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1. INTRODUCTION

1.1. Cancer

1.1.1. What is Cancer

Cancer includes a large group of diseases that can affect any part of the body and
arise due to loss of growth control in normal tissue. As a result of accumulation of
different genetic and epigenetic alterations/mutations during the process of cell
cycle division, cells get transformed forming either a solid mass of proliferating
cells (benign tumor) or may further spread via the blood and lymphatic systems to
invade other organs by a process referred to as metastases (metastatic tumor).
Unfortunately, the leading cause of death due to cancer around the world is
metastatic dissemination of tumor cells. Today, cancer is a major disease across
the globe. The World Health Organization (WHO) reported that in the year 2008
alone, cancer accounted for nearly 7.6 million deaths (around 13% of all deaths)
world-wide, and predicts that the mortality rate would increase further beyond 11
million until the year 2030.

The affected genes are mainly of 2 types- the oncogenes (genes controlling cell
division and growth) and the tumor suppressor genes (genes which inhibit cell
division and survival). A cancer arises in several genes from a multistep process
either via mutations and/or “Turn—on” signals in new oncogenes, or by atypical
over-expression of normal oncogenes, or due to “Turn-off’ signals such as less
than- normal expression or disabling of tumor suppressor genes’ functions. The
risk factors associated with cancer disease development and progression are
manifold, ranging from environment, diet, chemicals, radiation, genetics,
infections, hormones and others. Timely screening and proper diagnosis post-
surgery, chemotherapy and/or radiation therapy can reduce mortality rates and
prevent, if not completely cure the patient of cancer. However, further advances in
basic and clinical research are warranted for developing alternate and effective
therapeutic strategies that will complement the current treatment modalities to
combat and treat cancer globally. Over decades of intense research, cancer
biologists Douglas Hanahan and Robert Weinberg, have re-defined the six typical
hallmarks of cancer that are incipient to neoplastic transformation of normal cells

into a malignant phenotype (Hanahan and Weinberg 2000; Hanahan and



INTRODUCTION

Weinberg 2011). They propose that tumors are not just a mass of proliferating
cells of a single kind, but intricate ecosystems of multiple cell-types that are
constantly interacting with one another in a heterotypic fashion to contribute to

tumorigenesis.

1.1.2. The distinctive features of cancer

Sustaining proliferative
signaling

Evading growth
suppressors

Activating invasion
and metastasis

Inducing
angiogenesis

Enabling replicative
immortality

Figure 1. 1 Six fundamental traits of cancer cells. Taken from Hanahan and Weinberg 2000.

1.1.3. Sustenance of growth-promoting cues

By far the most important feature of cancer cells is their ability to maintain a
persistent state of propagation and multiplication. While normal cells carefully
orchestrate homeostasis of cell division through the influence of external or
internal mitogenic cues, cancer cells circumvent this process by manipulating
these very growth-promoting signals that would otherwise lead to the activation
and propagation of intracellular mechanisms required for proper cell division,
growth and progression. In turn, cancer cells either initiate a constitutive autocrine
mechanism, wherein they release these growth-inducing cues themselves or

alternately recruit non-transformed cells in their microenvironment to provide them
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INTRODUCTION

with the required growth factors for sustained proliferation and growth (Hanahan
and Weinberg 2000; Hanahan and Weinberg 2011).

1.1.4. Resistance to anti-proliferative and growth-inhibiting

signals

Apart from balancing the positive effects of growth-enhancing signals on their
proliferative state, cancer cells must also evade the negative effects of growth-
suppressing cues, mediated mainly by tumor suppressor genes. The two
canonical tumor suppressor genes or gatekeepers of cell-cycle progression, RB
(Retinoblastoma) and TPS53 proteins normally regulate cell division and
proliferation or alternately induce cell senescence and apoptosis. Malfunctioning
of these critical functions in either the RB-or TP53 pathways in cancer cells leads
to constant cell proliferation and thereby tumor progression (Hanahan and
Weinberg 2000; Weinberg 1995)

1.1.5. Ability to escape cell death mechanisms

A very important feature of many cancer cells is not only their ability to proliferate
uncontrollably and resist the effects of anti-growth soluble factors, but also their
capability to escape programmed cell death- inducing mechanisms like apoptosis.
Cancer cells evade apoptosis through various molecular means, the most
common being mutation or functional inactivation of the tumor suppressor gene
p53 (Harris 1996a; Harris 1996b). A further support to the cancer cells in this
context is received through over-activation of the signaling pathways
AKT/PKB/mTOR, which transduce signals to escape death induced by apoptosis
(Hanahan and Weinberg 2011) and confer survival benefits to many cancer cells,
including gliomas (Evan and Littlewood 1998). Moreover, mutation and deletion of
another tumor suppressor gene PTEN (Phosphatase and Tensin Homolog) which
negatively regulates the AKT/PKB pathway, also leads to rapid cell proliferation
and reduced or absent cell death in many cancers, including glioblastomas (Merlo
and Bettler 2004).
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1.1.6. Infinite replicative ability

Normal cells often go through a limited number of sequential steps of cell growth-
and division cycles, due to the involvement of two critical barriers to cell
proliferation- Senescence (irreversible entry into a non-proliferative but viable
state) and Crisis (state of cell death). Evidence indicates that telomeres (multiple
tandem hexanucleotide repeats) found on the ends of chromosomes play a vital
role in regulating unlimited proliferation (Blasco 2005; Shay and Wright 2000).
After each cell cycle, the telomeres shorten progressively, and in due course lose
their ability to protect the chromosomal ends, thereby threatening cell viability and
eventually inducing either senescence or cell death. A DNA polymerase enzyme
called Telomerase, which adds telomere repeats to the telomeric ends of
chromosomal DNA, has been found to be expressed at functionally high levels
(~90%) in the vast majority of human cancers. Presence of high telomerase
activity in cancer cells confers resistance to senescence and crisis/apoptosis and
thereby promotes limitless proliferating abilities to the cancer cells (Bryan and
Cech 1999; Hanahan and Weinberg 2011).

1.1.7. Activation of an angiogenic switch

Just like normal tissues that derive nourishment and oxygen from their
environment and maintain proper physiology by getting rid of metabolic wastes,
cancer cells are also sustained through the constitutively active process of
angiogenesis, sprouting new vessels that incessantly feed expanding tumor
masses (Hanahan and Folkman 1996). Angiogenesis is regulated by growth
factors released by tumor cells that either induce (Vascular Endothelial Growth
Factor/VEGF) or inhibit it (Thrombospondin-1/TSP-1). Other pro-angiogenic
factors like Platelet-derived growth factor (PDGF) and Fibroblast growth factor
(FGF) are also associated with aberrant tumor neo-vasculature which is often
associated with capillary sprouting, excessive vessel branching, distorted and
enlarged vessels, erratic blood flow, micro-hemorrhaging, leakiness, and
abnormal levels of endothelial cell proliferation and apoptosis (Baluk et al. 2005;
Nagy et al. 2010).
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1.1.8. Initiation of tumor invasion and metastasis

Cancer results from malignant transformation of normal cells that ultimately
spread and disseminate as single foci to other organs in the body to form new
tumors (Sporn 1996). This process of invasion and metastasis is the major cause
of death among cancer patients and is facilitated either by the loss of cell-cell
communication or by extracellular matrix digesting proteases (Hanahan and
Weinberg 2000). One of the best examples of deregulated cell-cell communication
is the loss of function of the cell adhesion molecule E-Cadherin in many cancers
originating in epithelial cells. This molecule normally induces an anti-growth and
anti-metastatic phenotype in coupled cells (Christofori and Semb 1999), but a
mutational inactivation, transcriptional repression or proteolysis of its extracellular
domain lead to its inefficacy in many cancers. Breakdown of the extracellular
matrix is aided by activation of proteases like MMPs or suppression of protease
inhibitors (TIMPs). Tumor cells manipulate stromal or inflammatory cells in their
environment to secrete active proteases or the necessary intermediates for
protease synthesis, which in turn assist in invasion and metastasis (Le et al. 2003;
Markovic et al. 2005; Markovic et al. 2009; Werb 1997).

1.2. Emerging hallmarks of cancer progression

The importance of the tumor microenvironment in contributing to tumor
proliferation, survival and spread apart from the role of above-mentioned
transforming capabilities inherent to most cancer cells has been extensively
highlighted recently (Hanahan and Weinberg 2011). Tumors are complex,
heterogeneous systems comprising not only of tumor cells but also of different
interacting partners like stromal, endothelial cells, fibroblasts and finally cells of
the innate and adaptive immune system, all of which promote malignancy by
diverse means (Bissell and Radisky 2001). Cancer cells can induce surrounding
stromal cells to lose functional p53 and thereby get transformed into a malignant
phenotype (Hill et al. 2005).
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Emerging Hallmarks

Deregulating cellular Avoiding immune
energetics destruction

Genome instability
and mutation

L(Enabling Characteristics)J

Figure 1. 2 New features contributing to cancer development and progression. Taken from
Hanahan and Weinberg 2011.

Apart from cellular players that regulate tumorigenesis, compelling evidence
suggests a role for over-active metabolic processes that chronically fuel cell
growth and proliferation (Colotta et al. 2009; Luo et al. 2009; Negrini et al. 2010).
The other potential characteristic is the ability of cancer cells to evade an attack
and elimination by immune cells, a feature that emphasizes the divergent roles
played by immune cells and inflammation not only to antagonize but also to
support tumor growth and progression in most cancers, including tumors that arise

in the central nervous system.

1.3. The immune system of the brain

Historically the brain and other organs of the CNS were thought to be
physiologically isolated from the peripheral immune system. However, new studies
indicate that despite its own anatomical and structural properties, the CNS is
monitored continuously by modified immune surveillance mechanisms (Romo-
Gonzalez et al. 2012). The concept of an “immune-privileged” CNS arose from
early studies in tissue transplantation. Medawar observed that the immune
response against heterologous skin tissue implanted into the brain parenchyma
was rather weak. Medawar said ‘it is concluded that skin homografts transplanted
to the brain submit to but cannot elicit an immune state” (Medawar 1948).
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INTRODUCTION

This rather impaired immune response was thought to be due to the presence of
the blood-brain-barrier (BBB) which sequestered antigens and impaired T-cell
migration across it, and thus prevented an efficacious immune response.
Moreover, the lack of a proper immunity in the CNS was also attributed to a less
effective lymphatic drainage from the CNS extracellular space into the peripheral
lymphoid tissues (Cserr et al. 1992; Cserr and Knopf 1992; Knopf et al. 1995;
Reese and Karnovsky 1967). The 'immune privilege' of the central nervous system
(CNS) is indispensable for damage limitation during inflammation in a sensitive
organ with poor regenerative capacity. It is a longstanding notion which, over time,
has acquired several misconceptions and a lack of precision in its definition
(Bechmann et al. 2007; Galea et al. 2007). Moreover, the limited expression of
major histocompatibility complex (MHC) molecule class one (Risau and Wolburg
1990; Wekerle 2002) was also thought to contribute to a reduced immune
response in the CNS. The cerebrovascular endothelia form tight junctions which
helps the blood-brain-barrier to form a structural obstacle to the transfer of blood-
borne leucocytes, antibodies, complement factors and select cytokines (Risau and
Wolburg 1990). Hence, the intact BBB is a barricade to cells of the immune
system, antibodies and other immunity-related molecules (Hickey 1991;
Lassmann 1997).

activated
microglia

Pericyte

Brain microvascular
endothelial cell
Perivascular
macrophage
Infiltrating
macrophage

Figure 1. 3 Myeloid cells in the brain perivascular region. Simplified scheme taken from
Guillemin and Brew 2004.
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Of all the CNS cell sub-population, only the astrocytes and microglia could be
induced to express MHC class Il molecules in vitro (Lassmann et al. 1991). Under
physiological conditions, only activated T-lymphocytes are capable of crossing the
BBB to migrate into the brain (Dewey et al. 1999; Lassmann 1997). They depart
the brain if they do not encounter antigen presentation (Fabry et al. 1994;
Lassmann 1997). During acute or chronic brain damage or diseases, activated
leukocytes migrate into the brain even when the BBB is intact (Brown 2001). The
processes underlying these effects are still not clearly understood. Apart from
blood derived activated leukocytes, the brain resident astrocytes, endothelial cells
and microglia are also found at the site of brain injury.

However, only microglia cells are immunologically competent (Benveniste 1997;
Gehrmann et al. 1995). Microglia cells not only share the surface molecules with
peripheral macrophages but are also capable of antigen presentation,
phagocytosis and secretion of cytokines, chemokines and cytotoxins (Farber and
Kettenmann 2005; Gehrmann and Banati 1995; Kettenmann et al. 2011; Prinz et
al. 1999). However, under pathological conditions, astrocytes are also capable of
secreting cytokines and chemokines (Asensio and Campbell 1999; Maiese 2011;
Monnet-Tschudi et al. 2011) and can thus also contribute to the immunological

responses in the brain.

1.3.1. Microglia cells - immune sensors of CNS

Microglia cells are resident macrophages and immunomodulatory cells of the
central nervous system (Kettenmann et al. 2011), associated with general brain
physiology and pathology. Although the exact origin of microglia is still debatable,
most researchers postulate that microglia cells are derived from the mesoderm
(Ashwell 1990; Ashwell 1991; Boya et al. 1979; Kettenmann et al. 2011; Streit et
al. 2005). Myeloid progenitor cells of microglia populate the CNS parenchyma
early during embryonic development (Chan et al. 2007). The cells called fetal
macrophages can be detected in the developing neuroectoderm at embryonic day
8 in rodents (Streit et al. 2005; Takahashi et al. 1989). Similarly, the origin of adult
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microglial cells remains controversial. However, a study by Ginhoux et al (Ginhoux
et al. 2010) showed that postnatal hematopoietic progenitors do not significantly
contribute to microglia homeostasis in the adult brain. They conducted in vivo
lineage tracing and established that adult microglia were derived from primitive
myeloid progenitors that arose before embryonic day 8.

In 1932 Pio del-Rio Hortega discovered specific places in the embryonic brain
where pial cells aggregated, which he called “fountains of microglia”. Having
introduced the concept of microglia through his seminal observations in a book
chapter titled “Microglia” written for Cytology and Cellular Pathology of the
Nervous System, Hortega postulated some of the earliest observations about the
origin and functional characteristics of microglial cells (Hortega 1932).

Figure 1. 4 Microglial cells- discovery and origin. (A) Pio del-Rio Hortega (1882-1945). (B)
resting microglia drawn by Rio Hortega. (C) earliest photomicrographs of activated and
pseudopodic microglia. Adapted from Hortega 1932.

During late embryogenesis and peri-natal period, blood monocytes colonize the
brain from the pia mater, evenly distribute throughout the brain and mature into
microglia (Ling and Wong 1993). In peri-natal stages they exhibit an amoeboid
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morphology with little cell processes indicating a rather active state phenotype

with high proliferation rates (Farber and Kettenmann 2005). These cells are often

referred to as microglial progenitors (Streit et al. 2005). During the peri-natal

period microglia have one important role in CNS maturation, which is to regulate

the specific neuronal fractions by differential induction of apoptosis (Marin-Teva et

al. 2004) and by phagocytosing the apoptotic neurons (Ling and Wong 1993;

Moore and Thanos 1996). Further, during brain development these amoeboid

microglia differentiate into ramified microglia with a small cell body and a large

number of fine and long membrane protrusions (Streit et al. 2005; Streit and

Kincaid-Colton 1995)

A. Embryonic Neuroepithelium

Fetal macrophages

‘‘‘‘‘‘‘

Cluster of ameboid
microgha in corpus
callosum

Figure 1. 5 Developmental stages of microglia.
(A) Fetal macrophages are found in the
neuroectoderm of 8 day old embryonic brains. (B)
Groups of amoeboid microglia are found in the
perinatal brain. (C) Ramified microglia reside in the
adult brain. Adapted from Neuroglia, 2nd ed,
Oxford University Press 2005.

1.3.2. Microglia- role in physiology and pathology

1.3.2.1. Resting or ramified microglia

Microglial cells (along with astrocytes) are distributed in large non-overlapping

regions of the brain and spinal cord and constitute upto 20% of all glial cell
population in the adult brain (Altman 1994; Nimmerjahn et al. 2005; Perry 1994).
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Microglial cells were earlier presumed to be in the “resting” state in adult brain.
Microglia in the “resting state” are characterized by a ramified morphology and by
the expression of certain cell surface antigens, like complement receptor C3b (Wu
et al. 1994). The “resting state” earlier suggested that microglial cells were non-
active. However, this stage does not reflect the original microglial cell profileration
(Raivich 2005). Lawson et al demonstrated that resting microglia proliferate at a
low rate even in normal, non- pathologically altered brain (Lawson et al. 1992).
These ramified or “resting microglia” constantly scan their environment by means
of their motile processes. Moreover, the recent two-photon motion-picture study by
Nimmerjahn (Nimmerjahn et al. 2005) demonstrated an active role of these
microglial cells in the mouse brain, a state in which they continuously and
dynamically examine and interact with their microenvironment. Under
physiological conditions, microglia cells move their ramified processes very
diligently without moving their cell body. The Nimmerjahn studies suggest that
microglia survey or scan every area of the brain by moving their processes within
short time periods. In the pathological state, microglial cells migrate within minutes
to the site of injury, travelling more than 100 ym distances. At the site of the injury,
microglial cells rapidly shrink their fine processes and enlarge their cell bodies, a
morphological change characteristic of activated microglial cells. When there is
brain damage or injury, microglial cells assume the “amoeboid” phenotype and get
activated in a multistage pattern.

1.3.2.2. Activated or amoeboid microglia

“Activated microglia” is a term used to describe the change in the physiological
properties of microglial cells in response to different pathological conditions in the
brain such as viral or bacterial infections, CNS injuries or other diseases (Town et
al. 2005). Activation of microglial cells is followed by morphological and functional
transformations (Gehrmann and Banati 1995; Streit et al. 1988). The ramifications
get shortened, their number reduced and the cell body gets enlarged, a state
termed as amoeboid microglia (Kreutzberg 1996). Microglia activation increases

gradually and can be further sub-characterized by increased cell motility,
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proliferation, phagocytosis (Gehrmann et al. 1995; Hurley et al. 1999; Kreutzberg
1996; Streit et al. 2005; Streit et al. 1988; Town et al. 2005) and also by changed
electrophysiological properties like established inward and outward rectifying
potassium currents (Farber and Kettenmann 2005) and increased basal Ca?*
levels (Hoffmann et al. 2003). Activated microglia can release a diverse set of
cytotoxic substances like reactive oxygen radicals, nitric oxide (NO) and non-
specific proteases which are important for the activation of cytokines by cytokine
shedding (Banati et al. 1993; Kreutzberg 1996; Town et al. 2005; Zielasek et al.
1996). Primary microglial cells in culture are neither “resting” nor “activated”. They
show a rather amoeboid morphology with little ramified processes and possess
inward rectifying potassium currents, whereas microglia in acute brain slices are
characterized by a ramified morphology and the absence of potassium currents
(Farber and Kettenmann 2005). Interestingly, when microglial cells are cultured
with astrocyte conditioned medium they regain their ramified morphology (Eder et
al. 1998). This emphasizes their responsiveness to environmental cues and points
out that microglia research must be multi-sided and as close to in vivo setting as
possible to avoid artifacts of experimental approaches (Kettenmann et al. 2011;
Nimmerjahn et al. 20095) .

1.4. Brain tumors

Gliomas are the most abundant primary tumors of the central nervous system.
They appear with an incidence of 5 in 100,000 (Friese et al. 2004) and constitute
30-40% of all brain tumors, thus representing the largest group of brain neoplasms
in adults. Classically, gliomas were thought to arise as a result of neoplastic
transformation of glial cell sub-types, namely the astrocytes (Astrocytoma),
oligodendrocytes (Oligodendroglioma), ependymal cells (Ependymoma).

Gliomas were classified in 1993, 2000 and 2007 by the World Health Organization
(WHO) and listed in the “WHO Blue Books” into mainly four grades based on the
presence of certain histo-pathological, clinical and genetic characteristics which

include nuclear atypia, high mitotic activity, necrosis and neo-vascularization

PAGE| 12



INTRODUCTION

(Kleihues et al. 1993; Kleihues et al. 2002; Kleihues et al. 1995; Louis et al. 2007).
WHO Grade | are low grade, pediatrical tumors; WHO Grade Il are low malignant

oligodendrogliomas, diffuse-astrocytomas and ependymomas; WHO Grade Il are
anaplastic-astrocytomas, oligodendrogliomas and ependymomas; WHO Grade IV
are highly aggressive glioblastomas (common in adults) and malignant gliomas-
like pineoblastomas and medulloblastomas (common in children).

All other Protoplasmic &
Fibrillary
Astrocytomas, 1.6%

Ast ,4.9% _. .
strocytomas o Pilocytic
Astrocytomas, 5.2%

Ependymomas, 5.9
0,

%o

Oligodendrogliomas
,6.5%

Anaplastic
Astrocytomas, 6.7%

Malignant
Gliomas, NOS, 7%

Figure 1. 6 Distribution of All Primary Brain and CNS Gliomas by histology sub-types.
Modified from CBTRUS Statistical Report: NPCR and SEER Data from 2004-2008.

Astrocytes or precursor cells J
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TP53 Mutation (28%) TP53 Mutation (65%)*
PTEN Mutation (25%)* PTEN Mutation {4%)
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Figure 1. 7 Genetic pathways of gliomagenesis. Accumulation of different gene transformations
(mutations and amplification of tumor suppressor genes and oncogenes) in astrocytes or neural
precursor cells leads to the development of progressive astrocytomas (seconday GBMs) or de
novo malignant astrocytomas (primary GBMs). Adapted from Ohgaki et al. 2004.

In adults, two thirds of primary brain tumors arise from structures above the
tentorium (supratentorial), whereas in children, two thirds of brain tumors arise
from structures below the tentorium (infratentorial). The most common type of
gliomas are astrocytomas, which range from low grade, relatively indolent juvenile
pilocytic astrocytomas to the highly invasive and fatal glioblastoma multiformae.
Generally, the diffusely infiltrating astrocytomas of the cerebral hemispheres tend
to progress towards a more malignant phenotype. It is still unknown whether
gliomas originate from immature astrocytes, mature astrocytes, or
neuroectodermal stem cells located in the adult brain. Nevertheless, the
pathological diagnosis relies on comparison of the gliomas with non-neoplastic
mature glial cells (Weller 2003).

Figure 1. 8 Glioblastoma multiforme. Photograph of a coronal section shows the outer cortical
region of the tumor with the more typical, thick irregular rim (*) and shaggy inner margin and the
relatively smooth, thin, deep inner margin (arrows). Within the neoplasm is a region of hemorrhagic
necrosis. Scale is in centimeters. Taken from Smirniotopoulos et al 2007.
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1.5. Role of microglia in brain tumors

1.5.1. Immune cell infiltration of intrinsic intracranial tumors

Immune cells, with the exception of microglia, do not infiltrate gliomas in large
numbers. Strik et al reported in a study of 67 intracranial neoplasms from which 18
were glioblastoma multiformae (GBM) that 2% of the cells are tumor associated
leukocytes, labeled for leukocyte marker LCA (Strik et al. 2004), whereas 15% are
microglia (labeled for CD68). They describe the morphology of these tumor-
associated microglia as mostly amoeboid. To characterize CNS microglia
Sedgwick et al. used flow cytometry by simultaneous CD11b/c and CD45 labeling
(Sedgwick et al. 1991). Microglia cells differ from macrophages in their low content
of CD45. Therefore, microglia cells are identified as CD45"°" CD11b/c"%" cells and
macrophages as CD45"" CD11b/c®". Using this method Badie et al. showed that
microglia were detected in high number in the brain tissue surrounding the tumors
(Badie and Schartner 2001; Badie and Schartner 2000) in contrast to
macrophages which were only found inside the tumors. Along that line,
Roggendorf et al reported in a neuropathological study that a vast number of
amoeboid microglia are located in the peripheral tumor areas, where the tumor
shows diffuse infiltration into surrounding brain tissue (Roggendorf et al. 1996).
The exact resource of microglia in brain tumors remains unclear. A variety of
growth factors and chemokines can be released directly from the tumor cells or as
a result of local tissue injury due to tumor growth and metastases (Badie and
Schartner 2001; Badie et al. 2001). This can result in the recruitment of microglia
and macrophages from two main sources: resident brain microglia or perivascular
macrophages that can become activated and migrate toward brain tumors
(Watters et al. 2005). Furthermore, CNS parenchyma can be populated by
trafficking hematopoetic cells such as monocytes that can assume typical
microglial cell morphology upon entry into the CNS (Flugel et al. 2001).
Regardless of their origin, these microglia and macrophages can continuously
infiltrate brain tumors and influence tumor growth (Gabrusiewicz et al. 2011;
Villeneuve et al. 2005; Zhai et al. 2011).

PAGE| 15



INTRODUCTION

1.5.2. Microglia-glioma cross talk

A number of studies have demonstrated the intense communication between
glioma cells and microglia. Microglia are attracted by several glioma secreting
chemoattractants: Monocyte chemoattractant protein-1 [MCP-1; (Prat et al. 2000)],
acts on microglia receptor CCR2 (Galasso et al. 2000), colony stimulating factor-1
(Papavasiliou et al. 1997), granulocyte colony-stimulating factor [G-CSF; (Stan et
al. 1994)] and hepatocyte growth factor/scatter factor (HGF/SF) acts on the
HGF/SF receptor c—Met (Koochekpour et al. 1997). Further interaction of microglia
and gliomas is complex and intensely researched. It is presently debated whether
the presence of microglia in and around tumors is an attempt by the immune
response to combat the tumor, or whether microglia are recruited by tumors to
promote their growth and proliferation. On one hand, microglia may act against the
tumor by releasing anti-tumorigenic cytokines like TNFa, or behave as antigen
presenting cells (APC) by expressing MHC Il and B7.1 and B7.2 molecules.
However, there is little evidence that the release of cytotoxic cytokines is the main
action of tumor infiltrating microglia. Furthermore, microglial cells are weak antigen
presenting cells in gliomas due to the abundance of IL-10 in the tumor (Stan et al.
1994; Wagner et al. 1999). On the other hand, it is possible that microglia promote

glioma proliferation and invasion via pro tumor secreted cytokines.

1.5.3. Immune tolerance by gliomas

Patients with malignant gliomas show decreased cellular immunity (as assessed
by delayed-type cutaneous reactions) and a reduced number of circulating T cells
due to the selective depletion of T helper cells (Brooks et al. 1972; Brooks et al.
1977; Mahaley et al. 1977). A characteristic feature of glioblastomas is that they
do not metastasize systemically (Schweitzer et al. 2001; Stark et al. 2005).
Secondary extraneural metastases from the lung or breast have however been
reported, showing tumor growth under limited immune-surveillance. After

withdrawal of immunosuppressive drugs extraneural glioma cells were eradicated
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in several cases, suggesting an immunological control of glioma cells outside the
CNS, while the CNS milieu supports tumor growth and inhibits immune responses
(Schweitzer et al. 2001). Hao et al quantitatively analyzed the expression of 53
cytokines and cytokine receptors in human gliomas and glioma cell lines (Hao et
al. 2002). The results of this quantitative study indicate that the strongly
immunosuppressive cytokine response greatly predominates in both human solid
tumors and in glioma cell lines. For example, the cytokines interleukin-6 (IL-6),
leukemia inhibitory factor (LIF), oncostatin-M (OSM), TGF 3 and their respective
receptors were strongly expressed in nearly all glioblastomas and cell lines tested,
whereas pro-inflammatory cytokines interferon y (IFNy), tumor necrosis factor a
(TNFa), IL-2 and IL-12 family members and their receptors were virtually absent in
both tumors and cell lines (Hao et al. 2002). Others have observed similar
expression patterns of immunosuppressive cytokines in gliomas. All IL-6 type
cytokines (IL-1, IL-11, CNTF, CT-1, LIF, and OSM) have been detected at the
protein and mRNA levels in glioma cell lines (Goswami et al. 1998; Halfter et al.
1998a; Halfter et al. 1998b; Hao et al. 2002; Murphy et al. 1995) as have been all
members of the TGF 3 cytokine family (Constam et al. 1992; Hao et al. 2002;
Olofsson et al. 1992). TGF 3 for example inhibits the proliferation of microglia and
the production of cytokines in vitro (Suzumura et al. 1993), whereas the cytokines
IL-6 and IL-10 have been postulated to promote glioma cell proliferation (Huettner
et al. 1997); (Goswami et al. 1998). The immunosuppressive cytokine IL-10 not
only promotes glioma cell proliferation, but also enhances their ability to migrate in
vitro (Huettner et al. 1997), further supporting the importance of microglia—glioma
cross talk. Immunosuppressive effects on leukocyte apoptosis have also been
observed. Badie and colleagues demonstrated previously that leukocyte infiltration
into subcutaneously (SC)-propagated GL261 mouse gliomas was much greater
than leukocyte infiltration into intracranially (IC)-propagated tumors, again
suggesting that the brain  microenvironment plays an important
immunosuppressive role (Badie et al. 2001). Furthermore, they postulate that the
threefold increased expression of FasL by monocytes in IC gliomas compared to

SC gliomas is pro-apoptotic for circulating, glioma infiltrating leukocytes.
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1.6. Matrix metalloproteinases (MMPs)

Components of extracellular matrix (ECM) are required during the process of
tissue morphogenesis and development and contribute to the normal homeostasis
and turn-over of tissues regulated by proteolytic enzymes. Matrix
metalloproteases, collectively called matrixins, are calcium-dependent zinc-ion
containing endopeptidases participating in the ECM-degradation (Nagase and
Woessner 1999; Sternlicht and Werb 2001). MMP activities are physiologically
regulated by hormones, cytokines and growth factors at the level of transcription,
activation of the inactive zymogen forms, interaction with specific ECM
components, and inhibition by endogenous inhibitors. Endogenous MMP inhibitors
(MMPIs) and tissue inhibitors of MMPs (TIMPs) control the activation of these
enzymes strictly. MMPs are released by a variety of connective tissues and pro-
inflammatory cells including fibroblasts, osteoblasts, endothelial cells,
macrophages, neutrophils, and lymphocytes (Verma and Hansch 2007). MMPs
also regulate cell survival, angiogenesis, inflammation and various mitogenic

signaling pathways (Baay et al. 2011; Chakraborti et al. 2003).

Physiological processes

Pathological processes

Angiogenesis

Arthritis

Osteoarthritis (OA)

Apoptosis

Alzheimer’s disease

Periodontal disease

Blastocyst implantation

Atherosclerosis

Rheumatoid arthritis

Bone remodeling

Breakdown of blood—brain
barrier

Skin ulceration

Cervical dilation Cancer Sorby’s fundus disease

Embryonic development Cardiovascular disease Vascular disease
Central nervous system

Endometrial cycling disorders Multiple sclerosis

Hair follicle cycling Corneal ulceration Nephritis

Immune response Emphysema Neurological disease

Inflammation

Fibrotic lung disease

Nerve growth

Gastric ulcer

Organ morphogenesis

Guillian-Barre disease

Ovulation

Liver cirrhosis

Postpartum uterine involution

Liver fibrosis

Wound healing

Metastasis

Table 1. Biological fundtions of MMPs. Modified from Webster and Crowe 2006.
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Presently, there are at least 26 known human MMPs. They have been classified

based on the type of substrate they degrade (collagenases, gelatinases,

stromelysins and matrilysins), their structure and on their trans-membrane

localizations.
Nr. MMP Nr. Class Enzyme
1 MMP-1 Collagenase-1
2 MMP-8 Collagenases Neutrophil collagenase
3 MMP-13 Collagenase-3
4 MMP-18 Collagenase-4
5 MMP-2 Gelatinases Gelatinase-A
6 MMP-9 Gelatinases-B
7 MMP-3 Stromelysin-1
8 MMP-10 Stromelysin-2
9 MMP-11 Stromelysins Stromelysin-3
10 MMP-27 Homology to stromelysin-2 (51.6%)
11 MMP-7 Matrilysin (PUMP)
Matrilysins
12 MMP-26 Matrilysin-2
13 MMP-14 MT1-MMP
14 MMP-15 MT2-MMP
15 MMP-16 MT3-MMP
MT-MMP
16 MMP-17 MT4-MMP
17 MMP-24 MT5-MMP
18 MMP-25 MT6-MMP
19 MMP-12 Other enzymes | Macrophage metalloelastase
20 MMP-19 RASI 1
21 MMP-20 Enamelysin
22 MMP-21 MMP identified on chromosome 1
23 MMP-22 MMP identified on chromosome 1
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24 MMP-23 From human ovary cDNA
25 MMP-28 Epilysin
26 MMP-29 Unnamed

Table 2. Classification of matrix metalloproteinases. Modified from Verma and Hansch 2007.

Some MMP family members are covalently linked to the cell membrane-
membrane type MMPs (MT-MMP) and are specialized for localized and controlled
proteolysis of other MMPs (Badie and Schartner 2001). Most of the MMPs are
secreted into the extracellular space as inactive zymogens (pro MMPs). Their
activation requires proteolytic removal of the pro-peptide region where a zinc atom
present in the catalytic domain is bound to a cysteine residue. Activating factors
disrupt the cysteine—zinc interaction (‘cysteine switch') and thus expose the
catalytic site; the result is a partially active intermediate form that can cleave the
pro-peptide region by autocatalysis and render the enzyme fully active. An
important physiological activator of pro-MMPs is plasmin, a serine proteinase that
is generated from plasminogen by the action of tissue- or urokinase-plasminogen
activator (uPA). Activation of the MT-MMPs also requires removal of a pro-
peptide, but this is catalyzed by a serine proteinase, furin. Activation pathways can
co-operate, leading to the activation of additional downstream MMPs such as
MMP-9. Once secreted and activated, they are inhibited by a family of
endogenous inhibitors, the tissue inhibitors of metalloproteinases (TIMPs;
(Woessner 1991); (Greene et al. 1996). The balance between the levels of
activated MMP and free inhibitors thus determines the overall MMP activity and
function (Mohanam et al. 1995). As a result of their potent proteolytic activity,
abnormal MMP function leads to pathological conditions and diseases such as
arthritis, cancer, atherosclerosis, aneurysms, nephritis, tissue ulcers, and fibrosis
(Hotary et al. 2003; Yong et al. 1998). MMP dysregulation is also associated with
neurodegenerative and neuroinflammatory diseases such as stroke, alzheimer’s
disease, multiple sclerosis, brain injury/trauma, amyotrophic lateral sclerosis to

name a few (Yong et al. 1998).
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Figure 1. 9 Cascade of matrix metalloproteinase (MMP) activation at the cell surface.

The co-ordinate activation of several MMPs is initiated by the formation of plasmin. Plasmin is
produced from plasminogen by the action of urokinase plasminogen activator (uPA) that is
anchored by its receptor, uPAR. Plasmin can activate MMP-9 and stromelysin-1, and the latter can
in turn activate other MMPs, including MMP-9 and collagenase-1, thus amplifying and broadening
the activation cascade. MMP-2 is activated by membrane-type MMPs (MT-MMPs) that are
activated by furin proteinases. Taken from Yong et al. 1998.

1.6.1. Role of MMPs in tumors

The classical area of MMP research is tumor invasion and metastasis of systemic
cancers. Invasion requires at least two changes in cell behavior: first, the affinity of
cells, either for each other or for the ECM, must decrease in order to allow the
release of cells from the primary tumor; second, the surrounding ECM must be
remodeled by the local production of MMPs to allow cellular migration. Various
MMPs are elevated in many types of human cancers including breast, colon,
prostate, bladder, ovarian and brain neoplasms (Langers et al. 2012; Liu et al.
2012; Mentlein et al. 2012; Shen et al. 2012; Zheng et al. 2012), and several
synthetic inhibitors of MMPs have been shown to reduce tumor invasion and
metastasis in animal models. Furthermore, the over-expression of MMPs
(including MT-MMPs) in cells increases their metastatic activity, whereas the over-
expression of several TIMPs reduces their invasiveness. Surprisingly, the
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increased MMP expression in most tumors is derived from host stromal cells
rather than the tumor cells themselves, highlighting the importance of tumor—
stromal interactions. Local dissemination of tumors is a major cause of high
morbidity and mortality in malignant brain tumor patients; MMPs are responsible
for this highly invasive behavior of gliomas. A strong correlation can be found
between the invasiveness of glioma cells in vitro or in vivo, and their production of
MMP-2, MMP-9 or MT1-MMP (Friedberg et al. 1998; Levicar et al. 2003; Markovic
et al. 2005; Markovic et al. 2009; Raithatha et al. 2000).

It has been shown that the expression of MMP-2 by glioma cells correlates with
their invasive rate and, in a few patients, accounts for metastasis outside the CNS
(Lee and Tsygankov 2010). In contrast to MMPs, TIMP-1 and -2 concentrations
can be low in malignant gliomas (Mohanam et al. 1995), suggesting that
decreased inhibition of MMP could contribute to their dysregulation in these cells.
Whether or not all four forms of TIMPs are altered in gliomas remains to be
determined. Furthermore, the potential effects of MMPs (or TIMPs) on glioma
proliferation could also be important. Finally, excessive MMP activity might also
increase the angiogenic capacity of these highly vascularized tumors. The
expression of several MMPs is upregulated in malignant gliomas, and this could
contribute to the robust invasive phenotype of glioma cells. Inhibitors of MMPs
might be efficient in patients with malignant gliomas, and are currently being
tested in several clinical trials (Fu et al. 2011; Nuti et al. 2011). Whether these will
be effective alone or in combination with cytotoxic drugs or radiotherapy remains

to be determined.

1.7. Toll-like receptors — sentinels of immune system

Immune responses in vertebrates can be classified into two broad groups- the
innate immune responses and the adaptive immune responses. The evolutionarily
conserved innate immune system controls the early onset of infection. Its main
functions include opsonization, activation of complement and coagulation
cascades, phagocytosis, activation of pro-inflammatory signaling cascades, and
apoptosis (Medzhitov 2001). The innate immune system uses non-clonal sets of
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recognition molecules, called pattern recognition receptors (PRRs). Pattern
recognition receptors bind conserved molecular structures found in large groups of
pathogens, termed pathogen-associated molecular patterns or PAMPs (Medzhitov
and Janeway 1997). There are various groups of pattern recognition receptors,
which can be secreted, expressed on the cell surface, or reside in intracellular
compartments (Medzhitov 2001). The Toll-like receptors (TLRs) are one of the
most important pattern recognition receptor families and play a major role in

immune defense mechanisms.

The discovery of Toll-like receptors (TLRs) nearly a decade ago laid the
foundation to our understanding of how the innate immune system functions, more
specifically, of how the body’s immune cells could recognize a huge repertoire of
evolutionarily conserved “non-self’ or exogenous (ie. microbial) as well as “self’ or
endogenous (ie. host-derived) molecules, thereby providing the first line of
defense not only against invading microorganisms but also in response to tissue
trauma and insult, ultimately leading to the development of antigen-specific
adaptive immunity. Targeting the TLRs could offer potential new therapeutic
strategies to treat a number of acute and chronic inflammatory conditions, ranging
from different autoimmune and allergic diseases, ischemia, trauma,

neurodegenerative diseases and cancer.

1.7.1. Toll-like receptor signaling

Toll was first identified as a receptor required for the dorso-ventral patterning of
the developing embryo of Drosophila (Anderson et al. 1985). Later in 1996, it was
discovered that Drosophila Toll also conferred anti-fungal properties in the adult fly
(Lemaitre et al. 1996), thus contributing to the immune responses of Drosophila.
Studies by Gay and Keith showed that the intracellular domain of Drosophila Toll
had a striking similarity to the intracellular domain of the mammalian interleukin-1
(IL-1) receptor (Gay and Keith 1991). Different human homologues of Drosophila
Toll were identified and shown to induce activation of NF-kB upon over-
expression, revealing that TLRs and IL-1 receptors shared common signal
transduction cascades (Medzhitov et al. 1997;
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Rock et al. 1998). It was only in 1998, that Poltorak et al. (Poltorak et al. 1998)
discovered that the Ips gene in the lipopolysaccharide (LPS)-nonresponsive
mouse strain CH3/Hed encoded a murine member of the TLR family, providing the
first clue of a functional pattern recognition receptor role in mammalian TLRs. This
led to the identification of Toll-like receptors (TLRs) in mammals, with TLR4 being

the first mammalian homolog of Drosophila Toll.

Till date, 11 Toll-like receptors have been identified in humans and 13 in mice
(Leulier and Lemaitre 2008; Okun et al. 2009). TLRs are expressed in innate
immune cells (macrophages, dendritic cells, NK cells), in adaptive immune cells (B
and T lymphocytes) and in non-immune cells (epithelial cells, endothelial cells,
fibroblasts) (Delneste et al. 2007). TLRs are type | integral membrane receptors
with an extracellular trans-membrane and an intracellular domain. They are either
localized to the cell surface (TLRs 1, 2, 4 and 6) or expressed in intracellular
compartments such as endosomes or lysosomes (TLRs 3, 7, 8 and 9) (Heil et al.
2003). The cytoplasmic portion of the TLRs shows high similarity to that of the
Interleukin-1 receptor family and is also known as the Toll/IlL-1 receptor (TIR)
domain. However, the extracellular portion of both these receptors is different-
while IL-1 receptor is characterized by an Ig-like domain, the TLRs have leucine-
rich repeats in their extracellular domain. Leucine-rich repeats are found in both
cytoplasmic and transmembrane proteins and are involved in ligand recognition

and signal transduction (Kobe and Deisenhofer 1995).

Microbial recognition of TLRs aids their dimerization, mainly formation of
homodimers, with the exception of TLR2, which forms a heterodimer either with
TLR1 or TLR6 or TLR10 (Akashi-Takamura and Miyake 2008). Dimerization of
TLRs triggers the activation of downstream signaling pathways from the
conserved cytoplasmic TIR domain-containing adaptor, myeloid differentiation
factor 88 (MyD88) which is required for the induction of inflammatory cytokines
such as TNF-q, IL-6 and IL-12 by all TLRs, except TLR3 (Akira 2006). Most of the
TLRs signal in a MyD88-dependent manner with the exception of TLRs 3 (Alvarez
2005; Okun et al. 2009) and sometimes TLR4 (Jiang et al. 2005; Kenny and
O'Neill 2008; Yamamoto et al. 2003).
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Figure 2 TLR mediated signaling.

(A) Myd88 mediated pathway is shared by all TLRs except TLR3 and TLR4. MyD88 recruits
TRAF6 and members of the IRAK family. TRAF6, along with Uev1A and Ubc13 activates the TAK1
complex by a K63 linked ubiquitination. The TAK1 complex then activates the IKK complex that
consists of IKKa, IKKB and IKKy, that further catalyzes IkB proteins phosphorylation. This in turn
facilitates IkB proteins degradation by a proteasome-dependent manner, which allows NFkB
translocation to the nucleus. TAK1 also activates the MAPK pathway which culminates in AP-1
activation. The combination of AP-1 and NFkB controls inflammatory responses mediated by
inflammatory cytokines. (B) MyD88 independent starts when TRIF associates with TRAF3 which
binds to TBK1 and IKKe. This binding culminates in IRF3 phosphorylation that facilitates IRF3
dimerization and translocation into the nucleus and transcription regulation. TRIF can also interact
with TRAF6 which along with RIP1 mediates NFkB activation. Adapted from Okun et al. 2009.

1.7.2. Mediators of Toll-like receptor signaling

The exact nature and type of ligand that recognizes different TLRs is determined
by using TLR-deficient cells derived from a TLR KO mouse or a natural mutant
and/or cells transfected with TLR cDNAs (Takeda and Akira 2003). Anti-TLR
antibodies can also be used if the TLR is present on the cell surface, although the
inhibition maybe partial. The sub-cellular localization of different TLRS is very

important for effective recognition of different ligands. Receptors such as TLR 1, 2,

PAGE | 25



INTRODUCTION

4 and 6 are located on the cell surface and are hence capable of recognizing and
interacting with their cognate ligands at the cell surface. On the other hand, TLRs
3, 7, 8 and 9 interact with their putative ligands in endosomal or lysosomal
compartments inside the cells (Kaisho and Akira 2003; Latz et al. 2004,
Matsumoto et al. 2003). Each TLR recognizes a specific PAMP in order to initiate
and trigger innate immune responses through induction of gene expression of
important pro-inflammatory cytokines. Based on the type of PAMPs they
recognize, TLRs are divided into 3 groups (Akira 2006; O'Neill 2006). The first
group comprises of TLR2 (as a heterodimer with TLR1 or TLR6) and TLR4 (as
homodimer) recognizing lipid-based ligands or lipoteichoic acid (TLR2; (Takeuchi
et al. 1999; Takeuchi et al. 2002)) and LPS (TLR4; (Poltorak et al. 1998))
respectively. The second group consists of TLRs 3, 7, 8 and 9 which recognize
bacterial and viral nucleic acids such as dsRNA (TLRS3;(Alexopoulou et al. 2001)),
ssRNA (TLR7 and 8; (Lund et al. 2004) ; (Heil et al. 2004) and non-methylated
CpG DNA (TLR9; (Hemmi et al. 2000). The third group comprising of TLRs 5 and
11 recognize microbial proteins such as Flagellin (TLRS; (Hayashi et al. 2001) and
Profilin (murine TLR11; (Yarovinsky et al. 2005)). No ligand has been identified for
TLR10 as yet.

Imidazoquinolines

. . (anti-viral compounds)
triacylated diacylated

lipoprotein lipoprotein flaglellin 76 DNA ;PS ds;NA
é - \)MD-2
TLR1 g TLR2 ETLRS TLR7 ETLRY TLR4 TLR3
g TLR 6 TLR2 &
x

(

Figure 2. 1 TLRs and their exogenous ligands.

TLR1-TLR7 and TLR9 have been characterized to recognize microbial components. TLR2 is
essential for the recognition of microbial lipopeptides. TLR1 and TLR6 associate with TLR2, and
discriminate subtle differences between triacyl- and diacyl lipopeptides, respectively. TLR4
recognizes LPS. TLR9 is the CpG DNA receptor, whereas TLR3 is implicated in the recognition of
viral dsRNA. TLRS is a receptor for flagellin. Taken from Akira 2006.
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This grouping is rather over-simplified because many TLRs are promiscuous, in
particular the TLRs 2 and 4, which recognize a wide repertoire of various microbial
and mammalian proteins and also several endogenous molecules (Tsan and Gao
2004; Tsan and Gao 2007). This “promiscuity” of the TLRs could be explained
according the danger theory (Matzinger 2002a; Matzinger 2002b) which proposes
that the immune system not only recognizes external and internal danger signals
but also non-self degradation products of endogenous macromolecules released
as a result of tissue injury, trauma, necrosis, infection, and/or tissue remodeling
(Johnson et al. 2003), hence the name Damage or Danger-associated molecular
patterns (DAMPs).

Proteins, peptides Fatty acids, lipoproteins

TLR2 $m Serum amyloid A [201, 203]

ot 2
TLRI §gm f-defensin-3 (28] O ot 1L 120676, 207
TLR2 Gmm HSPs0, 70, Gp96 [15, 17, 74] Saturated fatty acids [82, 208]
HMGBI [20-22]
HMGBI-nucleosome complexes [89]

f-defensin-3 [28] Proteoglycans, glycosaminoglycans
Surfactant protein A, D [73, 79]
Eosinophil-derived neurotoxin [209] TLR2 h Biglycan [23]
Antiphospholipid antibodies [34] Versican [25]

TLR4 $ss HMGRBI1 [20-22] Hyaluronic acid fragments [26]
Fibronectin EDA [81] TLR4 @ Biglycan [23]
Fibrinogen [200] Heparan sulfate fragments [27]
Tenascin-C (FBG) [24] Hyaluronic acid fragments [26]

Surfactant protein A, D [78, 79]
B-defensin-2 [204]

HSP60, 70,72, 22, Gp96 [ 12, 15-19, 74] Nucleic acids, protein-nucleic acids
S100A8 (MRPS8) [120, 143] complexes
S100A9 (MRP14) [120, 143]
Neutrophil elastase [205] TLR3 h mRNA [29]
Antiphospholipid antibodies [35, 36]
Lactoferrin [80] TLR7 gam ssRNA [30]
TLR7 $= Antiphospholipid antibodies [32] TLRS §am ssRNA [30]

TLR8 Antiphospholipid antibodies [32, 33]
& RO ; | ] TLRY §m IgG-chromatin complexes [31]

Figure 2. 2 TLRs and their endogenous ligands.

TLRs are activated by damage-associated molecular patterns (DAMPs) including intracellular
molecules released in the extracellular milieu by activated or necrotic cells and extracellular matrix
molecules either upregulated upon injury or degraded following tissue damage. Known
endogenous TLR activators are listed based on their biochemical nature.Taken from Piccinini and
Midwood 2010.
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1.7.3. Toll-like receptors in cancer

Increasing evidence indicates that engagement of TLRs can promote cancer cell
survival and proliferation, induce tumor immune evasion, and enhance tumor
metastasis and chemoresistance (Yu et al. 2011). The various endogenous
molecules or DAMPs released from damaged/necrotic tissues are capable of
activating TLRs and thus the endogenous ligand-mediated TLR signaling is
implicated in tumor development and progression and thereby affects the
therapeutic outcome of tumors. Future studies and immune-based therapies could
thus be developed to address the pathological effect exerted by different TLRs in
the etiology of cancers such as esophageal squamous cell carcinoma (Sheyhidin
et al. 2011), malignant melanoma (Gast et al. 2011), cervical cancer (DeCarlo et
al. 2011), intestinal epithelial cancer (Marques and Boneca 2011), gliomas to
name a few (El Andaloussi et al. 2006; Haghparast et al. 2011; Hussain et al.
2006).

1.7.4. Toll-like receptors in neuroprotection

The discovery of mammalian TLRs has greatly altered our understanding of how
the innate immune system recognizes and responds to diverse microbial
pathogens. The expression of TLRs in CNS was mainly studied in astrocytes and
microglial cells (Bsibsi et al. 2002; Okun et al. 2009; Olson and Miller 2004).
However, new evidence indicates that these receptors may also play an important
role in neuronal homeostasis (Okun et al. 2011; Rolls et al. 2007). TLR signaling
also mediates host defense responses during several CNS infections such as
meningitis (Hoffmann et al. 2007; Lehnardt et al. 2006), cerebral malaria (Coban
et al. 2007; Mishra et al. 2009) The expression of TLRs in the CNS is variable
and can be modulated by multiple factors, including pro-inflammatory molecules,
which in turn increase the expression of TLRs in CNS cells and contribute to
diseases progression of several brain inflammatory pathologies like cerebral

ischemia/stroke, trauma and hemorrhage, pathogen infection and autoimmune
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diseases (Kong and Le 2011). Not only is their expression elevated in
inflammatory diseases, but TLRs are also involved in several aspects of
neurodegenerative disease development and progression (Arroyo et al. 2011).
Owing to their presence and immune-regulatory role within the brain, TLRs
represent an attractive therapeutic target for numerous CNS disorders and
infectious diseases (Hanke and Kielian 2011). Hence in order to develop potential
therapeutic strategies to target TLRs, a thorough understanding of the signals
governing specific CNS disorders would have to be achieved so as to develop

customized therapies for various diseases involving the TLRs.

1.8. Role of Minocycline in pathology

Minocycline is a broad spectrum semi-synthetic second generation derivative of
the antibiotic tetracycline, with bacteriostatic functions and has been approved for
over 30 years by the FDA to treat chronic inflammatory conditions such as acne,
rosacea, skin and respiratory tract infections (Seukeran et al. 1997; Yong et al.
2004). It is a small, highly lipophilic molecule (495kDa), readily absorbed from the
gut after oral intake and capable of crossing the intact blood-brain barrier
(Seukeran et al. 1997).
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Figure 2. 3 Chemical structures of minocycline and tetracycline.
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Apart from its bactericidal effects, the role of Minocycline in other pathologies,
especially those involving neuroinflammation and neurodegeneration has proved
its efficacy as a neuroprotective agent. The ability of minocycline to alleviate
disease symptoms of various neurological disorders in animals is being
increasingly recognized. Minocycline has been demonstrated to block p38 MAP
kinase pathway in microglia cells and to thereby counteract microglia cell

activation into a pro-inflammatory phenotype (Suk 2004).

A large number of studies have shown that Minocycline can alleviate the severity
of symptoms of various neurological disorders ranging from depression (Dean et
al. 2012; Pae et al. 2008), schizophrenia (Levkovitz et al. 2007; Miyaoka 2008;
Miyaoka et al. 2012), neuroinflammatory conditions such as intra-cerebral
ischemia and hemorrhage (Hess and Fagan 2010; Rosenberg et al. 2007),
neurodegenerative disorders like stroke, multiple sclerosis, spinal-cord injury,
Parkinson's disease, Huntington's disease, and amyotrophic lateral sclerosis
(Yong et al. 2004) and also in brain tumors like gliomas (Daginakatte and
Gutmann 2007; Frazier et al. 2003; Markovic et al. 2011; Weingart et al. 1995).
Although the exact molecular mechanisms of the neuroprotective role of
Minocycline are still unclear, new studies are required to unravel its mode of
action However, Minocycline certainly is a potential therapeutic drug for treating
CNS disorders.
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2. OBJECTIVES

Gliomas are a group of extremely heterogeneous tumors mainly due to the
presence of different non-transformed parenchymal cell types, often intermingled
with tumor cells. This sub-population of cells comprising of neural precursor/stem
cells, endothelial cells, stromal cells, tumor-associated macrophages and microglia
play a pivotal role in controlling the course of glioma progression and
development. Such interactions often contribute to neo-vascularization, invasion,
survival, proliferation and progression of gliomas. From previous studies (Markovic
et al. 2005; Markovic et al. 2009), it was shown that soluble factor(s) released by
gliomas induce an increase in expression and activity of MT1-MMP in microglia
closely associated with the invasive edge of gliomas. This up-regulation takes
place via the activation of p38 MAPK pathway and the signal is transduced via the
Toll-like receptor (TLR) pathway, since deletion of the crucial adaptor molecule of
TLRs, MyD88, not only led to a reduction in MT1-MMP expression and activity but

also caused attenuation of tumor growth and invasion in vivo.

2.1. Project 1

Project 1 was designed to investigate the role of MyD88-dependent TLR signaling
pathways in glioma-infiltrating microglial cells. The specific aims of the project
were thus to:

1. Examine if Toll-like receptors (TLRs) regulate glioma-microglia interaction, with
special emphasis on identifying specific TLR sub-type(s) in glioma associated
microglial cells;

2. Investigate the effect on MT1-MMP gene expression of different TLR sub-type
specific agonists in primary microglial cells in vitro;

3. ldentify possible TLR(s) involved in upregulating MT1-MMP expression in

glioma-associated microglia in vitro;

4. Examine how the identified TLR(s) might interfere with tumor expansion and

MT1-MMP expression using in vivo and ex vivo experimental mouse models
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Figure 3. Microglia- glioma cross-talk. Modified from Markovic et al. 2005, 2009. .

2.2. Project 2

Project 2 was designed to explore if tumor promoting effects of microglia on
glioma expansion and invasion could be pharmacologically intervened. A
commonly used antibiotic Minocycline was used to address this question.
Minocycline is a known blocker of p38 MAPK phosphorylation and microglial cell

activation. The specific goals of this project were to:
1. Analyze effect of Minocycline on glioma- associated microglia in vitro;

2. Examine if Minocycline could reduce glioma-induced MT1-MMP expression in
microglial cells and if it could also interfere with tumor expansion under ex vivo and

in vivo conditions.
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3. MATERIAL & METHODS
3.1. Material

3.1.1. Reagents and Chemicals

Reagents/Chemicals

Company

Acetic Acid Carl Roth GmbH, Karlsruhe, Germany
Acrylamide/bis-Acrylamide 30% Sigma-Aldrich, Munich, Germany
Agar agar Carl Roth GmbH, Karlsruhe, Germany

Ammonium persulphate (APS)

Merck, Darmstadt, Germany

Aqua Polymount

Polysciences Europe GmbH,

Eppelheim, Germany

Reta-Mercaptoethanol

Sigma-Aldrich, Munich, Germany

Brij 35®

Sigma-Aldrich, Munich, Germany

Brilliant Blue R®

Sigma-Aldrich, Munich, Germany

Bovine serum albumin (BSA)

Carl Roth GmbH, Karlsruhe, Germany

Clodronate-liposomes©

Clodronate Liposomes Foundation
(CLF), Amsterdam, The Netherlands

Cyanoacrylate glue

UHU GmbH, Bihl, Germany

cOmplete, Mini, EDTA-free protease inhibitor
cocktail tablets

Roche Diagnostics, Mannheim,
Germany

DAB (3, 3  DiaMinocyclinebenzidine
Tetrahydrochloride) tablets

Sigma-Aldrich, Munich, Germany

dNTP (deoxyribonycleoside triphospahtes)

Invitrogen, Karlsruhe, Germany

Donkey serum

Sigma-Aldrich, Munich, Germany

Dulbecco’s Modified Eagle Medium (DMEM)

Invitrogen, Darmstadt, Germany

Enhanced Green Fluorescent Protein
(EGFP)

Clontech, Heidelberg, Germany

Ethylene glycol

Carl Roth GmbH, Karlsruhe, Germany

Ethidium Bromide (EtBr)

Carl Roth GmbH, Karlsruhe, Germany

Ethanol

Carl Roth GmbH, Karlsruhe, Germany

FastStart SYBR green master

Roche Diagnostics, Mannheim,
Germany

Fetal calf serum (FCS)

Invitrogen, Darmstadt, Germany

Flagellin

Cayla- InvivoGen, Toulouse, France

Gel blotting paper

Carl Roth GmbH, Karlsruhe, Germany

Gelatin from porcine skin, type A

Sigma-Aldrich, Munich, Germany

Geneticin G418

GIBCO®, Maryland, Germany

Glycine Merck, Darmstadt, Germany
Glucose Carl Roth GmbH, Karlsruhe, Germany
Glycerol Sigma-Aldrich, Munich, Germany

Hank’s balanced salt solution (HBSS)

Invitrogen, Darmstadt, Germany

Hybond-P PVDF membrane

GE Healthcare Europe GmbH, Munich,
Germany

Isopropanol

Carl Roth GmbH, Karlsruhe, Germany

L-glutamine

Biochrom AG, Berlin, Germany

Lipofectamine 2000 transfection reagent

Invitrogen, California, USA

Lipopolysaccharide (LPS)

Alexis Biochemicals, Lausen,

Switzerland
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Magnesium Chloride (MgClI2)

Invitrogen, Darmstadt, Germany

MALP2 Cayla- InvivoGen, Toulouse, France
Minocycline hydrochloride Sigma-Aldrich, Munich, Germany
Methanol Carl Roth GmbH, Karlsruhe, Germany
Oligo(dT)12-18 primers Invitrogen, Karlsruhe, Germany
Pam3Csk4 Cayla- InvivoGen, Toulouse, France

PageRuler™ Prestained Protein ladder

Fermentas GmbH, Germany

Paraformaldehyde (PFA)

Merck, Darmstadt, Germany

PCR High Fidelity Supermix®

Invitrogen, Karlsruhe, Germany

Penicillin/Streptomycin

Biochrom AG, Berlin, Germany

Phosphate Buffered Saline (DPBS)

Invitrogen, Darmstadt,Germany

Poly (I:C)

Cayla- InvivoGen, Toulouse, France

Poly (U)

Cayla- InvivoGen, Toulouse, France

Restore™ Plus Western blot stripping buffer

Pierce (Thermo Fischer Scientific),
Bonn, Germany

Roti® -load DNA-small (6X gel loading buffer
with Xylene Cyanol)

Carl Roth GmbH, Karlsruhe, Germany

Roti® pUC19 marker ready to use

Carl Roth GmbH, Karlsruhe, Germany

SeaKem® LE Agarose

Lonza, Cologne, Germany

Sodium chloride (NaCl)

Carl Roth GmbH, Karlsruhe, Germany

Sodium dodecyl Sulphate (SDS)

Sigma-Aldrich, Munich, Germany

Sucrose

Merck, Darmstadt, Germany

Superscript Il reverse transcriptase

Invitrogen, Karlsruhe, Germany

SuperSignal® west Pierce (Thermo Fischer Scientific),
Bonn, Germany

TI_EMI_ED (N, N, N’, N’ Tetramethyl-Ethylene Amresco, USA

Diamine)

Tris base Carl Roth GmbH, Karlsruhe, Germany

Triton X-100 Merck, Darmstadt, Germany

Trypsin/EDTA Biochrom AG, Berlin, Germany

Tween-20 Merck, Darmstadt, Germany

Table 3. List of reagents and chemicals

3.1.2. Commercial Kits
Kits Company
BCA Protein assay kit Pierce (Thermo Fischer Scientific),

Bonn, Germany

InviTrap® Spin Universal RNA mini kit

Invitek (Stratec), Berlin, Germany

Mouse TLR2 agonist kit

Cayla-InvivoGen, Toulouse, France

MMP-14 Biotrak activity assay kit

GE Healthcare Europe GmbH, Munich,
Germany

peqLAB DirectLyse tail kit (Genotyping)

peqLAB, Erlangen,Germany

Table 4. List of commercial kits
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3.1.3. Devices and Equipment

Device

Company

CCD Camera

Proscan, Germany

Centrifuges 5403, 5417R, 5810R

Eppendorf, Hamburg, Germany

Clean bench

Biowizard, USA

Neubauer cell counting chambe

LaborOptik, Germany

Axioplan Flourescence microscope

Carl Zeiss, Jena, Germany

BioPhotometer plus

Eppendorf, Hamburg, Germany

Thermomixer

Eppendorf, Hamburg, Germany

TCS SPE confocal microscope

Leica, Wetzlar, Germany

Microplate reader infinite M200

Tecan, Mannedorf, Switzerland

Model 1025 Monitoring & Gating system

SA Instruments Inc., Stony Brook, NY,
USA

Axiovert microscope 25

Carl Zeiss, Jena, Germany

Realplex2 Mastercycler

Eppendorf, Hamburg, Germany

Stuart see-saw rocker SSM4

Bibby Scientific Ltd, Staffordshire, UK

small animal MRI system (9.4 T) Biospec  94/20, Bruker  Biospin,
Ettlingen, Germany

Thermocycler T3000 Biometra, Gottingen, Germany

G-box gel documentation system Syngene, UK

SDS-PAGE Protean Il electrophoresis unit | Bio-Rad Laboratories GmbH, Munich,
Germany

Gradient cycler

Eppendorf, Hamburg, Germany

Incubator cell-culture

Labotect, Germany

Powerpac 300 electrophoresis
supply

power

Bio-Rad Laboratories GmbH, Munich,
Germany

Weighing scales

Sartorius AG, Géttingen, Germany

Stereotactic head holder

David Kopf Instruments, Tujunga, USA

Mini Trans-Blot electrophoretic transfer cell
unit

Bio-Rad Laboratories GmbH, Munich,
Germany

Vortex

Janke & Kunkel, Germany

Water bath

GFL, Germany

NanoDrop 1000

PeqlLab Biotechnologie GmbH,

Erlangen, Germany

pH 211R microprocessor pH meter

Hanna Instruments®, Kehl am Rhein,
Germany

Perkin Wallac microplate Reader

Perkin-Elmer/Wallac, Freiburg, Germany

Table 5. List of devices and equipments
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3.1.4.

Plasticware and other tools

Equipments

Company

96-well skirted PCR plates

VWR International, Darmstadt, Germany

96-, 24-, 12- and 6-well cell culture plates

BD Biosciences, Heidelberg, Germany

Cuvettes for measuring protein

Eppendorf, Hamburg, Germany

Double-edged razor blades

Thermo Fischer Scientific, Walldorf,

Germany

Single-edged razor blades

Apollo Herkenrath, Solingen, Germany

Surgical sewing cone

Johnson & Johnson, New Jersey, USA

BD Falcon™ Cell culture inserts for 6-well
plates (0.4 ym pores)

Becton Dickinson GmbH, Heidelberg,
Germany

Falcon™ tubes (15 ml, 50 ml)

Becton Dickinson GmbH, Heidelberg,
Germany

1 ul syringes 7101KH

Th. Geyer, Renningen, Germany

Minisart filter units (0.2, 0.45 pm)

Sartorius Stedim Biotech  GmbH,

Géttingen, Germany

Stericup® and Steritop® vacuum filtration
and storage units

Millipore-Merck, Darmstadt, Germany

MicroAmp™ optical adhesive films (for | Applied Biosystems, Foster City, USA

PCRs)

Secure-Seal™ spacers for cell culture Invitrogen, USA

Menzel SuperFrost plus microscopic slides | Thermo Fischer Scientific, Walldorf,
Germany

Menzel glass cover slips (24x40, 24x50, | Thermo Fischer Scientific, Walldorf,

24x60 mm) Germany

Parafilm Pechiney Plastic Packaging, Chicago,
USA

Saran wrap (transparent foil)

Dow Chemical Co., USA

Tissue culture dishes (60 mm, 30 mm)

BD Biosciences, Heidelberg,Germany

Tissue culture flasks (25 cm2, 75 cm2

BD Biosciences, Heidelberg,Germany

Table 6. List of plasticware and other tools

3.1.5. Primary Antibodies
Antigen Host Dilution Company
anti-MMP14 (clone 1:100 (IHC);
id: EP1264Y) Rabbit 1:1000 (WB) Epitomics, California,USA
anti-lba1 Goat 1:500 (IHC) Abcam, Germany
anti-B-Actin-
peroxidase 1:25,000 (WB) | Sigma-Aldrich, Germany
Calbiochem, Darmstadt,
anti-MMP14 Mouse 1:100 (IHC) Germany
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Wako Pure Chemicals,
anti-lba1 Rabbit 1:250(IHC) Japan
Table 7. List of Primary Antibodies used in IHC and WB
3.1.6. Secondary Antibodies
Antigen Host Conjugate Dilution Company
Rhodamine Jackson Immunoresearch
Goat IgG Donkey | Red 1:200 (IHC) | Laboratories, USA
Jackson Immunoresearch
Goat IgG Donkey | DyLight-488© 1:200 (IHC) | Laboratories, USA
Jackson Immunoresearch
Rabbit-lgG | Donkey | Biotin-SP 1:200 (IHC) | Laboratories, USA
Jackson Immunoresearch
Mouse-IgG | Donkey | Biotin-SP 1:125 (IHC) | Laboratories, USA
Rhodamine Jackson Immunoresearch
Rabbit-IlgG | Donkey | Red 1:200 (IHC) | Laboratories, USA
1:2000
Rabbit 1I9G HRP (WB) (WB) Cell Signaling, USA
Substrate Conjugate Dilution Company
Jackson Immunoresearch
Streptavidin Peroxidase 1:1000 Laboratories, USA
Jackson Immunoresearch
Streptavidin Cy5 1:200 (IHC) Laboratories, USA
DAPI 1:200 (IHC) Sigma-Aldrich, Germany

Table 8. List of Secondary Antibodies used in IHC and WB

3.1.7.

Buffers for Immunohistochemistry

Name

Composition

0.9% Saline

0.9 g NaCl in 1 L aqua distilled water

4% Paraformaldehyde
perfusion and fixation)

(PFA) (For

4 g PFA in 1 L aqua distilled water, heated

for total dissolution

Sodium Citrate Buffer (pH 6) (For
antigen retrieval)

2.94 g tri-sodium citrate dihydrate in1 L aqua

distilled water

1X Phosphate Buffered Saline (PBS)

8 g NaCl, 0.2 g KCI, 1.44 g Na;HPO,, 0.24 g
KH,PO,. in 1 L aqua distilled water, pH 7.4

1X Tris Buffered Saline (TBS)

1.21 g Tris, 8.76 g NaCl, dissolve in 1 L aqua

distilled water, pH 7.4

PBS-Tween 20 (PBST)

1L PBS, 0.0025% Tween 20 (Wash buffer)

TBS-Tween 20 (TBST)

1L TBS, 0.0025% Tween 20 (Wash buffer)

Blocking buffer

3% Donkey serum, PBST/TBST

Table 9. List of buffers for IHC
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3.1.8.

Buffers for Western blotting

Name

Composition

Sample Lysis Buffer

10 ml RIPA, 1 tablet cOmplete proteinase
inhibitor

5X Laemmli Buffer

1 ml glycerol, 1 g SDS, 6.25 ml Tris HCL 0.5
M pH 6.8, 2.5 ml - Mercaptoethanol, 1 ml
Bromophenol blue 0.5%

10% Ammonium Persulphate (APS)

100 mg APS in 1 ml aqua distilled water

10% Sodium dodecylsulphate (SDS)

1 g SDS in 10 ml aqua distilled water

1.5 M Tris-Cl resolving gel buffer (4X)

36.3 g Tris, 150 ml aqua distilled water,
adjust pH, to 8.8 with | N HCI, make up
volume to 200 ml

0.5 M Tris-Cl stacking gel buffer (4X)

3 g Tris, 40 ml aqua distilled water, adjust
pH to 6.8 with 1 N HCI, make up volume to
50 ml

5X Electrophoresis Buffer

15.1 g Tris base, 72 g glycine, 5 g SDS, 1L
aqua distilled water

1X Wet transfer buffer

6.06 g Tris base, 28.08 g glycine, 400 ml
Methanol, make upto 2 L with aqua distilled
water

Wash buffer

0.1% Tween 20, 1 L PBS/ TBS

Blocking buffer

5% Bovine serum albumin (BSA) in wash
buffer

Table 10. List of buffers for WB

3.1.9. Buffers for PCR

Name

Composition

Roti®-6X gel loading dye

60 mM Tris-HCI pH 7.5, 30 mM sodium
acetate, 12 mM EDTA, 60% (w/v) glycerin,
0.12% (w/v) Xylene cyanol blue

50X Tris-Acetate-EDTA (TAE)

242 g Tris-base, 57.1 ml acetic acid, 0. 5 M
EDTA, 1 L distilled water, pH 8

Table 11. List of buffers for PCR

3.1.10. Media and Solutions for cell culture/ organotypic brain
slices

Fetal calf serum (FCS) was always heat-inactivated in the water bath for 30 min at
60°C before further use.
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Name

Composition

Trypsin/DNase

10 mg Trypsin, 0.5 mg DNase / ml PBS

Complete growth medium

10% FCS, 100 U/ml penicillin, 100 pg/ ml
streptomycin, 0.2 mM L-glutamine in DMEM

Glioma conditioned medium (GCM)

Mouse GL261 cells at 80% confluence were
overlaid with complete growth medium for
18-20 h.The GCM was harvested the next
day, briefly centrifuged and filtered, aliquoted
and stored frozen until usage

L929 conditioned medium

Mouse L929 fibroblast cells at 80%
confluence were overlaid with 30 ml
complete growth medium. After 2 days
conditioned medium was collected, filtered
and stored frozen until usage

Medium-1 complete growth medium

(for OBSC)

Medium-2 25% heat inactivated FCS, 50 mM sodium
(for OBSC) bicarbonate, 2% L-glutamine, 255 HBSS,

1pug/ml insulin, 2.46 mg/ml glucose, 0.8
pg/ml Vitamin C, 100 U/ml penicillin, 100
pg/ml streptomycin, 5 mM Tris in DMEM

Table 12. List of media & solutions used for cell culture/ OBSC

3.1.11. Software

Software

Company

Mastercycler ep realplex

Eppendorf, Hamburg, Germany

Image J Macbiophotonics

http://www.macbiophotonics.ca/index.htm

Stereo Investigator® system

MicroBrightField Europe, Magdeburg,
Germany

Leica LAS AF

Leica, Wetzlar, Germany

SPSS 11.5

SPSS Inc., IBM, Chicago, USA

Thomson Reuters EndNote ®

Thomson Reuters, Carlsbad, USA

Adobe Photoshop CS

Adobe Systems Inc., San Jose, USA

Microsoft Office 2007®

Microsoft, Redmond, USA

mipav Image analyzer

http://mipav.cit.nih.gov

Table 13. List of software
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3.2. Methods

The Methods chapter in the thesis describes the details of both the projects either

separately or combined wherever appropriate and as indicated.

3.2.1. Animals and Anesthesia (Projects 1+2)

Control C57BI/6 wild-type (WT) mice were purchased from Charles River
Laboratories (Sulzfeld, Germany). All in vivo, in vitro and ex vivo experiments were
done using specific TLR knock-out (KO) mice. Dr. Seija Lehnardt from Charité,
Berlin provided the TLR 2, 7 and 9 KO mice (Takeuchi, O et al 1997), while TLR 1
(Takeuchi, O et al 2002) and 6 (Takeuchi, O et al 2001) KO mice were purchased
from Oriental BioServices Inc., Japan. All the TLR KO mice were generated by Dr.
Shizuo Akira and colleagues from Osaka University, Japan. The TLR KO mice are

characterized by deletion of the respective gene loci.

All animals were bred and maintained in the respective institutional animal facilities
of the Max Delbrick Centre (Berlin, Germany) and the Charité-
Universitatsmedizin (Berlin, Germany). The animal experiments were approved by
the Office for Health, Protection and Technical Safety of the regional government
of Berlin (LaGeSo) and followed the guidelines of the European Community
Council Directive. The Tierversuchsverordnung or TVV nummer (animal
experiment regulation number) for in vivo tumor implantation studies was
G0268/10; for in vitro and ex vivo experiments was T0014_08; for genotyping of
tail cuts was O 0416-9 and for animal perfusion and further analysis of the brain
was O 0360. The mice were housed with a 12 h/ 12 h light-dark cycle and received
food and water ad libitum. For all in vivo experiments, mice were anesthetized by
intra-peritoneal (i.p.) injections of Ketamine (80 pg/kg) and Rompun (12 ug/kg)
mix. 150 pl- 200 pl of the anesthetic drug mixture was injected into each mouse.
The eyes of the mice were carefully covered with glycerin fat to avoid corneal
drying. Due to restrictions in breeding | used age and sex-matched male and

female mice for all my experiments in the study.
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3.2.2. Cell Culture (Projects 1+2)

Murine GL261 glioma cells were purchased from National Cancer Institute, NCI-
Frederick (MD, USA). The cells were grown in Dulbecco’s Modified Eagle Medium
with 10% heat inactivated fetal calf serum, 0.2 mM L-glutamine, 100 U/ml
penicillin, and 100 ug/ml streptomycin (all from Invitrogen, Germany) in 75 cm?
tissue culture flasks (Falcon model 3023, Becton Dickinson, Lincoln Park, NJ,
USA). The GL261 cells were chosen for all in vivo and ex vivo studies as they
were homologous to the donor C57BI/6 animals. The medium of the cells was
changed every 2 days and cells were passaged when the cell density in the flask
reached a confluence level of 80%. Cell cultures were maintained at 37°C in a

humidified 5% CO / 95% air incubator (Heraeus, Hanau, Germany).

Primary microglial cells were prepared from cerebral cortices of pO-p2 neonatal
C57Bl/6 and TLRs 1, 2, 6, 7 and 9 KO mice as per the protocol of Dr. Marco Prinz
(Prinz et al. 1999). The whole isolation process was carried out on ice. Brains of
newborn mice were collected in Hank’s Balanced Salt Solution (HBSS). Forebrains
were carefully freed of blood vessels and meninges. After three washes with
HBSS, the cortical tissue was incubated with a trypsin/DNase mix for 2 min. The
reaction was stopped by the addition of Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10 % fetal calf serum (FCS), 2 mM L-glutamine, 100
units/ml penicillin and 100 ug/ml streptomycin. Finally, the cell mixture was
incubated with DNase, dissociated with a fire-polished pipette and washed twice.
Mixed glial cells were then cultured for 9 to 12 days in complete DMEM in 75 cm?
flasks until cells were confluent. The cultures were washed carefully every 3 days
to remove dead cell debris by several replacements of the medium with PBS and
strong shaking. After establishment of the astrocytic monolayer, inspected by
morphology under the microscope, the medium was changed to complete DMEM
containing 30% L929 conditioned medium and incubated for 3 days. Microglial
cells were then separated from the underlying astrocytic cell layer by gentle
shaking of the flask for one hour at 37 °C in a shaker-incubator at a speed of 100
rom. The cells were then seeded in 6-well plates at a density of 1x10° cells/ well.

Cultures usually contained > 95 % microglial cells; the purity was assessed by
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immunostaining the cell cultures with tomato lectin, a marker for microglia.

Cultures were used for experiments 1 to 2 days after plating.

3.2.3. Generation of EGFP-GL261/mCHERRY-GL261 cells
(Projects 1+2)

GL261 glioma cells were transfected with the pEGFP-N1 vector for stable
expression of enhanced green fluorescent protein (EGFP) using Lipofectamine
2000 transfection reagent according to the manufacturer’s instructions. The
pEGFP-N1 vector contains the human cytomegalovirus promoter, which drives
high level expression of the enhanced green fluorescent protein in transfected
cells. An amount of 600 pg/ml Genetecin- G418 (Gibco®, Maryland, USA)
selection method yielded stably transfected clones of GL261 cells. Viable cells with
bright fluorescence were selected by fluorescence activated cell sorting (FACS).
90% to 95% of cells were stable for fluorescence labeling on the day of ex vivo

and in vivo injections.

The mCherry-GL261 cell line was generated by transfecting OmicsLink™ non
targeted shRNA tagged with mCherry (GeneCopoeia, Maryland, USA) according
to the manufacturer’s instructions. Transfected GL261 cells were then selected by
treating with 5 pg/ml Puromycin and used for further in vivo tumor implantation

experiments.

3.2.4. Preparation of glioma conditioned medium (Projects 1+2)

Conditioned medium from GL261 glioma cells (GCM) was prepared as described.
Cells were seeded at a density of 1x10° cells in 75 cm? tissue culture flasks and
grown to 80% confluence. They were then replenished with fresh complete growth
medium which was left on the cells for 16-18 h before being collected. The GCM
was then harvested, briefly centrifuged at 4°C, 1000 rpm for 8 min to remove cell
debris and filtered using a 0.2 um filter unit (Sartorius Stedim Biotech GmbH,
Germany). Aliquots of the conditioned medium were stored at -20°C or used

immediately for further experiments.
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3.2.5.

Genotyping of the TLR KO mice (Project 1)

All TLR KO mice were genotyped according to protocols established in the lab of

Dr. Shizuo Akira from the Osaka University, Japan. DNA for genotyping was

isolated from tail cuts of the respective TLR KO mice by using the

peqLABDirectLyse tail kit according to the manufacturer’s instructions. Briefly, 100

ul DirectLyse together with 10 pl Proteinase K was added to the tail tip and

incubated for 3 h at 55°C followed by incubation for 45 min at 85°C to inactivate

the enzymes.

The following primers were used for genotyping:

TLR1 wild-type (WT)

Name Sequence

TLR1a 5-GAT GGT GAC AGT CAG CAG AAC AGT ATC-3'

TLR1b 5-AAG GTG ATC TTG TGC CAC CCA ACA GTC-3'
TLR1 knock-out (KO)

Name Sequence

TLR1b 5-AAG GTG ATC TTG TGC CAC CCA ACA GTC-3'

TLR1c 5-ATC GCC TTC TAT CGC CTT CTT GAC GAG-3'

TLR2

Name Sequence

TLR2 KOa | 5-GTT TAGTGC CTG TAT CCA GTC AGT GCG-3'

TLR2 KOb | 5-ATC GCC TTC TAT CGC CTT CTT GAC GAG-3'

TLR2 KOc | 5-TTG GAT AAG TCT GAT AGC CTT GCC TCC-3'
TLR6 wild-type (WT)

Name Sequence

TLR6 wild 5-GAA ATG TAAATG AGC TTG GGG ATG GCG-3'

TLR6 extra 5-TTA TCA GAA CTC ACC AGA GGT CAA ACC-3'
TLR6 knock-out (KO)

Name Sequence

TLR6 extra 5-TTA TCA GAA CTC ACC AGA GGT CAA ACC-3'

TLR6 neo 5-ATC GCC TTC TAT CGC CTT CTT GAC GAG-3'

Table 14. Genotyping PCR primers for TLRs 1,2 & 6
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The composition of the genotyping PCR reaction for TLRs 1, 2 and 6 are
as follows:

For TLRs 1 and 6:

Knock-out Wild-type
H,O 17.75 yl | H,O 17.75 pl
10 X PCR buffer 2.5yl 10 X PCR buffer 2.5yl
MgCl, 1.5l MgCl, 1.5yl
dNTPs 0.5 pl dNTPs 0.5 pl
Fwd primer (10 pmol/ul) | 0.5 pl Fwd primer (10 pmol/ul) | 0.5 yl
Rev primer (10 pmol/ul) 0.5 ul Rev primer (10 pmol/ul) 0.5 ul
Tagq DNA Polymerase 0.25 pl Tag DNA Polymerase 0.25 pl
Sub-total 23.5 pl Sub-total 23.5 pl
DNA 1.5yl DNA 1.5yl
PCR product size
TLR1 1300 bp 1300 bp
TLR6 300 bp 300 bp

For TLR2:

Knock-out Wild-type
H.O 19.85 ul | H,O 17.75 pl
10 X PCR buffer 2.5yl 10 X PCR buffer 2.5yl
dNTPs 0.5 yl dNTPs 0.5 ul
primer b 0.5 ul primer b 0.5 ul
primer ¢ 0.5 ul primer a 0.5 ul
Tag DNA Polymerase 0.15 pl Tag DNA Polymerase 0.15 pl
Sub-total 25 pl Sub-total 25 pl
DNA 2ul DNA 2 ul
PCR product size
TLR2 1000 bp 1000 bp

Table 15. PCR reaction composition for genotyping TLR mice strains
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The PCR amplification reactions were set up as follows:

For TLRs 1 & 6

Lid Temp 99°C
1. 94°C 3min

2. 94°C 30sec

For TLR2

Lid Temp 99°C

1. 94°C 3min

2. 94°C 30sec

3. 67°C 30sec X 30 cycles 3. 67°C 30sec
4. 72°C 1min 4. 74°C 1min
5. 72°C 10min 5. 74°C 10min
6. 4°C 6. 4°C
3.2.6. TLR sub-type specific agonists (Project 1)

X 34 cycles

To analyze the effect of different Toll-like receptor agonists on MT1-MMP gene

expression, primary microglia from C57Bl/6 WT mice were stimulated with

receptor-specific ligands obtained from Prof. Dr. Uwe Karsten Hanisch from the

University of Gottingen, Germany. Microglial cells were stimulated with specific

ligands for 6 h followed by analysis of MT1-MMP gene expression changes by

gRT-PCR. Following final concentrations of the sub-type specific agonists were

used:

Agonist UL Stock concentration el workl_ng

sub-type concentration

PamsCSK, TLR1/2 0.5 mg/mi 10 ng/ml
Poly(l:C) TLR3 1 mg/ml 10 pg/ml
LPS TLR4 1 mg/ml 100 ng/ml
(E. coli R515)
Flagellin TLR5 50 pg/ml 500 ng/ml
MALP-2 TLR6/2 0.1 mg/mi 10 ng/ml
Poly(U) TLR7/TLR8 1 mg/ml 5 pg/ml

Table 16. TLR sub-type specific agonists
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3.2.7. TLR2 specific agonists (Project 1)

The effect of different TLR2 specific agonists on the expression of MT1-MMP was
analyzed using a Mouse TLR2 Agonist kit (Cayla-InvivoGen, Toulouse, France).
Primary microglial cells from C57BI/6 WT mice were stimulated with 2 of these
ligands for 6 h, total RNA was isolated, reverse-transcribed into cDNA and
analyzed for changes in MT1-MMP gene expression by quantitative real-time
SYBR green PCR. Following final concentrations of the TLR2- specific agonists

were used:
. Stock Final working
FEEEL [ concentration concentration
Pam3CSK4 TLR1/2 100 pg/ml 10 ng/ml
LPS P. gingivalis (PG-LPS) | TLR2 1 mg/ml 1 pg/ml
HKLM (Heat Killed Lysteria | 1 p, 107 cells/ml 10° cells/ml
Monocytogenes)
Table 17. TLR2 specific agonists
3.2.8. Minocycline treatment (Project 2)

To study if glioma-induced microglial MT1-MMP over-expression and activity could
be pharmacologically abrogated, Minocycline, a broad-spectrum antibiotic and
inhibitor of microglial cell activation was used. The drug, Minocycline
Hydrochloride (#M9511, Sigma-Aldrich, Germany) was always freshly prepared in
sterile water and used at a final concentration of 200 nM in vitro and 10 ng/ml in
vivo. For all in vitro experiments, microglial cells were pre-treated with 200 nM
Minocycline for 30 min at 37°C in the cell culture incubator, followed by co-
incubation with GCM or only complete growth medium for 3 and 6 h. For in vivo
studies, a 10 ng/ml working solution of Minocycline was freshly prepared in
distiled water every day and administered through drinking water to tumor
implanted mice for the entire 2 week period of tumor growth. There were 2 groups
of mice that received Minocycline through drinking water- the first group received
Minocycline immediately after tumor implantation, while the second group received
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Minocycline 1 week after tumor implantation. A change in glioma expansion upon
oral administration of Minocycline in these 2 groups of mice was estimated 2

weeks after tumor implantation according to the Cavalieri’s principle.

3.2.9. Quantification of gene expression changes (Projects 1+2)

For Project 1, total RNA was isolated from ligand and GCM treated microglia from
control and treated microglia derived from C57BL/6 WT and TLRs 1, 2, 6, 7 and 9
KO mice. To analyze MT1-MMP gene expression changes in primary microglia
from C57BI/6 WT treated with TLR sub-type specific agonists and TLR2 specific
agonists, microglia were seeded into 6-well plates at a density of 1x10° cells/ well
and allowed to adhere for 24 h before the actual experiment was performed.

Microglia were stimulated the next day with only complete growth medium (DMEM
control), GCM or appropriate working dilutions of TLR sub-type specific agonists or
TLR2 specific agonists. Similarly, to investigate the effect of GCM on MT1-MMP
gene expression in microglia derived from WT and TLR1, 2, 6, 7 and 9 KO mice,
microglia were stimulated with either complete growth medium (DMEM) or GCM.
All stimulations were carried out for 3 and 6 h. At the end point of the experiments,
total RNA was isolated using the Invitrap Spin Universal RNA mini kit (Invitek
GmbH, Berlin, Germany) as per the manufacturer’s instructions. The quality and
yield were determined using the NanoDrop 1000 spectrophotometer (PeqlLab
Biotechnologie GmbH, Germany). cDNA was synthesized using 250 ng total RNA
which was incubated with 0.5 pg/ul Oligo(dT)12-18 primers and 0.5 mM dNTPs in
a total volume of 12 pl for 5 min at 65°C. After adding First-Strand buffer, 10 mM
dithiothreitol (DTT), 100 U/pl RNase inhibitor and 200 U/pl SuperScript Il reverse
transcriptase (Invitrogen, Karlsruhe, Germany) to a final reaction volume of 20 pl,
the reaction was incubated further at 42°C for 50 min followed by an inactivation at
70°C for 15 min.

In Project 2, to study the effect of Minocycline on MT1-MMP expression in GCM-
treated primary microglia from BI/6 WT mice, microglia cells were pre-treated with
Minocycline for 30 min, followed by co-incubation with 200 nM Minocycline-
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containing GCM or with just complete growth medium for 3 and 6 h. At the end
point of treatment, microglia cells were processed for total RNA as stated earlier.

The gRT-PCR reaction for MT1-MMP was prepared to a total volume of 20 pl as

follows-
Reaction Volume (
Components ul)
SYBR Green PCR mix 10
Fwd primer (10 pmol/ml) 1
Rev primer (10 pmol/ml) 1
DEPC treated Rnase free
H.O
cDNA
Sub-total 20

Table 18. qRT-PCR composition for MT1-MMP and 3-Actin

Gene amplification was done in triplicates using SYBR Green PCR mix (Roche
Diagnostics GmbH, Mannheim, Germany). The qRT-PCR and semi-quantitative
RT-PCR amplification reactions for MT1-MMP and R-Actin were done using the
Realplex Mastercycler (Eppendorf, Hamburg, Germany) and the Thermocycler
T3000 (Eppendorf, Hamburg, Germany) respectively under the following

conditions-

Quantitative RT-PCR of MT1-MMP and B-Actin:

Lid Temperature 99°C
95°C for 2 min
95°C for 15 sec
68°C for 20 sec X 35 cycles
72°C for 30 sec

72°C for 3 min
4°C for =

D O A W N -

Table 19. qRT-PCR conditions for MT1-MMP and 3-Actin
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Relative quantification of gene expression was determined using the comparative

22T method. Expression levels were related to the house-keeping gene B-Actin.

Total RNA from 4 independent biological experiments were used for determining

significant changes in MT1-MMP gene expression.

Semi-quantitative RT-PCR of MT1-MMP and (3-Actin

MT1-MMP

B-Actin

Lid Temperature 99°C

95°C for 2 min
95°C for 45 sec
55°C for 45 sec
72°C for 2 min
72°C for 10 min
4°C for =

O b ODN -

X 28 cycles

Lid Temperature 99°C

94°C for 3 min
94°C for 30 sec
55°C for 30 sec
72°C for 1 min
72°C for 10 min
6 4°C for «

a b ODN -

X 26 cycles

MT1-MMP : 432 bp

B-Actin : 238 bp

Table 20. Semi-quantitative PCR conditions for MT1-MMP and (3-Actin

The sequences of the mouse primers used for gRT-PCR reaction are

MT1-MMP | sense 5-GTGCCCTATGCCTACATCCG-3’
MT1-MMP | anti-sense | 5-CAGCCACCAAGAAGATGTCA-3’
B-Actin sense 5-CCCTGAAGTACCCCATTGAA-3'
B-Actin anti-sense | 5'-GTGGACAGTGAGGCCAAGAT'-3’

Table 21. gRT-PCR primer sequences of MT1-MMP and B-Actin
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The sequences of the mouse primers used in semi-quantitative RT-PCR reaction

are

MT1-MMP | sense 5-GGATACCCAATGCCCATTGGCCA-3’

MT1-MMP anti-sense 5°- CCATTGGGCATCCAGAAGAGA-3’

B-Actin sense 5'-CCCTGAAGTACCCCATTGAA-3'

B-Actin anti-sense | 5'-GTGGACAGTGAGGCCAAGAT'-3’

Table 22. Semi-quantitative RT-PCR primer sequences of MT1-MMP and (-Actin

3.2.10. Quantification of protein expression (Projects 1+2)

Project 1: whole-cell protein extracts were prepared from microglia obtained from
C57Bl/6 WT and TLR 2 KO mice after stimulation with GCM for 6 h.

Project 2: protein extracts for analyzing effect of Minocycline on GCM-induced
MT1-MMP expression in microglia were prepared from C57BI/6 WT microglial cells
which were stimulated with only GCM or GCM in combination with 200 nM
Minocycline for 3 and 6 h, following a pre-incubation only with Minocycline for 30
min. Briefly, microglial cells were washed thrice with ice-cold PBS, and lysed using
ice-cold RIPA lysis buffer (Sigma-Aldrich, Steinheim, Germany) containing EDTA-
free protease inhibitor cocktail tablet (Roche Diagnostics GmbH, Mannheim,
Germany). The lysates were cleared using a 1 pl syringe, fitted with a 21” gauge
needle to obtain a homogenous solution, incubated for 15 min at 4°C, and finally
centrifuged at 4°C, 14,0000 rpm for 20 min. Supernatants were collected and
protein concentration in each sample was determined by the BCA protein assay kit
(Thermo Fisher Scientific, Bonn, Germany). Following protein concentration
estimation, the samples were mixed with 5X Laemmli Buffer containing B-
mercaptoethanol (Sigma-Aldrich, Germany), boiled for 5 min at 95°C, cooled and
loaded on the gel. 20 pg of each protein sample was resolved on a 10%
denaturing SDS-PAGE gel system from BioRad, Germany. Along with the
unknown proteins, a standard pre-stained protein ladder (Fermentas, Germany)
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was also loaded on the gels. The proteins were transferred after complete
separation onto a PVDF membrane (Amersham GE, Germany) by wet-transfer
method at 4°C, 325 mA for 65 min. Post-transfer, the membranes were checked
for efficient protein transfer by staining the PVDF membranes with the reversible
dye Ponceau-S red (Sigma-Aldrich, Germany). The membranes were washed with
PBS-0.1% Tween 20, pH 7.4 (PBST) while blocking was done using 5% Bovine
Serum Albumin (BSA; Carl-Roth GmbH, Germany) prepared in PBST. Primary
antibodies were diluted in PBST-1% BSA and the membranes were incubated
overnight at 4°C with gentle agitation. The antibody recognizing Rabbit anti-MT1-
MMP monoclonal antibody was purchased from Epitomics, California, USA and
anti-B-Actin—Peroxidase conjugated antibody (A3854) was purchased from Sigma-
Aldrich, Schnelldorf, Germany. Concentration of primary antibodies used was as
follows: MT1-MMP 1:1000; B-Actin—Peroxidase 1:25,000. The secondary antibody
anti-rabbit HRP conjugated 1gG (Cell Signaling Technology, USA) was diluted in
PBST and used at a concentration of 1:2000. The membranes were incubated with
secondary antibody at room temperature for 1 h and subsequently developed with
a chemiluminiscent substrate SuperSignal West Pico Chemiluminiscence
substrate kit (Thermo Fisher Scientific, Bonn, Germany) and visualized by the
Molecular Imager Gel Doc XR system using the QuantityOne™ software (Bio-Rad
Laboratories GmbH, Munich, Germany).

3.2.11. MT1-MMP Activity Assay (Project 2)

To study the effect of Minocycline on MT1-MMP activity in microglia treated with
GCM, microglia from BI/6 WT mice were pre-treated with Minocycline for 30 min,
followed by co-incubation with 200 nM Minocycline-containing GCM or with just
complete growth medium for 3 and 6 h. The cells were then washed with ice-cold
PBS followed by lysis with a Lysis buffer provided in the assay kit. An ELISA
based activity assay (Matrix Metalloproteinase-14 Biotrak Activity Assay System,
GE Healthcare, Germany) in a 96 well plate format was used to determine the
amount of active MT1-MMP released by GCM-treated primary microglia cells upon
treatment with Minocycline. The assay is based on a detection enzyme (pro-

urokinase) which is activated only by active MT1-MMP through a single proteolytic
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event. The activated urokinase was detected by a specific chromogenic peptide
substrate (S-2444™ peptide) and the color reaction was quantified at 405 nm in a

microplate reader (Perkin Wallac, Freiburg, Germany).

3.2.12. Determination of protein localization by IHC (Projects 1 & 2)

In Project 1 to Vvisualze MT1-MMP protein expression in vivo,
immunohistochemical labeling was performed on 40 um thick free-floating brain
sections obtained from C57BI/6 WT and TLR 2 KO mice. Similarly in Project 2,
brain sections from tumor-implanted WT mice that were orally administered with
Minocycline through drinking water were also immunohistochemically labeled for
MT1-MMP and microglia/macrophage marker Iba1.

Project 1: Briefly, the brain sections were washed thrice in PBS- 0.025% Tween 20
(PBST), pH 7.4 followed by antigen retrieval using Sodium Citrate buffer, pH 6 at
80°C for 20 min in a water bath. Non-specific staining in sections was controlled by
blocking with 3% donkey serum prepared in PBST for 1 h at room temperature
followed by overnight incubation at 4°C with primary antibodies for goat anti-lba1
(1:500; Abcam, Cambridge, UK) and rabbit anti-MT1-MMP (1:200; Epitomics,
California, USA). The secondary antibodies used were Donkey anti-rabbit Biotin-
SP conjugated IgG (1:200; Jackson Immunoresearch/Dianova, Hamburg,
Germany), Streptavidin conjugated Cy5 (1:200; Jackson
Immunoresearch/Dianova, Hamburg, Germany) and Donkey anti-goat Rhodamine
Red (1:200; Jackson Immunoresearch/Dianova, Hamburg, Germany). Nuclear
staining was visualized by DAPI (1:200; Sigma-Aldrich, Hamburg, Germany). A
Hematoxylin-Eosin staining was done to delineate the tumor morphology. The
brain sections from BI/6 WT and TLR2 KO mice were mounted onto microscopic
slides and stained with Meyer's Hematoxylin for 2 min first and finally
counterstained with alcoholic eosin. GL261 glioma cells were identified by stable
fluorescence expression of mCherry (red).

Since Project 2 was done at a different time, brain sections from the Minocycline
group were immunolabelled by a different protocol. Brain sections were washed
thrice in PBS- 0.025% Tween 20 (PBST), pH 7.4 followed by antigen retrieval

PAGE | 52



MATERIAL & METHODS

using Sodium Citrate buffer, pH 6 at 80°C for 30 min in a water bath. Endogenous
peroxidases were quenched by incubating the brain sections in 3% Hydrogen
Peroxide in PBS for 30 min at room temperature. Following washes in PBST, non-
specific staining in the sections was blocked using 3 % donkey serum prepared in
PBST for 1 h at room temperature. This was followed by overnight incubation at
4°C with primary antibodies to detect Rabbit anti-lba1l (1:250; Wako Pure
Chemicals, Japan) and Mouse anti-MT1-MMP (1:100; Calbiochem, Darmstadt,
Germany). The secondary antibodies used for detecting Iba1 and MT1-MMP were
Donkey anti-Rabbit Rhodamine Red (1:200; Jackson Immunoresearch/Dianova,
Hamburg, Germany) and Donkey anti-Mouse Biotin-SP conjugated IgG (1:125;
Jackson Immunoresearch/Dianova, Hamburg, Germany) for 2 h at room
temperature followed by incubation with Strepatividin-conjugated Peroxidase
(1:200 Jackson Immunoresearch/Dianova, Hamburg, Germany) for 2 h at room
temperature. A DAB (3, 3'-DiaMinocyclinebenzidine) staining was done to visualize
localization of MT1-MMP in the brain sections. Nuclear staining was visualized by
DAPI (1:200; Sigma-Aldrich, Hamburg, Germany). GL261 glioma cells were
identified by stable fluorescence expression of EGFP (green).

3.2.13. Organotypic Brain Slice Cultures to study tumor growth ex

vivo (Projects 1 & 2)

The procedure to establish organotypic brain slice cultures (OBSC) is a
modification of previously published protocols (Markovic et al. 2005; Markovic et
al. 2009). For both projects, brain tissue was derived from 16 day old mice (Project
1- C57BL/6 WT and TLR2 KO mice; Project 2- C57BL/6 WT mice).

Mice were decapitated and brains were removed within 2 to 3 min and placed in
ice-cold phosphate-buffered saline (PBS) under sterile conditions. The forebrain
was removed and the hindbrain was glued onto a magnetic platform using
cyanoacrylate glue (Uhu, Germany) and cut in the coronal plane into 250 um
sections with a vibratome (Leica VT1000S; Leica Co., Heidelberg, Germany). The
brain slices were transferred into 0.4 ym polycarbonate membrane of a transwell

tissue insert (Falcon model 3090; Becton Dickinson), which was fitted into a 6-well
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plate (Falcon model 3502; Becton Dickinson). Thereafter, the brain slices were
incubated at an air-medium interface in 1 mL of complete growth medium
containing DMEM supplemented with 10% heat inactivated fetal calf serum (FCS),
0.2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin (Medium-
1). After overnight equilibration in medium-1, the brain slices were exchanged for
cultivation medium (Medium- 2), added directly into the wells and not into the
inserts. Medium-2 contained 25% heat-inactivated FCS, 50 mM sodium
bicarbonate, 2% L-glutamine, 25% Hank’s balanced salt solution (HBSS), 1 mg/mL
insulin (all from Invitrogen, Germany), 2.46 mg/mL glucose (Braun Melsungen,
Germany), 0.8 mg/mL Vitamin C (Sigma-Aldrich, Germany), 100 U/mL penicillin,
100 mg/mL streptomycin (Sigma- Aldrich, Germany), and 5 mM Tris in DMEM

(Invitrogen, Germany).

To assess the pro-tumorigenic effect of microglia in OBSCs, the brain slices in
both projects were selectively depleted of microglia by the application of liposome-
encapsulated clodronate (CL; purchased from Nico van Rooijen, Amsterdam, The
Netherlands). Briefly, CL was diluted in Medium-1 at a concentration of 1:10 and 1
ml of the working solution was directly added into the wells of the 6-well plate
which were fitted with OBSC-containing tissue inserts and left in the wells for 24-
29 h. Liposome-encapsulated PBS (PL) was used as a control at the same dilution
(1:10) in Medium-1. The microglia sub-population was ablated when CL was taken
up from the lower surface of the OBS through capillary action. After 24 h, the
medium containing CL or PL was removed and replaced with 1 ml of Medium-2
and the OBSCs were left undisturbed for 72 h in the incubator at 37°C. After 3
days, slices were injected with EGFP-GL261 cells to assess the effect of microglia
on tumor expansion in the presence (PL control) and absence (CL) of microglia in
brain slices either from BI/6 WT and TLR2 KO mice (Project 1) or in brain slices
derived from Bl/6 WT mice treated with 200 nM Minocycline (Project 2). To study
the effect of Minocycline on tumor growth in organotypic brain slices, Minocycline
was always prepared freshly in medium-2 to a final concentration of 200 nM and
added directly into each well of the 6-well plate and was changed every alternate
day during the 5 days after tumor inoculation into the slices.
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Approximately 5000 EGFP-transfected GL261 glioma cells in a volume of 0.1 L
were inoculated into the globus pallidus in the cortex of the brain slices using a
Hamilton syringe (Mikroliterspritze 7001N, Hamilton, Switzerland) mounted to a
micromanipulator. This device allowed placement of the tip of the syringe
consistently at the same defined region on the slice surface. An injection canal
was formed that reached 150 ym deep into the 250 um thick slice. The needle was
then retracted by 50 uym, leaving an injection cavity of approximately 50 ym. The
cell suspension was injected slowly into this cavity. To ensure identical
experimental conditions, glioma cells were always inoculated into the same area
on the slice. Tumor cells remained at the inoculation site directly after glioma
injection, which therefore marked the point of origin for all further movements and
growth of the tumor cells. Careful control of the injection procedure ensured that
no cells spilled onto the surface of the slices, which could otherwise migrate over
the surface rather than invade through the tissue. The tumors were allowed to
grow for 5 days, after which the slices were fixed with 4 % PFA, mounted and the
area occupied by the tumors in microglia-containing and microglia depleted slices
was evaluated using the Stereo Investigator™ software (MicroBrightField Europe,
Magdeburg, Germany).

3.2.14. In vivo tumor studies (Projects 1 & 2)

Mice were handled as described earlier in the Methods section. C57BL/6 WT and
TLR2, 7 and 9 KO mice were used in Project 1 while C57BI/6 WT mice were used

for Project 2 for all in vivo immunohistochemical and tumor volume measurements.

Briefly, mice were anesthetized, immobilized and mounted onto a stereotactic
head holder (David Kopf Instruments, USA) in the flat-skull position. After skin
incision 1 mm anterior and 1.5 mm lateral to the bregma, the skull was carefully
drilled with a 20G needle tip. Then a 1 pl syringe with a blunt end (Mikroliterspritze
7001N, Hamilton, Switzerland) was inserted to a depth of 4 mm and retracted to a
depth of 3 mm from the dural surface into the right caudate putamen. Over 2 min,
1 ul containing 2x10* cells/ul of EGFP-GL261 glioma cell suspension was slowly
injected into the brain. The needle was then carefully retracted from the injection
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canal and the skin was sutured with a surgical sewing cone (Johnson & Johnson
International, USA). After surgery the mice were kept warm until awake and their
post-operative condition was monitored daily. To analyze changes in MT1-MMP
expression 14 days after surgery, the C57Bl/6 WT and TLR2, 7 and 9 KO (Project
1) as well as C57BI/6 mice from the Minocycline group (Project 2) were euthanized
with Ketamine and Rompun mix, brains perfused and fixed (4%
paraformaldehyde), cryopreserved in 30% sucrose and immunohistochemically
labeled for MT1-MMP and Iba1 antibodies as stated previously. Further-more,
DAPI nuclear staining was done to demarcate the tumor for further analysis of
tumor volume in both the projects.

3.2.15. Analysis of tumor volume by Magnetic Resonance Imaging
(Project 1)

To investigate changes in tumor expansion in TLR2 KO mice, mice from C57BI/6
WT and TLR2 KO strains were implanted with tumors and changes in tumor
expansion were monitored by MR imaging. Anesthesia to the mice was induced
with 2.8% isoflurane in an oxygen/air mixture (2:1) with a flow rate of 750 ml/min
and maintained at 1.5% to 2% for the rest of the experiments. Respiration rate and
body temperature were continuously monitored (Model 1025, SA Instruments Inc.,
USA). Using a heated circulating water system the body temperature was

maintained at 37°C throughout the experiment.

Two groups of mice (n=11/ group of TLR2 KO & C57BIl/6 WT; 22 mice in total)
were imaged 21 days after intra-cerebral inoculation of GL261 glioma cells. All MR
imaging was performed on a horizontal bore 9.4 T small animal MRI system
(Biospec 94/20, Ettlingen, Germany). T2-weighted images [RARE, effective echo
time (TE) = 60 ms; repetition time (TR) = 3268 ms; RARE factor = 12] were
acquired with the same slice geometry [field of view (FOV) = 18 mm, matrix size =
350 x 350, slice thickness = 270 pm] in-plane spatial resolution = 51 pm, 21
coronal slices covering a brain region of 5.67 mm starting at the frontal end of the
cerebral cortex approximately 3.56 to -2.11 mm from the bregma (Paxinos G et al
2001). T2-contrast images were optimized beforehand in pilot experiments to
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achieve good tumor delineation. The total experimental time, including animal
preparation, was approximately 70 min per animal. The tumor volumes were
calculated by manual segmentation using the software  mipav
(http://mipav.cit.nih.gov). A region of interest (ROI) following the tumor borders
was drawn on the T2-weighted images along with the exclusion of the needle path
(stemming from the tumor cell injection). The T2-weighted images offer superior
contrast (tumor is hyper-intense while the needle path is black). The whole tumor
volume was calculated in mipav (http://mipav.cit.nih.gov) by adding up the voxel
volumes within the ROls of all image slices.

3.2.16. Analysis of survival in vivo (Project 1)

In order to investigate if deletion of the TLR2 gene locus could offer any survival
benefits to mice intra-cerebrally implanted with glioma tumor, adult female C57BI/6
WT (n=10) and TLR2 KO (n=10) mice were implanted with gliomas in a procedure
as stated above. Briefly, 1x 10* cells/ul of GL261 glioma cell suspension was
slowly injected into the brain in a manner as explained earlier. The tumor-bearing
TLR2 KO and WT mice were monitored daily until the end-point of the study
(survival). The cumulative survival time of WT and TLR2 KO mice was determined
by a log-rank Kaplan Meier test based on this end point.

3.2.17. Microscopy (Projects 1 & 2)

Immunohistochemical preparations from both the projects were visualized and
analyzed with a fluorescence microscope (Axioplan, Zeiss, Germany) and a
Confocal laser scanning microscope (TCS SPE, Leica, Germany). Images were
visualized and acquired using 20X and 40X oil objectives. For Project 1, images
were taken from at least 3 random fields of interest (microglia in close association
to tumor periphery) from WT and TLR2, 7 and 9 KO mice. Positively labeled Iba-1
cells were counted in both WT and TLR2 KO mice using the ImageJ software
(NIH, USA). The labeling intensity of MT1-MMP immunostaining was also
measured by Imaged keeping the digital gain constant over all the sections.
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Fluorescent images were processed using the Leica LAS AF software and Adobe
Photoshop ©.

3.2.18. Analysis and Statistics (Projects 1 & 2)

An unbiased stereological method using the Stereo Investigator software for
estimating the tumor volumes in vivo was done using the Cavalieri principle, by
determining the tumor area in every 12th 40um thick brain slice and then
multiplying this area by the factor 12 x 40um (Markovic et al. 2005) to calculate the
tumor volume in the TLR2 KO and C57BI/6 WT mice (Project 1) and in both the
groups of Minocycline administered C57BL/6 WT mice with tumor implantations

(Project 2).

Statistical analysis was performed using SPSS (SPSS Inc., Chicago, lllinois, USA)
software and Microsoft® Excel 2007. Changes in MT1-MMP gene expression were
calculated according to the 2 ““2Y method and expressed as means + standard
error of mean (SEM) while statistical significance was determined by the non-
parametric Mann Whitney U test. Differences between groups in in vivo
experiments (tumor volumes) were estimated using unpaired Wilcoxon sum-rank
test. Survival analysis was done using the Kaplan-Meier method and significant
differences were compared by a log-rank test. Statistical significance was
determined at p values <0.05 (*) and < 0.01 (**).
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4. RESULTS (PROJECT 1)

TLR signaling in microglia supports glioma growth and
progression

Growing evidence from several studies suggests a correlation between Toll-like
receptor signaling, inflammation, cancer development and progression (Creagh
and O'Neill 2006; Huang et al. 2007; llvesaro et al. 2007; Yu et al. 2011) . Previous
studies from our lab (Markovic, D et al 2005, 2009) have shown that microglia are
required for promoting invasiveness in gliomas. Glioma cells release various types
of growth factors and chemo-attracting cytokines like MCP-1, HGF/SF, MIP-1 etc.
which recruit microglia in and around the tumor vicinity (Locasale et al. 2012;
Magge et al. 2009; Xie et al. 2011). Further-more, soluble factor(s) released by
glioma cells induce over-expression of MT1-MMP in microglia cells via the
recruitment of the Toll-like receptor signaling adaptor molecule MyD88 and
activation of p38 MAPK pathway. The upregulated MT1-MMP then activates the
pro-form of MMP2 released by glioma cells and thereby facilitates the breakdown
of the extracellular matrix components and the escape and invasion of glioma cells
to other regions of the brain. Since TLR signaling in tumor-associated
macrophages promotes metastasis in different types of cancers, | wanted to
investigate if Toll-like receptor signaling is involved in the tumor-promoting effect

exerted by microglia on gliomas.

4.1. MT1-MMP expression in microglia is differentially regulated by
TLR sub-type specific ligands

The enhanced expression of MT1-MMP in glioma-associated microglial cells is
mediated by MyD88 and the activation of p38 MAPK (Markovic et al. 2009). Based
on this, | wanted to first identify if at all the Toll-like receptors were involved and
which TLR sub-type (s) might trigger MT1-MMP gene expression in glioma-
associated microglial cells.



RESULTS

To address this question, | stimulated primary microglia from C57BIl/6 WT mice
with ligands specific for TLR sub-types and compared the MT1-MMP expression in
ligand- versus GCM -stimulated microglia after 6 h. Microglial cells were incubated
with agonists or GCM for 6 h, and changes in gene expression of MT1-MMP were
assessed by semi-quantitative and qRT-PCR. MT1-MMP gene expression
changes were normalized to the expression of -Actin. Representative images

from 4 independent biological experiments are shown in figure 4.1 A and B.
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Figure 4. 1 Differential gene expression of MT1-MMP in microglia upon stimulation with TLR
ligands in vitro.

Toll-like receptor subtype specific ligands and GCM trigger and enhance MT1-MMP gene
expression in microglia from BI/6 WT mice. Microglia were stimulated with different concentrations
of ligands for 6 h and the fold changes in MT1-MMP expression were analyzed by semi-quantitative
(A) and quantitative RT-PCR (B) by the 2 A2 method relative to the house-keeping gene B-Actin.
In (A) amplicon size of MT1-MMP is 432 bp and {3 -Actin is 238 bp. In (B) values of MT1-MMP fold
changes are listed in the figure. Data are represented as mean +SEM, p<0.05(*) and p<0.01(**).
GCM (glioma conditioned medium), LPS (Lipopolysachcharide), M (Molecular weight marker).

PAGE| 60



RESULTS

The tri-acylated polypeptide ligand Pam3Csk4 that recognizes the TLR1/2
heterodimer induced a 3-fold (£0.075 SEM) increase in MT1-MMP expression at 6
h relative to the non-stimulated control while in the GCM-stimulated microglia there
was a 2.5-fold (x0.07 SEM) increase in MT1-MMP expression. MT1-MMP
expression in microglia cells was not significantly altered by TLR3 specific agonist
Poly (I:C), and resulted in a 1.4-fold (£0.051 SEM) increase in microglia treated
with TLR3 specific agonist Poly (I:C) after 6 h while with the TLR4 specific ligand
lipopolysaccharide (LPS) there was an insignificant but moderate upregulation in
MT1-MMP expression by 1.8-fold (£0.055 SEM) compared to the non-stimulated
control. Incubation with TLR 2/6 di-acylated polypeptide agonist MALP2 induced a
significant increase by 1.7 fold (£0.096 SEM) in MT1-MMP expression. Treatment
with TLR5-specific agonist Flagellin and TLR 7/8-specific PolyU resulted in no
change or caused down-regulation of MT1-MMP expression (not significant)
respectively. These results indicate a potential link between MT1-MMP expression
and toll-like receptor signaling and specify the role of one or more toll-like
receptor(s) in the microglia-glioma cross talk, particularly the TLR2 in association
with TLR 1 and/or 6.

4.2. Toll-like receptor 2 is required for inducing MT1-MMP expression
in glioma —associated microglia

Based on results using different receptor sub-type specific agonists on microglial
MT1-MMP expression, | wanted to further examine if Toll-like receptor 2-indeed
specifically mediated glioma-induced microglial MT1-MMP over-expression. To
address this question, | used two known TLR2 agonists apart from Pam3Csk4 to
stimulate primary microglia. The microglial cells were treated with the specific
agonists LPS from P. gingivalis (1 pg/ml) and HKLM (10° pg/ml) for 6 h and
subsequently analyzed for changes in expression levels of MT1-MMP by semi-
quantitative and gRT-PCR.
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Figure 4. 2 Upregulation in MT1-MMP gene expression in microglia after stimulation with
TLR2 ligands in vitro.

Microglia stimulated with TLR2 agonists LPS-PG and HKLM for 6 h showed a robust induction of
MT1-MMP gene expression as seen by semi-quantitative (A) and quantitative RT-PCR (B) by the 2
(A2 method relative to the house-keeping gene B-Actin. In (A) amplicon size of MT1-MMP is 432
bp and B -Actin is 238 bp. In (B) values of MT1-MMP fold changes are listed in the figure. Data are
represented as mean +SEM.GCM (glioma conditioned medium), LPS-PG (Lipopolysachcharide
from P.gingivalis), HKLM (Heat Killed Lysteria Monocytogenes), M (Molecular weight marker).

Based on these findings, | found that different TLR2 agonists induced varied levels
of up-regulation in MT1-MMP gene expression levels in microglia, thereby
indicating a link between TLR2 signaling and the activation of MT1-MMP gene
expression. These results indicated that MT1-MMP expression in microglia is

mediated via MyD88-dependent TLR2 signaling.

4.3. Deletion of the Toll-like receptor 2 reduced glioma-induced

microglial MT1-MMP expression in vitro

Since TLR2 ligands induced robust induction of MT1-MMP gene expression, |
wanted to examine the effect of silencing of TLR2 gene locus on glioma-induced
MT1-MMP over-expression in microglia. To address this question, | stimulated
primary microglia derived from C57BI/6 WT control and TLR2 KO mice with GCM
for 6 h and analyzed changes in MT1-MMP transcript levels by semi-quantitative
Figure 4.3 (A) and quantitative RT-PCRs (B). Indeed, knocking-out the TLR2 gene
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caused attenuation in MT1-MMP mRNA levels after stimulation with GCM as
observed through semi-quantitative (A) and quantitative RT-PCR analyses (B).
While in WT control microglia, there was a 2.5-fold amplification in MT1-MMP
expression after 6 h of stimulation with GCM, there was no observable
enhancement in MT1-MMP gene expression in TLR2 KO microglia stimulated with
GCM at either after 6 h.

Since TLR2 is known to dimerize with either TLR1 or TLR6 to mediate it's
signaling via the MyD88 adaptor molecule, primary microglial cells from TLR1 and
6 KO mice were stimulated with GCM for 6 h to investigate any putative alteration
in MT1-MMP gene expression by quantitative RT-PCR (Figure 4.3 C and D).

MT1-MMP expression was reduced in both TLR1 and 6 KO microglia stimulated
with GCM compared to WT microglia stimulated with GCM for 6 h (Figure 4 C and
D). While MT1-MMP expression was reduced both at 6 h in the GCM stimulated
TLR6 KO microglia compared to the non-stimulated TLR6 KO, there was a modest
but insignificant decrease in MT1-MMP expression at 6 h. This indicates a possible
role played by either TLR 1 or 6 or both along with TLR2 in mediating MT1-MMP

expression in glioma-associated microglia.
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Figure 4. 3 MT1-MMP expression is reduced in glioma-associated microglia cells from TLR2,
1 and 6 KO mice in vitro.

TLR2 is essential for inducing glioma-associated microglial MT1-MMP expression. Microglia from
BI/6 WT and TLR2 KO mice were stimulated with GCM for 6 h and MT1-MMP expression was
analyzed by semi-quantitative (A) and qRT-PCR (B) by the 2 A2 method relative to the house-
keeping gene B-Actin. MT1-MMP gene expression was also significantly reduced in GCM-
stimulated microglia from TLRs 1 and 6 KO mice as seen in (C) and (D). In (A) amplicon size of
MT1-MMP is 432 bp and B -Actin is 238 bp. In (B) the values of MT1-MMP fold changes are listed
in the figures. Data are represented as mean +SEM, p<0.05(*) and p<0.01(**).GCM (glioma
conditioned medium), M (Molecular weight marker).
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4.4. Glioma-induced MT1-MMP expression is not reduced in the
MyD88-dependent TLR7 KO microglia

In order to address if any other MyD88-dependent TLR is involved in up-regulating
MT1-MMP expression | also analyzed MT1-MMP expression in glioma-associated
microglia from TLR7 KO mice which were stimulated with GCM for 6 h and
changes in transcript levels of MT1-MMP were analyzed by gRT-PCR (A & B).
Interestingly, stimulation of TLR7 KO microglia with GCM did not cause any
decrease but rather a strong enhancement in MT1-MMP expression as compared

to the control non-stimulated microglia.
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Figure 4. 4 MT1-MMP expression is not affected in GCM-stimulated microglia from TLR7 KO
mice.

In microglia derived from TLR7 KO mice stimulation with GCM induced a robust MT1-MMP
expression compared to WT microglia as seen in (A). MT1-MMP expression was analyzed by qRT-
PCR by the 2 A2 method relative to the house-keeping gene 3-Actin. The values of MT1-MMP
fold changes are listed in the figures. Data are represented as mean +SD, GCM (glioma
conditioned medium), SD (Standard Deviation).

When primary microglial cells from TLR7 KO mice were stimulated with GCM,
there was an enhanced increase in MT1-MMP gene expression, indicating that
despite MyD88 being a common adaptor molecule that transduces signals via
different TLRs, the specific effect exerted by factor(s) released by glioma cells on
MT1-MMP expression in glioma-associated microglial cells is mediated by TLR2

and one or more of its heterodimeric partners.
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4.5. Reduction in MT1-MMP protein expression in TLR2 KO microglia
stimulated with glioma conditioned medium

To verify changes in MT1-MMP expression in TLR2 KO microglia stimulated with
GCM, | analyzed protein levels of MT1-MMP in TLR2 KO microglia after
stimulation with GCM for 6 h. Whole cell extracts were prepared and resolved by

western blotting and probed for detecting MT1-MMP protein expression.

As observed in Figure 4.5 (A) and quantified in (B), while GCM induced an up
regulation in MT1-MMP expression in C57BL/6 WT microglia, on the contrary it led
to a decrease in MT1-MMP in TLR2 KO microglia after 6 h.
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Figure 4. 5 MT1-MMP protein expression is also reduced in TLR2 microglia stimulated with
GCM.

MT1-MMP protein expression was also reduced in TLR2 KO microglia treated with GCM as
compared to WT controls on the western blot (A and B), indicating that TLR2 is required to mediate
glioma-induced MT1-MMP expression in microglia. GCM (glioma conditioned medium), KO (Knock-
out), kDa (Kilo Dalton).
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4.6. Toll-like receptor 2 interferes with glioma growth in an
organotypic brain slice culture model

In order to analyze if deletion of the TLR2 gene locus could have any significant
effect on glioma expansion in an ex vivo model of organotypic brain slice culture, |
injected EGFP labeled GL261 cells into the slices and analyzed the area occupied
by the glioma cells 5 days after injection. Moreover, in order to investigate the
knock-out effect of TLR2 in the brain sub-population of microglial cells on glioma
growth, | depleted microglial cells in the organotypic slices with liposomes-
encapsulated clodronate.
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Figure 4. 6 TLR2 interferes with glioma growth in an organotypic brain slice culture model.

TLR2 expressed by microglia contributes to tumor expansion in an ex vivo model of microglia-
glioma interaction. Organotypic brain slices from 16-day-old WT and TLR2 KO mice were
implanted with 5000 EGFP-GL261 glioma cells and the area occupied by the tumor cells was
measured stereologically after 5 days in microglia containing and depleted. Data are represented
as mean +SEM, p<0.05(*) and p<0.01(**). Scale bar is 10uM.

As expected, the area occupied by the glioma cells after 5 days post inoculation
into the organotypic brain slices was reduced in the TLR2 KO slices compared to
the slices from the wild-type mice as seen in (A). Further-more, ablation of
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microglia from the organotypic brain slices caused a significant reduction in the
tumor area occupied by glioma cells not just in the WT controls but also in the
slices from the TLR2 KO mice. Compared to the control organotypic brain slices,
microglia depleted slices from wild-type mice had a nearly 30% reduction in tumor
size (p=0.0031). Indeed, the knock-out of the TLR2 gene reduced the average size
occupied by glioma cells by nearly 33% (p=0.026) relative to tumor size in control
slices as seen in (B). This suggests the presence of additional TLR2-independent
cellular mechanisms sustaining glioma growth ex vivo. Overall, the data indicate
that TLR2 is an important mediator of tumor-promoting activity of microglia.
Statistical significance was analyzed by Wilcoxon sum-rank test and significance
was taken at p<0.05(*) and p<0.01(**).

4.7. The MT1-MMP expression in glioma-associated microglia is

reduced in vivo in TLR2 KO mice

In order to evaluate changes in MT1-MMP expression in vivo, adult C57Bl/6 WT
and TLR2 KO mice were intra-cranially implanted with GL261 glioma cells
expressing the red fluorophore mCherry. The tumors were allowed to grow for two
weeks and subsequently mice were sacrificed and the brain tissue was processed
for immunohistochemical analysis of MT1-MMP expression. The microglial cells
were identified by labeling with the microglia/macrophage- specific antibody

against Iba1.

The level of MT1-MMP labeling was increased in microglia in close proximity to the
tumor border and MT1-MMP immunoreactivity was particularly pronounced when
the microglia were in close contact with glioma cells in the control WT mice. In
contrast, the expression of MT1-MMP was significantly reduced in microglia in the
proximity to the tumor in TLR2 KO mice, at two weeks after tumor inoculation.
Furthermore, the density of microglia in the tumor boundary was decreased in the
TLR2 KO mice as compared to the WT mice.
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Figure 4. 7 Myd88-dependent TLR2 signaling mediates glioma-induced MT1-MMP
expression in vivo.

C57BI/6 WT and TLR2 KO mice were intra-cerebrally implanted with GI261 cells and brain tissues
were histochemically processed after 2 weeks of tumor growth. Glioma cells in the WT and TLR2
KO mice were identified by stable expression of mCherry (red), microglia/brain macrophages by the
expression of Iba1 (green) and MT1-MMP labeling was in blue (A, upper and lower panels). MT1-
MMP labeling intensity was quantified in WT and TLR2 KO mice around the tumor edge in both WT
and TLR2 KO mice from 3 random fields of interest in the tumor (B). Further-more microglia density
at the tumor-edge in WT and TLR2 KO mice was calculated as shown in (C). Phenotype of glioma-
associated microglia in WT mice was amoeboid while in TLR2 KO mice was more ramified (A;
insets). Data are represented as mean +SEM, p<0.05(*) and p<0.01(**). Scale bar is 50uM.
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To analyze the specificity of TLR2 signaling and MT1-MMP expression, | also
analyzed if any other MyD88 dependent TLR might also be involved. Adult
C57BIl/6 and TLR 7 and 9 KO mice were intra-cerebrally implanted with GL261
glioma tumors transfected for stable expression of EGFP. Tumors were allowed to
grow for two weeks, after which the mice were sacrificed and
immunohistochemical analysis to investigate MT1-MMP expression and tumor
expansion were done on the brain tissue samples. Microglia cells were detected
by the Iba1 antibody (in red) while MT1-MMP labeling was in blue (D & E).

Figure 4. 7 Myd88-dependent TLR7 an 9 signaling mediates glioma-induced increase in MT1-
MMP expression in vivo. Scale bar is 50uM.

PAGE| 70



RESULTS

4.8. Deletion of TLR2 led to reduction in glioma expansion

In order to investigate how deletion of the TLR2 gene locus might affect the tumor
expansion in vivo, 2 groups of adult C57Bl/6 WT and TLR2 KO mice were

implanted with tumors and analyzed after 3 weeks of tumor growth.

The first group of mice was analyzed for changes in tumor sizes by the Cavalieri
principle while the second group of mice was analyzed by MR Imaging.
Representative pictures used for both the methods are shown in (A & B).
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Figure 4. 8 Deletion of TLR2 gene locus results in reduced tumor expansion in glioma
implanted mice.
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The knock-out of TLR2 gene locus impacts tumor expansion in vivo. Mouse GL261 cells were intra-
cerebrally implanted into two groups of TLR2 KO and BI/6 WT mice. The changes in tumor volumes
were analyzed in these groups by two different approaches- 1) by unbiased stereolgy and 2) by
MRI scanning. For the stereological method, the WT and TLR2 KO mice (n=8/group, total 16) were
implanted with GL261 tumors and histochemically processed for measuring tumor volumes after 14
days of tumor implantation. The brains sections were stained for Heamtoxylin & Eosin and tumor
areas were measured according to the Cavalieri’s principle as shown in (A). Scale bar is 500pM.
For the second approach (B), GI261 cells were implanted into WT and TLR2 KO mice (n=11/group,
total 22) and tumor volumes were measured after 21 days by MRI. A representative MRI T,-
weighted image of a hyper-intense tumor (delineated by dotted black circle) from WT and TLR2 KO
mice is shown in (B). Data are represented as mean +SEM, p<0.05(*) and p<0.01(**).

4.9. TLR2 KO mice implanted with glioma tumors had improved

chances of survival

Since MT1-MMP expression was reduced in TLR2 KO mice compared to C57BI/6
WT mice with a concomitant reduction in the tumor volume, | investigated if
deletion of the TLR2 gene locus could enhance survival in mice implanted with

glioma tumors.

To address this aspect, ten adult C57BI/6 WT and ten TLR 2 KO mice were
inoculated with GL261 glioma tumors and the mice were monitored until the end
point of the experiment, ie. time at which one or more mice survived. Based on the
results obtained, the cumulative survival period for the BI/6 WT and TLR2 KO mice
was calculated at 59 days. As expected, TLR2 KO mice intra-cranially inoculated
with gliomas showed a marginal but significant survival rate (p=0.039) compared
to the BI/6 WT counterparts

Figure 4. 9 Deletion of the TLR2 locus
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RESULTS (PROJECT 2)

The project to investigate the role of Minocycline on glioma-microglia interaction
was done by Darko Markovic and me and the results are published in a short
communication with equal shared first authorship.

Pharmacological intervention of the microglia-glioma interaction
by Minocycline

Microglia play a crucial role in supporting the growth and invasion of glioma tumors
by various molecular and cellular mechanisms as has been reported by several
investigators (Badie et al. 1999)The infiltrative nature of gliomas is a major
concern and one way of overcoming it is to intervene with the microglia-glioma

interaction by different genetic and pharmacologic approaches.

Minocycline, a second generation tetracycline derivative with a broad-spectrum
antimicrobial activity, is a good drug candidate to interfere with the microglia-
glioma communication. Minocycline can effectively cross the blood brain barrier
and inactivate all forms of microglial cell activation and function. Moreover,
Minocyclinecycline has also been reported to abrogate activity of function of
several MMPs, including MMP2 and MMP9 and can also prevent activation of the
MAPKSs. Thus, Minocycline has the ability to confer neuroprotection under normal
and pathological conditions.

4.10. Minocycline blunts the pro-tumorigenic effect of microglial MT1-
MMP expression in gliomas

From previous studies (Markovic et al 2009), it has been shown that soluble
factor(s) produced by glioma cells attract and recruit microglia in and around the
tumors to promote invasion, proliferation and growth. Hence, to test if Minocycline
would interfere in vitro with the increase in MT1-MMP expression and activity in
microglia after treatment with glioma conditioned medium (GCM), primary
microglia derived from C57BI/6 WT mice were stimulated for 3 and 6 h with GCM
and/or only complete growth medium containing 200 nM Minocycline.
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From pilot in vitro experiments on primary microglia, the optimal working
concentration of Minocycline was determined to be 200 nM (IC or Inhibitory
Concentration of Minocycline at which it did not cause any adverse effects on the

cells in vitro but induced reduction in release of pro-inflammatory cytokines).

Microglial cells were first pre-incubated for 30 min with 200 nM Minocycline and
then co-incubated with Minocycline and GCM together. Total RNA was isolated
from Minocycline treated microglia and reverse transcribed into cDNA. Any
changes in MT1-MMP expression and activity due to Minocycline treatment were
analyzed through semi-quantitative RT-PCR, qRT-PCR, western blotting and a
MT1-MMP activity assay.

Drug treatment with Minocycline indeed led to alterations in GCM-induced
microgial MT1-MMP gene expression at 3 and 6 h as observed by semi-
quantitative (Figure 4-2-1 A) and quantitative RT-PCRs (Figure 4-2-1 B).
Stimulation of microglia with GCM lead to an increase in MT1-MMP expression at
3 and 6 h compared to the control condition as seen in (A). However co-treatment
of microglia with GCM and Minocycline lead to a complete abrogation of MT1-
MMP gene expression. Moreover, a similar effect was observed by quantitative
RT-PCR (B). An average 2-fold up-regulation in MT1-MMP gene expression was
detected at 6 h after GCM stimulation which was further reduced to near baseline
expression upon treatment with Minocycline (B).

Further-more, | wanted to investigate if Minocycline induced similar effects on
MT1-MMP expression as seen at the mRNA level by comparing changes at
protein levels. In order to address this, | stimulated microglia from C57BI/6 WT
mice with GCM in the presence and absence of 200 nM Minocycline for 3 and 6 h.
Whole cell protein extracts from microglia stimulated with GCM alone or GCM and

Minocycline were analyzed by western blotting for MT1-MMP protein expression.
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Figure 4. 10 Minocycline abrogates GCM induced-MT1-MMP gene expression in microglia.

(A) Semi-quantitative PCR analysis of MT1-MMP expression revealed changes in primary microglia
stimulated with GCM alone or GCM and Minocycline after 3 and 6 h. MT1-MMP gene expression
was reduced when microglia were stimulated with GCM containing 200 nM Minocycline. This was
also corroborated through gRT-PCR analysis as seen in (B) where GCM treatment for 6 h alone
lead up to a 2-fold increase in microglial MT1-MMP expression. After GCM stimulation together
with Minocycline, the over-expression of MT1-MMP was abrogated and reduced to near basal

levels.
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GCM-induced increase in MT1-MMP expression in microglia is blunted by Minocycline.

(C) Immunoblot analysis of MT1-MMP expression revealed differences in protein expression in
primary microglia stimulated with GCM alone or GCM and 200 nM Minocycline after 3 and 6 h.
While GCM induced an increase in expression of the active form of MT1-MMP after 3 and 6 h as
compared to control microglia, Minocycline the formation of the active MT1-MMP after 3 and 6 h
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(57 kDa band, arrowhead). Thus, Minocycline effectively interfered with GCM- stimulated microglial
MT1-MMP expression.

As observed with the RT-PCR analysis, | found a similar enhanced MT1-MMP
expression after 3 and 6 h of treatment with GCM. However, western blot analysis
of the whole cell protein extracts revealed a decrease in MT1-MMP expression
after they were stimulated with GCM and Minocycline together. GCM induced an
increase in MT1-MMP expression after 6 h whereas co-treatment with 200 nM
Minocycline prevented an increase in MT1-MMP expression as demonstrated by a
decreased amount of active MT1-MMP product as seen in figure (C). This
indicated a decreased turnover of MT1-MMP upon Minocycline treatment in

microglia exposed to GCM.

Since Minocycline hindered the increase in MT1-MMP gene and protein
expressions in primary microglia stimulated with GCM, | wanted to investigate if
Minocycline could influence the activity of GCM-induced MT1-MMP in microglia.

Primary microglia from BI/6WT mice were treated in a similar manner as explained
earlier for 3 and 6 h. After the end-point of the experiment, the microglia cells were
lysed and supernatants collected and analyzed by an ELISA-based MT1-MMP
activity which measured the release of active MT1-MMP from biological samples in
a 96-well plate format. Active MT1-MMP was normalized to controls (i.e., the
baseline activity was measured in Minocycline non-treated control microglia). A *

significance was assessed at p <0.05 and ** significance at p <0.01.
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Minocycline reduces GCM-induced increase in MT1-MMP activity in microglia.

The MT1-MMP activity in microglia was significantly elevated after incubation with GCM (D).The
enzymatic activity increased by 220% and 217% after 3 and 6 h respectively. The difference in
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MT1-MMP activity between 3 and 6 h stimulation with GCM was however not significant and could
be attributed to a saturation level reached towards the end of the assay. In the presence of
Minocycline however, GCM no longer stimulated MT1-MMP activity in microglia and caused a
significant reduction in MT1-MMP activity to 51% and 73% after 3 and 6 h respectively as
compared to untreated control microglia. Image courtesy Darko Markovic.

Microglia stimulated with GCM for 3 and 6 h released significant amounts of active
MT1-MMP. But co-treatment of the microglia with GCM and 200 nM Minocycline
led to a major reduction in the release of active MT1-MMP from microglia cells as
seen in (D). The MT1-MMP activity assay hence confirmed the results from the
MRNA and protein expression experiments, namely an increase in microglial MT1-

MMP activity after GCM treatment is inhibited by treatment with Minocycline

4.11. Minocycline interferes with glioma growth ex vivo

Based on the results from in vitro experiments using Minocycline, the next

question to investigate was if Minocycline interfered with glioma expansion.

To address this question, organotypic brain slices (OBS) from 16 day old male BI/6
WT mice were injected with EGFP labeled GL261 cells and subsequently analyzed
for the area occupied by glioma cells after 5 days of inoculation. Cell-specific
effect of Minocycline, mainly effect on microglia cells, was examined in two groups
of OBS- microglia containing OBS and microglia-depleted OBS. Microglia were
depleted by application of liposome encapsulated clodronate to organotypic brain
slices. GL261 cells were inoculated after complete ablation of microglia in these

organotypic brain slices according a previous protocol (Markovic, D 2005, 2009).

The results revealed that Minocycline treatment reduced the average tumor size
occupied by glioma cells to 57% as compared to non-treated control slices.
Compared to control slices, microglia depletion resulted in a reduction of tumor
size to 58%. However, Minocycline alone did not drastically affect tumor size in
microglia depleted slices and the effect it exerted was similar to the one seen in
microglia-depleted slices without Minocycline treatment, namely a reduction of
56% in tumor size. These results indicated that Minocycline acts via microglia
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closely associated with glioma tumors and thereby leads to a reduction in the

tumor-promoting activity of microglia cells.
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Figure 4. 11 Minocycline interferes with tumor growth and expansion ex vivo.

The effect of Minocycline on the growth of glioma tumor was assessed in an organotypic brain slice
model. The brain slices were inoculated with GL261 glioma cells and the relative tumor sizes were
measured in control and microglia depleted brain slices, with and without Minocycline treatment. By
keeping tumor sizes in control slices to 100%, it was observed that Minocycline treatment caused a
significant reduction in tumor size to nearly 60% relative to control. Image courtesy Darko Markovic.

4.12. Oral administration of Minocycline reduced glioma growth in
vivo
Since Minocycline treatment in ex vivo organotypic brain slice cultures lead to a

reduction in microglia-associated glioma growth, it was imperative to investigate if

the same was true in the in vivo situation.

To approach this question, experimental gliomas were intra-cerebrally implanted
into brains of 30-day old C57BI/6 WT mice by stereotactic injection of EGFP
labeled GL261 cells. The tumors were allowed to grow for two weeks after which
the mice were sacrificed to analyze changes in tumor volumes associated after
treatment with Minocycline. Oral administration of Minocycline through drinking
water was preferred over daily intra-peritonial injections of Minocycline as the
former approach minimized the extreme stress inflicted on the tumor-bearing mice

which is unavoidable in the latter route of drug delivery.
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Further-more, two different experimental designs were used to orally administer
Minocycline to the mice. In the first type (group 1), C57BIl/6 WT mice were
provided Minocycline immediately on the same day after glioma tumor implantation
for the rest of the two week period. In the second approach (group 2), the
implanted glioma tumors in BI/6 WT mice were allowed to grow for one week after
which the mice were orally administered Minocycline for the entire two weeks of
the experiment. In both the approaches the drug was always prepared freshly in
drinking water at a dosage of 10 ng/ml and administered to the mice while the
control group received only pure drinking water. Mice were sacrificed after two
weeks of Minocycline administration and the tumor volumes were estimated by

unbiased Cavalieri method using the Stereo Investigator ® software.
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Figure 4. 12 Minocycline interferes with tumor expansion in a mouse model of experimental
glioma in vivo.

The in vivo administration of Minocycline resulted in a decrease of tumor volume relative to the
control group. Two groups of mice (control and experimental) were implanted with EGFP-GL261
glioma cells. While one group was administered Minocycline through drinking water from day 0 post
tumor-implantation, the other group was administered Minocycline 1 week after tumor injection. In
both groups, the relative volume of the tumor was significantly reduced upon Minocycline treatment
as compared to the controls. Data are represented as mean tumor volumes, significance was
calculated at p <0.01. Image courtesy Darko Markovic.
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In mice that received Minocycline during the entire period of tumor growth (group 1), the
difference in average tumor volume was strongly reduced to 1.05 mm’ as compared to 4.71
mm® in the control group (A). Also in the group 2 mice, Minocycline significantly reduced
glioma growth to 4.07 mm’ as compared to control mice where the average tumor volume
was 7.52 mm’ (B). Thus, based on the results from this study, Minocycline treatment
resulted in decreased glioma growth in an experimental glioma mouse model, even in a
situation when Minocycline was applied at a later time point during tumor growth, thus
mimicking a clinical state where a patient already presents a tumor before receiving any

form of treatment.

4.13. MT1-MMP expression in glioma-associated microglia is

reduced after Minocycline administration in vivo

The final goal of the project was to examine if the in vitro effect of Minocycline on
MT1-MMP expression in glioma-associated microglia was reproducible. For this
purpose, six-week old adult BI/6 WT mice were intra-cranially injected with EGFP-
GL261 cells; tumors were allowed to g row for two weeks and were orally
administered with Minocycline in parallel.

The mice received 10 ng/ml Minocycline dissolved in drinking water daily for the
entire two week period of tumor growth. After two weeks, the mice were sacrificed
and the brain tissues were processed for immunohistochemical analysis of MT1-
MMP expression. Microglia cells were identified by the expression of the
microglia/macrophage-specific Iba1 antibody. MT1-MMP labeling was increased
greatly in microglia cells which were in close proximity to the tumor border in the
control WT mice. However in contrast, the expression of MT1-MMP in microglia
closely associated with the invasive edge of the tumor was significantly reduced in
mice which had received Minocycline through drinking water compared to control
animals which received plain drinking water (Figure 4.13).
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Figure 4. 13 Minocycline abrogates MT1-MMP expression in glioma-associated microglia in
vivo.
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Microglia cells labeled for Iba1 (in red) aggregated less at the tumor boundary after Minocycline
treatment. MT1-MMP labeling shown in brown is less intense in the microglia cells associated with
gliomas in Minocycline administered mice. A representative picture of the immunolabeling from the
experimental and control mice is shown in this figure. Scale bar is 500 ym. Image courtesy Darko
Markovic.

Most importantly, the in vivo administration of Minocycline not only reduced MT1-
MMP expression in mice compared to the control mice but also lead to the
simultaneous decrease in tumor size. Thus, the demonstrated downregulation of
MT1-MMP in vivo furthermore indicated the strong therapeutical effect of
continuous Minocycline treatment. Hence, in the glioma bearing mice treated with
Minocycline, the MT1-MMP expression in microglia was lower as compared to the

enhanced expression observed in control mice
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5. DISCUSSION

Malignant astrocytic tumors (Glioblastoma multiformae; high grade or WHO grade
IV gliomas) are the deadliest and most aggressive cancers arising in the CNS. Al
forms of current therapies have had limited success due to the complexity and
heterogeneity of these tumors. Tumor progression to the malignant phenotype is
greatly dependent on the permissive action of the microenvironment consisting of
immune and non-immune cells like macrophages, dendritic cells, stromal,
epithelial cells etc. The dynamic interaction between tumors and these cell types
renders a huge support to several cellular features associated with tumor
migration, survival, proliferation, angiogenesis, inflammation, metastasis, evasion
of immune responses, resistance to apoptosis and invasion (Yu et al 2007;
Hanahan and Weinberg 2011). One critical factor regulated by the tumor
microenvironment, specifically by the brain macrophages or microglia, is the
production of various pericellular milieu altering proteases like MMPs and their
inhibitors (TIMPs). Previous studies have shown the association of such MMPs
like MMP2 and MT1-MMP with enhanced glioma tumorigenicity (Markovic D et al
2005, 2009).

Gliomas are infiltrated with large number of microglia cells that constitute a major
cell population of tumor microenvironment. Malignant gliomas are paradigmatic
tumors because of their “immune privilege”. They have devised multiple
mechanisms to escape immune attack by secretion of several cytokines such as
transforming growth factor-R (TGF-R) and vascular endothelial growth factor
(VEGF), which impair both antigen presenting capacity of immune cells and also
tumor specific T-cell immunity (Vicari et al 2002). The balance between
immunosuppressive and immunostimulatory signals in aggressive gliomas must be
altered in order to facilitate tumor cell recognition and an effective anti-tumor

response by microglia.

Toll-like receptors are a class of pattern recognition receptors best known for their
role in host defense responses against microbial components. Emerging evidence
also ascribes a role for the TLRs in maintaining tissue homeostasis by regulating
inflammatory and tissue repair responses to injury or trauma in the host (Nahoum
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and Medzhitov 2009; Yu Li et al 2011 ). Recent studies also focus on the role of
the TLR signaling in contributing to neoplastic advancement and progression
(Huang B et al 2008; Matijevic and Pavelic 2010). Moreover, pharmacological
intervention using drugs such as Minocycline, to inhibit microglia-glioma interaction
could offer new benefits to glioma patients in terms of better prognosis and

survival.

PROJECT 1

5.1. Microglial TLR signaling is required for glioma growth and

progression

Mammalian TLRs are sentinels of the immune system and were first identified in
1997 based on their homology with Drosophila Toll, and recognize diverse
microbial pathogens to induce innate immune responses (Hanke and Kielian
2011). They are evolutionarily conserved type | integral membrane glycoproteins
expressed in both immune and non-immune cells(Akira 2006). Recognition of
conserved molecular patterns by TLRs (pathogen-associated molecular patterns
or PAMPS), which are shared by large groups of microorganisms, induces a
signaling response that leads to the production of several cytokines and
inflammatory mediators that impact tissue homeostasis and pathology (Akira
2006). Moreover, TLRs also play a crucial role in non-infectious diseases/injuries
and may generally serve to monitor the “well-being” in tissues (Johnson et al.
2003). Microglia are the predominant TLR expressing cells in the CNS (Olson and
Miller 2004), and are constantly scanning the brain for pathological insults and
damage (Nimmerjahn et al. 2005). Furthermore, our present study shows that
microglia cells receive inputs from glioma cells via TLRs expressed on their

membranes.

Gliomas can constitutively release heat-shock proteins, high mobility group box 1
protein and hyluronan (Guzhova et al. 2001; Tsan and Gao 2004) and these
factor(s) have been shown to stimulate TLRs (Aravalli et al. 2008). In fact, there is
a high probability of one or more of these soluble factor(s) to be found in our GCM,
which was used to stimulate microglial MT1-MMP expression in vitro. Moreover, in
vivo TLRs can also be activated by factors liberated due to sterile inflammation,
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hypoxia or necrosis, which are frequent events associated with malignant and
invasive gliomas. Additionally, TLR-signaling can be activated through degradation
of the extracellular matrix (Johnson et al. 2003). In gliomas, this may lead to the
generation of a vicious cycle, in which TLRs induce and enhance
metalloproteinase activity that in turn leads to a positive regulation of the TLR
signaling, bolstering glioma pathology.

Our previous study has shown that GCM upregulated microglial MT1-MMP
expression and activity via the TLR-adaptor MyD88 and subsequent activation of
the p38 mitogen activated protein kinase (MAPK) pathway, which is in agreement
with studies showing that p38 MAPK activation is induced downstream of TLR and
MyD88-signalling (Watters et al. 2007) and that MT1-MMP expression is regulated
through p38 MAPK (Boyd et al. 2005; Munshi et al. 2004). Moreover, in our
present study we found that stimulation of microglia with different agonists for
specific TLR sub-types like 1/2, 3, 4, 5, 6/2 and 7/8 induced a differential response
of MT1-MMP gene expression after 6 h of treatment. While TLR1/2 agonist
Pams;Csk,s induced a 3.5 fold upregulation in MT1-MMP expression after 6 h
compared to the un-stimulated control and GCM stimulated control, the other
agonists of TLRs like LPS (TLR4) and MALP2 (TLR6/2) induced a modest
increase of around 2 fold after 6 h stimulation or a slight decrease (Flagellin for
TLRS and Poly (U) for TLRs7/8) in MT1-MMP gene expression.

| then asked if TLR2 alone or in combination with other accessory TLR molecules
could induce MT1-MMP expression in glioma-associated microglia cells and
contribute to the disease progression and invasion. Moreover, lung carcinoma
produced soluble factors activate cells of myeloid origin via TLR2 to contribute to
metastasis according to a study by Kim et al (Kim et al. 2009).

When the gene for TLR2 locus was knocked out, microglia showed a decrease in
MT1-MMP gene expression after stimulation with GCM compared to non-
stimulated WT control microglia, indicating a possible role of TLR2 upstream of
MyD88-induced activation of MT1-MMP in glioma-associated microglia cells.
Similarly, microglia derived from TLRs 1 and 6 KO mice when stimulated with
GCM showed a reduction in MT1-MMP expression after 6 h as compared to the

WT un-stimulated and GCM —treated counterpart microglia. Since TLR2 mediates
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its intracellular signaling in a MyD88-dependent manner by heterodimerizing either
with TLRs 1 or 6 to broaden its ligand spectrum (Farhat et al. 2008), based on my
gRT-PCR results, | hypothesized that TLRs 1 and 6 along with TLR2 may play
differential roles, depending on specific and perhaps common stimuli derived from
glioma cells, to enhance MT1-MMP expression in glioma-associated microglia.
When BI/6 WT and TLR2 KO microglia stimulated with GCM for 6 h were analyzed
by immunoblotting for MT1-MMP protein expression, there was a marked
reduction in the formation of the activated 57kDa form of the pro-form of MT1-
MMP, at 6 h in the TLR2 KO microglia compared to the control and GCM-
stimulated WT microglia.

The depletion of microglia via clodronate treatment of organotypic brain slices
derived from BI/6 WT and TLR2 KO mice highlighted the importance of microglia in
mediating glioma tumor expansion in vivo. Interestingly, while deletion of the TLR2
gene locus alone led to a significant reduction in tumor growth ex vivo, the ablation
of microglia in these slices also modestly complemented the TLR2 gene locus
knockout in terms of the reduction in tumor expansion in these organotypic brain
slices. In the in vivo situation, the TLR2 KO mice formed smaller tumors compared
to their WT littermate controls 2 weeks post tumor implantation. Furthermore there
was a marked reduction in MT1-MMP expression in the tumors formed in the TLR2
KO mice as compared to the WT mice, indicating perhaps a reduction in invasive
potential of these tumors in the TLR2 KO mice compared to the WT mice

The data from this study highlight the observations that gliomas control tumor
associated microglial cells via TLR signalling to increase MT1-MMP expression
mediated effects and thereby support glioma expansion. Our results suggest that
the glioma supportive role of microglia cells is extensive and emphasizes their role
as an important target of novel brain tumor therapies. Therapeutic TLR blockade,
which may be achieved with TLR subtype specific antagonists and/or blocking
antibodies and/or drugs like Minocycline (Markovic et al. 2011) or Propentofylline
(Jacobs et al.) could serve as future tools to attenuate microglia-assisted glioma

progression.

Tumor growth and progression has long been associated with inflammation. Often

increased macrophage density in solid tumors has been linked to poor prognosis.
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Cancer is a disease linked to the inherent loss of normal tissue homeostasis and
perpetual tissue stress and damage (Chang 2004; Dvorak 1986). Among the
signals that perpetuate tissue damage are endogenously released TLR ligands.
Several scientific studies point out to the classical protective functions of the Toll-
like Receptor signaling against the devastating effects of various pathogens and
damage-associated molecular patterns. However, recent research studies in
different murine models of carcinoma revealed that the TLR signaling can also
lead to tumor progression and metastasis (Harmey et al. 2002; Luo et al. 2004),
and that the signaling was dependent on tumor-supportive cell types, namely the
tumor-associated macrophages or TAMs. Although the exact role of these tumor-
associated macrophages is yet to be clearly characterized, their presence within
the tumor is linked to a worse clinical prognosis in a majority of tumor types (REF).
Unfortunately, very few tumor-derived TLR ligands that activate TAMS to promote
tumor progression and metastasis have been identified and characterized till date.
Since macrophages are normally linked to the restoration of tissue integrity and
homeostasis after tissue damage, many tumors exploit them for the soluble factors
that promote tumor growth, angiogenesis and metastasis.

Initial studies that investigated the tumor-promoting role of TLR signaling used
exogenous and synthetic TLR ligands. However, recent studies focus more on the
role of microbial infections on tumorigenesis. A classic example is the effect of
chronic Helicobacter pylori infection on the development of gastric cancer.
Another study by Huang et al. in 2007 (Huang et al. 2007) found that the Gram-
positive bacterium Listeria monocytogenes when injected into ectopically
implanted H22 hepatocellular carcinoma cells lead to the growth and formation of
large tumors, an effect that could be abrogated by silencing TLR2 but not TLR4
expression. Moreover, a study by Rakoff-Nahoum and Medzhitov in 2007 (Rakoff-
Nahoum and Medzhitov 2007) showed that the crucial MyD88 signaling is
important for tumor progression but not initiation in a chemical carcinogenesis
model of interstitial tumorigenesis. A study by Kim et al. in 2009 (Kim et al. 2009)
showed that the extracellular matrix protein versican produced by Lewis lung
carcinoma cells induced the secretion of IL-6 and TNFa by macrophages through
the TLR2/TLRG6 signaling pathway and that abrogation of the TLR2/TLR6- MyD88
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pathway enhanced survival and reduced metastases in a murine model of lung

cancer.
PROJECT 2

5.2. Minocycline serves as a potential therapeutic candidate for

glioma treatment

Previous studies have shown that microglia can promote tumor growth and
invasion through various molecular and cellular mechanisms, one of which
includes MT1-MMP expression in glioma-associated microglia cells (Markovic et
al. 2009). In the present study, it was observed that Minocycline, a medically
approved antibiotic, blunts the pro-tumorigenic effect of glioma associated
microglia. Minocycline has been reported to block p38 MAP kinase activation in
microglia (Nikodemova et al. 2006). From a previous report by Markovic, D. et al in
2009, it was shown that the upregulation of MT1-MMP is dependent on the p38

MAP kinase activation.

In an animal model of multiple sclerosis, Minocycline inhibited MMP activity,
reduced production of MMP-9 and decreased the transmigration of T lymphocytes
(Brundula et al. 2002). In vivo studies on intra-cerebral hemorrhage in rodents
demonstrated that MMP-2 and MMP-9 (Machado et al. 2006) and MMP-12 (Power
et al. 2003) are downregulated and inhibited in their activity and expression after
treatment with Minocycline. Moreover, Minocycline can also affect other microglia
cell functions since it was previously reported that it is also capable of suppressing
chemokine secretion (Kremlev et al. 2004). The microglial MT1-MMP over-
expression may not only promote glioma invasion, but may also contribute to

revascularization of the tumor (Belien et al. 1999).

Recent findings suggest that Minocycline can be neuroprotective and anti-
inflammatory in various neurodegenerative disorders (Yong et al. 2004). The
neuroprotective action of Minocycline may include its inhibitory effect on 5-
lipoxygenase, an inflammatory enzyme associated with brain aging, and is being
studied for its therapeutic use in Alzheimer disease patients (Seabrook et al.
2006). Minocycline also confers neuroprotection in mouse models of amyotrophic
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lateral sclerosis (Kriz et al. 2002) and Huntington's disease (Chen et al. 2002b;
Wang et al. 2003) and has recently been shown to stabilize the course of
Huntington's disease in humans over a 2-year period (Chen et al. 2002a). Based
on results from the present study implies, Minocycline can target the pro-
tumorigenic effect of glioma associated microglia and may thus serve as a
potential candidate to concomitant adjuvant therapies along with current treatment

modalities in glioma patients.
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6. FUTURE OUTLOOK

Results from the current experimental glioma mouse model have highlighted two
aspects of microglia- glioma cross talk. One part demonstrated the importance of
TLR signaling in glioma-associated microglia cells, in particular TLR2 along with
TLR1 and/or TLRG6 in contributing to glioma invasion and expansion. Deletion of
the gene loci of these receptors led to a simultaneous reduction in microglial MT1-
MMP expression and also a decrease in tumor expansion, pointing out to their
contribution to glioma growth and invasion. In the second part, the broad-spectrum
antibiotic Minocycline could effectively reduce an increase in MT1-MMP
expression and activity in glioma-associated microglia and also resulted in the
formation of smaller tumors, thus underscoring its importance as a potential drug
to be used in combination with alternate strategies to treat gliomas. Although the
exact molecular mechanism of Minocycline action remains unclear, it is tempting to
speculate a link between TLR signaling and Minocycline in inhibiting glioma-
associated microglial MT1-MMP expression and glioma expansion based on

recent studies by ( Ref).

Future studies that would explore various aspects of TLR signaling in the context
of tumor-promoting capabilities could hold a huge promise for clinical studies in
human glioma patients. A better understanding of the role of microglial TLRs in

glioma growth and invasion could be done by:

1. Isolating tumor-associated microglia/macrophages from TLR1, 2, 6, 7 and 9 KO
mice implanted with GL261 tumors by Magnetic Associated Cell Sorting (MACS)
and profiling them for MT1-MMP expression (QRT-PCRs, Western blots, activity
assays) in comparison to microglia isolated from tumors implanted into wild-type

mice.

2. To generate TLR1/2 and TLR2/6 double-knock out mice and investigate the
effect of gliomas on MT1-MMP expression in microglia derived from these mice in

vitro (QRT-PCRs, Western blots, activity assays).

3. To investigate if the heterodimerization of TLR1/2 and/ or TLR2/6 in these
double knock-out mice could impact MT1-MMP expression in tumor-associated

microglia and overall tumor expansion in vivo.



4. To identify putative TLR2 ligand(s) produced by glioma cells that induce MT1-
MMP over-expression in microglia using different biochemical and mass
spectrometry approaches.

5. To investigate the role of antagonists, small molecule inhibitors, blocking
antibodies in vivo on the TLR2 signaling pathway as an alternative to immune-

based strategies for abrogating tumor-supportive role of microglia.

A major challenge for the future would be to dissect the outcome of TLR
stimulation of tumor initiation and progression. But targeting the TLRs is not so
straight-forward since activation of TLR signaling may aid tumor development and
progression. But harnessing the benefits of TLRs and Minocycline as effective
anti-cancer adjuvants could open new avenues in the field of glioma

immunotherapy and design of tumor vaccines.
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7. SUMMARY

Malignant gliomas are aggressive tumors of the CNS and offer a poor prognosis
with a median survival period of 12 months after diagnosis. Gliomas are highly
resistant to apoptosis, escape immune surveillance, invade and expand in healthy
brain parenchyma. Glioma infiltration is mainly facilitated by brain immune cells or
microglia. Soluble factor(s) released by glioma cells attract microglia cells in and
around the tumor vicinity to aid glioma diffusion. Infiltration of gliomas into
parenchyma is further-more mediated by the action of extracellular matrix
degrading enzymes like matrix metalloproteases (MMPs). Metalloproteases are
secreted into the extracellular space as inactive pro-forms that are activated by
membrane anchored metalloproteases or by autocatalysis. Glioma cells produce
pro-MMP2 which is catalytically processed and activated by a membrane
anchored MMP called MT1-MMP that is produced by microglia cells. Thus, glioma-
associated microglia cells play a pro-neoplastic role by regulating the activity and
expression of MT1-MMP via recruitment of Toll-like-receptor adaptor molecule
MyD88 and stimulation of p38 MAPK pathway.

Project 1: The exact molecular mechanism by which gliomas induce MyD88
dependent-MT1-MMP over-expression in microglia via TLRs was unknown so far.
Here for the first time, it is reported that glioma-released factor(s) induce MT1-
MMP over-expression in microglia via the Toll-like receptor 2 (TLR2), possibly in
association with its heterodimeric partners TLR1 and/or TLR6. Receptor sub-type
specific ligands of TLRs induced variable changes in MT1-MMP gene expression,
with TLR1/2 specific ligand Pam3Csk4 inducing the highest upregulation as
compared to other agonists. Deletion of TLR2 gene caused an inhibition in MT1-
MMP gene over-expression in microglia exposed to glioma conditioned medium
(GCM) in vitro. Microglia derived from TLR1 and 6 knock-out mice also responded
with a reduced MT1-MMP expression after stimulation with GCM. Knock-out of
TLR7 and 9 gene loci did not decrease the GCM-induced MT1-MMP expression in
other MyD88-dependent TLRs. Most importantly, a significant abrogation in MT1-
MMP expression and reduction in tumor expansion were also observed in TLR2
knock-out mice intra-cerebrally implanted with tumors. Further-more, ablation of
the TLR2 gene locus also led to a marginal but significant improvement of survival



in glioma-implanted TLR2 KO mice as compared to wild-type mice. These results
highlight for the first time the role of TLR2, in association with either or both TLRs
1 and 6, in glioma-induced MT1-MMP over-expression in microglia cells. Targeting
the TLR2 pathway could thus offer new insights into the molecular basis of

microglia-promoted glioma development and evolution.

Project 2: Pharmacological intervention of microglia-glioma cross-talk using the
broad spectrum antibiotic and anti-inflammatory drug Minocycline yielded
encouraging results to support the development of anti-tumorigenic strategies to
limit glioma invasion and growth. Minocycline, a second-generation derivative of
the antibiotic tetracycline, and a blocker of microglia activation and p38 MAPK
signaling could effectively abrogate glioma-induced MT1-MMP over-expression
and activity in microglia at the mRNA and protein expression levels. When
Minocycline was administered to ex vivo organotypic brain slice cultures inoculated
with glioma cells, a significant decrease in tumor expansion was observed. An
effect of Minocycline was not observed in microglia-depleted slices, emphasizing
its specific effect on microglia cell sub-population. The in vivo oral administration of
Minocycline not only led to a reduction in tumor expansion but also caused a
decrease in MT1-MMP expression, suggesting that it could serve as a potential

drug to target glioma-microglia interaction.

In summary, this study has highlighted the molecular mechanism of glioma-
induced MT1-MMP over-expression in microglia via the MyD88-dependent TLR2
signaling pathway and also the promising use of Minocycline as adjuvant therapy

to existing treatment modalities of malignant gliomas.
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8. ZUSAMMENFASSUNG

Bosartige Gliome sind aggressive Tumore des zentralen Nervensystems (ZNS)
und Patienten haben trotz bestmoglicher Behandlung nur eine durchschnittliche
Uberlebenszeit von 12 Monaten nach der Diagnose. Gliome sind sehr resistent
gegen programmierten Zelltod, entziehen sich der Immunabwehr und dringen ins
gesunde Hirnparenchym ein, was eine chirurgische Entfernung erschwert. Die
Ausbreitung der Gliomzellen wird begunstigt durch die Immunzellen des ZNS — die
Mikroglia. Von den Gliomzellen abgesonderte, l6sliche Molekule rekrutieren
Mikroglia innerhalb oder in der Nahe des Tumors, welche ihrerseits die Invasion
der Gliomzellen in das umliegende Parenchym unterstitzen. Die Invasion der
Gliomzellen in das Hirnparenchym wird durch die Produktion von Enzymen,
welche die extrazellulare Matrix degradieren, z.B. die Matrix-Metalloproteasen
(MMPs), ermoglicht. Sie werden als inaktive Form sezerniert und anschliefend
aktiviert, entweder durch autokatalytische Spaltung oder via membranverankerte
Metalloproteasen. Die von den Gliomzellen abgesonderten pro-MMP2-Molekule
werden durch die Mikroglia-produzierte, membrangebundene MT1-MMP
katalytisch prozessiert und aktiviert. Folglich spielen gliom-assoziierte Mikroglia
durch die Regulation der Aktivitat von MMP2, vermittelt durch die Produktion von
MT1-MMP - welche durch die Rekrutierung des Toll-like-Rezeptor
Adaptormolekuls MyD88 und die Stimulation des p38 Signalwegs erfolgt, eine
tumorfordernde Rolle.

Projekt 1: Der genaue molekulare Mechanismus, durch welchen Gliome die
MyD88-abhangige MT1-MMP-Uberexpression in Mikroglia durch die TLRs
hervorrufen, war bis jetzt nicht bekannt. In dieser Arbeit wird erstmalig gezeigt,
dass ein (oder mehrere) von Gliomen produzierter I6slicher Faktor die
Uberexpression von MT1-MMP in Mikroglia tGber den Toll-like-Rezeptor 2 (TLR2)
auslost, moglicherweise durch die Heterodimerisierung mit TLR1 und/oder TLRG.
Liganden, die spezifisch fur die Toll-like-Rezeptor-Untertypen sind, induzierten
Anderungen der Genexpression von MT1-MMP, wobei der TLR1/2 spezifische
Agonist Pam3Csk4 die groBte Uberexpression bewirkte. Die Deletion des TLR2
Gens verhinderte die MT1-MMP Uberexpression in Mikroglia, welche in vitro mit

gliomkondizioniertem Medium (GKM) behandelt wurden. Mikroglia, welche aus



TLR1 und -6-Knockout-Mausen isoliert wurden, zeigten ebenfalls eine verringerte
Expression von MT1-MMP nach Behandlung mit GKM. Dieser Effekt wurde bei
Zellen mit einer Deletion von TLR7 und TLR9 nicht beobachtet.

Ausserdem wurde eine signifikante Reduktion der MT1-MMP Expression und dem
Tumorwachstum in TLR2-Knockout-Mausen festgestellt, die intrazerebral mit
Tumoren implantiert wurden. Hinzu kommt, dass die Deletion des TLR2-Gens zu
einer geringfligigen, aber signifikanten Verlangerung des Uberlebens von
tumorimplantierten Knockout-Mausen im Vergleich zu den Wildtyp-Mausen fuhrte.
Diese Ergebnisse demonstrieren zum ersten Mal die Rolle von TLR2, in
Verbindung mit TLR1 und TLR6, in der gliom-induzierten MT1-MMP
Uberexpression in Mikroglia. Der Fokus auf den TLR2-Signalweg kénnte also
neue Einblicke in die molekularen Grundlagen der mikroglia-unterstutzten

Gliomentwicklung und —evolution liefern.

Projekt 2: Pharmakologische Eingriffe in das Zusammenspiel von Mikroglia und
Gliome durch den Einsatz von Minocyclin (Breitbandantibiotikum mit
antiinflammatorischer Wirkung) lieferten ermutigende Ergebnisse, die fur eine
Entwicklung von therapeutischen Strategien gegen Gliominvasion und -wachstum
anregend sein konnten. Minocyclin, ein Derivat des Antibiotikums Tetracyclin, das
die Aktivierung von Mikroglia und spezifisch vom p38 MAPK Signalweg inhibiert,
verhinderte die gliominduzierte Uberexpression von MT1-MMP in Mikroglia,
sowohl auf der mRNA- als auch auf der Proteinebene. Minocyclinbehandlung von
ex vivo organotypischen Hirnschnitten, in die Gliomzellen injiziert wurden, fuhrte
zu einer signifikanten Reduktion der Tumorausbreitung. Dieser Effekt konnte
jedoch nicht in Schnitten, die frei von Mikroglia waren, beobachtet werden, was auf
einen mikrogliaspezifischen Effekt schlieBen lasst. Die Minocyclinbehandlung in
einem experimentellen Gliommausmodells fuhrte zu einer verringerten
TumorgrofRe, begleitet durch eine reduzierte MT1-MMP-Expression. Daraus lasst
sich schlieRen, dass Minocyclin als potentielles Medikament eingreifend in das

Zusammenspiel von Mikroglia und Gliome fungieren konnte.

Zusammenfassend hebt diese Studie den molekularen Mechanismus der
gliominduzierten MT1-MMP Uberexpression in Mikroglia mittels den MyD88-
abhangigen TLR2 Signalweg hervor und wirft neues Licht auf den moglichen
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Einsatz von Minocyclin als Begleitung der existierenden Therapienasatzen von

bdsartigen Gliomen.
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