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ABSTRACT

Glioblastoma (GBM) is one of the most lethal type of brain cancer with poor survival time.
GBM is characterized by infltration of the cancer cells through the brain tissue while lower
grade gliomas and other non-neural metastatic types form self-contained non-invasive lesions.
Glycosylated chondroitin sulfate proteoglycans (CSPGs), acting as critical regulators of the
tumor microenvironment, dramatically govern the spatiotemporal status of resident reactive as-
trocytes and activation of tumor-associated microglia. In this paper we develop a mathematical
model to investigate the effect of the CSPG distribution on regulation of a fundamental switch
between two distinct patterns: invasive and non-invasive tumors. We show that the model’s pre-
dictions agree with experimental results for a spherical glioma. The model specifically predicts
that noninvasive tumor lesions are highly associated with a thick extracellular matrix (ECM)
containing rich CSPGs, while the absence of glycosylated CSPGs results in diusely infiltrative
tumors. It is also shown that heavy CSPGs can drive the exodus of resident reactive astrocytes
from the main tumor mass, and direct inhibition of tumor invasion by the astrogliotic capsule,
leading to encapsulation of non-invasive lesions. However, stable residence of reactive astro-
cytes from GBM in the absence or low level of CSPGs presents a microenvironment favorable
to diffuse infiltration due to loss of the primary (CSPG-induced cell-ECM bonding) and sec-
ondary (astrogliotic capsule) inhibitors. The mathematical model presents the clear role of the
key tumor microenvironment in brain tumor invasion.

1 INTRODUCTION

Chondroitin sulfate proteoglycans (CSPGs) linked to extracellular hyaluronan are a diverse
family of extracellular matrix (ECM) molecules and one of major components of the ECM in
the brain. CSPGs are known to play a key role as axon growth inhibitor and are partly blamed
for regeneration failure of scar after CNS damage. CSPGs are also believed to serve as molec-
ular barriers, limiting cell migration across the boundary of two merging, adjacent structures
during CNS development and inducing poor intratumoral spread of oncolytic viruses. In CNS
tumors, up-regulation of CSPGs is associated with tumor invasion, growth, and angiogenesis,
and is blamed for diffusion-limiting properties. Increased tortuosity of the extracellular space
and interstitial pressure within the glioma from accumulated CSPGs in the ECM lead to poor



delivery of large therapeutic compounds. Therefore, lowering the CSPG levels by enzymatic
manipulation has been considered as a way of promoting interstitial transport of large therapeu-
tic agents into the aggressive tumor, making ECM macromolecules potential targets for adjuvant
therapy.

Recently, Silver et al.(2013) found that astrocytes and ramied/activated microglia play a
significant role in characterizing non-invasive and invasive tumors in a CSPG-dependent man-
ner: (i) CSPG worked as the intrinsic inhibitor of tumor invasion via the strong biochemical
adhesion between a tumor cell and CSPG chain. In the presence of CSPG, reactive astrocytes
withdraw from the tumoral region covered by CS-GAG-dense non-invasive lesions, leading to
astrocytic encapsulation of non-invasive tumor. These observed astrocytes on the periphery of
the tumor were suggested as a ex- trinsic inhibitor of tumor invasion. In this critical remodeling
process, activated microglia were also observed within the tumor region. (ii) In the absence of
CSPG, astrocytes persist throughout tumoral regions occupied by infilltrating glioma cells, los-
ing encapsulation capacity of tumor lesion. Chondroitinase ABC I (Chase-ABC) is a bacterial
enzyme that can remove one of major tumor ECM, chondroitin sulfate glycosoamino glycans,
from proteoglycans without deleterious effects in vivo.

We developed a mathematical model of tumor growth by taking into account the effect of
astrocytes and microglia in regulation of secondary inhibitory walls around the tumor mass in
glioblastoma. The model consists of a coupled system of partial differential equations with free
boundary involving the following variables:
x= density of growing cancer cells,
n= density of appototic cancer cells,
E= concentration of tumoral chondroitin sulfate proteoglycans (CSPG),
C= concentration of chondroitinase ABC (Chase ABC),
ρ = concentration of tumor ECM material
Ma,MR = densities of activated and ramified microglia
A = density of astrocytes
G = concentration of glucose.

2 RESULTS AND DISCUSSION

We developed a mathematical model of CSPG-driven dynamics of a growing glioma, using
a free boundary framework. We take into account the rich dynamics of astrocytes and microglia
in brain tissue as illustrated in Silver et al (2013). Simulation results from the mathematical
model are in qualitative agreement with the experimental results of Silver et al (2013). The
model specifically predicts that a non-invasive tumor is highly associated with a thick extra-
cellular matrix containing rich CSPGs, while the absence of glycosylated CSPGs results in
diffusely infiltrative tumors. Model simulations predict that CSPGs can regulate astrocyte re-
sponses to the tumor, resulting in two interaction modes: (i) In the case of non-invasive tumors
from high CSPG levels, densely encapsulating astrocytes, pushed by the CS-GAG-rich tumor
matrix, contribute to the strong non-invasive characteristics of a tumor by blocking tumor cell
infiltration. (ii) In the case of CS-GAG-deplete invasive tumors, more sparse field of astrocytes
facilitates tumor cell infiltration. It is not clearly understood how exactly this secondary in-
hibitor, astrocyte population, is regulated by CSPGs and tumor cells. However, our work shed
a novel insight into the fundamental role of the brain tumor microenvironment in regulation of
microscopic tumor cell invasion.
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