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Abstract

five decades. The early models considered simple tumor growth based

on nutrients, whereas models now can simulate from microscale gene
expressions in cells to the larger scale tissue, and even a combination of micro and
macroscale models in hybrid models. In this thesis we apply a continuum model
to capture different mechanisms that cause tumor cells to move. More precisely,
the interaction between different cells and the flowing fluid in tissue through
forces are investigated upon. The first versions of the model attempt to capture
behavior found in experimental work performed in controlled environments, and
evolves to better align with how a realistic tumor may act.

TUMORS has been the object of computational model studies for nearly

The first paper (Paper I) in this thesis formulates a two-phase model consisting
of a tumor cell and interstitial fluid phase. It relies upon the experience gained
from creeping flow in petroleum reservoirs with regards to the interaction forces
and how fluid flow is described. The model in Paper 1 is motivated by the
experimental work by Shields et al. that identifies a tumor cell migration
mechanism called autologous chemotaxis. This means that due to interstitial
fluid flow, tumor cells creates a chemical gradient in the flow direction of its own
fruition, letting cancer cells migrate downstream.

The second part of this thesis (Paper II & IIT) extends the two-phase model in
Paper I to include a new mechanism. Paper II maintains autologous chemotaxis
as a migration mechanism and introduces a new one, rheotaxis. Rheotaxis is
considered a competing mechanism to chemotaxis in the study by Polacheck
et al. where fluid flow imposes a stress on the cancer cells and causes them
to migrate in the upstream direction. These two competing mechanisms are
explored in a computational context in Paper II. After in-depth investigation
into the different parameters in the model in Paper II, the model is extended
to a two-dimensional domain. This allows for better visualization, while at the
same time illustrating the potential of the model as a tool to explore how tumor
cells may escape from the primary tumor to metastasize.

In the next part (Paper IV & V) a new phase in introduced, resulting in a
three-phase model. The new phase is a common component of both normal and
cancerous tissue, namely fibroblast cells. In our model we look at tumor-associated
fibroblasts (TAFs) which behave differently from their normal counterpart. Moti-
vated by the experimental work by Gaggioli et al. Labernadie et al.
Shieh et al. we investigate two different methods TAFs use to enhance
tumor cell migration, in the presence of interstitial fluid flow (Paper IV). In
Paper V the model is used in a 2D setting, showing that fibroblasts may lead
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cancer cells in a collective manner towards draining lymphatics as a means for
metastasis. It is also suggested targeting fibroblast-cancer cell interaction as a
method to decrease metastasis.

In the last part (Paper VI) the three-phase model is used to elucidate that
ECM structures within the tumor can cause heterogeneous interstitial fluid pres-
sure based on preclinical data from xenograft models in Hansem et al. One
important aspect of the computational model is to achieve a realistic interstitial
fluid pressure and fluid velocity, which is measured in the experimental data. We
achieve similar results with regards to the pressure under the various circum-
stances explored in Hansem et al. and give rise to heterogeneous migration
pattern with possibility for formation of isolated islands of tumor cells.
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Chapter 1

Introduction

Cancer has for a long time been considered to originate through a series of
mutations, consequently leading to the acquisition of typical hallmarks such as
uncontrolled tumor growth, evasion of apoptosis and may also induce angiogenesis,
formation of new blood vessels (Hanahan et al. . However, the main majority
of cancer-related death are not caused by the primary tumor, but by metastasis
in other parts of the body (close to 90%). Therefore, the activation of cancer
cells to start invading and metastasize is the most important hallmark of cancer.

1.1 The tumor and its environment
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Figure 1.1: Tumor Microenvironment (TME): a simplified schematic to
illustrate some of the components of the tumor microenvironment. In addition,
some of the mechanical properties are illustrated: solid stress exerted by the
growing tumor (gray arrows), extracellular matrix (green), elevated levels of
interstitial pressure (blue arrows) and also increased interstitial flow (red, purple
and yellow arrows).

The tumor microenvironment which surrounds and encapsulates the tumor
consists of extracellular matrix (ECM), stromal cells (such as fibroblasts) and
immune cells (T cells) (Chen et al. 2015). The ECM is made out of a non-cellular
meshwork of a wide variety of proteins. One can consider the ECM a physical
scaffold for its surrounding cells when structured in an orderly fashion. The
majority of the ECM consists of collagens, which accumulates to about 30% of
the total protein mass in the human body (Frantz et al. .
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In healthy human tissue the ECM is being remodeled to maintain its tissue
integrity and function, meaning that new collagens are being synthesized to
replace older proteins that are degraded. The process of production and assembly
of collagen is highly regulated in healthy tissue by a perfect interplay between
metalloproteinases (MMPs) and the inhibitors of MMPs (Bonnans et al. [2014)).

In the event of cancer, the dynamics pertained to the ECM is altered. The
amount of MMP secreted by cancer cells is increased, which in turn will remodel
and degrade more of the collagen tissue. The degradation of the ECM liberates
an abundance of pro- and antitumor signals that is chemically bound to the
ECM, leading to a complex chaos (Nissen et al. [2019).

1.2 Interstitial fluid flow

Aside from the structural molecules of the ECM and cells in the interstitium,
there is interstitial fluid (IF'). The IF is filtrated through the blood vessels and
consequently drained by the lymphatics. The fluid transport nutrients and waste
products between the cells in addition to signaling molecules. As IF is produced
from transcapillary filtration and cleared by lymphatic vessels at a different
location in the tissue, a fluid flow field is established.

The blood vessels within a tumor are considered more permeable and leaks IF
into the tumor interstitial space. At the same time, the lymphatics that resides
within the tumor are dysfunctional and has trouble absorbing the excess fluid.
This increases the interstitial fluid pressure (IFP) within the tumor (Jain [1987).
Having an elevated IFP is one of the hallmarks of the TME, and causes a major
physiological barrier to the transport of drugs through the vasculature. As the
vessels are inside the tumor and causes a pressure buildup, the IFP drops steeply
close to the surface which creates a steep pressure gradient and fast IF flow from
the tumor, see Figure (Boucher et al. [1990).

The ECM, with all its components, contributes to the hydraulic conductivity
of the tissue. This conductivity is a mechanical property of the interstitium that
decides how fast the fluid will flow through the tissue under a specific IFP.

1.3 Tumor cell migration

In order for tumors cells to metastasize the cells may use functioning lymphatics
to escape from their current location. These lymphatics are often found out-
side of the primary tumor. Tumor cells reach the vessels through directional
migration, meaning there are mechanisms which tumor cells uses to invade into
the surrounding tissue. Although tumor cells can migrate randomly, directional
migration is the most efficient way to establish a metastasis at a distant site.

There are many migration mechanisms suggested as to how tumor cells may
progress into the tissue (galvanotaxis, haptotaxis, durotaxis etc.), yet in this
particular work we have focused on only a few main mechanisms. These are
chemotaxis, rheotaxis and fibroblast-enhanced migration.
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Figure 1.2: Interstitial fluid pressure gradient: a simplified illustration of
the IFP inside a tumor and the resulting fluid velocity inspired by Hompland
et al. The blue curve represents IFP while the red curve is the fluid velocity,
the dashed line shows where the periphery of the tumor starts and where the
fluid starts to flow.. In this particular tumor there is a uniform IFP within the
tumor and at the periphery (S=0) it starts to rapidly decrease until it reaches
the normal tissue pressure at S = Sy. There is no convection within the tumor
from the tumor center (S = —Spg) to the periphery, where it has a high velocity
(v =yp), and reaches zero again in the normal tissue. (a. u. - arbitrary unit)

Chemotaxis are one of the key drivers of tumor cell invasion and contributes
to tumor cell extravasation and intravasation to promote metastasis. Chemotaxis
is the mechanisms by which the migration of cells is directed in response to
an extracellular chemical gradient (Roussos et al. [2011)). These chemicals are
often secreted by the tumor cells themselves, or released by proteolytically
degrading the ECM. In a static tissue with no fluid flow, the chemicals will
only transport through diffusion. Yet, in a tumor environment, there is elevated
pressure within the tumor and is decreasing towards the lymphatics, resulting in
a pressure gradient (Jain and a fluid flow field. The chemical components
are no longer only transported by diffusion but now also through advection.
Consequently, the chemical gradient takes a new form and is skewed towards
the draining lymphatics, creating a positive chemical gradient in the direction
of lymphatics. Now, the tumor cells are able to migrate in the direction of
the lymphatics as well. This type of migration has its own term: autologous
chemotaxis (Fleury et al. Shields et al. In particular, if the chemical
component is ECM-bound and is liberated proteolytically, the protease is also
skewed in the direction of flow causing even more defined chemical gradient in
the flow direction.
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Figure 1.3: Autologous chemotaxis: a simplified illustration of autologous
chemotaxis. This particular schematic is inspired by Shields et al. There is
fluid flow from upper left to the lymphatic vessel. Tumor cells secrete protease
which in turn liberates ECM-bound chemoattractant chemokine CCL21. The
chemical gradient is illustrated by the different colors surrounding one of the
tumor cells, where the color red shows the largest concentration. The gradient is
skewed in the direction of flow, and causes the tumor cell to migrate towards the
lymphatics.

Y ccr7

While chemotaxis causes tumor cells to migrate in the flow direction, there is
a mechanism that causes cells to migrate opposite of flow, or in the upstream
direction. In the seminal work of Polacheck et al. they showed that fluid
flow imposes a strain on the cancer cells which they can sense, and consequently
migrate against the flow. Chemotaxis is also present in the experiments, yet
it turns out that the cell seeding density, the number of cells, had an impact
as to how effective chemotaxis is. In addition, the magnitude of the interstitial
velocity imposed on the cancer cells plays a role whether the upstream migration
is effective.

With regards to a real life tumor, this upstream mechanism in combination
with chemotaxis downstream migration, is capable of explaining how tumor cells
may escape from the primary tumor to invade the tissue in groups or single
cells. Considering that fluid flow originates from the primary tumor and moves
outwards, the upstream mechanism will keep the cancer cells in check near the
tumor. The fluid flow also skews the chemical gradient toward the lymphatics,
yielding chemotaxis downstream as a competing mechanism to the upstream
strain-induced mechanism. Consequently, at some point tumor cells will be able
to escape from the primary tumor and invade into the tissue, as the fluid velocity
is strongest near the tumor periphery (Boucher et al. which ’arrest’ some
cells through upstream migration.

In [T.1] it was mentioned that there are stromal cells residing in the tumor
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Figure 1.4: Rheotaxis: a schematic of the experimental setup in Polacheck
et al. The black lines illustrate fluid flow from left to right. Each cell
contributes to the chemokine production and there is a chemical gradient seen in
light blue/blue. The cells experience both chemotaxis and rheotaxis.

microenvironment, one of which are the fibroblast cells. Normal, healthy fi-
broblasts are found within the fibrillar matrix of the connective tissue and are
largely responsible for its synthesis. The fibroblasts produce many of the ECM
components such as type I, IIT and type V collagen and fibronectin (Tomasek
et al. . They are also an important source to MMPs to regulate the ECM
through degradation and remodeling, and are thus an important player to tissue
homeostasis.

While the above is also true for fibroblasts in the tumor microenvironment,
there is another subpopulation of fibroblasts called cancer-associated fibroblasts
(CAFs) or tumor-associated fibroblasts (TAFs) and are considered ’activated’
fibroblasts (Mueller et al. . TAFs secrete growth factors that directly affect
the mobility of cancer cells, and the upregulation of MMP production degrades
the ECM in such a way it is beneficial for tumor cell invasion.

As TAFs remodel the ECM, they can create paths within the tissue for tumors
cells to migrate (Conklin et al. Gaggioli et al. .However, it is not clear
as to how tumor cells enter these paths. One simple explanation is that cancer
cells migrate in the path of least resistance, seeing as the ECM is more or less
remodeled or degraded in certain areas. There is also the possibility that cancer
cells and TAFs may communicate to invade cooperatively. The fibroblasts and
tumor cells can communicate through secretion of growth factors and chemokines
in order to direct cell migration towards a chemical gradient. In the work by
Labernadie et al. it was discovered that tumor cells and TAFS interact
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Figure 1.5: Fibroblast enhanced migration: two methods on how fibroblast
may enhance tumor cell migration. (A) Here, the fibroblasts and tumor cells are
directly coupled amd the fibroblats guide the tumor cells by migrating towards
their chemoattractant. (B) Fibroblasts degrade and remodel the local ECM to
making it easier for the tumor cells to migrate. At the same time, the fibroblasts
migrate toward the chemical gradient, making a path for the tumor cells in the
same direction as the fibroblasts are migrating.

with each other directly through mechanical coupling, causing fibroblasts to lead
tumor cells away from the primary tumor. As fibroblasts also use chemotaxis to
migrate (Shieh et al. , they can guide the cancer cells to the lymphatics
more effectively. These two methods may not be mutually exclusive, and having
both these functions yields a highly aggressive tumor invasion as will be seen in
our model.

1.4 Scope of this work

The background of the computational model used in this thesis is in multiphase
flow in porous medium, often associated with reservoir modelling in petroleum
engineering. However, while the models considering reservoirs try to explain how
oil may flow towards a draining borehole, the focus in this thesis has shifted
towards the different mechanisms tumor cells use to detach from the primary
tumor and migrate towards draining lymphatics.

The long term goal of this model is to capture tumor cell behavior from
experimental work in controlled environments in mathematical equations. This
can in turn bridge the gap between in vitro cell behavior and in vivo tumor
behavior. In essence, using a computational model armed with a good description
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of how tumor cells react to many environments and circumstances will potentially
help determining patient specific drug strategy selection. It can also be used,
based on lab experiments, to specify which component in the tumor development
that needs to be targeted.

We gain information of tumor cell migration mechanisms through experimental
in vitro work, which allows us to formulate mathematical equations/terms that
correspond to these mechanisms through a continuum based approach. In this
study it has, from experience performing simulations, been essential to first
achieve realistic fluid flow velocity in order to have realistic tumor cell behavior.

Next we upscale the model to two-dimensions when the model is able to
capture the tumor cell behavior. This upscaling is beneficial when illustrating
the model, but it may also reveal hidden functionalities within the model which
can help identify how the model relates to biological characteristics of a tumor.
If the model is fed with preclinical or clinical data, it can show how the tumor
cells spread from the primary site, which there is little information about.






Chapter 2

Mathematical model

In this chapter, we summarize a multiphase model that has been developed which
attempts to capture the complex tumor microenvironment and cell migration
described in We begin with the early version of the model and will
show the extensions made to the model.

2.1 Two-phase model

A multiphase approach is a general approach where more details pertained to
the physical forces and interactions between the different phases can be taken
into consideration. In this two-phase model the tumor environment is a mixture
of two interacting continua: the cellular phase of tumor cells represented by a
volume fraction a. moving with a velocity u. and the IF phase represented by
the volume fraction a,, moving with a velocity u,,. While the ECM is also part
of the total volume, the volume of ECM is considered as a constant, meaning
there are no dynamic change in the volume of ECM by degradation/deposition.
We therefore can write that

Qe+, =1 (2.1)

to account for the volume where cells and fluid can move. As a natural continua-
tion of Evje where a model is used to investigate the role of cell-cell and
cell-substrate adhesion among other things, the focus is now moved to research
the interplay between cancer cells and interstitial fluid flow. This model has used
the experimental results from Shields et al. to incorporate the migration
mechanism termed autologous chemotaxisEl, explained in

IThe equation (2.2)7 (C) contains a term which is not included in the early papers, but is
implemented in later works to account for the chemokine absorption by the lymphatics.
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Variable Description

Ole, O £, 0Ly volume fraction of cell, fibroblast and fluid
Se,S¢ cell growth/death

Ue,Uf, Uy interstitial cell, fibroblast and fluid velocity
p,G,C.H ECM component, protease, chemokine and TGF
P, IF pressure

Apfw; Apcwa ACa AH

Cchvaw,ch7Ccf
DGa DCa -DH
vg,vVc,VH

Mc, My

T, Ti

Py, By
Q7 vi Ql

(ac)t + V. (acuc) = Sca

caf-caf, cell-cell, chemokine,
and TGF chemotaxis stress

cell-ECM, fibroblast-ECM, fluid-ECM,
cell-fluid and cell-fibroblast interaction coefficients

production/decay rates
diffusion coefficients associated with G, C, H

exponents in logistic function associated with
chemical component G, C, H

absorption percentage of chemical
component C, H into lymphatics

conductivity of vascular vessel wall,
lymphatic vessel wall

effective vascular pressure, lymphatic pressure

tumor region, region of intratumoral vascular,
peritumoral lymphatic network

Se = ae ()\11 — A20c — )\13L)

PM
(aw)t+v' (O‘wuw) =-5+Q, Q=0Q,—-Q
a.VP, = 76(:11(:
a, VP, = _gwuw
pt = —Aa1Gp + P()\22 — Aazre — )\24L>
PM (2.2)

Gt =V (DGvG) -V (uwG) — )\31G

+ o, ()\32 — A33 (i)yc)

Gu
Ct =V (DCVC) -V (uwC’) - CMch
C 2 C v
+ GP()\41 - >\42(@) - )\43(@) C) — Auac.

Here the two phases, cancer cells and interstitial fluid, are represented by .

10
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and a,, respectively. Each individual phase has a mass balance and momentum
balance equation, 1,3 for the cancer cells and 274 for the IF. u; =
(u?,uf,u?) is the phase velocity for i = ¢, w. S. is a source term to account for
the growth and death of cells where also the presence of ECM which competes
for space, is accounted for (Chaplain et al. [2006)).

P. is the cellular pressure and is expressed as
P.= P, + AP(a,) + A(C). (2.3)

P, differs from the interstitial fluid pressure (IFP) P, due to the cell-cell stress
term AP and a chemotaxis term A(C').
The cell-cell stress term is defined as

AP =~J(owpw), (2.4)

where v > 0 is a coefficient that depends linearly on the surface tension, whereas
J(awpw) is @ monotonic decreasing dimensionless function with respect to the
fluid mass quypy-
The stress term of chemotaxis, A, has the functional form
Ay

MO =R = e c =) 29

Here Ap; and & are constant parameters, while C is the chemoattractant
chemokine CCL19/21 where tumor cells migrate towards a positive chemical
gradient. If we take a closer look at the chemokine equation in ([2.2)

2.1.1 Chemical components

The main component of tumor cell chemotaxis in the model is chemokine and is
described as

Ct =V (DCVC) -V (uwC) — CMC'Ql

2.6
+ GP()\41 - )\42(%)2 - )\43<7M)VC) — A, (26)
Chemokine is transported by diffusion and advection and produced by protease
G. The protease liberates ECM-bound chemokine, which require the production
term to be in product with p, the ECM density. It is possible for chemokine to
be absorbed by the lymphatics through the term CMc@Q;. The terms inside the
parenthesis in product with A41 4243 are a part of logistic growth function. It
regulates the production of chemokine in a controlled manner. The final term
with constant \y4 represents consumption. The idea that protease liberates the
chemokine, instead of chemokine being only secreted by tumor cells, is based on
the work by Fleury et al. In essence, when chemokine is liberated from the
ECM it increases the effect IF flow has on the advection of the chemical. The
chemical gradient is skewed even further from the tumor cells and causes invasive

11
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behavior from the tumor cells. This becomes clear when we look at the chemical
component that liberates chemokine, protease:

Gt =V (DG'VG) -V (U.wG) - )\31G

G \ve (2.7)

+ae (A2 = Aag ()"

c|A32 33 ( Gt )

In a similar manner as (2.6)), protease is transported through the tissue by

diffusion and advection in the first two terms, followed by natural decay and

the last terms are production through a logistic function, secreted by tumor

cells. Since protease is also transported by IF flow, the resulting chemokine (C)
distribution incite tumor cell migration in the flow direction.

2.1.2 Interaction coefficients

In the momentum balance equation for cells 3 we find a drag force between
the cells and the ECM fibers that acts in the opposite direction of the movement
of cells (represented by u.). We use the following expression for this force, which
is motivated by general multiphase modeling

(o = Lkoole, I k. >0, r.<2, (2.8)

where 1, k., and 7. must be specified. Similarly there is a drag force between
the IF represented by the fluid velocity u,, and the ECM structure.

~

Co = Lpkwal,  ky >0, 7y <2, (2.9)

The parameters I, and I. can be considered static properties of the ECM, while
k., and k. can account for dynamic properties related to ECM fiber alignment or
other changes in the microenvironment.

2.1.3 Phase velocities

After algebraic manipulation of the mass balance and momentum equations, the
resulting cell velocity consists of three different terms and also three different
cell migration mechanisms

Uc = Uc fluid stress + Uc cell-cell + U¢ chemotaxis/haptotaxis

with
W fluid _ T[ ac&w }
c,fluid stress — = =
stress agcw n (X%UCC
OéCOZQ
Uc cell-cell = — [AiwA}v AP 2.10
2w + a2 (e ( ) ( )
2

Qo0
uc,chemotaxis/haptotaxis = - {ﬁ} VA(C)
acC’UJ + ach

12
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The first term U, fiyidstress 1S stress caused by the IF flow on the cancer cells.
The second term U ceir—cen represents the diffusive cell-cell repelling force that
leads to more or less a non-directional migration. The last term, Ucpemotazis 1S
the directional migration towards a positive gradient in chemokine C. Uy is the
total velocity of the two phases, and is mainly governed by the interstitial fluid
velocity as this is much larger than cell migration speed.

There is also a similar expression for the interstitial fluid velocity

i by flaéj ’ [azéjgfiaéjv(“)
{ a?ay,

O‘ng + 04121; Ce

(2.11)
)

While the equation is very similar to [2.10} one of the key differences is that
the second and third term now has a (+) sign in front of it. This is used to
signify that if cells are moving in one direction, it will push the fluid in the other
direction in a counter-current fashion.

In order to compute the total velocity of the two phases, Up, which is needed in
the calculation of phase velocities we first have to solve the interstitial
fluid pressure equation

V- (ArVP) = =(Qy — Q) = V- (AV(AP + A(C))), (2.12)

Where ;\C and :\T are mobility functions which are based on cell and fluid volume
fractions and interaction forces. The total velocity is given by

Up = —\rVP, — A V(AP 4+ A(0)) (2.13)

the total velocity is dominated by the first term on the RHS of which
contains the IFP.

2.1.4 Starling Law

The fluid flow originates from the vascular system within the tumor and is drained
by the lymphatics, see In our model, this system is expressed in the
fluid mass balance equation through the variable @ 2. The main contributors
to interstitial flow @, are hydrostatic and osmotic pressure gradients between
the vascular and interstitial space. Starling Law is used for the flow of fluid into
the interstitium given by

Qu="T,(P; — Py —or(n} — 7)) =T,(P; = P,) T,= LUVU (2.14)
Here P = P,—op(nf —7y). L, is the hydraulic conductivity (m?s/kg = m/Pa s)

of the vessel wall, S,,/V (m~1!) the exchange area of blood vessel per unit volume
of tissues V. P; and P, are the vascular and interstitial pressure, respectively,

13
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while 7} and m,, are the osmotic pressure in the vascular and interstitial space.
Finally, o7 is the osmotic reflection coefficient for plasma proteins.

The lymphatic system drains the excessive fluid from the interstitial space
and returns it back to the blood circulation and is expressed by ;. In the
intratumoral region, the lymphatics are often not functional (Jain et al. .
This is caused the high compressive solid stress that is developed in tumors. The
expression for lymphatic draining is similar to

~ S,
Qi =Ti(Py — F), T ZLIV- (2.15)
Here L; is the hydraulic conductivity of the lymphatic vessel walls. S;/V is the
surface area of the lymphatic vessel per volume unit of tissues V and ]5l* is the
effective lymphatic pressure.

2.1.5 Numerical computations

If we regard the full model , we use an approximate solution procedure
based on operator splitting (Holden et al. LeVeque et al. : let Ly
denote the solution operator of . This means that, if we have the initial state
So = (e0s Q0 Uen, Uwos P, Go, Co), LSy denotes the solution of after a
time ¢. The next step we use is to split the solution operator L; into two operators
R; and T;, where R; accounts for source term effects whereas T; solves for the
transport effects. The R; operator is defined as

Ry =S,
Qwt = —5Se, (2.16)
pr = —Aa1Gp + P()\Ql — A2z — )\24L)
PM

and T; to be the solution operator associated with the subsystem

Ti: e+ V- (aeu:) =0,
awt V- (g, ) =0,
Gt =V- (DGvG) -V (uwG) — /\31G
G

+ e (As2 — Aaz(=—) "), (2.17)
G
Ci = V- (DeVO) = V- (unC) — CMoQ,
C 2 C v,
+ Gp(Aa1 — )\42(@) - )\43(@) ) — Auae.

We assume that we have a discretization of the time interval [0, 7] into N timesteps
of length At, such that NAt = T. Given an approximate solution S™ at time ¢",
we find a new approximation at time "1 using a three-step sequential procedure

S™ = (Ragj2 0 Tat o Ragy2)S™ (2.18)
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Upstream migration

To solve the ODE source solution operator R; we apply a standard numerical
method. The transport operator T; need some elaboration. If we consider a spatial
two dimensional domain [0, L,] x [0, L,] and assume a cartesian grid of space
step in x direction is Ax and Ay in y direction. The center of a cell is designated
N; j, with points 7 = 1,...,T and j = 1,..., J, such that JAx = L, and JAy = L.
The interfaces of cell i, j are located, respectively, at N;_y/2j) = Ni; — Ax/2,
N(i+1/2,j) =N, ; +Ax/2, N(i,j—1/2) =N, ; — Ay and N(i,j+1/2) =N;;j+Ay. We
assume that we have given the solution operator S{fj at time t" for i =1,...,1,
j=1,...,J. The steps taken to solve for T; are as follows

1. First we calculate the interstitial pressure within the domain, P,,, using
(12.12)

2. Then we can compute the total velocity Ur from (2.13]), which in turn
can be used to calculate cell and IF velocities u. and u,, using (2.10]) and

(2.11)), respectively.

3. Armed wth the interstitial velocities u} and u]}, at time level ", we can
compute updated cancer cell volume fraction a?*1 and concentrations p"*?,
Gt and C™H! where we employ a standard upwind in space discretization
(explicit in time) of convective terms whereas diffusion terms are treated

implicitly in time.

In papers where we perform simulations on two-dimensional domains, we
make use of a alternating direction implicit method (ADI), more specifically
the Douglas-Gunn method (Douglas et al. in order to have a stable and
efficient scheme.

2.2 Upstream migration

In the two-phase model which is based on the experimental work by Shieh
et al. cancer cells only migrate through chemotaxis in the fluid flow direction
as the chemical gradient becomes positive downstream. However, Polacheck et al.
found that there is a competing mechanisms that causes cells to migrate
upstream.

The momentum equations of cell and IF include cell-ECM and fluid-ECM
resistance forces as before, fc and (ff in 74. The upstream migration is
introduced through an interaction term between the cell and IF phase to account
for a indirect effect that fluid-generated stress can have on cancer cells.
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2. Mathematical model

The model now takes the following form

(ac)t + V. (acuc) - Sm Sc = Q¢ ()\11 - )\12ac - A13L)

PM
()t + V- (apuy) = =S +Q, Q=Q,—Q
aV(Py + AP(ay) + A(C)) = 7écuc + CAcw(uw —u.)
ay VP, = _gwuw - écw(uw —u.)
pr = —Aa1Gp + P()\zz — Aazae — )\24L)
oo (2.19)

G =V - (DgVG) —V - (u,,G) — A3:1G

+ ac (/\32 - )\33(%)11(;)
C; =V -(DcVC) -V - (u,C) — CMcQ

+ GP()\41 - )\42(%)2 - )\43(%)%) — A4,

where the last term of (2.19)3 4 is the interaction term between the cell and fluid
phase. The functional form of the interaction coefficient becomes

~

Cow = Tewkewopal Trew, kew >0, 7w > 0. (2.20)
(Acw needs to become negative in order to generate a momentum translation
opposite of fluid flow direction. That can be achieved by setting I.,, < 0. This
can be made clearer by taking a closer look on the rewritten momentum equation
for cells

a. VP, = 7(€c + écw)uc + Ecwuw- (221)

Cell pressure P, is to a large extent dictated by IFP, P,. Thus, if we consider a
fluid flow from left to right in one dimension, the LHS of gives a negative
value. This needs to be balanced by the terms on the RHS. The term fcwuw
shows that the tumor cells can generate a force that has opposite direction of u,,
(i.e., fcw should have a negative sign), which can completely balance the pressure
gradient .V P.. If we assume that 5cw ~ I is the same order as I, it will force
the first term RHS of to generate a negative cell velocity u. to balance
the LHS since the coefficient (fc + Ecw) is positive (& > [Iew| ~ Iy). Meaning,
if the negative drag Cfcw is sufficiently large, the first term on the RHS of
will yield a change in cell migration direction.

2.3 Three-phase model
It is natural to assume that only the malignant tumor cells are causing tumor

growth and metastasis. However, studies show that also the tumor microenviron-
ment contribute to cancer progression (Kalluri 2003)). As described in the last
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Three-phase model

part of (L.3), activated fibroblasts, or CAFs, plays a major role to the survival,
growth and migration of cancer cells.

In order to incorporate fibroblasts into the two-phase model , we need
to extend it to a three-phase model. Fibroblasts are a type of cell and therefore
takes up some of the tissue volume. The constraint on the volume becomes

et aytap=1, (2.22)

where the volume fraction of fibroblasts is represented by ac.

The three phase model has a similar form as the two phase model (2.2)), but
more interaction coefficients and a new chemical component is added. The most
recently published version of the cell-fibroblast-fluid model takes the following
form

(ae)e + V- (aeue) = S

(ap) + V- (apuy) = Sy, Qe+ ap+ o, =1
()t + V- (puy) = =S = S5 +Q, Q=Q,—Q
@eV(Py + APuy + Ac) = —Coue + fcf(uf —u.)
ayV(Py + APpy + Ax) = =Cpug — Cop(uy —u,)
VP, = —Cwuw

pr = —A21Gp + P()\22 — A2zt — )\24(L))
M

e =V +(Do¥6) =V (4sG) = JiG (2.23)
(e + ay) ()\32 As3( )VG>
Cy =V - (DcVC) =V - (u,C ) — CMcQ
C 2 C 1%
+ GP<)\41 Ag2 (@) - >\43(@) C) — Aga.C,
H, =V - (DyVH)-V:(u,H)— HMyQ; — A\s1 H
H 2 H VH
+ Qaf (/\52 - /\53(H7M) - )\54(H7M) ) - /\550éfH

A mass and momentum balance equation for the fibroblast phase is seen in
2,5. In addition, the momentum balance equations for tumor cells and
fibroblasts have an interaction term, fc £, which accounts for the direct mechan-
ical coupling described in Similar to cancer cells, fibroblasts also
chemotact towards a chemical component through its potential function Agy
which has the same form as .

The direct mechanical coupling between cancer cells and fibroblasts are
reflected in the interaction coefficient (. ¢. It has the following form

Cof = Tepac e (2.24)
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2. Mathematical model

when both cell types are present, they will interact with eachother. The magnitude
of Iy plays an important role on whether this interaction will make fibroblasts
able to pull on cancer cells.

While direct interaction is one of the abilities TAFs have, another mechanism
has to be accounted for. Fibroblasts may degrade or remodel the ECM in order
to make paths for cancer cells to move in. This is implemented in the celllECM
interaction coefficient through the paramter k..

~

k. =1—A(1 — exp(—Bay)) (2.25)

where A and B are dimensionless constants.
Fibroblasts chemotact towards a different chemical species than cancer cells,
transforming growth factor-g1 (TGF-31, or just TGF) Shieh et al. 2011

Ht = V(DHVH) —V-(uwH) —HMHQl —)\51H

H H VH
+ Qaf (/\52 - /\53(H7M)2 — /\54(H7M) ) — /\550(fH

(2.26)

TGF has a similar form as chemokine 9. The first and second term are
diffusion and advection, respectively. The third term represents absorption
through the lymphatics, where My is a percentage of how much is absorbed.
The following terms are a decay term, a logistic function for production and
finally a consumption term.

While we through the development of the model only considers a few migration
mechanisms, there are many others that can be implemented in the momen-
tum balance equations as stress contributions. Some of the other migration
mechanisms are haptotaxis and durotaxis, among others.
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Chapter 3

Paper contributions

This work consists of five articles published in peer-reviewed journals and one
article under review. In this chapter a brief summary of each of the six articles
is presented.

Paper | - A multiphase model for exploring tumor cell migration
driven by autologous chemotaxis

This paper presents the first version of the cell-fluid model on a one-dimensional
domain. The model attempts to shed some light on how tumor cells can use a
chemical gradient which is the result of proteolytically released chemokine to
migrate in the direction of fluid flow. The work in this paper is heavily inspired
by the experimental work in Fleury et al. and Shields et al.

Interaction between the fluid-ECM and celllECM is implemented as drag
forces, which affects the velocity of these phases. This in turn affects the
distribution of the chemical components. The cell-produced protease diffuses
and advects with fluid flow, which consequently releases ECM-bound chemokine
that also diffuses and advects in flow direction. The tumor cells then sense this
chemical gradient which is skewed in the flow direction and starts migrating
towards it.

We identify parameters within the model which can be translated into bio-
logical characteristics of different tumor types with regards to their invasiveness.
Figure is a simulation of the model showing the downstream migration of a
cell aggregate.

Paper Il - Competing tumor cell migration mechanisms caused by
interstitial fluid flow

In this work, the extension to the model is inspired by the seminal work by
Polacheck et al. While maintaining chemotaxis as a means of cell migration,
a new mechanism is applied to the cancer cells where the stress imposed by the
interstitial fluid flow on cancer cells is transformed to cell migration. When
considering the flow direction, the chemotaxis makes cells migrate with the flow
in the downstream direction, whereas the flow-dependent migration mechanism
causes cells to migrate against the flow in the upstream direction. These two
mechanisms compete to determine which direction tumor cells are migrating, or
they can even balance each other out leading to no migration.

Through the mathematical model, the non-chemical migration mechanism
can be explained by a proper balance between cell-ECM, fluid ECM, and cell-
fluid interaction forces. The correlations used for these interactions are largely
borrowed from experience with multiphase water-oil-gas flow in porous media.
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3. Paper contributions
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Figure 3.1: Downstream cell migration. (A) Tumor cell migration in the
downstream direction. The solid line shows the cell volume fraction after 5.8
days, whereas the dotted line is the initial distribution. (B) The IF pressure is
higher on the left side of the domain (P, = Py, + 10kPa, Pr = Puy) in order
to create a pressure gradient similar to lab experiments. (C) The blue solid
line is the IF velocity and is a result of the IFP gradient. The cell velocity and
its components are also shown, where chemotaxis is the dominating migration
mechanism. (D) The distribution of chemokine (blue line) is positive in the
direction of flow, leading to the strong chemotaxis effect. This distribution is the
result of protease (red line) releasing the chemokine.

Yet, a novel use of the interaction coefficients was required in order to generate
upstream migration.

The competing mechanisms are shown in Figure where on the upstream
side there is upstream migration, whereas at the downstream side chemotaxis is
the dominant mechanism.

Paper Il - How tumor cells possibly can make use of interstitial
fluid flow in a strategy for metastasis

The model with chemotaxis and upstream stress-mediated cell migration caused
by IF flow is used on a idealized two-dimensional tumor setting. In order to
achieve realistic flow, a vascular system is placed within the tumor and the
lymphatic system is placed in the normal tissue outside of the tumor. A fluid
flow field is generated which originates from the primary tumor and ends near
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Figure 3.2: Two competing migration mechanisms. (A) The upstream cell
migration is dominant on the upstream side of the cell aggregate. Whereas on
the downstream side there is still migration dominated by chemotaxis. (B) This
IFP profile is the result of the boundary conditions set, yielding flow from left to
right. (C) This case has a high IF velocity which causes upstream migration to
be very dominant on the upstream side. (D) The high IF velocity results in a
mild chemokine gradient.

the lymphatics.

This work attempts to illustrate what happens when two competing migration
mechanisms explored in a experimental setting plays out in a tumor setting.
More specifically, the paper investigates whether these two mechanisms may
be a means for tumor cells to detach themselves from the primary tumor and
subsequently migrate to the draining lymphatics which can cause metastasis.

One of the advantages of using a model when investigating migration mecha-
nisms is that we can easily change the tumor microenvironment. In this work we
vary the conductivity of the tissue, i.e. we change how easily the fluid may flow
through the tissue. While this heavily affects the fluid-ECM interaction, it also
plays a role in how the cell-fluid interaction behaves and causes some interesting
results as seen in Figure @
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3. Paper contributions

Paper IV - Enhanced cancer cell invasion caused by fibroblasts
when fluid flow is present

In this work the proposed cell-fluid mathematical model for autologous chemotaxis
is extended to also include fibroblasts, which becomes a cell-fibroblast-fluid model.
The model is motivated by the experimental findings by Shieh et al. and
includes a new set of mass and momentum balance equations for fibroblasts.
The addition of fibroblasts to the model is due to the reported findings that
fibroblasts are a part of a synergetic enhancement of tumor cell invasion caused
by interaction between tumor cells and fibroblasts in the presence of fluid flow.

Two different methods on how fibroblasts enhances tumor cell migration is
explored. The first one is through fibroblast mediated ECM reorganiation. Here
fibroblasts primes the ECM, making it easier for tumor cells to migrate through
the tissue. The second is a more direct method through a mechanical coupling
between the two cell types, letting fibroblasts pull on the cancer cells.

The model demonstrates that both of the methods induces fibroblast-enhanced
tumor cell invasion, but in a different way. The ECM remodeling causes large cell
volume fractions to migrate, whereas the direct coupling has a stronger ability
to mobilize the smaller cell volume fractions. Overall it seems that the direct
coupling method capture several aspects of the observed experimental results
which is not well enough accounted for in the remodeling of ECM method. In
Figure [3.4] we see the effect of fibroblast-enhanced tumor cell migration through
direct coupling.

Paper V - Collective cell migration in the presence of fibroblasts

The three-phase computational model is used to investigate fibroblast-enhanced
tumor cell migration in an idealized tumor setting. The three phases are tumor
cells, fibroblasts and interstitial fluid. We explore how tumor cells will migrate in
a heterogeneous tumor environment compared to controlled in vitro microfluidic
based experiments, which this model is inspired by (Shieh et al. Shields
et al.

Now, the two methods of fibroblast-enhanced tumor cell migration are active,
allowing the model to elucidate how fibroblasts can guide tumor cells towards
draining lymphatics and consequently lead to metastasis. Fibroblasts can act as
leader cells, where they create paths within the ECM by matrix remodeling and
contraction. In combination with a direct mehcanical adhesion between the two
cell types, fibroblasts can pull the tumor cells in their wake.

Effectively, in a tumor setting, tumor cell chemotaxis and fibroblast-enhanced
tumor cell migration yields collective migration. Meaning that tumor cells
migrates as a collective to invade the adjacent tissue. In addition, in order
to initiate tumor cell migration, fibroblasts are required to be present. The
model clearly illustrates that fibroblasts are guiding the tumor cells towards the
lymphatics, as seen in Figure [3.5]
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Paper VI - In silico investigations of intratumoral heterogeneous
interstitial fluid pressure (working title)

Hansem et al. shows through preclinical studies that IFP within tumors
can be heterogeneous. Two different types of tumors are investigated in that
study as to what is causing the heterogeneous IFP, and whether there are any
correlations between IFP measurements and metastasis. The characteristics of
the first tumor, HL-16 cervical carcinoma, are thick connective tissue bands
within the tumor when the IFP was heterogeneous. For the second tumor, Panc-1
pancreatic carcinoma, a homogeneous and dense tissue is observed for tumors
with heterogeneous IFP. In essence, the tissue within the tumor affects the
intratumor IFP profile.

We use a three-phase computational model to first achieve heterogeneous
IFP due to the respective tissue characteristic of each tumor type, then we
simulate the cancer cell migration to investigate whether the model can predict
the outcome of these tumor types when the IFP is heterogeneous or not.

The in silico model is able to capture heterogeneous IFP in cases which are
expected to be heterogeneous, in accordance with the preclinical study (Hansem
et al. . The model shows that cells can form an invasive front consisting of
groups of cells that detach themselves from the primary tumor and form isolated
islands, a behavior which is natural to associate with metastatic propensity

(Figure [3.6)).
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3. Paper contributions
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Figure 3.3: Deep invasion into the tissue is caused by competing migra-
tion mechanisms. (A) Clusters of cells are able to detach themselves from
the tumor and invade the surrounding tissue. This is the result of upstream
migration that arrests tumor cells to stay at the primary tumor, while chemotaxis
lets the cells near the periphery to migrate downstream towards the lymphatcs.
(B) Protease distribution is a direct result of cell secretion. (C) Chemokine is
proteolytically released from the ECM by protease and has positive gradients in
the downstream direction. (D) There is a high IFP inside the primary tumor,
which is a characteristic common in tumors. (E) In this particular case the IF
flow is fairly low due to a low tissue conductivity, or a high resistance to flow.
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Figure 3.4: Fibroblast enhances tumor cell migration In this particular
case there are no tumor cell chemotaxis migration mechanism. Cancer cells may
only migrate through direct coupling with fibroblasts. (A) Tumor and fibroblast
cell volume fractions. The fibroblasts are migrating in the downstream direction
and causes tumor cells to migrate in the same direction. (B) The IFP is higher
on the left boundary than the right boundary, leading to a pressure gradient and
flow from left to right. (C) Tumor cell velocity is comprised of four different
components: flow-stress imposed on cells, diffusion-like migration, chemotaxis
towards chemokine and migration due to fibroblast chemotaxis. (D) Fibroblast
migration velocity has similar components as the tumor cell velocity (E) IF
velocity is heavily governed by the IFP pressure. (F) The chemical components
are advected by the fluid flow, creating positive gradients in the downstream
direction.
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Figure 3.5: Collective tumor cell migration. Fibroblasts lead tumor cells
towards the lymphatics. The initial conditions put fibroblasts in a "half-moon"
on the left side of the primary tumor. (A) Tumor cells follow the tracks made by
fibroblasts which determines their direction while also increasing their migration
velocity. (B) The draining lymphatics are placed in the corners of the domain,
where the fibroblasts are migrating towards. (C) Chemokine is transported by the
flowing fluid and is drained by the lymphatics. There is however accumulation of
chemokine at the lymphatics. (D) TGF has a similar distribution as chemokine,
but only on the left side of the domain.

26



(A) IF pressure (B) Fluid velocity field
0

2 3 2 e
e N
R 0.4
20 E 3 0.3
- 37
1 8 023
10E 23
0.1
0 0 0
(©)
2 0.3 03
_ g
— R
02§ 02% %
- : :
2 g
012 01Z §
g
0 0 0
0.4 02
0.3 0.15
029 01 B
) g,
0.1 0.05
0 0

Figure 3.6: Simulation results of cervical carcinoma. There are thick ECM
bands within the tumor that causes high heterogeneity in intratumoral IFP. (A)
Interstitial fluid pressure in mmHg. (B) The resulting interstitial fluid velocity.
It is highly heterogeneous due to the ECM bands that do not allow fluid to
flow through them. (C) Tumor cell volume fraction at the end of simulation.
At the northeast part of the tumor, a group of cells have detached themselves
from the primary tumor. (D) Fibroblast volume fraction is invading the tissue
fairly heterogeneously. (E) Chemokine is increasing in concentration towards
the lymphatics, where it is drained. (F) TGF is produced by the fibroblasts and
transported towards the lymphatics, leading the fibroblasts to migrate in the
same direction.
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Chapter 4

Conclusions and further work

This work started out with a fairly simple two-phase model, inspired by oil-water
multiphase flow modeling (Standnes et al. , to investigate the interaction
between cancer cells/fluid and the solid matrix in simulations of tumor cell
migration. It consists of two continua, the tumor cells and interstitial fluid,
and consider both the direct and indirect interaction between these two phases.
Motivated by the in silico and experimental work by Fleury et al. and
Shields et al. we capture the cell migration mechanism described in these
work in our model , autologous chemotaxis. The cancer cells now has
the ability to both randomly migrate with no directionality through cell-cell
interaction, but also directed migration towards a chemical gradient. We also
identify parameters within the model that can pertain biological characteristics
with regards to cell aggressiveness.

However, if we consider a tumor, our model suggests that only having chemotaxis
as the migration mechanism is not sufficient to cause tumor cells to detach them-
selves from the primary tumor. This is due to chemotaxis often only causes cancer
cells to migrate in the downstream direction and nothing in the opposite direction
to arrest the cells in the primary tumor. There has been reports on many different
migration mechanisms (see, yet the mechanism we investigate next in
our model relies on interstitial fluid flow velocity. The computational model uses
well established methods from water-oil modeling to create realistic interstitial
flow fields, making it natural to pursue a cell migration mechanism related to flow
velocity. The extension to the two-phase model is motivated by the experimental
work by Polacheck et al. where it was discovered that tumor cells may, in
competition to downstream chemotaxis, migrate in the upstream direction due
to fluid stress imposed on the cancer cells. The mathematical model is able to
demonstrate the relative strength of these opposing mechanisms, and elucidate
how one of the mechanisms can be dominant under certain circumstances. In
addition, the balance between all the different interaction forces are investigated

in depth (Paper IIJ).

We expand the one-dimensional model in [Paper 11| to a two-dimensional idealized
tumor. In the experimental one-dimensional setting, we achieve fluid flow by
applying boundary pressure. To imitate a tumor, a vascular and lymphatic
system is introduced, which will produce and drain the fluid. This in turn
yields a pressure buildup within the tumor, through a sophisticated production
and drainage term, which causes the fluid to flow. This allows us to use the
experimentally observable behavior of cancer cells in our model to envision how
it will all play out in a tumor setting. In particular, how the interplay is between
the competitive upstream and downstream migration. The simulations show that

29



4. Conclusions and further work

these opposing mechanisms can cause invasion into the tissue by cancer cells,
which consequently may lead to metastasis. While chemotaxis is leading cancer
cells to migrate in the direction of flow, the upstream migration is arresting
cancer cells to stay put. Groups of cancer cells can detach from the primary

tumor and migrate towards the lymphatics (Paper I11)).

Another direction is taken from the two-phase model in [] to include another
phase, making it a three-phase model consisting of tumor cells, interstitial fluid
and fibroblasts. The new addition of fibroblasts is proposed to enhance the
tumor cell migration, making it more robustly invade the adjacent tissue. A
study performed by Shieh et al. suggests that fibroblasts also migrate due
to autologous chemotaxis, and leads cancer cells through primed ECM, making
it easier for cancer cells to migrate through the tissue.

A different study suggests that there is a direct mechanical interaction between
cancer cells and fibroblasts, allowing cancer cells to be pulled by fibroblasts in
the direction they are going Labernadie et al.

In these two fibroblast-enhanced migration mechanisms are in-
vestigated further in a computational setting. The computational model also
confirms that these two effects, or a combination of the two, can explain the
fibroblast-enhanced tumor cell invasion. Furthermore, the direct coupling has a
stronger ability to mobilize small cancer cell densities, as opposed to the ECM
remodeling which increases the larger cell densities.

We extend the three-phase model to a two-dimensional perspective to look
at the outcomes of fibroblast-enhanced cancer cell migration when we consider
an idealized tumor. Cancer cells in vivo often tend to migrate as a collective of
cells, in forms of for example sheets or strands Friedl et al. In combination
with what is reported in Gaggioli et al. that fibroblasts are able to act
as leader cells, we study how fibroblasts may lead cancer cells that maintain
their cell-cell contacts while invading the tissue . The two methods
of fibroblast-enhaned tumor cell migration described in are activated
simultaneously. It is evident that due to the presence of fibroblasts, tumor cells
are able to invade the adjacent tissue. The model suggests that tumor cells are
able to reach functioning lymphatic vessels through solely using fibroblasts as
their leader cells. These results support the strategy of targeting fibroblast-cancer
cell interactions as a method to decrease metastasis in patients.

In the preclinical study by Hansem et al. two xenograft models, HL-
16 cervical carcinoma and Panc-1 pancreatic carcinoma, were investigated. It
was reported significant heterogeneity in IFP and it was proposed that this
was associated with division of tissue into compartments separated by thick
connective tissue bands for the HL-16 tumors and with dense collagen rich ECM
for the Panc-1 tumors. The computational model has been trained to comply
with the experimental in vitro results by Shieh et al. which has identified
autologous chemotaxis, ECM remodeling and cancer cell-fibroblast interaction as
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drivers for invasive tumor cell behavior. Parameters that characterize the leaky
intratumoral vascular network, the peritumoral lymphatics tat drain the fluid,
and the density of ECM as represented through the hydraulic conductivity of the
interstitial space is fed into the model. The in silico HL-16 model illustrates that
sparse ECM, low ECM density, was associated with uniform intratumoral IFP in
spite of a heterogeneous microvascular network, whereas compartment structures
resulted in more heterogeneous IFP. In addition, the Panc-1 model shows that
the heterogeneity in the microvascular network in combination with dense ECM
structure prevents IFP to even out and gives rise to heterogeneous IFP. These
two models are aligned with the preclinical observations in Hansem et al.
Furthermore, the computer model illustrates how tumor cell may detach from
the primary tumor to create isolated islands within the adjacent tissue. However,
unlike the experimental study, the current version of the in silico model does not
show an association between the elevated IFP and the aggressiveness of the tumor.

While the model thus far has been effective at recreating the experimental
results, there are many aspects of the model that can either be improved upon
or extended in some way.

e The model is in a unique position to model the effect of therapeutic agents,
as the model is able to simulate the interstitial fluid flow field effectively
and fast. With the inclusion of a sophisticated way of calculating the
production and drainage of fluid, from the vascular and lymphatic system,
the model can be used to assess the drug distribution. This in turn could
be very helpful with regards to patient specific treatment, where several of
the parameters in the model can be specified for a certain type of tumor
and tissue.

o The first two-phase computational model in [Paper 1| has been split into two
different directions, one model investigating upstream migration and one
model is extended to three phases. However, it may be viable to explore the
possibility of those two model in combination. How will the model respond
to so many mechanisms? Will it be possible to achieve both collective tumor
cell migration and more distinct detachment from the primary tumor?

e Similar to the work by Weis et al. and their subsequent research,
where parameter optimization methods are used to improve the accuracy
of a mathematical model describing tumor development, a parameter
optimization technique could be applied to our model. This would further
improve the ability of the model to forecast how tumor cell will migrate, and
in combination with treatment strategies, the therapy efficiency
A parameter estimation study is currently being worked upon using the
mathematical model described in this thesis.

o Currently we assume that the vascular system is constant both in density,
permeability and its location. However, angiogenesis, i.e. formation of
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4. Conclusions and further work

blood vessels, would play a major role in how our mathematical model
behaves. This is due to how the vascular system indirectly affects the
chemical distribution through the interstitial flow field. In order to make
the model more realistic, inclusion of angiogenesis should be explored.

e The computer model can be extended to also involve a multi-scale approach
where one can explore tumor growth by considering major biological events
at both tissue, cellular and subcellular scale, similar to Rahman et al. 2017
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Arfif{e history: It has been demonstrated that interstitial fluid (IF) flow can play a crucial role in tumor cell progression.
Received 23 January 2018 In the seminal works by Swartz and collaborators (Fleury et al., 2006; Shields et al., 2007) it was discov-
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ered that due to this flow, chemokine ligands secreted by tumor cells selectively tend to bind to receptors
(CCR7) on the downstream side of the cells that in turn stimulate cells to migrate in the direction of the
flow. This migration process was denoted as autologous chemotaxis. Previous mathematical modeling of
autologous chemotaxis apparently has been restricted to single-phase considerations. The purpose of this
work is to explore how a multiphase approach can be used where the fluid and cancer cells are treated as
two separate phases with their own momentum balance equations. A mathematical model is derived that

Keywords:
Cell-migration
Multiphase flow

Interstitial fluid sheds light on essential nonlinear coupling mechanisms and interactions that are involved. The role

Interstitial fluid pressure played by fluid-ECM (friction type of term) and cell-ECM interaction forces (adhesion forces) are demon-

Lymphatic flow strated. In particular, a fluid generated stress term in the mathematical expression for the cell velocity is

Vascular flow highlighted. This term reflects how the flowing fluid will try to push the cancer cells in the downstream

‘21‘1“010%‘?“5 chemotaxis direction whose effect must be counterbalanced by the cancer cells by creating a sufficiently strong cell-
emokine

ECM resistance force. Moreover, in order to represent the autologous chemotaxis migration mechanism
we include (i) a component to represent stagnant ECM concentration (collagen); (ii) a chemical compo-
nent representing chemokine that can convect with the fluid; and (iii) a third chemical component to rep-
resent protease secreted by the cancer cells which is able to release ECM-bound chemokine through
proteolytic activity. The resulting model allows us to demonstrate how the autologous chemotaxis trans-
port mechanism is governed by formation of chemokine concentration gradients that are asymmetric and
skewed in the flow direction. We test the model behavior for a flow system with an external imposed
pressure gradient which is comparable with the laboratory experiments by Swartz and collaborators.
Sensitivity to changes in circumstances like blocking of the CCR7 receptor needed for autologous chemo-
taxis and elimination of the pressure driven IF flow (i.e., no flow) are explored and discussed. We also
illustrate the model behavior in an envisioned tumor setting where increased IF flow is produced from
leaky blood vessels that sit on the inside of the tumor. An increased fluid flow towards the region on
the outside of the tumor is then generated where it is adsorbed by lymphatic vessels and gives rise to
a characteristic elevated IF pressure profile that decreases at the tumor periphery. In turn, this results
in an autologous chemotactic driven migration of cancer cells at the rim of the tumor. The simulation
illustrates how the autologous chemotactic cell migration mechanism discovered by Swartz and collab-
orators possibly can be used as a means for metastasis by generating aggressive cell migration towards
lymphatic vessels.
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1. Introduction
1.1. Interstitial fluid flow in the tumor microenvironment

Interstitial fluid flow, the movement of fluid around cells and
through pores in the extracellular matrix (ECM), can have the abil-
ity to alter the tumor microenvironment which in turn can play a
major role in tumor progression. One of the effects that interstitial
fluid flow has on the tumor microenvironment, is creating a asym-
metric pericellular gradient of chemotactic proteins which the cells
migrate towards through chemotaxis. How such gradients arise are
critical in order to understand these processes.

Some of the chemokines that tumor cell migration is sensitive
to are CCL19 and CCL21, which are both ligands for the receptor
CCR7. Autocrine signaling is a well-described phenomenon in cells,
where the cell secrete chemokine, which may bind to the ECM to
be subsequently released proteolytically and diffuse away from
the cell. With the addition of interstitial fluid flow, this phe-
nomenon takes on a new significance. The chemokine will still dif-
fuse, but it will also advect in the direction of the flow, causing the
cells to chemotactically migrate towards this asymmetric chemo-
kine gradient created by the flow. See Fig. 1 for an illustration sim-
ilar to the one used in Shields et al. (2007) which describes
autologous chemotaxis as a means to metastasis. The flow direc-
tion is from the high pressure tumor toward the nearest low pres-
sure draining lymphatic vessel, and this flow acts as a guidance
mechanism for the cancer cells. This has been demonstrated in
the seminal work by Shields et al. (2007) for breast cancer cells,
which expresses a high density of CCR7 receptors such that the
ligands can efficiently signal.

1.2. The mechanism suggested by Swartz and collaborators

The tumor cells often respond to extracellular cues based on
gradients of morphogenetic and chemotactic proteins. One of these
responses is a mechanism suggested in Shields et al. (2007) where
tumor cells chemotact towards a draining lymphatic. The tumor
cells create a pericellular gradient of proteins which in turn may
be amplified under the influence of a subtle interstitial flow. The
chemokine or morphogen has matrix binding properties (Patel
etal., 2001) where the protein are secreted by the cells in precursor
forms that contain specific motifs that bind to components of the
ECM to be later released by cell-mediated proteolysis. A 2D math-
ematical model was presented in Fleury et al. (2006) based on
single-phase considerations where the main objective was to
demonstrate that the pericellular gradients formed by the cell-
secreted morphogen can result in a significant asymmetry when

CCR7-dependent
© autologous chemotaxis

‘ cCL21 o

Y
Convection from d'"us'

lymphatic drainage
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Fig. 1. Figure motivated by (Shields et al., 2007) illustrating the tumor microen-
vironment where lymphatics drain interstitial fluid, creating a fluid flow toward the
lymphatics. This fluid flow causes chemokine CCL21 to advect toward the lymphatic
vessel and thereby creating a chemokine gradient in the direction of flow. Tumor
cells armed with CCR7 receptor can sense this gradient and migrate toward it.
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interstitial flow is introduced. This asymmetry is what is thought
to drive the chemotactic migration of the cells in the direction of
the flow. The model is a steady-state convection-diffusion equation
for the concentration of the solute C; of the form:

(i=p,m) (1)

where v is the fluid velocity, solved using Brinkman'’s equation for a
sphere, C; refers to either protease C, or morphogen Cy,. In the case
of cell-secreted protease the reaction term is assumed as a first-
order protease degradation term, such that R, = —k,C, with a rate
constant k. In the case of ECM-released morphogen the reaction
term becomes R, = kgcuC,S where the morphogen bound to the
ECM is only released by proteolysis (with rate constant kgcy and S
is the concentration of bound morphogen). The cancer cell is treated
as a stationary semicircular disc which has either a constant surface
concentration or a constant surface flux of protein. The interstitial
fluid phase is considered as a constant velocity field which is used
in the calculation of the gradients.

In the experimental results obtained in Shields et al. (2007), the
tumor cells secreted the ligands CCL21 and CCL19 and expressed
the receptor CCR7. When interstitial fluid flow was introduced,
the tumor cells exhibited increased migration downstream. In
the event of using antibodies to block the CCR7 receptor, the
increased downstream migration ceased. Main observations from
the experimental results in Shields et al. (2007) are schematically
summed up in Fig. 2.

Further investigations are provided in the work by Shieh et al.
(2011) where the role of fibroblasts and its interaction with cancer
cells leading to increased cell migration, is elucidated. A main
observation from these experiments, by examining the interplay
between tumor cells, fibroblasts, and interstitial flow, is that flow
guides fibroblast invasion, leading to concurrent and increased
invasion of tumor cells through the ECM. Without interstitial flow,
fibroblasts did not affect tumor cell invasion.

VG =DiV?Ci +Ri

1.3. Interesting questions and challenges

However, to the best of our knowledge, its seems that previous
modelling aimed at shedding light on basic mechanisms involved
in autologous chemotaxis, have been restricted to single-flow
descriptions. Such formulations typically are based on Darcy’s
equation or the more general Brinkman’s equation, combined with
appropriate transport-reaction equations that can account for the
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Fig. 2. This figure is a summary of the experimental results shown in Fig. 7A in
Shields et al. (2007). We have focused on the results regarding the flow and its
effect on cell migration as a function of ECM-released chemokine. The role of
lymphatic endothelial cells (LEC) and secreted chemokine from them is not directly
accounted for in the model we consider. In particular, we will assess the
mathematical model in light of the results that show cell migration under flow,
with and without CCR7 blocking, and static (no flow) conditions (white columns).
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formation of chemokine gradients. Thus, some interesting ques-
tions from a modeling point of view that arise are:

(i) A single-phase model does not consider explicitly the com-
plicated interplay taking place between the cancer cells
and the IF flow. Such a model would require consistent for-
mulation of mass balance and momentum balance equations
for the cancer cells and IF with inclusion of various interac-
tion forces (cell-ECM and fluid-ECM). In turn, these balance
equations must be coupled to transport-reaction equations
that can represent the autologous chemotaxis mechanism.
What is a simplest possible multiphase system that can
describe autologous chemotaxis as a result of cell-fluid flow
coupled to a suitable transport-reaction system?

(ii) The IF flow is typically in the range 0.1-2.0 pm/s whereas
the cell migration velocity is perhaps at least a 100-fold
lower. The cell migration is strongly governed by cell-ECM
interaction (e.g.m through integrin), which is imperative to
a dynamic tumor environment. What is the natural mathe-
matical formulation that can incorporate the cell-ECM inter-
action such that the flowing IF to a little extent is able to
push the cancer cells in the downstream direction, consis-
tent with the experimental observation in Shields et al.
(2007), but largely is governed by a chemotactic migration
mechanism?

(iii) Another secondary mechanism mentioned in Shields et al.
(2007) for directed migration is that proteases are secreted
by tumor cells that are also subject to the biasing effects of
interstitial flow. This could in turn lead to increased migra-
tion in the direction of flow due to directed proteolysis. Pro-
teolysis of ECM results in the creation of haptotactic
gradients, which cells use to move in a directed fashion.
How can this possible haptotactic cell migration mechanism
naturally be taken into account in the mathematical model?

To set the stage we would like to cite the following interesting
comment made in Shieh and Swartz (2011) which highlights some
of the complexity:

“...interstitial flow can apply drag forces to the matrix, which can
transmit stress to nearby cells through integrin attachments.
Decoupling the mass transport aspects of interstitial flow from
the direct application of fluid shear to the cell and indirect mechan-
ical stimulation via the matrix and integrins remains difficult, if not
impossible - after all, when fluid flows, it generates shear forces
and transports solutes. Regardless, cells have a number of potential
mechanisms by which they can sense the changes in interstitial
flow associated with cancer.”

Some essential interaction forces that the mathematical model
should be able to account for are: (i) a drag force from the flowing
interstitial fluid (IF) on the matrix (ECM); (ii) a direct shear stress
on the cells from flowing IF; (iii) a direct interaction between cells
and ECM, i.e., the cells must be sufficiently strongly attached to
matrix/ECM to avoid being pushed directly in the direction of the
flowing fluid; (iv) an indirect mechanical stimulation caused by
the IF flow on the cancers cells via the matrix and integrins (inte-
grin is essential protein involved in cell-ECM interaction).

1.4. Aim of this work

The main purpose of this work is to propose a minimal system
that can account for downstream autologous chemotaxis transport
effect. More precisely, we propose a simplest possible system of
partial differential equations which accounts for both the intersti-
tial fluid (IF) and cell phase dynamics and include correlations to
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characterize cell-ECM and fluid-ECM interactions, in addition to
the interaction between cell and fluid. In a realistic setting all these
interactions most likely are coupled together in a complex and
nonlinear manner. The approach is based on a general multiphase
approach where the fluid and cancer cells are treated as two sepa-
rate phases with their own momentum balance equations. A sim-
plified model is derived that can shed light on essential nonlinear
coupling mechanisms and interactions that are involved. In order
to represent the autologous chemotaxis migration mechanism,
we include (i) a component p to represent a stagnant ECM concen-
tration (collagen); (ii) a chemical component C representing che-
mokine that can flow with the fluid through a convective term
and also spread by diffusion; and (iii) a third chemical component
G to represent protease secreted by the cancer cells which is able to
release ECM-bound chemokine C through proteolysis of ECM. This
may also result in the creation of haptotactic gradients in p, which
cells can use to move in a directed fashion. The flow system we
consider is not fully comparable with the one reported in Fig. 2
since we not explicitly represent the LEC component. This is a nat-
ural restriction since our main focus is on investigating the autol-
ogous chemotaxis mechanism. As reported in Shields et al. (2007),
the main effect of including LEC is to amplify the downstream can-
cer cell migration governed by the chemokine gradient.

1.5. Main findings

In order to highlight some of the main findings, we briefly now
introduce some essential variables that will be explained and
described systematically in Section 2. Firstly, we assume that the
cell phase and interstitial fluid are represented, respectively, by
the volume fraction o, and o, such that o + &, = 1. Moreover,
we use {y, ., and { to represent, respectively, the fluid-ECM inter-
action, cell-ECM interaction, and cell-fluid interaction forces.
Finally, the IF velocity is denoted by u,, whereas interstitial cell
velocity is represented by u.. It turns out that, subject to appropri-
ate simplifying assumptions, an expression can be obtained for the
cell velocity that takes the form

[aCZ:W] + 8 (x(‘ [iw + E]

U =-—== e VPy — ———=— V/(AP)
¢ (clw + ‘:[éc + éw] v (elw + é[(c + zw]
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> 2 2
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VA, p).

In the first equality of (2) we see that u. involves three compo-
nents: (i) A first component that depends on the IF pressure P,, sig-
naling that the cancer cells feel a stress from the flowing fluid
caused by the imposed external pressure gradient VP,,; (ii) A sec-
ond component that involves the gradient of AP where AP denotes
a stress due to cell-cell interaction. The effect of V(AP) is to give
rise to a (weak) diffusive like cell migration; (iii) A third compo-
nent that involves the gradient of a function A = A(C, p) which
reflects cell migration in the direction of a positive gradient in
the chemokine C (chemotaxis) and positive gradient in fiber p
(haptotaxis) caused by cell-secreted protease which can degrade
and remodel ECM through proteolysis. Main focus in this work is
on chemotaxis, however, we also include dependence on p to illus-
trate the possibility to account for a hapotaxis effect. See for exam-
ple the recent work (Oudin et al., 2016) for the possible role played

45



J.0. Waldeland, S. Evje/Chemical Engineering Science 191 (2018) 268-287 271

by haptotaxis. Note that all three terms involve coefficients that
depend nonlinearly on the interaction forces expressed by (., Zc,
and . Hence, the resulting cell velocity u. involves a tuned balance
between these three different interactions forces.

The second equality of (2) represents an equivalent formulation
of the three cell velocity components. In particular, it reflects how
the first term is sensitive to the IF velocity u,. Herein,
Ur = acuc + oy, is the total velocity which is dominated by the
IF velocity u,, (which is much higher then the cell velocity u.).
Fig. 2 reflects that flow + blocking of CCR7 gives rise to only a small
degree of downstream cell migration when chemotaxis is nullified.
Thus, it is clear that only a small cell migration effect is caused
directly by the IF flow. Consequently, this term is useful as a means
to extract information about how to set the strength of the cell-
ECM interaction term . relatively the strength of the fluid-ECM
interaction term Z,,. We test the model behavior for a flow system
with an external imposed pressure gradient giving rise to a fluid
velocity which is comparable with the one considered in the flow
experiments in Shields et al. (2007). In particular, the model
illustrates how a gradient in chemokine C is a result of protease
G secreted by the cancer cells which interacts with ECM p and lib-
erates chemokine whose concentration is skewed in the direction
of IF flow. Sensitivity to changes in circumstances like blocking
of the CCR7 receptor needed for autologous chemotaxis and elim-
ination of the pressure driven IF flow are explored and discussed in
Sections 4 and 5.

The model formulation is general enough to also use in a tumor
setting where we can include source terms in the mass balance
equation for IF that account for the fluid drainage caused by flow
between blood vessels and lymphatic vessels. We illustrate the
model behavior in an envisioned tumor setting where increased
IF flow is produced from leaky blood vessels sitting on the inside
of the tumor. This results in an increased fluid flow towards the
region on the outside of the tumor where it is adsorbed by lym-
phatic vessels and gives rise to a characteristic elevated IF pressure
profile P, that decreases at the tumor periphery. In turn, this gen-
erates an autologous chemotactic driven migration of cancer cells
at the rim of the tumor. The simulation illustrates how the autolo-
gous chemotactic cell migration mechanism discovered by Swartz
and collaborators possibly can play a role in progression of a tumor
and metastasis by generating aggressive cell migration in the
direction of lymphatics. By this it is also illustrated how the model
can be used as a tool to upscale laboratory experiments to a more
realistic tumor setting.

2. A Fleury-Shield-Swartz multiphase model for autologous
chemotaxis

The multiphase approach represents a general approach where
more details of the involved physical forces and interactions
between different phases (cell population, extracellular fluid, tis-
sue, etc) can be taken into considerations. In this modeling frame-
work, the tumor-host environment is considered as a mixture of
two interacting dynamic continua: the cellular phase comprises
tumor cells represented by a volume fraction «. and density p,
moving with a velocity u. and the extracellular fluid phase repre-
sented by the volume fraction o, and density p, moving with a
velocity u,. The rigid extracellular matrix (ECM) also fills a part
of the total volume, but this volume is in the following taken to
be constant, i.e., there is no dynamic change in volume of ECM
by degradation/deposition. Hence, we may write that

O+ 0y = 1 3)

to account for the volume where cells and fluid can move. In the fol-
lowing Section 2.1, we first give a brief review of the cell-fluid
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model studied in Evje (2017) developed in the context of a growing
cell aggregate in gel where the cell migration mechanism essen-
tially was dictated by cell-secreted protease G that degraded ECM
p and created chemotactic and haptotactic cell migration. Then, in
Section 2.2 we modify the model in order to better represent the
cell-fluid-matrix system studied in Shields et al. (2007) and to make
it suitable for taking into account an external interstitial fluid (IF)
flow generated as a result of pressure difference at the boundary
or due to drainage of IF caused by source terms. In particular, we
also have to add a transport-reaction equation to represent the che-
mokine component and modify the equation for the protease such
that it can spread by convection.

2.1. A previous cell-fluid model

The cell-fluid model studied in Evje (2017) takes the following
form (we refer to the publication for more details, motivation,
and interpretation, as well as (Standnes et al., 2017; Standnes
and Andersen, 2017; Qiao et al., 2018; Evje and Wen, 2018) for
related works in the context of water-oil flow in porous media):

(0cpe)e + V- (Aeplac) = pSe, Sc = e <111 — 2120 — 13 p£>
M

(Owpy)e + V- (Cawpyliw) = —py,Se
V(0eA(G, p)) + VP = —Ecte + L(uy, — 1) + &V - (0 p, V)
0w VPy = *gwuw - E(HW - ut) +ewV - (awpwv“w)

pi=—InGp+p (7.22 — 230 — /a4 pi)

M
Gt =V - (DcVG) — 431G + A3201, XxeQ, t>0,

(4)

where u; = (u¥,u,u?) for i = c,w. The parameters &, ¢, refer to the
kinematic viscosity and we have assumed a linear relation between
strain rate tensor and stress tensor (Newtonian fluids) (Kirby, 2010).
The above model must be combined with appropriate pressure-
density closure relations p; = p;(P;),i = c,w in addition to a func-
tional form for the potential function A (expressing the force
involved in chemotaxis and haptotaxis) and the capillary pressure
AP = P, — P,, (expressing cell-cell interaction). We have used

AP:PC_PW:’VJ(“WPW)‘ (5>

Herein, y > 0 is a coefficient (unit Pa) that depends linearly on the
surface tension (unit Pa m) whereas J(x,p,) iS a monotonic
decreasing dimensionless function with respect to the fluid mass
owp,,- The ability of the cancer cells to generate an additional direc-
tional force is expressed through the potential function A(G, p)

A(G,p) = Ao + Arexp(=6:G = &p), (6)

where Ao, Ay, &1, and ¢&, are constant parameters with units, respec-
tively, as [Ao] = [A1] = Pa and [&] = [&,] = m® /kg.

There is a drag force (that acts opposite of the direction of
movement of the fluid) between the extracellular fluid represented
by the fluid velocity u,, and the ECM structure (fibers). The drag
represents the net force in the direction of the fluid flow and is
caused by pressure and shear stress forces acting on the surface
of the object. We use the following expression for this force (moti-
vated by general multiphase flow modeling)

Ew = Iwkwarwwa kw > 0: rw < 27 (7>
with I, = & > 0. Similarly, there is a drag force between the cells
and the ECM (fibers) that acts opposite of the direction of the move-

ment of the cells represented by the cell fluid velocity u,,

to=lkor,  Ik.>0, 1.<2, (8)
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where I. (Pa s/m?), ke and r. must be specified (the two last are
dimensionless).

Finally, there is also an interaction force between the cell phase
and the fluid which is caused by pressure (isotropic) and shear
stress forces on the surface of the cell phase. This effect is
accounted for through the term ¢ (uy, —u,), see (4); 4 where

t=lkocony, Lk>0, 9)

where I (Pa s/m?) remains to be determined as well as the dimen-

sionless k. Note that this force term will vanish when one of the
phases vanishes.

In Evje (2017) it was investigated how the above model could
be used to address issues like (i) the role of cell-cell and cell-
substrate adhesion through capillary pressure; (ii) pattern forma-
tion which involves detachment of small cell clusters from the pri-
mary tumor; (iii) elevated pressure associated with the primary
tumor and important for the interstitial fluid flow; (iv) sensitivity
to the physical resistance forces from the surrounding ECM
depending on whether fibers are aligned or arbitrary distributed.
In particular, it was also explained how the above two-fluid model
can be reduced to a model which is closely related to models stud-
ied by Chaplain and Lolas (2005, 2006) by imposing some simpli-
fying assumptions. However, these assumptions (and the
resulting model) are not appropriate when we want a model that
allows us to study the interplay between cancer cells and intersti-
tial fluid flow as investigated by Swartz and collaborators (Fleury
et al., 2006; Shields et al., 2007; Shieh et al., 2011; Shieh and
Swartz, 2011). Some essential differences are:

(i) In order to use the model in a tumor setting one should add
source terms to the IF mass balance equation to account for
increased fluid flow from leaky blood vessels and a related
adsorption of IF through lymphatic vessels on the outside
of the tumor rim;

(ii) For realistic modeling of the impact of the IF flow, both in a
laboratory setting and tumor setting, it is crucial to include
the fluid-ECM interaction term (7) to create the elevated IF
pressure as a function of tumor conductivity and fluid rate.
Similarly, it is also essential to account for the cell-ECM
interaction term (8). This term is needed in order to ensure
a realistic cell velocity relatively the IF velocity. While the
later typically is taken to be in the range of 0.1-2.0 um/s,
the cell velocity is more in the range of 0.1
pm/ min = 0.0017 pm/s (Polacheck et al., 2011; Haessler
et al.,, 2012), i.e., a 100-fold lower.

(iii) Finally, the transport-reaction part of the model (4), i.e., the
two last equations, must be modified and extended in order
to describe the autologous chemotaxis mechanism eluci-
dated in Shields et al. (2007).

2.2. A Fleury-Shields-Swartz cell-fluid model for autologous
chemotaxis

First, we make the following assumptions in (4):

(i) incompressible phases: p., p,, are constant;

(ii) viscosity terms in the momentum balance are ignored, i.e.,
& =&y =0;

(iii) we add a source term Q = Q, — Q, in the IF mass balance law
(4), to account for the drainage of interstitial fluid due to
leaky blood vessels inside the tumor (intra-tumoral region)
(described by Q,) and adsorption through the lymphatic
vessels on the outside of the tumor (described by Q).

The objective is to further modify this model to include the
transport mechanism presented by Swartz et al. Hence, a new spe-
cies is introduced to (4) which corresponds to the free CCL21 and
described by the following transport-reaction equation:

2 Ve
C[:V»(DCVC)fv-(uWC)Jer <i41 — a2 (&) — /43 (&) ) — J4q0l.
(10)

The CCL21 concentration C is governed by diffusion, advection
and production by protease G that liberates ECM-bound CCL21.
The production of chemokine is determined through a logistic
growth term, which is activated only when both protease G and
ECM p are present. The logistic term regulates the production of
chemokine such that it will not exceed a maximum concentration
Cy. The second /4,-related term of the logistic function reduces the
production as the chemokine increases. The third /4;-related term
stops the production when it reaches the maximum concentration
Cy. In addition, the v¢ coefficient defines when the production of
chemokine is strongest. The last term in (10) with rate coefficient
/a4 describes consumption of chemokine by the cancer cells. The
chemokine may be consumed through cell binding and internaliza-
tion. The kinetics of receptor-ligand interactions are highly specific
and dynamic, we have therefore included a simplified consump-
tion term in our model.

Further, the component G described by (4)s is assigned the role
as cell-secreted protease species discussed in Shields et al. (2007).
The transport-reaction equation associated with G takes the form

G =V (D6VG) - V- (WaG) — G + e (i — i3 (&) °). - (1)

The new aspect here is that protease is transported by the fluid
flow through a convective term V - (u,,G). A logistic growth term is
used to regulate the production of protease in the same manner as
for chemokine described above, except that there is no cell con-
sumption term. From (4), combined with (10) and (11) and the
assumptions (i)-(iii), we get

(o) + V- (o) = S, Se =0 (211 — 120t — 213 pi)

M
(O(W)[ +V- (awuw) = *Sc + Q: Q = Qy - Ql
O!(VP( = _‘zcuc + E(uw - “c)
fxva = *;lelw - ;V(llw - uc)
pr=—InGp+p (/122 — J230 — J2a i)
Pum

G =V (D¢VG) — V- (1,G) — iz1G

.G
+ e <}~32 — 33 (@) >
Co= V- (DeVC) — V- (u,C)

(12)

) c’ c.re
+Gp| Aa1 — a2 (G) — a3 (a) — a0
Here we implicitly treat the cell phase as a fluid like phase but
where we add cell-specific features to the momentum Eq. (12);
by letting the cell phase pressure P, feel additional stress due to
cell-cell interaction AP and migration due to chemotaxis/haptotaxis
A through the relation

P. =Py, + AP(a,) + A(C, p). (13)

This means that the stress P. associated with the cancer cells
differs from the IF pressure P,, because of the cell-cell stress term
AP given by (5) and the chemotaxis/haptotaxis stress term
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A. Since CCL21 has been identified as a source for chemotactic cell
migration partly due to cell-secreted proteases that release CCL21
from ECM as reflected by Fig. 2, the potential function A is altered
to depend on C and p such that it takes the following form

_ M
1+exp(—¢1(C—Cu) — &(p— pu))

This gives rise to the mechanism proposed by Fleury et al. (2006),
Shields et al. (2007), where the cell migration due to chemotaxis is
now dependent on the chemokine CCL21 concentration. We will
see later, see for example Remark 3.1, from the general expression
for the cell velocity u., how cells will then generate directed motion
towards the chemokine gradient. The inclusion of p means that the
protease-dependent remodelling of ECM also can give rise to a hap-
totactic cell migration in the direction of positive gradient in p.

A(C,p) = Ao (14)

Remark 2.1. Using the transport mechanism suggested in Shields
et al. (2007)) we consider that cells require CCR7 receptors for
migration, which have the corresponding ligands CCL21 and
CCL19. In our model as described by (10) we will only take
CCL21 into account due to its matrix binding property, which may
skew the chemokine gradient further downstream of the initial
tumor through the advective term V - (u,C) when liberated from
the ECM by protease G. Including CCL19, which is secreted by the
tumor cells, and assuming that we treat CCL19 and CCL21 as one
component C, may not contribute in an essential new manner to
the overall gradient due to the logistic growth function in (10). On
the other hand, if we represent CCL19 and CCL21 by two different
variables, say C and D, and add a new transport-reaction equation
for D combined with inclusion of D in the A-function in (14), that
could clearly increase the strength of the chemotactic migration.
However, the two migration mechanisms would be of the same
nature and may not add any essential new insight, to the best of
our understanding.

Remark 2.2. The two momentum balance Eqs. (12); 4 are a conse-
quence of the general momentum balance equations

0=V (00— Ecuc + Z(“w —u.) + PV,

s S (15)
0=V- (OCWUW) — {wlc — g(uw - “c) + P, Vo,

combined with the simplified stress tensor ¢; = —P;l (i = ¢, w) that
accounts for the isotropic pressure only and ignores the viscous
stress tensor. This approach is similar to the one used in Breward
et al. (2003) and slightly different from what was done in Evje
(2017) as seen in (4)3 where the stress-related term A appears as
a separate term, which in turn was motivated by (Byrne and
Owen, 2004). In (12) the stress term A is accounted for in (13).

In the next subsection, we give a brief summary related to vascu-
lar and lymphatic flow in the context of tumor dynamics repre-
sented by Q = Q, — Q,. We mostly follow along the lines of (Jain
etal., 2014). This serves as a motivation for the numerical examples
in Section 4 where we consider a one dimensional strip through a
tumor microenvironment as sketched in Fig. 3 and include the IF
drainage due to leaky blood vessels inside the tumor and adsorption
via lymphatics in the surrounding microenvironment. We refer to
(Wiig and Swartz, 2012) for a comprehensive review that integrates
biophysical, biomechanical, and biological aspects of interstitial and
lymph fluid flow. For more information about the possible role
played by lymphatic drainage in the context of tumor cells we refer
to the review paper (Swartz and Lund, 2012).

2.3. Vascular flow Q,,

Lymphatic flow is an important component of the circulation. In
nearly all tissues, plasma leaks out of blood capillaries, flows
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Fig. 3. Schematic figure of a tumor microenvironment motivated by an illustration
in Koumoutsakos et al. (2013). Mechanical properties of the tumor microenviron-
ment: radial solid stress exerted by the growing tumor (gray arrows), enhanced
extracellular matrix (ECM) stiffness (green fibers), elevated levels of interstitial
pressure (blue arrows), and increased interstitial flow (red, purple, and yellow
arrows). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

through the interstitium and drains into lymphatic vessels, where
it passes through lymph nodes before being returned to the venous
blood. 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 net-
work of collagen fibers, along with other fibrillar and space-
filling proteins and molecules, 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 move
through the extravascular space of the tissue. Starling’s Law is used
for the flow of fluid in the interstitium given by

Qo = Tu(P, = Py — or(m, — ) = Ty (P, — P,
(16)

with P,* = P, — or(m, — my). Here L, is the hydraulic conductivity
(m? s/kg = m/Pa s) of the vessel wall, S,,/V (m~') the exchange area
of blood vessels per unit volume of tissues V, P; and P,, the vascular
and interstitial fluid pressure, 7}, and 7, the osmotic pressure in the
vascular and interstitial space and ¢ the osmotic reflection coeffi-
cient for plasma proteins.

2.4. Lymphatic flow Q;

The lymphatic network drains excessive fluid from the intersti-
tial 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,
and they are hyperplastic and exhibit increased flow at the periph-
ery. 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. Similar to (16) we use an expression of the following
form to express the fluid adsorption through lymphatics

T,:L,ﬁ. (17)

Q=Ti(Py—P;), d

Here L, is the hydraulic conductivity of the lymphatic vessel walls
whereas S;/V is the surface area of the lymphatic vessel per volume
unit of tissues V and P; is the effective lymphatic pressure. As we
have mentioned earlier, intratumoral lymphatics are dysfunctional
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and thus, it is common to consider lymphatic flow to be negligible
inside the tumor.

2.5. Rewritten form of the Fleury-Shields-Swartz model

In this section we will rewrite the model (12) to make it more
transparent. In particular, we will obtain explicit expressions for
cell velocity u, and IF velocity u,,. From (12) we have, after we have
made it dimensionless (see Appendix A) and also used (13)

Ot + V- (0cle) = Se, Se = 0c (/111 — A120c — 213 p£>

M

Ot + V- (0wlly) = =Sc + (Q, — Q)

0V (Py + AP(e1y) + A(C, p)) = —Leue + LUy — )

0w VPy = —Lutty, — 5(“w -u)

Py = —IinGp + ,0(2122 — J230c — 124(£)>
Pm

G =V (DcVG) — V- (u,G) — 151G

G
+ 0 (bz — 33 (m) )
C; =V - (DcVC) -V - (u,C)

) c? c e
+Gp (Ml — a2 (m) — 43 (a) > — 24a0lc

(18)

with w; = (uf,u},uf) for i = c,w. The model is combined with the

i

boundary condition

" 0
Pylyo =P, —G

0
e =0 C

— =0, t>0
o v

0Q

where P* is a specified known pressure at the boundary of the
domain Q and v is the outward normal on 9Q and i = ¢, w. The cor-
responding initial data are

(Xt =0) = ao(X). p(X.t=0)= po(x),

G(X,t=0) = Go(x), C(X,t=0)=Co(x) (19)

for x € Q. We now rewrite the model to reveal the essential compo-
nents that govern the IF velocity u,, as well as the cell velocity u,.

We can write the momentum balance Eqgs. (18)34 as
o VPy = {c — (o + uy 0)
% VA(C, p) + 0 V(AP) + 0 VP, = —({c + Ou + Luyy

2.5.1. Expressions for cell velocity and IF velocity
We can solve for u,, and u. from the 2x2 linear system (20) and
find that

77;A[accglﬁ+g wqﬁac[gi”jﬂa v(AP)
Celw + L[ + ul Celw + e + Cul
_ T gac )
Lebw+ClLe + 8] ’ 21)
S - Sk G

2N A N R N A
fch

- VA p).

Celw + C[Ce + Cul

Hence, the corresponding Darcy velocities U. = o,u. and
U, = o,u,, (also referred to as superficial velocity) are given by

U, = o, = —1VPy — JV(AP) + 2% G(AP)
(elw +C[‘:c+lw]
“3VA(C, )+ TR GA(C,p),

Eelw + Ll + Lw)

Uy = oty = i VPy — 228 y(ap)
(clw + C[[:c + éw]
Y S, 22)

Lol + L+ Gu]

with generalized mobility functions /. and %, of the form

oo bl vl
Cclw + g[gc + éw] (23)
s (o2l +awd
‘w = T2 = D)
and total mobility i given by
N 2% 27 #
= Gt = B Tl E (24)

Cebw + Ul + L)
Summing the two mass balance Egs. (18); > and making use of
(3), we find the following equation

V‘UT:V'(Uc+Uw):Qz/*QL (25)
From (22), it follows after a summation that
Ur =U, + U, = —i; VP, — i.V(AP) — i .-VA(C, p). (26)

By using V- on (26) and referring to (25), we then arrive at
~(Q,—Q) ~ V- (LV(AP)) = V- (icVA(C, p))

= V- (irVPy). 27)

This gives an elliptic equation for P,, that can be solved subject
to the boundary condition Py|,, = P*. This in turn allows us to
compute Ur from (26). Next, we want to eliminate the explicit
dependence on IF pressure P,, in (22). We refer to Appendix B for

details. Here we only note that this gives us the following expres-
sions, expressed in terms of interstitial velocity u, and u,,:

B [ 002,

028y + 028+

ttelw +{
020w + 02l + ¢

u.=Ur V(AP)

2
e waen
T Twe TR , (28)
u, = Uy _ OlwGe +AZ _ _ acawA _ V(AP)
odlw +0g e+ [odlw ol +
2
%M YA, p).
o2l + 0l + ¢
2.5.2. Rewritten version of the model
The model (18) then takes the simpler form:
Ot + V- (o) = Sc
pr=—nGp + P(lzz — Jg30c — 124(£)>
Pm
G =V - (DcVG) =V - (u,G) — 13,G
(29)

. G
+ 0tc ()vzz — 33 (m) >
C; =V (DcVC) -V - (u,C)
., c? C e
+Gp (Mn — a2 (G) — a3 (m) > — Aaa0l,
where the interstitial cell celocity u. is given by (28);. Similarly, u,,
is given by (28), and appears in the convective terms in the

transport-reaction equations for G and C which reflect that the
secreted protease G and released ECM-bound chemokine C flow
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with the fluid flow velocity. Moreover, in order to compute Ur we
first solve the elliptic problem for P,

—(Q,—Q) =V (iV(AP+ A(C,p))) = V- (s VPy),

30

Pylyg = P G0
Knowing P,,, we use (26) given by

Ur = —4;VP,, — i.V(AP) — i, VA(C, p) (31)

which is required in the calculation of u. and u,, in (28). Alterna-
tively, we can write the model (29) in the form (see (61) in Appen-

dix B for definition offc(occ) and fl(af))
%t + V- (Urf (o)) = V - (h(2) V(AP(0x))

+ V- (W) VA(C, p)) +Se
Py = —J1 Gp + p<;~22 — A30lc — 424(£))

Pm
G =V -(DGVG) - V- (u,G) — 13,G
+ Ol (&z — /33 (%) G)

C,=V-(DcVC) -V - (u,C)

(32)

) c? C.e
+Gp (Ml — a2 (m) — a3 (m) > — Aaq0lc.

The model (29)-(31), combined with (28), is subject to the
boundary condition

0 2
W =0 =C

. &€ =0 t>0 (33)

0Q

where v is the outward normal on 9Q and i = ¢, w. The correspond-
ing initial data are
Ole(X, = 0) = o (X),
G(x,t = 0) = Go(X),

P, t=0)=p,(X),

C(x,t =0) = Co(X). (34)

Remark 2.3. Note that from the elliptic problem (30) we extract
the IF pressure field P,, which largely determines the total velocity
Uy through (31). This shows how an imposed pressure through the
boundary pressure P* (which is typically the case for laboratory
experiments as in Shields et al. (2007)) strongly impact IF pressure
Py, and in turn the resulting IF velocity u,, through its dependence
on Ur via (28),. Similarly, we see from (30) the crucial role played
by IF flow due to leaky blood vessels and adsorbing lymphatics
through Q = Q, — Q, which is relevant to include if we employ the
model in a tumor setting.

Remark 2.4. Regarding the cell velocity u,, the expression (28);
identifies three different cell migration mechanisms:

Ue = U fyidstress + Uc cell-cell + “c.chemolaxis,/haptotaxis

with
el +¢
U fluidstress = UT % s
Oelw + 0L + ¢
002
U cell—cell = — % V(AP), (35)
e bw + 0 Ce +¢

002,
02w + 0L + ¢

VA(C, p).

uc,chemotaxis/haptotaxis =

The first term u. guigsress Fepresents a stress caused by the flowing IF
on the cancer cells. Experiments as reported in Shields et al. (2007)
and reflected in Fig. 2 indicate that cancer cells to a large extent will
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resist the direct pushing force represented by this stress. The second
term U . _cen accounts for a diffusive cell-cell repelling force that
leads to a more or less weak non-directional migration. The third
term W chemotaxis/haptotaxis Teflects a directional cell migration towards
positive gradient in chemokine C and ECM component p.

A main objective of this work to provide a multiphase model
that can illustrate and shed light on different aspects of the autol-
ogous chemotaxis cell migration mechanism. Note that all three
terms in (35) involve coefficients that depend nonlinearly on the
interaction forces expressed by (.., and {. Hence, the resulting
cell velocity u. involves a more or less fine tuned balance between
these three different forces. Next, we will consider correlations for
these interaction forces, essentially motivated by multiphase
creeping flow in porous media (Evje, 2017; Qiao et al., 2018), and
then try to obtain more insight how parameters should be set to
give a cell migration behavior which qualitatively is consistent
with those reported and discussed in Shields et al. (2007). In addi-
tion, we need to set parameters associated with cell-cell stress
term AP as expressed by (5) and the chemotaxis/haptotaxis stress
term A given by (14) to achieve this consistency. For the sake of
clearness and simplicity we will in the rest of this work restrict
our investigations to a one-dimensional version of the model (29).

3. One-dimensional version of the Fleury-Shields-Swartz model
3.1. Specification of interaction force terms

We now focus on the 1D version of (29). We also assume that
certain aspects of the fluid-cell interaction is ignored by setting
¢ =0. That is, we ignore a shear stress effect on the cancer cell
aggregate caused by the flowing fluid. This simplification is com-
pletely consistent with traditional modeling of two-phase flow in
porous media based on Darcy’s extended law (Wu, 2016; Qiao
et al., 2018). Consistent with (7) and (8), see also (Evje, 2017;
Qiao et al., 2018) for more details and motivation, we consider
the following choices for Z,, and ,:
t=o0. (36)

We may think of I,, I as parameters reflecting "static” properties
of the tissue like I, = u,, /K, whereas f<w, kc can account for dynamic
properties, i.e., various coupling mechanisms related to for example
ECM fiber alignment and other changes in the microenvironment
caused by the IF flow. It seems natural to interpret {,, and {. as direct
interaction forces (drag force effect), respectively, between fluid and
ECM and cell and ECM whereas the ignored term { may be linked to
indirect mechanical stimulation caused by the IF flow on the cancers
cells via the matrix and integrins, as mentioned in the introduction
and discussed in Shieh and Swartz (2011). We now consider the

dimensionless domain Q = [0, 1]. The cell and IF velocities u. and
u,, from (28) takes the form:

T otclw _ 002,
R PITY. 028, + 027
cCw whe cow + 0

flow — generated stress dispersion

Zw = Lykyory ;’c = Ickcos,

(AP),

(A(C, 0))s

e
02w + 02, e
chemotaxis/haptotaxis

ol
uy = Ur 2% 27
g Cw + 0y, Ce

2
{ e }(A(c, Py

02l + 02

(37

020t
OC%évw + OC‘Z,V‘:C

(AP),
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The corresponding Darcy velocities U. = acu, and Uy = Uy
are given by

2o,
02w + 0L

2w
02l + 02, Cc

UC:O(CUC:UT|: <AP)x

2 n2
N
o2l + 02,

(A(C, )

27 22 <38)
Uw = ohltw = Ur cdwgc =t ;“C“W | (AP),
“?éw + (x\%véc a?‘;w + “@Cc
a2,
—5 = [(A(C, p))y-
L@Cw +o2fe *
Moreover, the model (29) takes the 1D form
Olet + (aCuC)X = sc
R 0
pr=—InGp + ,0<)~22 — J230c — A24(L))
Pm
Gt = DGy — (uwG), — 231G
(39)

G
+ 0o (232 - A33(@) )
Ct = DcCrx — (uwC),

) c? c.re
+Gp (Ml — a2 (@) — 43 <G> > — J4a0lc,

where u. and u,, are given by (37). In order to compute Ur we first

solve the 1D version of the elliptic problem for P, (30)
= (Qu = Q) = (AP + A(C, p)))y = (rPun ) (40)
Pulo =Pl Pules =P

Herein, by (23) and (24) and after we have made use of (36), we
obtain the following expression for the mobility functions A, i, Ar:

2 2
Ge=te %"
SVE Ickc
2 21
- o o,
Iy= = (41)
{w Iwkw
i = 0(3 v“ﬁ Jf O(‘ZNCC _ Iwkwg(?*rr 1},» {Ckfocfvffw _ (xftrc o(fvirw ’
(elw Iflwk[kw Ickt Iwkw

with r¢, 1, < 2. Knowing P,,, we use the 1D version of (31) given by
Ur = —ir(Pw)y — 2(AP), — Jc(A),. (42)

Thus, knowing Ur, we can evaluate the flux term o.u, = U, com-
pletely which occurs in (39); by referring to (37); or (38);. Simi-
larly, we can compute u,, from (37), which is needed in (39)3 4.
The model (39) is combined with the boundary condition

Gxly01 =0, Cily_01 =0, t>0. (43)
The corresponding initial data are
(X, t =0) = 0o(X), px,t=0)=py(x), (a4)

G(x,t = 0) = Go(x), C(x,t=0)=Co(x)

for x € Q.

3.2. What controls the strength of the flow-generated stress on cancer
cells?

We have from

Ue = Urfe(oe) —
Uw = Uwa(o‘c) +,:l

(38) that

) (AP(ow)) — h(2e)(A(C, ).
o4

) (45)
(0tc) (AP (o)), + h(cte) (A(C, p))y,
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where the convective transport effect related to the cell phase and
fluid phase, respectively, are represented by fc and fw given by
WIA<W

cke

—

felow) = sely Mo
c c) — P P _ , b
028y + 028 Mod e +oq ™

—

; (46)
PR A
T w2l v o2l MoET gy ol

whereas cell-cell migration through AP and chemotaxis/haptotaxis
migration through A are controlled by ﬁ(oct) given by
R az 0(2 aZ—r( o(Z—rW
h(a(C):ACWG:2 QWZ -
028w+ 02l a2 e lyky + 02 ke
BRI
IL'kE dgirfM + aavirw

(47)

There is a shear stress effect from IF flow on the cells which is
manifested in the appearance of the first term in (45); given by

nyc(a(). As discussed in Shieh and Swartz (2011), even with low
IF flow velocity, shear stress can be high when there are small
pores. Nonetheless, in tumors it is expected that the shear stress
remains low because the matrix shields the cells from stress and
local gradients in hydraulic conductivity divert flow from cells
(Swartz and Fleury, 2007; Pedersen et al., 2010).

The strength of the term Uzf. is controlled by the magnitude of
Ur (for a fixed external pressure drop given by the difference

between P; and P;) and the strength offc. From (46); it is clear that
the latter is governed by M, the strength of fluid-ECM resistance

force le}W relatively the strength of cell-ECM resistance force Icl}c.

The choice of le}w is based on knowledge about the hydraulic con-
ductivity of the porous media made up of fibers and cells. When we
use the model to compare with the experimental results shown in

Fig. 2, I.k. must then be set such that M becomes low enough to

prevent a non-physical cell migration through the term Uqf(ct.).
This term then accounts for a direct resistance force generated
by the cells and implicitly also for a stress shielding effect where
aligned fibers perpendicular to flow direction lead to a reduced
stress on cells embedded in matrix (Pedersen et al., 2010).

Remark 3.1. Chemotaxis is the result of a combination of signaling
inputs to the cell, matrix compliance, and active cellular response
such as the engagement of cell motility machinery (Shields et al.,
2007). From the third term of (45); we see that the strength of the
chemotaxis migration is a result of the product

h(oe) %2 (C, p) el B Co Pl Hence, the expression in

(47) reflects that chemotaxis is also affected by M and the
magnitude of the cell-ECM interaction Ik, through its dependence
on h as well as the parameters A; and & involved in (14). The two
latter parameters may be interpreted as more detailed information
about the degree of engagement of the cell motility machinery in
response to chemokine gradient.

3.3. Choice of parameters

We now describe how we choose parameters that must be
specified in order to solve the model presented in Section 3.1.
We refer to Table 1 (with dimension) and Table 2 (dimensionless)
for a compact description of parameters. In particular, all coeffi-
cients involved in the reaction equations for protease G, chemokine
C, and ECM p as described by (39),34 are specified here. In addi-
tion, we use maximal concentration Cy =0.3,Gy = 0.5, p,, = 1.0
(dimensionless) and exponents v¢;=1.0 and vc=0.2
(dimensionless).
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Table 1
Model parameters (dimensional) in the model (12) with relevant reference values.

Table 2
Dimensionless parameters that appear in the model (56).

Parameters Description Dimensional Parameters Description Dimensionless
value (dimensionless)
Reference Time and Space
variables T Time 50
T Time 10*s i Length 1
L Length 107%m D¢ Protease 0.0008
u velocity 10° m/s D¢ ccL21 0.000007
D* diffusion 1078 m2/s -
p* ECM density 1 kg/m3 Parameters of A
G Protease 10~% kg/m3 & Parameter characterizing A 8
c CCL21 1074 kg/m3 (dependence on C)
P Pressure 10° Pa & Parameter characterizing A 0.04
Py Maximal ECM density p* _ (dependence on p) .
Gm Maximal Protease density 0.5G* /_\" Parameter characterizing A
Cum Maximal Chemokine density 0.3C" A Parameter characterizing A 25
Diffusion Production/decay
coefficients rates
g: zr&tzelase 3 i 12 :j 22 ;z In Proliferation of tumor cells 0.1875
o Decay of tumor cells 0.25
Parameters of A s Decay of tumor cells 0.125
B F;;;‘;":;:;cc:z‘:?)eﬁzmg A 8 x 10* mm® /kg a1 Degradation of ECM 10
& Parameter characterizing A 0 or 0.4 m3/kg ‘n Release/reconstrucqon of ECM 125
(dependence on p) a3 Release/reconstruction of ECM 0
Ao Parameter characterizing A 0Pa o4 Release/reconstruction of ECM 125
A Parameter characterizing A 25,000 Pa Tn Natural decay of protease 25
Production/decay 32 Production by cells of protease 200
rates 33 Logistic term protease 200
m Proliferation of tumor cells 1.875x107° 1/s Ve Related to logisitic function 1
212 Decay of tumor cells 25x%107° 1/s a1 Proteolytically freed CCL21 32
13 Decay of tumor cells 125x107° 1/s a2 Logistic term constant CCL21 1.44
Iz Degradation of ECM 10 m3 kg s %,43 Logistic term c.onstant CCL21 32
i Release/reconstruction of ECM 125 %1073 1/ss a4 Cell consumpt_lol_'l CCLZ]_ 0.1
223 Release/reconstruction of ECM 01/s Ve Related to logistic function 0.2
J24 Release/reconstruction of ECM 1.25x 1073 1/s
7 Natural decay of protease -3
/; Production b); Celi of protease 2(5) i 12,5 ;gw s (2007), Shieh et al. (2011), and Polacheck et al. (2011). We have
I3 Logistic term constant protease 2.0 x 10° kg/ms set the cell-ECM resistance force I. (how strongly the cells are
Ve Related to logisitic function 1 attached to the ECM structure) to be a 1000-fold larger than the
i Proteolytically freed CCL21 3210 m? ke s fluid-ECM resistance force. More motivation for this choice follows
P Logistic term constant CCL21 144 10 m? kg s b'elow when we discuss various supulatlgn examples. The coeffi-
s Logistic term constant CCL21 3210 m?/kg s cient r, = 0.0 cor.relates toa sntuatl_on with Corey exponent 2 for
Jaa Cell consumption CCL21 1510 ke/m? s two-phase flow in a porous rngdla based. on standa?c! use of
- Related to logistic function 02 extended Darcy’s law with inclusion of relative permeability func-

3.3.1. Parameters related to cell-ECM and fluid-ECM interaction

Regarding AP(a,,) given by (5), we set y = 1000 Pa as default
and use J(oty) = —In(6 + o) with 6 = 0.01 which determines the
maximal cell-cell stress. This is similar to what was used in Evje
(2017). As discussed above, we need to specify parameters
involved in the interaction terms Z, and (. in (36). We set
I}W = l}c =1, i.e,, no dynamic change in the cell-ECM and fluid-
ECM resistance force during the cell migration process. Next, we
assume that the hydraulic conductivity associated with the cell
aggregate microenvironment is of the order ﬁ =5.10""
m?/Pa s. More precisely, we set

I, :%: 2-102Pas/m?, I = 1000L,,

rw = 0.0, ro =0.6.

(48)

The specified external pressure gradient P; — P; = 10 kPa com-

bined with the above choice of I,,,, l}w, and r,, give rise to an IF veloc-
ity around 0.5 pm/s, which is in the range used in Shields et al.
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tions, see (Wu, 2016; Evje, 2017; Qiao et al., 2018) for more details.
The coefficient r. = 0.6 corresponds to a fast decrease in cell-ECM
resistance force (. for lower fraction of cells, letting the cells
become more motile. The resulting fc and h functions are shown
in Fig. 4 for the choice of parameters as given in (48). From (45)q,

f,(a ). h(a) o ()
1 - 4
0 e 35 .
08 h e
3
07
s 25
05 2
L4 15
03
1
02 o ////
0.1 -
o || | gl
o 02 04 06 08 1 o 005 01 o015 02 025 03

Cell Volume Fraction Cell Volume Fraction

Fig. 4. Left: Plot showing f (%) and ﬁ(acC) for the choice (36) with parameters as
given in (48). Right: Zoomed in plot of fc(o) showing its increasing trend as a
function of o.
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Fig. 5. Plot of A(C,-) (left) and A/(C,-) (right) as a function of C with Cyy = 0.3 where
effect of p is ignored by setting & = 0. These plots indicate the degree of
engagement of the cell motility machinery in response to chemokine gradients and
reflects that its response is highest for concentration C close to its maximal
Cy =03.

which characterizes U, = o, it follows thatfc(occ) is related to the
fluid-cell interaction, a stress effect on the cells due to the flowing
fluid, where increasing cell volume fraction «. enhances the ability
of the fluid to push the cell in the flow direction. The function

he (o) is expressed in both the dispersive effect and in the directed
motion by the cells driven by chemotaxis and/or haptotaxis.

3.3.2. The A potential function: chemotaxis and haptotaxis

From the third term of (45); we see that the strength of the
chemotaxis migration is a result of the product ﬁ(ac)% (C,p), see
Remark 3.1. We refer to Fig. 5 for relevant illustrations related to
A for different choices of ¢;. We have used the choice ¢; = 8 in
the numerical investigations, if nothing else is specified. The
strength of the chemotaxis effect is also determined by A; which
has been set to A; =25 kPa for all simulations whereas Ao = 0.
Moreover,if nothing else is said, it is only chemotaxis that is taken
into account whereas haptotaxis is ignored by setting ¢, = 0.

3.3.3. Initial and boundary data

Initially, we assume that chemokine produced by the cells have
been bounded to ECM in a uniform manner. We do not explicitly
track the concentration of chemokine bounded to ECM, but indi-
rectly this is taken into account through the logistic reaction term
in (39)4 (the second term on the RHS) which describes the free che-
mokine C. As chemokine is released from ECM the IF will become
saturated, and therby bringing the production of free chemokine
to a halt. Initially, there is no protease G and no free chemokine
C dissolved in IF whereas ECM initially is characterized by an
evenly distributed fiber concentration p, i.e.,

pxt=0)=1, Gxt=0)=0, C(x,t=0)=0. (49)

We assume that the initial cell aggregate is placed in the center
of the domain and is expressed by

oe(x, £ = 0) = 0.2 exp(—[25(x — 0.5)2). (50)

Thus, in order to be within the experimental setting of Shields
et al., the initial cell fraction o, is relatively small.

4. Results

By using a discretization method (see Appendix C for details)
we solve the model (39) on a domain of length L = 1cm subject
to the initial conditions (49) and (50), together with the boundary
condition (43). As a part of the solution method we also solve the
model (40) for the IF pressure P,,, which is used to evaluate cell and
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IF velocities (37) by means of (42). We use a grid of 100 cells and
compute the solution after a time T = 50 (dimensionless) which
amounts to approximately 5.8 days.

Firstly, we carry out simulation examples to mimic the experi-
mental setting in Shields et al. (2007) where a high pressure P; is
imposed on the left hand side (LHS) of the domain, whereas a
low pressure Py is set at the right hand side (RHS). These examples
are discussed in Sections 4.1,2,3,4.6. For these examples there is no
fluid flow generated through the source term Q = Q, — Q; which is
set to zero. We focus on demonstrating (i) blocking of CCR7 and
flow; (ii) autologous chemotaxis; (iii) cell motility as a function
of cell-ECM interaction term; (iv) static condition (no IF flow).

Secondly, we consider a tumor setting in Sections 4.7 where
P; = P, whereas Q, and Q, are introduced to mimic, respectively,
IF flow created by leaking blood vessels placed within the tumor
and adsorbed through lymphatics placed in the environment out-
side the growing tumor. We use the model to gain some insight
how autologous chemotaxis could possibly be exploited as a means
for metastasis by generating aggressive cell migration towards
lymphatics. If nothing else is said, we do not include prolifera-
tion/apoptosis by setting S. = 0 in (39).

4.1. Blocking of CCR7 + Flow: The effect from the fluid-generated stress
on the cell

In this example we ignore chemotaxis by setting &, = 0. Focus is
on the effect from the term Uch in (45), in addition to the diffusive

migration through the second term E(AP)X. As boundary condition
for the pressure P,, we set

P} =Prr +10kPa, Py = Py, (51)

where P,s corresponds to atmospheric pressure. By introducing this
global pressure gradient, a steady fluid flow from left to right is gen-
erated corresponding to approximately 0.5 pum/s. The resulting cell
migration is shown in Fig. 6 when we choose I. = 500I,,, whereas
the same case is shown in Fig. 7 for I. = 1000I,,. The main observa-
tion from these two figures is that lowering the value of I. implies
that the cells to a less extent is able resist the stress from the flow-
ing fluid and will cause the cells to migrate in the direction of flow.
The effect is not of great significance, but as stated by Shields et al.
(2007), when both chemotaxis is blocked and protease is inhibited,
the cells remain stationary when exposed to fluid flow. Thus, the
value of I, is chosen in the following to have a high value as given
by (48) to ensure that the cancer cells largely resist the fluid flow.

4.2. Cell migration by means of autologous chemotaxis

We include the effect of chemotaxis by setting ¢; as prescribed
in Section 3.3. The simulation results are shown in Fig. 8. Main
observations are: The concentration profile of protease G does
not travel far from the cell phase where it is produced but is clearly
skewed in the flow direction. This is due to the decay rate of pro-
tease appearing on the RHS of (39); (the term —/3;G), causing it
to decay outside the location of the cell aggregate. The chemokine
component C described by (39), is released at a regulatory rate
through the logistic source term on the RHS which requires the
presence of both the reacting protease G and ECM p. The released
chemokine C convects in the direction of flow, creating a substan-
tial asymmetry in the concentration profile, and as it does not have
a decay term it will not degrade while it is advected. It is implicitly
assumed that the concentration of matrix-bound CCL21 is uni-
formly distributed in the ECM and is considerably larger than the
concentration of CCL21 dissolved in the fluid phase, considering
it as a constant. The plots of cell velocity u., which is composed
of three velocity components corresponding to flow-generated
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Fig. 6. An external imposed pressure gradient (P; > Py) with Q = 0. This gives rise to Ur > 0 and mobilizing of the stress-related term Usf. in (45);. When the value of . is
relatively low (I = 500I,,), the ability of the cancer cells to resist the fluid flow and remain stationary is reduced. This implies that the fluid flow is able to push the cells
through the U,fr term, as reflected by the figure for the cell volume fraction, whose shape is skewed right. For this example there is no chemotaxis, i.e., ¢; = 0. This is clearly
seen from the zero chemotactic cell velocity component (green line). The same case is studied in Fig. 7 with twice as strong I. by setting I. = 1000I,,. This effectively reduces
the cell migration in the fluid flow direction. Note that the cell phase velocity has been multiplied by 500 to include it the same figure as the IF velocity and total velocity uy.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. The same situation as studied in Fig. 6 but with a stronger cell-ECM resistance force by setting I. = 10001,. This leads to a considerably weaker downstream migration
through the term Uyf.. In particular, the tumor periphery does not migrate, it is cells within the tumor that migrate downstream. The example shown here and the previous
example shown in Fig. 6, should be understood in the light of the experimental results by Shields et al. shown in Fig. 2 where CCR7 receptor is blocked but flow is included,

giving rise to some migration in the flow direction.

stress, diffusion, and chemotaxis as reflected by (37);, clearly illus-
trate the different contributions to cell migration, according to the
proposed cell-fluid model. The black line is the contribution of flow
pushing the cells in the direction of the flow, the pink is cell migra-
tion due to diffusion/repulsive forces, whereas the green line is cell
migration due to chemotaxis. The chemotaxis contribution is the
dominant mechanism which directs the cells to migrate toward
the positive chemokine gradient that has been formed in the
downstream direction.

4.3. Cell motility expressed through the cell-ECM interaction term .

In Shields et al. (2007), the authors used four different cell lines
in the experiment. The cell lines have different ligand production
and CCR7 expression. The results presented by Shields et al. shows
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that the cell lines with the highest expression of functional CCR7
receptors and high ligand production are more invasive. In our
model the value of r. appearing in (36) can affect how invasive
the cancer cells are. If r. = 0, the cell-ECM resistance force {. is con-
stant and independent of the cell density. By setting r. <0 we
"arrest” single cells (or low cell volume fraction) as the resistance
force will go to infinity. What seems more natural is to set r. > 0
where a higher value will make low cell concentration to experi-
ence less resistance force, making them more mobile. In Fig. 9
the value is increased from r. = 0.6 to r. = 0.9. Using this elevated
value for r, the cells at the rim of the cell aggregate become more
mobile and thereby also paves the way for more cells to migrate
downstream. The cell phase velocity is doubled, compared to using
re = 0.6 (see Fig. 8), indicating that increasing the value of r. makes
the cells more aggressive in the downstream direction. Perhaps
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Fig. 9. Using the same parameters as in Fig. 8 with an increase of r. from r. = 0.6 to r. = 0.9. Having an elevated r. causes the cell phase to migrate further from the initial
setup, and a higher fraction of the cells migrate. The dominating cell migration in the IF flow direction driven by autologous chemotaxis seen in this figure and in Fig. 8 is
consistent with the experimental result by Shields et al. shown in Fig. 2 where flow + chemokine gives rise to a considerable increase in downstream migration.

information about the ligand production and CCR7 expression,
which characterizes how aggressive the cells are, could be
accounted for through the r. exponent involved in the cell-ECM

interaction term (..

4.4. The effect of proliferation and apoptosis

Next, we introduce cell proliferation/death by including S, in
(39); to consider a more dynamic environment. The simulation
results are shown in Fig. 10. By including cell proliferation, the con-
centration of protease G and chemokine C also increase. As the pro-
tease convects in the direction of the flow, ECM is degraded in the
presence of the convected protease, which in turn will generate
more cells as there is less ECM to compete for space. The cells will
have a higher aptitude of generating new cells downstream of the
starting position. In addition will new cells generated close to the

starting position, migrate towards the chemokine concentration
gradient. With this increase of cell volume fraction due to prolifer-
ation, we move out of the scope of this paper. As the cell volume
fraction increases, the impact of the UTﬂ in (45); increases. As
pointed out by Polacheck et al., there is an opposing mechanism
to autologous chemotaxis which is observed for higher cell densi-
ties (Polacheck et al., 2011) giving rise to upstream cell migration.
Clearly, this mechanism is not captured by the current model but
pose an interesting challenge to be considered in future work.

4.5. Blocking of CCR7 + Flow: A possible role played by proteolysis

In Shields et al. (2007) the authors blocked the CCR7 receptors
using antibodies, thus nullifying the chemotaxis mechanism. See
the experimental results shown in Fig. 2 where flow + blocking of
CCR?7 is illustrated. Their result shows that the cells still migrated
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Fig. 10. The same case as studied in Fig. 8 but with the inclusion of cell proliferation/apoptosis through S.. As protease G degrades ECM p and convects downstream of the
cells, the cells experience less competition of space in the downstream direction. This causes the cell proliferation to occur mainly downstream. Allowing cell proliferation
causes an increase in the liberation of chemokine and formation of a larger right-skewed gradient, which in turn increases the autologous chemotactic migration and total cell
migration speed. The increase in cell volume fraction o, also implies a stronger impact from the flow-generated cell migration term Usf, since f. (o) is an increasing function.

through a CCR7-independent mechanism which was, according to
the authors a consequence of directed proteolysis. Inhibiting the
proteases abolished all flow-enhanced migration.

The model suggests that there is a downstream cell migration
through the UTf"c term independent of chemotaxis. And, as illus-
trated in Figs. 6 and 7, this term gives rise to some downstream cell
migration. However, this term is also independent of protease
which contradicts the observation by Shields et al. that inhibiting
the proteases abolished all flow-enhanced migration. One possibil-
ity is that the cell-ECM related term ¢, depends on protease. That
is, the coefficient k. in (36) (which is set to 1 for all simulations)
could be made sensitive to the action of protease on ECM. In other
words, the destruction/remodelling of ECM carried out by pro-
teases could lead to a weakening of the cell-ECM resistance force,
which sounds reasonable.

However, we will instead suggest another migration mecha-
nism that depends on protease and ECM, namely haptotaxis. We
turn off the chemotaxis mechanism by setting ¢, = 0. Haptotaxis
is included in our model through A(C, p), but so far has not been
elaborated upon since we have set ¢, = 0. Haptotaxis is a process
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in which cell migration is guided by gradients of surface-bound
molecules, such as the non-moving ECM expressed by p in the
model (Oudin et al., 2016). The interstitial flow convects protease,
causing directed proteolysis, i.e., remodelling of ECM. This will in
turn create some migration of cells expressed by the cell velocity
component ﬁ(occ) %px where the shape of p (the positive gradient)
is skewed in the flow direction. Fig. 11 illustrates this haptotactic
cell migration effect when ¢, = 0.4 (dimensionless). As seen from
the simulations, this effect is not of great significance, but it does
contribute to the downstream migration. Thus, the model indicates
that the haptotaxis mechanism could explain the effect Shields
et al. observed when the CCR7 receptor was blocked but still expe-
rienced some migration in the direction of fluid flow.

4.6. Static condition (no flow)
Now we want to test the role played by the pressure driven

interstitial fluid flow. As boundary condition for the pressure P,
we set

PZ:P;:Pref- (52)
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Fig. 11. Simulation run using the same parameters as in Fig. 8. However, in this case chemotaxis is turned off by setting ¢; = 0 and haptotaxis is turned on by setting &, = 0.4
(dimensionless). Note that cell velocity components and total cell velocity has been multiplied by 1000 for a more convenient illustration.
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Fig. 12. The same case is applied in this scenario as in Fig. 8, however there is no global pressure differences as P; = Py = Pr. As there is no flow, the ECM-released chemokine
spread by diffusion only and produces a symmetric concentration profile. The cells in turn chemotact towards this concentration gradient. At the periphery of the tumor, the
cells chemotact towards the center, as there is a negative chemokine concentration gradient. Since there is no flow to convect the components away from where the
components are produced and released, the production will come to a halt. Thus, we may conclude that the minor cell migration seen for this case with no flow is consistent

with the experimental result by Shields et al. shown in Fig. 2 (static).

Hence, there is no global pressure differences at the boundaries that
will drive fluid across the domain. The results of the simulation are
shown in Fig. 12. When there is no fluid flow to carry the chemokine
or protease in a direction, the spreading will occur mainly due to
diffusion and dispersion. In addition, the production of chemokine
and protease is regulated, such that the production rate decreases
as it approaches a maximum concentration, see the source term
appearing on the RHS of (39); 4. The cell migration due to autolo-
gous chemotaxis is heavily dependent on interstitial fluid flow. In
the case of no fluid flow, the chemokine concentration profile is
symmetric and does not have the same effect for the cells to migrate
towards as when there is fluid flow. In fact, the cells at the periph-
ery of the tumor will migrate towards the center due to a negative
chemokine concentration gradient. This prevents the cells from
spreading from its initial position.

4.7. A tumor example: autologous chemotaxis as a means for
metastasis

4.7.1. Background

Next, we consider an example motivated by a tumor setting
where IF is generated from a vascular system located inside the
tumor and adsorbed by the lymphatic system on the outside of
the tumor. The source term S, in (39) is included causing cell pro-
liferation and apoptosis. Some parameters in the model have been
changed to model the tumor setting. More precisely, the value of r,
is increased from r. = 0.6 to r. = 0.9 so that smaller fractions of
cells become more motile. In addition, A; which characterizes
the strength of the chemotactic migration, is increased by 50 %
to take the value 3.75 (dimensionless) instead of 2.5, see Table 2.
We have set the hydraulic conductivity to be lower in the region
that surrounds the initial tumor then inside the tumor to mimic
the observation that IF flow can induce ECM alignment perpendic-
ular to the flow direction that leads to reduced permeability (con-
ductivity) (Wiig and Swartz, 2012). This is naturally linked to the
fact that the IF flow velocity is largest on the outside of the tumor
periphery. The hydraulic conductivity reads

X 5x 107> m?/Pas, forxec[0.4,0.6];
== (53)
Y 5x10® m?/Pas, otherwise.

=

Since the hydraulic conductivity K/u, dictates the value of
fluid-ECM resistance force, I,, = £, the fluid-ECM resistance force
within the tumor region becomes weaker. Hence, we may expect
a relatively flat IF pressure profile within the tumor with a rapid
decrease at the tumor margin. Further, we maintain the same value
of the cell-ECM resistance force I. as in the previous examples. In
the following, we assume a pressure controlled source term
Q =Q, — Q, as described in Section 2.3 and 2.4 given by

LS . B
Q=7 (P, =Py — 01(7ty — Tw)) = To (P}, — Pu),
L,S
T,= 7%(0.4<x<0.6) *) (54)
Q =T(Pw - P}),
_ LS,

T = TV L02<x<03)U07<x<08) ().

We have used the boundary condition for P, as given by (52) in
Section 4.6 (no flow). T, and T, have been set to be T, =5-107"
(Pas)™" and T, =3.5-10"7 (Pa s)"'. The vascular pressure is pre-
scribed such that IN’;, = Pre¢ + 1500 Pa in (54);. The lympatic pres-
sure P; in (54) is set to be P; = P,f — 500Pa for the case shown
in Figs. 13 and 15 whereas P; = P, — 1000Pa for the case in
Fig. 14. These choices are essentially based on the fact that it will
ensure that a reasonable IF pressure profile is created (Wiig and
Swartz, 2012; Jain et al., 2014) with a rapid decrease at the rim.

4.7.2. Autologous chemotaxis as a means for metastasis
We consider the following two cases (a) and (b), respectively, in
Figs. 13 and 14:

4.7.2.1. Low accumulation of chemokine close to lymphatic vessel. The
drainage of chemokine C at the lymphatics is set to be 90 % of the
fluid drainage, i.e., we include in the equation for chemokine (39),4
a source term on the RHS of the form —0.9CQ,, allowing some of
the chemokine to accumulate at the lymphatics. The simulation
result is shown in Fig. 13. Looking at the chemokine concentration
we see that there are local variations that can give rise to varying
degree of chemotactic migration. In particular, the cells at the
tumor periphery is starting to sense the accumulated chemokines
at the lymphatics, causing the outmost cells to migrate toward
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Fig. 13. IF is produced from leaky blood vessels placed in the central part of the tumor and is adsorbed by the lymphatics placed closer to the boundary x =0 and x = 1, as
prescribed by (53). Note the IF pressure P,, which is flat inside the tumor with a rapid decrease at the tumor margin. A relatively sharp increase in chemokine concentration C
is formed at rim of the tumor where the lymphatics are placed and an accumulation of chemokine takes place. This seems to lead to a speeding up effect of the cancer cells.
This is manifested by the cell volume fraction which reflects formation of a new “wave” of cells migrating more aggressively toward the lymphatics. Cell velocity is plotted in

terms of Uc = ou. (Darcy velocity).
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Fig. 14. The same situation as in Fig. 13 but where the adsorption of chemokine at the lymphatics has been reduced whereas the adsorption of IF at lymphatics has been
increased such that fluid enters from both sides of the lymphatics. In particular, this situation leads to a build-up of a high chemokine concentration at the lymphatics that
triggers formation of a new wave of cells migrating with higher speed close to the lymphatics than further behind. Different “waves” correspond to different slopes in
chemokine gradients. This illustration is relevant for the experimental observation by Shields et al. shown in Fig. 2 where flow + chemokine + LEC gives rise to a considerable
increase in downstream migration compared to the case without LEC. LEC gives rise to additional chemokine gradient which increases the chemotactic cell migration.

the lymphatics with a higher velocity. As a consequence, there is a
splitting of the cell aggregate and formation of a new "wave” of
cells that move with a higher speed than cells closer to the center
of the core.

4.7.2.2. High accumulation of chemokine close to lymphatic vessel. To
further test the role of different chemokine gradients, we slightly
change the setting such that a higher concentration can be formed
close to the lymphatics. The source term Q, describing adsorption
of fluid is made stronger by setting the lymphatic pressure P; to
be P; = P, — 1000Pa. In addition, the drainage of the chemokine
is set to be 50 % of the fluid drainage, i.e., on the RHS of (39), a
source term is added of the form —0.5CQ,. Thus, more chemokine
can possibly accumulate at the lymphatic.

58

The simulation result is shown in Fig. 14. A striking difference
between this case and the previous one is that there is now a stron-
ger adsorption of fluid at lymphatics (due to the low pressure P;)
which force fluid to flow from the boundary toward the lymphatics.
This will in turn prevent chemokine, which follows the fluid flow
from the tumor toward the lymphatics, to pass by and instead lead
to accumulation at the lymphatic vessels. The plot of C clearly illus-
trates this. As a consequence, two waves of high-speed cells are
formed corresponding to two different chemokine gradients. Quali-
tatively, this may serve as an illustration of the situation sketched in
Fig. 1 where lymphatic endothelial cells (LEC) secrete chemokine
which lead to an additional chemokine concentration close to the
lymphatics. In particular, it shows how the combination of effects
may lead to a greatly enhanced chemotactic transcellular gradient
to further drive tumor cells toward the lymphatic.
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Fig. 15. The same situation as in Fig. 13 but now the CCR7 has been blocked by setting ¢, = 0. The aggressive cell migration toward lymphatics is completely abolished
illustrating how the autologous chemotaxis possibly can play a key role in metastasis via lymphatics.

4.7.3. Blocking of CCR7

We consider the same situation as in Fig. 13. However, we now
block the autologous chemotaxis effect by setting & =0 and
thereby mimic the experimental blocking of CCR7 which showed
that the chemotaxis migration effect was abolished. The simulation
result is shown in Fig. 15 and clearly confirms that autologous
chemotaxis is the essential driver for the cell migration toward
lymphatics.

5. Discussion

In this paper we have used a multiphase modeling approach to
develop a model that can shed light on autologous chemotaxis as a
driver for downstream migration of tumor cells (Fleury et al., 2006;
Shields et al., 2007). The multiphase model has mass and momen-
tum equations that were formulated for the two phases: tumor
cells and extracellular fluid. The system of equations in (12) is built
on the general cell-fluid model discussed in Evje (2017) but where
a chemokine component has been added to account for autologous
chemotaxis. The model is simplified such that i) an elliptic equa-
tion for interstitial fluid pressure P, is obtained that explains the
elevated pressure associated with a tumor; (ii) the cell velocity
can be divided into three distinguished parts as highlighted by
(45),: Urfe is the fluid-generated stress that pushes the tumor cells
with the flow, fz(AP)X is the cell dispersive effect (arbitrary migra-
tion in all directions), and HA(C)X accounts for the chemotactic
migration.

We have through our model demonstrated transient cell migra-
tion by autologous chemotaxis. A central part of the model is the
interaction between the chemical components, i.e., the cell-
secreted protease G and ECM-released chemokine C. The protease
component diffuses and convects with fluid flow, which in turn
proteolytically releases ECM-bound chemokine that also spreads
by convection and diffusion leading to a skewed distribution in
the flow direction. The tumor cells sense the chemokine gradient
that is created by the afore-mentioned process and migrate toward
positive gradients.

The interstitial fluid flow has a major impact on the behavior
of our model. Introducing fluid flow to the system governs a pos-
itive chemokine gradient downstream which the cells will

migrate toward. The fluid flow bias the distribution of CCL21
released by protease. In the event of no fluid flow, the migration
contribution of chemotaxis directed away from the tumor center
is limited, as the chemokine gradient is minimal, see Fig. 12.
Instead, at the tumor periphery, chemotaxis will keep the cells
in check and not let the cells migrate away from the tumor. In
addition, the fluid flow also exerts a shear stress on the cell phase
which potentially can push the cells downstream, see for example
Fig. 7.

Similarities between model behavior and experimental obser-
vations we would like to highlight are:

e Through our model we can visualize what is indicated through
the reported experimental results in Shields et al. (2007): ”.. .the
three tumor cell lines displayed marked increases in migration in
the flow direction that could be inhibited by CCR7 blocking, indicat-
ing that the flow-enhanced migration was a CCR7-mediated
chemotactic phenomenon, yet with no exogeneous CCR7 ligands
or LECs to signal. ... These results clearly demonstrate that autol-
ogous chemotaxis toward gradients of CCR7 ligand occurred in
these tumor cells under IF”.

Four different cell lines were used in Shields et al. (2007) with
varying degree of metastatic potential. Cell lines with the high-
est expression of functional CCR7 receptors and high chemokine
production proved more invasive. As proposed in Section 4.3,
the model can vary the metastatic potential in the cancer cells
using the parameter r. in (36) which may account for the
CCR7 expression. Increasing the value of r. results in more
aggressive cancer cells causing more cells to migrate and they
migrate further from their initial position, see Figs. 8 and 9.
Blocking the CCR7 receptors in Shields et al. (2007) inhibited
cell migration. Yet, there seems to be a CCR7-independent effect
in response to interstitial fluid flow. The authors describe this as
a consequence of directed proteolysis. In Fig. 11 we have used
haptotaxis as a mechanism to explain the directed proteolysis,
where the cells migrate towards gradients of ECM. In addition,
the authors of (Shields et al., 2007) inhibited protease, ceasing
all flow-enhanced migration. In the model there would still be
flow-enhanced migration through the term UTf”C in (45); in
the case of inhibiting protease, aside from arbitrary migration.
In other words, when all other effects are inhibited, the fluid
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flow still induce force on the cells, as shown in Fig. 7. However,
the effect of this force can be made marginal by appropriate
choice of parameters related to cell-ECM resistance force.

One aspect of how cells may chemotact towards the lymphatics
is investigated in Shields et al. (2007) but is not implemented in
our model, namely, the possible role of lymphatic endothelial
cells (LECs). LECs secrete CCR7 ligand CCL21 as a homing device
for the cells to chemotact towards, see Fig. 1. As the cells
migrate towards the lymphatics through autologous chemo-
taxis, the LECs act as an intensifier of the chemotactic signal,
creating a steeper gradient towards the lymphatics. This role
of LECs have not been accounted for directly in the model, how-
ever, the intensified downstream cell migration caused by accu-
mulation of chemokine at lymphatics was demonstrated in
Fig. 14.

Appendix A. Dimensionless version of the model (12)

The purpose of this section is to obtain dimensionless version of
the model (12). We introduce characteristic length L* and time T~
as well as characteristic concentrations and pressure:
G",C", p*, P*with corresponding characteristic velocity u* and diffu-
sion D*

L* X (L*)Z

==, D'= .

u T T
Moreover, we define dimensionless variables as follows:

- P ~ G = C = P,‘ ~ u; .

=1 = =—, Pi=— i=— =c,
P=rp C=g C=F P=p U= i=cw
and dimensionless space and time variables
- X M t

==, t==.
X ik T

Similarly, we define dimensionless rates for the cell proliferation
term and the ECM remodeling term related to S as well as dimen-
sionless rates associated with protease and chemokine

T =T, Tz =221, iz = AT,

In =aT'C, Jpp=inT, Ja=InT", Joa=lul,
= R = 3T B I T"

t31 =T, I3 = BGZ* . A= 3G3* ;

i — TG p* i — I TG p* G J3T"G p*
==, lp=—"m—, M=
EO AagT”

Jag = N

and

~ _ D¢ ~ _ Dc P

Dch“ Dch*, Q=QrT.

Moreover, for the potential function A(C, p) given by (14) we
introduce dimensionless variables as follows:

I S | U R S, V|
2 =GP, /\ofﬁ-, A17F$

Il

1=6C,

ot

where [Ag, Aj] = Pa = & and [¢,] = [&,] =1 such that

AL A
NEP) = Mo = o TEC o) G0 )
Ay
Ao R
1 +exp(=&1(C ~ Cu) — &(p — pu))
N

Let us recall the model (12) which is given by

60

(0(,:)[ +V- (acuc) = sc«, Se =0 <;~11 — A120le — J13 i)
Pm

((XW>z + V- (owlty) = -S+Q, Q= Qy -Q

aCVPC = _Etut + ;’(UW - uc)

DCWVP = _gwuw - z(“w - uc)

P =—inGp + p(bz — 230l — J24 i)
Pum

G =V-(D¢VG) — V- (0,G) — 3G

G\'"
+ 0 (/132 — /33 <?M> )

€=V (DcVC) -V - (u,0)

) C\> ., [(C\*
+Gp (Ml — g <G) — a3 <ﬁ> ) — Aa40c,

with P. = P, + AP + A and, according to (36), fluid-ECM, cell-ECM,
and cell-fluid interaction terms are represented by

(55)

& = Lk (i=c,w), = Ikonote

where I and I; have dimension Pa s/m? whereas ki, k and ry, 1 are
dimensionless. We use the transformation (x,t) — (X,t) combined
with introducing the dimensionless variables defined above. This

gives us the following dimensionless version of the model

Sc= 0€c</~1n — J2le — 113(5\4))

(o) + V - (otcle) = S,

(aw>[ +V. (awﬁw) = _§r + (~2
acVINJC = 72::&5 + é(l_lw - ﬁc)
awVﬁw = *gwﬁw - z(ﬁw - ﬁc)

P = —Ja1 aﬁ + ﬁ(zzz — Ja3le — 224(~L)>,~
Pm

N I _ 1 (56)
G =V (DeVG) - V- (8,G) — J5:G
A AN
132 — A —_
c 32 33 GM
C;=V-(DcVC) - V- (11,C)
~ 2 ~\ Ve
P - C - (C <
+Gp (441 — a2 (a) — a3 <a> ) — agllc
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EiﬁD« 3 _3 D" EipD*
EE*ECF-, EW*QWF-, Q*‘:Fs
P =P, + AP +A, (57)

— [\1
s exp(—& (C — Cu) — &(P — pm))

Clearly, the model (56) takes exactly the same form as (55) but
now in terms of non-dimensional variables as introduced above. In
the following we will refer to this dimensionless version of the
model and corresponding quantities dropping the "tilde” notation.

Appendix B. Elimination of explicit dependence on IF pressure
P w

We observe that we have the following expression for VP, (in
view of (26))
VP, =~ I _Zeg(ap) ﬁiv/\(c, ). (58)
T

r At
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Combining this with (22) we can derive expressions for the fluid
velocities U, and U,, as follows:

U = —3eVPy — 2 V(AP) 4 2ME g(aP)
Celw + ClCe +wl
~AVAC )+ L VAC,p)

Celw + g[&c + zw]

= e (l} +;iV(AP) ke A(Cp)) — . V(AP)
‘T T

or T
#MV(AP) —3VA(C, p) 59)
1 2 n2
:UT;—;f ﬁ V(AP)
242

= Urfe(oe) — h(0) V(AP) — h(ote) VA(C, p)

where we have used that

lf - icjtT OCcOCWZ
jLT Z:l:&w + E[gc + zw]
S T - (60)
)~T éclw + C[lc + éw]
022,

02y + 028+
in light of the expression (23) and (24) (after some algebraic manip-
ulations) and where we have defined fc,fw and h as follows:
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Similarly, for U,, we get

Uy =~ VP, — — b G(ap)
lw 4 ([l +Cw)
A VACP)

Ll L+ 8]

= U, f‘—CV(AP) + f—“VA(c, p))
At AT AT
b giap)
Celw + Ll + ) (62)
0l Olw(
S N
Celw + {[Cc + ] €
3 2 n2
U | % g ap)
;bT d?Cw + aa,gc + C
%2y |TAC.p)

028y, + 028+
= Urfu (o) + h(ot.) V(AP) + h(ce) VA(C, p),

after an application of (60) and the definitions in (61).

Appendix C. Discretization of the model

We solve the model (39) subject to the initial conditions (49)
and (50) together with the boundary condition (43). The main
steps in the solution approach are as follows, assuming that we
have an approximate solution (o, p",G",C") at time level t" and
want to compute the approximate solution (o1, p"+1, G**!, 1)
at the new time step t"*':

(i) First, we solve the elliptic, steady-state diffusion problem
(40) for the IF pressure P},;

(ii) Then we can compute the corresponding total velocity Uy
from (42) as well as the corresponding cell and IF velocities
u? and u?, given by (37);

(iii) Armed with interstitial velocities u? and uf, at time level t",
we can compute updated cell volume fraction o**! and con-
centrations p*',G"*!, and C™*! from (39) where we employ
a standard upwind in space discretization (explicit in time)
of convective terms whereas diffusion terms are treated
implicitly in time.
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In the seminal work by Swartz and collaborators (Shields et al., 2007) it was discovered that autologously
secreted or activated (ECM-bound) chemokine forms local pericellular diffusion gradients skewed by
fluid convection, and the cells subsequently chemotact up the flow-directed gradient. However, in
(Polacheck et al., 2011) Kamm and collaborators found that there is a competing downstream and
upstream migration transport mechanism. Their study showed that both mechanisms are present at
the same time and the relative strength of these two stimuli governs the directional bias in migration
for a cell population and is a function of cell density, interstitial flow rate, and CCR7 receptor availability.
The main objective of this work is to give a possible explanation of these two different concurrent cell
migration mechanisms by means of a theoretical model. Relying on multiphase modelling, separate
momentum balance equations are formulated, respectively, for the cell phase and the interstitial fluid
(IF) phase. In order to represent proteolytic activity and autologous chemotaxis a non-moving ECM com-
ponent is included, as well as proteases secreted by the cancer cells and chemokine that can be released
from ECM. The cell and IF momentum balance equations include cell-ECM and fluid-ECM resistance force
terms (i.e., classical Darcy’s equation terms), but also a cell-fluid interaction term that can account for a
more indirect effect that fluid-generated stress may have on cancer cells. We illustrate how the cancer
cells can work through this term and effectively avoid being pushed in the flow direction, and even create
upstream migration by controlling its magnitude and sign. We think of this as the mathematical interpre-
tation of the experimental observation by Kamm and collaborators that the fluid generated matrix adhe-
sion tension on the upstream side of cells activates integrin adhesion complexes, resulting in activation of
focal adhesion (FA) proteins. The model predicts that generally the strength of the upstream migration
mechanism is sensitive to the cell volume fraction: a lower density of cells is subject to a weaker
upstream migration effect; a higher density of cancer cells can more effectively generate upstream migra-
tion. This behavior is a result of the nonlinear coupling between cell-ECM, fluid-ECM, and cell-fluid inter-
action terms that naturally are involved in the mathematical expression for the net cell velocity.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Background

amplify an autologous chemokine gradient of CCL21 and CCL19
ligands and thus chemotact toward the lymphatic in a process ter-
med autologous chemotaxis. Further investigations are provided
by Shieh et al. (2011) where the role of fibroblasts and its interac-

The phenomenon of lymph node metastasis has been recog-
nized for a long time. However, the underlying mechanism by
which malignant tumors leave the primary tumor site, invade the
lymphatics and metastasize to lymph nodes are unclear. In Shields
et al. (2007) it is suggested that interstitial flow caused by lym-
phatic drainage directs tumor cell migration by autocrine CCR7 sig-
naling. The tumor cells utilize interstitial flow to create and

* Corresponding author.
E-mail address: steinar.evje@uis.no (S. Evje).

https://doi.org/10.1016/j.jbiomech.2018.09.011
0021-9290/© 2018 Elsevier Ltd. All rights reserved.

tion with cancer cells leading to enhanced cell migration, is eluci-
dated. Haessler et al. found in Haessler et al. (2012) that interstitial
flow increases the percentage of cells that become migratory, and
increases migrational speed for a subpopulation of cells. It also
increases the migrational persistence of a subpopulation in the
positive or negative flow direction. Polacheck et al. (2011)
extended the study by Shields et al. (2007), demonstrating that
the strength of flow as well as the cell seeding density affected
the migration direction. Their work provides further evidence that
CCR7-mediated autologous chemotaxis is the mechanism that
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leads to cancer cell migration with the flow, but there is another
mechanism that causes strain-induced migration against the flow.
Experiments were conducted at two different seeding densities
and at two different flow velocities by using a flow system as
shown in Fig. 1 (left). The authors introduce two metrics, a stream-
line migration metric and a directional migration metric, which
quantify if the cells migrate parallel to the flow and if the cells
migrate upstream/downstream, respectively. As interstitial flow
is introduced, the cells at both densities migrate along streamlines,
see Fig. 1A. In Fig. 1B it is shown that the low cell seeding density
culture migrated with the flow in accordance with the behavior
reported in Shields et al. (2007). However, for the high cell seeding
density the migration is dominated by upstream migration. In
addition, this migration against the flow direction is highly sensi-
tive to the fluid velocity. In addition, when CCR7 is blocked and
chemotaxis is negated, both high and low density cultures migrate
upstream. Autologous chemotaxis is known to transport the cells
downstream, but when canceling this effect the cells migrate
upstream. Polacheck et al. (2014) further investigated the effects
of interstitial fluid flow stresses imparted on cells. As the cell tries
to maintain static equilibrium, all fluid stresses imparted on the
cell must be balanced by tension in matrix adhesions. This force
balance will give rise to a greater matrix adhesion tension on the
upstream side of the cell, and this tension activates 1-integrin
adhesion complexes, resulting in localization and activation of
focal adhesion (FA) proteins near the upstream membrane of the
cell.

1.2. Interesting questions and challenges
In this work focus is on the observations made in Polacheck

et al. (2011) which in turn is motivated by the investigations in
Shields et al. (2007). The following hypothesis was proposed in
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Polacheck et al. (2011) based on the experimental observations
summed up by the graphs shown in Fig. 1A and Fig. 1B:

“Motivated by the negative directional migration scores for both
cell densities and flow rates when CCR? is blocked, we hypothesize that
a CCR7-independent stimulus competes with CCR7-dependent autolo-
gous chemotaxis and when CCR7 is inhibited, stimulates cells to
migrate upstream. The relative strength of these two stimuli governs
the directional bias in migration for a cell population and is a function
of cell density, interstitial flow rate, and CCR7 receptor availability”.
Some natural questions are:

e Previous modelling in the context of autologous chemotaxis has
been restricted to single-flow descriptions based on Darcy’s
equations Shields et al. (2007) and Wiig and Swartz (2012).
What is a simplest possible system where we take into account
both the interstitial fluid (IF) and cell phase dynamics, A first
version of such a cell-fluid model was presented in Waldeland
and Evje (2018) and was used to shed light on basic mecha-
nisms of autologous chemotaxis.

Can this multiphase approach account for the upstream-
generated motion that has been observed experimentally? Even
more challenging, can it capture the delicate competition
between the downstream autologous chemotactic driven trans-
port mechanism and the integrin-mediated upstream migration
mechanism, as reflected by the curves shown in Fig. 1B?

In particular, why is it so that the upstream migration should
increase with higher fluid velocity? And similarly, why will this
migration mechanism become more dominating with higher
cell density? In particular, why will the low density cell aggre-
gate shift completely from a strongly dominated downstream
transport to an upstream dominated migration when the
CCR?7 is blocked?

°
S

Directional Migration
°

&
=

0.8

0.3umvs

3.0pm's
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Fig. 1. Top. (left): The microfluidic flow system used in Polacheck et al. (2011). Top (right): Figure from Polacheck et al. (2011). Interstitial flow induces a bias in direction of
tumor cell migration. “High” and “low” refer to seeding densities of 25 - 10* cells/mL and 5 - 10* cells/mL, respectively. (A) streamline migration. (B) directional migration.
Reprinted with permission from PNAS. Bottom: Typical plot of the function f.(c) which characterizes the mechano-transductive driven cell migration in response to IF flow.
The fact that the function can become negative, reflects upstream migration. The nonlinear behavior, i.e., the function is more flat for low values of o, (cell volume fraction)
whereas it decreases more dramatically for larger cell densities o, suggests that for low cell density the upstream migration is weak whereas it increases with higher cell
densities and therefore outperforms the downstream autologous chemotaxis. Different curves refer to different choice of parameters that characterize the cell-ECM, fluid-

ECM, and cell-fluid interaction terms. We refer to Sections 3-5 for details.
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The main purpose of this paper is to illustrate how a cell-fluid
model suggests an explanation of the possible competing upstream
and downstream cell migration mechanisms. Our approach is
based on so-called mixture theory (Drew and Passman, 1999;
Rajagopal, 2007). In addition to mass balance equations, two sepa-
rate momentum equations for the IF and cell phase are included
that give room for accounting for the balance between pressure
gradients (stress) and interaction terms; both fluid-ECM interac-
tion, cell-ECM interaction, as well as cell-fluid interaction terms.
Included in our flow system is also a component p to represent
ECM (fiber), C to denote chemokine, and G to represent protease
secreted by the cancer cells which is able to release chemokine
bounded to ECM.

1.3. Main findings

For the sake of motivation we highlight the following main
findings:

e The multiphase approach gives rise to a cell velocity u. which
takes the following form expressed in terms of the Darcy like
U, = acu. where o, o, are the volume fraction of cell and fluid
such that o + oty = 1t

Ue = Urfe(0) — h(oe) V(AP(oe)) — B(ete) VA(C). (1)

The cell velocity U. involves three different velocity compo-
nents: (i) Uch(ocf) where Ur = U, + U, is the total velocity dic-
tated essential by the interstitial fluid velocity U,, = o,u,, and
fe(ae) is a function of cell-ECM interaction, fluid-ECM interac-
tion, and cell-fluid interaction effect; (ii) V(AP(c.)) which repre-
sents the cell dispersive effect; (iii) VA(C) which represents the
autologous chemotactic effect that amounts to motion in direc-
tion of a positive gradient in C (chemokine).

Thanks to the fact that the cell-fluid momentum balance equa-
tions naturally allow for incorporating a fluid-cell drag force
term, the term Urﬂ(ac) has a built-in capacity to generate
upstream migration, see Fig. 1 (bottom), corresponding to neg-
ative values of fc(ac). This aspect was not accounted for in
Waldeland and Evje (2018). Clearly, the appearance of the Uy

term in front offc(occ) implies that this term is strongly corre-
lated to the interstitial fluid velocity, in accordance with the
observations reflected by the curves in Fig. 1.

Hence, the cell velocity (1) can account for the experimentally
observed competition between downstream autologous chemo-
tactic driven migration and upstream stress-generated motion.
The model can explain the sudden change from downstream to
upstream motion when the CCR7 receptor is blocked and the
effect from the last term in (1) is nullified. In addition, the
model also suggests an explanation for the experimental obser-
vation that a low density cell aggregate has a dominating down-
stream migration generated by the last term in (1), whereas
high seeding density of cells tend to be dominated by upstream
migration (the first term in (1)), and this effect is amplified with
higher IF velocity.

2. A Polacheck-Kamm cell-fluid model
2.1. A general cell-fluid model

In the multiphase modeling framework, the tumor-host envi-
ronment is considered as a mixture of two interacting continua
(Drew and Passman, 1999; Byrne and Owen, 2004; Rajagopal,
2007; Evje and Wen, 2018): the cellular phase comprises tumor
cells represented by a volume fraction o, moving with a velocity

u, and the extracellular fluid phase represented by the volume
fraction o, moving with a velocity u,. In the recent work
(Waldeland and Evje, 2018) a simplest possible cell-fluid model
was formulated to describe autologous chemotaxis driven cell
migration based on a proper modification of the general cell-fluid
model presented and discussed in Evje (2017). The resulting model
is summed up below, and we refer to Evje (2017) and Waldeland
and Evje (2018) for more details:

(P, + V- (epeic) = pSes Se = e = hadte = s )
(owpy)e + V- (twpylw) = =p,Sc+ 0,2, Q=Q, - Q

0 VP = e + {(uy — ue) + &V - (0 p V)

0wV Py = =Lty — £y — 1) + 6,V - (0P, Vi)
pe=—nGp + P(bz — 2230l — 24 (ﬁ))

G = V- (DeVG) — V- (Gy) — 131G+ % (52 — 733 (&) )
C.=V-(DcVC) — V- (Cuy)

+Gp (}.41 — 4 (&)2 — 43 (é) "2) — daalle, X € Q.
)

The cell phase is armed with cell-specific features in the
momentum Eq. (2)3 by letting the cell phase pressure P. feel addi-
tional stress due to cell-cell interaction and migration-related
stress due to chemotaxis through the relation

P. =P, + AP(0t) + A(C). 3)

This means that the stress P. associated with the cancer cells
differs from the IF pressure P,, because of the cell-cell stress term
AP and the chemotaxis stress term A. Similar to Evje (2017) and
Waldeland and Evje (2018) we use

AP(ac) = 9J(1 = o). (4)

Herein, 7y > 0 is a coefficient (unit Pa) that depends linearly on the
surface tension (unit Pa m) whereas (o) is a monotonic decreasing
dimensionless function with respect to the fluid volume fraction o,.
The ability of the cancer cells to generate a force is expressed
through the potential function A(C) here set to be (Byrne and
Owen, 2004; Evje, 2017; Waldeland and Evje, 2018)

A

MO =M = exp 6, (€~ Cu))”

©)
where Ay, A1, & are constant parameters with units, respectively, as
[Ao, A1] = Pa and [¢;] = m3/kg. There is a drag force between the
extracellular fluid represented by the fluid velocity u, and the
ECM structure (fibers) given by

by = Lokt k>0, T,<2,

(6)

with I, = £ > 0 and K is the permeability of the porous media and
1, the fluid viscosity. Similarly, there is a drag force between the
cells and the ECM (fibers) represented by the cell fluid velocity u,,

)

where I, (Pa s/m?), IQC and r, must be specified (the two last are
dimensionless). Finally, there is also a drag force between the cell
phase and the fluid. This effect is accounted for through the term
+{(u, — u,), see (2)34 where

‘Ec = ICIAQCX?, I!.'al}(‘ > 07 re < 21

&= Tkoyo! e k>0, 1oy >0,

(8)

where I (Pa s/m?) remains to be determined as well as the dimen-
sionless k and 1.
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2.2. The mechanotransductive machinery mobilized by IF

Polacheck et al. (2014) observed that fluid which is flowing past
a cell leads to the activation of a class of receptors called integrins,
ultimately prompting upstream migration. As the cell tries to
maintain static equilibrium, all fluid stresses imparted on the cell
must be balanced by tension in matrix adhesions. This force bal-
ance will give rise to a greater matrix adhesion tension on the
upstream side of the cell, and this tension activates L1-integrin
adhesion complexes, resulting in localization and activation of
focal adhesion (FA) proteins near the upstream membrane of the
cell. How can this information be represented in the mathematical
model? Which terms in the force balance as expressed by the two
momentum Egs. (2)3 4, are effected? The term that feels the stress
from the fluid flow is the cell-fluid drag force term { given by (8). In
a classical fluid mechanical setting this term represents a drag
force effect where the fastest flowing fluid transfers momentum
to the slower fluid phase. This effect is accounted for by setting
the coefficient I to be positive (Qiao et al., 2018). However, in the
cell-fluid context, as shown in Polacheck et al. (2011) and
Polacheck et al. (2014), this may not be the case.

2.3. A Polacheck-Kamm model

Following (Waldeland and Evje, 2018) we assume (i) incom-
pressible fluids; (ii) viscosity terms are ignored. This allows us to
derive an explicit expression for the interstitial cell velocity u,
which reflects the competition between different migration mech-
anisms as well the role played by the different interaction terms

Zw. L and . From (2) we obtain the following dimensionless sim-
plified version (see Waldeland and Evje (2018) for details):

G+ V- () = Se, Se = OCC()LH — J1able — I3 (ﬁ))

Owe + V- (0wlly) = —=Sc + (Q, — Q)

0.V (Py + AP + A(C)) = —f.u. + {1, — u;)

ot VPy = —{ully — (U — uc)

G =V - (DeVG) - V- (Guy)  isiG + (12 — i3 (&) ")

C.=V-(DcVC) - V- (Cuy)

+Gp (i‘n — Ja2 (%)2 — a3 (%) Vz> — Jag0%.

9)
The model is combined with the boundary conditions
17 9
Pylpo=P, =G| =0, —C| =0, t>0 (10)
wioe W pa M |og

where v is the outward normal on 9Q and P* a known pressure at
the boundary. Corresponding initial data are

O(C(X,t = O) = “co(x):
G(x.t = 0) = Go(x).

Pt =0)=p,(X), (1)
C(x,t =0) = Co(x).

From the two momentum Egs. (9);4 we compute explicit
expressions for the cell and fluid velocity, respectively, u. and
u,,. The following expressions are found:
uc = Uy (9] - [ (AP + A), )
u, = Uy [29] 4 [ (AP + A),
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with fractional flow functions fc(occ) and fw(oct) given by

s i [0(? iw] + Otc;”

S = = Tatul + 2l 1T

PR R . kY 3
Tl =5 = Gt + ot + 0 (13)
]3,(9([) oo,

=3 PR
02w 4 02l + ¢

where the coefficients i, 4, and ir (so-called mobility functions
(Wu, 2016)) are given by

P R
C:waC[Cijv]' (14)
e
Celw +C[Ce + L]
and total mobility i; given by
N N N 2% 2 - v
I S S 3 O L O (15)

Clw+ L+ 8]
The model (9) then takes the more compact form:
Ot + V- (0cUe) =S¢
pe=—nGp + P(7~22 — 2230l — g4 ﬁ)
Gt =V - (DcVG) — V- (Guy) — 23,G
+0ote (132 — /33 (ﬁ) vl) (16)
C =V -(DcVC) -V - (Cuy)

+Gp </141 — a2 (ﬁ)z — a3 (ﬁ) vz) — A4a0lc

where u, is given by (12);. Moreover, in order to compute Ur we
first solve the elliptic problem for P, (see Waldeland and Evje
(2018) for details)

—(Q, = Q) = V- (AV(AP+ A)) = V - (irVPy),

. (17)
Pyloo = P"

Knowing P,,, we can compute Uy needed in (12). We have the
following expression for Ur:

Ur = —ir VP, — i V(AP + A). (18)

Note that we also need u,, given by (12), to solve (16)3 4. From
the cell mass balance Eq. (16); combined with (12); we see that
cell migration velocity U, = o.u, is composed of three transport
components:

(i) a convective term V - (Urf.(e)) which is related to fluid-
generated stress;
(ii) a diffusive term —V - (h(ct.)V(AP(0))) reflecting cell-cell
adhesion;
(iii) a chemotaxis transport represented by —V - (fl(xc)V(A(C))).

All three transport mechanisms are concurrent and competing.
Interestingly enough this appears to be a precise mathematical
statement of the following comment made in Haessler et al.
(2012): “Therefore, in any given cell population, one may find a wide
range of migrational behaviors; some may respond to flow by moving
faster (but randomly), others may migrate in the flow direction
through autologous chemotaxis, and still others may move in the
opposite direction due to local stress gradient effects.”

The compelling question that catches our attention now is:
Where is natural room for the upstream migrating mechanism?



26 J.0. Waldeland, S. Evje/Journal of Biomechanics 81 (2018) 22-35

This migration mechanism has been reported not to be governed
by chemical gradients so the obvious and only candidate is the

convective term that involves the nonlinear function fc(otc).

2.3.1. Correlations for fluid-ECM, cell-ECM, and cell-fluid interaction

Consistent with the study in Waldeland and Evje (2018) of
autologous chemotaxis we assume correlations of the following
form:

Zw = Iwkw“rwwq & = ICIAQCXE[, 5 = Il}awﬂﬂg”‘” <]9>

A new aspect here compared to Waldeland and Evje (2018) is
the correlation for ¢ representing cell-fluid interaction. In
Waldeland and Evje (2018) it was set to zero. The form specified
in (19), which is general, is largely motivated by recent studies of
water-oil flow systems showing that this term can in fact account
for highly relevant interaction forces to better match experimental
behaviors (Qiao et al., 2018; Standnes et al., 2017) but subject to
the condition that I > 0. However, as observed in experimental
studies of cell-fluid dynamics, this drag can activate mechan-
otransductive machinery and lead to directed cellular migration

in the upstream direction (Polacheck et al., 2011, 2014). In order
to generate a momentum translation opposite of fluid flow direc-
tion, intuitively one might suggest that the sign of I should be
allowed to become negative, i.e., I < 0.

Remark 2.1. The cell momentum Eq. (9); can be expressed as

OCCVPC = *(zc + i)“c + ;Vuw» (20)

To a large extent P. is dictated by IFP P,, (in particular, ignor-
ing AP and A it follows that P. = P,). Consequently, the LHS of
(20) gives a negative value (for the case with flow from left
towards right) whose magnitude depends on the IF pressure gra-
dient VP, which must be balanced by corresponding terms on
the RHS of (20). The presence of the term tu,, reflects that if
the tumor cells can generate a force that has opposite direction
of u,, (i.e., ¢ should have negative sign), this term can completely
balance the pressure gradient o VP.. Essentially, in view of
(9)s,¢ ~ I must be of the same order as I,, then but with negative
sign. Moreover, if |{| ~I is larger than I, it will force the first
term —({.+{)u, to generate a negative cell velocity u. to
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Fig. 2. Top. (left): Fractional flow functionf[(ocr) corresponding to I = —3.75I,, and different choices of o, = 0.25,0.4,0.6 with r, = 0.6 which implies that small ¢ are mobile
since o« quickly drops to zero. Top (right): r. = 0.1 which means that the cell-ECM resistance force is stronger for low o, through the «-term, i.e., the cancer cells are less
mobile. We also have included f (o) for the case where I =0, i.e., the cell-fluid interaction term is set to zero which shows that there is no longer room for upstream
migration but instead gives rise to a non-chemical downstream migration not consistent with the experimental observations reflected by the graphs of Fig. 1B. Bottom: The
function —h(a,) corresponding to I = —3.75,, and different choices of ro, = 0.25,0.4,0.6 and r. = 0.6 (left) and r. = 0.1 (right). We also have included —h for the case where
I = 0. The plots clearly show that the coefficient i(a.) to a minor extent is affected by the choice of interaction term ¢ through I and r,. Neither is it sensitive to the choice of

r., the coefficient associated with cell-ECM resistance force .
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balance the LHS of (20) since the coefficient ({. +{) is positive
(I. > |I| ~I,). In other words, if negative drag { (sufficiently
large) then the first term on the RHS of (20) will supply a
change in cell migration direction.

3. One-dimensional version of the Polacheck-Kamm model
3.1. 1D model

We consider a flow domain as in Fig. 1 (left) where fluid flows
from left to right along a one-dimensional slab. It follows from
(12) and (13) that u. and u,, take the following form:

otclw +§

Ue=Ur| o5
o2l + a2l +1

(AP(a) + A(C)), 1)

002,
aZZw +o2f wie +¢ s

=Ur [ff} {h}(AP)X [H}AX = Ut + Uey + Ues,

o

atwle +¢

Uy = UT — =
028w + 020+

— % (AP(a) + A(C), (22)
028y + o2l + ¢
w I:l
=Ur f m } (AP), + Ay = Uyt + Uy + Uys.

The corresponding averaged velocities (Darcy’s like velocities)
are given by

= Ufe = h(AP), — hA = Ugy + U + Uss, (23)
Uy = Urfuw + R(AP), + hAy := Uyt + Uny + Ups. (24)
Moreover, the 1D version of (16) is given by

Olet + (acuc)x = Sc

P = —inGp + p(;.zz — Ja3Oe — Jaa (ﬁ)) (ECM)
Gt = DcGxx — (GUy), — 431G
+occ(/132 — 33 (&) vl) (protease)
Ct = DcCyx — (Cuy), (chemokine)

+Gp (/141 — a2 (é)z — J43 (&) v;) — Ja40lc,
(25)

where u, is given by (21) and u,, by (22). Referring to (14) and (15),

combined with the correlations (19), we introduce R; and R, to

describe relative strength of interaction forces

R = Ik R, = "f .
I kc Icke

(26)

The following expressions for /i, 4, and ir involved in (17) are
obtained:
i = [“?Zw] + Ofcz _ 1
= 7% oy PR
gch + g[éc + Sw] Iw’<

o2 (Ry + Roodororl ™)
14 Ry e Tl (ol + ol /Ry)
(27)

1 02w (1 + Ryor] HrewTe)
Iyky 1+ Rpotd ™™ "ou, ™ (o6 + off /Ry)’
(28)
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and
~ ~ ~ G 2
;LT:;LC+;~W_[C:‘ ]+[O€ Cc]+l
Celw + e + 2]
1 o™ (1 Roor o) 4 o Te (R + Rpor ey, ™) (29)
Lk 1+ Ryord ™oty ™ (o + 01 /Ry) '

with r¢,r, < 2. Having computed P,, from (17), we use the 1D ver-
sion of (18) to compute Ur. Knowing Ur, we can evaluate the veloc-
ities u. and u,, completely which occur in (25); 34, by referring to
(21) and (22). It follows that the pressure driven part of average cell
phase velocity U, and fluid velocity U,, are governed, respectively,
by fc(occ) and fw(ac) which according to (13) combined with (19)
are given by

Fomde o mbvrol
r o2 ¢,W + (Xwg( +¢
_ e (Ry + ooty ™ Ry) (30)
Ryo27e 4 02 4 Ryod HrewTegrlw
fumtro Bl
At 02lw+odlc+{
o (1 + gl TeRy) a1)

Ryo27™ 4 o™ 4 Ryor 1w Tegrhmw

whereas counter-current motion is controlled by ﬁ(af) given by

Table 1

Model parameters (dimensional) in the model (9) with relevant reference values. See
Waldeland and Evje (2018) for more details and corresponding dimensionless
variables.

Parameters Description Dimensional value
T Reference time 10%s
L Refence length 0.01m
u* Reference velocity 106 m/s
D* Reference diffusion 108 m?/s
P Reference pressure 10% Pa
p* Reference ECM density 1 kg/m?
G" Reference protease density 104 kg/m?
c Reference chemokine density 104 kg/m?
Pum Maximal ECM density "
Gum Maximal protease density 0.5G"
Cm Maximal chemokine density 0.3C*
D¢ Protease 8 x107 2 m?/s
Dc Chemokine 7 %107 m?/s
& Parameter characterizing A (dependence 1.6/C or 8/C”
on ()
Ao Parameter characterizing A 0Pa
Ay Parameter characterizing A 25,000 Pa
Rl Proliferation of tumor cells 0
M2 Decay of tumor cells 0
13 Decay of tumor cells 0
o1 Degradation of ECM 10 m3/kg s
/22 Release/reconstruction of ECM 125x 1073 1/s
)23 Release/reconstruction of ECM 01/s
24 Release/reconstruction of ECM 125x 1073 1/s
731 Natural decay of protease 5x10731/s
J32 Production by cells of protease 2x 10 %kg/m?s
33 Logistic rate constant protease 2x 10 %kg/m?s
Ve Related to logistic function 1
‘a1 Proteolytically freed chemokine 32x10°3 m3/kg s
Ja Logistic rate constant chemokine 14x104 m3/kg s
Ja3 Logistic rate constant chemokine 32x103 m3/kg s
m Cell consumption rate chemokine 2x10%kg/m?s
Ve Related to logistic function 0.2
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>

22
o %%
028w + 02l + ¢
1 o2 Teg2

=—- — — —. (32)
Ickc Rlocf Te 4 DC&, Tw +R2ag+rcw rfﬂt‘l,v Tw

Recall that Ry in (26) considers the relative strength of the fluid-
ECM resistance force and the cell-ECM resistance force and appears
as a dominating factor in the expression forﬂ(ac) in (30);. This was
explored in detail in Waldeland and Evje (2018). Now we also
account for the R,-related term. A careful study of the impact from

Ry and R, on the resulting fractional cell flow functionfc(otf) is pro-
vided in Appendix A. Main observations are:

 Reasonable choices of the parameters I, k, and rq, appearing in
the cell-fluid interaction term ¢ in (19), give rise to cell frac-

tional flow function fc(occ) with a negative dip when I < 0. See
Fig. 2 for illustrations.

e When I < 0, there are constraints on how parameters involved
in the interaction terms, as represented by R; and R, given by
(26), should be set in order to ensure well-defined mobility

functions Jc, 4y and fractional flow functions f, fy.

To sum up, there is naturally room for generating upstream
migration, in accordance with the experimental observations made
in Polacheck et al. (2011, 2014). However, the analysis in Appendix
A also indicates that the strength of the involved interaction forces
must be “finely tuned” in order to avoid singular behavior mani-
fested by coefficients that can blow up. Perhaps this mathematical
observation can be understood as an expression of the experimen-

tal observation in Polacheck et al. (2014) that upstream cell migra-
tion requires the “activation of a number of proteins like 31-integrin,
vinculin, focal adhesion kinase (FAK), F action, and paxillin to create
protrusion localizing to the upstream side of the cell”.

4. Results

For input data required to solve the model we refer to Table 1
and Waldeland and Evje (2018). We compute solutions after a time
T = 50 (dimensionless) which amounts to approximately 5.8 days.

Choice of parameters

Regarding AP(c.), we set 7 =1000Pa as default and use
J(ote) = —In(6 4+ [1 — o]) with 6 =0.01. This will generate a rela-
tively weak diffusive cell migration effect due to cell-cell repulsive
forces. We assume that the conductivity associated with the cell

aggregate microenvironment is of the order ;i =5.10 " m?/Pas
(Swartz and Fleury, 2007; Pedersen et al., 2010). This implies that

IW:%:ZJOH Pas/m?, ky=1, ry =00 (33)
and corresponding values for the cell phase are set to

I.=200L, k. =1, r.e[0.1,086]. (34)

The coefficient r. = 0.6 implies that the cell-ECM resistance
force {. decreases rather quickly with decreasing o, i.e., small
number of cells are more motile. A choice r. = 0.1 reflects that
the cell-ECM resistance force is stronger. We suggest the following
set of parameters for the cell-fluid interaction term ¢:
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Fig. 3. The case with low cell volume fraction and no imposed fluid flow (p; = p;) and with r,, = 0.25. (A) Although the autologous chemotaxis and mechanotransductive
machinery is intact there is no directed cell migration, only a weak diffusive spreading. (B) No pressure gradient has been imposed. (C) Note that “Flow” = u,
“Diffusion” = uc, and “Chemotaxis” = u; with total cell velocity uc = uq + U + U (see (21)). Total velocity Ur is essentially zero giving rise to no contribution from
Uy = UTJ;{ which controls upstream migration. Note that the green curve (chemotaxis) is masked by the red curve (total cell velocity). (D) Since u, is essentially zero it
follows that there is no skewed distribution of the chemokine C (similarly with protease G) but instead a dispersion driven spreading as described by (25)4 with u,, = 0, which

gives rise to a slight chemotactic driven cell migration that prevents cell spreading, see plot of cell velocity uc; =

i A(C), in panel (C). This must be understood in view of the

T

chemokine concentration C which has a symmetric distribution and decreases at the rim of the cell aggregate.
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1=-3.75l,, k=1, a4 €[0.1,06]. (35)

In Fig. 2 (top) we have plotted the fractional flow function fc(occ)
for different choices of r, in the interval [0.1,0.6]. Some
observations:

o Thanks to the cell-fluid interaction term { with negative coeffi-

cient I, the fractional flow function fc(occ) contains a negative
part that gives rise to an upstream advective transport through

the term uy = UTf‘;f”, see (21). The nonlinear form of f. (o) in
some interval from [0,o;] reflects that the strength of the
upstream migration vary with cell volume fraction.

Without inclusion of the cell-fluid interaction term, i.e., I =0,
there is no room for upstream migration. Insteadfc(ac) becomes
a non-negative and increasing function which gives rise to
downstream migration where cancer cells are pushed by the IF
flow, not consistent with experimental observations in Fig. 1B.

Plots of the coefficient h(a.) is shown in Fig. 2 (bottom) for dif-
ferent parameters consistent with those used for plots of f(ct).
The curves show little variation and reflect that cell migration
due to the cell velocity u, (dispersion) and uc; (autologous
chemotaxis), see (21), is to a minor extent affected.

Low and high cell seeding volume fraction
In order to discuss the experimental results of Fig. 1B we con-
sider a low cell volume fraction aggregate corresponding to

oe(x,t = 0) = 0.1 exp(—[25(x — 0.5)), (36)
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and a high cell volume fraction aggregate corresponding to
de(x,t = 0) = 0.5exp(—[25(x — 0.5)]?). (37)

Low and high IF velocity

In light of the experimental results of Fig. 1B we shall consider
two different fluid rates. A slow flow of fluid across the cell aggre-
gate around u,, ~ 0.25 um/s is ensured by setting

Pl =Py +625kPa, Py =Py, (38)

A high fluid flow velocity around u,, ~ 2.5 um/s follows by
setting

P} = Pres +50kPa, Py = Pry. (39)

We strive to keep as many parameters as possible fixed when
we consider the three different cases: (i) no fluid flow (i.e.,
P} = Py); (ii) low IF flow rate (u,, ~ 0.3 um/s); (iii) high IF flow rate
(uw ~ 3 um/s). However, some modifications seem natural.

e For the low cell volume fraction case (36) we set r. = 0.6 to
allow cells to be more mobile than for the case with high cell
volume fraction (37) where we set r. = 0.1. Le., we use that
ofe drops quicker to zero for r. = 0.6 then r. = 0.1.

e Parameters that determine the creation of chemokine gradients
(i.e., all parameters 4; in (25),34) are set to be the same for both
low and high cell volume fraction case. We set the parameter &,
in A(C) given by (5), which characterizes the strength of the
autologous chemotaxis, to be 5 times higher for the low cell vol-
ume fraction case, as compared to the high volume fraction
case. This seems to be in line with the experimental observation
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Fig. 4. The case with low cell volume fraction and slow fluid flow (u,, = 0.3 um/s) with r.,, = 0.25. The autologous chemotaxis and mechanotransductive machinery are now
both mobilized. (A) Autologous chemotaxis dominates and gives rise to a pronounced downstream migration effect. (B) The IFP pressure gradient is a result of the boundary
pressure which is set according to (38). (C) The dominating cell velocity component is represented by us = —%A(C)X (chemotaxis) which is dictated by the positive
downstream chemokine gradient C, seen in panel (D). Note, however, the upstream cell velocity component uc; = Uy %(ﬂow) thatis present. In light of the plots in Fig. 2 (top, left),
reducing r., would make the upstream migration more effective through the cell fractional flow functionf[, increasing it would make it less efficient. (D) The chemokine gradient

skewed by the fluid flow in the downstream direction is clearly seen.
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that the low density case can produce a more efficient chemo-
tactic driven migration then the high density case (Polacheck
et al,, 2011).

e The expression for the cell velocity component u, = Ur [f‘y—“}

caused by fluid-generated stress, reflects a linear increase with
total velocity Ur, which in turn is governed essentially by IF
flow velocity u,,. This is consistent with the experimental obser-
vations in Polacheck et al. (2011, 2014) which state that at
higher flow rates, the asymmetry on cell-matrix adhesions is
higher, thus enhancing upstream migration. However, simula-
tions reveal that the linear dependence on Ur gives rise to an
upstream migration that is too dominating in some cases. This
suggests that we should choose parameters involved in the
cell-fluid interaction term ¢ such that we can make the impact
from fc(ozt) slightly milder. The parameter r., characterizes
how efficient the mechano-transduction machinery can trans-
form the stimuli from the cell-fluid drag force term into an
upstream migration effect through the fractional flow function

fc(occ), as illustrated in Fig. 2 (top). In the simulation cases we
shall vary r, in the range [0.1,0.6].

4.1. Example A: Low cell volume fraction given by (36)

4.1.1. No IF flow

In Fig. 3 we show the cell migration (A) together with the cor-
responding cell pressure P. and IF pressure P, (B), cell velocity
components U, Ug, U3 and total cell velocity u, = te + U + U
and IF velocity u, (C), as well as the distribution of protease G, che-
mokine C, and ECM p (D). Note that the cell velocity components

have been multiplied by 100 in order to allow visualization in
the same figure as IF velocity u,,. The balanced and modest down-
stream and upstream migration is confirmed by the plot of u.-
components showing a symmetric, unbiased behavior. Computed
result is consistent with the “control” points of the graph of Fig. 1B.

4.1.2. Slow IF flow

Next, in Fig. 4 all parameters are set to be the same as in the
previous case with the exception that we impose a pressure gradi-
ent as given by (38). As a result, the IF flow now generates a posi-
tive gradient in the chemokine concentration on the downstream
side of the cells which results in a corresponding autologous
chemotaxis driven migration in the direction of the fluid flow rep-
resented by us = —%A(C)X. However, there is also a mobilization
of the upstream migration mechanism seen by the cell velocity

component ug = Ur ﬁf although its impact is weak on the total cell
migration. Computed result is consistent with the “square” points
of the graph of Fig. 1B reflecting high dominance of downstream
migration for the case with low IF velocity around 0.3 pm/s.

4.1.3. Fast IF flow

In Fig. 5 we increase the pressure gradient to obtain a high IF
rate, as described by (39). The main effect is that the upstream
migration component U = UT% now becomes strong enough to
clearly reduce the dominant downstream migration seen in
Fig. 4. We have set r,, =04 in this example (instead of
rew = 0.25), which will slightly modify fc by reducing the decreas-
ing trend, see plots in Fig. 2 (top, left), to avoid that the upstream
migration becomes too strong. Note from the zoomed version of
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Fig. 5. Low cell volume fraction and fast fluid flow (u,, = 2.5 pm/s) with rq, = 0.4. (A) The almost 10 times higher velocity Ur (compared to previous case) gives rise to
formation of an upstream front and a reduced downstream migration effect. (B) The high IFP pressure gradient is a result of the boundary pressure condition (39). (C) The
chemotaxis-driven component u; (green) is lower as compared to the previous case whereas the upstream migration mechanism through ue; = Ur £ L has been mobilized to a
larger extent. Note that u.; (Flow) becomes positive for small o, at the left and right margin of the cell aggregate whereas it becomes negative for larger o in the central part.
This is a consequence of the shape of f. (o) seen in Fig. 2 (top, left) for o, = 0.4. (D) The fast flowing fluid reduces the chemokine gradient (compare with Fig. 4) and thereby

weakens the autologous chemotaxis effect through us = —:—(A(C)x.
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Fig. 2 (top, left) that fc(ac) contains an increasing part for small o,
before it drops and become negative which explains the positive
parts of u.; shown in panel (C). Computed result is consistent with
the “square” points of the graph of Fig. 1B reflecting dominating
downstream migration with high IF velocity approximately equal
to 3 umy/s, but clearly less dominating than for the previous case
shown in Fig. 4 due to the almost 10-fold increase in Ur and
thereby a strongly amplified upstream migration effect.

4.1.4. Blocking of CCR7: Slow IF flow

In Fig. 6 we are back to the same situation (and same parameter
choice) as in Fig. 4, however, we block the autologous chemotaxis
by setting ¢, = 0 to mimic the blocking of the CCR7 receptor in the
experiments in Polacheck et al. (2011). Consequently, the autolo-
gous chemotaxis effect is abolished which results in a dominating
upstream migration. Hence, computed result is consistent with the
“square” points of the graph of Fig. 1B reflecting a sudden shift
from a strong downstream dominance to a clear upstream domi-
nance for the case with low IF velocity approximately equal to
0.3 pmy/s.

4.1.5. Blocking of CCR7: Fast IF flow

In Fig. 7 we consider the same situation (and same parameter
choice) as in Fig. 5, however, again we nullify the autologous
chemotaxis effect by setting ¢; = 0. It is observed that this results
in a strong migration against fluid flow, in particular on the
upstream side of the aggregate. In fact, the cell migration is now
largely dominated by the advective part of (25); given by

te + (Urfe(0te)), = 0, (40)
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where the relevant curve offc(ozc) is shown in Fig. 2 (top, left), see
the curve corresponding to r., = 0.25. It is known that the solution
of this conservation law produces a “shock” wave (i.e. an accumula-
tion of cells moving with the same speed) at the left hand side of the
cell aggregate whereas a “rarefaction” wave solution is formed on
the right hand side of the cell cluster where the speed of the cancer
cells is decreasing with lower o, (LeVeque, 2002). This is exactly
what is shown in Fig. 7 (top, left). This computed result fits well
with the “square” points of the graph of Fig. 1B for the case with
high IF velocity approximately equal to 3 um/s which reflects a
much stronger upstream dominance compared to the case with
low velocity 0.3 pmy/s.

4.2. Example B: High cell volume fraction given by (37)
In the following we set r. = 0.1 and also reduce ¢, by a factor 5.

4.2.1. No IF flow
This case shows behavior similar to what is shown in Fig. 3 (fig-
ures not included).

4.2.2. Slow IF flow

Next, in Fig. 8 we impose a pressure gradient as prescribed by
(38). The upstream migration now has a more pronounced role
and gives rise to a slightly dominating upstream migration. We
may compare with the low cell volume fraction situation in
Fig. 4. The essential difference between that example and the one
shown in Fig. 8, is the initial cell volume fraction. Looking at the

shape of the function f. shown in Fig. 2 (top, right) we see that
the upstream migration automatically becomes stronger for the
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Fig. 6. The figures show what happens when we block CCR7 and thereby nullifies autologous chemotaxis by setting & = 0 in (5) for the case with slow fluid velocity
(uw =~ 0.3 um/s) shown in Fig. 4. Consistent with that example we use r, = 0.25. (A) The downstream migration comes to a halt and only an upstream migration takes place.
(B) Pressure is as before for the case with slow fluid velocity. (C) The uc; (chemotaxis) component is zero in the absence of the autologous chemotaxis mechanism via CCR7
receptors and the uc; (flow) component takes over resulting in a dominating upstream effect. (D) Chemokine and protease distributions are essentially as before for the case

with slow fluid velocity.
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Fig. 7. Blocking of CCR7 with high fluid velocity (u, ~ 3 pm/s) and rq, = 0.25. (A) The cell behavior is strongly dominated by the upstream migration effect. (B) The high IFP
pressure gradient is a result of the boundary pressure condition (39). (C) The upstream migration mechanism is the same as for the previous example through the cell velocity
component u¢ = Ur % However, a 10 times larger total velocity Ur, will strongly increase the effect of u. Note that uc; = 0 reflecting the blocking of CCR7. (D) The gradient
in chemokine C is smaller due to the high fluid velocity.
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Fig. 8. The high cell volume fraction case with slow fluid flow (u,, ~ 0.3 um/s) and where we use r¢,, = 0.1. (A) The cell volume fraction reflects a combination of downstream
and upstream migration with a weak upstream dominance. (B) The difference between IFP P,, and cell pressure P, represented by AP(o.) is now more pronounced due to the
fact that o takes larger values in the central part of the cell aggregate. (C) Both the upstream migration represented by uc = UTL and the downstream cell velocity
component U = —’—‘(A(C) give strong contributions and reflect the competition between the two different migration mechanisms. (D) The chemokine gradient is skewed in

flow direction as before.
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Fig. 9. This case is a continuation of the previous example. We only increase the pressure gradient to generate a higher IF velocity (Ur ~ 2.5 pm/s) with rq, = 0.6. (A) The
upstream cell migration is now much more dominating, in particular, on the upstream side of the cell aggregate. (B) Pressure distribution corresponding to the high fluid
velocity case. (C) The upstream velocity uq = UTL (flow) experiences a strong impact from the high total velocity term Ur. This explains the formation of the upstream
moving front on the left side of the cell cluster. (D) The fast flowing fluid also reduces the chemokine gradient (compared to the previous example) and thereby reduces the
autologous chemotaxis effect, as reflected by u.; (chemotaxis) in panel (C).
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Fig. 10. We consider the same case as in Fig. 8, i.e., slow fluid velocity (u,, ~ 0.3 um/s) and high cell volume fraction with r.,, = 0.1. However, we account for blocking of CCR7
by setting ¢; = 0. (A) The upstream migration completely dominates when CCR7 is blocked. (B) Pressure behavior as before. (C) The chemotaxis driven velocity component u;
(chemotaxis) vanishes thereby allowing the upstream-driven component u; (flow) to dominate completely which in turn results in the upstream front seen in panel (A). (D)
Chemokine and protease distribution are as before for similar flow regimes.
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high cell volume fraction case due to the nonlinear decreasing form
(concave). This explains why u, is stronger in Fig. 8 (panel C) as
compared to the corresponding figure in Fig. 4. Computed result
is consistent with the “circle” points of the graph of Fig. 1B for
the high cell density showing a slight upstream dominated cell
migration with fluid flow ~ 0.3 pm/s.

4.2.3. Fast IF flow

In Fig. 9 we increase the pressure gradient to give a high IF
velocity as prescribed by (39). This results in a largely dominated
upstream migration due to the approximate 10 times increase in
the total velocity Ur, which in turn affects the cell velocity compo-

nent U = UT%, Computed result is consistent with the “circle”
points of the graph of Fig. 1B which shows a clearly dominated
upstream cell migration for the case with fluid flow ~ 3 pm/s.

4.2.4. Blocking of CCR7: Slow IF flow

In Fig. 10 we have the same situation (same parameter choice)
as in Fig. 8, however, we block the autologous chemotaxis by set-
ting ¢; = 0. The main effect is a much more dominating upstream
migration as compared to the results in Fig. 8, which involves a
competition of the downstream and upstream migration mecha-
nism. This is consistent with the “circle” points of the graph of
Fig. 1B which shows a clearly dominated upstream cell migration
for the case with fluid flow ~ 0.3 um/s and blocking of CCR7.

4.2.5. Blocking of CCR7: Fast IF flow

We consider the same situation as in Fig. 9, however, again we
nullify the autologous chemotaxis effect. This results in a stronger
upstream migration on the left hand side of the cell cluster com-
pared with the previous case (results are not shown). This is also
what the graph of Fig. 1B shows for the case with high fluid flow
~ 3 um/s and blocking of CCR7.

5. Discussion

We have demonstrated that the multiphase modeling approach
is rich enough to include a representation of both the autologous
chemotactic driven (CCR7-dependent pathway) downstream
migration as well as a second CCR7-independent pathway that
stimulates cells to migrate against the flow (Polacheck et al.,
2011, 2014). In particular, we have demonstrated that this last
non-chemical migration mechanism can be explained by a proper
balance between cell-ECM, fluid-ECM, and cell-fluid interaction
forces which is manifested in the cell velocity component
ue = Ur g More precisely, we have proposed correlations for these
interactions, as expressed by (19), which are based on general fluid
mechanical principles (largely borrowed from experience with
multiphase water-oil-gas flow i porous media (Evje, 2017; Qiao
et al., 2018)). However, a novel aspect here is that we must expand
the range of the parameter I involved in the cell-fluid drag force
term [ to take negative values in order to generate upstream
migration. After all this may not be unexpected since the cancer
cells is a “smart” fluid that can respond to indirect mechanical
stimulation via the matrix and integrins (Shieh and Swartz,
2011). Some similarities and differences between the model pre-
dictions and the reported experimental behavior in Polacheck
et al. (2011) and proposed interpretations are:

e In Polacheck et al. (2011) the cell velocity is estimated to be in
the range of 0.1 um/min = 0.0017 um/s. The dimensionless
velocity shown in the numerical examples generated by the
model are typically in the range 0.001-0.005 (i.e., pm/s) which
fits well with the above estimate.

In Polacheck et al. (2011) it is suggested, based on the observa-
tion that blocking of CCR7 gave rise to dominating upstream
migration of the same strength for both the low and high cell
density, that this non-chemical migration mechanism is inde-
pendent of cell density. Note that the mathematical model,
armed with the correlations (19), suggests that the upstream
migration through f.(c.) depends on the cell volume fraction.
Independence of cell density o amounts to a choice of param-
eters where the decreasing, negative part of the fractional flow

function fc(otc) shown in Fig. 2 (top) becomes linear.
The mathematical model suggests that the upstream migration

mechanism represented by U = UTfC(aC) is somewhat

sophisticated:

(i) A higher cell volume fraction typically gives rise to a higher
interstitial cell velocity. This is reflected by the fc(occ) func-
tion which is inclined to be rather flat for low cell volume
fractions and then decreases more rapidly for higher o.

(ii) This upstream migration is not the same on the upstream
side of the cell aggregate as the downstream. This is due

to the fact that f"c(occ) is a nonlinear function. On the
upstream side, migration against the flow tends to form a
front (a shock solution in mathematical terms (LeVeque,
2002; Qiao et al., 2018)) of a high cell volume fraction that
move with a rather uniform velocity. On the downstream
side of the cell aggregate, there is a “thinning out” effect
(formation of a rarefaction wave in mathematical terms
(LeVeque, 2002; Qiao et al., 2018)) where the upstream cell
velocity rapidly decreases with lower o.. This was illus-
trated in Figs. 7 and 10. We may understand this difference
as a natural consequence of the fact that on the downstream
side cells are more or less shielded from fluid flow stress by
neighbor cells positioned on upstream side. A parallel to this
situation is described in Pedersen et al. (2010), Shieh and
Swartz (2011), and Wiig and Swartz (2012), where the pres-
ence of extracellular matrix fibers surrounding the cancer
cells, is suggested to shield a cell from stress from the flow-
ing IF.

In summary, a multiphase mathematical model has been pre-
sented which describes directed cellular migration by both an
CCR7-dependent downstream mechanism and an CCR7-
independent mechanism that stimulates cells to migrate upstream.
This allows the model to predict the directional bias in migration
when these two competing mechanisms are active under different
circumstances.
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In this work we investigate fibroblast-enhanced tumor cell migration in an idealized tumor setting
through a computational model based on a multiphase approach consisting of three phases, namely
tumor cells, fibroblasts and interstitial fluid. The interaction between fibroblasts and tumor cells has pre-
viously been investigated through this model (Urdal et al., 2019) to comply with reported in vitro exper-
imental results (Shieh et al., 2011). Using the information gained from in vitro single-cell behavior, what
will the effect of fibroblast-enhanced tumor cell migration be in a tumor setting? In particular, how will
tumor cells migrate in a heterogeneous tumor environment compared to controlled in vitro microfluidic-
based experiments? From what we know about the behavior of a tumor, is that collective invasion into
adjacent tissue is frequently observed. Here, we want to elucidate how fibroblasts may guide tumor cells
towards draining lymphatics to which tumor cells may subsequently intravasate and thus spread to other
parts of the body. Fibroblasts can act as leader cells, where they create tracks within the extracellular
matrix (ECM) by matrix remodeling and contraction. In addition, a heterotypic mechanical adhesion
between fibroblasts and tumor cells also assist the fibroblasts to act as leader cells. Our simulation results
show how the interaction between the two cell types yields collective migration of tumor cells outwards
from the tumor where fibroblasts dictate the direction of migration. The model also describes how this
well-orchestrated invasive behavior is the result of a proper combination of different interaction forces

between cell-ECM, fibroblast-ECM, fluid-ECM and cell-fibroblast.
© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

1.1. Background

and expansion, and the type of tissue encountered (Gray et al.,
2010). Cells located at the front of the invading group are called lea-
der cells. These cells play a special role during migration by sensing
the microenvironment and dictating the speed and the direction of

One of the distinct properties of cancer is the ability of the cancer
cells to spread by invading the adjacent tissue, often followed by
local or distant metastasis. Cell migration is often referred to as
the movement of individual cells. However, most invasive solid
tumors frequently exhibit collective invasion, where cohesive
cohorts of cells invade the adjacent stroma while maintaining
cell-cell contacts (Friedl et al., 2012). The morphologically organiza-
tion of cohesive cohorts invading the stroma can vary considerably.

The invading cell groups may range from strands of just a few
cells in diameter, to wide masses of cells. The size and shape of a
collective invasion structure is probably determined by specific
combinations of cell-cell adhesion, cell-matrix adhesion and prote-
olysis. Therefore, the organization of the front of the collective cells
can vary, likely as a combined function of proteolysis, protrusion

* Corresponding author.
E-mail address: steinar.evje@uis.no (S. Evje).

https://doi.org/10.1016/j.jbiomech.2019.109568
0021-9290/© 2019 The Author(s). Published by Elsevier Ltd.

the entire cell cluster (Mayor and Etienne-Manneville, 2016).
Cancer-associated fibroblasts (CAFs) can act similarly as the front
of the collectively invading group, where cancer cells retain their
epithelial traits. The CAFs would then lead the cells within tracks
in the ECM generated by the fibroblasts (Gaggioli et al., 2007).
While epithelial-to-mesenchymal transition (EMT), a cell-
biological program giving cancer cells multiple malignant traits
such as loss of epithelial properties and acquisition of certain mes-
enchymal features in their stead, is widely accepted as an impor-
tant mode of invasion, its precise roles in primary tumor
behavior is not fully understood. As most primary tumor cells are
involved in collective migration rather than the dispersal of indi-
vidual carcinoma cells, this appears to conflict with the behavior
of cells that has gone through EMT and lost cell-cell contacts.
Therefore, an EMT program might not be necessary for carcinoma
cell dissemination. However, EMT and collective tumor cell migra-
tion are perhaps not mutually exclusive (Lambert et al., 2018).

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1.2. Purpose

This work is based on the computer models introduced and
explored in Waldeland and Evje (2018) and Urdal et al. (2019)
but used in a more realistic tumor setting. The model uses a mul-
tiphase approach describing three phases: tumor cells, interstitial
fluid and fibroblasts. We will try to exemplify how tumor cells
can invade to adjacent tissue without the need to undergo EMT
by using fibroblasts as leader cells. Similar to Urdal et al. (2019),
we allow direct mechanical interaction/coupling between fibrob-
lasts and tumor cells motivated by the results of Labernadie et al.
(2017). In addition, the moving fibroblasts may remodel the ECM,
causing tumor cells to migrate in the tracks of ECM created by
the fibroblasts as observed in Shieh et al. (2011), Gaggioli et al.
(2007), Schwager et al. (2019).

In Urdal et al. (2019) the goal was to replicate the experimental
results in Shieh et al. (2011) through a multiphase approach with
regards to tumor cell and fibroblast migration. This was performed
in a 1D setting where we, similar to the in vitro experimental set-
ting, impose a global pressure gradient to achieve a constant inter-
stitial fluid flow. This has yielded valuable information with
regards to how the different parameters in our model need to be
set in order to attain realistic fluid flow and cellular behavior. In
this work we apply the same model in a 2D domain comprised of
a tumor with a vascular system. Outside of the primary tumor
we have placed fibroblast cells and draining lymphatics. This
allows us to simulate the observed migration mechanisms
in vitro, autologous chemotaxis and fibroblast enhanced tumor cell
migration, simultaneously in a tumor environment. As opposed to
the experimental setting, where both the fluid flow field and cell
migration is essentially one-dimensional, a realistic tumor setting
is highly heterogeneous. IF now originates from the vascular sys-
tem and flows through the tissue to the draining lymphatics, creat-
ing a heterogeneous flow field which impacts the concentration
distribution of chemical components. We want to investigate
how fibroblast-enhanced tumor cell migration may occur in an
envisioned tumor setting. In particular, what type of invasion does
the inclusion and presence of fibroblasts impart on the tumor cells.
In addition, will the fibroblasts act as leader cells to guide tumor
cells towards lymphatics?

Variable Description

O, Olf , Oy volume fraction cell, fibroblast, fluid

Se,Sf cell growth/death

Uc, Uf, Wy cell, fibroblast, fluid velocity

p,G,C.H ECM, protease, chemokine, TGF

D¢, D¢, Dy diffusion coefficients

PmGm, Cv, Hu maximal concentrations

Py IF pressure

APg, cell-cell stress

Ac, Ay chemokine, TGF chemotaxis stress

e, j.f<;LT cell, fibroblast and total mobility

Ty, Ty conductivity vascular/lymphatic wall

13; , 13‘* effective vascular/lymphatic pressure

Q,=T» (,34 _ Pw) produced fluid from vascular system
v

Q=T (Pw _ ,3;«) lymphatic drainage

Mc, My percentage absorption at lymphatics

production/consumption ECM
production/consumption protease
production/consumption chemokine
production/consumption TGF
exponents of decay rate terms

21,222, %23, 724
731,432, 433
741,42, 43, 744
451,452, 453, 54, /55
VG, Ve, VH

2. Compact three-phase fibroblast-cell-fluid model
The model takes the following compact form (see Appendix A
for details).
ot + V- (acue) = Se
o+ V- (oguy) =Sy,
P =—’nGp + p<7~zz — 2230 — 24 (ﬁ))
Gt =V - (DcVG) — V- (uy,G) — 23:G
+(ote + o) (232 — 33 (%) VG)
C =V - (DcVC) -V - (u,C) — CMcQ
+Gp (/141 — a2 (ﬁ)z — a3 (ﬁ) VC) — 2440 .C
H; =V . (DyH) - V- (u,H) — HMyQ, — is:H

, W\ g\ ;
+o (/152 — 53 (ﬁ) — 54 (@) ) — Jss0pH.

The chemical components G,C and H are described by
transport-reaction equations and are advected by the IF velocity
u,,. The explicit expressions for the interstitial velocities are as
follows:

O+ 0 + 0ty =1

uo =Lup - B (AP, + Ac) + 2 VA,

W = LU B V(AP + Ac) 2T, @
U, =DLUr 4+ V(AP + Ac) + 2 VA,

Note that each phase velocity in (2) is governed by four different

terms, representing contributions to the overall phase velocity from

separate mechanisms. Functional forms offc,fffw and I s hy, hs and
APy, Ac, Ay are described by (28), (29), (15), (16), respectively, in
Appendix A. In order to find Uy, we first solve an elliptic equation
for P,, which takes the form

V- (irVPy) = =Tu(Py ~Pu) + Tu(Pu — F;)
_v. (ZCV(AP(W T AC(C))) _v. (ifv/\,,) ®3)
Pyloq = Pp.
The explicit expressions for /. and 7 are given by (30);4 in Appen-

dix A. We can use the calculated IF pressure P, to find the total
velocity Ur

Ur = —JrVPy — V(AP + Ac) — 4V A, 4)

where ;lf is given by (30),. Uy is required in the calculation of the
interstitial velocities u.,us and u,, in (2). The model 1- is subject
to the boundary conditions

0 0 0
5G|on =0, %Cbn =0, %H‘asz =0. 5)

Remark 1. Looking at the cell velocity u. given by (2);, we see that
it consists of four different terms:

1. fluid generated stress, %UT;

2. diffusion, — "2 V(AP (0t));

3. chemotaxis of cells towards increasing concentration gradient
of chemokines, — %VAC(C );

4. counter-current effect of fibroblasts chemotaxis towards con-
centration gradient of TGF, %VAH (H).
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The first term represents a stress caused by the flowing IF on
the cancer cells. This is a co-current transport effect. Cancer cells
will to a large extent resist the direct pushing of fluid flow, as
reported in Shields et al. (2007), Shieh et al. (2011). The next three
terms represent counter-current transport effects. The second term
represents migration due to diffusion, i.e., a more or less weak non-
directional migration, causing fibroblasts and fluid to be squeezed
in the opposite direction to give room for the tumor cells. This
effect is also created in the third term as tumor cells chemotax
towards positive chemokine gradients. The fourth term represents
tumor cells that are pushed in the opposite direction of fibroblasts
as fibroblasts chemotax towards positive TGF gradients. Note that
Ac(C), Ay(H) are decreasing functions.

Remark 2. Regarding the mechanical coupling between cells and
fibroblasts, this is expressed through [fcf in the general momentum
balance Eqs. (14 ). Still focusing on u. described by (2);, this term
will have an impact both on fc and fz2, as is seen from the expres-
sions (28); and (29),. Having that Q”cf > 0 we may look at the trans-
port effect through h, which is given by
’:lz(acﬂf) 2@*%~ (6)
o L (G+ )
If we increase the cell-fibroblast interaction fof,l:tz will eventually
become negative (Urdal et al., 2019). This means that there is accel-
eration of tumor cells through Z—fVAH of u,, which essentially is
fibroblast migration toward a positive gradient of TGF and felt by
the nearby tumor cells that connect to fibroblasts mechanically. In
addition, there is a corresponding deceleration of fibroblasts

through — ’A‘l*f[” VAy of ug in (2),.

o

Remark 3. We include both TGF and tumor cells in our model, yet
we have not implemented any direct effect TGF may have on tumor
cells. In reality, TGF-A1 regulates a variety of tumor promoting and
suppressive effect depending on which stage of development the
tumor is in. During the early stages of development TGF acts as a
tumor suppressor by inducing cell death and growth arrest. At later
stages, TGF switches roles and enhances migration, invasion and
survival of tumor cells (Massagué, 2008). However, the mathemat-
ical model is developed to comply with the experimental observa-
tions of Shieh et al. (2011) where TGF had no direct effect on the
cancer cells.

3. Results
3.1. Choice of parameters

Most of the parameters used in this work are the same as in
Urdal et al. (2019), Waldeland and Evje (2018). We refer to Table 1
for a precise description. We have performed thorough investiga-
tions in a 1D setting with regard to the choice of different param-
eters where these are set such that the model can capture the IF
pressure and velocity behavior as well as the cellular behavior of
in vitro 1D experimental results found in Shieh et al. (2011),
Shields et al. (2007). In this work we perform 2D simulations in a
more realistic tumor setting where the interstitial fluid flow field
is created due to leaky blood vessels at the tumor margin and func-
tional lymphatic vessels somewhere within the peritumoral
region. This will potentially create a heterogenous IF velocity field.
The main objective is to visualize to what extent the enhanced
tumor cell behavior reported fromin vitroexperiments can give rise
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Table 1
Model parameters (dimensional).

Parameter Description Value Unit

Reference variables

T Time 104 s

L Length 1072 m

u* Velocity 106 m/s

D* Diffusion 108 m?/s

P ECM density 1 kg/m?

G Protease 104 kg/m*

c Chemokine 104 kg/m®

H* TGF 1074 kg/m?

P Pressure 10 Pa

Pum Maximum ECM density p* kg/m>

Gu Maximum protease density 0.5G kg/m?

Cum Maximum chemokine density 0.3G" kg/m>

Hy Maximum TGF density 0.5H" kg/m*

Material constants

D¢ Diffusion coefficient of protease 8.10°12 m?/s

Dc Diffusion coefficient of chemokine 7.10° m?/s

Dy Diffusion coefficient of TGF 8.1012 m?[s

Production/decay rates

Jn Degradation of ECM 10 m>/kgs

J22 Reconstruction of ECM 125.103 1fs

23 Release of ECM 0 1/s

on Release of ECM 125.103 1fs

31 Decay of protease 25.1073 1/s

32 Cell production of protease 2.10°¢ kg/m>s

33 Logistic term constant (protease) 2.1076 kg/m’s

Ve Exponent in logistic function of protease 1 -

An Proteolytically freed chemokine 32.1073 m>/kgs

P Logistic term constant (chemokine) 1.44.10% m’/kgs

Ja3 Logistic term constant (chemokine) 32.1073 m>/kgs

m Cell consumption of chemokine 1.107° 1/s

Ve Exponent in logistic function of 0.2 -
chemokine

251 Decay of TGF 1.10°5 1/s

52 Production of TGF 8.75.10°7 kg/m’s

753 Logistic term constant (TGF) 55.1077 kg/m’s

54 Logistic term constant (TGF) 0 kg/m>s

55 Fibroblast consumption of TGF 2.107 1/s

Vy Exponent in logistic function of TGF 0.2 -

Potential function, chemokine

& Parameter characterizing Ac 8.10% m’/kg

Aco Parameter characterizing Ac 0 Pa

Aci Parameter characterizing Ac 25.104 Pa

Potential function, TGE

&y Parameter characterizing Ay 16-10° m3/kg

Ano Parameter characterizing Ay 0 Pa

Am Parameter characterizing Ay 25.10% Pa

7 Parameter characterizing AP 10° Pa

4 Parameter characterizing AP 0.01 -

to more aggressive tumor cell behavior in this envisioned
heterogenoues tumor setting. Hence, this summarizes our method:

1. Train our model using data from experimental results per-
formed in a controlled in vitro setting, as reported in Shieh
et al. (2011).

2. Expand the model, using the experience and parameters from
step 1, to mimic a real-world tumor in a two- dimensional
setting.

3.1.1. Interaction parameters
We have three distinct phases: cancer cells, fibroblasts and
interstitial fluid. These three phases interact with ECM (the matrix
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structure) and possibly also with one another. The interaction
terms are expressed by (., {w, {; and {, as reflected by the general
momentum balance Eqs. (14)456. The explicit correlations are
specified in (17)-(20). The interaction terms between the cellular
phases and the fluid phase have been neglected in this work, but
is investigated in depth in Waldeland and Evje (2018), Evje and
Waldeland (2019), which in turn is motivated by the experimental
findings in Polacheck et al. (2011). As far as the correlations in 17—

20 is concerned, the purpose of the coefficients l}w, l}c and i{f is to
represent dynamic properties of ECM, and is initially set as
kw = ke = k; = 1. 1,,,I. and I; are static parameters that reflect the
conductivity of the tumor microenvironment.

The process of setting parameters starts with obtaining a rea-
sonable pathological IF fluid flow velocity u,, and IFP P,, through-
out the domain. The interstitial fluid flow is mainly constructed
by the hydraulic conductivity of the interstitial space, i.e. the resis-
tance to the fluid flow in porous and fibrous media. A high hydrau-
lic conductivity yields a faster flowing fluid through the interstitial
space (Wiig and Swartz, 2012). We have set the conductivity asso-
ciated with the tumor microenvironment as I,' = £ =5.10""
m?/Pa s to achieve interstitial fluid velocity of u, =[0.1—0.7]
um/s. Then, we can apply the resistance forces {. and ;, seen in
(18) and (19), between the cellular phases and ECM to achieve
valid behavior of the cells based on expected behavior seen in
experiments. The parameters involved in {. and {; in combination
with the parameters used to express the chemotactic strength of
the cells, see (16), can be considered unique for one type of cell
line. Changes to these parameters will allow the tumor cells in
the model to be more or less aggressive, more single cell invasion,
or collective invasion and so on. Thus by tuning these parameters,
we can simulate the effects of fibroblasts on metastatic progression
for cancers of different origin, for example to determine whether
fibroblasts play a more or less significant role in guiding single cell
migration, as observed in fibrosarcoma or glioblastoma, or in guid-
ing collective cell migration as seen in cancers of epithelial origin
(Friedl and Wolf, 2003). Furthermore, we also have the ability to
vary essential aspects of the tumor microenvironment through
the parameter {,, given by (17) in combination with the placement
and production/absorption rate of the vascular and lymphatic sys-
tem, i.e., the parameters involved in the expression for Q, and Q,
given by (21) and (22). These interaction forces are imperative
for the behavior of the model, as they largely impact the functions
fﬁff,fw and hy, hy, hs as given by (28) and (29), which determine
the phase velocities u, us, u,, in (2). The following values are used
as default:

Ly=%-2.10" Pas/m? k,=1, 1,=00,
I = 20001, Pas/m? l:<c =1, r.=06, ™)
Iy = 1001, Pas/m?* k=1, rr = 0.6,
I = 10001, Pa s/m? rg =T =0.5.

We have set I, how strong cells are anchored to the ECM structure,
to be a 2000-fold larger than the fluid-ECM resistance force
(I. = 2000I,). This is greater than we have operated with before.
However, it serves better to illustrate how fibroblasts may enhance
tumor cell migration despite the fact that the initial cell-ECM resis-
tance force keeps cancer cells mostly stationary. As fibroblasts are
much more mobile than cancer cells, the fibroblast-ECM resistance
force is set 100 times larger than fluid-ECM resistance force, i.e.
Ir = 100I,,. We have assumed that not all fibroblast directly interact
with cancer cells. Thus, the strength of this interaction is set to
I = 10001, to determine the strength of th in (20). If we were to
set I — oo, the tumor cells and fibroblasts would act as one phase
in the regions where both phases are present.

3.1.2. Vascular and lymphatic flow parameters

The following values are used for parameters related to the vas-
cular flow, Q,, given by (21) and involved in the continuity equa-
tion for the IF (14);:

T,=5-10"71/Pas, P} =4000Pa (8)

and for lymphatic absorption Q; in (22) we use

T,=35-1071/Pas, ﬁf = 1000 Pa. 9)
Equipped with the above values yield an IF velocity around 0.1-0.7
um/s and IF pressure at the tumor margin around 3000-4000 Pa
(i.e., 20-30 mmHg). We have assumed non-functional lymphatic
vessels inside the tumor, and therefore no absorption of fluid within
the tumor. Information about the placement of lymphatics is found
in Fig. 2.

3.2. Initial and Boundary data
The initial primary tumor cell distribution is given by
oe(x,y,t = 0) = 0.4exp (7100(x ~0.5)* — 100(y — 0.5)2) (10)

where (x,y) € Q= [0,1] x [0,1] (dimensionless). The initial fibrob-
last volume fraction oy is restricted to surround one side of the pri-
mary tumor periphery. This will better illustrate the impact the
fibroblasts have on the cancer cells. The initial condition can be seen
in Fig. 1. The position of fibroblasts is motivated by von Ahrens et al.
(2017), Lakiotaki et al. (2016), where CAFs are situated around the
primary tumor close to its margin.

In particular, using the values assigned in (7)-(10), we get the
IFP and the corresponding IF flow field seen in Fig. 2. Fig. 2 (A)
shows where the vascular and lymphatic system are placed as
well; vascular system in the center of the domain (inside the
tumor), whereas four draining lymphatics are placed near the edge
of the domain. In some of the simulation cases the lymphatics have
changed positions and/or the conductivity of the tissue is
decreased, causing a different flow pattern. This will be described
within the respective cases. Fig. 3 shows IFP and IF flow field when
the conductivity of the tissue is reduced by a factor 10 by increas-
ing the parameter ky in (17) from 1 to 10. In order to maintain the
same level of the IF velocity we increase the transcapillary coeffi-
cient T, by a factor of 10 and T, by a factor of 2 as well as raise
the intratumoral vascular pressure 13; and effective lymphatic
pressure f’,* by a factor of 1.5. Clearly, this leads to a higher level
of the intratumoral IFP as well as a sharper drop of the IF pressure
at the tumor margin (panel A and B), but also a slightly lower max-
imal IF velocity at the margin (panel C and D).

Volume fractions

s Volume fractions
0.1

Fig. 1. Initial cell volume fractions: Fibroblasts are placed on one side of the tumor
to make it easier to compare simulated cell migration with and without fibroblasts
in the same figure.

156



J.0. Waldeland et al./Journal of Biomechanics 100 (2020) 109568 5

3.3. Collective behavior due to the presence of fibroblasts

In Urdal et al. (2019) we developed a model that incorporates
fibroblasts as a separate phase, in addition to tumor cells and inter-
stitial fluid. We used the experimental results from Shieh et al.
(2011) as a means to describe the behavior of fibroblasts. Further-
more, (Gaggioli et al., 2007) has shown that tumor cells may be led
by fibroblast while migrating. We wanted to examine how this
could play out in a more realistic tumor setting, using the mathe-
matical model developed in Urdal et al. (2019). In this work, we
include the following two fibroblast-enhanced cancer cell migra-
tion mechanisms.

1. Fibroblasts remodel the ECM, priming the matrix to enhance
the tumor cell invasion.

2. Tumor cells migrate in the same direction of fibroblasts due to a
direct mechanical interaction between them.

We represent ECM remodeling by fibroblast (i.e. point 1.
above) through the dynamic cell-ECM interaction parameter k.
We use the same correlation as in Urdal et al. (2019), which is
given by

ke(or) =1 —A(1 — exp(—Boy)), (11)

with prescribed constants A and B. We use values as found for the
in vitro study (Urdal et al., 2019) with A = 0.7 and B = 50. Hence,
l}C acts as a function of fibroblasts, o, where the presence of fibrob-
lasts decreases the cell-ECM resistance force ¢, (see (18)). This
accounts for the effect that fibroblasts prime the matrix in the direc-
tion they migrate and therefore pave the way for cells to follow
their path.

Regarding point 2 above, we assign the direct fibroblast-cell
mechanical interaction strength I from (7) in such a way that it
can be interpreted as not all fibroblasts link themselves to the
tumor cells. This still allows, however, that fibroblasts create tracks
within the ECM so that tumor cells may follow them without the
necessity of direct interaction.

(A) IF pressure

1 15
0.8
10_
b 0.6 i:
04 H
5
0.2
0 0
0 0.5 1
(©) X
Fluid velocity field
1
06
> 04§
02

0 0.5 1
X

(D

3.3.1. Partial mechanical coupling and ECM remodeling

As prescribed in (7), the strength of the mechanical coupling
between cancer cells and fibroblasts is set to Iy = 1000I,,. This
implies that not all fibroblasts create a direct coupling with the
cancer cells, yet some will maintain this ability. The simulated
results are displayed in Fig. 4 and 5 after a time period of T ~ 5.8
days. Main observations are:

o Tumor cell migration is manifested as a strong finger like migra-
tion pattern outwards from the tumor, see Fig. 4, panel (A).
Fibroblasts shown in panel (B) effectively migrate in the IF flow
direction and pull cancer cells out of the primary tumor region
so that the two cell types migrate in a coupled fashion where
tumor cells follow fibroblasts through a primed matrix.

The chemical components, chemokine and TGF-p, create peri-
cellular concentration gradients in the direction of the lymphat-
ics (Fig. 4, panel (C) and (D)). This causes both tumor cells and
fibroblasts to migrate in that direction due to autologous
chemotaxis, as reflected by panel (A) and (B).

As fibroblasts migrate at a higher velocity through the ECM and
are not fully anchored to the cancer cells, they also prime the
matrix further from their initial position. This results in cells
following the fibroblasts farther through the ECM, both by the
now primed ECM and the direct mechanical coupling between
cells and fibroblasts, as observed in Fig. 4 (A).

Fig. 5 shows the total cell velocity u. (A) and its different veloc-
ity components (B-E), as mentioned in Remark 1. Panel (A) illus-
trates that the migration is highest at the invasive strand-like
front. Apparently, the more motile fibroblasts, enable the cancer
cells that are coupled with the fibroblasts to migrate even far-
ther from their initial position.

Fig. 5 (F), which visualizes the different components of (2);, tells
us that tumor cell migration due to chemotaxis towards chemo-
kine (yellow region) is dominant close to the tumor periphery
behind the more invasive front whereas migration owing to
the mechanical coupling between fibroblasts and tumor cells
is dominant outside of the periphery (orange region) of the pri-
mary tumor. The simulation suggests that the more aggressive
tumor cell behavior is a result of the cell-fibroblast interaction.

(B) IF pressure

15

[mmHg]

0

Fig. 2. Pressure and fluid flow velocity: (A) Interstitial fluid pressure P, is elevated at the center of the tumor and decreases significantly towards its periphery. (B) Same
interstitial fluid pressure as in (A) but seen from another angle. (C) Fluid velocity field corresponding to the interstitial pressure in (B), where we have the highest fluid
velocity at the tumor periphery and leads to the draining lymphatics outside of the primary tumor. (D) Fluid velocity field zoomed in at x € [0.5,1] and y € [0.3,0.8].
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Fig. 3. Pressure and fluid flow velocity with decreased tissue conductivity: (A) Interstitial fluid pressure P, is elevated at the center of the tumor and decreases significantly
towards its periphery. The hydrostatic pressure in the vascular and lymphatic system is now P;, = 6000 Pa and P; = 1500 Pa respectively. (B) Same interstitial fluid pressure
as in (A) but seen from another angle. (C) Fluid velocity field is heavily dependent on the interstitial fluid pressure, thus we have outgoing fluid flow from the tumor periphery

to the four lymphatics and nearly stagnant at the tumor core. (D) Fluid velocity field zoomed in at x € [0.5,1] and y € [0.3,0.8).
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0 0.5 1
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Fig. 4. Combined partial mechanical coupling and ECM remodeling: All variables are dimensionless. (A) Cancer cell volume fraction o, shows migration towards the
lymphatic vessel placed on the edge of the domain. The tumor cells follows the tracks made by the fibroblasts. On the right side of the tumor there clearly is a very small
degree of invasion. (B) Fibroblast cell volume fraction o migrate at a higher velocity than tumor cells towards the edges of the domain. Fibroblasts chemotact towards the
lymphatics as TGF-$ accumulates and creates higher concentrations (positive gradients) in that direction. (C) Chemokine concentration C is proteolytically released from the
ECM and creates a concentration gradient towards the lymphatics due to advection. (D) TGF-§ concentration H is produced by fibroblasts and is advected towards the

lymphatics by the interstitial fluid.

e Comparing the left and right side of Fig. 4 (A) shows that fibrob-
lasts are necessary to activate the invasive behavior of tumor cells.

3.3.2. Partial mechanical coupling and ECM remodeling with reduced
tissue conductivity

The mechanical properties of the tumor microenvironment
affect the tumor cell invasiveness. We change the tissue conductiv-

ity, as mentioned above, by increasing k., with a factor 10. The cor-
responding fluid flow field is similar to Fig. 2 but the magnitude is
decreased, as seen in Fig. 3. With a decreased conductivity there is
also a stronger connection between the vascular and the lymphatic
system, causing the fluid flow to concentrate towards the lymphat-
ics more directly than the previous case. The simulated results are
shown in Fig. 6 and 7. Main observations are:
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Fig. 5. Combined partial mechanical coupling and ECM remodeling: Tumor cell velocity. The highest tumor cell migration velocity is in the range 10-20 pm/hr. (A) Tumor cell
velocity u.. The invading tumor cells furthest away from the primary tumor are migrating with the highest velocity. (B) Tumor cell velocity due to fluid generated stress,
e fluid-stress :/—U, Fluid generated stress imposed on the tumor cell does only slightly contribute to the total tumor cell velocity. (C) Tumor cell velocity by cell-cell
interaction, U cey_cen = — 1 *”1 V(AP.y). Through our choice of parameters, random migration of tumor cells by diffusion is very low. (D) Tumor cell velocity due to chemotaxis
of fibroblasts towards concentratlon gradient of TGF, U, chemotaxisn = ”2 £VA. Through the mechanical interaction between the two cell types, we have momentum transfer
between them. (E) Tumor cell velocity due to chemotaxis of tumor cells towards concentration gradient of chemokine, W, chemotaxisc = ”‘*"1 VAc. Chemotaxis towards

chemokine contributes the most to the overall tumor cell migration behind the invasive front. (F) The components of u., shown in subﬁgures (B)-(E), which is largest in

magnitude in a given area. Each component is represented by a color, referenced on the right of the figure.

e Tumor cells do not seem to be more aggressive in terms of pen-
etration distance or tumor cell velocity, as seen in Fig. 6 (A) and
Fig. 7 (A). Rather than small fraction of tumor cells migrating
from the primary tumor as in Fig. 4 (A), the cells now migrate
in a more collective sheet-like manner away from the primary
tumor, Fig. 6 (A).

By decreasing tissue conductivity the tumor cells have
increased directionality towards the lymphatics, as the direc-
tion of flow through the tissue plays a much larger part in this
case. The fluid generated stress imposed on tumor cells, seen in
Fig. 7 (B) and (F), is upregulated. In addition, the fluid flow cre-
ates both chemokine and fibroblast gradients towards lymphat-
ics in a more direct manner, Fig. 6 (C and D).

3.3.3. Diagonally placed lymphatics

In the next example we have placed the lymphatics at the corners
of the domain rather than in the center of the sides. We continue to
use the same parameters as in the first case. In this instance we
exemplify how fibroblasts guide cancer cells towards the lymphat-
ics. Having the same initial conditions for tumor cells and fibrob-
lasts, shown in Fig. 1, we expect that fibroblasts may change the
direction of migration and thereby lead tumor cells to the lymphat-
ics through ECM remodeling and direct mechanical adhesion.

The results can be seen in Fig. 8 and 9.

e The migration of fibroblasts are clearly diverted towards the
lymphatics. This also causes tumor cells to follow the fibroblasts
towards the lymphatics, as seen in Fig. 8 (A), (B) and Fig. 9 (F).
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e The direction of the concentration gradients of both TGF and
chemokine guides both cell phases towards the lymphatics,
shown in Fig. 8 (C) and (D). The chemical components still accu-
mulate near the lymphatics.

4. Discussion
4.1. Main conclusions

The multiphase model (1)-(5) has demonstrated how tumor
cells can collectively invade the adjacent tissue by using fibroblasts
as their leader cells to guide them towards the lymphatic system.
There are two mechanisms accounted for in the computer model
through which the fibroblasts enhance tumor cell migration: (i)
Fibroblasts generate tracks in the tissue through remodeling and
tumor cells are more inclined to invade in that direction. We
express this by reducing cell-ECM drag force in {, given by (18)
as expressed by the correlation (11), letting tumor cells invade
more aggressively where fibroblasts are present. (ii) Tumor cells
directly attach themselves to fibroblasts and since fibroblasts are
more mobile, they increase the tumor cell velocity and thus they
increase tumor cell aggressiveness and ability to invade. This effect
is expressed in the ﬁz—function in (29); since this becomes negative
when the cell-fibroblast interaction term ;ycf given by (20) becomes
sufficiently large. This allows fibroblasts chemotaxis towards a
positive TGF gradient to increase tumor cell velocity in the same
direction, as expressed through the last term of wu. in (2);. It is
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Fig. 6. Combined partial mechanical coupling and ECM remodeling with reduced tissue conductivity: All variables are dimensionless. (A) Cancer cell volume fraction o..
Tumor cells migrate slowly towards the lymphatic, but in a more direct manner. (B) Fibroblast cell volume fraction o;. Fibroblasts migrate outwards from their initial position.
They also guide the tumor cells to migrate in their path, such that the tumor cells experience less resistance towards the lymphatic. (C) Chemokine concentration. Due to the
decreased fluid flow velocity there is a greater concentration gradient of chemokine, as it will not be rapidly advected by the fluid. (D) TGF-p concentration. TGF-$
concentration similarly to chemokine, but is instead produced by fibroblasts.
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Fig. 7. Combined partial mechanical coupling and ECM remodeling with reduced tissue conductivity: Tumor cell velocity. The highest tumor cell migration velocity is in the

range 10-20 pm/hr. (A) Tumor cell velocity u.. (B) Tumor cell velocity due to fluid generated stress, W suia-stress = i—‘( Ur. With decreased conductivity, fluid-generated stress has
a larger impact on the total tumor cell velocity. (C) Tumor cell velocity by cell-cell interaction, U cejp_cen = —

hy 4

%

hy V(APe). (D) Tumor cell velocity due to chemotaxis of
fibroblasts towards concentration gradient of TGF, W chemotaxisn = ’;JCVAH. Tumor cells follow fibroblasts through a direct mechanical coupling. (E) Tumor cell velocity due to
chemotaxis of tumor cells towards concentration gradient of chemokine, U chemotaxisc = — "J;—"l V Ac. Tumor cells chemotact towards the lymphatics. Tumor cell velocity due to

chemotaxis is increased on the left side due to ECM remodeling by fibroblasts. (F) The components of u., shown in subfigures (B)-(E), which contributes the most to the total
tumor cell velocity in a given area. Each component is represented by a color, referenced on the right of the figure.
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Fig. 8. Diagonally placed lymphatics: All variables are dimensionless. (A) Cancer cell volume fraction .. Tumor cells that are invading tend to veer towards the lymphatics
which are now placed on the diagonals of the domain. (B) Fibroblast cell volume fraction o;. Fibroblasts can clearly be seen to migrate in the direction of lymphatics. (C)
Chemokine concentration. Chemokine continue to accumulate at the lymphatics. (D) TGF-$ concentration. Similarly to chemokine, TGF- accumulates at the lymphatics.
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Fig. 9. Diagonally placed lymphatics: Tumor cell velocity. The highest tumor cell migration velocity is in the range 10-20 pm/hr. (A) Tumor cell velocity u.. Tumor cells
migrate towards the lymphatics. (B) Tumor cell velocity due to fluid generated stress, U ia_stress = LUT Fluid generated stress lmposed on the tumor cells does not have a
strong contribution to the total velocity. (C) Tumor cell velocity by cell-cell interaction, W cey—cen = — —uV(/\PCW) (D) Tumor cell velocity due to chemotaxis of fibroblasts
towards concentration gradient of TGF, W chemotaxisn =

—KVAH Through the direct mechanical coupling between fibroblasts and tumor cells, fibroblasts acts as leader cells and
guide tumor cells toward the lymphatics. (E) Tumor cell velocity due to chemotaxis of tumor cells towards concentration gradient of chemokine, W chemotaxisc = — —\—AVAC

The chemokine concentration gradient acts as a guide due to the accumulation of chemokine near the lymphatics. (F) The components of u., shown in subfigures ( )-(E),
which has the highest relative tumor cell migration velocity in a given area. Each component is represented by a color, referenced on the right of the figure.
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evident that under these circumstances, fibroblasts are necessary
to initiate aggressive tumor cell behavior.

One important aspect of the second effect, (ii), is that fibroblasts
increase the aggressiveness of the tumor cells through mechanical
coupling, but decreases the mobility of fibroblasts. Tumor cells,
being less mobile than fibroblasts, slow the fibroblasts down
through this coupling. However, fibroblasts also remodel the
ECM, increasing tumor cell velocity. Therefore, this can be consid-
ered a positive feedback loop. Fibroblasts will migrate more
aggressively if tumor cells do the same, and since fibroblasts
increases tumor cell aggressiveness, fibroblasts themselves will
in turn increase their aggressiveness.

In our simulation cases we study the effect of fibroblasts on
tumor cell migration in a tumor setting, under different conditions
with regards to placement of the lymphatic system and the tissue
conductivity. The results indicate that.

e Placement of lymphatics greatly impacts the direction in which
both fibroblasts and tumor cells migrate. This is mainly a result
of the pericellular chemical concentration gradient of TGF and
chemokine skewed in the direction of IF flow, which originates
from the vascular system and is drained by the lymphatics. The
fluid flow field is dependent on the location of the lymphatics.
By decreasing the conductivity of the tissue, the fluid-ECM
interaction term {,, in (17) increases, i.e., the fluid feels a stron-
ger resistance force. This results in a higher contribution by the
fluid generated stress imposed on the cells, letting the direction
of fluid flow also guide tumor cells. Tumor cells thus displayed
an enhanced collective migration towards the lymphatics when
the conductivity was reduced. This is evident in Fig. 7 (F).
Two different types of aggressive behavior have been observed.
When hydraulic conductivity is relatively high, the cancer cells
are inclined to develop elongated strands of connected tumor
cells at the invasive front that move farther away from the pri-
mary tumor, as illustrated in Fig. 4. When hydraulic conductiv-
ity is reduced, the cancer cells tend to move collectively with a
lower speed but more direction-specific towards a nearby
draining lymphatic vessel, see Fig. 6. This is a result of the fact
that changes in the tissue microenvironment will change the
relative strength of the different tumor cell migration compo-
nents, as expressed by (2);.

Studies have shown that tumors that had developed lymph
node metastases expressed higher interstitial fluid pressure and
elevated interstitial fluid velocity compared to tumors that had
not metastasized (Hompland et al., 2012; Andersen et al., 2017).
In our simulations we reproduce the measured IFP in metastasizing
tumors, which lies in the range of 30-40 mmHg (4-5.5 kPa). The
source of elevated IFP in tumors may be influenced by many fea-
tures of the local and adjacent stroma. Through our model, we
can see that by decreasing the conductivity of the tissue we need

to set a higher effective vascular pressure, P,, and conductivity of
the vascular wall, T,, to maintain realistic interstitial fluid velocity.
It is known that tumors develop elevated IFP because they show
high resistance to blood flow (i.e., P, in (21) is high), low resistance
to transcapillary fluid flow (i.e., T, in (21) is high), and impaired
lymphatic drainage (i.e., Q; in (22) is located to the peritumoral
region) (Andersen et al., 2017).

As the conductivity is decreased, and thus the IFP is elevated,
we observe in our results increased collective directionality
towards the lymphatics. This may account for development of
lymph node metastasis of in vivo tumors seen in tumors with
elevated IFP (Hompland et al.,, 2012; Andersen et al.,, 2017). In
addition, a study performed in vitro showed that cells cultured
on stiffer substrates displayed sheet-like migration pattern,

which is a slow collective migration but is exhibiting increased
directionality, whereas cells cultured on softer tissue displayed
more mesenchymal behavior (Shukla et al., 2016). Collectively
migrating tumor cells are most frequently observed in solid
tumors (Friedl et al., 2012), which may explain the observations
with regards to the increased number of lymph node metastasis
found in Andersen et al. (2017) in tumors where IFP is
increased.

Based on the work by Gaggioli et al. (2007), where fibroblasts
create tracks within the tissue for the tumor cells to follow, we
included fibroblasts with the ability to act as leader cells through
ECM remodeling and direct mechanical interaction. Like tumor
cells, fibroblasts also sense the decreased conductivity and have a
reduced migration velocity, but increased directionality
(Lautscham et al., 2014). This reduces the effect of the fibroblast-
enhanced tumor cell migration as tumor cells are dependent on
how the fibroblasts migrate. In summary, a multiphase approach
has been used to illustrate the migration of tumor cells and fibrob-
lasts in a realistic tumor setting, a model trained by experimental
data observed in vitro. Fibroblast-enhanced tumor cell migration
is present through two distinct mechanisms, i.e. through ECM
remodeling and direct mechanical coupling between the phases.
Moreover, we observe a collective migration of tumor cells out-
wards from the tumor and reducing the conductivity of the adja-
cent tissue increases the collective directionality. This yields
results which can elucidate how fibroblasts guides tumor cells
towards the lymphatics through collective migration. Furthermore,
our model suggests that tumor cells are able to reach functioning
lymphatic vessels through solely using fibroblasts as their guide
as leader cells and without changes in the intrinsic migratory
behavior of the cancer cells. These results support the strategy of
targeting fibroblast-cancer cell interactions as a method to
decrease metastasis in patients.

4.2. Future directions

Dense interstitial matrix and elevated interstitial fluid pressure
have long been known to be barriers for drug delivery to solid
tumors (Chauhan et al, 2011), and an emerging strategy for
improving drug delivery has been to enzymatically degrade the
matrix to increase hydraulic conductivity (Brown et al., 2003;
Bookbinder et al., 2006; Perentes et al., 2009). However, there is
some indication that degrading matrix leads to an increased rate
of metastasis (Binder et al, 2014), and expression of matrix-
targeting proteases by tumors has long been established as a mar-
ker for metastatic potential (Liotta et al., 1980). The results in the
present study demonstrate a dominating collective directional
migration toward the lymphatics with decreased hydraulic con-
ductivity. However, with higher conductivity the tumor cell behav-
ior becomes more aggressive with a deeper penetration (higher
velocity) and formation of a strand-like invasive front. This sug-
gests a possible mechanism for the increased metastasis. More
broadly, it demonstrates that enzymatically targeting the intersti-
tium and thereby increasing the hydraulic conductivity, could have
detrimental side-effects that promote metastasis. Rather, since
fibroblasts contribute greatly to the metastatic and aggressive
behavior of cancer cells, as observed on the left versus right side
of the computational domain in this study, the model suggests that
targeting fibroblasts for therapeutic treatment would decrease the
invasion of cancer cells. This is consistent with experimental work
that has identified CAFs as among the predominant cell types pre-
sent within the tumor microenvironment (Kalluri and Zeisberg,
2006). A high concentration of stromal CAFs are often associated
with poor prognosis in humans, as fibroblasts have abilities that
can support and promote tumors during growth and metastasis
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(Togo et al.,, 2013; Dasari et al.,, 2018). Natural future work and
development of the computer model could be to tune it towards
preclinical model data and use it in a search for associations
between metastatic propensity and conditions pertaining to the
TMEs, as reported, for instance in the recent work (Andersen
et al.,, 2017). Another natural application would be to add a thera-
pautic agent to the model with a prescribed impact on aspects of
the TME or the migratory features of the cells, and then explore
systematically for possibly barriers for efficient delivery and effect
of this drug.
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Appendix A. Three-phase fibroblast-cell-fluid model

In this work we use the multiphase model developed in Urdal
et al. (2019) which in turn is motivated by the formulation in
Evje (2017). The approach is closely related to modelling of creep-
ing fluid flow in porous media by mixture theory (Drew and
Passman, 1999; Rajagopal, 2007; Standnes et al., 2017; Qiao
et al., 2018, 2019). However, in this Appendix we also include
porosity in the derivation of the model, where choice of parameters
and assuming a constant porosity in space and time will reduce the
model to its original form found in Urdal et al. (2019).

The tumor microenvironment contains the extracellular matrix
(ECM) that occupies a volume fraction ¢, where the rest of the vol-
ume is represented by pore space ¢,. Fibroblasts, tumor cells and
interstitial fluid reside within the pore space. We have that

b+ by = 1. (12)

In the derivation we will use ¢ = ¢, = % to represent the pore space

and ¢, = y» =1 — ¢ to represent the matrix, where V; is total tis-
sue volume (V; = V,, + Vy). Thus, the tumor environment is consid-
ered a mixture of four interacting continua (Drew and Passman,
1999; Rajagopal, 2007): a stagnant matrix occupying a volume
1 — ¢, a tumor cell phase represented by a volume fraction o, mov-
ing within the pore space ¢ with a velocity u?, and similarly for the
fibroblasts and interstitial fluid (volume fractions o and o, with
velocities u}’ and u},). The pore space is filled by the three phases,

giving the closure relation

O + 0 + Oy =1 (e, o+ oy + pouy = ¢) (13)

In addition to mass and momentum balance equations for the three
phases we have included the following components:

 ECM component p = 3
tissue volume V7).

e Protease G =
tumor cells.

e Chemokine C = ¢;’:VCVT (mass per volume of solution) released by
proteolytic activity.

e Transforming growth factor H = - (mass per volume of solu-

dowVr
tion) released by fibroblasts.

associated with matrix (mass per total

(mass per volume of solution) secreted by

Mg
P Vr

Note that we can multiply the concentration of G,C and H by
$o, in order to express the concentration as mass per total volume
tissue V. The resulting model, with inclusion of porosity and con-
centrations expressed in terms of mass per total volume tissue,
becomes:
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((/)at)[ + V- (‘/’“tulcj) = Sm Sc = 0 ()vll - jL12‘th - /113 pﬂ )

(90), + V- (geguf) =5,

(pow); + V- (poputly) = =Sc =5 +Q, Q=0Q,-Q

%V (P + APy + Ac) = ~Euf + Ly (wf — w?)

V(P -+ M) = ~Euf — L (wf — )

0w VP, = —Euh,

pe=—2Gp+2 (7-22 — A230c — A2a (ﬁ)) (14)
($24G), = V - (DcVG) — V - (¢ ,G) — /31 G

+ (ot + o) ()~3z —J33 (&) VC)
($C), = V - (DVC) — V- (o ,C) — CMcQ,

2 Ve
+Gp (141 — a2 (&) — /43 (&) ) — J4a0cC,
(¢powH), = V- (DyVH) = V - (powul,H) — HMyQ, — 45:H

. a\2 H\" )
+o (/152 — As4 (@) — 54 (@) ) — JssopH

where uf = (u},u}) for i = c,w,f are interstitial velocities. The first
six equations are mass and momentum balance equations for each
of the phases, whereas the remaining equations account for ECM,
protease, chemokine and TGF. The chemical components move by
diffusion and advection. S, and Sy are proliferation/apoptosis terms
whereas the source term Q in (14); describes the produced IF flow
Q, from the leaky vasculature and Q, is the collected fluid by func-
tional lymphatics in the peritumoral region. Similar to Evje (2017),
Urdal et al. (2019) we use the following function for cell-cell inter-
action stress APqy (o)

APey(ote) = (o) = =71nfo + (1 — o)) (15)

where ) > 0 is a coefficient (unit Pa) that depends linearly on the
surface tension (unit Pa m) whereas J(c,) is a monotonic increasing
dimensionless function with respect to the cell volume fraction o.
This accounts for the effect that tumor cells will try to reduce the
cell-cell stress by moving towards a region with fewer tumor cells.
The ability of the cancer cells and fibroblasts to generate a force and
move is expressed through the potential function As(A) with
A = C,H given by

Ani

) = Ao = P e (A )]

(16)
where Ap, A1 and &, are constant parameters with units, respec-
tively, as [Aqo, Ami] =Pa and [¢;] = m3/kg. Note that As(A) for
A = C,H is a decreasing function reflecting that cells/fibroblasts will
try to reduce the additional stress associated with it by moving
towards a higher concentration of A.

There is a drag force between the extracellular fluid, repre-
sented by u,, and the ECM fibers. We use the following expression
for this force
ky > 0,

Zw = Iwi(wd)“cys T'w < 2= (17>

with I, = 4 and K is the permeability of the porous media and y,,
the fluid viscosity. The coefficient r,, plays a similar role to the use
of relative permeability functions in standard Darcy’s equation
approach extended to several phases. Similarly, there is a drag force
between the cells and the ECM

Zc = ]ci(c¢ar(s lA{c > 0: Ie < 27 (18)
where I. (Pa s/m2), k. and r. must be specified (the last two are
dimensionless). In addition, there is a similar drag force between

the fibroblasts and the ECM
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U =Ikoo, k>0, rp<2, (19)
where I; (Pa s/m?), fq and r; must be specified. Finally, there is a
drag force between the cell phase and the fibroblast phase which
accounts for the mechanical coupling between the two cell types.
This drag force represent momentum transfer from the faster mov-

ing fluid (fibroblasts) to the slower moving fluid (cancer cells)
by = Iy o, (20)

I is a positive constant determining the order of magnitude of the
cell-fibroblast interaction and ry, 1y are related exponents deter-
mining further details of this interaction. The form of the different
interaction terms {,,, (., {; and {; is consistent with traditional mod-
eling of multiphase flow in porous media based on Darcy’s extended
law (Standnes et al., 2017; Qiao et al., 2018; Qiao et al., 2019; Bear,
2018, 2016).

Interstitial flow is a relatively slow fluid movement through the
interstitium driven by hydrostatic and osmotic pressure differ-
ences between the arterial and lymphatic vessels (Chary and Jain,
1989). The transcapillary exchange and formation of interstitial
fluid is determined by a modified Starling’s Law, where Q, in
(14)3 is given by

Q= To(P, = Py — or(m, = m)) = Tu (P, Py

(21)

T, = Lv%
with P} = P}, — o7(w, — ). Here, L, is the hydraulic conductivity
of the capillaries (m?s/kg =m/Pa s); S,/V is the exchange area
available for filtration per unit volume of tissues V; P, and P,, are
the hydrostatic pressures in the blood capillary and the interstitial
compartments, respectively; 7 and m, are the osmotic pressure
in the capillary and interstitial compartments, respectively. o is
the capillary reflection coefficient.

The lymphatic vessels drain excessive fluid from the interstitial
space, expressed by Q; in (14);. The lymphatic system therefore
regulates the fluid balance in tissues and prevents formation of
edema. In a tumor microenvironment, the increased hydrostatic
pressure causes the lymphatics within the tumor to be compressed
and non-functional. Similar to (21), Q; is expressed by

S
Ti=Ly (22)

Here L, is the hydraulic conductivity of the lymphatics; S;/V is the

Q=T(Pu-P;).

surface area of the lymphatics per volume unit of tissues V and ﬁ,’
is the effective lymphatic pressure.

Remark 4. The model (14) is essentially the same as the one
discussed in Urdal et al. (2019). One difference is the appearance of
the porosity ¢ which is set to a constant and will not have a direct
impact on the simulation results. In addition, since we now use the
model in an envisioned tumor setting, which is different from the
experimental setup explored in Urdal et al. (2019), some other
changes can be found. First, we need the source term Q in (14); to
account for the characteristic fluid flow from the the intratumoral
vascular system to the draining peritumoral lymphatics. We have
also added some source terms to the equation of chemical
components (G, C and H) in (14)g g 10 This is done primarily to be
able to better control the production and decay of the chemical
components, and add some more realistic features to the equa-
tions. In particular, we have added decay terms —CMcQ; and
—HMyQ, to ensure that the accumulation of chemokine and TGF at
the lymphactis do not reach unreasonable high values.

A.1. Rewritten version of the model

We have implicit expressions for the velocities, represented by
the momentum balance Egs. (14)456. We can replace these equa-
tions with explicit expressions for the phase velocities (see
(Urdal et al., 2019) for more details). First, we introduce velocities
u., u; and u,, that are phase velocities relatively pore space, i.e.

o 23)

In addition, we assume that «,G~ G,,C~C and o,H~H in
(14)s.9.10, meaning that in the region outside the tumor «, is close
to 1 (i.e. the pore space outside the tumor is dominated by fluid)
and we are mainly interested in the role played by the chemical
components in generating migration of tumor cells and fibroblasts
in this area. From (14), after we have made it dimensionless (see
Appendix B), we then have

(O(C)[ + \ (“cuc) = Sc~,

(o) +V - (oyuy) =5y,
(o) + V- (owlly) ==S. -5 +Q, Q=Q,-Q

%V (P + APoy + Ac) = 51 + % (ur — u)

Se = 0c (/111 — A120c — 213 ﬁ)

4V (Py+ An) = — Ly — 4 (uy —u;)
o VPy = —%Wuw
pi=—ImGp+p (;.22 — 30l — Jag (ﬁ))
G =V - (DeVG) - V- (u,G) — inG
+ (0t + o) (7.32 — /33 (&) vc)
C =V -(DcVC) = V- (u,C) — CM.Q,
+Gp (im — la2 (%)2 — 43 (%) vc) — 2440C,
H; =V - (DyVH) - V- (u,H) — HMyQ; — /51H
+ (zsz () e (1) ) ~ issoyH
(24)
with w; = (u¥,u/,u?) for i = c,w,f. The model is combined with the
boundary condition
PW‘on = P,}, %G‘ag =0,
#Cloa =0, FHlpg =0,

v

t>0 2)

where v is the outward normal on 9Q. The corresponding initial
data are
o (X, t = 0) = 0tco(X),
G(x,t =0) = Go(x),

o (X, t = 0) = oso(X),
C(x,t = 0) = Co(X),

Px,t = 0) = po(X).
H(x,t = 0) = Ho(x)
(26)
We can find the explicit expressions for the cell velocity u,, fibrob-
last velocity u; and the IF velocity u,, (refer (Urdal et al., 2019) for
details).

uo = LU -G AP, 1 Ac) + 2 VA,

u = %UT +B V(AP + Ac) — B VA, 27)

u, =LUr+ V(AP + Ac) + 2 VA
with fractional flow functions which describes co-current flow

fc,i“ﬁ,v and f,, respectively, for the cell, fluid and fibroblast phase
given by
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fe(oe,04) =

i
e[yl +e (B )]
2

(azc+otf)z;“c,+o<2 Gva? f;+;7“v'(fc§cf+$cff+fcj§/)

Fr(ore ) =

_ o [orcd Cf}aj(;zj‘fc)] (28)
(evap)’ sc]+12kj+azs;+l( Lelep+Ecl+lgly)

fu(oe ag) := 2

T (ﬁ(fcjﬁcfﬁﬁdif)

(o) g "Z*i”‘z”*i(zcifi‘f‘if*zdii)7

and the h functions describing counter-current flow are given by

b (0tc, o) =

2
e (+r ) oy ]

- 2
(serag) L2 f;wffc+%(ifch+frff+i}f§f)

h =
ha(oe, ) o= 5 =

ooy (a(czf—fifrf) (29>

2 5 L2 . L
(oetoy ) L radlprolor (Lol +icdy i)

B (a,2) o= 22

T
aj%[acilf rop (Letler)]
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where the coefficients i,/ and /r are generalized mobility
functions given by

N _x [x[(\fﬁ: >+fxr:[f]
e eyt (Getly) ¢
3 (l[[\/»rkc[+7/(kr+sr])]¢
d Lelp iy (Cetly)
. (30)
Jw :rw(ﬁ
Tw
- (ot(+%/)2!¢/+%§C/+%J§!p+%(!t&/+§rl[+§[j!j)¢,

A
Using the chosen correlations for the biomechanical interaction
forces ¢y, {, s and {y in (17)-(20) and by assuming constant poros-
ity the model (24) then takes the simpler form

Ot + V- (otclle) =S¢
O+ V- (oty) = S
P =—nGp + p(7~22 — J230lc — 24 (ﬁ))

Gi = V- (DeVG) — V(UyG) — 731G
+ (0t + o) (),32 ~ 33 (ﬁ) DC) 31)
C = V- (DeVC) - V- (,C) — CreQ,

+Gp (141 — a2 (é)z — J43 (&) vc) — 2440.C

H, =V - (DyH) - V - (w,H) — 251H

) 0\ n\%H )
—+ol </152 — /53 (@) — As4 (%) ) — Jss0H,

The cell velocity u. is given by (27);, fibroblast velocity uy is given
by (27), and finally the interstital fluid velocity u,, is given by (27)s.
u,, appears in the advective terms in the transport-reaction equa-
tions for G,C and H which means that the chemical components
flows with the interstitial fluid. In order to compute Uy, which is
used to calculate the interstitial velocities of the phases, we first
solve the elliptic problem for P,,
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v. (ZTVPW) = —T,(TJ; - pw) +T, (pw _ ﬁf)
V- (%eV(APa, + AC(C))) =V (4VA) 32)
Pylgg =Py
Knowing IF pressure P,, we find the total velocity U; by
Ur=Uc+U;+ U,

i ; (33)
= —ArVPy, — 4 V(APq + Ac)

— )V Ay,
where U;,i = w,c,f, is the superficial velocity and are given as the
product of the interstitial phase velocity and its respective volume
fraction U; = o;u;.

Appendix B. Non-Dimensionalization

In this section we want to obtain the dimensionless version of
the model (14). We introduce characteristic length L* and time T*
in addition to characteristic concentration and pressure:
G",C",H", p*,P* with corresponding characteristic velocity u* and
diffusion D*

Lx ) (Lx)Z
= D=
u il T
with dimensionless space and time variables
- X - t
X = 5 t= ¢T* s

where the tilde emphasizes that it is a dimensionless variable. In
addition, we choose dimensionless variables related to the concen-
trations of the chemical components, the phase pressures and
velocities, in the following way

p==, G=&, C=§& H=}
De=2%, Dc=2, Dy=1,
P=p, W=y, (=cfw) Q=QqrI.

For production, decay and consumption of the chemical agents, we
are going to use the following set of dimensionless expressions
p: :121 = i217'*(;*, :122 =T, 123 =T, 124 = 224T*,

= 3 T 5 T
G: 31 =211, 3y = 52—, J33 = 22—,

C: i "= /417 Gp i /»427(:?'17” , 143 _ /'»437(1537" ,
Jaa = A44T

H: st = 21T, Jsy = 5, J ool
55 = AssT".

The potential and capillary pressure functions are having units of
pressure, and therefore they can be made dimensionless by dividing
by the reference pressure, P*:

XA A
Ac=2%, Aq=2%0, P
A A X A
Ac =3, AHOZ#, Ay =,

APcw:APEWa y=

Note that using (16) the chemokine potential function can now be
written (similar for TGF)

—C—
T+exp[—&e(C—Cy)]

S
c l+exp[7Ec(C—CM)]

Interaction coefficients
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s . D z . D z . D z . D
Cc:CcF7 Cf:é/fF7 Zw:EwF7 Zcf:Cch-

Let’s proceed with the details of rewriting the model (14) subject to
the condition that phases are incompresible and using (23), which
gives us

(dote)y + V- (ocuae) = Sc

($o5), + V- (oywy) = S,
(o), + V- (opty) = =S¢ = Sf + Q
2V (Pyy+ APy + Ac) = — e+ (ur — u,)
oV (Pw + An) = — %{uf - if (u —u,)
0w VPy = 7$uW
(pd), = —/1215/7 + p(izz — A230lc — 724 (ﬁ)) (34)
(powG), = V - (DgVG) = V - (u,,G) — 731G
+ (ke + 0t7) (/132 — 33 (ﬁ) VG)
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(¢awH), =V - (DyVH) — V - (uyH) — HMyQ, — 751H

+oy (lsz — /53 (%)2 — Js4 (%) m) — JssogH

We use the transformation (x,t) — (,f) in combination with the
dimensionless variables defined above. This yields the following
dimensionless version of the model
(%) +V - (o) = §v:
() + V- (a4y) = Sy,
(“w)' +V- (O‘wlfw) =-
V(PW +APgy + Ac)

H
ﬁ\m‘
=
+
NG
N
=
|
=
E;
£

1V (P + A) =~ iy f%f(df =)
%W VPy = —d,

Pi=—inCp+ p(Azz — T30t — ,124(

( ) (DGVG) v. (uWG) — G (35)
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Abstract Recent preclinical studies have shown that
interstitial fluid pressure (IFP) within tumors can be
heterogenous [Andersen, et al. (2019), Translational On-
cology, 12:1079-1085]. In that study tumors of two xeno-
graft models, respectively, HL-16 cervical carcinoma and
Panc-1 pancreatic carcinoma, were investigated. Signifi-
cant heterogeneity in IFP was reported and it was pro-
posed that this was associated with division of tissue
into compartments separated by thick connective tissue
bands for the HL-16 tumors and with dense collagen-
rich extracellular matrix for the Panc-1 tumors. We
consider a previously developed computational model
which accounts for tumor cells, fibroblasts and inter-
stitial fluid. The model has been trained to comply
with experimental in vitro results reported in [Shieh,
et al.(2011) Cancer Res. 71:790-800] which has identi-
fied autologous chemotaxis, ECM remodeling, and cell-
fibroblast interaction as drivers for invasive tumor cell
behavior. The in silico model is informed with param-
eters that characterize the leaky intratumoral vascular
network, the peritumoral lymphatics which collect the
fluid, and the density of ECM as represented through
the hydraulic conductivity of the interstitial space. To
adhere to the situation that not much detailed infor-
mation is available for these parameters we generate
them randomly but constrained by information from
the preclinical study to ensure that the resulting IFP
lies within a pathological reasonable range. The in silico
cervical carcinoma model illustrates that sparse ECM
was associated with uniform intratumoral IFP in spite
of heterogenous microvascular network, whereas com-
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partment structures resulted in more heterogenous IFP.
Similarly, the in silico pancreatic model shows that het-
erogeneity in the microvascular network combined with
dense ECM structure prevents IFP to even out and
gives rise to heterogenous IFP. The computer model il-
lustrates how a heterogenous invasive front might form
where groups of tumor cells detach from the primary
tumor and form isolated islands, a behavior which is
natural to associate with metastatic propensity. How-
ever, unlike experimental studies, the current version
of the in silico model does not show an association be-
tween metastatic propensity and elevated IFP.

Keywords cervical carcinoma, pancreatic carcinoma,
mathematical modeling, fibroblast, ECM, interstitial
fluid pressure, hydraulic conductivity, vascular network,
lymphatics

1 Introduction
1.1 PDAC characteristics

Pancreatic ductal adenocarcinoma (PDAC) patients de-
velop lymph node metastases early and have a par-
ticularly poor prognosis. Most PDACs are resistant to
chemotherapy and radiation treatment [1] and surgery
is the only treatment modality that may result in cure
[2]. Metastatic spread into and through lymphatics and
lymph nodes occurs frequently in PDAC patients. The
microenvironment of PDACs is characterized by an abun-
dant desmoplastic stroma that may occupy up to 80%
of the tumor volume [3-5]. The PDAC stroma con-
sists of a dynamic assortment of extracellular matrix
components including fibronectin, collagen, proteogly-
cans, and hyaluronic acid, nonmalignant cells includ-
ing fibroblasts, endothelial cells, and immune cells, and
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soluble proteins such as growth factors and cytokines
[5]. Recent investigations have revealed that the PDAC
stroma represents a physical barrier to the delivery of
chemotherapeutic agents and simultaneously supports
tumor growth and promotes metastatic dissemination
[3-5]. The development of an abundant stroma dur-
ing tumor growth distorts the architecture of the nor-
mal pancreas, resulting in an abnormal configuration
of blood vessels and lymphatics in PDACs [6-8]. Geo-
metric resistance to blood flow is high in microvascular
networks showing high fractions of low-diameter ves-
sels, resulting in elevated microvascular pressure. Pre-
clinical and clinical investigations have revealed that
PDACSs may show highly elevated interstitial fluid pres-
sure (IFP) [9-11] as well as high fractions of hypoxic
tissue [12-14]. The dense desmoplastic stroma has been
suggested to be a determinant of the aggressive metastatic
growth of PDACs [3-5]. There is some evidence that
PDAC metastasis is promoted by direct interactions
between the parenchymal tumor cells and the cellu-
lar and/or matrix components of the stroma [15,16]. It
has been searched for associations between lymph node
metastasis and features of the physicochemical microen-
vironment in an attempt to identify mechanisms lead-
ing to metastatic dissemination and growth. Two differ-
ent xenografts were used as preclinical models of human
PDAC in [17]. In both models, lymph node metastasis
was associated with high IFP rather than high fraction
of hypoxic tissue or high microvascular density.

1.2 Cervical carcinoma characteristics

Locally advanced squamous cell carcinoma of the uter-
ine cervix is treated with radiation therapy alone or
radiation therapy in combination with chemotherapy
and/or surgery. The recommended treatment in the
western world is aggressive concurrent cisplatin-based
chemoradiotherapy [18,19], a treatment that results in
a b-year overall survival rate of 60-70% and a high in-
cidence of severe treatment-induced complications, in-
cluding hematological and gastrointestinal toxicities [20].
The most important tumor-related prognostic factors
are tumor volume, stage of disease, and lymph node
status [21]. During growth, cervical carcinomas develop
a highly hostile physicochemical tumor microenviron-
ment characterized by severe hypoxia, interstitial hy-
pertension, low microvascular density, low extracellular
pH, high lactate concentration, low glucose concentra-
tion, and energy deprivation [22,23]. This microenvi-
ronment causes treatment resistance and promotes ma-
lignant progression of the disease, and during the last
decade, it has become increasingly clear that the prog-
nostic and predictive values of these microenvironmen-

tal abnormalities are significant. Thus, extensive hy-
poxia in the primary tumor has been shown to be as-
sociated with locoregional treatment failure and poor
disease-free and overall survival rates in patients with
advanced disease [24-27], and studies of cervical car-
cinoma patients treated with radiation therapy alone
have shown that high interstitial fluid pressure (IFP)
in the primary tumor is linked to high probability of
pelvic recurrence and distant metastases [28-30]. More-
over, the disease-free and overall survival rates have
been shown to be particularly poor for cervical can-
cer patients with high lactate concentration in the pri-
mary tumor [31,32]. Interestingly, Fyles et al. [29] have
measured both IFP and oxygen tension in the primary
tumor of more than 100 patients with advanced cervi-
cal carcinoma, and their study showed no correlation
between either IFP or hypoxic fraction and established
tumor-related prognostic factors. Furthermore, they ob-
served that the independent prognostic effect of IFP for
recurrence and survival was strong, whereas the inde-
pendent prognostic effect of tumor hypoxia was of bor-
derline significance and was limited to patients without
nodal metastatic growth[29].

1.3 CAFS

Fibroblasts in normal tissue are usually single cells re-
siding in the interstitial space. Fibroblasts are non-
epithelial and non-immune cells which likely originate
from a mesenchymal lineage [33]. Fibroblasts that are
recruited into tumor masses, called tumor-associated fi-
broblasts (TAFs) or cancer-associated fibroblasts (CAFs),
are the main cellular components of the surrounding
stroma of many solid cancers. Evidently, these CAFs
provide a range of different cytokines, growth factors,
tissue remodeling enzymes and ECM components, all of
which regulate the tumor stroma [34,35]. Gaggioli et al.
[36] discovered that fibroblasts may act as leader cells
of a collective group of following carcinoma cells. This
would allow cancer cells to retain their epithelial fea-
tures, which is observed in solid tumors in vivo and also
in vitro [37,38], while having a mesenchymal-like cell to
lead them to invade the adjacent stroma. Furthermore,
Gaggioli proposed that cancer cells move within paths
in behind fibroblasts. These paths are created by the
fibroblasts both through proteolytic activity and force-
mediated matrix remodeling [39]. Fibroblast-enhanced
tumor cell migration was investigated by Shieh et al. in
the presence of interstitial flow where, similar to Gaggi-
oli et al., the fibroblasts created tracks within the ECM
for cancer cells to follow [40]. Later, Labernadie et al.
identified another possible mechanism to which fibrob-
lasts lead cancer cells, a heterotypic cell-cell adhesion
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between the two types of cell. More specifically, there is
a direct mechanical coupling between the fibroblast N-
cadherin and the tumor cell E-cadherin [41]. These two
mechanisms have been accounted for and are the sub-
ject of investigations through a computer model in [42,
43] based on a cell-fibroblast-fluid multiphase formu-
lation. In [42] the proposed cell-fibroblast-fluid model
was trained with data from the in vitro experiments re-
ported in [40]. A first version of an in silico version of
the model was explored in the recent work [43] where
focus was on demonstrating how tumor cells can invade
adjacent tissue by using fibroblasts as leader cells. Mo-
tivated by the results of Labernadie et al [41] direct
mechanical interaction between fibroblasts and tumor
cells are included in the computer model. In addition,
the in silico model accounts for the mechanism that
moving fibroblasts may remodel ECM, causing tumor
cells to migrate in the tracks of ECM created by the
fibroblasts, as observed in [36,40,44].

1.4 Motivation and objective

The purpose of the study reported in [45] was to deter-
mine whether tumors may show significant heterogene-
ity in IFP in the central region, and moreover, to re-
veal whether any heterogeneity may have consequences
for the assessment of microenvironment-induced tumor
aggressiveness. The study was based on the hypoth-
esis that heterogeneous IFP in the central tumor re-
gion, if present, is caused by structures that prevent
efficient fluid flow in the interstitial space (i.e., related
to conductivity). Detailed comparative studies of IFP
and tumor histology were carried out using preclinical
tumor models, respectively, HL-16 cervical carcinoma
xenografts and Panc-1 pancreatic carcinoma xenografts,
known to show significant intertumor heterogeneity of
the extracellular matrix. At the same time, the oc-
curence of lymph node metastasis was assessed as a
measure of the tumor aggressiveness. It was found that
when IFP of HL-16 and Panc-1 was measured at two
different positions in the tumor center, the values could
differ by a factor of up to 1.5 in both tumor mod-
els. Moreover, the propensity of the tumors to develop
lymph node metastases was associated with the higher
but not with the lower of the two IFP values. We are
interested in an in silico tumor model that can shed
light on the observations from studying these preclinical
models [45]. Central questions are: (i) Can the in silico
model explain the homogeneous IFP observed for HL-
16 cervical carcinoma when ECM is without compart-
ments and Panc-1 pancreatic carcinoma when ECM is
sparse? (ii) Can the in silico model explain the IFP het-
erogeneity observed for cervical carcinoma when com-

partments are present? And why should the dense ECM
structure for pancreatic carcinoma give rise to IFP het-
erogeneity? (iii) How does the tumor cell invasion re-
spond to heterogeneities associated with the ECM struc-
ture and the corresponding IFP?

2 Method

A brief description of the main components and main
mechanisms in the formulation of the in silico tumor
model is given in the following. We refer to [42,43,46]
for more details.

2.1 Cell-fibroblast-fluid model

The mathematical model takes the following form (see
Table 1 for description of variables):

(ac)t + V- (acuc) = 5S¢

(ap): + V- (afuy) = Sy, Qe+ ofp+ oy, =1
()t + V- (apuy) ==Sc—Sr+Q, Q=0Q, —Q;
acV(Py 4+ APuy + Ac) = —{ou.+ fcf(uf —u.)

@ V(Py + APy + Ag) = =Cpup — Cop(uy — )
VP, =

—Cuwly

pt = —Aa1Gp + p()\zz — Aoz — )\24(£)> 1)

Gt (DGvG) V- (uu, ) /\31G
o+ A3z — A: e
CV af ( 32 ss 1) )
Ci=V-(DcVC) =V - (u,C) — CMcQ
C |2 C \ve
+Gpl A1 — Ao (=) — Mz (= — A\aa.C
P( 41 42(CM) 43(CM) ) 4400
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where u; = (u¥,u?) for i = ¢, f,w. Eq. (1)1.3 represents
the mass balance equations for cancer cells, fibroblasts
and interstitial fluid, respectively. The next three equa-
tions, (1)4.6, are the corresponding momentum balance
equations. The RHS of (1), is separated into two terms:
ffcuc representing the resistance against migration felt
by cancer cells from the ECM whereas g:Ef(uf —u.) rep-
resents the drag force exerted by fibroblasts on cancer
cells. AP.,(c.) and APy, (ay) are functions quanti-
fying the elevated pressure seen in the cell phase com-
pared to interstitial fluid. The potential function Ac(C')
represents additional phase pressure that accounts for
chemotaxis toward chemokine C. Similarly, The RHS
of (1)s5 accounts for fibroblast-ECM interaction and
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Table 1 Variables for the model (1)

Variable Description

Qe,af,aw volume fraction of cell, fibroblast and fluid

Se,S¢ cell growth/death

Uc, Uy, Uy interstitial cell, fibroblast and fluid velocity

p»,G,C,H ECM component, protease, chemokine and TGF

Py, IF pressure

APy, APew, Ac, Ag caf-caf, cell-cell, chemokine, and TGF chemotaxis stress

fc,ff,éu,,fuf cell-ECM, fibroblast-ECM, fluid-ECM and cell-fibroblast interaction coefficients
Aij production/decay rates

Dg,Dc,Dy diffusion coefficients associated with G,C, H

VG, Ve, VH exponents in logistic function associated with chemical component G,C, H
Mc, My absorption percentage of chemical component C, H into lymphatics

Ty, Ty conductivity of vascular vessel wall, lymphatic vessel wall

13,[,*, 131* effective vascular pressure, lymphatic pressure

02, 2y, 2 tumor region, region of intratumoral vascular, peritumoral lymphatic network

cell-fibroblast interaction, respectively, whereas the po-
tential function Ag(H) accounts for chemotaxis of fi-
broblasts towards positive gradient in growth factor H.
The four remaining equations, (1)7.10, are transport-
reaction equations for the ECM and three chemical
components, protease, chemokine and TGF.

2.2 Interaction coefficients

The interaction coefficients fw, (1., é t, and (A(_.f which
are used in the model are as follows [42,43]:

» 7. AT
C’w = Iurkwawwv

(p = Igksal

CAC = IC];’COZZC,

Cof = Lepaetlalfe.

(2)

The parameters I, I and I (Pa s/m?) represent static
properties of the tissue, whereas l;u“ k. and kf (dimen-
sionless) can account for dynamic properties related
to for instance ECM remodeling and fiber alignment
or various ECM heterogeneities. The coefficients 7.,
Te, ', Tef and 7f. (dimensionless) play a similar role
to the use of relative permeability functions in stan-
dard Darcy’s equation approach extended to several
phases [47]. Iy is a constant determining the order
of magnitude of the cell-fibroblast interaction. We use
1.5 = 10001, which assumes that not all fibroblasts di-
rectly interact with cancer cells. We assume that fibrob-
lasts remodel and degrade the ECM, making it easier
for the cancer cells to migrate in their path. This is
represented through the following equation:

ke=1- A(1 — exp(—Bay)) (3)

where A, B are dimensionless constants.

2.3 Starling law

In nearly all tissue, plasma leaks out of blood capillar-
ies, flows through the interstitium and drains into lym-
phatic vessels, where it passes through lymph nodes be-
fore being returned to the venous blood [48]. This circu-
lation is expressed on the RHS of (1)3 through the term
Q = Q, — Q. The main contributors to interstitial flow
@, are hydrostatic and osmotic pressure gradients be-
tween the vascular and interstitial space. Starling Law
is used for the flow of fluid into the interstitium given

Qv =Ty (P} — Py — or(n} — m4)) = T, (P} — P,)
Sy (4)

where 13;‘ = P, —or(n} —my). Here L, is the hydraulic
conductivity (m?s/kg=m/Pas) of the vessel wall, S, /V
(m~') the exchange area of blood vessel per unit vol-
ume of tissues V. Py and P, the vascular and intersti-
tial fluid pressure, 7} and 7, the osmotic pressure in
the vascular and interstitial space and o the osmotic
reflection coefficient for plasma proteins.

The lymphatic system drains excessive fluid from
the interstitial space and returns it back to the blood
circulation, as expressed by @;. Tumor lymphatics in
cancers are typically not functional in the intratumoral
region [48]. The loss of functionality is caused by com-
pressive solid stress that is developed in tumors. Through
this stress the intratumoral lymphatic vessels collapse,
and therefore lymphatic flow is eliminated. Similar to
the expression of @, in (4), we use an expression of
the following form to express the absorption of fluid
through the lymphatics

S

Q=Ti(Pu=F),  Ti=Ly. ()
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Here L; is the hydraulic conductivity of the lymphatic
vessel walls whereas S;/V is the surface area of the lym-
phatic vessel per volume unit of tissues V and Jsl* is the
effective lymphatic pressure.

2.4 Cancer cell velocity

From (1) an expression for the interstitial cell velocity
u, can be derived [42,43]:

éUTf il1+i7/2

u. = o o V(AP (ae)) (6)
_ iLl + ilz h
h h
u; = s Ur + 2V(AP.y(a0)) + 2V(Ac(C))  (7)
af Qf af
ho + he ho 4+ h
- 222V Ag(H) - 22V (AP (ay)).
af af

We refer to Table 4 for more information related to the
functions fm ff7 and ﬁl, fL27 h3. The terms on the RHS
of (6) represent five different migration mechanisms,
resulting in the overall velocity u.:

(i) Fluid-generated stress

Diffusion

Chemotaxis of cells toward concentration gradients
in chemokine

Migration due to fibroblast chemotaxis toward con-
centration gradients in TGF

Migration due to fibroblast diffusion.

Fluid generated stress (i) represents a co-current trans-
port effect, where the two phases of cancer cell and
fluid move in the same direction. The next term (ii)
represents diffusive migration of tumor cells whereas
(iii) accounts for directional migration of tumor cells
towards higher concentration of chemokine C. The two
last terms (iv) and (v) represent the mechanical interac-
tion between cancer cells and fibroblasts, as fibroblasts
move in the direction of higher concentration of TGF
H and spread by diffusion, respectively.

5 Summary of the essential aspects of the in silico
tumor model

Below is a short summary of the mechanisms of the
model which indicates how the model can represent dif-
ferent aspects mentioned in the introduction. (i) First,
the computer model has been trained to comply with
experimental in vitro results reported in [40] which has
identied autologous chemotaxis, ECM remodeling, and
cell-fibroblast interaction as drivers for invasive tumor

cell behavior. The parameters are given in Table 5 and 7
(Appendix) and characterize the aggressivity of the cell
line that is studied. (ii) Second, the computer model is
informed with data pertaining to the leaky intratumoral
microvascular network, the peritumoral collecting lym-
phatic network, and the density of ECM as represented
through the hydraulic conductivity of the interstitial
space motivated by observations from the xenograft
models reported in [45]. To comply for the situation
that not much detailed information are available for
these parameters we generate them randomly through
a 2D gaussian variogram but constrained by informa-
tion from the preclinical study [45] to ensure that the

V(Ac(C)) + @VAH( )+ ha V(Apfw(af))resultmv intratumoral IFP lies within a pathological
Qe

reasonable range. (i.e., 10-45 mmHg). A special feature
of the cell-fibroblast- ﬂu1d model (1) is that it incorpo-
rates essential information pertaining to the possibly
role played by elevated IFP and interstitial fluid flow.
Main mechanisms are:

1. Fluid is produced from the leaky vascular system re-
siding near the periphery of the initial tumor and is
absorbed by lymphatics found in the region outside
of the primary tumor, characterized by the source
terms in (1)3 given by Q = @, — Q;. Consequently,
the resulting fluid flow field is directed from the vas-
cular to the lymphatic system [49,50].

2. Tumors develop elevated IFP because they show
high resistance to blood flow (i.e., P! in (4) is high),
low resistance to transcapillary fluid flow (i.e., T}, in
(4) is high), and impaired lymphatic drainage (i.e.,
Qi in (5) is located to the peritumoral region). The
resistance to blood flow is determined primarily by
the density of the microvascular network and the di-
ameter and tortuosity of the vessels. The transcap-
illary fluid flow is influenced strongly by the perme-
ability of the vessel walls. The lymphatic drainage is
determined by the density of the peritumoral lym-
phatic network and the tumor-induced dilation of
the peritumoral lymphatics.

3. The chemical component G (proteases) and H (TGF)
are secreted and produced by the two cell types, can-
cer cells o and fibroblasts oy, whereas chemokine
C is released from ECM, as described by (1)7,5,9,10-
These chemical components diffuse and advect with
the fluid flow through u,,, creating chemical gradi-
ents downstream of the flow [40].

4. Cancer cells and fibroblasts migrate towards posi-
tive gradients of their respective chemotactic chem-
ical, chemokine C and transforming growth factor
(TGF) H. Chemotaxis is represented through the
potential functions A¢ and Ay appearing in (1)45.
Considering that higher concentrations tend to ac-
cumulate in the direction of the lymphatic network,
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cancer cells may use these gradients as a means
of lymph node metastasis [40]. Our motivation has
been to account for autologous chemotaxis which
has been observed from in vitro experiments [40,51,
52] and proposed as a possible mechanism for guid-
ing tumor cells toward lymphatics [8,17,49]. Expres-
sion of the chemokine CCL21 in lymphatic vessels
correlated with increased lymph node metastasis in
pancreatic patients [53,54], as did overexpression of
CCRYT in pancreatic tumor cells in vivo [54] and sup-
ports the choice of autologous chemotaxis as a driver
for tumor cell dissemination in the computer model.

5. A large resistance force is imposed on the cancer
cells making it difficult for them to migrate on their
own, i.e., the celllECM interaction coefficient éc in
(2) takes a large value. Fibroblasts, on the other
hand, are considered much more mobile. In addition,
fibroblasts reduce the resistance to migration expe-
rienced by cancer cells through the functional form
of k. given by (3). Cancer cells may attach them-
selves onto fibroblasts and/or follow tracks where fi-
broblasts have migrated due to the diminished resis-
tance in their wake. This yields a largely fibroblast-
dependent cancer cell migration, consistent with ex-
perimental observations [36,40,41].

3 Results

3.1 Initial volume fraction of fibroblasts and tumor
cells

The initial volume fraction of tumor cells and fibrob-
lasts, i.e., the primary tumor and the corresponding
fibroblast distribution at time t = 0 before the sim-
ulation of the growth of the in silico tumor starts, are
shown in Figure 1 and is used for all the following cases.
(A) shows the primary tumor at time ¢ = 0 having a
cancer cell volume fraction equal to approximately 0.3
in the center and quickly decreasing towards the pe-
riphery. This can be considered an ideal tumor whose
margin is smooth and has no heterogeneity or indication
of metastatic propensity. The fibroblast volume fraction
in (B) is somewhat heterogeneous. Fibroblasts are as-
sumed to surround the tumor in a bandlike region [55,
56]. The fibroblast volume fraction is generated ran-
domly as a Gaussian variogram in 2-D since this rep-
resents information related to the ECM status that is
not accessible. Simulations are done subject to the con-
dition that the net effect of cell proliferation/apoptosis
is zero, i.e., Sc = Sy =01in (1)1 23

3.2 Model input parameters

The workflow when we apply the in silico tumor model
is as follows: (i) We assume that the tumor cells are
equipped with migration mechanisms as found from in
vitro studies [40] as discussed in [42] and reflected by
(6) and (7). The chosen set of parameters may be con-
sidered as characteristic for the aggressivity of the cell
line under investigation. We refer to Table 7 for the
specific values used that determine autologous chemo-
taxis pertaing to chemokine and TGF. The mobility of
the fibroblasts and tumor cells is determined by the pa-
rameters involved in (6) and (7). We refer to Table 4
and 5 for values used. (ii) The variation in IFP and
ECM structure as reflected by the in vivo experimental
observations in Figure 2 (A,B,E,F) is accounted for by
letting parameters associated with the tissue conductiv-
ity through %, in (2), the vascular network through Q,
and the collecting lymphatic network through @, vary,
possibly, in a heterogenous manner. Further details are
given below.

3.3 Intratumoral vascular network, peritumoral
lymphatic network, and tissue conductivity

The in silico model (1)-(5) is informed with parameters
that characterize the leaky intratumoral vascular net-
work, as expressed through T, and P* in (4), the peri-
tumoral lymphatics which collect the fluid as expressed
through 7; and P/ in (5), and the density of ECM as
represented by the hydraulic conductivity of the inter-
stitial space through k., involved in the fluid-ECM in-
teraction term C,, in (2). In order to take into account
that the information about filtration coefficients T, and
T; is not made available to us, we generate these val-
ues randomly through a 2D gaussian variogram. With
some constraints on the values generated, we acquire
IFP values that are within a pathological reasonable
range, i.e., around 10-45 mmHg, as seen in Figure 2
(C). We set maximal intravascular pressure P = 6000
Pa (45 mmHg) and inner lymphatic pressure P;" = 600
Pa (4.5 mmHg) which typically gives a minimum IFP
around -2 mmHg in the peritumoral region which is
within the range of -3 to +3 mmHg assumed for nor-
mal tissues [57,45], while we vary the other variables
l?cw., T, and T; for the case with cervical carcinoma as
indicated in Table 2.
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Fig. 1 Tumor cell and fibroblast status when the simulation of the in silico tumor model starts. (A) Initial cancer cell
volume fraction. It is assumed the tumor is an ideal tumor, having a constant volume fraction of 0.3. The red contour line
shows a volume fraction of 0.01. (B) Initial fibroblast volume fraction. The distribution of fibroblasts are generated through a
Gaussian variogram, yielding random volume fractions around the tumor.

Table 2 Parameters characterizing the TME of cervical carcinoma

Case Variable Description Values
Sparse kw fluid-ECM resistance force 25—-5
T,T* Density of leaky blood vessels 1-1074-6-10"3 (1/Pa)
T,T* Density of collecting lymphatics 1-1074-2-10"3 (1/Pa)
Compartments Euw fluid-ECM resistance force {1,150}
T,T* Density of leaky blood vessels 1-1074 —-6-10"3 (1/Pa)
Ty T* Density of collecting lymphatics 1-1074-2-10"3 (1/Pa)

3.4 In silico tumor representing cervical carcinoma
with homogenous/compartmentalized ECM

We consider an ensemble composed of 50 realizations
of lAcw, T,, and T; within the range as specified in Ta-
ble 2 (sparse) to mimic the situation shown in Fig-
ure 2 (panel A and E) with homogenous ECM and
Table 2 (compartments) to mimic the situation shown
in Figure 2 (panel B and F) with compartments. The
intervals we allow l%,w, T,, and T; to vary within are
guided by the information that we want the in silico
cervical model to span out IFP in the interval 10 - 45
mmHg consistent with the experimental observations.
We represent the tumor histology in Figure 2 E and F
through our parameter that accounts for the resistance
to fluid flow, l;w The experimental case with homoge-
neous ECM is translated into a uniform k,, (panel G),
whereas the compartment case is represented by high
value k,, bands (panel H).

The spatial distribution related to T, has a Gaus-
sian variogram with practical range of 30 voxels in =
and y direction. T,,7* (where T* is the reference time,
see Table 6) has a standard deviation of 1072 and a
mean value of 1.5 - 1073, Meanwhile, the spatial distri-
bution of 7;T* has a Gaussian variogram with practical
range of 2 voxels in z and y direction. Each tumor has
a different standard deviation and mean value, ranging

from 107* — 1073 and 5-107° — 5. 10~ for the stan-
dard deviation and mean value, respectively. The value
of T;T™* cannot exceed four times the mean value of the
Gaussian variogram or be negative. See Figure 3 for a
typical example.

The distribution of the corresponding different IFPs,
as generated by the in silico model and evaluated at two
different, fixed positions in the intratumoral region, is
shown in Figure 2 (panel C). The ventral IFP and dorsal
IFP that describe the axes are merely a description to
where the pressure measurements where conducted on
the tumor in [45], and we only continue to use the same
terminology for our two fixed points within the tumor
to be consistent. Comparison with Figure 2 (panel A)
reveals that the in silico cervial model largely behaves
similarly to the in vivo result reported in [45] showing a
homogeneous intratumoral IFP. Moreover, for the com-
partment case shown in Figure 2 (panel D) the result-
ing IFP distribution is much more heterogenous, similar
to the experimental results in Figure 2 (panel B). As
seen from Table 2, the only difference between the two
cases is that k,, for homogenous ECM can vary within a
small interval whereas for the case with arbitrary, high-
resistant bands k,, will take a very high value where
the bands are located. Next, we want to illustrate more
details by exploring one of the in silico models shown
in Figure 2, first for the case with homogenous ECM
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Fig. 2 HL-16 cervical carcinom. Experimental results for (i) homogeneous ECM (A,E); (ii) ECM with compartments (B,F).
A,B IFP measured at two different locations within a tumor for a total of 15 tumors in both A and B, for homogeneous ECM
seen in E and ECM with compartments seen in F, respectively. The coefficient of determination for the two plots in A and B
is R? = 0.97 and R? = 0.49 respectively. IFP measurements at two locations using 50 simulated tumors are shown in C and
D, with corresponding example tumors seen in G and H, which are considered representative for E and F. Panels (A), (B),
(E) and (F) were reproduced from [45][DOI: 10.1016/j.tranon.2019.05.012]

(panel C), then for the case with compartments (panel
D). We use one of the high pressure tumors found in
Figure 2 (C) as our homogeneous case, without any
other preferences than the high pressure. The corre-
sponding tumor with compartments, which has all the
same parameters except for the inverse tissue resistance
l:cw, is also used for convenience.

3.4.1 Homogenous ECM, high mazimal IFP

For this instance we find that the maximal IFP is around
35 mmHg whereas the "measured” dorsal pressure is 29
mmHg and ventral pressure is 32 mmHg. The simulated
growth of this in silico model is then computed up to a
time 7' = 50 (around 5.8 days). In Figure 3 is an illus-
tration of T, (panel A), and T; (panel B). Strong het-
erogenity is seen both for 7, and T;. Moreover, in Fig-
ure 4 the resulting interstitial fluid pressure (IFP) P, is
shown in panel A whereas the fluid velocity field u,, is
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Fig. 3 Parameters characterizing the vascular and lymphatic system, homogenous ECM: (A) Vascular filtration con-
stant T,. The vascular system is placed at the periphery of the primary tumor. (B) Lymphatic filtration constant 7; where
the lymphatic network is placed in the peritumoral region. The vascular and lymphatic field are both generated through a
Gaussian variogram, creating random fields. The filtration constants are multiplied by T* to yield the unit [1/Pa).

illustrated in panel B. In particular, we observe that the
heterogeneity associated with the leaky vascular system
through T, does not lead to heterogenous IFP. In panel
C and D the corresponding invasive tumor cell and fi-
broblast behavior are illustrated. Cancer cells (panel C)
are themselves fairly immobile due to the high cell ECM
resistance force through the parameter I., see Table 5.
Yet, when following fibroblasts (panel D) through direct
attachment and/or created tracks they become much
more mobile. A strong core of cancer cells remains, as
shown in panel C. There are, however, cancer cells fol-
lowing fibroblasts and therefore migrate in sheets away
from the primary tumor. Considering the chemical con-
centration profiles, panel E (chemokine) and panel F
(TGF), positive chemical gradients are formed in the
vicinity of the lymphatic network. Clearly, the migra-
tion of cancer cells rely heavily on fibroblasts. The mi-
gration pattern seen in Figure 4 does not explain the
possible metastatic behavior where groups of tumor
cells are able to detach from the primary tumor and
form isolated islands. As an illustration of the potential
aggressive behavior involved in the cell-fibroblast in-
teraction we modify the parameters {As;}?_; involved
in (1)10 to give a more heterogenous distribution of
the growth factor H, which in turn will make the mi-
gration of fibroblasts more heterogenous. We now use
A5 =(2-107°,4-1077,2-1077,4-1077,4 - 10710) (see
Table 7 for comparison). Essentially, both the level of
production and consumption of the growth factor are
reduced and the distribution is less influenced by the
fibroblasts through the low value of As5. The result is
shown in Figure 5. The change in migration pattern
is striking: isolated groups of fibroblasts have formed
with corresponding isolated islands of tumor cells. If we

were to consider a tumor with homogeneous histology
having low maximal IFP, we generally see less hetero-
geneous invasion into the tissue compared to Figure 4C
(data not shown). How far into the tissue the tumor
cells invade does not change when the IFP is reduced,
yet the results show different tumor cell distribution at
the invasive front.

3.4.2 Compartmentalized ECM, high mazimal IFP

We use T; as for the homogenous case discussed above
but now ECM contains compartments which affect T,.
In Figure 6 is an illustration of T, (panel A) and T;
(panel B). Strong heterogenity is seen both for T, and
Ty and k,, is as shown in Figure 2 (H) and reflects the
compartmentalized ECM structure which bears simi-
larity to what is seen experimentally in Figure 2 (panel
E). The simulated growth of this in silico model is then
computed up to a time 7' = 50 (around 5.8 days). The
resulting two ”measured” IFPs are, respectively, 25 and
23 mmHg, while the maximal IFP is closer to 35 mmHg.
In Figure 7 the resulting interstitial fluid pressure (IFP)
Py, is shown in panel A whereas the fluid velocity field
u,, is illustrated in panel B. In particular, we observe
that the heterogeneity associated with the leaky vas-
cular system through T, now generates a much more
heterogenous IFP within the tumor. Other observations
are:

(i) We have assumed the same distribution of the per-
itumoral lymphatics through 7} as before, see Fig-
ure 6B. However, the vascular distribution through
Ty, (A), is now dependent on the location of thick
ECM bands, causing no fluid production from the
vessels within the bands.
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Fig. 4 Simulation results, homogenous ECM: (A) Interstitial fluid pressure in mmHg. The pressure is largest within the
tumor due to the leaky vascular system, and decreases quickly at its margin. (B) Fluid velocity field. The fluid originates
from the primary tumor and is flowing towards the lymphatics. The effectiveness of the collecting peritumoral lymphatics
determines how far the fluid will flow out from the tumor margin. (C) Tumor cell volume fraction at the end of the simulation.
The invasive front is fairly homogeneous. The red circle shows the initial tumor cell volume a. = 0.01. The white line is also
tumor cell volume fraction a. = 0.01, illustrating the invasive front after simulated period. (D) Fibroblast volume fraction at
the end of simulation. The fibroblasts have not migrated far from their initial position seen in Figure 1 (B). (E) Distribution
of chemokine which is released from the ECM through proteolytic decay, transported through the ECM and is causing tumor
cell chemotaxis towards the lymphatics. (F) TGF is produced by fibroblasts and is transported through the ECM. Fibroblasts
chemotact towards positive gradients in TGF.

ii) The tumor cell migration behavior seen in Figure 7C

largely is a result of the CAFs migration behavior as
reflected in Figure 7D. The invasion front is quite
heterogeneous. In particular, in the north-east di-
rection an isolated island of tumor cells is about
to form. The distribution of chemokine and TGF
(which play a role in the chemotaxis of tumor cells
and CAFs, respectively) is shown in panel E and F.
The distribution is largely a result of the IF velocity
field shown in Figure 7B. The simulation suggests
that the more heterogenous distribution of the TGF

(iii)

growth factor H due to the presence of the different
compartments has triggered this metastatic behav-
ior.

We increase the heterogeneity in growth factor dis-
tribution by changing {s;} as for the previous case.
The resulting behavior of the in silico model is shown
in Figure 8. Again, we see that the more collective
groups of CAFs (panel B) trigger a more aggressive
tumor cell migration (panel A).

The tumor cell invasion into the tissue seen in Figure 7C
is quite heterogeneous, much due to the heterogeneous
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Fig. 5 Increased aggressiveness, homogenous ECM: The production of TGF is now altered to yield a more heterogeneous
distribution in the tissue. (A) Cancer cell volume fraction. Compared to the case in Figure 4 (C), the tumor cells invade further
into the normal tissue while also acting more heterogeneous. (B) Fibroblast volume fraction at the end of the simulation. The
fibroblasts play an important role in causing tumor cell migration to be more aggressive. (C) Chemokine concentration C
remains similar as in Figure 4 (E). (D) Transforming growth factor concentration, H, is now much more heterogeneous, which
causes the fibroblasts to chemotact in different directions and in terms of isolated groups.
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Fig. 6 Parameters characterizing the vessel system, compartmentalized ECM: (A) Vascular filtration constant 7}, has
the same values as Figure 3 (A), yet now also the ECM bands affect the filtration constant T, decreasing it to very low values
within the bands.. (B) Lymphatic filtration constant 7} is exactly the same as for the homogenenous case, seen in Figure 3
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Fig. 7 Simulation results, compartmentalized ECM: (A) Interstitial fluid pressure in mmHg. The IFP is highly hetero-
geneous throughout the tumor due to the compartments. The compartments have the effect of preventing the IFP to even
itself out within the tumor. (B) Interstitial fluid velocity as a result of the IFP. Since the pressure is very heterogeneous with
locally elevated pressures caused by ECM bands with very high resistance to fluid flow, the fluid velocity field also becomes
heterogeneous. There are peaks in fluid velocity where fluid may exit the tumor and is not blocked by the ECM bands seen in
Figure 2 (H). (C) Tumor cell volume fraction at the end of the simulation. At the upper part of the tumor it is evident that
some tumor cells are about to detach from the primary tumor. (D) Fibroblast volume fraction distribution is fairly hetero-
geneous in its invasion into the tissue. (E) The chemokine distribution is somewhat similar as in the previous cases, leading
the cancer cells towards the lymphatics through chemotaxis. F TGF produced by the fibroblasts and transported towards the
lymphatics, which causes the fibroblasts to migrate towards lymph vessels.

IFP. If we were to use a case with low maximum IFP, we
typically see less heterogeneous invasion into the tissue.
The low IFP causes less room for heterogeneous pres-
sure between the different compartments and therefore
the tumor migration is also less heterogeneous. In ad-
dition, if we were to halve the IFP of the case seen in
Figure 7, we would no longer see the isolated islands.

3.5 In silico tumor representing pancreatic carcinoma
with sparse/dense ECM

Now we focus on the experimental findings for pancre-
atic cancer reported in [45]. The situation shown in Fig-
ure 9 (panel A and E) for Panc-1 pancreatic carcinoma
xenograft model with sparse ECM bears similarities to
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Fig. 8 Increased aggressiveness, compartmentalized ECM. (A) Tumor cell volume fraction distribution now has fingers
migrating out from the tumor, compared to the previous case seen in Figure 7 (C). (B) Fibroblast is migrating in groups
towards the lymphatics, causing the fingering effect seen in (A). (C) Chemokine concentration C is somewhat similar to the
previous cases. (D) Transforming growth factor concentration H is reflected by the fibroblast concentration seen in (B). The
chemical distribution is heterogeneous and has positive gradients in the direction of the lymphatics.

Table 3 Parameters characterizing the TME of pancreatic carcinoma

Case Variable Description Values
Sparse Fuw fluid-ECM resistance force 25-5
T,T* Density of leaky blood vessels 1-1074-6-10"2 (1/Pa)
T, T* Density of collecting lymphatics 1-107%-2-10"3 (1/Pa)
Dense Ew fluid-ECM resistance force 12-35
T,T* Density of leaky blood vessels 0.5-1074—-1-10"3 (1/Pa)
T,T* Density of collecting lymphatics 1-1074 —-2-10"3 (1/Pa)

the case with HL-16 cervical carcinoma with homoge-
nous ECM, which was explored above. In particular,
the simulations carried out for that case seem represen-
tative for the case with pancreatic cancer with sparse
ECM with input parameters for I;w, T,, and T} as indi-
cated in Table 3. Hence, we focus on the case with dense
ECM. The dense ECM is accounted for by letting the
resistance force through Eu vary within a larger interval
and with higher values but such that it takes a constant
value for each in silico tumor. At the same time we as-
sume that this denser, desmoplastic ECM increases the
collapse of leaky vascular vessels giving rise to a lower
value of T),, as reflected by the interval given in Ta-
ble 3 (dense). This is necessary in order to ensure that

the resulting IFP values remain within a pathological
reasonable range. We assume that the lymphatic net-
work is characterized as before. Again, an ensemble of
50 in silico pancreatic tumors are generated. The cor-
responding IFP at two different positions (ventral and
dorsal) are recorded and plotted in Figure 9 (panel D).
Analogous to Figure 2 the ventral IFP and dorsal IFP
seen on the axes only describe that the measurements
are performed at two different positions. Similar to the
experimental results shown in Figure 9 (panel B), the
resulting IFP shows a heterogenous distribution. In the
following, we take a closer look at the mechanisms be-
hind this possible heterogenous intratumoral IFP.
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Fig. 9 Panc-1 pancreatic carcinoma. Experimental results for (i) sparse ECM (A,E); (ii) dense ECM (B,F). A,B IFP
measurements taken at two different places within a tumor for a total of 15 of each type of histology, corresponding to E and
F. The respective coefficient of determination for A and B are R? = 0.96 and R? = 0.54. The computational model uses 50
tumors of each type of histology to plot the two IFP measurements in C and D. Within each plot the R? value is shown.
The corresponding histology is represented by ki, in G and H.P anels (A), (B), (E) and (F) were reproduced from [45][DOIL:

10.1016/j.tranon.2019.05.012]

3.5.1 Dense ECM, high maximal IFP

‘We choose the same member from the stochastic gener-
ated ensemble as the homogeneous HL-16 cervical with
respect to T; distribution as well as the initial fibrob-
last distribution and simulate tumor growth for a time
period of T = 50 (5.8 days). The results are shown in
Figure 10-12. Some essential points are:

(ii)

(i) The heterogeneity in the microvascular network through

T, is seen in Figure 10 (panel A) as well as for T;
(panel B). The dense ECM is reflected by a high

186

value of k,, around 15. Corresponding to this char-
acterization of TME, the resulting IFP shown in
Fig. 11 (panel A) is high (maximum around 45 mmHg)
and heterogeneous within the tumor. The dorsal and
ventral IFP take the values 35 and 28, respectively.
The heterogenous IF velocity is shown in panel B.
The tumor cell migration behavior is seen in Fig-
ure 11 (panel C) and is largely a result of the CAFs
migration behavior seen in panel D. The invasive
front is fairly regular with no indication of metastatic
propensity. This is naturally linked to the homoge-
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Fig. 10 Parameters characterizing the vascular and lymphatic system, dense ECM: (A) The vascular filtration constant
T, that determines the fluid production from the blood vessels within the tumor. (B) T} characterizing the lymphatic network,
which is placed in the area surrounding the primary tumor. The value of both T, and 7} is generated through a Gaussian

variogram, while the placement of the vessels is constant.

nous distribution of chemokine (panel E) and TGF
growth factor (panel F). However, we may allow the
distribution of the TGF factor H becoming more
heterogenous (as a result of the heterogenous 7;) by
modifying the values of the rate coefficients repre-
sented by {As;} involved in the transport-reaction
equation for H in (1)19. We modify As; as we did
for the in silico cervical model. Figure 12 (panel A)
shows how the cell-fibroblast interaction now results
in formation of many isolated islands which is nat-
ural to link to high metastatic propensity. This is
a consequence of the heterogenous distribution of
TGF (panel D) and the resulting heterogenous dis-
tribution of CAFs (panel B).

Similar to what we have explained for the two previous
cases, a low IFP inside the tumor does not decrease the
distance tumor cells migrate from the primary tumor.
In this particular case the invasive front is homogeneous
for both high and low IFP.

4 Discussion
4.1 Conclusions

The in silico cervical cancer model has demonstrated
that homogenous and sparse ECM was associated with
a relatively constant (uniform) intratumoral IFP de-
spite the fact that a heterogenous microvascular net-
work was assumed by generating T, as a 2D gaussian
variogram and constrained such that the resulting IFP
vary in the pathological relevant range 10-45 mmHg. In-
clusion of compartments separated with high-resistant
bands was associated with heterogenous intratumoral
IFP when the heterogenous 7, was generated as for

the case with homogenous ECM structure. This con-
firms the underlying hypothesis suggested in [45] that
structures within the ECM that prevent fluid flow are
responsible for heterogenous IFP observed for HL-16
cervical carcinoma.

For pancreatic cancer the in silico model demon-
strated that dense ECM structure (but homogenous)
combined with heterogenous microvascular density
through the randomly generated T, gave rise to a het-
erogenous intratumoral IFP. The dense ECM struc-
ture, as reflected by a high resistance force to fluid flow
through a uniform but high I;w, implies that the het-
erogeneity in 7T;, is translated into a heterogenous IFP.
In conclusion, the in silico model confirms that tissue
stromal elements represented a barrier against intersti-
tial convection, thus preventing local differences in IFP
from being leveled out by intratumoral fluid flow for
the case with Panc-1 pancreatic carcinoma [45].

By changing the parameters As; that regulate the
production/consumption of TGF a more heterogeneous
distribution were achieved which gave rise to more ag-
gressive behavior in both tumor cells and fibroblasts
(Figures 5,8,12). These figures are included in order to
illustrate that the in silico model is able to yield a large
variety of results depending on the set parameters. It is
also important to note, that this attribute of the model
could be used in the manner of tuning parameters to
better comply with an individual tumor where more
specific information is available. For instance, in our
simulations we have assumed the characteristics with
regards to the cell-substrate resistance force, cell-cell
adhesion, chemotaxis coefficients and so on, are the
same for both tumor types. While this is a clean way
of performing simulations, it is not necessarily true and

187



16

Jahn Otto Waldeland! et al.

IF pressure

(A)

2 3

™ 1

e
[N

e
Tumor cell

(B) Fluid velocity field
0 2 e ;

0.4
03
g
023
0.1

e
N

o
[N
Fibroblast
volume fraction

e
-

Fig. 11 Simulation results, dense ECM: (A) The resulting IFP is clearly correlated to the vascular filtration constant 7,
shown in Figure 10A. The resistance to fluid flow within the tumor is high (high Fuw value), which causes the pressure not to
be evened out, leading to heterogeneous IFP. (B) Interstitial fluid velocity is low for this type of histology, even though it has
a similar magnitude in IFP as for previous cases. This is caused by the high resistsance to fluid flow within the tumor, leading
to a lower exit velocity of the fluid. (C) The tumor cell volume fraction is homogeneous and the invasion is quite limited.
(D) Fibroblasts show little aggressive behavior and have not migrated far from their initial position. (E) Due to the low fluid
velocity, the chemokine is not transported far from where it is being produced. The same applies to the TGF distribution in

).

one could envision to use different sets of parameters
for the two tumors.

The proposed in silico model, previously explored
and tested in [42,43], accounts for fluid-sensitive mi-
gration mechanisms found from in vitro studies [40,51]
which involve autologous chemotaxis related to cancer
cells and fibroblasts, combined with ECM remodelling
and cell-fibroblast interaction. The combination of the
leaky intratumoral vascular network and the peritu-
moral lymphatic network which collects this fluid gives
rise to elevated IFP. This situation might be associated

with high metastatic propensity because hem- and lym-
phangiogenic factors, proteolytic enzymes, cytokines,
and other metastasis-promoting molecules are trans-
ported from the primary tumor into peritumoral lym-
phatics [58,45]. The in silico model has demonstrated
that when tumor cells are armed with these mecha-
nisms, the progression of the tumor can result in ag-
gressive behavior where groups of tumor cells detach
from the primary tumor and form isolated islands. It
is natural to link this behavior to increased metastatic
propensity. In fact, the study in [59], though in the con-

188



In silico investigations of intratumoral heterogenous interstitial fluid pressure 17

(A) Q.
2 0.3
=
=2
0.2% :
-1 8%
g
016 =
Q
ES
0 0
0 1 2
(©)
2 0.4
0.3
> 1 0.28
0.1
0 0
0

(B) af
2 0.3

Fibroblast
volume fraction

[H/H"]

Fig. 12 Increased aggressiveness, dense ECM. (A) The cancer cells now invade much further into the surrounding tissue,
leading to both isolated islands and fingering. (B) Fibroblasts migrate in small clusters outwards from the primary tumor,
thereby guiding groups of cancer cells effectively away from the primary tumor. (C) The chemokine concentration remains
close to the primary tumor while at the same time is heterogeneous in its concentration profile. (D) Transforming growth
factor concentration H distribution is heterogeneous, causing fibroblasts to move in clusters.

text of lung cancer, found a direct association between
formation of isolated islands composed of groups of tu-
mor cells and metastatic propensity. The prognosis of
lung adenocarcinomas with tumor islands was signifi-
cantly worse than those without. The in silico model
suggests that the combination of heterogenous fibrob-
last migration and cell-fibroblast interaction can be a
driver for this aggressive behavior.

The findings in [45] have suggested that the com-
mon assumption that resistance to interstitial fluid flow
is low in tumor tissue is not necessarily valid for tu-
mors developing a complex, dense, and heterogeneous
stroma. The suggested in silico model has more pre-
cisely illustrated the mechanisms that most likely are
at play. In particular, it has demonstrated how barri-
ers against interstitial convection may have significant
implications for the distribution of all kinds soluble
molecules produced and secreted by cancer and stro-
mal cells. This also will carry over to the distribution
of chemical therapeutic agents. The computer model
therefore can be interesting to use to explore barriers
for efficient delivery of therapeutic drugs.

4.2 Limitations of the model

A limitation of the current version of the in silico model
is that it does not explain the reported correlation that
seems to exist between high IFP and high metastatic
propensity, as found in [45,17] and related work [49].
Presuming that isolated islands is a means to metasta-
sis, the model does not indicate that higher IFP tumors
tend to have more isolated islands. Both high IFP tu-
mors and low IFP tumors show a similar tendency to
generate isolated islands. More precisely, this behav-
ior seems to depend more strongly on a heterogenous
distribution of the TGF concentration H than on the
level of IFP. In fact, we found that the parameter family
As; in (1)19 which controls the production, consumption
and decay of TGF, largely affected the level of hetero-
genity in TGF distribution in the peritumoral region.
Apparently, the computer model is lacking some sort
of aggressivity when it comes to fluid-sensitive migra-
tion mechanisms. On the other hand, as found in [60,
61], computer models that include the combination of
downstream migration driven by autologous chemotaxis
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and strain-induced upstream mechanisms as explored
in [51,52] suggest that aggressive tumor cell behavior
is correlated to higher IFP. An interesting extension of
the computer model discussed in this work would be to
account for both these mechanisms.

The computer model explored in this work has been
designed to capture bulk-level aspects of tumor growth
and metastatic propensity and constrained by data from
the study of preclinical models in [45]. In that sense the
model we consider bears similarities to the computer
models explored in [62,63] which focus on capturing
first-order effects pertaing to tumor growth and avoid
representing many different parameters which are im-
practical or impossible to measure clinically (e.g., im-
mune response, extracellular matrix status, genetic mu-
tations, detailed representation of the angionesis, etc.).
Extended computer models may also involve a multi-
scale approach where one can explore tumor growth by
considering major biological events at both tissue, cel-
lular, and subcellular scale [64]. This has been outside
the scope of the current investigations.

Acknowledgements We thank Dr. Geir Naevdal (NORCE)
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Table 4 Functions involved in cell migration given by Eq. (6) and (7)

Function Description Values
APey(ac) = —veIn(be +[1 — ac]) (8.=0.01; ~.=1 kPa)
s
APpy(ay) = 'yfaff (65=10; ~f=7.5 kPa)
A .
Ac(C) Aco — WM ({4co, A01}={0,25} kPa; &{o = 8/C* m? /kg)
Ap (H) =  Apo-— m ({4#0, Am1}={0,50} kPa; &g = 16/H* m3/kg)
f(:(a(:,af) = — a(;[ilf(cf;tac(jg’f-ﬁ:({)] S (see Eqgs. (2) and (3))
(actay) Crfﬁ"%{fﬁ:af(uﬁ» " (Cufcf+Cqu+Cchf)
Frlacap) = T (see Eags. (2) and (3))
(Qn+af)2<cf+aéff+aj<C+ﬁ(§c<c]+<c<f+§cf<f)
2
- ac T [ac((p+lop)+asler]
hi(ac,ap) = - S f OZ f i — (see Egs. (2) and (3))
((vc+af)2€cf+a?;Cf+a}Cc+i(€c({-f+4c(f+¢.f€f)
. ﬂcaf(&c&j*iuécf) .
ho(ac,ap) = — — = (f;” - (see Egs. (2) and (3))
(actap)?Cep+adlstadot T (Colos+Ecls+Eesp)
. T2 facleptoar(Cotilep)]
ha(ac,ap) = Ak ] d (see Egs. (2) and (3))

- N T aZ - - P, P
(ac+0<f)24,:f+ain+a2f(c+ﬁ(£c4cf+4c(f+4(,f4f)

Table 5 Parameters characterizing the mobility of tumor cells and fibroblasts by Eq. (2)

Variable Description Values

Tw, kw, Tw fluid-ECM interaction 2-10'2 (Pas/m?2), 1, 0
I, ke, 7e cell-ECM interaction 20001, (Pas/m?), 0.6

Ip, kyyrp fibroblast-ECM interaction 1007, (Pas/m2), 1, 0.6
Iey, refs Tfe cell-fibroblast interaction 1000, (Pas/m?2), 0.5, 0.5
A,B Reduced cell-ECM resistance (see Eq. (3)) 0.7, 50

Table 6 Reference variables

Variable Description Values

T Reference time 10% s

L* Reference length 0.01 m

u* Reference velocity 1076 m/s
D* Reference diffusion 108 m?2/s
p* Reference pressure 10* Pa

p* Reference ECM density 1 kg/m3

G* Reference protease density 10~* kg/m?
Cc* Reference chemokine density 10~% kg/m?3
o+ Reference TGF density 10~% kg/m?

vy Gur, Cvy Hu

Max ECM, protease, chemokine, TGF density

o*, 0.5G*, 0.3C*, 0.2H*
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Table 7 Parameters for autologous chemotaxis described by Egs. (1)7,8,9,10

Variable Description Values

Dg Diffusion coefficient protease 8 x 10712 m?/s
D¢ Diffusion coefficient chemokine 14 x 10-12 m?/s
Dy Diffusion coefficient TGF 8 x 10712 m?2/s
A11, 12, A\13 Proliferation/Decay tumor cells 0,0,0

A21 Degradation ECM 10 m3 /kg s

Ao Release/Reconstruction ECM 1.25 x 10~3 1/s
A23 Release/Reconstruction ECM 01/s

Aoa Release/Reconstruction ECM 1.25 x 10~3 1/s
As1 Natural decay protease 25 x 1073 1/s

A3z Production protease from cells 2 x 1076 kg/m?s
A33 Logistic rate constant protease 2 x 1076 kg/m3s
vG Logistic rate exponent 1.0

A1 Proteolytically freed chemokine 3.2x 1073 m3/kg s
a2 Logistic rate constant chemokine 1.4 x10* m3/kg s
Aa3 Logistic rate constant chemokine 3.2x 1073 m3/kg s
Py Cell consumption rate chemokine 2.0x 10-8 1/s

ve, Mo Logistic rate exponent, absorption percentage 0.2, 50%

As1 Natural decay of TGF 2 x 107% m3/kg s
As2 Proteolytically freed TGF 1.4 x 1076 m3/kg s
As53 Logistic rate constant TGF 4x 107 m3/kg s
As4 Logistic rate constant TGF 55x 1077 1/s

As5 Cell consumption rate TGF 4x1073 1/s

vy, My Logistic rate exponent, absorption percentage 0.2, 50%
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