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Abstract

Introduction—The phenomenon of lymph node metastasis
has been known for a long time. However, the underlying
mechanism by which malignant tumor cells are able to break
loose from the primary tumor site remains unclear. In
particular, two competing fluid sensitive migration mecha-
nisms have been reported in the experimental literature: (i)
autologous chemotaxis (Shields et al. in Cancer Cell 11:526—
538, 2007) which gives rise to downstream migration; (ii) an
integrin-mediated and strain-induced upstream mechanism
(Polacheck et al. in PNAS 108:11115-11120, 2011). How can
these two competing mechanisms be used as a means for
metastatic behavior in a realistic tumor setting? Excessive
fluid flow is typically produced from leaky intratumoral
blood vessels and collected by lymphatics in the peritumoral
region giving rise to a heterogeneous fluid velocity field and a
corresponding heterogeneous cell migration behavior, quite
different from the experimental setup.

Method—In order to shed light on this issue there is a need
for tools which allow one to extrapolate the observed single
cell behavior in a homogeneous microfluidic environment to
a more realistic, higher-dimensional tumor setting. Here we
explore this issue by using a computational multiphase
model. The model has been trained with data from the
experimental results mentioned above which essentially
reflect one-dimensional behavior. We extend the model to
an envisioned idealized two-dimensional tumor setting.
Result—A main observation from the simulation is that the
autologous chemotaxis migration mechanism, which triggers
tumor cells to go with the flow in the direction of lymphatics,
becomes much more aggressive and effective as a means for
metastasis in the presence of realistic IF flow. This is because
the outwardly directed IF flow generates upstream cell
migration that possibly empowers small clusters of tumor
cells to break loose from the primary tumor periphery.
Without this upstream stress-mediated migration, autolo-
gous chemotaxis is inclined to move cells at the rim of the
tumor in a homogeneous and collective, but space-demand-
ing style. In contrast, inclusion of realistic IF flow generates
upstream migration that allows two different aspects to be
synthesized: maintain the coherency and solidity of the the
primary tumor and at the same time cleave the outgoing
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waves of tumor cells into small clusters at the front that can
move collectively in a more specific direction.

Keywords—Cell-migration, Multiphase flow, Interstitial
fluid, Interstitial fluid pressure, Lymphatic flow, Vascular
flow, Autologous chemotaxis, Chemokine, Receptor.

INTRODUCTION

Background

The phenomenon of lymph node metastasis has
been recognized for a long time. However, the
underlying mechanism by which malignant tumor cells
are able to break loose from the primary tumor site,
invade the lymphatics and metastasize to lymph nodes
are unclear.?! Interstitial fluid (IF) flow can alter the
tumor microenvironment and may therefore play a
crucial role in tumor cell progression and malignancy.
For instance, IF flow can create a asymmetric peri-
cellular gradient of chemotactic proteins which the
cells migrate towards through chemotaxis.”!*2%-2%-30
Polacheck et al.*® extended the study by Shields e al.>°
and demonstrated that the magnitude of fluid velocity
(i.e., the magnitude of the IF pressure gradient) as well
as the cell seeding density affected the migration
direction. Their work provided further evidence that
CCR7-mediated autologous chemotaxis®® is the
mechanism that leads to cancer cell migration in the
flow direction. However, it was also observed that
there is another mechanism that caused strain-induced
migration against the flow. Experiments were con-
ducted at two different cell seeding densities and at two
different flow velocities. The authors introduced two
metrics, a streamline migration metric and a direc-
tional migration metric, which quantified if the cells
migrated parallel to the flow and if the cells migrated
upstream/downstream, respectively. As interstitial flow
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was introduced, the cells at both densities migrated
along streamlines, see Fig. la. It was shown that the
low cell seeding density culture migrated with the flow

Streamline Migration
°
Directional Migration
°

0.3pm/s

3.0pm/s

am ed/'ated
— X ; '
Pin = —n Cb@IhOOgOUS
K: > \_:Q—:\ \ta*’k
S——— H
\%\ Int%:vy — °
h—_/\ - Pout
W\Q E\ -0.01
- o chemokine -0.02 02 04 5 b 1
(b)
Arteriole -
u ’ o Interstitial pressure
' ,
- SRR A -0
Sellel etk 0 . Yave
g‘ @D_}J A IR L hati |
0 .?‘ D S o ’r\ : = ymphatic vesse
> = /
A
99" e \
f'?-;"
N
3 O tumor cell
necrotic
‘ tumor cell
autologous
- chemotaxis
» integrin-mediated
A upstream migration
S chemokine
— |Interstitial fluid flow
FIGURE 1. lllustration of the gap between single cell behavior in a homogeneous microfluidic environment and a ’real-world”

in accordance with the behavior reported in Ref. 30.
However, for the high cell seeding density the migra-
tion was dominated by upstream migration. In
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tumor system. (a) lllustration of the competing upstream and downstream single cell behavior (essentially one-dimensional) in a
homogeneous microfluidic setting as observed in Ref. 26. (b) lllustration of a real-world tumor setting where excessive IF fluid flow
is generated from a leaky intratumoral vascular system and adsorbed by lymphatics in the peritumoral region. The IF flow away
from the primary tumor may give rise to a downstream heterogeneous chemotactic migration towards higher chemokine
concentrations in the peritumoral region whereas the upstream migration mechanism might be effective for higher volume
fractions of tumor cells near the tumor margin. (c) Plot showing f.(ac) which is directly involved in the fluid stress-mediated cell
velocity component in (1) with parameters as given by (11), (14), and (15). When we zoom in on f. we see that it has a tiny positive
slope for small «.. This reflects a fine-tuned mechanotransductive machinery that will generate downstream migration of tumor
cells for a sufficiently small cell volume fraction («. € (0,0.012)), otherwise will create upstream cell migration.
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addition, this migration against the flow direction was
highly sensitive to the fluid velocity. Moreover, when
CCR7 was blocked and chemotaxis was negated, both
high and low density cultures migrated upstream. Po-
lacheck er al?’ 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. This tension activates f1-integrin adhesion
complexes, resulting in localization and activation of
focal adhesion (FA) proteins near the upstream
membrane of the cell and thereby stimulating upstream
migration. Tien er al. > examined a compact cell
aggregate to demonstrate the effects of interstitial fluid
pressure. They determined that the directionality of the
interstitial pressure profile altered the frequency of
invasion of cells located at the surface of an aggregate.
The authors suggested that the chemical composition
dominated any purely mechanical effects.

Aim of This Work

The results reported in Ref. 26 suggest a competi-
tion between upstream and downstream tumor cell
migration, both regulated by IF flow, as visualized in
Fig. 1a.

However, two natural questions that arise are:

e How can the two apparently competing migration
mechanisms portrayed above be used as a means for
metastasis, i.e., the process where single tumor cells
or clusters of cells are able to break loose from the
primary tumor site and migrate to nearby lymphat-
ics?

e Why do these two opposing migration mechanisms
not cancel out one another and to a lesser extent
serve as a metastatic tool?

In Ref. 26 the following scenario was proposed as a
possible explanation of the role played, respectively, by
the upstream and downstream migration mechanism:

“Cell density and interstitial flow rates decrease
with increasing distance from the tumor, both of
which are highest at the tumor margin. Because
high cell density and high flow rates both favor
upstream migration, our data suggest the existence
of an “escape radius” at a critical distance from the
tumor surface. For cells at a radial distance less
than the escape radius, interstitial flow guides cells
upstream, keeping cells clustered with the tumor,
but for cells located beyond the escape radius,
interstitial flow guides cells downstream, toward

draining lymphatics or veins. Although further
modeling and in vivo data are required to validate
this hypothesis, the escape radius could be a critical
parameter in estimating the severity of metastatic
disease and determining proper treatment.”

However, there is a potentially large gap between
the observed single cell behavior in a microfluidic
homogeneous environment and corresponding behav-
ior in a more realistic tumor setting. Hence, a main
objective of this work is to put the above statement to a
test by employing a simplest possible computational
multiphase model. Our workflow consists of the fol-
lowing two steps:

(1) Train our model with data from the referred
experimental works®®" reflecting essentially one-
dimensional behavior (see Fig. 1a);

(i) Extend and modify the model such that it can
mimic a more realistic tumor in a two-dimensional
setting where the model is informed with parame-
ters determined in step (i) (see Fig. 1b).

Method

The main components of our mathematical model
are:

e A general cell-fluid model is formulated that is
rooted in mixture theory principles. In particular,
the model includes general momentum balance
equations where essential fluid-ECM interaction,
cell-ECM, as well as cell-fluid interaction forces are
accounted for through explicit correlations. These
momentum balance equations appear as a natural
and systematic extension from single-phase Darcy’s
equation to a two-phase cell-fluid context.

e The resulting mass and momentum balance equa-
tions are coupled to a simplified transport-reaction
system of partial differential equations that can
describe autologous chemotaxis.

The obtained cell-fluid migration model is capable
of representing the stress-mediated upstream migra-
tion, the downstream migration driven by autologous
chemotaxis, and the internal competition between
them, consistent with experiments as reported in
Refs. 30 and 26. This was carefully explored in the two
recent works.>>*® Through that study, the model was
trained with data from relevant in vitro experiments
and insight was gained for setting various model
parameters. However, the experimental setup in Refs.
30 and 26 is different from the in vivo tumor setting in
several ways, as indicated by Figs. 1a and 1b. For the
in vitro experiments the fluid flow essentially is one-
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dimensional, from a high pressure zone to a low
pressure zone across a cell aggregate placed in the
center. The corresponding cell migration behavior is
largely one-dimensional, either in the downstream or
upstream direction. Therefore, it is not so clear what
the net behavior will be if these two concurrent and
different migration mechanisms are at work in a
higher-dimensional tumor setting (see Fig. 1b). In a
tumor setting, an elevated IF pressure is typically
produced due to an intratumoral leaky vascular system
which generates excessive IF flow in the region close to
the tumor periphery.'"'® Depending on the position of
nearby peritumoral collecting lymphatics, a more or
less heterogeneous IF velocity field is generated which
strongly affects the distribution of chemokines. In
particular, one might expect that chemokines tend to
accumulate at nearby functional lymphatics. Conse-
quently, the competing migration mechanisms can give
rise to much more heterogencous and complex
behavior than seen in the one-dimensional case repre-
senting a microfluidic flow system.

The multiphase approach gives rise to an interstitial
cell velocity u, which takes the following form ex-
pressed in terms of the Darcy-like (superficial velocity)
U, = acue where o, oy are the volume fraction of cell
and fluid such that o, + oy = 1:

Ue = Utf. (o) — h(oe)V(AP(ae)) — h(oe ) VA(C)
L
chemotaxis

fluid stress  diffusion

In particular, the cell velocity U, involves three dif-
ferent velocity components. The first is Uch(ch) where
Ut = U,, + U, is the total velocity dictated essentially
by the interstitial fluid velocity Uy, = oyuy, andfc(occ) is
a function of cell-ECM interaction, fluid-ECM inter-
action, and cell-fluid interaction effect, and is naturally
related to the mechanotransductive machinery. An
illustration of f,(o) is shown in Fig. lc where the
negative dip signals upstream migration. The second is
h(o)V(AP(2.)) which represents the cell dispersive
effect (arbitrary migration in all directions). The third
is h(a)VA(C) which represents the autologous
chemotactic effect that amounts to motion in the
direction of a positive gradient of C (chemokine). The
coefficient /(z) is also a function of the three men-
tioned interaction forces.

Main Findings

The main observations from simulating the model in
an envisioned two-dimensional tumor setting with a
realistic interstitial fluid (IF) flow field can be sum-
marized as follows:
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e The combination of the migration mechanism
Urf. (o) (fluid stress) and /(o) VA(C) (chemotaxis)
may allow small clusters of tumor cells to detach
from the primary tumor site and migrate away from
it at the same time as the primary tumor remains
tightly packed and cohesive. A delicate property of
the stress-generated migration reflected byf;(occ) and
controlled by the tumor cells through the cell-fluid
and cell-FECM interaction terms, is that it becomes
nonlinear (see Fig. 1c). This nonlinearity possibly
results in a strong and effective upstream migration
for large values of o, which are found close to the
tumor margin whereas it becomes weak for small
values of . at the interface between tumor margin
and surrounding environment.

e Lowering the IF velocity Uy, (and thereby lowering
Ur) reduces the possibility for the outgoing chemo-
taxis-driven tumor cells to be cleaved from followers
behind. Blocking the chemotaxis effect eliminates
the ability of low concentrations of tumor cells to
escape from the primary tumor. It is the combina-
tion of both mechanisms that empower the tumor
cells to behave aggressively.

e An unexpected prediction by the model is that
reducing the hydraulic conductivity in the peritu-
moral environment while keeping all other param-
eters fixed, appears as an efficient mechanism for
enhancing the ability of small clusters of tumor cells
to move more aggressively away from primary
tumor in the direction of lymphatics. Reduced
conductivity can be a result of active remodelling
of ECM through alignment of fibers, fibroblast
activity, etc., as reported in Refs. 22, 23 and 37.

COMPACT SUMMARY OF THE MODEL

The main variables used in the following compact
description of the cell-fluid model are (see Appendix A
for a more complete description):
ey Oy Volume fraction of cell, fluid
Se: Cell growth/death

Ug, Uy Interstitial cell and fluid velocity
0,G,C: ECM component, protease, chemokine
Py, P: IF pressure, cell phase pressure

AP, A: Cell—cell stress, chemotaxis stress

Aey AT Cell mobility and total mobility

Ty: Conductivity of vascular vessel wall
P, Effective vascular pressure

1i: Conductivity of lymphatic vessel wall
P Effective lymphatic pressure

Py IFP at the boundary of tumor region Q
Q: Tumor region
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The model takes the following form (which has been
derived from (29) in Appendix A):

Ot + V- (acuc) = Sc;

pr=—4Gp+p (ﬂuzz — 230 — Jo4 (L>)
M

G, =V - (DGVG) — V- (uyG) — 231G

faes(@)

Ci=V - (DVC) =V (uyC) — dagote

C 2 C Ve
Gpl| 241 — A | =— ) —Iz| —
+ P( 41 — A42 <CM> 43 <CM> >

for x € Q where the interstitial cell velocity u, is given
by (30);. Similarly, IF velocity uy, is given by (30), and
appears in the convective terms in the transport-reac-
tion equations, respectively, for G in (2); and C in (2)y4.
These terms reflect that the secreted protease G and
released ECM-bound chemokine C flow with the fluid
velocity. Moreover, in order to compute Ut needed in
(30) we first solve the elliptic problem for Py, [see (37)—
(39) in Appendix A for derivation]

V- (aVPy) = =T, (P = Py) + Ti(Pu - Pr')
— V- (V(AP + A(C))), (3)
PW|aQ = Py

We refer to (32) and (33) for explicit expressions for Je

and /r. See (27) and (28) for more information related
to the drainage of IF caused by the blood vessels and
lymphatic vessels expressed by the right-hand-side of
(3). Knowing IF pressure P,,, we use (38) for the total
velocity Ut given by

UT == *ALTVPW - j"CV(AP) - ZCVA(C) (4)

which is required in the calculation of u; and uy, in (30).
The model (2)—(4), combined with (30), is subject to the
boundary condition

0

0
EG‘aQ:O EC]OQ:O, t>0 (5)

where v is the outward normal on 9Q. Initial data are
given by
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p(x,1=10) = py(x),

6
C(x,1=0) = Co(x). ©

Remark 1 Note that from the elliptic problem (3) we
extract the IF pressure field P, which largely
determines  the total velocity Ug  through

(4). Similarly, we see from (3) the essential role
played by IF flow caused by leaky blood vessels and
adsorbing lymphatics through the source term Qy =
T(Rﬁ—m)mpr:ném—ﬂﬁ.

Remark 2 Regarding the cell velocity u., the
expression (30); identifies three different cell
migration mechanisms:

Uc = U fluid—stress + Ue cell—cell ~+ U¢ chemotaxis (7)
with

ocly + ¢
w2y + o2l +

Se (o)
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U fluid—stress = UT

(8)
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o2l + 02l +

:_[M

Ol

o V(AP)

Ue cell—cell = —

)
V(AP)

202
02y +ogle +

:_[@

O

VA(C)

U¢ chemotaxis =

(10)
VA(C).

The first term u, uigsiress represents a stress caused by
the flowing IF on the cancer cells. Experiments
reported in Ref. 30 indicate that cancer cells to a large
extent will resist the direct pushing force represented
by this stress and as shown in Fig. la and reported in
Ref. 26, can generate upstream migration. The second
term U, ceji—cent accounts for a diffusive cell—cell repelling
force that leads to a weak non-directional migration.
The third term U chemotaxis reflects a directional cell
migration towards positive gradients in chemokine C
as reported in Refs. 9, 26 and 30.

Correlations for Interactions

We assume the following correlations to represent
fluid-ECM interaction {,,, celllFECM interaction (.,
and cell-fluid interaction Z:

Ew = leéwaa\;a zc = IC]ECO{?’ (11)

I I4rew
{ = Tkoyor, ™.
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Note that this form for the different interaction forces
ensure that the resulting cell-fluid model is consistent
with standard modeling of creeping flow in porous
media which makes use of permeability (hydraulic
conductivity) and relative permeability functions to
account for the presence of several phases that share
the same pore space.>*® We may think of I, I, >0 as
parameters reflecting more ’static” properties of the
tissue like Iy, = u, /K (u, is fluid viscosity, K is hy-
draulic conductivity/permeability), whereas l%w,léc can
account for dynamic properties, i.c., various coupling
mechanisms related to ECM fiber alignment, reduced
resistance force due to proteolytic activity, etc. Fur-

thermore, the term C reflects that the the interstitial
flow imposes a physical drag on cancer cells. As
observed in Ref. 26 the effect of this drag force is not
to generate a motion in the direction of the fluid flow
(as would be the case for a “normal” fluid). Instead, it
has been observed that this drag force can activate
mechanotransductive machinery and lead to directed
cellular migration in the upstream direction of the flow
in a process termed rheotaxis.”’ By inserting (11) in
(31) we arrive at the following expressions

y 7 [“25 |+« Z’
fc(ac):A—C: " c>W 2AC _
;\.T [OCCCW] + [awéc] + C
(Rt Ry
R T+ Rl
f e [axzszC] + ow(
.fw((xc) N —_ 2,\ > — _
o [e2ly] + (03] + ¢
 Anlraremy
R]O(g_rc + a\2)v—rw + RzOC(];-’_"CW_"CO(\lV_rW
2.2
A OC O(
hoe) = s a1
aCCW + fxwé’c + C
— 1 O(g_rc O(é_"w
Iclgc Rlo(g*rc + aafrw + R20(é+)‘°‘~'7r°o(‘l,;rw7

(12)

where we use R; and R, to describe relative strength of
interaction forces
Lok Ik

N Ry=——.
]CkC ICkC

R, = (13)
In Ref. 36 we explored how the intricate balance
between the downstream chemotactic driven migration
and the integrin-mediated upstream migration, as re-
flected by (7)—(10), was consistent with the results
shown in Fig. la when I was set to be negative. In
particular, we may imagine that the cancer cells are in
a position where they can tune” this term, both the
magnitude and sign. More detailed information about
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biochemical aspects that influences this possible up-
stream momentum generation could be included in the

parameter lé, similar to léw, l%c. To conclude, in Ref. 36

it was suggested that the form of the ¢ term, i.e., its
dependence on various variables as well as the sign, is
the mathematical interpretation of the previously un-
known mechanism which in Ref. 27 is considered as
the result of a force balance between fluid drag on the
cell and matrix adhesion tension.

RESULTS

Choice of Parameters

The computer model has been trained with data
from the experimental observations in Refs. 35 and 36.
We refer to Table 1 in Appendix B for information
about the different parameters. However, in these
works only 1D simulations were provided to assess to
what extent the model could capture the in vitro
experimental results of Refs. 30 and 26. The purpose of
the computer simulations in the present work is to do
an assessment of the tumor cell migration in an envi-
sioned 2D tumor setting in a domain of size 1 cm x 1
cm (1 x 1 in dimensionless variables) where a realistic
IF flow field is created due to leaky blood vessels sit-
ting on the inside of the tumor margin and adsorbing
lymphatics placed in the peritumoral region. As poin-
ted out in the Introduction, there is a gap between the
more homogeneous one-way fluid flow past a cluster of
tumor cells in a microfluidic setting and the 2D tumor
setting which we now intend to explore.

The main principles when we set parameters are:

(1) First, we define the effective hydraulic conductivity
through Lo = Loky oty such that a realistic intersti-
tial fluid pressure (IFP) Py, is obtained with a cor-
responding relevant IF velocity uy. This choice
automatically puts strong constraints on how the
cell-ECM interaction CC = Lke o in (11) should be
set. If the celFECM resistance force I, kC is not
sufficiently high (much higher than the fluid-ECM
resistance force leéw), tumor cells will simply be
pushed by the fluid flow in the downstream direc-
tion through the first term in (1), Urf, (o). Clearly,
this would be inconsistent with the experimental
observations in Refs. 30 and 26 that autologous
chemotaxis is responsible for the downstream
migration.*”

(i) The window for choosing the cell-fluid parameters
1, k I'ew tO prescribe C in (11) is again fairly small as
we need 7 to be negative in order to generate up-
stream migration in response to the stress from the
fluid (see Ref. 36 for details).
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(iii) Finally, we must set parameters for AP(a.) such
that  diffusive  cell  spreading  through
—h(oe)V(AP()) in (1) is relatively weak, to be
consistent with observations in Refs. 30 and 26.
We have no specific data pertaining to the forma-
tion of chemokine gradients of the involved
chemotactic ~ migration as  expressed by
—h(2)VA(C) in (1). Hence, parameters related to
the reaction terms on the right-hand-side of the
transport-reaction system (2),34 are simply set
such that a ’reasonable” large gradient in chemo-
kine C is formed that can trigger a “reasonable”
strong chemotactic migration. This also determines
the parameters in A(C) which is responsible for the
autologeneous chemotactic migration. Most
importantly, we do not vary any of these parame-
ters for the different simulation cases.

The A Potential Function and Cell-Cell Adhesion
AP. The potential function A(C) given by (23) char-
acterizes the chemotactic driven migration. The
chemotaxis-related parameter &; is set to &, = 4 which
is in the middle range of that used in Refs. 35 and 36
whereas £, = 0. Regarding AP(o.) given by (22) we set
y = 1000 Pa as default and use J(x) = —In(d + [l —
o)) with 6 = 0.01.

Parameters of Fluid-ECM, Cell-FECM, and Fluid—
Cell Interactions. We specify parameters involved in

the interaction terms EW, EC, and { in (11). 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.’’

We set IEW = k. =1, i.e., no special reduction in the
cell-ECM and fluid-ECM resistance force during the
cell migration process. We assume that the hydraulic
conductivity associated with the cell aggregate
microenvironment is of the order f =5-10"1

m?/Pa s. This implies that

Hw 12 2 7
I, =—=2-10"" P ky =1 =0
W= ds/mA, - s Fw (14)
ke=1,

I. = 2001, re = 0.5.

Here we have set the cell-ECM resistance force /; (how
strongly the cells are attached to the ECM structure) to
be a 200 fold larger than the fluid-ECM resistance
force. We suggest the following set of parameters for

the cell-fluid interaction term E:

I=-375I,, k=1,  re=03. (15)

The importance of using a negative / lies in the fact
that it signals upstream migration in response to the
fluid-generates stress. This integrin-mediated migration

against the fluid flow was carefully investigated in Ref.
36 and it was demonstrated that by appropriate choice
of parameters (similar to what we use here), the
resulting model could reproduce to a large extent the
cell migration behavior reported in Ref. 26 where the
sensitivity to IF velocity, tumor cell density, and CCR7
receptor availability was clearly demonstrated.
Functions that Characterise Strength of the Cell
Velocity Components. The resulting function fc(ac)
involved in the fluid stress related term (8) is showed
in Fig. lc for the choice of parameters as given by
(14) and (15). The expression in (12); reflects that

fu(ae) is sensitive to the fluid—cell interaction ¢, as
well as fluid-ECM é’w and cel-ECM Z’C. Increasing

trend of f.(x) indicates that cells move in the flow
direction whereas decreasing trend reflects upstream
migration.

Parameters Related to Vascular Flow Q. and Lym-
phatic Flow. Q) The following values are used for
parameters related to Q, given by (27) (leaky blood
vessels in the tumor):

T,=0.0176-10"* Pas™', P,* =4000 Pa (16)

whereas for the lymphatic flow Q) given by (28), we set

T, =0.0088-10"*Pas™!, P =1000Pa. (17)

When these values are used in combination with the
tissue conductivity as set in (14), it gives rise to IF
velocity uy, around 0.1 — 1.0 um/s and IF pressure at
the tumor periphery around 3000 — 4000 Pa (i.e.,
around 20-30 mmHg) or 0.3 — 0.4 (dimensionless).
Intratumoral lymphatics are normally dysfunctional
and thus, it is common to consider lymphatic flow to
be negligible inside the tumor. In the simulations we
have placed four circular lymphatic vessels on the
outside of the circular tumor periphery, each with
radius 0.05 (dimensionless). The vascular source term
is placed in the central part of the tumor with a radius
0.15 (dimensionless). Note that corresponding cell
velocity u. is normally approximately a 100-fold lower
than uy consistent with reported results in Refs. 30
and 26.

Initial and Boundary Data. The initial primary
tumor and the distribution of tumor cells are specified
as

% (x, 1 = 0) = 0.7exp(—[25(x — 0.5)]%). (18)

Initial chemokine and protease concentrations Cy(x)
and Gy(x) are set to zero whereas the initial ECM
concentration p,(x) = 1. IF boundary pressure P} = |
atm. In the following we have set cell proliferation/
apoptosis to be zero (S. =0) in order to make the
migration mechanisms more transparent.
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Metastatic Behavior as a Result of Autologous
Chemotaxis and Upstream Migration

Assuming that the cancer cells can generate both
downstream (autologous chemotaxis) and upstream
migration (integrin-mediated, non-chemical mecha-
nism) consistent with in virro experiments,’***® one
might wonder what is the net cell migration behavior
in a more realistic tumor setting? To what extent are
the tumor cells that move away from the tumor mar-
gin, driven by autologous chemotaxis, able to break
loose from the primary tumor? We first consider a base
case example which demonstrates characteristic cell
migration as a function of the downstream and up-
stream mechanism accounted for in (7)—(10). Then we
study how the tumor cell behavior will respond to (i)
lower/higher IF velocity; (ii) changes in conductivity of
the tumor microenvironment; (iii) blocking of CCR7
receptor.

Base Case. Results are shown in Figs. 2, 3, and 4.
Panel a in Fig. 2 shows that the downstream autolo-
gous chemotactic migration mechanism is able to de-
velop small clusters of tumor cells (low cell volume
fraction) that migrate in a finger-like pattern. The non-
chemical upstream migration is not able to prevent this
type of migration since it requires a certain volume
fraction of tumor cells to work effectively, see Fig. 1c.
Proteases are spread by the migrating tumor cells and
the IF flow (Fig. 2b). Chemokine gradients are formed
in the peritumoral region (Fig. 2¢). The dissemination
of chemokines is a consequence of the IF flow field uy
shown in panel e of Fig. 2, whereas the corresponding
IF pressure Py is illustrated in panel d and reflects a
characteristic elevated pressure and rapid drop at the
tumor periphery.

In Fig. 3 the net cell velocity u. is shown in panel a
and a* with its different components u, ceii—cei1 (panel b
and b*), uc fuid—swess (panel ¢ and ¢*), and u chemotaxis
(panel d and d*). In Fig. 4 we have zoomed in to detect
some finer details pertaining to the cell velocity com-
ponents. In particular, panel d shows how tumor cells
are triggered to move with the flow due to autologous
chemotaxis. The upstream migration, which is domi-
nating at the rim of the primary tumor, see panel c,
ensures that the primary tumor remains densely
packed. It seems that it is precisely the combination of
this downstream and upstream migration reflected by
the net cell velocity u. (panel a) that generates the
finger-like growth pattern seen in Fig. 2a.

Simulation results for this case indicate that the
chemotactic downstream migration and the non-
chemical upstream migration can work together to give
an effective metastatic type of cell migration in the
sense that small clusters of tumor cells can break loose
from the tumor. We may hypothesize that the up-
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FIGURE 2. Base case. The combination of autologous)»
chemotaxis and upstream migration indicates ’metastatic”
behavior. All variables are dimensionless according Table 1.
The figures illustrate the net effect of autologous chemotaxis
and upstream cell migration as expressed in (7), both of which
are caused by the flow of IF from the tumor toward the
peritumoral lymphatics. (a) Clusters of tumor cells migrate in
a finger-like pattern. (b) Proteases are produced by the tumor
cells and skewed in flow direction. (c) ECM-released
chemokines are skewed in the flow direction. Higher
concentration of chemokines are seen in the peritumoral
region where the lymphatics are placed with an accumulation
at the lymphatics. (d) The IF pressure P, (0.4 dimensionless
corresponds to 4000 Pa = 30 mmHg) reflects a characteristic
elevated pressure in the central part of the tumor with a rapid
decrease at its rim. The position of the four lymphatics are
seen from the plot of P,. (e) The IF velocity field u, (1.0
dimensionless ~ 1 um/s) corresponds to the interstitial fluid
pressure P, with a dominating outgoing fluid flow from the
the tumor periphery toward the four lymphatics where it is
adsorbed (while it is stagnant in the center of the core).

stream cell-migration is in fact used as a means to
prevent that the number of following cells become too
large. In order to test this, next we consider an example
where the only change made is a reduced IF velocity uy
by a factor of approximately 10. All other model
parameters remain the same.

Low IF Velocity. We reduce the rate terms 7, and T}
in (16) and (17) by a factor 10 and the related pressures

P,* and P/ by a factor 4. The purpose is to explore
whether the chemotactic downstream migration is
effective without a sufficiently strong upstream cell
migration mechanism, i.c., a sufficiently high IF
velocity uy. Results are shown in Figs. 5 and 6. The
reduced IF pressure Py, and corresponding low IF
velocity uy, is confirmed by Fig. 5, respectively, panel d
and panel e. We observe that autologous chemotaxis
itself is less aggressive, i.e., less cleaving of the down-
stream migrating front of tumor cells (Fig. 5a). The
primary tumor itself is degraded as the tumor cells
behind the leading front tend to follow after, see
Fig. 5a (right plot). Figure 6 shows the corresponding
cell velocity components. A main observation from
panel c is that the upstream component W fuid—stress
now is very weak resulting in a dominant effect from
the downstream component U, chemotaxis (cOMpare panel
a and d). In the absence of a strong upstream cell
migration mechanism there is a collective downstream
cell migration as seen in Fig. 5a driven by autologous
chemotaxis (Fig. 6d) which is not able to cleave the
group of cells into smaller clusters.

High IF Velocity. We increase the rate terms 7, and
Ti in (16) and (17) by a factor 10 and also increase the

related pressures P,* and Py by a factor 1.5. This
corresponds to a situation with higher resistance to
blood flow in the intratumoral vascular system and
more leaky blood vessels, i.e., low resistance to tran-
scapillary fluid. We expect that this increased IF
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<FIGURE 3. Base case: lllustration of the cell velocity
components corresponding to the tumor cell migration
shown in Fig. 2. Note that the dimensionless cell velocity
has been been multiplied by 100 such that 0.25 amounts to
0.0025 um/s. (a) shows the net cell velocity field u. given by
(7). (b) The dispersive velocity component uc cej_cen given by
(9). (c) The fluid-stress generated cell velocity field
Ucfluid—stress diven by (8). (d) The chemotactic cell velocity
component U chemotaxis given by (10). (a*) Zoomed version of
(a). At the rim of the tumor there is dominating tumor cell
migration inwardly directed against the fluid flow direction
whereas there is no migration deeper into the tumor. (b*)
Zoomed version of (b). An outwardly directed migration
represented by U ceii_cenn is seen. (c*) Zoomed version of (c).
lllustrates a dominant inwardly directed effect from
Uc fluid_stress- (d*) Zoomed version of (d). lllustrates that
U chemotaxis Tepresents outward cell migration in the central
part of the tumor which essentially is canceled by the velocity
component U fiid-stress in light of (a*)

velocity uy, will augment the upstream migration effect
through u, fuid—stress (8). What will be the combined
effect of autologous chemotactic downstream migra-
tion and this enhanced upstream migration?

Results are shown in Figs. 7 and 8. A major
observation is that the increased IF flow generates a
more complete detachment of the clusters moving with
the flow away from the solid tumor (Fig. 7a). A finer
inspection of cell velocity components shown in Fig. 8
suggests that this is a result of the magnified upstream
migration close to the tumor periphery (panel a) be-
cause the chemotaxis component U, chemotaxis (Panel d)
also contributes. In addition, as seen in Fig. 8c the cell
velocity component W, fuid—stress 2180 in fact helps the
downstream migration for the small tumor cell clus-
ters. This contribution is made visible for this example
since the IF velocity Uy, thereby also Ut in (8), is
much stronger than for the base case.

Effect of a Dense ECM with Reduced Hydraulic
Conductivity. It has been observed that increased level
of interstitial fluid flow can effect the tissue conduc-
tivity (permeability). Interstitial flow imparts mechan-
ical stresses on ECM fibers and cells embedded in the
matrix, including shear stress and drag forces.”’
Fibroblasts are responsible for maintaining and
remodeling the ECM. High levels of IF flow can induce
fibroblast motility through MMP-1 upregulation as
well as drive myofibroblast differentiation and matrix
alignment where the alignment is perpendicular to
flow, rather than parallel, and thereby leading to a
decrease in hydraulic conductivity.?*?*-** Motivated by
this we address the following question:

What happens with the net effect of the downstream
and upstream cell migration if we reduce the conduc-
tivity by a factor of 20 to mimic the effect of ECM
remodelling and alignment mentioned above? Hence,

we change ky from l%w =1to IEW = 20 to account for
ECM remodelling and corresponding fiber alignment
whereas we keep all other parameters as in base case.
In particular, the strength of the chemotactic mecha-
nism is kept unchanged as well as the cell-ECM
interaction term IEC =1. For this case we have
increased the rate terms 7, by a factor 20 and 7} by a
factor 4 as well as raised the intratumoral vascular

pressure P,* with a factor 1.5 in order to keep the IF
velocity around 0.1 um/s.

Simulation results are shown in Figs. 9 and 10. A
considerable stronger detachment of small clusters is
seen in panel a (Fig. 9). Compared to the base case in
Fig. 2a, where the tumor cell migration is manifested
in a finger like migration pattern, the clusters have
completely broken loose from the primary tumor and
are also cleaved internally to form several smaller
clusters. The IF velocity shown in panel e (Fig. 9)
appears to be reduced by a factor around 10 due to the
stronger resistance force from the matrix whereas a
large IF pressure gradient (panel d) is maintained at
the rim of the primary tumor. The net cell velocity u,
shown in Fig. 10a reveals a strong migration activity at
the periphery of the primary tumor as well locally
around the detached cell clusters. Most importantly,
the net effect of the autologous chemoatxis component
U, chemotaxis (Panel d) and integrin-mediated fluid stress
component u.fuid_siress (Panel c¢) is a more aggressive
tumor cell migration and cleaving of local clusters into
smaller clusters that tend to migrate in the direction of

the lymphatics. A plot offc(occ) is shown in Fig. 11.
The fact that the negative dip has been removed due to

the change in Ky explains why the cell velocity com-
ponent U, fuid—stress dO€S Not give rise to upstream
migration any longer. For further discussion of this
case we refer to Appendix C.

Blocking of CCR7

We consider the base case again but block the
chemotaxis migration effect. The simulation output is
shown in Fig. 12. The effect is dramatic. The hetero-
geneous cell migration driven by autologous chemo-
taxis comes to a halt. The spreading is much weaker
and the growth pattern is uniform. The strain-induced
migration in the wupstream direction through
U fluid—stress (NOt shown) appears to completely domi-
nate the tumor behavior leading to a slightly more
densely packed tumor. The aggressive outgoing motion
of small clusters of tumor cells is, as expected, not
present at all.
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DISCUSSION

A computational cell-fluid model has been trained
with data previously reported in Refs. 30 and 26. It was
shown how the model could capture the competition
between the downstream and upstream tumor cell
migration in a simplified homogenous environment
with fluid flow across a cell cluster from a high to a low
pressure region.>>*® However, it appears to be an open
question what happens if these two competing migra-
tion mechanisms are present in a higher dimensional
tumor setting with a more heterogeneous IF velocity
field which is defined by the drainage from a leaky
vascular system and adsorbing lymphatics. In this
work we have extended the model to a two-dimen-
sional tumor setting with a more realistic IF velocity
field. The simulations have demonstrated how tumor
cells can generate detachment of clusters of tumor cells
from the primary tumor by combining two different
in vitro experimental observed cell migration mecha-
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FIGURE 5. Low IF velocity results
behavior. The IF has been reduced with a factor of more
than 10 compared to the case in Fig. 2. (i) The tumor itself
degenerates because there is no effective upstream cell
migration mechanism; (ii) the outgoing tumor cells outside
the rim of the tumor are not able to separate and form smaller
clusters of cells which makes the cell migration space-
demanding and less efficient as a tool for metastasis. (a)
Tumor cell migration occurs in a homogenous spreading of a
large wave of tumor cells at the rim and a corresponding loss
of cells associated with the primary tumor. (b) Proteases
essentially follow the tumor cell spreading. (c) Chemokine
gradients are formed in the peritumoral region. (d) A low IF
pressure P,, is generated which results in a much lower (e) IF
flow velocity (i.e., less then 0.1) compared to the base case in
Fig. 2e.

nisms. Both migration mechanisms are regulated by
the interstitial fluid flow: (i) autologous chemotaxis
which generates migration towards positive gradients
in chemokine®; (ii) integrin-mediated migration
mechanism generated by fluid-stress.”® These two
migration mechanisms are present in the explicit
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FIGURE 4. Base case: more details of the cell migration which takes place between primary tumor periphery and the lymphatic
placed in the upper-left corner are shown. (a) The total cell velocity u. shows that in the peritumoral region there is a dominating
downstream cell migration toward the lymphatic whereas close to the rim, tumor cells are guided back to the primary tumor which
will keep it densely packed. (b) Dispersive cell velocity does not contribute outside the primary tumor. (c) Associated with the
finger-like clusters of tumor cells there is a weak upstream migration that ensures that the cell volume fraction is kept low by
driving tumor cells back to the primary tumor. The upstream migration represented by u; fuid_stress iS Weak in this region (since the
cell volume fraction «. is very low) but has a dominating effect close to the tumor periphery where the cell volume fraction
increases rapidly. (d) The chemotactic vell velocity component U chemotaxis drives the downstream migration.
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expression for the cell velocity u, given by (7), (8) and
(10). The nature of these two direction-specific migra-
tion mechanisms are different. The first depends
essentially on biochemical cues through the signaling
protein gradient VA(C) expressed in (10). The other
essentially on mechanical cues in the microenviron-
ment expressed through the interaction terms -

and { that define the fractional flow function fc(occ)
appearing in (8). Moreover, we have made the fol-
lowing more detailed observations:

e For a given tissue conductivity (i.e., with a corre-
sponding fluid-ECM resistance force —zwuw), the
model illustrates precisely how tumor cells, by
manipulating the strength of the cell-ECM interac-
tion {, and the direction and magnitude of the cell-
fluid interaction term Z, are able to control the two
migration mechanisms such that autologous chemo-
taxis guides tumors cells at the tumor periphery
away from the primary tumor whereas the fluid—
stress generated migration guides tumor cells up-
stream keeping the primary tumor coherent and
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FIGURE 7. High IF velocity results in enhanced metastaticp
behavior. (a) The main effect of increasing the IF flow is a
stronger accumulation of tumor cells in the core combined
with finger like migration pattern quite similar to that seen in
Fig. 2a but with more distinct, slimmer fingers and in fact a full
detachment of the outgoing clusters from the primary tumor.
(b) Protease distribution. (c) The chemokine distribution
shows that the high IF velocity leads to accumulation of
some chemokines in the center of primary tumor, in addition
to the peritumoral concentration gradients, which should then
give rise to an additional chemotactic driven cell migration
directed inwardly against the flow. (d) The higher vascular
pressure P, gives rise to a higher and more distinct IF
pressure profile P, compared to the base case Fig. 2d. (e)
This results also in a considerably higher IF velocity at the
tumor margin.

dense. The net effect of these two mechanisms is
formation of small finger-like clusters of tumor cells
that have the potential to detach from the primary
tumor.

e By reducing the hydraulic conductivity in the
microenvironment in the peritumoral region, e.g.,
caused by realignment of fibers in ECM,*** the
fluid—stress related migration changed direction.
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FIGURE 6. Low IF velocity results in non-metastatic behavior. The zoomed cell velocity field is similar to Fig. 4 but now with a
much lower IF velocity. (a) Net cell velocity u. reflects a uniform, collective downstream migration that sets a large portion of the
primary tumor in motion. (b) Cell velocity uc gispersion (9) Which generates a spreading of tumor cells is small. (c) Cell velocity
Uc fiuid—stress reflects upstream migration but is weak at tumor periphery (dark blue color) due to low IF velocity u,, which largely
dictates Ut involved in (8). (d) The cell velocity component u; chemotaxis represented by (10) reflects a strong collective downstream
migration at the tumor periphery.
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This aided small clusters of tumor cells to more
effectively escape from the primary tumor. The
autologous chemotactic-driven migration added a
new role by also guiding tumor cells at the tumor
periphery in the upstream direction due to a local
accumulation of chemokines in that region which
maintained the high density of the primary tumor.

We are not aware of published work where the
combination of the upstream and downstream migra-
tion?® has been observed for in vivo tumors. However,
a clear correlation between high IF velocity (and cor-
responding high IFP) and dissemination of tumor cells
to nearby lymphatics has been reported.'' Using
mouse xenograft models of several types of human
cancer in combination with dynamic contrast en-
hanced MRI (DCE-MRI), a high-signal-intensity rim
was observed in the tumor periphery, which moved
outward with time. Significant positive correlations
were found between high IF velocity and elevated IFP
in all tumor xenografts. Moreover, the primary tumors
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FIGURE 9. Dense ECM and reduced hydraulic conductivity p-
gives increased detachment of clusters. (a) A direct
consequence of reduced permeability is considerably more
aggressive cell migration in the sense that clusters have
effectively migrated with the flow and more completely broken
loose from the primary tumor. (b) Protease distribution. (c)
Chemokine gradients are formed at the rim of the primary
tumor as well as further away in the peritumoral region. (d)
The reduced permeabiliy (conductivity) gives rise to a higher
IF pressure P, in the tumor region but (e) a lower IF velocity
uy Which now takes place more locally between tumor margin
and nearby lymphatics.

of metastasis-positive mice displayed higher IFP and
IF velocity at the rim than the primary tumors of
metastasis-negative mice. Findings were confirmed in
cervical cancer patients with pelvic lymph node
metastases, where the IF velocity was found to be
higher compared with patients without lymph node
involvement. A similar result was also reported in Ref.
32. Thus, the simulations presented in this work appear
to be in line with these findings. The proposed com-
putational model might serve as a tool for bridging the
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FIGURE 8. High IF velocity results in enhanced metastatic behavior. (a) The net cell velocity u; has a strong upstream migration at
the the rim of the primary tumor whereas at a certain distance away (at a ‘““critical radius”’) the tumor cells are guided outwardly. (b)
Spreading due to dispersion. (c) The velocity component u. fuid—stress gives rise to some upstream migration at the primary tumor
periphery. Note, however, that the same cell velocity component in fact also contributes to downstream migration of the small
clusters that have broken loose. This must be understood in light of the positive slope of f.(x.) for very small cell volume fractions
ac, see Fig. 1c. (d) The cell velocity due to autologous chemotaxis. The upstream migration is strong at the rim of the primary tumor

due to the accumulation of chemokine in that region, see Fig. 7c.

BIOMEDICAL
ENGINEERING
SOCIETY



How Tumor Cells Can Make Use of Interstitial Fluid Flow 243

(fﬂl)0 s Cell Volume Fraction Cell Volume Fraction
. 0.3
0.25
)
172
Q@ 0.2
c
Qo
2 0.15
S 0.1
>
0.05
0
05 .05
X (dimensionless)
b c
(b) Protease () Chemokine
04
) 03 )
17 172
Q Q
I I
Qo Qo
e 02 @
i) &
> 0.1 >
0
X (dimensionless)
(d) IF Pressure
04
—_ 0.3
172
174
o
S 0.2
7]
c
|5 01
A=A
>
0
-0.1
X (dimensionless)
e
(€ Fluid Velocity Field
05 1
- 0.8 —
7 2 -0.18
2 o2
k5 08 S 02
172} 0 17
c c
g 04 £
3 J
> >
0.2

0
0 -0.25 0.2 -0.15

X (dimensionless) X (dimensionless)

BIOMEDICAL
ENGINEERING
SOCIETY



244

S. EviE AND J. O. WALDELAND

(a) Coll Velocity Field (total)
05
3
é 0
s
>
0.5
05 0 0.5
X (dimensionless)
(c)
05 Fluidstress Cell Velocity
3
é 0
S
>
0.5
0.5 0 0.5
X (dimensionless)
(a") Cell Velocity Field (total)
()
0.35 ‘

Y (dimensionless)

Y (dimensionless)

BMES

©
w

0.25

©
()

°
-
o

(c)

Fluidstress Cell Velocity

o
&

o
w

025

o
N

°
-
o

0.05
X (dimensionless)

BIOMEDICAL
ENGINEERING
SOCIETY

0.25

0.2

0.15

0.1

0.05

0.25

0.2

0.15

0.1

0.05

025

0.2

0.15

0.1

0.05

0.25

0.15

0.1

0.05

o(:)) Dispersive Coll Velocity
. ® @

P %
il '
2 o
E [} @
3 % <

®© @
05
05 0 05
X (dimensionless)
(d)
05 Chemotactic Cell Velocity
_ iy
g ¢ &
§ 0 e‘j\ﬁ % é’e
Pl 7 W S
05
05 0 05

X (dimensionless)

(b*) Dispersive Cell Velocity
s L

©
w

o
N
o

Y (dimensionless)

o
N

Y (dimensionless)
i
}
)
™

025 SN IO
) el ot
02} - .
0.15 e
e ldded
01 005 0 005
X (dimensionless)

-]

0.1

0.25

0.2

0.15

0.1

0.05

0.25

0.2

0.15

0.1

0.05

0.15

0.1

0.05

0.25

0.2

0.15

0.1

0.05



How Tumor Cells Can Make Use of Interstitial Fluid Flow 245

<FIGURE 10. Dense ECM and reduced hydraulic conductivity
gives increased detachment of clusters. There is a large
heterogeneity seen in (a) showing total cell velocity u; with a
dominating (upstream) cell migration at primary tumor
periphery as well as a strong (downstream) migration taking
place at the local tumor cell clusters that have been able to
break loose from the initial tumor. (a*) (zoomed version of A
where focus is on the upper cluster) reveals that there is a net
cell velocity at the clusters that squeeze tumor cells toward
each other making existing migratory pathways thinner as
well as guiding them in the outward direction. (b, b*)
Dispersive cell velocity uc gispersion- (€, ¢*) The fluid—stress
component U suid—stress CONtributes mostly in the peritumoral
region and is now a driving force for the outwardly directed
migration and toward lymphatics. (d, d*) The chemotactic
component U; chemotaxis CONtributes greatly both at the margin
of the primary tumor to keep the primary tumor dense and at
the local clusters by making them thinner and guiding them
toward lymphactis.

gap between in vitro results by means of advanced
microfluidic flow systems®®*® and in vivo results.'"*
The model can illustrate more details pertaining to
metastatic dissemination and help formulating new
hypotheses why tumor cells seem to behave more
aggressively in the presence of a strong IF velocity
field. The model observation that reduced hydraulic
conductivity revealed more aggressive directional
tumor cell invasion may be linked to the experimental

(a) (b)

Fractional Flow Function

0.05

02¢

005

«
[

Fractionq],,FTi;w Function

-0.05
0

finding that matrix stiffness seems to play an important
role in tumor evolution and metastasis. Matrix
realignment has been associated with reduced con-
ductivity and increased stiffness.>***** In particular,
increased matrix stiffness has been reported to pro-
mote more directional and well-orchestrated migration
behavior at the tumor margin.®' This result also ap-
pears to be in line with the findings that linearized
thick collagen fibers perpendicular to the tumor
boundary is associated with a higher propensity for
progression to invasive breast cancer.'

Metastatic Behavior Vs. EMT

A fundamental issue which has not been accounted
for in the above investigations of the model is the role
played by EMT (Epithelial-Mesenchymal Transition).
Transformation of tumor cells to an aggressive and
migratory phenotype is considered to be a key step
leading to dissemination of cancer cells in the
body.'”'® During EMT, cells lose their epithelial
characteristics and acquire mesenchymal characteris-
tics, such as adherens junctions and apical-basal
polarity, and the ability to migrate. Even though EMT
is considered an important mode of invasion, its pre-
cise role in primary tumor behavior is not fully

5% 10 Fractional Flow Function

70 001 002 003 004005

«
c

FIGURE 11. (a) Plot showing f.(ac) for the choice (11) with parameters as given in (14) and (15) except that k,, = 20 instead of
kw = 1 signaling a reduced tissue conductivity. This change in fluid—-ECM resistance force implies that the net effect of the fluid-
ECM, cell-ECM, and cell-fluid interactions as expressed by ,,, (., and { (where the two latter are unchanged) removes the negative
part of the fractional flow function fc(«:). On, the other hand, a 20 fold reduction in conductivity also gives a corresponding
reduction in total velocity Ut such that the net effect on Urf;(ac) is adjusted correspondingly. (b) Plot showing f.(«c) for the choice
(11) with parameters as given in (14) and (15) except that k,, = 20 and k = 15. This adjustment of the cell-fluid interaction effect
through k is sufficient to maintain a net upstream cell migration through the cell velocity component u fyig—stress- ZOOmed version
reveals a positive part reflecting downstream fluid—stress generated migration through uc fyig_stress for very small o, (<0.035).
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FIGURE 12. Blocking of CCR7: the case is the same as the base case shown in Fig. 2 but where &,
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= 0 to block the chemotactic

migration. The effect is dramatic. (a) Cell volume fraction shows a slightly more densely packed primary tumor. (b) Protease
distribution. (c) Chemokine distribution is similar to the base case in Fig. 2.

understood. Some recent publications indicate that
metastatic dissemination of carcinomas can occur
without full activation of the EMT programme’*** and
it has been suggested that collective migration could
contribute to cancer spread.>®'* In addition, most
primary tumor cells are involved in collective migra-
tion, in clusters or as large sheets of cells, rather than
single cell migration. Hence, as one of the hallmarks of
EMT is individual cell migration, it might not be
necessary for carcinoma cell dissemination.!” In other
recent work patient specimens were collected to ex-
plore fundamental mechanisms of metastatic dissemi-
nation of colorectal cancer.’” The investigations
showed that collective behavior predominates and gave
rise to spreading of clusters of tumor cells possessing a
robust epithelial organization when studied in peri-
toneal microenvironment. This raises the question of
whether collective migration represents an alternative
to EMT. Can collective invasion occur if activation of
EMT programs is totally blocked?'’
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The results of the present manuscript may help to
illustrate in what way “aggressive”” behavior can occur
as a result of a fine-tuned balance between cell-ECM
and cell-fluid interaction force terms (i.e., mechanical
cues) and various stress-related terms, as formulated in
the general momentum balance equation of (19);4
combined with biochemical signals from the microen-
vironment as represented by (19)s67. EMT in terms of
a detailed microscopic description of a fundamental
change in cell-cell interaction is obviously not
accounted for in the macroscopic model explored in
this work. On the other hand, EMT is associated with
increased tumor cell motility, which is explicitly
accounted for through the correlation for {, given by
(11) whose parameters could be controlled in accor-
dance with an EMT-related programme. Even for fixed
parameters, simulation outputs show that cohorts of
cells can break loose if a proper balance between a
downstream and upstream migration mechanism is
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ensured. This naturally raises the question: How
“much” EMT is needed for metastatic dissemination
of cohorts of tumor cells? To what extent are EMT
characteristics already in place in the proposed model
(19) since it has an ability to describe detachment of
clusters of tumor cells? Does the integrin-mediated
upstream migration require the EMT programme to be
activated? Such questions suggest an interaction
between development of computational models and
further evaluation in light of experimental results
where the force interactions between tumor cells and
ECM and the concomitant effects of stromal and im-
mune cell types can be accessed by finely tuning the
biomaterials encapsulating these cell types in 3D.'*!?

APPENDIX A: A SWARTZ-KAMM MODEL

The cell-fluid two-phase model we are interested in
takes the following form (we refer to Refs. 3, 4, 6, 15,
28, 34, 35, and 36 for details):

(0epe)y + V- (depelic) = peSe,

(owpy) + V- (awpyti) = —pySe + py 0,
VP, = —{oue + E(uW —u)

oty V Py = —Cyuy — Z(uW —u)

py = —421Gp -H)(}zz — A3 — 7»24( P ))

G, =V -(DgVG) — V- (Guy) — 131G

enl&))

=V (DCVC) (Cllw) Aaatte

C c\"”
Gp| 241 — 2| — | —4
+ P( 41 42 <CM) 43 <CM) >,

— A120te — A3 p)

M
0=0y-0,

where u; = (u},u}) for i = ¢, w. The above model must

be combined with the closure relation

with S, = o, (/l]]

O + oy = 1 (20)

and appropriate pressure-density closure relations
p; = p;(P;), i =c,w. We implicitly treat the cell phase
as a fluid like phase but where we add cell-specific
features to the momentum Eq. (19); by letting the cell

phase pressure P, feel additional stress due to cell—cell
interaction and migration-related stress due to
chemotaxis through the relation

Pe = Py + AP(s) + A(C). (21)

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 Ref. 6 we use

AP(oc) = yJ(1 — o). (22)

Herein, y>0 is a coefficient (unit Pa) that depends
linearly on the surface tension (unit Pa m) whereas
J(o) is @ monotonic decreasing dimensionless func-
tion with respect to the fluid volume fraction oy. The
ability of the cancer cells to generate a force is ex-
pressed through the potential function A(C)

A
1 +exp(—&,(C—Cwm))’

where Ao, Aj, &) are constant parameters with units,
respectively, as [Ag, Aj] = 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 uy
and the ECM structure (fibers). We use the following
expression for this force (motivated by general multi-
phase flow modeling)

A(C) = Ay — (23)

Lo = Lkwoly, k>0, ry<2,  (24)
with I, =2 >0 and K is the permeability of the por-
ous media and p,, the fluid viscosity. Similarly, there is
a drag force between the cells and the ECM (fibers)
that acts opposite of the direction of the movement of
the cells represented by the cell fluid velocity uc,

zc = Icléca?, 107l€c>07 re <2, (25)
where 1. (Pa s/m?), ke and r. must be specified (the two
last are dimensionless).

Finally, there is also a drag force between the cell
phase and the fluid which is caused by pressure (iso-
tropic) and shear stress forces on the surface of the cell
phase. This effect is accounted for through the term

E(uw —u), see (19)34 where
g = IIEO(WO((I;+VCW7 lg >0, rew>0, (26)

where I (Pa s/m?) remains to be determined as well as
the dimensionless k and coefficient Tew-
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Lymphatic flow is an important component of the
circulation. In nearly all tissues, plasma leaks out of
blood capillaries, flows through the interstitium and
drains into lymphatic vessels, where it passes through
lymph nodes before being returned to the venous
blood.'® This circulation is expressed in the right hand
side of (19), through the source terms Q = Q, — Q..
The driving forces for interstitial flow Q, are hydro-
static and osmotic pressure gradients between the
vascular and interstitial space. Starling’s Law is used
for the flow of fluid in the interstitium given by

o, =T, (Pf, — Py —or(m, — nw))
N (27)
=1 (B" =P, To=1,>

with P,* = P: — o1(n® — ). Here L, is the hydraulic
conductivity (m?s/kg =m/Pas) of the vessel wall,
Sy/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 =, the osmotic pres-
sure in the vascular and interstitial space and ot the
osmotic reflection coefficient for plasma proteins.

The lymphatic network drains excessive fluid from
the interstitial space and returns it back to the blood
circulation, as expressed by Q;. By doing so, it regu-
lates 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 periphery.'® 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 (27) we use an
expression of the following form to express the fluid
adsorption through lymphatics

y S
01 = Ti(Py — PY), = LlVl (28)

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 " and Py is
the effective lymphatic pressure.

Rewritten Form of the Swartz—Kamm Model

We rewrite the model (19) to make it more trans-
parent. In particular, we can obtain explicit expres-
sions for cell velocity u. and IF velocity uy.
Following™¢ we assume incompressible fluids (cell
population and fluid). From (19), after we have made it
dimensionless (see Ref. 35 for details) and also used

o2y
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et + V- (ocute) = S,
aw + V- (oglty) = =Se + (Ov — O1)
2V (P + AP(oy) + A(C)) = —Leue + {(uy — ue)
oV P, = —Z’Wuw — E(uw —u)
pe=—’2Gp+p <)~22 — 30 — i24('0)>

M
G =V - (DGVG) — V - (uyG) — 131G
G\
+ o (9»32 — /33 (GM> )
V-

C[ =V- (DCVC) - . UWC) - )u44O(C

c\? C\'
+ Gp (/141 — 4 (@) — /43 (@) >,

(29)
with w; = (u¥,u) for i = ¢, w. The model is combined
with the boundary condition

0 0
P =Py, =G| =0, —C _O t>0
Yoo T "B oy laa 7 avla ’

where v is the outward normal on 9Q and Py is a
known pressure. The corresponding initial data are
given by (6). Referring to Appendix A (see also Ref. 35
for details) we find the cell velocity u. as well as the IF
velocity uy, expressed as

v = Uy [g] . [m
e Olc

_UT[AWW] N [hm
Oy Ol

with fractional flow functions f.(x) and f, (ac),
respectively, for the cell and fluid phase given by

V(AP + A),

(30)
V(AP + A),

SR S R

Jeoe) = = ot et +

7 :jhw: [a2]+‘xwé 31
Fuloe) Ir [l + 38 + 8 G
() = —— 2%

2l + o2l +

where the coefficients }VC, }MW, and /:LT (so-called mobility
functions’®) are given as follows:

izm
a@fda+§] ()

2:M

YL L+ L)
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and

PR i AR
Celw + LG + Gl

(33)

Expressions for Cell Velocity and IF Velocity

We can write the momentum balance Eq. (29); 4 as

o0, VP, = lue — (L + Ouy,
2 VA(C,p) + 2V (AP) + 4 VP, = —((. + Due (34)
+ lu,
We can solve for u, and u. from this 2 x 2 linear
system and find that
B [oel] + ¢
Ll + UL+ ]
_ O‘C[zw + i']
Lol + UL+ ]
_ occ[zw + E]
Lol + Ul + Gl
B o] + ¢
Ll + UL+ ]
o
Lol + UL + ]
ol
Lol + Ul + Gl
Hence, the corresponding Darcy velocities U, and Uy,

are given by (also often referred to as superficial
velocity)

V(AP)

VA(C)

V(AP)

VA(C).

U, :=oelte = — 4 VP, — .V(AP)
= S
Lelw + L[ + Gl
ac“wz

+ ~ ~ A~ ~ _ ~ _

Colw + L[Ce + 8]

__mnl gap)
Colw + L + G4
= gag)

{olw + L + &3]

VA(C)

Uy (=agy = —EWVPW —

(36)

with generalized mobility functions of the form (32)
and and total mobility Jdr given by (33). Summing the

V(AP) — JVA(C, p)

two mass balance Eq. (29);, and making use of (20),
we find the following equation

V-Ur=V-(U+Uy,)=0,— 0. (37)
From (36), it follows after a summation that
Ur =U; + Uy,
— 2V(AP) — 7.VA(C, p).
(38)

= —(Je + 4w)VPy

By taking the divergence (V-) of (38) and referring to
(37), we then arrive at

—(Qv— Q1) = V- (LV(AP))
— V- (AVA(C,p)).

V- (i1VP,) = 69)

This gives an elliptic equation for Py, that can be solved
subject to the boundary condition Py|;, = P*. This in
turn allows us to compute Ut from (38).

Elimination of Explicit Dependence on IF Pressure Py

Next, we observe that we have the following
expression for V Py, [in view of (38)]

Ur_Zegap —22va@).  (40)
i dr It

VP, =—

Combining this with (36) we can derive expressions for
the fluid velocities U, and Uy, as follows:

U. = — 4.VP, — ..V(AP)
P
Colw + L + G4
P S INTe,
Colw + L[Ce + G0
= Uch(“C)

where we use the expressions (32) and (33) in combi-
nation with some algebraic manipulations, and where

we have defined fc,fw and / as follows:

V(AP) — 2.VA(C)

— h(0e)V(AP) — h(0)VA(C)

7 _ )V_c _ [agzw] + O‘cg
Jeoe) = = ) + b2t + €
> — j [O(\ZNEC] + o‘wz 42
M) = S rma v
h(ee) G

Rty a2l +

Similarly, for Uy, we find
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Uy =~ WPy — ——55E Giap)
Celw + {Ce + ]
Ll + L + G
= Urfy, () + (o) V(AP) + (2 ) VA(C).
This amounts to, expressed in terms of interstitial

velocity u. and u,, relations of the form

Occgw + Z 2

w = Up |— s % y(ap)
2y + a2l + ¢ 02y + 02l + ¢
2
S T /()
a2l + 02+ ¢
P P 2
u, = Uy Aawécﬁi ] % |v(ap)
a2y + 02l + ¢ 2y + ol 4+
2
%W IYA(Q)
02l + o2l + ¢
(44)

APPENDIX B: MODEL INPUT DATA

We refer to Table 1 for the model input data that is
used in this work and which are based on the investi-
gations in Refs. 35 and 36.

APPENDIX C: SUPPLEMENTARY SIMULATION

Base Case with the Effect of a Denser ECM with
Reduced Conductivity Secondly, we also want to test
the model prediction when we take into consideration
that the tumor cells sense the increased fluid-ECM
resistance force through the change of ky, which leads
to a stronger fluid imposed stress on the tumor cells,
and respond to it by doing an adjustment such that the
fluid—stress term u. fyid—swress can resist this stronger
stress from the flowing fluid and also go in the up-
stream migration. More precisely, we make an
adjustment of k in (15) regulating the cell-fluid inter-
action by changing it from k =1 to k = 15. The effect

of this adjustment is a fractional flow functionfc(occ) as
shown in Fig. 11b which again contains a large nega-
tive dip signaling upstream migration. However, as for
the base case it also contains a positive part for suffi-
ciently small volume fractions that will guide tumor
cells in the flow direction.

Simulation results are shown in Figs. 13 and 14.
Comparing Figs. 9a and 13a, it is observed that in the
latter case the tumor cells can go towards chemokine
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FIGURE 13. Dense ECM and reduced hydraulic conductivity p-
gives increased detachment of clusters. The same case as in
Fig. 9 but where we have accounted for tumor cell sensitivity
to the reduced conductivity by also increasing cell-fluid
interaction setting k =15. This gives rise to upstream
migration generated by fluid stress through uc fiuig—stress as
reflected by the negative dip of f.(«:) in Fig. 11b. (a) Cell
volume fraction. (b) Protease distribution. (¢) Chemokine
distribution. (d) IF pressure P,,. (e) IF velocity uy,.

TABLE 1. Model parameters (dimensional) in the model (2)
with relevant reference values.

Parameters Description Dimensional value
Reference
variables
T* Time 10% s
L Length 102 m
u Velocity 108 m/s
D* Diffusion 108 m?/s
0% Tumor cell density 100 kg/m3
0 Fluid density 1000 kg/m?3
P ECM density 1 kg/m®
G MDE 104 kg/m®
C* CCL21 104 kg/m®
P* Pressure 10* Pa
Diffusion
coefficients
Dg MDE 8x 1072 m?/s
Dc CCL21 35x 107 m?/s

Parameters of A

& Parameter characterizing
A (dependence on C)

Parameter characterizing A

4 x 10* m3/kg
Ao, Ay 0, 37500 Pa

Production/decay rates

1 Proliferation of tumor cells 1.875x107% 1/s
M2 Decay of tumor cells 25x107%1/s
3 Decay of tumor cells 1.25x107%1/s
o1 Degradation of ECM 10 m3/kgs
22 Release/reconstruction 1.25x 103 1/s
of ECM
Jo3 Release/reconstruction 01/s
of ECM
o4 Release/reconstruction 1.25x 1073 1/s
of ECM
/31 Natural decay of MDE 25x1073%1/s
J32 Production by cells of MDE 2 x 1072 kg/m3s
/33 Logistic term constant MDE 2x10721/s
VG Related to logisitic function 1
a1 Proteolytically freed CCL21 3.2 x 107® m3/kgs
" Logistic term constant CCL21 1.44 x 10~* m3/kgs
a3 Logistic term constant CCL21 3.2 x 1073 m3/kgs
m Cell consumption CCL21 1 x 107° kg/m3s
Ve Related to logistic function 0.2

gradients more independent of the relatively strong
fluid flow towards the lymphatics (see panel ¢). In the
first case (panel a, Fig. 9) the tumor clusters tend to be
guided towards the lymphatics driven by both the
U¢ chemotaxis and U fluid—stress velocity component. For
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<FIGURE 14. Dense ECM and reduced hydraulic conductivity
gives increased detachment of clusters. (a, a*) Net cell
velocity uc. (b, b*) Dispersive cell velocity uc gispersion- (€, €*)
The fluid—stress component u. fuig_stress cONtributes mostly in
the peritumoral region and is a driving force for the outwardly
directed migration but gives rise to upstream migration when
oc is sufficiently large, see left and right cluster in ¢* . (d, d*)
The chemotactic component U chemotaxis CONtributes greatly
both at the margin of the primary tumor and at the local
clusters.

example, the upmost cluster is split into three clusters
where two of them will bend towards nearby lym-
phatics consistent with a corresponding IF flow field.
This is not seen for the same cluster in Fig. 13a. The
corresponding cell velocity u. seen, respectively, in
Fig. 10a and Fig. 14a also reflects this difference. An-
other difference is that the clusters reflected by Fig. 13a
that migrate toward the lymphatics, respectively, in the
northwest, northeast, southeast, and southwest direc-
tion tend to generate a tail that almost connects with
the primary tumor. We attribute this behavior to the
fluid—stress component u. fuid_stress Which can give rise
to upstream migration if the cell volume fraction is
larger than 0.035 as reflected by Fig. 11b. See Figs. 14c
and l4c*, for an example of this.
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