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In silico model of glioma MTS growth.
Effects of compression and mechanical ECM remodeling
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Abstract — a continuous in silico model is built to simulate
glioma Multicellular Tumor Spheroid (MTS) growth. Visco-
elastic cell aggregation and elastic Extracellular Matrix (ECM)
represent two compressible constituents of the composite
system. The simulations show the important role of
compressibility effects in avascular tumor, such as
densification of the central tumor zone with uniform
distribution of total stress over the major MTS part. The
model demonstrates effects of cell- cell adhesion and
mechanical deformation of ECM scaffold on cell transport,
generally conditioned by hydrostatic forces in cell- ECM
composite and cell motility. Transitions between three cell
phenotypes: proliferative, hypoxic and necrotic is triggered by
the local oxygen concentration that is being limited by oxygen
diffusion into spheroid from the periphery of the calculation
domain. MTS stresses undergo sharp change within a thin
Transition Layer on the spheroid surface, which affects
mechanically the structure of ECM scaffold. The simulations
demonstrate stimulating effect of this mechanical remodeling
on glioma cell invasion.
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Introduction

A dramatic role of cancer mechanobiology in its
progression has been clearly demonstrated within the last
decade [1]. The current model is built to study
mechanobiological interplay between stress effects in
compressible cell- ECM composite, cell- cell adhesion and
cell phenotype transitions on glioma invasion.

Model basics

The basic model assumptions are as follows: (a)
Spherically symmetric simulation domain contains two
components: cells and ECM, and does not present any
phenomenologically determined spatial subdivisions of its
physical content into different parts; (b) the cellular
component may include multiple voids, so being porous
generally behaves as an isotropic visco- elastic compressible
agglomeration; (¢) ECM is isotropic, compressible, linear
elastic, porous material. Cells proliferation and their motion
through ECM scaffold produce elastic stresses in ECM;
(d) cells exert attractive and repulsive forces on each other
depending on intercellular distances. The lower limit of cell
concentration in the colony is determined by the critical
distance between them. Beyond this cut-off point (Ciot < Cso)
cells cannot forcibly affect each other; the technically
maximum cell packing density Cmax determines upper cut-off
poin; (e) the total stress distribution in the composite system
follows iso-strain approximation. This intercellular force
field together with ECM stress gradients cause motion of the
cells tending to minimize the total potential energy of the
system; (f) Cell motility is modeled through their diffusion.
The diffusion rate is specific for different cell phenotypes.
Stress in cellular component o is
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Ciot= Cp + Ci + Cy; Cp, — concentration of proliferating cells;
Cm — concentration of hypoxic cells; C, — concentration of
necrotic cells; Cit = Ceq- stress equilibrium; Cit < Ceq
generates contractile stresses and Cio > Ceq - compression.
Kco is a bulk modulus of the cell aggregation at Cio; = Ceq.

The behavior of cell- ECM system is similar to thermal
expansion. Quasi-static stress conditions are being assumed
in the model. Strain-displacement and stress-strain relations
[2] yield the governing equation for displacement u, resulting
from cellular dynamics as:
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vis ECM Poisson's ratio; 8- the inner volumetric stain
produced by expanding cell aggregation inside the matrix
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Kgey - ECM bulk modulus. Radial and tangential
components of the strain tensor are as follows: &, = du/dr;
g00= €pp= t/r. The components of ECM stress tensor are as:
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Iso-strain approximation gives for total stress in the
composite system:
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Dynamics of the composite system
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Transport, proliferation and phenotype transition for the
three groups of cells are described by the equation:
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where C;is one of the three cell phenotypes Cp, Cn, C;
D; are diffusion coefficients of i type of cell: Dy, D and
obviously D, = 0; vp is drift velocity of cells for the case of
stress-dependent ECM permeability, as per model [3]:
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where &,is ECM dilatation and My is mobility of cells in
unstressed ECM. The model assumes that the cell population
growing into ECM scaffold causes its expansion, stretching
pores and therefore affecting its permeability and further-
mobility of invasive cells. Velocity vp is the same for all
types of cells in the model. S; represents sources S,, S and

S, for proliferative, hypoxic and necrotic cells
correspondingly.
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where T, and Ty are characteristic times of proliferation
for proliferative and hypoxic cells, Tpm, Tmp, Ta are phenotype
transition times: proliferative to hypoxic, hypoxic to
proliferative and hypoxic to necrotic cells correspondingly.
The maximum carrying capacity Cqis considered here as the
upper cut-off limit, assessed as Ciax = 8.3 x 10® cm™ basing
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on [4]. The switch factors hpm, hmp and hye are Heaviside
functions of oxygen concentration triggering local cell
phenotype transition. Oxygen is critical metabolite and the
only nutrient in this model. Diffusion of oxygen and its local
consumption by the cells determine the local concentration
Nox as per equation
61’1036 — ng\‘Doxr
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Nox 1S 0Xygen concentration, Doy - diffusion coefficient of
oxygen, o, and om - oxygen uptake for proliferative and
hypoxic cells correspondingly. Boundary Conditions for the
governing equations are based on spherical symmetry that
dictates symmetry conditions for all profiles X; about r=0:
dXy/dr (r=0) = 0. We assume zero displacement and strain on
the distant border of the domain r= Rop:Ur=Ry)= , &n
(r=Ry)= 0.

Initial conditions were set in accordance with
experimental setup [4]. The initial spheroid radius has been
set to Ro= 2.5 x 10* cm and cell concentration Cinie= 8.0 X
107 cells/cm?, along with a uniform initial distribution of

oxygen in the domain ne(r, t=0) = 4mg/L. Rheological and
cellular process parameters have been taken from [1, 4-6].

Results and Discussion

The simulated cell density profiles are in line with
experimental data [4] (fig.1). Cell densities measured in the
center cannot be explained by local cell proliferation only.
Densification of the spheroid center takes place through its
compression due to pressure exerted by the expanded ECM.
The resulting cell density profile takes elongated shape by
day 3 with extended invasive zone (Fig. 1).
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Fig. 1. Calculated distribution of C,y for day 3 of MTS growth
corresponds well to the experimental data of [4]; Ce= 3.5 x 108
cells/cm’. Distribution of total stress o/ 0o is calculated within
iso-strain model, also its radial component G/ 0o and stress in
cellular components Ci/C. are shown; o= 100Pa

Cell- ECM interaction forms Transition Layer (TL) on
the spheroid surface, where intercellular stress changes
rapidly from compressive to tensile character, while the
components of ECM stress exhibit also sharp, but opposite
transition (fig.1). ECM reaction on MTS expansion forms
compressive radial stress, along with circumferential tensile
stress within (TL). This specific stress distribution within
TL obtained in simulation should affect the structure of
ECM scaffold. In case of randomly arrayed fibers they
should expectedly be rearranging in front of TL, taking
directions normal to MTS radius and align to its surface
following traction forces inside TL. This scenario of
mechanical collagen remodeling has been observed in vitro
in [7], where these traction forces are assumed to facilitate
tumor invasion providing tracks through mechanical
alignment in matrix structure. Another effect of mechanical
ECM remodeling through matrix deformation studied
quantitatively in the current simulations is mechanical
modulation of matrix porosity and therefore drift velocity of
cells vp, as shown in section III. The average effect of this
matrix deformation resulted in increase of tumor invasion
speed up to 20%.
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