
Fig. S-1 Cells are represented as deformable ellipsoids where each
axis is represented by a Hookean spring with spring constant κ1 in
parallel with a Maxwell element consisting of viscous element µ and a
Hookean spring κ2. Fig from Palsson 17.

S1 Appendix
Modeling framework

In our model, there are two different cell types, macrophages and
tumor cells, and two different signaling molecules, EGF and CSF-
1. The model is written in the C programming language and it
produces 3-D images using the graphic program openGL.

In this model, each cell is approximated as a deformable el-
lipsoids with constant volume, V . The ellipsoid has 3 axes and
each axis of the ellipsoid has a Hookean spring, κ2, in parallel
with a Maxwell element, which consists of a viscous element, µ,
in series with a Hookean spring, κ1 (Fig S-1). The Maxwell ele-
ment controls the relaxation of the axis once a force acting on it
is removed.

κ1 represents the initial elastic response of a cell to deforma-
tion, µ represents the steady deformation of a cell under constant
force and κ2 prevents the cells from being squished or stretched
too much on any given axis. The three axes of the ellipsoids
are represented with the vectors ~a, ~b and ~c. When one axis is
stretched, another one must be compressed in order to preserve
the volume of the ellipsoid. This generates a modifying force,
Fmod , which can be calculated by solving equations 7 and 8 simul-
taneously.

dri

dt
=

κ1(Fi−Fmod)

µ(κ1 +κ2)
+

dFi/dt
(κ1 +κ2)

− ri
κ1κ2

µ(κ1 +κ2)
(7)

rarbrc = (ra +∆ra)(rb +∆rb)(rc +∆rc) =V/(
4
3

π) (8)

where ri are the lengths of the different axes of the ellipsoid, i
can be a, b or c, Fi is the total force acting on axis i and ∆ri is the
change in length of axis i. When the force is removed the ellipsoid
slowly relaxes back to its original shape.

Before the cell begins to move it polarizes and establishes a
front and back. In the model the a axis of the ellipsoidal cells
is always set to be oriented in the direction the cell is moving

in. When the concentration of a signaling molecule around a cell
is above a set threshold and the gradient is steep enough, the
cell will orient it’s a axis in the direction of the gradient, with
some randomness, and start moving towards it. The gradient cal-
culated is the relative gradient across the cell diameter. If the
gradient is below a set threshold, the cells will choose a random
direction with a bias towards the previous direction. The signal-
ing molecule is EGF for tumor cells and CSF-1 for macrophages.
When the unit-vector ~a of the ellipsoid is rotated in the new di-
rection that the cell is moving in, the new ~b and ~c unit-vectors
also need to be re-calculated. ~b and~c were found using the Gram
Schmidt process for an orthogonal basis where the old ~b and ~c
vectors were used as the previous orthonormal basis. The lengths
of the new axes a,b and c, (ra, rb and rc) were calculated by
finding where the new vectors would cut the surface of the old
ellipsoid.

The deformability of the ellipsoids helps visualize the cells po-
larity and in practice represents the protrusion of cells along a
chemical gradient. In these simulations, deformation of cells are
not that important and using semi-hard spherical cells would have
produced quantitatively similar results. We chose to use ellip-
soidal cells for the following reasons: First, this model will be ex-
tended to simulate intravasation and extravasation of tumor cells
where having deformable ellipsoidal cells is important because
the cells will need to squeeze through the walls of the blood ves-
sels. Second, using ellipsoidal cells does not add much to the
computational time.

Forces

In order to determine the movement of each cell, all the active
and exclusive forces acting on the cell are calculated using the
following equation:

Fcell = Factive +∑
N

Fexclusive, (9)

where N is the number of neighbouring cells that exert a exclusive
force on the cell. Cells grab onto the extracellular matrix (i.e.
collagen fibres) to generate an active force, Factive, that moves
them either in the direction of a gradient or in a random direction.

Factive =

{
Fchemotax if the gradient is above a set threshold,
Frandom otherwise.

(10)

Frandom represents the random and exploratory behaviour of a
cell, Fchemotax represents the force generated for a cell to chemo-
tact in the direction of a gradient.

The a axis of the cell is always oriented in the direction that the
cell is attempting to move, be it in the direction of the chemical
gradient or in a random direction. Therefore, the direction of the
active force is given as~F = F~a, where~a is the unit vector for the a
axis. The magnitudes of the two active forces are given in Table 1.

There is an exclusive force between cells in close proximity to
ensure they do not overlap. It is calculated from the following
equation:
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Fexclusive =

{
0 if x > 0,

Fcompress(−x)
9
5 · ~ri j
‖~ri j‖ if x≤ 0.

(11)

Fcompress is the strength of the exclusive force, x = d
rcell

, where d
is a measure of the distance between the surface of the two cells
along the vector~ri j from the centers of celli to cell j and rcell is the
radius of the cells (5 µm).

At each time step, all forces acting on every cell are calculated
and then all the cells are moved at the same time according to
the equation of motion. The cells move in a very low Reynolds
number environment, so inertia can be neglected. Therefore, the
active and exclusive forces are balanced by the drag force, result-
ing in the following equation of motion:

dxi

dt
= vi, (12)

vi =
Fcell

µecm
. (13)

dxi is the change in position of cell i for a time step ∆t = 0.01
min, vi is the velocity of cell i and µecm is the viscosity between
the cells and the extracellular matrix. µecm is estimated from ex-
perimental data of cell velocity and the force the cells apply to
their surroundings. The shape of the cells does not change signif-
icantly and thus µecm is assumed to be constant.

Concentration of signaling molecules

The tumor cells involved in the paracrine signaling loop with
macrophages, secrete CSF-1 in response to a local EGF concen-
tration above a set threshold. Similarly, macrophages secrete EGF
in response to an above threshold local CSF-1 concentration. The
concentration of the two signaling molecules is calculated on a
3-D grid where each side in a lattice cube is one cell diameter in
length. Every time step, the concentration in all lattice cubes is
used to find the local chemical concentration around each cell and
to calculate the chemical gradients. Cells are free to move around
independently of this grid and therefore each cell can partially oc-
cupy up to 8 different lattice cubes at a given point in time. This
partial overlap is accounted for when calculating the local con-
centration around a cell and is also used to determine how the
cell’s secretion is distributed to the overlapping grid cubes. The
local concentrations around the cells is calculated using the fol-
lowing equations:

[C]cell−q =
i=l+1

∑
i=l−1

j=m+1

∑
j=m−1

k=n+1

∑
k=n−1

Si jk
cell−q

Scell
[C]i jk (14)

[E]cell−p =
i=l+1

∑
i=l−1

j=m+1

∑
j=m−1

k=n+1

∑
k=n−1

Si jk
cell−p

Scell
[E]i jk (15)

where [C]cell−q is the CSF-1 concentration around macrophage
q, the centre of macrophage q is located in a lattice cube with
(x,y,z)-coordinates (l,m,n), [C]i jk is the CSF-1 concentration in
lattice cube i jk, Scell is the total surface area of a cell, Si jk

cell−q is
the segment of surface area of macrophage q that is located in

lattice cube i jk, [E]cell−p is the EGF concentration around tumor

cell p, Si jk
cell−p is the segment of surface area of tumor cell p that

is located in lattice cube i jk and [E]i jk is the EGF concentration
in lattice cube i jk. The local concentration around a cell needs
to be above a certain threshold ([E]th for tumor cells or [C]th for
macrophages) for the cell to begin secreting a signaling molecule.

The secretion of CSF-1 by tumor cells and EGF by macrophages
can be approximated using Michaelis Menten kinetics:

Ω
′([E]cell−p) =

[E]ncell−p

[E]nth +[E]ncell−p
(16)

Ω
′([C]cell−q) =

[C]ncell−q

[C]nth +[C]ncell−q
(17)

where Ω′([E]cell−p) is the secretion of CSF-1 by tumor cell p in re-
sponse to its local EGF concentration, Ω′([C]cell−q) is the secretion
of EGF by macrophage q in response to its local CSF-1 concentra-
tion and n ≥1. For large n this equation has a sharp transition
threshold. Presuming that there is a sharp transition when these
cells start secreting signaling molecules, equations 16 and 17 can
be approximated with the following equations for simplicity:

Ω([E]cell−p) =

{
0 if [E]th > [E]cell−p
[E]cell−p

1+[E]cell−p
if [E]th ≤ [E]cell−p

(18)

Ω([C]cell−q) =

{
0 if [C]th > [C]cell−q
[C]cell−q

1+[C]cell−q
if [C]th ≤ [C]cell−q

Below a set threshold in the model ([E]th and [C]th) there is no
chemical secretion by the cells. Using a sigmoidal term instead of
the transition threshold assumed here, does not affect the results
qualitatively. The secretion of either EGF or CSF-1 from each cell
must be distributed into all the lattice cubes that the cell is located
in, therefore the secretion in each lattice cube becomes:

Ci jk
sec = ∑

p∈(i jk)

Si jk
cell−p

Scell
ktumor

sec−pH ([E]cell−p− [E]th)
[E]cell−p

1+[E]cell−p
(19)

E i jk
sec = ∑

q∈(i jk)

Si jk
cell−q

Scell
kmacro

sec−qH ([C]cell−q− [C]th)
[C]cell−q

1+[C]cell−q
(20)

where Ci jk
sec is the total amount of CSF-1 secreted by all tumor cells

located in lattice cube i jk in each time step, the sum is over all
tumor cells p that have some surface area (Si jk

cell−p) in lattice cube
i jk, ktumor

sec−p is the CSF-1 secretion coefficient for tumor cell p and

H is the Heaviside function. Similarly, E i jk
sec is the total amount

of EGF secreted by all macrophages located in lattice cube i jk
in each time step, the sum is over all macrophages q that have
some surface area (Si jk

cell−q) in lattice cube i jk and kmacro
sec−q is the

EGF secretion coefficient for macrophage q.
In each time step in the simulations, the change in concentra-

tion of the signaling molecules needs to be calculated with re-
spect to the diffusion of the molecules, the secretion of signaling
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molecules by cells and the depletion of signaling molecules at cell
membrane and in the extracellular matrix. This is done using the
following reaction-diffusion partial differential equations:

d[C]i jk

dt
= D∇

2[C]i jk +Ci jk
sec− kcs f i jk

deg [C]i jk

d[E]i jk

dt
= D∇

2[E]i jk +E i jk
sec− keg f i jk

deg [E]i jk (21)

where D is the diffusion coefficient for EGF and CSF-1 and kcs f i jk

deg

and keg f i jk

deg are the depletion coefficients for CSF-1 and EGF, re-
spectively (further explained in section 3.3). The partial differen-
tial equations 21 are solved in each lattice cube in every time step
using forward Euler’s method with no flux boundary conditions.

In order for a tumor cell (macrophage) to start secreting CSF-
1 (EGF) the local chemical concentration of EGF (CSF-1) has to
be above a set threshold. However, in order for a cell to start
migrating in the direction of the gradient both local concentration
and steepness of gradient need to be above a set threshold in the
model.

Ligand depletion
There are two different means of depleting the ligands in the
model, local ligand depletion, kloc, and external (global) ligand
depletion, kext . Thus, the depletion coefficients in each lattice
cube, i jk, are determined with the following equations:

kcs f i jk

deg = ki jk
ext + ∑

q∈(i jk)

Si jk
cell−q

Scell
kcs f

loc ,

keg f i jk

deg = ki jk
ext + ∑

p∈(i jk)

Si jk
cell−p

Scell
keg f

loc . (22)

where kcs f
loc is the CSF-1 local ligand depletion coefficient for

macrophages and keg f
loc is the EGF local ligand depletion for tu-

mor cells. Equation 22 shows the cells can break down either
EGF (tumor cells) or CSF-1(macrophages). The external ligand
depletion coefficient, ki jk

ext , is assumed to be uniform and the same
for both EGF and CSF-1.

The local ligand depletion is a combination of three processes:
1) endocytosis, a portion of the bound ligands are internalized
and degraded in the cell, 2) (MMP) degradation, the cells pro-
duce MMPs some of which bind to the cell membrane and break
down ligands and 3) pinocytosis, macrophages engulf extracellu-
lar material. External ligand depletion occurs in the extracellular
matrix and comes from two processes: i) degradation by enzymes
secreted by the cell that diffuse freely through the extracellular
matrix and ii) perfusion, the continuous addition and removal of
material in the extracellular matrix caused by fluid flow. Assum-
ing perfusion is constant, we can model it as an additional con-
stant external ligand depletion. The external depletion constant
is then a sum of those two processes.
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Fig. S-2 Increasing the global depletion of EGF and CSF-1 in vitro,
results in a biphasic response. Initially, the number of invasive tumor
cells and macrophages increased to a maximum around 0.03 min−1. At
higher global depletion rates, the number of invasive tumor cells and
macrophages decreased to zero. When the global ligand depletion was
too large, the macrophages could not detect the CSF-1 from the top
because the CSF-1 concentration was below the detection threshold.
See S4-Movie and S5-Movie for video with global depletion of 0.03 and
0.07 min−1 respectively.

S2 Appendix: Supplemental Results
Changes in global depletion of EGF and CSF-1 in vitro

Increasing the global depletion of EGF and CSF-1 resulted in a
biphasic response in the number of invasive cells (Fig S-2). As
the global depletion increased from zero, the percentage of in-
vasive tumor cells and macrophages increased to a maximum.
Increasing the depletion rate further resulted in a rapid decline
in a number of invasive cells. When the global decay was low,
the CSF-1 concentration built up close to the plate. As explained
before, most macrophages could not detect an upwards CSF-1
gradient and thus very few cells invaded. As the global decay was
increased, the CSF-1 gradient from the top was enhanced and
more macrophages invaded followed by the tumor cells. How-
ever, when the decay was too high, the CSF-1 signal from the top
was attenuated and the macrophages had difficulty detecting the
gradient. At 0.1 min−1 global depletion rate neither macrophages
nor tumor cells invaded.

Changing the EGF and CSF-1 concentration detection thresh-
olds in vitro

As mentioned in the model description, in order for the cells in
the simulations to be able to sense gradients, polarize and secrete
signaling molecules, the concentration of the signaling molecule
needs to be above a set concentration threshold. Increasing the
CSF-1 concentration detection threshold for the macrophages re-
sulted in a nearly constant percentage of collected tumor cells and
macrophages until a threshold of 1nM was reached. At detection
thresholds above 1nM the number of collected cells decreased
rapidly until no cells were collected (Fig S-3 A). At higher CSF-
1 detection threshold, it took the macrophages longer to detect
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Fig. S-3 The concentration threshold is the concentration of signaling
molecules around the cells needed for them to both start secreting their
own signaling molecule and detect gradients. Increasing the A) CSF-1
concentration threshold and B) EGF concentration threshold results in a
decreasing number of invasive cells until no cells became invasive.

the CSF-1 signal from above, and that could have given the tu-
mor cells more time to get closer and follow the macrophages
upwards. Increasing the EGF detection threshold had a slightly
different effect on invasiveness than incresing the CSF-1 thresh-
old. As the EGF detection threshold was increased to about 1
nM, the number of both invasive tumor cells increased slightly
(Fig S-3 B). Further increase in the EGF threshold lead to a fast
drop in the number of invasive cells. As before, the tumor cell–
macrophage interaction helped the macrophages get out of the
flat CSF-1 signal in the boundary region. However, for higher
EGF thresholds, the tumor cells did not chemotact towards the
macrophages and the macrophages got stuck in the boundary re-
gion and only around 8% of the macrophages invaded. This is
similar to the situation in Fig 3 B where the EGF secretion was
too low and there was no mechanical tumor cell macrophage in-
teraction. At this point no tumor cells invaded because they could
not detect the EGF signal.

Changing the external CSF-1 source from the media in vitro

The external source of CSF-1 in the experiments comes from the
media located about 750–1,000 µm above the cells. To explore
the effect that the CSF-1 source has on the invasiveness of cells,
we systematically increased the CSF-1 source in the simulations
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Fig. S-4 Increasing the concentration of CSF-1 in the media resulted in
increased percentage of invasive cells. The media was located 750 µm
above the cells. There was no further increase in the number of invasive
cells as the CSF-1 concentration was increased past 40 nM mostly due
to over-saturation of signal at the bottom.

(Fig S-4). As CSF-1 was increased from zero, the number of both
invading tumor cells and macrophages increases. However, the
increase in invasiveness was more rapid for macrophages. The
higher the CSF-1 source, the less time it took for the macrophages
to detect the CSF-1 gradient and thus some invaded sooner, often
before a tumor cell could follow. Maximum cell invasion, 25% in-
vasive tumor cells and 45% invasive macrophages, occurred when
the CSF-1 source was 40 nM. Above this CSF-1 concentration, the
percentage of invasive cells remained roughly constant because of
over-saturation of CSF-1 at the bottom due to the no flux bound-
ary condition.

Changing global depletion of EGF and CSF-1 in vivo

In these in vivo simulations, the global ligand depletion, GLD,
represented the natural removal of the ligand, the degradation
of the ligand by soluble MMPs and perfusion (removal of ligand
from fluid flow). Therefore, the benchmark global depletion in
these simulations was higher than in the in vitro simulations. In-
creasing the GLD of both EGF and CSF-1 had little effect at first,
but once GLD increased past 0.01 min−1 the number of collected
tumor cells and macrophages decreased rapidly and went to zero
for high GLD (Fig S-5). Increased GLD lead to increased attenu-
ation of the EGF from the needle, so only cells that were close to
the needle detected the signal, whereas for cells further away the
concentration was below threshold. The tumor cell/macrophage
ratio remained ∼ 5 until GLD > 0.01 when it decreased to a min-
imum of 3 for GLD = 0.05 min−1. Above GLD of 0.1 min−1 less
than 10 macrophages were collected in the needle, thus the ratio
could not be accurately determined because the variation was too
large.
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Fig. S-5 Increasing the global depletion of EGF and CSF-1 for the in
vivo simulations resulted in a decrease in the number of tumor cells and
macrophages collected in the needle. The larger global ligand depletion
caused the CSF-1 concentration to be below threshold for cells that
were located further away from the needle opening. See S9-Movie for
GLD = 0.01 min−1.
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Fig. S-6 Increasing the concentration of EGF at the needle opening
resulted in an increase in the number of tumor cells and macrophages
collected in the needle. The number of collected tumor cells increased
faster than the collected macrophages when the EGF concentration was
increased, and thus the tumor cell/macrophage ratio increased.

Changing the EGF concentration in the needle in vivo

Increasing the EGF concentration at the needle opening in the
simulations resulted in an increase in collected tumor cells (Fig S-
6). The number of collected macrophages also increased because
the CSF-1 signal from the tumor cells diffused outwards so the
surrounding macrophages could follow the tumor cells to the nee-
dle. However, the number of collected tumor cells increased at a
faster rate, and consequently the tumor cell/macrophage ratio in-
creased. It should be noted that this is a semi-log plot so the ratio
remains around 3 for EGF needle concentration between 0.5-1.3
nM. The higher concentration of EGF in the needle enabled cells
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located further away from the needle opening to detect a gradient
of EGF from the needle and chemotact towards it.
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