma.
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Figure4.
Abnormal fluid flow in tumors. 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 hypo-perfused with velocities less than 0.1 mm/s compared
to peripheral vessels [Reproduced from Reference (47)]. B | Interstitial fluid pressure in
tumors is elevated and comparable to microvascular pressure [Reproduced from Reference
(108)]. C | Lymphatics are absent from the tumor interior and hyperplastic at the periphery.
Fluorescence lymphangiography images of a normal (top) and a sarcoma-bearing (bottom)
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 [Reproduced from Reference

(G2
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pre-treatment post-treatment
A

Figure5.
Strategies to improve perfusion and drug delivery in solid tumors. (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 vessels and improves perfusion
[Reproduced from Reference (15)]. Improved perfusion rates will increase the delivery of
drugs. These strategies can be used either alone or in combination based on whether tumor
vessels are leaky, compressed, both or none. Abbreviations EC: endothelial cell, BM:
basement membrane, PC: pericyte, CC: cancer cell, ECM: extracellular matrix.
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Figure®6.
Stress alleviation treatment. A | Intravital multiphoton microscopy images show treatment

with the angiotensin receptor blocker, losartan lowers collagen levels (blue) and increases
the density of perfused vessels (green) in an orthotopic mammary adenocarcinoma (EO771)
[Reproduced from Reference (135)]. Treatment with the sonic hedgehog inhibitor Saridegib,
B | reduces solid stress levels, measured as a function of tumor opening (Fig. 3), in two
pancreatic ductal adenocarcinomas (AK4.4 and Capan2), C | increases blood and lymphatic
vessel diameter and D | the fraction of perfused vessels, E | without affecting vascular
density [Panels B-E reproduced from Reference (135)] (2). Scale bar 1 mm. Asterisks
represent a statistically significant deference (P < 0.05).
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Figure7.

Vascular normalization treatment with the monoclonal antibody DC101. Normalization of
tumor vessels improve tumor perfusion in a dose-dependent manner. A | Perfusion images of
whole tumor tissue taken by multispectral confocal microscopy. Animals treated with 1gG
(control) and 10, 20, or 40 mg/kg bw DC101. Green, Sytox staining. (Scale bars, 1,000 um.).
B | Quantification of fractions of Hoechst 33342-positive area in whole tumor area show
perfused regions in the tumors for the three DC101 doses (*P < 0.05) [Panels A adapted
from and panel B reproduced from Reference (145)]. C | Model predictions for the effect of
vessel wall pore size on the pressure difference across the tumor vessel wall. Decrease in
vessel wall pore size with vascular normalization restores a transvascular pressure difference
[Reproduced from Reference (23)]. D | Normalization of tumor vasculature and the resulting
increase in transvascular pressure difference, improves flux of nanoparticles across the
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tumor vessel wall in a size-dependent manner in orthotopic mammary adenocarcinomas
(EO771 and 4T1) [Reproduced from Reference (23)].
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