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Abstract of the Dissertation
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Gliomas are highly invasive brain tumors with the occurrence ofienous
microglia/macrophages (MG/MP) in and around the tumor. Annexin A2 igxwesssed
in many cancers and correlates with increased plasmin gaiivithe tumor cell surface.
Plasmin mediates degradation of extracellular matrix anmgegesis to facilitate tumor
growth. In this study, we used a mouse glioma cell line, GL261FE@Rd stable clones
transfected with an annexin A2 knockdown (annA2KD) construct, GL261-EGFP
annA2KD. We found that the annA2KD decreased glioma cell migratiomtro and
decreased membrane-bound plasmin actiltityivo we injected GL261-EGFP cells into
the mouse brain and the glioma progression was followed. Knockdown of mmxg&xi
glioma cells decreased tumor size and slowed down tumor progredsavacterized by
decreased invasion, angiogenesis and proliferation, as well @sased apoptosis in

tumor tissue of the annA2KD group. We also investigated the intamdmtween glioma



and MG/MPs, and the contribution of MG/MPs to glioma progression. We ase
glioma-microgliain culture system to establish the effects the tumor and microgdid c
have on each other. We then assessed glioma progréessien after MG/MP ablation
or in the setting of exaggerated MG/MP activation. We showghatna cells activate
microglia but inhibit their phagocytic activities. Local abdatiof MG/MP in vivo
significantly decreased tumor size and improved survival curves. Gahye
pharmacological activation of MG/MP increased glioma size thraignulating tumor
proliferation and inhibiting apoptosis. In agreement with recent repat$ound that
expression of the chemokine CCL21 was enhanced after MG/MP amtivand
correlates with tumor growth. However the macrophage/microgliabitory factor
(MIF) had the opposite effects on glioma progression. We exipatthese experiments
will provide a better insight into the role of annexin A2 and MG/MPRsglioma
progression, and will hopefully allow us to design potential ways tofenéewith the

glioma-microglia interaction and affect tumor growth and survival.
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Chapter 1

Introduction

Gliomas

Gliomas are the most common primary brain tumors, which accoutt4%s of
all cancers and 2.4% of all cancer deaths in the United STdtese are approximately
20,500 newly diagnosed cases and 12,500 deaths due to primary malignaturboam
each year (Gladson et al.,, 2010). The symptoms depend on the anatdtmi¢hhts
gliomas affect. A brain glioma can lead to increased irdraal pressure, which causes
headaches, nausea and vomiting, seizures or convulsions, memory ,defiots and
personality alterations, and cranial nerve disorders includinggelsaim speech, vision
and hearing. Spinal cord gliomas can cause pain, weakness or nunmnéss
extremities (Gladson et al., 2010). The incidence rate of gliesnlaigh in the 0-8-year
and 50-70-year age groups (Pollack, 1994; Wen and Kesari, 2008), and theslegig
male predominance (Ohgaki and Kleihues, 2005). The risk factors fomali
development are not clear, but several occupations, environmentabgarcn and diet
(N-nitroso compounds) have been reported to act as predisposing fadtigeki(@nd

Kleihues, 2005).

Gliomas arise from glial cells including astrocytes, oligodendes; or

ependymal cells, and are classified as astrocytomas, oligodéodras, mixed
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oligoastrocytomas or ependymomas based on light microscopiarsims between host
cells and tumor cells, as well as similarities in protexpression pattern by
immunohistochemistry such as glial fibrillary acidic protein B normally expressed
by astrocytes (Louis, 2006). Histologically, gliomas are grddwad | to IV according to
the World Health Organization (WHO) criteria (Louis et al., 20@3)ade | tumors
(benign gliomas, also known as pilocytic astrocytoma) occur megeéntly in children,
and patients usually have a good prognosis (Pollack, 1994; Wen and Kesari, 2008). Grade
Il to IV gliomas are considered as malignant tumors and haweh rworse prognosis
(Louis, 2006). Grade Il tumors are characterized by hypercetiylaand the median
survival of patients with Grade Il tumors is 5 — 8 years (Lo@306). Anaplastic
astrocytomas belong to Grade Il tumors with a 3-year mediamival, and are
characterized by hypercellularity, nuclear atypia and mitetitures (Louis et al., 2007).
Glioblastoma multiforme (GBM) belongs to Grade IV tumors anithésmost malignant
form of astrocytoma with extremely poor prognosis of approximatkelyyear.
Histologically they are characterized by hypercellulamiyclear atypia, mitotic figures,
and evidence of angiogenesis and/or necrosis (Louis, 2006). Oligodendax)lans
graded as Il or Ill based on their histological characteristosl usually have better

prognosis than astrocytomas (Louis, 2006).

Several abnormalities of chromosomes or gene expression are foghohias,
some of which are reported to correlate with clinical gr&ttglénd, 2001). In the lower
grade gliomas, overexpression of certain growth factors and their recag@smmonly
found, such as platelet-derived growth factor (PDGF), fibroblast gréactor 2 (FGF2)

and cilliary neurotrophic growth factor (CNTF) (Holland, 2001; Shih andadd] 2006;



Stiver, 2004; Weis et al., 1999). Moreover, p53 is often found mutated inggtissue
(Ohgaki and Kleihues, 2005). In addition to the above abnormalities, theastnapl
gliomas are characterized by deletion of INK4A, amplificatmin cyclin-dependent
kinase 4 (CDK4), or loss of retinoblastoma (Rb), which lead toiplied cell cycle (Soni
et al., 2005). The GBMs often have additional chromosomal abnormalitiadimgloss
of 10g22-25, which is a coding region for several tumor suppressors, SUCHEaL
(Holland, 2001; Wiencke et al., 2007). The sum effect of these taltesacontributes to

the biology of these tumors.

The current standard treatment for brain gliomas is an approacibining
surgical resection, followed by radiation and chemotherapy with temoztdqi@larke et
al., 2010). Although many therapeutic approaches have been exploredhdkdryeen no
major improvement in survival over the last 30 years (DeAngelis, 208dler et al.,
1999). Gliomas are highly invasive tumors, and the microscopic itifigréoci outside
of tumor mass contribute to most of the tumor relapse following suidesatas and

Kaye, 2003).

tPA/plasminogen proteolytic system and tumor invasion

Invasion is a complex process that includes detachment of tutheifroen the
the tumor invasive front to peripheral tissue, adhesion to extracetatix (ECM)
proteins, and subsequent degradation and remodeling of ECM by tumoedeleas
proteases. Through this mechanism, tumor cells create inteacedjpdices, where they

can migrate by an active process requiring membrane synthmekisearrangement of



cytoskeleton (Levicar et al., 2003b). It is well documented that tueteased proteases,
such as plasminogen activator (PA), matrix metalloproteinddd#s) and lysosomal

cathepsins, play critical roles in tumor invasion (Rao, 2003).

The functions of PA/plasminogen system in tumor growth, invasion and
angiogenesis have been widely studied (McMahon and Kwaan, 2008). Twatdigbes
of PA have been identified: urokinase type-PA (UPA) and tissue PA),(which are
responsible for the conversion of the enzymatically inactive zgmaoglasminogen, into
the active serine protease, plasmin. Plasminogen, has 5 cons&dutje domans, and
is cleaved by PAs at the Af}Val*®? peptide bond, an event which generates the two-
chain serine protease, plasmin (Collen, 1999). Plasmin is a potentspratgaable of
direct breakdown of many ECM components, including fibronectin, laminin and
proteoglycans, and its overproduction has been reported to facilitate itwrasion and
angiogenesis (Dano et al., 1985; DeClerck et al., 1997; Mignatti dikth,R1993).
Plasmin can also activate MMPs and latent growth factors,hwtoatribute to ECM

degradation and tumor expansion (Carmeliet et al., 1997; McColl et al., 2003).

tPA, the enzyme generating plasmin, is a serine protease amkeresxpression
has been reported in melanoma, neuroblastoma, acute leukemia andtjganaresr
(Herlyn et al., 1990; Paciucci et al., 1996; Reiter et al., 1997; Sugiual., 1999). In
pancreatic cancer, tPA promotes tumor invasion, growth and angitggenasits
proteolytic activity, as well as tumor cell proliferation throwgbytokine-like mechanism
(Aguilar et al., 2004; Diaz et al., 2002; Ortiz-Zapater et al., 2B@¢jucci et al., 1998).

However, little is known for the role of tPA in glioma invasion.nsadgi et al. report



that tPA is expressed in glioma specimens and mainly lodalizeimor cells as well as
in the ECM. The expression level of tPA in glioma is signifigaftigher than in
patients’ blood, which suggested that glioma cells are the majoce of tPA (Salmaggi

et al., 2006).

Annexin A2

Annexin A2 (annexin Il, p36, calpactin I, lipocortin Il), an abundant 36 kDa
protein, belongs to the annexin family which consists of approxim&@proteins,
which bind to acidic phospholipids in a Calependent manner (Kaetzel et al., 1990). At
its C-terminus, there are four 70-amino-acid repeated sequersssting five alpha
helices wound into a right-handed superhelix, which is responsiblehéorCa*-
dependent binding to cell membrane (Kang et al., 1999). The N-termiramexin A2
contains a high affinity binding site for S100A10 (p1l), as well assiye and serine
residues that are substrates of protein kinase C (PKC) andph&sphorylation (Kang
et al.,, 1999). Usually annexin A2 exists either as a monomdreimytoplasm, or as a
component of a heterotetrameric complex with S100A10 localized undertheatell

membrane (Zobiack et al., 2001).

The functions of annexin A2 in physiological and pathological conditions have
been widely investigated (Kim and Hajjar, 2002). Annexin A2 tetrammads to actin
filaments, which modulate membrane organization and trafficking \(etatyes et al.,
2004; Kang et al., 1999). Moreover annexin A2 is one of the major seasstfv-Src,

which regulates cell motility and transformation including adiynamics, cytoskeleton



rearrangement and focal adhesion turnover (Boschek et al., 1981; Meaijinel®97). It
has been reported that cell transformation is dependent on annexin r&8ssxp (Hayes
and Moss, 2009). In addition, intracellular annexin A2 has been proposeduiate
endocytosis and exocytosis, as well as vesicle traffickingfusidn (Creutz, 1992; Jost
et al., 1997; Mayran et al., 2003). Furthermore, intracellular annexoaA2egulate cell
proliferation and differentiation as a result of PKC and v-Src phosfatiory following

insulin or PDGF receptor activation (Kim and Hajjar, 2002).

In addition to these interesting findings, extracellular annexin A2blkean found
to play an important role in cell surface proteolysis. Extralzficell surface associated
annexin A2 was first identified as a cell surface receptobédh tPA and plasminogen
on endothelial cells, and functions to bring these proteins into closelgpatiimity and
also protects them from their inhibitorgz-antiplasmin and PA inhibitor type 1 (PAI-1).
Such protection significantly increases the catalytic efiimyeof tPA on plasminogen
(Hajjar et al., 1994). It has been proposed that plasminogen binds teiraie C-
terminus via its kringle domains (Hajjar et al., 1994), and tPA hiodsnexin A2 N-
terminus via its fibronectin finger domain (Hajjar et al., 1998).dgreament with these
findings, annexin A2 knockout (annA2KO) mice has been shown to have defects
neoangiogenesis as a result of deficient cell surface preieaolking et al., 2004).
Finally, in human peripheral monocytes, annexin A2 heterotetrangeskawn to be the
surface receptor for the plasmin-induced signaling, including thease of tumor
necrosis factorr (TNF-o) (Laumonnier et al., 2006). In a similar pattern, annexin A2
also acts as a surface receptor for another protease, catBepsgulating cell surface

proteolysis (Mai et al., 2000; Roshy et al., 2003).
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These emerging data suggest that annexin A2 is an interestilegular step in
regulating proteolysis on tumor cell surface, which is essefdratumor invasion,

metastasis and angiogenesis.

Annexin A2 and tumors

Annexin A2 is overexpressed in many tumors including breast Ggrenecreatic
cancer and gliomas (Bao et al., 2009; Diaz et al., 2004; Ohno et al.,R8&s et al.,
1992; Sharma et al., 2006), and regulates tumor progression in sespats. First it is
correlated to the increased plasmin generation on the tumor daltesuwhich facilitates
the invasiveness and metastatic potential of solid tumors (Dalz 2004; Sharma et al.,
2006). Second, annexin A2 also serves as a receptor for cathepsith8 surface of
cancer cells including breast cancer and gliomas, which contribote=ll surface
proteolysis (Mai et al., 2000; Roshy et al., 2003). Finally, the irttieraof annexin A2
with tenascin C, an ECM protein, has also been suggested to contoiltiéeemigration

of cancer cells (Chung et al., 1996).

Annexin A2 has been shown to trigger angiogenasis/o (Ling et al., 2004) and
its overexpression and subsequent overproduction of plasmin in canceatedrtel the
formation of neovasculature (Sharma et al., 2010). It has beenestablished that
plasmin is a key component regulating angiogenesis through dégraccof ECM
proteins as well as activation of angiogenic growth factors gtokioes (Lijnen, 2001,

Pepper, 2001).



Several studies have shown that annexin A2 can induce cancerotiédiration
in vitro (Bao et al., 2009; Huang et al., 2008; Zhang et al., 2009). Moreoversit wa
reported that annexin A2 is involved in cell cycle regulation wéhk expression during
Gl - S and S — G2 phases (Chiang et al., 1993), and its downregulation a@aeawdbs
after p53 overexpression in lung cancer cells, which induced camagtoais (Huang et

al., 2008).

Taking these data together, annexin A2 promotes cancer singrasrough
modulation of ECM remodeling, enhancement of angiogenesis and tumoenatadih. A
recent proteomic study showing the localization of annexin A2 inpseeidopodia of
invasive glioma cells (Beckner et al., 2005) and the decreasedtimigability of human
glioma cells by annexin A2 knockdown (Tatenhorst et al., 2006) suthgedhis protein

is an promising candidate for targeted therapy for glioma patients.

Microglia

Microglia are abundant in CNS and comprise 5% to 20% of the dbéhlcell
population (Lawson et al., 1990). It has been established that micdegliee from a
monocytic origin. Microglia precursors from mesodermal hematopodetis enter the
developing brain during perinatal stages and differentiate there iatorenmicroglia
(Ling and Wong, 1993). Mature microglia express some macroplpegdis markers
including Toll-like receptors (TLR), CD11b and F4/80, while the expraskevel of
leukocyte common antigen, CD45, is lower than that of macrophagesa(&iyand

McGeer, 1990; Becher and Antel, 1996; Bsibsi et al., 2002; Dick et al., 1995).



CNS is an immune-priviledged organ without any lymphatic syséem is
shielded from the peripheral circulatory system by the bloodibbairrier (BBB).
Therefore it is isolated from most of the peripheral immunés,cebluble factors and
plasma proteins under normal conditions (Kreutzberg, 1996). However, under
pathological conditions, the T lymphocytes and antigen presenting(&BI3) infiltrate
into CNS and regulate immunosurveillance coordinating with systienmzine response
(Kreutzberg, 1996). As brain resident macrophages, microgliagmiagnportant role in

patrolling the active immune response against CNS diseases (Strgil868).

Under normal physiological condition, microglia assume a restetgsswith a
ramified morphology characterized by small cell bodies withitiple long and thin
branched processes (Kreutzberg, 1996). They express Ilow level of major
histocompatibility complex (MHC) class Il proteins and co-statory molecules,
which suppress their ability to present antigen to T cells (Daet al., 1998). They
monitor their microenvironment through pinocytosis and interaction wehrons
(Nimmerjahn et al., 2005), and remain quiescent until stimuli frojury, infection,
neurodegenerative process or tumors activate them, such as lipopbo&ysde (LPS),
beta-amyloid (8), thrombin, IFNy, and other pro-inflammatory cytokines (Dheen et al.,

2007; Kreutzberg, 1996).

Upon activation, microglia undergo a series of stereotypic changes
morphology, gene expression, phagocytosis, proliferation and migraticutgkerg,
1996; Streit et al., 1999). Morphologically, microglia retractrtpeocesses and their cell

bodies become enlarged with numerous phagocytic vesicles. They turm iatoedoid



like shape when fully activated (Kreutzberg, 1996). The expressiuat & opsonic
receptors, such as complement receptors (CR1, CR3, CR4) and Fc gamnuaig€Ldpt
[l), are increased after activation. These receptors bind t@leoment components and
immunoglobulin fragments respectively and in turn enhance microghagocytic
activity (Barnum, 1999; Peress et al., 1993). The phagocytosed m&etegraded by
the immediate induction of reactive radicals (Kreutzberg, 1996)er Afictivation
microglia increase the expression of cell adhesion molecules, ®IBSS Il and co-
stimulatory factors for antigen presentation to T cells. Cosétary molecules CD80
and CD86 on microglia bind to CD28 on T cells, and induce T cellsd®@tscytokines
and proliferate (Slavik et al., 1999). Subsequently CD40L on T celtts iomn CD40 on
microglia, which increases the expression of CD80, CD86, and M&iS d protein as
well as increases the release of nitric synthase byogliar (van Kooten, 2000).
Meanwhile microglia secrete complement, glutamate analggskiones, growth factors,
reactive oxygen species and chemokines, which modulate the immunenreaud
recruit other microglia from distant brain regions and inflatory cells to the site of

injury including neutrophils, lymphocytes and monocytes (Hanisch, 2002).

Since microglia are closely related to peripheral macraghag regard to their
origins, phagocytic activity, and surface markers, they plasueiat role in the innate
and adaptive immune reactions in response to gliomas (Frei et al., G8&her et al.,

2002; Hussain et al., 2006).

Microglia/Macrophages (MG/MP) and tumors
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The tumor microenvironment contains excessively proliferatingptueells and
tumor stromal cells, including resident fibroblasts, adipocytes, bloodyamuh vessels
as well as infiltrating immune cells (Condeelis and Pollard, 208®png the infiltrating
inflammatory cells, tumor-associated macrophages have been shoawvetaumal roles,
both tumor-rejecting and tumor-promoting (Allavena et al., 2008; Soéhas., 2009).
Macrophages can secrete anti-tumor cytokines and interact wghisTto destroy tumor
cells (Galani et al., 2009). On the other hand they can be rechyitégimor-released
chemokines and switch their immune response to a tumor-supporting fubgtitire
influence of the tumor microenvironment, characterized by regulaiatgx remodeling
and angiogenesis, and enhancing tumor invasion and intravasation (CarduBerens,
2004; Pollard, 2004). Many studies have shown that high density of associated

macrophages correlates with poor prognosis (Bingle et al., 2002).

Clinical studies have shown that local macrophage density cosrelate the
level of angiogenesis by quantifying micro-vessel density, itidigaa role of
macrophages in this process (Leek and Harris, 2002). When macrophagegivated
by stimuli released from tumor cells such as growth fa@ads cytokines, macrophages
can be induced to exhibit angiogenic capacity (Tanaka et al., 2@0%y &t al., 2000;
White et al., 2001). It has been reported that tumor cells caaseelacidic fibroblast
growth factor, basic fibroblast growth factor (bFGF), vascatatothelial growth factor
(VEGF), granulocyte colony stimulating factor (GM-CSF), inslike growth factor-1,
PDGF, tumor growth factor (TGH); TNF-o, interleukin(IL)-1, IL-6, IL-8,
prostaglandins, interferons (IFN) and thrombospondin, which are ablectivvata

macrophages and influence angiogenesis (Siveen and Kuttan, 2009). Mdteoger

11



associated macrophages can release proteases including MMPsaamin plwhich
mediate ECM proteolysis and in turn regulate new blood vessel iormand tumor
invasion (Siveen and Kuttan, 2009). Tumor-associated macrophages have beeroshown t
be a major source of MMP-9 (gelatinase B) and MT1-MMP, whiaddmpte ECM
degradation (Giraudo et al., 2004; Markovic et al., 2009). In addition, uPA is
overexpressed by tumor-associated macrophages in various human,cameghsis
results to increased level of plasmin (Hildenbrand et al., 1999). flinsr-associated
macrophages can affect ECM degradation, and endothelial cell epsbh and

migration, which are essential steps of angiogenesis.

It has been shown that tumor metastasis is inhibited in experinigmia models
with macrophage depletion (Lin et al., 2002). Possible mechanism is the paracrine loop of
colony stimulating factor-1 (CSF-1) and EGF between tumor aalistumor associated
macrophages. Cancer cells secret CSF-1, which attract macesplaagl induces
expression of EGF in macrophages. EGF secreted by macro@sagesated with blood
vessels induces chemotaxis of cancer cells, which contributesi¢ercaetastasis and

intravasation (Condeelis and Pollard, 2006; Wyckoff et al., 2004).

One characteristic of gliomas is that the tumors ardrafdd by large numbers of
activated and proliferating MG/MP, and the extent of MG/MP tiafiion correlates
positively with the degree of malignancy (Morimura et al., 1990;rlél@nd Esiri, 1991;
Roggendorf et al., 1996). Glioma cells release chemokines and gratahsfauch as
CSF-1, GM-CSF, monocyte chemoattractant protein-1 (MCP-1), andoegfgrowth

factor/scatter factor (HGF/SF), which recruit and promote thewtly of tumor-
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infiltrating MG/MP (Alterman and Stanley, 1994; Badie et al., 1998/i&n et al., 2002;
Leung et al.,, 1997; Nitta et al., 1992). In addition, glioma cellsasd Th2/Th3
cytokines, such as IL-6, IL-11, leukemia inhibitory factor (LIF), @statin-M (OSM),
and TGFB, which are able to inhibit cytotoxic T-cell activation and MG/Ei&ivation
(Constam et al., 1992; Goswami et al., 1998; Halfter et al.,, 1998; Hab, €002,
Murphy et al., 1995). The studies on the innate immune response of MGHked
from glioma tissue demonstrated that they expressed TLRs andtatk@ghagocytosis,
but lacked production of ILfL and TNFe, which are important cytokines for tumor
rejection (Frei et al., 1994; Hussain et al., 2006). Moreover it has dbe@wn that the
antigen-presenting function of microglia is compromised in gliomas, dwecelHC class
Il protein and co-stimulatory factors exhibited decreased esipresevels (Badie et al.,
2002; Flugel et al., 1999). In addition MG/MP have been proposed to prgimiea
growth by secreting growth factors, such as TGF-immune-suppressive cytokines (IL-
10) and angiogenic factors (VEGF) (Alterman and Stanley, 1994 ubeet al., 2007;

Galasso et al., 2000; Lafuente et al., 1999; Wagner et al., 1999; Wesolowska et al., 2008).

Therefore tumor-associated MG/MP regulate the tumor microenveotyrwhich
in turn modulates the tumor progression. Studying the interactiongdretMG/MP and
tumor cells will provide insight into the supporting role of microemvment to tumor
invasion and metastasis, which may provide new targets for degigmticancer

therapies.
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In this study, we focused on the modulation of microenvironmentibsnglcells.
In the first part, we investigated how the expression of annefimffected glioma
progression, which suggested the favorable modulation of tumor-relgastshse
activity for glioma patients. In the second part, we investigdtedrnteractions between
glioma cells and microglia/macrophages (MG/MP), as welltheess consequences of
modulating MG/MP activity in the glioma-harboring microenvironmeriticlv suggested
that manipulation of the activation state of MG/MP appears todmemtially promising

novel interventional approach for the treatment of gliomas.
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Chapter 2
Overexpression of Annexin A2 by Glioma Cells Promas Tumor

Progression

Introduction

Malignant gliomas are primary CNS tumors arising froml giedls and are one of
the deadliest cancers - median survival time is only one year with aggressive
surgical resection combined with irradiation and chemotherapy. Althaughy
therapeutic approaches have been explored, there has been no major nmaptave
survival over the last 30 years (DeAngelis, 2001; Legler e1299). Gliomas are highly
invasive, and the microscopic infiltrative loci outside of tumor ncasdribute to most of
the tumor relapse following surgery (Tsatas and Kaye, 2003)witlisdocumented that
glioma-released proteases, like plasminogen activator (PAYyjxnmaetalloproteinases
(MMPs) and lysosomal cathepsins, play critical roles in gliamasion (Levicar et al.,

2003a; Rao, 2003).

The role of PA/plasmin system in tumor growth, invasion and aegexjs has
been widely studied (McMahon and Kwaan, 2008). Two distinct types diaRA been
identified: uPA and tPA, which are responsible for the conversion ofrthgmatically

inactive zymogen, plasminogen, into the active serine proteasenipléCollen, 1999).
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Plasmin is a potent protease capable of the direct breakdowmgfE@aM components,
including fibronectin, laminin and proteoglycans. It facilitates dunmvasion and
angiogenesis (Dano et al., 1985; DeClerck et al., 1997; Mignatti dikth,R1993).
Plasmin can also activate MMPs and growth factors, which coreribait ECM

degradation and tumor expansion (Carmeliet et al., 1997; McColl et al., 2003).

Extracellular/cell surface associated annexin A2 was itshtified as a cell
surface receptor for both tPA and plasminogen on endothelial aellsfunctions to
bring them into close spatial proximity, which increases tha\dat efficiency of tPA on
plasminogen and also protects them from their inhibitors (Hajjat.,e1994). Annexin
A2 is overexpressed in many tumors including breast cancecrgadic cancer and
gliomas (Bao et al., 2009; Diaz et al., 2004; Ohno et al., 2009; Reews £992;
Sharma et al., 2006). It subsequently emerges as an attractivagbotasptor for the
increased plasmin generation on the tumor cell surface (Dialz, @004; Sharma et al.,
2006). However, most of these studies have been carried out in celé aystem; little
is known about the subsequent effects of annexin A2 knockdown (annA2KD) on tumor

developmentn vivo.

A recent proteomic study showing the localization of annexin A2 hia t
pseudopodia of invasive glioma cells (Beckner et al., 2005) and the sktm@ggration
ability of human glioma cells by annexin A2 knockdown (Tatenhorsk ,e2@06) make
this protein a candidate for targeted therapy for glioma patienthis study, we used a
mouse glioma cell line, GL261-EGFP, and annA2KD clones, GL261-E4BRR2KD to

observe the effects of annexin A2 on glioma migration, proliferatipoptasis, invasion
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and angiogenesis vivo. We showed that decrease of annexin A2 expression in glioma
cells slowed down glioma progression with targeted inhibition of tumegasion and
angiogenesis, suggesting a potential glioma therapy target by miogulanor-released

protease activity.
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Materials and methods

Cell Lines

GL261, a glioma cell line derived from C57BL/6 mice, was obtained from ATCC
The cell line was cultured in DMEM medium with 10% heat-inactigtatetal bovine
serum (FBS) and 1mM sodium pyruvate (Fisher Mediatech). The liogll was
transfected with pEGFP-N1 using Lipofectamine (Invitrogen) and gedected with
500ug/ml neomycin (Geneticin, Invitrogen) to generate the statildires GL261-

EGFP.

The pSuper/blast-annA2i vector (made by Dr. lordanis Gravanigyessing
shRNAs under the control of the RNA polymerase Ill H1 promotes, wgad for annexin
A2 knockdown. Sequences 148-166 and 692-710 of the mouse annexin A2 mRNA open
reading frame were targeted for RNAi-mediated knockdown. GL261-E¢&H® were
transfected with pSuper/blast-annA2i and then subjected tougithl blasticidin
(Invivogen) and 500pg/ml neomycin selection to generate the stablenesliIGL261-

EGFP-annA2KD with decreased level of annexin A2 as confirmed by western blot.

N9, a mouse microglia cell line, is a kind gift from Dr. SteBarger (University
of Arkansas) and Dr. Paola Ricciardi-Castagnoli (Univewsitylilan, Italy) (Righi et al.,
1989). CRL-2541, a mouse astrocyte cell line, was obtained from ABQ&.cell lines
were cultured in DMEM medium with 10% heat-inactivated FBS and 1solfium

pyruvate.
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Western blotting

Different cell lines or clones were seeded into 6-well platesqual numbers in
DMEM+10% FBS. After the cells reached 80% confluence, cells Wser in RIPA
buffer with proteases inhibitor cocktail (Sigma) and protein condems were
measured by the Bio-Rad Bradford detergent-compatible (B€9ya 10% SDS-PAGE
was used to separate protein samples (10ug), which were tradsferpolyvinylidene
difluoride (PVDF) membrane, probed with mouse anti-mouse annexin ABodwnt
(1:5000, BD Transduction Laboratories) or rabbit anti-mouse plasminogivoay
(2:500) and mouse anti-mousetubulin antibody (1:2000, Millipore) overnight at 4°C.
Goat anti-rabbit and anti-mouse horseradish peroxidase (HRP)-codjusatendary
antibodies (Jackson Immunoresearch) were used at 1:5000. HRP actsitgetected
with LumiGLO Chemiluminescent Substrate System. Expressiofslexae quantified
using SCION Image software, and annexin A2 expression level wasalwed too-

tubulin level.

tPA zymography

To prepare protein samples for detection of tPA activity, GL28% aere lysed
in RIPA buffer without protease inhibitors. GL261-conditioned medium eadiected
from a confluent GL261 plate and subjected to centrifugation to rewligeor debris.
Then fresh samples were mixed with non-reducing SDS-gel loadinfgr bgro -
mercaptoethanol and no boiling) and loaded onto 10% SDS polyacrylageide

containing 13ug/ml plasminogen, as substrate for tPA, and 3 mgintlasein, as
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substrate for plasmin. Following electrophoresis, the gels weskadavith 2.5% Triton-
X 100 for 45 minutes to remove SDS and then incubated in 0.1 M TrisrBpH 8.0)
overnight at room temperature to allow for proteolysisaedasein in the gels. To
visualize tPA activity in the samples, the gels were stawdd 0.1% Coomassie
Brilliant Blue-G250 and then destained with 40% methanol and 10% acetim&ture.
The final gels had a uniform background, except in regions where lg&ed its

substrate (Nolin et al., 2008).

Cell proliferation assay

In vitro cell proliferation was measure with cell proliferation ELI8A (Roche
applied science) following manufacture’s protocol. Briefly, 5000sa&flleach clone were
seeded into 96-well plates and cultured in DMEM+10% FBS for 24 houdJ Br
(1:1000) was added to culture medium for 2, 4 and 6 hours. Then the calldixeer
with FixDenat. After removing FixDenat, the anti-BrdU-POD antypeds added and
the incorporated BrdU was detected by the subsequent substictenre@he reaction
product was quantified by reading the absorbance at 370 nm. Thenexpervas

repeated for 3 times.

Membrane-bound tPA activity

First membrane proteins from the GL261-EGFP and GL261-EGFP-aridA2K
cells were extracted (Diaz et al., 2004). Briefly, confluegitscwere lysed in buffer |

(20mM Tris HCI, pH 6.8, 3 mM MgG) 50 mM NaCl, 300 mM sucrose, 1% Triton X-
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100) without protease inhibitors. After centrifugation (13000xg) for 10 resuthe
supernatants containing cytoplasmic proteins were transferredwtotutees, and the
pellets containing membrane proteins were dissolved in buffer 1l @0ns HCI, pH 8,
150 mM NaCl, 1% NP-40, 10mM EGTA). Then the protein concentrations were

measured by the Bio-Rad Bradford DC assay.

To measure tPA activity, amidolytic assay was used followireg established
protocol (Nolin et al., 2008). 25 ul protein samples (duplicate) were addkd reaction
mixture (final volume 200 pl) containing 0.15 uM plasminogen, 0.3mM S-2351 (
chromogenic substrate of plasmin) and 1mM amiloride (UPA inhibitor). rabe of
plasmin formation is measured at 405 nm after incubation in dark h@ug at room
temperature and this photometric signal is directly proportiomaplasmin activity.
Different amount of recombinant tPA (Genentech) were usgernerate standard curve
and the tPA activity in each sample was calculated based ostahdard curve and
normalized to total protein amount in each sample. The experimentsremeated 3

times.

Scratch-migration assay

This assay was used to evaluate the migratory activity asmgli cells
(Wesolowska et al., 2008). GL261-EGFP and GL261-EGFP-annA2KD celtssseded
in triplicate on 60-mm culture dishes at 1.5%&@lls per dish. 48 hours after plating, the
cells reached 80% confluence. A vertical scratch and four horizeeriaiches through

the plate were gently made using a pipette tip. After washitiyg PBS, the cells were
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incubated in DMEM+10% FBS for additional 24 hours. Migrated ceisewdefined as
cells that moved into the scratch and detached away from themoelblayer. The

horizontal scratches were used as guidance for localization ehthe spot at 0 and 24
hours after the scratching. For quantification of cell migratiotal number of migrated
cells at 3 random fields was counted between scratch edgesclin ptate. For the
representative images in figure 2-4, the cells were fixetdsnparaformaldehyde (PFA)
in PBS and mounted with Fluoromount-G/DAPI (Southern Biotech). The expets

were repeated 3 times.

In vivo mouse glioma model

12-16 week old C57BL/6 (wt) mice were used, which were purchased from
Jackson Laboratory. Annexin A2 knockout (annA2KO) mice were kindly provided by
Dr. Hajjar from Weil Cornell Medical College. All animptocedures were approved by
the Stony Brook University Institutional Animal Care and Use Cdtam (IACUC).
Mice were bred in-house under maximum isolation conditions on a 12:13dtdudark
cycle with foodad libitum. Mice were anesthetized with atropine (0.6mg/kg, i.p.) and
2.5% Avertin (0.02mg/g, i.p.), and then a midline incision was made on the sta
stereotaxic coordinates of bregma, -1mm anteroposterior and +Zediolateral, a small
burr hole was drilled on the skull. A 2.5 ul Hamilton syringe wiBB8egauge needle was
used for tumor injection. 3x£0GL261-EGFP or GL261-EGFP-annA2KD cells were
delivered in 1ul PBS at a depth of 3 mm over 2 minutes (El Andaloussi et al., 2006).
After injection, the needle was left for additional 3 minutegrtevent fluid reflux and

then withdrawn (Figure 2-5A).
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Tumor evaluation

For each time point (day 10, 15 and 20 after tumor injection, figure 2r5iBg,
were deeply anesthetized with 2.5% Avertin and transcardiatfygea with 50 ml PBS
followed by 50ml 4% PFA/PBS. Brains were removed and post-fixed irPBERPBS
overnight at 4°C, followed by 30% sucrose at 4°C until fully dehgdraBrains were
then frozen-embedded in optimal cutting temperature compound (Tisé)eand cut
using a Leica (Nussloch, Germany) cryostat. Serial coromioas encompassing the
entire tumor were generated for each animal. For samples a0daQ series of 20 um
thickness section were generated, whereas 15 and 20 seriesunf tPickness section

were generated for samples at day 15 and day 20 respectively.

To measure tumor size, randomly picked serial sections fromasactal were
used, and the GFP-positive tumor area was measured using NISaEeofware. The
tumor sizes were calculated as tumor area x section thickmassber of series (Figure

2-5D).

To quantify tumor invasion, 5 randomly picked samples from each group wer
used and 5 sections of each sample were captured under fluoresecestope. Tumor
invasion was defined as the areas where isolated GFP+ gliefisa nsixed with
surrounding normal brain tissue or where the gliomas showed pseudopodia-like
structures. Two parameters were used to evaluate tumor invasedimal invasion
distance and percentage of invasion (invasive area / total tugeox d00) (Guillamo et

al., 2009).
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To evaluate tumor angiogenesis, 5 randomly picked samples anddnhsqmer
sample from each group were used. The samples were immunofluonetaesittd with
tomato lectin (Sigma, endothelial cells and microglia/macrophagdar) and CD45
antibody (Pharmingen, macrophage marker), and blood vessels wergeddased on
lectin+CD45- staining and morphology. The samples were firstesed at lower
magnification (10x) to find the angiogenesis “hot spot” with intensedlessels, and
then blood vessel number and diameter from at least 20 fieldsqwangified with NIS-
Elements software under higher magnification (20x) (Campa &04l8; Pistolesi et al.,

2004).

The brain sections were also immunostained with Ki67 antibody (Abcam)
phospho-histone H3 (p-histone H3) antibody (Cell Signaling) for pratifer, and
activated caspase-3 antibody (Sigma) for apoptosis. Apoptosisisasanfirmed by
TUNEL assay with ApopTag® red in situ apoptosis detection kit i{aite) following
manufacture’s protocol. For quantification, 5 randomly selected sam@tegoup were
used and at least 15 fields in 5 different sections of the samele were captured by

confocal microscopy.

Immunofluoresent staining

For GL261 cell membrane staining, GL261 cells were seeded onto lquversd
cultured for 24 hours. After the cells attached to the coverslipis,veere fixed with 4%
PFA/PBS for 15 minutes at room temperature. The cells were blacke? goat serum

(Sigma) in PBS for 1 hour at room temperature, and then incubatedneuse anti-
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mouse annexin A2 antibody (1:500) and rabbit anti-mouse tPA antibodya(Samt,
1:100) in PBS overnight at 4°C. The samples were incubated with goat@use Alexa
Fluor-555 and anti-rabbit Alexa Fluor-488 secondary antibodies (1:1000, Invijroge
PBS for 1 hour at room temperature, and mounted with Fluoromount-G/[ZRyle

plane images were taken under confocal microscope.

For tissue staining, brain sections were blocked in 5% goat serBBS-T (PBS/
0.3% Triton X-100) for 1 hour at room temperature, and then incubated witt aaltibi
mouse phosphor-histone H3 antibody (1:500), rabbit anti-mouse Ki67 antibody (1:500),
or rabbit anti-mouse activated caspase-3 antibody (1:500) in PBS-T overnight ahd°C. T
samples were incubated with corresponding secondary antibodiesa (Alaor-555,
Invitrogen) for 1 hour at room temperature, and mounted with FluoromouBt@hern
Biotech). For blood vessel staining, the samples were first thheiéh biotinylated
tomato lectin (1:500) and step-avidin Alexa Fluor-555 antibody (1:1000rdgeih), and
then labeled with rat anti-CD45 (1:500) and goat anti-rat Alexa f84@r antibody

(1:2000, Invitrogen).

TUNEL assay

TUNEL assay was performed with ApopTag® in situ apoptosis detedii
(Millipore) following manufacture’s protocol. Brain cryosections sv@ost-fixed in ice-
cold ethanol:acetic acid 2:1 for 5 minutes at -20°C. After 2 vaglith PBS, the sections
were incubated with equilibration buffer for 1 minute, followed hgubation with TdT

enzyme at 37°C for 1 hour. Then the samples were washed 3 tinfePB& and
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incubated with anti-digoxigenin-rhodamine (1:200, Roche) at room tetuperfor 30
minutes to visualize TUNEL+ cells.

Statistical analysis

The statistical significance between two groups was datednby Student’s-
test. For comparison of more than two groups, one-way ANOVA followeda
Bonferroni-Dunn test was used. The Kaplan-Meier survival cun® aaéculated with
MedCalc software. Data were expressed as mean + standarcethe mean (SEM).
The statistical significance is either described in figagends, or indicated as asterisks

(*). *:P <0.05; **: P<0.01; ***:P< 0.001.
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Results

Overexpression of annexin A2 in glioma cells

In this study, we used GL261, a mouse astrocytoma cell line, to iogatest
glioma progression. Western blot of GL261 (glioma), N9 (microghia)l CRL-2541
(control astrocytic line) protein samples (Figure 2-1A) showed @L261 expressed
elevated levels of annexin A2 when compared to the microglialinell whereas the
astrocyte cell line lacked the expression of annexin A2, which siegigést annexin A2
could be a candidate for markers to distinguish malignant astramftg from normal
astrocytes. In addition, plasminogen was expressed by gliomabaeli®t by microglia
or astrocytes. Previous studies had reported that tPA was egregsmicroglia and
neurons but not astrocytes in CNS under normal condition (Gravanis &ka, P§05),
while the zymography of GL261 cell lysate and culture mediuigu(é 2-1B) showed
GL261 was able to express and secret tPA. Taking these datherpgel261 has a
complete tPA/plasminogen/annexin A2 proteolytic system, which wadytalifferent
from astrocytes. Furthermore, immunofluorescent staining of GL28L surface
revealed co-localization of tPA and annexin A2 mostly in pseudopddiastructures

(Figure 2-1C).

Establishment of annexin A2 knockdown (annA2KD) clones of glioma cells

To better visualize glioma cells, we generated the stabldimellGL261-EGFP
expressing GFP, and then knocked down annexin A2 expression with acBhBaruct.

After selection, 3 clones were kept for subsequent experimensho¥m in figure 2-2A,
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annexin A2 expression level was confirmed by western blot and hpeghdo o-tubulin
expression. Quantification (Figure 2-2B) showed that GL261-E&H#A2KD clones 2,
3 and 4 had decreased levels of annexin A2 to 20.0%, 19.2% and 9.9% of wildt)ype
GL261-EGFP respectively. Since annexin A2 was reported to peorenicer cell
proliferation (Bao et al., 2009; Huang et al., 2008; Zhang et al., 20@9proliferation
rate of wt and annA2KD clones was measured using BrdU incorpolaeay, which

showed that they had similar rates in culture (Figure 2-2C).

Knockdown of annexin A2 in glioma cells decreased membrane-bound tPA aaty

Since annexin A2 is a surface receptor for tPA and plasminogendothelial
and cancer cells (Diaz et al., 2004; Hajjar et al., 1994; Sharrah, €006), we next
examined whether knockdown of annexin A2 would affect the tPA/plasmirsygtem
on the glioma cell surface. Western blot of wt and annA2KD GL261 neeralproteins
(Figure 2-3A) showed that annA2KD clones exhibited decreased eiprad annexin
A2 on the cell surface (Figure 2-3B). Using the quantitativedalytic assay we found
that in glioma cells the membrane fraction had significantihdndPA activity than the
cytoplasmic fraction (Figure 2-3C, first group). The decreasqatesgion levels of
annexin A2 also yielded decreased tPA activity (52% to 58.5% hesswt cells) on
glioma cell surface, while tPA activity in the cytoplasrriaction remained unchanged
(Figure 2-3C); this result suggested that the annexin A2 knockdoweschad less tPA
activity and subsequently less plasmin generation on their swafatéhis may result in

lower potential to degrade ECM.
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Knockdown of annexin A2 decreased glioma migration in culture

It has been reported that decreased annexin A2 expressiontteadduced
migration of human glioma cells U87MG and U373MGitro (Tatenhorst et al., 2006).
Consistent with these data, we performed scratch-migratiay assl found the annexin
A2 knockdown clones had significantly decreased migration ac(igure 2-4A). The
migrated cells of GL261-EGFP-annA2KD clone 2, 3 and 4 were 8291°2% and
92.3% less than wt GL261-EGFP, respectively (Figure 2-4BreSBrdU incorporation
showed that these clones had a similar proliferation rate aslist(Figure 2-2C), these
results suggested that the decrease of cell number betweesh smiges in annA2KD
group was mainly due to decreased migration ability, not proiideratAs these 3
annA2KD clones behaved similarly in culture, we used GL261-EGFPZAfDAlone 4

(lowest annexin A2 expression) for the subsequevitvo experiments.

Establishment of a mouse glioma model

Next we examined the effects of annA2KD on glioma growtkivo. First, we
examined whether the annA2KD was stable without blasticidintsmeL261-EGFP-
annA2KD clone 4 was cultured in regular medium without blasticidin, afd were
harvested after 10, 15 and 20 days. Western blot analysis (R¢i€¢ showed that the
annexin A2 levels slightly increased at day 10 when compairtd the level under
blasticidin selection, but remained unchanged at day 15 and 20h&@hthA2KD clone

had overall lower levels of annexin A2 when compared with wt GI2GEP,

29



suggesting that annA2KD GL261 clone would have stably decreaseld l&vannexin

A2 in Vvivo.

For the tumor xenograft, 3x1@L261-EGFP or GL261-EGFP-annA2KD cells
were injected into the striatum of mouse brain (Figure 2-5A).150and 20 days after
tumor implantation, tumor-bearing mice were euthanized and mouses bware
subjected to histological evaluation (Figure 2-5B). As shown in figgu®eD, a
representative H&E staining of glioma sample at day 15 redatd morphology. Since
GL261 stably expressed green fluorescence, the glioma samplke®bserved under a
fluorescent microscope. The GFP signals from the same sakigleg 2-5E) showed
that the green fluorescence corresponded very well with H&E morpholdge tumor
volume was measured both after H&E histological staining andebgrmdining GFP+
areas, which yielded 10.3 nirand 11.1 mrirespectively. The difference between these
two tumor visualization methods could be due to the excessive debydpaticess in
H&E staining, which led to mild tissue shrinkage. Thus, we usdd §dnal to measure

tumor volume in subsequent experiments.

Knockdown of annexin A2 on glioma cells slowed down glioma progressiom vivo

Equal number of GL261-EGFP and GL261-EGFP-annA2KD clone 4 cells were
injected into mouse brains, and tumor sizes were measured at dayak@| 26 (Figure
2-6A). We found that the glioma sizes in annA2KD group were sogmfly smaller
than in the wt group, especially at day 20, where the average tumsoofswt and

annA2KD group was 55.62 and 25.30 frespectively. The decreased level of annexin
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A2 in glioma cells led to 54.5% reduction in tumor size at day 20aM&e injected wt
and annA2KD clone into annA2KO mice but found the tumor sizes weiiasias those
in wt mice (Figure 2-12A), which suggested that absence of anneéXim Ahe tumor

stroma had no effect on glioma growth.

The glioma progression of tumor-bearing mice was also followeth&asuring
body weight loss and animal survival time. We found that at day 2ththese weight
loss in the wt group was slightly more than that in the annA2KiDm(Figure 2-6B). At
day 20, the mice in wt group usually weighed around 20 grams and were veryrsatk, w
began to die around day 21 after tumor injection. A Kaplan-Meier surstiveé (Figure
2-6C) of these two group revealed that annA2KD group survived significimber
than wt group (median survival time: wt group = 24 days; annA2KD group =daysdj,
which suggested that the expression level of annexin A2 in glievaasrelated to the
increasing glioma malignancy and poor prognosis, and was consigtinprevious
immunohistochemistry data in human glioma specimen (Reeves E232;, Roseman et

al., 1994).

Knockdown of annexin A2 decreased proliferation index in glioma tissue

Since the annA2KD group showed smaller tumors, we further inagstighe
possible mechanisms contributing to this result. Annexin A2 has beem sbstimulate
cancer cell proliferatiom vitro (Bao et al., 2009; Huang et al., 2008; Zhang et al., 2009),

so we first evaluated the proliferation index in glioma samplesmmunofluorescent

31



staining with Ki67 and p-histone H3 antibodies. We quantified the nunober

proliferating cells in glioma tissue as well as GFP+ glioma cells.

Ki67 is expressed by cells undergoing active cell cycleufeigR-7A, 2-8A)
(Allegranza et al., 1991), and we found that there were more Ki6k+rgllioma tissue
at day 10 than those at day 20, indicating that tumor cell proidaras the major
mechanism for tumor expansion at an early stage, whereas ablkamsms play major
roles at a later stage, such as angiogenesis, necro$iigiee 2-8B). Furthermore, we
found that there were more Ki67+ cells in wt tumors than in annARKrs, especially
at day 10 and 20 (Figure 2-8B), however, the number of Ki67+GFP-+aglsimilar in
both groups (Figure 2-8C), indicating threvivo proliferation rate of glioma cells was
similar in both groups. These data were further confirmed witisione H3 staining,
which labeled all the mitotic cells (Figure 2-7B, 2-8Dpli@an et al., 2006). Similarly to
Ki67 quantification, there were more p-histone H3+ cells in wt graugag 10 and 15
(Figure 2-8E), while p-histone H3+GFP+ cell number is simimraanA2KD group
(Figure 2-8F). Taken together, these data suggested that @ecerasexin A2 level in
glioma cells led to decreased proliferation in stromal cells rott glioma cells
themselves, a result consistent with th&itro BrdU incorporation assay (Figure 2-2C).
These data indicated that the overexpression of annexin A2 on glitlsmenag regulate

the development of tumor microenvironment.

Knockdown of annexin A2 increased glioma apoptosis
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Then we evaluated the apoptosis in glioma samples by immunoflantesc
staining of activated caspase-3 antibody and TUNEL assay. C&spasactivated in
apoptotic cells by caspase-8 and caspase-9 from extrinsic andimpathways (Figure
2-7C) (Salvesen, 2002). Staining of activated caspase-3 revealelettegtaptotic cells
increased over time (Figure 2-9A, B), possibly due to the rapid tex@ansion and
subsequent hypoxia at later stage. There were more apoptddiecncedtal tumor tissue
and GFP+ tumor cells in annA2KD group than those in wt group &inadl points
(Figure 2-9B, C). These findings were further confirmed BYNEL assay, which
identified sites of DNA fragmentation in apoptotic cells (Feg2r7D) (Gavrieli et al.,
1992). Similarly, the quantification of TUNEL+ cells (all apoptotoells) and
TUNEL+GFP+ cells (apoptotic glioma cells) showed that ghosamples in annA2KD
group exhibited increased apoptosis both in tumor tissue and tumorthmiiselves
when compared to apoptosis levels in the wt group (Figure 2-9 D-Fhwidicated that
annexin A2 possibly regulated glioma tumor siz through positive suppoiediutor

microenvironment and subsequent inhibition of apoptosis.

Knockdown of annexin A2 decreased glioma invasion

The PA/plasminogen system plays an important role in tumor invagioch is a
key step for tumor growth (Diaz et al., 2004; Goh et al., 2005; Re#h, 1993; Stack et
al., 1999). Since annA2KD clones had decreased activity of membrane-bound tPA
(Figure 2-3C), we further investigated whether annexin A2 couldtagfema invasion
in vivo. Two parameters were used to evaluate tumor invasion: percentageasie

area and maximal invasion distance. Based on the morphology of @it area, the
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invasive areas were outlined and normalized to the total tumoKRigerae 2-10A). The
guantification data showed that at days 10 and 15 the tumors in tigeouwg had
significantly higher percentage of invasive areas than the onesnA2KD group
(Figure 2-10B). Although the difference between these two groepsme smaller at day
20 (because of the huge difference in total tumor area - the tumors in wt gr@aupweer
the size of those in the annA2KD group), we found that wt glioma teladed much
farther away from tumor mass than the annA2KD glioma cé€ligu(e 2-10C). These
results suggested that annexin A2 promoted glioma invasion, possiblyghhrou

PA/plasminogen system, which also contributed to tumor expansion.

Knockdown of annexin A2 decreased glioma angiogenesis

The PA/plasminogen system is known to promote neoangiogenesis, iwhach
critical step in cancer development (Stephens et al., 1998). In bagastr, it was shown
that annexin A2 is expressed on the surface of invasive canterandl correlates to
cancer neovascularization (Sharma et al., 2010). Therefore we rfunestigated
whether annexin A2 also regulates angiogenesis in gliomashwas evaluated by
measuring micro-vessel density (MVD) and blood vessel diamebernormal brain
striatum where the tumor cells were injected, there were musemall blood vessels
(Figure 2-11B, day 0) with an average diameter below 15 pm. In glissue, MVD
was lower than that of normal brain but blood vessel diameters increasedrevdué to
blood vessel dilation and remodeling caused by glioma cells (FigLi®B2C) (Winkler
et al., 2009). When comparing MVD of wt and annA2KD group, we found that wt

tumors had significantly higher number of micro-vessels than annA@kd3 (Figure 2-
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11A, B). Moreover, when MVD was sorted based on blood vessel diamatai, (s 15
pm; intermediate, 15 — 50 um; large, > 50 um), we found that treyehffe of MVD
between the wt and annA2KD groups shifted from small blood vessetetonediate
blood vessel (Figure 2-11C), which indicated that annexin A2 maywbéved in glioma
angiogenesis and affect the pattern of tumor vasculature. The WA#glalso quantified
in tumors from annA2KO mice but it was similar to that of mice (Figure 2-12B),

which suggested that the regulation of angiogenesis by annexin A2 was tunifoc. Spec
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Discussion

Cancer invasion is a complex process that includes adhesion of tulisotoce
ECM proteins, proteolysis of ECM proteins by tumor-secreted meseand ECM
remodeling (Zamecnik, 2005). Through this mechanism, tumor cells e¢reéateellular
spaces for migration, an event that requires membrane synthesisytiskeleton
rearrangement (Giese et al., 2003). During this process, overpmdatplasmin by the
tumor cells and subsequent activation of other proteases such as MBPs in
localized degradation of ECM allowing tumor cell migration and siora (McMahon

and Kwaan, 2008).

Gliomas are highly infiltrative tumors that invade into and damége
surrounding normal brain tissue (Tsatas and Kaye, 2003). The overepiassPA and
uPA signaling pathway that promote glioma invasion has been weledt(lRao, 2003),
however, little has been known for the role of annexin A2, a putaégeptor for
tPA/plasminogen system, in glioma invasion. Annexin A2 has been showbe to
upregulated in many cancers and its overexpression was found taddatedrto cancer
invasion through tPA/plasminogen system (Bao et al., 2009; Diaz 20@4; Sharma et
al., 2010; Sharma et al., 2006). In this study, we showed that gliorsaegplessed tPA
and annexin A2, which co-localized in the invadopodia. Moreover, knockdown of
annexin A2 resulted in decreased tPA activity on glioma plasemhbrane. The decrease
in PA activity in turn reduced the level of plasmin generation anteplysis on tumor
cell surface. In addition, annexin A2 serves as a receptor for cathepsithB surface of

cancer cells, including breast cancer and gliomas, which alsoateedtell surface
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proteolysis (Mai et al.,, 2000; Roshy et al., 2003). As a result, wheA2&KD glioma
cells were injected into mouse brain, we found that the lower estpnesf annexin A2

on glioma cells decreased tumor size and inhibited invasive phenotyipe.

It has been well established that neoangiogenesis is eksemtitumor
development and plasmin is a key component regulating angiogenesisghthr
degradation of ECM proteins and activation of angiogenic growth faatatcytokines
(Lijnen, 2001; Pepper, 2001). Annexin A2 has been shown to trigger angieg@neg
et al., 2004) and its overexpression in cancer correlated to the tifmmmaf
neovasculature (Sharma et al.,, 2010). Recent research on developmenti- of ant
angiogenesis drugs for cancer also confirmed the essentiabfradenexin A2. For
example TM601, a synthesized chlorotoxin tested in clinical tnes shown to inhibit
tumor migration, invasion and angiogenesis, whose molecular targefowad to be
annexin A2 in many cancers including glioma, melanoma, pancreabstate and lung
cancer (Kesavan et al., 2010; Soroceanu et al., 1999). In agreemettiesghdata, we
found that there was decreased angiogenesis in annA2KD gliomas, wdscregulated
by tumor-associated annexin A2, indicating that tumor-releasedasex were essential
for development of new blood vessels. Based on these results, wstdhgg@ potential
novel glioma therapy could arise from delivering directly anmé2 inhibitory nucleic
acids such as siRNA or antisense oligonucleotides to inhibit typrateolysis and

angiogenesis.

In addition to cell surface proteolysis, annexin A2 is also involiecell

transformation (Hayes et al., 2004). Annexin A2 is 4"@apendent membrane-binding
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protein and exists either as a monomer, or as a component @ratéieameric complex
with S100A10 (Zobiack et al., 2001). The annexin A2 heterotetramer ouasl fto
localize in the cytoplasmic side of the cell membrane, and binaigitofilaments, which
modulate membrane organization and trafficking events (Hayes et al., R@0d et al.,
1999). Annexin A2 is one of the major substrates of v-Src, which regutatl motility
and transformation including actin dynamics, cytoskeleton reanaegt and focal
adhesion turnover (Boschek et al., 1981; Meijne et al., 1997). It was kkploatecell
transformation was absent in cells lacking annexin A2 (HagdsMoss, 2009), which
could be one possible mechanism contributing to the decreased omgedtiivity

observed in annA2KD glioma cells.

Several studies have shown that knockdown of annexin A2 in cancer cells
inhibited cell proliferationin vitro (Bao et al., 2009; Huang et al., 2008; Zhang et al.,
2009). Contrary to these data, our annA2KD glioma cells showed sipndéferation
rate as wt cells botm vitro andin vivo. One possible reason for the discrepancy is that
we used stable cell line in this study, while most of previousareh used transient
expression system. During the selection of stable cell linepdologly-growing clones
were eliminated and the remaining clones had similar growthastet cells. When
injected into mouse brain, the difference of tumor progression obseete@den wt and
annA2KD group was caused mainly by proteolysis aspect but not pabbfe which

made the data easier to interpret.

In annA2KD glioma samples, we found that there were less pailiigrstromal

cells and increased glioma apoptosis possibly due to less tumor omvasid
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angiogenesis, which is essential for nutrient transport to tumsrasel tumor expansion
(Pepper, 1997). Moreover, it was reported that annexin A2 was involved icycle

regulation (Chiang et al., 1993), and its downregulation was observed p&iBe
overexpression in lung cancer cells, which induced cancer apoptiosisd et al., 2008).
This could be another possible mechanism contributing to the increasedsipopt

annA2KD tumors.

Taken together, our data demonstrated that annexin A2 enhanceda gliom
migration, invasion and angiogenesis as well as inhibited apoppassibly via
tPA/plasminogen proteolytic system. The current trends fortedgeancer therapy has
been aimed at anti-angiogenesis subsequent to inhibiting ECM psasealhich may
inhibit tumor growth due to less neovascularization (Kim, 2003; Sharm&hadna,
2007; Ulisse et al., 2009yhus inhibition of annexin A2 in gliomas may be a potential

novel interventional, adjuvant regimen to tackle gliomas.
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Figure 2-1 GL261 expresses tPA, plasminogen and annexin A2) Annexin A2 and
plasminogen expression was detected by western blot. Annexin @&iiexpressed in
GL261 as compared to microglia and astrocytes. Plasminogen essa&gdrby GL261 but
not microglia or astrocytes. (B) Zymography of GL261 lysa |ig) and conditioned
medium (20 pl) showed that tPA was expressed and secreted by G(Qp1.
Immunofluorescent staining of GL261 cell membrane with tPA and annARin
antibodies showed co-locolization of these two proteins. (scale bar = 20 pm)
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Figure 2 — 2. Establishment of stable cell lines with annexiA2 knockdown, GL261-
EGFP-annA2KD. The annexin A2 expression levels of GL261-EGFP and GL261-
EGFP-annA2KD clones were detected by western blot (A) and nagedab a-tubulin
levels (B). (C) GL261-EGFP-annA2 KD clones had similar pradtien rate as GL261-
EGFP. The cell proliferation rate was measured by BrdU incorporationmate3)(
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Figure 2 — 3. Knockdown of annexin A2 in glioma cells decreasedembrane-bound

tPA activity. The cell-surface annexin A2 expression levels of GL261-EGFP and
GL261-EGFP-annA2KD clones were detected by western blot (A) amdafined too-
tubulin levels (B). (C) Amidolytic assay was used to measukeatfRivity in membrane
and cytoplasmic protein fraction of GL261-EGFP clones. (n = 3)
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Figure 2 — 4. Knockdown of annexin A2 decreased glioma cell migiah in culture.
Scratch-migration assay was performed to evaluate gliorhenigghtion. Representative
images from each clone at 0 and 24 hours are shown in (A). White demsdsenhdicate
the edges of scratch. (scale bar = 500 um)The total number oftedigralls between
scratch edges in 3 random fields from each plate was counted (B). (n = 3)
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Figure 2 — 5. Establishment of a mouse glioma modé&chematic illustration of tumor
injection (A) and evaluation time points (B). (C) GL261-EGFP-annAZKWas cultured
without blasticidin selection for 20 days, and the annexin A2 expredsvel was
examined by western blot. A representative glioma sample froml8aafter tumor
injection was shown with H&E staining (D) and GFP fluorescdi)ewhich indicated
that the GFP signal correspond with tumor morphology very well. (scale bar =1 mm)
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Figure 2 — 6. Knockdown of annexin A2 in glioma cells slowedo@n tumor
progressionin vivo. (A) Tumor sizes were measured at 10, 15 and 20 days after tumor
cell injection (n = 8, from 4 independent injections). (B) Weiglsslof tumor-bearing
mice was monitored at 10, 15 and 20 days after tumor injection. (n <C13%afplan-
Meier survival curves of tumor-bearing mige= 0.0003 n = 10).

A Tumor Growth

80

——GL261-EGFP fokk

70 --A--GL261-EGFP-annA2KD

60 |
E 50 | GL261-EGFP GL261-EGFP-
E (mm?) annA2KD (mm3)
Q
N o0 }
® Day 10 2.91+0.44 2.1620.72
§ 0 F Day 15 14.22+1.01 9.8412.07
F o2t Day 20 55.62+14.16 25.3045.95

10 }

0 &

0 5
Days after injection
B C
WeightLoss Kaplan-Meier Survival Curve

120 100 -—a
P :
- PO S S el '
g >4 §_ ~~~~~ _é ;\? 20 L
F 0 2
o =
K- o 60
- ©
S 60 < -
E L :
a— © [}
= 40 2 1
% E -
£ —+—GL261-EGFP @ 20 | ——GL261-EGFP E
§ --A--GL261-EGFP-annA2KD === GL261-EGFP-annA2KD -

0 0 L

0 5 10 15 20 0 4 8 12 16 20 24 28 32
Days after injection Time (days)

45



Figure 2 — 7 High magnification pictures of immunofluorescent staining with Ki6y, (A
phospho-histone H3 (B) and activated caspase-3 (C) antibodieslas W&INEL assay
(D) to demonstrate the cell specificity. (scale bar = 20 um)

A
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Figure 2 — 8A. Animals receiving AnnA2KD glioma displayed lesgroliferation
within the tumor tissue. The proliferation of tumor tissue (B) and tumor cells (C) were
guantified after Ki67 (A) immunofluorescent staining. (n = 5) (scale bar =50 pum)
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Figure 2 — 8B. Animals receiving AnnA2KD glioma displayed less ptiferation in
tumor tissue. The proliferation of tumor tissue (E) and tumor cells (F) werantfied
after p-histone H3 (D) immunofluorescent staining. (n = 5) (scale bar = 50 um)
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Figure 2 — 9A. Knockdown of annexin A2 in glioma cells increasedigima apoptosis.
The apoptosis of tumor tissue (B) and tumor cells (C) were quahtifiter activated
caspase-3 immunofluorescent staining (A). (n = 5) (scale bar = 100 um)
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Figure 2 — 9B. Knockdown of annexin A2 in glioma cells increaseglioma apoptosis.
The apoptosis of tumor tissue (E) and tumor cells (F) were qeahéifter TUNEL assay
(D). (n =5) (scale bar = 100 um)
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Figure 2 — 10. Knockdown of annexin A2 decreased glioma invasion vivo. The
tumor invasion was quantified by measuring percentage of invasioB)(@nd maximal
invasion distance (C). (n = 5) White dashed lines indicate the boetl@een tumor mass
and invasive area. (scale bar: in each group, right column - 200 firogllenn — 500
pm for day 10 and 15, 1000 um for day 20)
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Figure 2 — 11A. Knockdown of annexin A2 decreased glioma angiogenedike blood
vessels were indentified based on immunofluorescent staining of enalotedls (A).
MVD (B) in glioma tissue was quantified by counting blood vesselbarmm twenty 20x
fields. (n = 5) (scale bar = 100 um)
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Figure 2 — 11B. Knockdown of annexin A2 in glioma cells decreaseglioma
angiogenesis.(C) The blood vessel diameters were measured and used to sort MVD

based on the sizes. (n = 5)
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Figure 2 — 12. Absence of annexin A2 in tumor stroma had nofe€t on glioma
growth. Tumor size (A) and MVD (B) were measured 15 days after tunjection into
WT and annexin knockout (annA2KO) mice. (WT mice: tumor size, nM\8) n = 5.

AnNnA2KO mice: n = 2)
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Chapter 3

Microglia/Macrophages Promotes Glioma Progression

Introduction

A long-standing characteristic of gliomas has been the obsmrtaat the tumors
are infiltrated by large numbers of MG/MP, and in fact, therxof MG/MP infiltration
correlates positively with the degree of malignancy (Morinmetral., 1990; Morris and
Esiri, 1991; Roggendorf et al., 1996). Microglia are brain residentapbhages capable
of antigen presentation to T cells patrolling the CNS (Kreutgbh®996). Upon injury,
microglia undergo a process of activation characterized by maghbal change,
changes in gene expression, increased proliferation and phagoepiacitg, and
migration towards the site of injury. The microglia up-regutak adhesion molecules
and major histocompatibility complex (MHC) proteins needed to premsigen, and
secrete complement components, cytokines, growth factors, reacyiyenogpecies, and

chemokines to regulate immune responses (Kreutzberg, 1996; Streit et al., 1999).

The role of MG/MP in glioma progression remains controversial.eéSstudies
have found that the immune defensive functions of glioma-infiltratirg/NP (GIMs)
are compromised. Moreover GIMs have been proposed to promote gliomth dry

secreting growth factors, such as T@Fer chemokines, immune-suppressive cytokines
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and angiogenic factors (Alterman and Stanley, 1994; Demuth, @08I7; Galasso et al.,
2000; Lafuente et al., 1999; Wagner et al., 1999; Wesolowska et al., 2008). Studies
have stimulated interest in developing therapeutic methods that innadelation of
MG/MP activity/function. However, such approaches have vyieldedlictomd results.
For example, injection of CpG-containing oligonucleotides, whiamwdtte microglia,
induced apoptosis of glioma cells and prolonged survival times of theamg animals
in one report, whereas the same approach caused increased anioradifgmn others

(El Andaloussi et al., 2006; Ginzkey et al., 2009).

In this study, we investigated the consequences of interactioncobgha and
glioma cells in culture, using microglial activation and gliowell proliferation as
functional endpoints. We also examined tumor progression in a mouse ghool
using pharmacogenetics to locally ablate MG/MP, or a pharmacalogpproach to
exaggerate MG/MP activation. We show that manipulation of theaticin state of
MG/MP appears to be a potentially promising interventional apprmacihe treatment

of gliomas.
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Materials and methods

Animals

C57BL/6 mice (wild type, WT) were purchased from Jackson Labgrator
CD11b-HSVTK transgenic mice were described previously (Heppneaal.et2005).
Female CD11b-HSVTK (+/-) mice were bred with male C57Bhi6e and the offspring
genotyped by PCR using primers 5-GACTTCCGTGGCTTCTTGCTGG8d 5'-
GTGCTGGCATTACAGGCGTGAG-3'. All animal procedures were ap@d by the
Stony Brook University IACUC. Mice were bred in-house under maxinswhation

conditions on a 12:12 hour light: dark cycle with feablibitum.

Primary microglia cultures

Mixed cortical cultures from newborn C57BL/6 mice (day O to 3) vpeepared
using a standard protocol (Rogove and Tsirka, 1998). Briefly, the pupsdeeapitated
and the cerebral cortices isolated by removing midbrain, olfabtdbs, hippocampi and
meninges. The cortices were incubated with 0.05% trypsin/EDT3h€F Mediatech) at
37°C for 15 minutes and then dissociated in DMEM with 10% FBS, 1 mMusodi
pyruvate and 40 pg/ml gentamicin. The homogenized mixture wasedllthrough a 40
um cell strainer (Fisher). The resulting mixed corticalscelere plated on poly-D-lysine
(Sigma) coated plates. Ten days after plating, primary oglier were isolated by
treatment with 15 mM lidocaine (Sigma) for 15 minutes at roonpégaiure and gentle
rocking, which released the microglia into the culture medium. Tipereatant was
collected and centrifuged at 1500 rpm for 5 minutes. The microglidétpelas
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resuspended in an appropriate volume of ice-cold DMEM with 1% FB®r 24 — 48

hours of culture, microglia were used for experiments as described.

Microglia and glioma cell co-culture

Microglia-glioma co-cultures were performed by co-platingg6l-EGFP glioma
cells with rhodamine-labeled primary microglia. In brief, afieolation of primary
microglia as above, the cells were resuspended at a densitg@fcells / ml in DMEM
with 1% FBS and 2@g/ml mini-ruby (a rhodamine-conjugated dextran, Invitrogen), and
then cultured in 12-well plates (Ullrich et al., 2001). After 48repthe medium was
removed and 2xf0GL261-EGFP cells seeded on top of the microglia in DMEM wit
10% FBS. As controls, primary microglia were either switch@dhe same medium
without the addition of glioma cells, or the microglia were seeded with*fthe CRL-
2541-EGFP astrocytes. To evaluate the microglia-glioma intengcover time, the cells
were followed by confocal imaging over a period of 5 days. Tauatalthe growth rate
of the two populations, cells were detached from the plates dhcwsebers were
counted by a hemacytometer for 5 days (as glioma or astagjts were labeled with
EGFP and the microglia were loaded with Mini-Ruby). The expants were repeated 3

times with duplicate samples for each group.

Segregated microglia-glioma co-cultures were performepldiyng GL261 cells
in 24-well plates below primary microglia adherent to 0.4 prh celture inserts
(Millicell). Briefly, 5x10* primary microglia were seeded on the inserts in DMEM with

1% FBS. After 48 hours, the inserts were moved to 24-well platesicog 5,000
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GL261 cells/well in DMEM with 10% FBS. 150 pg/ml tuftsin or M{(Bachem) was
added to the medium above the inserts. Empty inserts with thersadiem were used
as control. GL261 proliferation was measured every other day. Theiregpes were

repeated 3 times with duplicate samples for each group.

Cell proliferation assay

The CCK-8 kit (Dojindo Molecular Technologies) was used to quartly
proliferation following the manufacture’s protocol. In brief, equal nusldr GL261
cells were seeded in 96-well plates or 24-well plates (dow&)l with respective
treatments (duplicate samples for each treatment). At e@aehpbint, the culture medium
was changed to include a 1:10 dilution of CCK-8. After 2 hours incubatid@7°&,
absorbance values were read at 450 nm by a plate reader. Cédratioln rates were

plotted by normalizing the absorbance values at each time point over the one6.at day

Western blotting of microglial markers

Primary microglia were seeded into 6-well plates at equaibers in DMEM +
1% FBS. After two days, the medium was replaced with DMEM + 1EB& or
conditioned medium. Glioma-conditioned medium (GCM) was collected &or80%-
confluent GL261 plate and centrifuged at 10,000 rpm for 10 minutes to rerstive c
debris. Negative controls included GCM boiled for 10 minutes and astroopditioned
medium (ACM) collected from a CRL-2541 plate. At different tipwnts, cells were

lysed and protein concentrations were. 15% SDS-PAGE was used tatsgmatein
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samples (10 pg), which then were transferred to a PVDF membveembranes were
blocked by 3% bovine serum albumin (BSA) in PBS / 0.05% Tween 20 for lahbour
room temperature, and then incubated with rabbit anti-mouse Ibal an{ibddpoO,
Wako) and mouse anti-mousetubulin antibody (1:2000, Upstate, Millipore) overnight
at 4°C. Goat anti-rabbit and anti-mouse HRP-conjugated secondary asdilbwde used
at 1:.5000, and HRP activity detected with LumiGLO Chemiluminesceist&te
System. Expression levels were quantified using SCION Imafievase, and lbal
expression level normalized to thetubulin expression level. The experiment was

repeated 3 times.

In vivo mouse glioma model and local drug delivery

12 — 16 week old male CD11b-HSVTK (+/-) mice weighing 25 — 3@ngrevere
used for intracranial injections. WT littermates (CD11b-HSM¥K) mice) were used as
controls. For the tuftsin group, 12 — 16 week old C57BL/6 mice were usedtuimor

injection process was same as the one used in Chapter 2.

Local drug administration was performed using 14-day or 28rdiay-osmotic
pumps (Alzet®, DURECT Corporation) containing different concentratiaris
ganciclovir (GCV) (Calbiochem), 25 pg/ml tuftsin, or 25 pug/ml MEach pump was
connected to a plastic tubing and a 4 mm guide cannula (Plastic§@eeg)umps were
incubated in normal saline overnight at 37 °C and then placed subcuigneotube
mouse back with the cannulas inserted to the injection site. Tigs drere infused at a

rate of 0.25 pl per hour over 14 or 28 days. Pumps with normal salineethsgrit after
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tumor cell injection were used as negative control. GCV pumps iusegted either
immediately after (DO GCV pump), or five days after (D5 GQ@ynp) tumor injection.
Animals accepting GCV pumps were administered 50 pg/g GCV i.pdanebefore

tumor injection to ensure the maximum ablation of MG/MP.

Tumor evaluation

At each time point of tumor evaluation, brain specimens were taileas
described in Chapter 2. For general morphology, sections weredstaihehematoxylin
and eosin (H&E). The tumor sizes were measured based GFP+Hreasections were
immunostained using an Ibal antibody or biotinylated tomato Ie€8tym@) to visualize
MG/MP infiltration, a Ki67 antibody (Abcam) to quantify prolifet, an activated
caspase-3 antibody (Sigma) to measure apoptosis and a CCL21 (Paprantdmody to
measure cytokine level. For quantification, 3 randomly selectegdlsarftom each group
were used and at least 15 fields in different sections of time sample captured by

confocal microscopy.

Immunofluoresent staining

Primary microglia treated with GCM were fixed with 4%-APBS for 15
minutes at room temperature. Cells or brain sections were blocke) igoat serum in
PBS-T (0.3% Triton X-100 in PBS) for 1 hour at room temperature, s incubated
with Ibal antibody (1:500), Ki67 antibody (1:500), activated caspase5®(), and

biotinylated tomato lectin (1:500) in PBS-T overnight at 4°C. The ssnplere
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incubated with corresponding different secondary antibodies (Alexa Fluor 555 do647)

1 hour at room temperature, and then mounted with Fluoromount-G.

For CCL-21 immunostaining, brain sections were first subjectedntigen
retrieval with Target Retrieval Solution, Citrate pH 6 (Daka)stRhe stock solution was
diluted 1:10 with distilled water and then the slides were imadevgth the solution in a
plastic coplin jar. The covered coplin jar was heated to 95°C bromave oven at 30%
power for 1 to 1.5 minutes, followed by incubation at 55°C for 10 minutdsr@om
temperature for 20 minutes. After 3 washes with PBS, the shiges blocked and
incubated with CCL21 antibody (1:500) overnight at 4°C. In order to antpkfgignals,
the sections were first incubated with goat anti-rabbit bicbed secondary antibody
(1:200) for 1 hour at room temperature and then strep-avidin Alexa Bb5 antibody

(1:2000) for 30 minutes at room temperature.

Statistical analysis

The statistical significance between two groups was déetedrby Student’s-
test. For comparison of more than two groups, one-way ANOVA followeda
Bonferroni-Dunn test was used. The Kaplan-Meier survival curve calsilated with
MedCalc software. Data were expressed as mean + SEM. disichl significance is
either described in figure legends, or indicated as asterisks )< 0.05; **: P < 0.01,

*** P <0.001.
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Results

Glioma cells produce soluble factors that activate microglia

We began by exposing primary microglia to glioma-conditioned medGGM)
to determine whether soluble factors secreted by gliomaaitdisthe state of microglial
activation. Microglial activation can be assessed by chamgellular morphology.
Resting microglia appear rod-like shaped in culture, and uporageti, they transform
into an ameboid shape with pseudopodia (Siao and Tsirka, 2002). At tiime r@sting
microglia had elongated cell bodies and thin processes, and conttheiralture for
another 24 h in the same (microglia, DMEM + 1% FBS) or GL261-comtediium
(DMEM + 10% FBS) elicited no change in the morphology (Fig. 3-BA, When
exposed to GCM for 16-24 hours, however, the microglia retractédpiteeesses and
became ameboid in shape. Ibal (ionized calcium binding adaptor molecke rhparker
for MG/MP that is upregulated upon activation (Ito et al., 1998). [baé expression
level increased 3-4 fold with GCM treatment (Fig. 3-1B, G)naomitant with the
observed morphological changes. However, no increase in Ibabbsas/ed when the
microglia were cultured with boiled GCM or with astrocyte-ctioded medium (ACM),
indicating that the secreted factor is glioma-specific el & heat-labile, suggesting that

it is most likely protein in nature.

Microglia in culture promote a modest increase in glioma cell growth

Microglia are derived from monocytic progenitors and play aomigle in both

innate and adaptive immune responses in the CNS. As part of the immatene
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response, they phagocytose pathogens and release proteases, yamdnether
molecules that function to protect the host (Kreutzberg, 1996); dimistibn may be
compromised in a glioma-harboring environment (Hussain et al., 2006). &ctlgir
assess the effect of glioma cells on microglial function, weutured rhodamine-
labeled microglia and glioma GL261-EGFP cells. As a contrelmicroglia were also
plated alone, or with the CRL-2541 astrocytic line. Microgliagualone remained rod-
like throughout the 5 day experiment (Fig. 3-2A). Microglia atitwred with CRL-2541-
EGFP cells exhibited modest signs of morphological activation angopiigc activity
throughout the 5-day period (Fig. 3-2B, arrows and insets whereethe-microglia-
channel has been removed to display the green (astrocytic) fluoceseethin the
specific microglia cells, indicative of phagocytic events)cdmtrast, within one day of
being co-plated with GL261 cells, the microglia exhibited aaivahorphology and their
pseudopodia were in contact with the GL261 cells (Fig. 3-2C). ARdand day 3, a few
phagocytic microglia containing GFP fluorescence in thelr bodies (arrows in figure
3-2C-D) could be observed. However, after day 4, phagocytosis of GLR§ives only

rarely observed.

We next examined the growth rate of GL261 and microglia inctireulture
system by counting the cell numbers of each population every 24 hagir8-F). When
primary microglia were switched to DMEM + 10% FBS (theogla medium), the
primary cells didn’t proliferate in culture. In the presenc&bf61, microglia remained
in similar numbers as in the control group. At plating, the initial mens of GL261
(2x10% cells were lower than those of microglia (5%10n an attempt to mimic the

beginning stages of glioma growth in the CNS. Three days@éeng, there were more
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GL261 cells than microglia. Moreover, when GL261 cells weréuced together with
microglia, the GL261 growth rate was higher than the one of GL26%® &1dn3% more
cells on day 5, slope of growth curve: no microglia — 6.0248, with mieregb.9347).
Overall the growth (cell numbers) of GL261 cells in culture was stbdgreater (and
the difference was statistically significant) in the present microglia than in their
absence. These results suggest that both the innate phagocytic eesjponesroglia in

culture is inhibited by GL261 cells, and that microglia may support glioma growth.

Establishment of anin vivo mouse glioma model with local MG/MP ablation

To have a better understanding of thevivo response of microglia cells to a
developing glioma, we decided to use a model of local microgliatiabl The CD11b-
HSVTK transgenic mice express the herpes simplex thymidimes&i (HSVTK) protein
in monocytic cells, including MG/MP (Heppner et al., 2005). When thes®aals are
exposed to GCV, the cells that express HSVTK are eliminatesdei®ic administration
(100 pg/g GCV i.p. every 2 days) resulted in the death of all praiifgr monocytic
cells, which led to severe anemia and death around 10 days afteCt¥hen{gction
(Heppner et al.,, 2005). We modified this protocol by using local infusio®©Y
(Mirrione et al., 2010) at the tumor injection site, which ablatg&/WP in and around

the tumor.

We first investigated whether GCV could affect GL261-EGFP traw culture
andin vivo. When GL261-EGFP cells were treated with 25 and 50 pg/ml GUsry

other day for 8 days, at day 4, 6 and 8), the cell growth wadisagily inhibited as
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compared to control group (P < 0.001), while 2.5 pg/ml and 10 pg/ml B&&¥ments
had no effect on GL261-EGFP growth (Figure 3-4A). We then testéeredif GCV
concentrationsn vivo in WT mice (Fig. 3-4B) and found that concentrations up to 1
mg/ml and 1.25 mg/ml GCV had no significant effect on tumor gigay 14 after tumor
cell injection. When we tested higher concentrations, the tumer decreased
significantly. These results suggested that high concentraticB€dfwere per se toxic

to GL261-EGFP growth, as all cells have intrinsic thymidinmea&es; however the HSV
thymidine kinases are ~ 1000-fold more sensitive to GCV. For whsexjuent

experiments we used 1 mg/ml GCV.

To investigate the role of MG/MP in the temporal progressioriomg, we used
CD11b-HSVTK mice and treated them with GCV: one group receB@% immediately
after tumor injection (DO GCV group), and the other one was treated3&ZV five days
after tumor implantation (D5 GCV group) to mimic an early siglgema (Figure 3-4C).
Control animals were either WT treated with saline or withvG®d CD11b-HSVTK

mice treated with saline.

MG/MP ablation inhibits glioma progression

It has been reported that glioma invasion was attenuated in organobrgin
slices after administration of clodronate, which depletes mjliero provision of
exogenous microglia restored the tumor invasiveness (Markovit, 2085). Similar
effects were recently observed vivo: Markovic and colleagues used the CD11b-

HSVTK mice to study the effect of depletion of microgliatded MT1-MMP on glioma
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growth. The elimination of MG/MP resulted in 80% reduction of tummolume
(Markovic et al., 2009). Using our protocol for local MG/MP ablationr(idne et al.,
2010) we performed a detailed evaluation of tumor growth in the presence and absence
microglia. Using the experimental and control groups describecealb@/found that the
tumor size in control mice (either WT or CD11b-HSVTK that odgeaived saline) was
similar at 14 days after GL261 injection, whereas in MG/MPetegl mice was
significantly smaller (P<0.001; Figure 3-4D). At day 14 aftendér implantation, the
average tumor size in the DO GCV group and D5 GCV group of CD11bFKSkice

was 1.55 mmand 2.94 mrhrespectively (87.5% and 76.3% less than that of CD11b-
HSVTK mice receiving only saline, which was 12.38 o investigate the long-term
effects of MG/MP depletion on glioma progression, we followed the tumor growth in WT
mice treated with saline (saline WT group) and CD11b-HSVTEemeceiving GCV at

the day of glioma infusion (DO GCV group) at later time points. fiiwelays after tumor
inoculation, WT mice receiving saline were very sick with an ayeetamor size of ~
55.6 mmi (Figures 3-4E, G). These mice suffered from extensive brain hieager, brain
swelling and weight loss. In contrast, the tumor size of midainwihe HSVTK DO GCV
group decreased to almost undetectable (~ 0.13) @8ndays after inoculation, and was

not detectable any more at day 42 (Figures 3-4E, G).

We then assessed the survival of tumor-bearing mice in the peeseabsence
of MG/MP (Figure 3-4F), and found no difference between WT and CD1ABFKHS
mice treated with saline (median survival time 24 days and 22 réapectively). In

contrast, CD11b-HSVTK mice receiving GCV from the time pointushor inoculation
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(HSVTK DO GCV) survived. These results indicate that glioma tras dependent on

the presence of MG/MP in this model system.

To evaluate tumor morphology, H&E-stained sections (Figure 3-Wéne
correlated with the GFP signal derived from GL261-GFP tsllBuorescent microscopy
(Figures 3-4H, 1). Both saline- and GCV-treated WT mice al as saline-treated
CD11b-HSVTK (labeled as HSVTK) mice showed intact gliomsaue with numerous
MG/MP in and around the tumor, which were labeled with lIbal antibodyr@-ig-4J,
K). GCV treatment of CD11b-HSVTK mice significantly desed MG/MP, especially
in the animals that received the DO pump (although there was éicsighidecrease in
those with the D5 pump as well). The decrease of MG/MP wasmgpasoed by a
reduction of tumor size as visible by few residual GFP sig@aain the animals with
the DO pump were carrying the smaller size tumors. At tatex points, day 20 and day

42, the tumor was almost undetectable.

MG/MP labeling by Ibal revealed that the number of MG/MP, dfterinitial
decrease at the earlier timepoints, increased later (day 42), and tbgliaicnorphology
indicated that MG/MP were activated, as they presumably veereited to the injury

site to clean up tissue debris (Figure 3-4J, K).

Exaggerated activation of MG/MP increases glioma growth

Tuftsin (threonine-lysine-proline-arginine, TKPR) derives from thetgmiytic
degradation of immunoglobulin (Ig) G (Nishioka et al., 1973) and is a pdtentlator

of MG/MP; it can enhance the phagocytic activity, migratiod antigen presentation of
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monocytic cells, including neutrophils and MG/MP (Siemion and Kluczyk, 1999).
Tuftsin has been widely used as an anti-tumor agent in animal caodeils, including
leukemia and melanoma (Banks et al., 1985; Noyes et al., 1981; WIieklik £386). In
this study, we investigated the effects of tuftsin on glioma tirowWwhen culturing
GL261-EGFP cells in the presence of different concentrationsfisirt, we found no
effect on cell proliferation as assessed by a CCK-8 kit ocdunting cell numbers
(Figure 3-5A). Next, the effect of tuftsin on the growth of GLEBAFP cells was
measured in the presence of microglia. To this effect igeudsed a tissue-culture insert
system to study the effects of soluble factors releaseditipgha on GL261 growth.
Tissue culture inserts containing microglia were placed ilswentaining GL261-EGFP
cells. Microglia were treated with or without tuftsin for diffat periods of time. Then
the inserts containing microglia were removed to exclude physitaiction between
microglia and GL261-EGFP and the proliferation of GL261-EGFP wasuned (Figure
3-5C). When compared to GL261-EGFP alone, GL261-EGFP growth wasrsiowhe
presence of microglia; but after day 6 of co-culture, gliorelf proliferation was
increased (P<0.01). Similar results were obtained when usingraggtio-culture system

with physical interaction between microglia and glioma cells (Ei@u6B, E).

To assess the effects of tuftsin on glioma growmmthivo, tuftsin was delivered
either at day 0 or 5 days after tumor injection to the tumor mbgti@n site by mini-
osmotic pumps and the size of tumors analyzed at day 14 after tuwoatation. Tuftsin
treatment at day O (immediately after tumor implantatioghiScantly increased the
tumor size (mean = 21.0 nijrvhen compared to the average tumor size of the control

group (mean = 11.7 min(P<0.05), while infusion of tuftsin starting 5 days after tumor
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injection had no significant effect (Figure 3-7A, B). Immunofluoeegcstaining with
Ibal revealed that tuftsin activated MG/MP (with morphology aswput) in the area
surrounding the infusion site in the absence of glioma cell implantéFigure 3-6).
Upon glioma inoculation, MG/MP numbers and the intensity of Ibal signedased in
and around the tumor by tuftsin administration immediately afterot cell injection
(Figure 3-7A, C, 3-8B). After we quantified the proliferation @K} and apoptosis
(activated caspase-3) in the saline and DO tuftsin group, we thabdhe infusion of
tuftsin increased the proliferation both in tumor tissue volume and taellonumber as
compared to those of the saline control group (Figure 3-8). Meanwihitsin also

decreased the apoptosis of both tumor cells and GIMs (Figure 3-9).

MIF inhibits the growth of glioma cells in the presence of microglia

Based on our results and previous findings (Ginzkey et al., 2009), Zbeofsi
gliomasin vivo appears to increase upon administration of stimulators of MG/MP. We
used therefore an inhibitor of MG/MP, MIF, to evaluate whethewoiild reduce glioma
growth. MIF (tuftsin fragment 1-3, TKP) is a tripeptide and k#od¢he activity of
monocytic cellgn vitro andin vivo (Thanos et al., 1993). The infusion of MIF to the site
of excitotoxic injury inhibits microglia activation, and MIF tre@m of primary
microglia inhibits lipopolysaccharide (LPS)-mediated tumor nesréasctor (TNF) e
release (Rogove and Tsirka, 1998). As shown above, an indirect andcdhedture
system was utilized to assess the effects of MIF on glioeflagrowth. In the indirect
system, in the presence of MIF and microglia the growth d263LEGFP cells slightly

slowed down 6 days after co-culture compared to that of GL261-E@H® with
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microglia only (P<0.05) (Figure 3-5C). In the direct co-culturethe presence of
microglia, MIF treatment had a very modest effect on GL26 HE@rowth 2 days after
co-culture compared to that of GL261-EGFP cells with microglig @Ak0.01) (Figure

3-5E). MIF-treated microglia resulted in lower total GL261-EGEe numbers than
GL261 alone at day 4 (P<0.01). Since MIF had no effect on GL261-E@B#HRh in the

absence of microglia (Figure 3-5B, D), the MIF-mediatedondiy effect on glioma cell

proliferation in the presence of microglia was probably due to ttkaumted microglial

activation. These results were then explaredivo: delivery of MIF 5 days after tumor
injection inhibited tumor growth and MG/MP infiltration (Figure 3-The quantification

of Ki67 (cell proliferation) and activated caspase-3 (cell daatkaline control mice and
D5 MIF-treated mice revealed that MIF treatment inhibitedngh cell proliferation, but
had little effect on glioma cell apoptosis (Figures 3-8, 3-9). ¢él@v MIF induced

apoptosis of GIMs, which may contribute to the lower level of MG/M#itration

(Figure 3-9).

Tuftsin and MIF treatment had no significant effects on glioma angiogenesis

Since we labeled MG/MP with tomato lectin, a marker for botG/MP and
endothelial cells, we next measured blood vessel density to quéamtifangiogenic
effects of tuftsin and MIF on gliomas (Figure 3-12). However, thes no significant
difference in saline, DO tuftsin and D5 MIF group based on blood vdssesity and
diameters. These results indicated that the different MG/MiRratibn induced by
tuftsin and MIF treatment, but not endothelial cells, contribute nyajorthe difference

observed in tomato lectin staining (Figure 3-7C).
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Tuftsin and MIF treatment had different effects on CCL21 expression in glioma

tissue

The chemokine CCL21 is expressed by many cancers, including baeast and
melanoma, and was recently shown to function as an immune supprdssinvekne,
which facilitates the immune escape of tumors (Shields €Qdl7; Shields et al., 2010).
Here we examined whether the treatment of tuftsin and MIF coaldulate CCL21
expression in glioma tissue. The immunofluorescent staining of C@&2daled that
primarily stromal cells and some glioma cells expressed2l(Eigure 3-10), while the
adjacent normal brain tissue did not show any positive stainiggré~3-11A). The DO
tuftsin group had more CCL21-positive cells in glioma tissue coeadptar saline control
group, however, the D5 MIF group revealed a significant decreasieei number of
CCL21-expressing cells (Figures 3-11A, B). These resultsestigd) that modulating
microglial activation, potentially using MIF as a treatmengy be beneficial for the
treatment of glioma by attenuating the immune microenvironment surrguritde

gliomas.

72



Discussion

The components of tumor mass are tumor and stromal cells, whicaciméth
each other and ultimately also affect tumor growth. Among themsir cells,
macrophages have been shown to have dual roles, which are both tumor-suppressing
tumor-promoting (Allavena et al., 2008; Solinas et al., 2009). Macrophagesecrete
anti-tumor cytokines and interact with T cells to destroy tuoetis (Galani et al., 2009).
On the other hand they can be recruited by tumor-released chemakihewitch their
immune response to tumor-supporting function by the tumor microenviror{Pemuth

and Berens, 2004; Pollard, 2004).

Glioma cells release chemokines and growth factors such asl,CSM-CSF,
MCP-1, and HGF/SF, which recruit and promote the growth of tumotratiiig
MG/MP (Alterman and Stanley, 1994; Badie et al., 1999; Kielian.e2@02; Leung et
al.,, 1997; Nitta et al., 1992). Moreover, tumor-infiltrating MG/MP a@@mmonly
activated and proliferate in gliomas (Klein and Roggendorf, 2001). Istady, we show
that glioma conditioned medium, but not astrocyte-derived medium, &ctinatroglia,
which is consistent with previous vivo data (Klein and Roggendorf, 2001). In the
GL261 mouse glioma model, in agreement with data from human glipetinsens, we
found strong infiltration of activated MG/MP within and around tumorgssand the
density of MG/MP in the tumor area was higher than the densityi®@MP that

surrounded relatively normal brain tissue.

MG/MP are crucial to the innate and adaptive immune respon§#$Sn Patients

with gliomas often have deficiency in immunologic responses agdmesttumor,
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including cutaneous anergy, lymphopenia, decreased Ig production, and impaied
responses (Morford et al., 1997). Although up to one third of all cellglioma
specimens were MG/MP, T cells were rarely seen in gliofivamimura et al., 1990;
Roggendorf et al., 1996). Independent studies showed that the antigenipgesent
function of microglia was compromised in gliomas, since the Mit&Ss Il molecules
and co-stimulatory molecules exhibited decreased their exprdssiels (Badie et al.,
2002; Flugel et al., 1999). The studies on the innate immune responskl®igGlated
from glioma tissue demonstrated that they expressed TLRs andtatk@ghagocytosis,
but lacked production of ILf and TNFe, which are important cytokines for tumor
rejection (Frei et al., 1994; Hussain et al., 2006). Moreover in a GBISMIK glioma
model similar to ours, Markovic et al. (2009) reported that actimadgf MMPs in glioma
is promoted via activation of TLRs and MT1-MMP in microglia. Ouiadaso shed light
on the innate immune response of MG/MP against gliomas. When maceoglountered
glioma cells in culture, they first exhibited morphological changbagocytosis and up-
regulation of surface activation markers. However, after threes dayco-culture,
phagocytosis was rarely observed and the growth of gliomaveetts unaffected by the
microglia, which suggested the presence of an immunosuppressivenemsit within
gliomas. The components contributing to this suppression could be Th2/Tkhegto
released by glioma cells, such as IL-6, IL-11, LIF, OSM, and BGWhich are able to
inhibit cytotoxic T-cell activation and MG/MP activation (Constaeh al., 1992;

Goswami et al., 1998; Halfter et al., 1998; Hao et al., 2002; Murphy et al., 1995).

On the other hand, GIMs themselves release many factors, sugfiokmes,

growth factors and proteases, which directly or indirectly infteetumor progression
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(Graeber et al., 2002). It has been shown that GL261 cell migrationred@arlier and
faster in the presence of primary microglia or microglia-cooried medium, which
indicated that microglia-released soluble factors can promatengl cell migration
(Bettinger et al., 2002). GIMs are the major source of IL-1@jclv is a strong
immunosuppressive cytokine, able to promote the proliferation and roigmtiglioma
cells (Huettner et al., 1997; Wagner et al., 1999). Moreover glibena-derived and
GIM-derived TGFB has multiple effects on glioma progression: it can inhibit the
proliferation of microglia and release of cytokinasitro (Suzumura et al., 1993). It can
also induce MMP expression and promote the invasion of glioma bikdgvic et al.,
2009; Wesolowska et al., 2008; Wick et al., 2001). Both GIMs and glionsa smilete
VEGF (Lafuente et al., 1999; Tsai et al., 1995), which is a well-doctedefactor in
mediating angiogenesis. These findings suggested that gliootagae MG/MP, inhibit
their immune response and induce the MG/MP production of tumor survitardac

which in turn facilitate glioma growth and malignancy.

Our experiments further supported this hypothesis and provide new evidenc
the tumor-promoting function of GIMs. In culture, we showed that glioeis grew
faster in the presence of primary microgliavivo, we demonstrated that the depletion of
GIMs led to significant decrease in glioma size and prolonged suofivamor-bearing
mice. The results presented here are in agreement with ma&@nby Markovic et al.
(Markovic et al., 2009), but provide more detailed characterization ahtuel. Since
GIMs are a significant source of tumor survival factors, the &sGIMs may result in
decrease of immunosuppressive cytokines, growth factors and protedses, are

essential for glioma growth. In addition, the GCV / HSVTK systeam been shown to
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have “bystander effect”, which is mediated by the transfetoxit GCV metabolites
through gap junctions of adjacent cells (Culver et al., 1992; Mesall,et996). Since
primary microglia have close interactions with glioma cellsulture, it is possible that
the decrease of glioma cells in the GIM-ablated model wamliparhduced by the death
of adjacent HSVTK-positive GIMs. Thus our data demonstrate thatrédsence of GIMs
is crucial for glioma growth, and GIMs could potentially be manigalab interfere with

glioma progression.

In a previous report by Galarneau et al., it was shown that thetideplf
macrophages in CD11b-TK*® mice via systemic injection of GCV resulted in increase
of glioma growth (Galarneau et al., 2007). These results mag agtie the early-time
points of our data, but the final outcome is different. The differenag ke in the
experimental system (administration route of GCV, reconstitutiomiafoglia with

bone-marrow derived wild-type cells).

The recent strategies for glioma therapy are — among witaeys - interventions
aiming to manipulate the activity of tumor-associated macrophagesding inhibition
of their recruitment to the tumor, their survival in tumor tissuevels as restoration of
their anti-tumor immunity (Allavena et al., 2005; Sessa et al., 20Q@bget\al., 2009).
However, the development of therapeutic anti-glioma options by modutagnagctivity
of GIM has not been thoroughly investigated. Glioma cell lines usadiinal studies are
also of different immunogenicity and thus probably one of the reasort®mtroversial
results found in the literature. For example, the injection of Cp@omlcleotides to

GL261 mouse glioma cells resulted in contradictory data in onat9glioma model (El
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Andaloussi et al., 2006; Ginzkey et al., 2009), which suggests that M Gfivhulators
may have different effects on MG/MP activities depending on thenor
microenvironment. Our results also suggest that the use of the M&:MRtor tuftsin
will not be an effective, i.e. useful treatment option for gliomaep#&t. Although tuftsin
has been widely used in different anticancer studies (Banks @1998b; Noyes et al.,
1981; WIleklik et al., 1986), its infusion into the mouse glioma modetgnted here
exaggerated tumor growth. It has been shown that tuftsin caratactnonocytes and
macrophages leading to the release of IL-1, T\&d nitric oxide (Cillari et al., 1994;
Robey et al., 1987; WIieklik et al., 1987), which possibly contributed tonttia islowing
down of glioma cell growth. However, due to the immunosuppressive enmardnm
within gliomas, the activation effects of tuftsin on GIMs maytslw them towards a
rather tumor-promoting phenotype at later stages. Interestinighyiars results were
obtained in a mouse model of multiple sclerosis, where the infusiaftsihtaltered the
host immune response towards favoring the expression of immunosuppiidesigenes

(Bhasin et al., 2007).

In contrast, the use of MIF in a glioma-microglia co-cultued to optimistic
results, since the presence of MIF and microglia slowed dovamglicell growth.
Notably, alsain vivo delivery of MIF to the tumor site inhibited tumor proliferation and
induced apoptosis of GIM, which is in agreement with the currenttof tumor therapy
to inhibit macrophage recruitment and survival at the tumor sita@tia et al., 2005;
Meng et al., 2010; Miselis et al., 2008). Along this line, it has been shown that delivery of

MIF to the injury site after intracerebral hemorrhage (I@H)he mouse brain inhibited
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MG/MP infiltration and activation, which had protective effectsafWy and Tsirka,

2005).

One possible mechanism contributing to the above results could be the ohange
CCL21 expression level in glioma tissue. A recent report (Shetlds., 2010) showed
that melanoma cells could shift their microenvironment to an imnwieeant one by
expressing CCL21. This led to the formation of a lymphoid-like strostraicture,
increased the levels of TGR- and the number of myeloid-derived suppressor cells.
Melanoma cells upregulated CCL21 in stromal cells, and this index@@ssion was a
major contributor to an immunotolerant microenvironment, which resuit@domotion
of melanoma progression. Consistent with these findings, we findlibiatag but mostly
surrounding stromal cells expressed CCL21 two weeks after gliootalation, which
suggested that the glioma microenvironment is immune suppressive. Mortrdtgn
treatment increased CCL21 levels in the glioma tissue, whdt#adreatment had the
opposite effect. In GCV-treated CD11b-HSVTK mice, the expoessf CCL21 was not
detectable (data not shown), indicating that the modulation of GliMitaes can possibly

change the tumor microenvironment and modulate tumor progression.

Taken together, our data demonstrate that GIMs promote glioma geowith
invasion, and, that depletion or pharmacological inhibition of GIMs ikeridnger-term
beneficial to glioma-bearing animals. Thus, inhibiting the actiatyGIM by local
delivery of factors such as MIF may be a potential novel intexweaiti adjuvant regimen

to tackle gliomas.
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Figure 3 - 1. GCM activated primary microglia. Primary microglia were treated with
GCM or with DMEM + 1% FBS (microglial medium) or 10% FB§igma medium) as
control. At each time point, cells were observed under bright riridtloscopy (A), were
immunofluorescently stained with Ibal antibody and labeled with DAPVidualize
nuclei (B), and lysed to obtain protein extracts for western bp{iC). Ibal expression
levels were normalized ta-tubulin. The experiment was repeated 3 times. Arrows:
microglia with amoeboid shapes. Scale bar: A =50 um; B — 20 pm.

A DMEM+1% FBS 24 hours DMEM+10% FBS 24 hours GCM 16 hours GCM 24 hours
E"ﬁ:‘: N\ B Ry

N ﬁ}/ &5
%/1{ PLTA §/(C

Iba1 expression

016 hours
=24 hours

1% FBS 10% FBS GCM GCM hoiled ACM

24 hours

o e e Wl T

Fold increase

1%FBS 10%FBS  GCM GCMboiled ACM
Treatment

79



Figure 3 - 2.Microglia-glioma co-culture. 5x10' rhodamine-labeled primary microglia
(A) were plated and left at resting conditions in DMEM + 1%SHBicroglial medium)
for 48 hours before 2x2GCRL-2541-EGFP (B) or GL261-EGFP (C, D) were plated in
the same well. DMEM + 10% FBS was used as a negative controlbcabmhages (A -
D) were taken every day for 5 days. (A — D) red fluoresceis: galimary microglia;
green fluorescent cells: CRL-2541-EGFP or GL261-EGFP as iedicaArrows:
phagocytic microglia with GFP protein in cell body. Inset® ted —microglia- channel
has been removed to display the green fluorescence within mitroglls indicative of
phagocytic events. The scale bar in panels A-C is 50um, whereas in pareRDum.
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Figure 3 - 3.Microglia promote glioma growth in culture. 5x10' rhodamine-labeled
primary microglia were plated and left at resting conditiondMEM + 1% FBS
(microglial medium) for 48 hours before 2X10RL-2541-EGFP or GL261-EGFP were
plated in the same well. Cell number of each population was counteg dase for 7
days. *** indicates the statistical significance between #ermmbers of GL261 alone
and GL261 in co-culture. The experiment was repeated 3 times. §Bg 8f growth
curves were calculated using linear data from day 2 to 5: GaRgie — 6.0248; GL261
in co-culture with microglia — 6.9347.
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Figure 3 — 4A. MG/MP ablation slowed down glioma progressionA) GL261-EGFP

cells were treated with different concentrations of GCV, and preliferation was
guantified with the CCK-8 kit every 2 days for 8 days (25, 50 pg/ml group at day 4, 6 and
8: P <0.01). (B) WT mice were injected with GL261-EGFP and infwsi¢h different
concentrations of GCV. Tumor sizes were measured 14 daysngdietion. (0, 1 mg/ml
group: n =5, 1.25, 1.5 mg/ml group: n = 2). (C) Schematic illustratiomnodtt injection

and GCV infusion. (D) Tumor sizes in WT and HSVTK mice were sueal 14 days
after GL261-EGFP injection and infusion of 1 mg/ml GCV or salW& (saline and
GCV group: n =5; HSVTK saline and DO GCV group: n = 6; HSVTK®CV group: n

= 4),
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Figure 3 — 4B. MG/MP ablation slowed down glioma progressionE) Tumor sizes
were measured at different time points after GL261-EGFPtiajeand infusion of 1
mg/ml GCV or saline (WT saline group: day 10 n = 6, day 14 n =¥%,20an = 8;
HSVTK DO GCV group: day 14 n = 6, day 28 n = 3, day 42 n = 2). (F)acalleier
survival curves of tumor-bearing mice. WT saline group: n = 10, HS¥dliKte and DO
GCV groups: n = 5. Saline group of WT and HSVTK mice: no sigmfichfference;
HSVTK GCV group vs. saline groups: P < 0.01. (G-K) Tumor morphology antvVRG
infiltration was evaluated at each time point. Representativgesaf (G) H&E staining
(scale bar = 1000 pum; the tumor is demarcated by the dashedHifig)GFP fluorescent
signals (H: scale bar = 1000 um; I: scale bar = 100 prak) (Bal immunofluorescence
(J: scale bar = 100 um; K: scale bar = 50 um) is also shown.
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Figure 3 - 5. Different effects of tuftsin and MIF on GL261 growth in thepresence of
microglia. (A and B) GL261 were treated with different concentrations ofitu{#s) or

MIF (B), and cell proliferation was measured by CCK-8 kit exdays for 6 days. (C)
GL261 were incubated with inserts containing primary microglia tesmted with 150
pg/ml tuftsin or MIF. GL261 proliferation was measured every gsd&tatistical
analysis: GL261 only — M1, GL261 with microglia — M2, GL261 with midisognd
tuftsin — M3, GL261 with microglia and MIF — M4. Day 2, 4 and 6, M1 vs. MRI8ror

M4: P < 0.01; day 4, M2 vs. M3: P < 0.05; day 6, M2 vs. M3: P < 0.01, M2 #sP\k

0.05, M3 vs. M4: P < 0.01. (D) GL261-EGFP cells were incubated with 150 pg/ml tuftsin
or MIF and cell number was counted every day for 5 days. (E) GL&FREells were
cultured with primary microglia in the presence of 150 pg/mséitufor MIF, and GL261-
EGFP cell number was counted every day for 5 days. Statigtiegfsis: M1 vs. M2, M2

vs. M4: day 2 -5 P< 0.01; M1 vs. M3, M3 vs. M4 day 2, 4 and 5 P<0.01; M1 vs. M4 day
4 and 5 P<0.01; M2 vs. M3 day3 P<0.05. All the experiments were repeated 3 times.

GL261 Proliferation with Tuftsin GL261 Proliferation with MIF GL261 growth
S0 ruftsin pgimi 25 MIFOpg/ml 251 gLost
~=Tuftsin 50 pg/ml . ~=MIF 50 ug/ml -=GL261 with tuftsin
~Tuftsin 100 pg/mi ~+MIF 100 pg/ml .
a0 +Tuftsin 150 pg/ml 20 +MIF 150 pg/ml 20 -+GL261 with MIF

-
o

30

-
o

=
=]

20

=
Cell number (x10%)

Relative Cell Number
Relative Cell Number

v
o

o

o

0 1 2 3 4 5
° : . 4 ¢ 0 2 . 4 6 Days in culture
Days in culture Days in culture Y
GL261 Proliferation GL261 growth
10 --GL261only 30 —~GL261
«GL261 with microglia +GL261 with microglia

~+GL261 with microglia and tuftsin —~GL261 with microglia and tuftsin
8 |- GL261 with microglia and MIF a 25 GL261 with microglia and MIF
20 | .
6 |
15 ¢ H

Days in culture Days in culture

S
o

Realtive cell number

84



Figure 3 - 6. Tuftsin can activate MG/MP. Infusion of tuftsin into the mouse brain
without injection of glioma cells activated MG/MP locally. 8w indicates infusion
canula track.
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Figure 3 - 7. Tuftsin and MIF treatment had different effects on glioma progression
in vivo. Tumor sizes (B) and MG/MP infiltration (A) (Ib&tells) were evaluated 14 days
after GL261-EGFP injection and infusion of 25ug/ml tuftsin (TF), MiFsaline (scale
bar 500 um). The GIM density (C) in saline group, DO tuftsin group &M group
were guantified (n = 3).
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Figure 3 - 8. Tuftsin and MIF treatment had different effects on glioma poliferation
in vivo. (A) Higher magnification (scale bar 20 um) pictures of uftuorescent
staining with tomato lectin and Ki67 to demonstrate the cell spgifThe proliferation
of tumor tissue and tumor cells in saline group, DO tuftsin group and B5gMup were
guantified (C) after (B) Ki67 (scale bar = 50 um) immunofluorescent stajning3).
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Figure 3 - 9. Tuftsin and MIF treatment had different efects on glioma apoptosisn
vivo. (A) Higher magnification (scale bar 20 um) pictures of imriugyescent staining
with tomato lectin and activated caspase-3 to demonstrateelhespecificity. The
proliferation of tumor tissue and tumor cells in saline group, D@itufjroup and D5
MIF group were quantified (C) after (B) activated caspghdseale bar = 100 um)
immunofluorescent staining (n = 3).
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Figure 3 - 10. CCL21 is expressed by both tumor cells and strahcells. Higher
magnification pictures of immunofluorescent staining with CCL21 shbw ¢ell
localization of CCL21 expression. Arrows indicate the expressionCaf2C in stromal
cells (not expressing GFP). (scale bar = 20 um)




Figure 3 - 11. Tuftsin and MIF treatment had different efects on CCL21 expression

in glioma tissue.14 days after GL261-EGFP injection and infusion of 25ug/ml tuftsin
(TF), MIF or saline, CCL21 expression levels were quantifieddanting CCL21 cells
within the tumor tissue (B) (n = 3). Representative images ftonor border and center
are shown (A). White dashed lines indicate the tumor borders. (scale bar = 100 um)
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Figure 3 - 12. Tuftsin and MIF treatment had no significant effects on ghma
angiogenesisThe blood vessels were identified based on immunofluorescent staining of
endothelial cells (tomato lectin). Blood vessel density (A) and diant@tevdre

measuredh glioma tissue from twenty 20x fields. (n = 3)
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Chapter 4

Conclusions and future directions

Summary of conclusions

The components of tumor mass are excessively proliferating teeitsr and
stromal cells constituting the tumor microenvironment, which aatewith each other
and ultimately affect tumor growth. In this study, we inveséidgdahe contribution of both

components of gliomas and their interactions.

In the first part (Figure 4 — 2B), we studied how glioma-relegsedeases
regulate the glioma microenvironment and tumor progression.odefthat GL261, a
mouse glioma cell line, overexpresses annexin A2, a surfacetoeder tPA and
plasminogen. We knocked down annexin A2 expression in glioma cells, and Faind t
the annA2KD decreased membrane-bound tPA activity, which subsequettlip le
reduced level of plasmin generation on the glioma cell surface xknA@2 is a substrate
of v-Src kinase and is involved in cell transformation (Hayes andsMz09), which
could explain the decreased glioma cell migratioritro observed in annA2KD group.
Plasmin is capable of ECM degradation and remodeling, which deseldth cancer
invasion and angiogenesis (Dano et al., 1985; DeClerck et al., 1997; Leviedr,
2003Db; Lijnen, 2001). Thus knockdown of annexin A2 in glioma cells would potentially

lead to reduction of invasion and angiogen&sigvo. Confirming this theory, we found
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that knockdown of annexin A2 in glioma cells decreased tumor sizel@anddsdown
tumor progression, characterized by decreased invasion and arggisgevhich are two
key steps for tumor development and expansion. As a result, we founletteatvas less
proliferation and more apoptosis in tumor tissue of the annA2KD groupnTegether,
our findings demonstrated that inhibition of annexin A2 expression amglicells may

become a novel therapy for glioma patients.

In the second part (Figure 4 — 2A), we studied the contribution @nmmflatory
cells in tumor microenvironment to glioma progression. MG/MP havengortant
regulatory role in CNS immunity. They become an attractive datgi in
immunotherapy for gliomas because of their function of communicatirigeba
immune-privileged CNS and the peripheral immune system, as w#lkeassignificant
infiltration in gliomas. A detailed study of MG/MP—glioma irdetions and manipulation
of the glioma microenvironment may allow the generation of a spemfil durable anti-
glioma immunity. Here, we used a glioma-microglia co-cultsystem to observe the
effects the tumor and microglia have on each other, and found ibraiagtells activated
microglia but inhibited their phagocytic activities. We then assgglioma progression
in vivo after MG/MP ablation or exaggerated activation. Local gendigletion or
pharmacological inhibition of MG/MPRn vivo significantly decreased tumor size and
improved survival curves, suggesting that MG/MP are required fomglidevelopment.
Conversely, pharmacological activation of MG/MP increased glisiza through
stimulating tumor proliferation and inhibiting apoptosis. The chemokine 2LCis
expressed by many cancers, including breast cancer and mejaamatna/as recently

shown to function as an immune suppressive chemokine, which faciliteachmune
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escape of tumors (Shields et al., 2007; Shields et al., 2010). Congisterfibund that
expression of CCL21 was enhanced after MG/MP activation amdlat@d with tumor
growth. Taken together, our findings demonstrate that inhibition ofMIRGActivation

may constitute a new and effective glioma therapy by suppressing tumdéerptan.

Future directions

Changes in signaling pathways in annA2KD glioma cells

In this study, we focused on the role of annexin A2 in enhancingobysi® on
glioma cell surface. However annexin A2 has been shown to partisgeateal signaling
pathways (Bao et al., 2009; Hayes and Moss, 2009; Inokuchi et al., 2009; Shiozawa et al.,
2008), thus investigation of alterations in signaling pathways and gqmession in
annA2KD glioma cells can provide new insights into the function of annagi in

glioma progression.

As discussed before, annexin A2 heteotetramer can bind and bundle actin
filaments, which regulates cell motility (Hayes et al., 2004)e phosphorylation of
annexin A2 by v-Src inhibits annexin A2-actin interactions (Hulyagthal., 1995). v-Src
phosphorylates focal adhesion kinase (FAK) and form a complex, wigahates focal
adhesion turnover (Webb et al., 2004). Fibroblasts lacking annexin A@ failendergo
transformation and anchorage-dependent growth, characterized byivadefe&tK
phosphorylation and failure in targeting activated v-Src to cell mamebrand its

subsequent internalization (Hayes and Moss, 2009). These data suglyedtrale of
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annexin A2, a v-Src effector in actin reorganization and a regutate-Src trafficking.
In figure 2-4, we showed that annA2KD decreased glioma cell torgractivity in
culture; however the mechanism contributing to this phenomenon iso$tdlear. In the
future, we can investigate the regulation of the v-Src/FAK $igmaathway in these
annA2KD glioma cells, which may also show defects in phosphorylatidnmeolecule

trafficking.

Annexin A2 has been shown to promote cancer cell proliferation and invasion
through multiple signaling pathways. In prostate cancer, anrXifacilitates cancer
cell growth partially via MAPK pathway (Shiozawa et al., 2008)weall as induction of
IL-6 secretion, which is overexpressed in prostate cancer and entelhpeoliferation
and survival (Inokuchi et al., 2009). Moreover, in myeloma cells, sileraonimgxin A2
gene by siRNA decreases mRNA level of VEGF, MMP-2, MM&il MT1-MMP (Bao
et al., 2009), which are important angiogenic factors for tumors. Iti@idannexin A2
is involved in cell cycle regulation (Chiang et al., 1993), and p53 oversipreinduces
its downregulation in lung cancer cells (Huang et al., 2008). In daar(Bayure 2-8, 2-9),
we showed that annA2KD decreased proliferation and increased apoptosis ofagitsma
in vivo. Further experiments investigating the above signaling patheayde carried

out to elucidate the mechanism, such as downstream effectors of annexin A2.

Anti-angiogenesis therapy for gliomas

Recently anti-angiogenesis therapy becomes an attradti@gegy for cancer
therapy, which has been demonstrated to an effective method fondiritnor growth

(Cao et al., 1998; Kesavan et al., 2010; Wu et al., 1997). In our data (Ei§@ge2-10,
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2-11), we showed that annA2KD in glioma cells led to decreased surface tiAty actd
subsequent decreased invasion and angiogemesisvo, which is consistent with
previous research in other cancers (Diaz et al., 2004; Shamha 2010; Sharma et al.,
2006). Angiostatin has been reported to inhibit tumor growth, metastasis
angiogenesis in mouse cancer models (O'Reilly et al., 1994; Siin @097; Wu et al.,
1997), and its binding partner is found be annexin A2, which blocks plasmin y@mera
(Sharma et al., 2006). In addition, anti-annexin A2 monoclonal antibodyoisnsto
significantly inhibit lung cancer cell growth (Sharma et al., 200&)rddver TM601, a
synthesized chlorotoxin tested in clinical trials, was showmibit tumor migration,
invasion and angiogenesis, whose molecular target was found to deraA& in many
cancers including glioma, melanoma, pancreatic, prostate and duncgrc(Kesavan et
al., 2010; Soroceanu et al., 1999). These observations are consistenswithaietained
in plasminogen knockout mice, which failed to induce invasion, angiogeanesis
metastasis of tumors suggesting an absolute requirement ofiplas angiogenesis
dependent tumor progression and metastasis (Bajou et al., 2001). AmedAA2 could

be an important therapeutic target for anti-angiogenesis glioma therapy

However the delivery methods need to be investigated in the futurieajirec 3,
we used mini-osmotic pumps to infuse drugs locally to the tumor aheet) could be a
promising method for glioma treatment. The current standard methodjlitona
chemotherapy is systemic administration, however, many forms systemic
chemotherapy are excluded from the CNS by BBB (Groothuis, 200@wAdmpounds,
such as antiproliferative drugs called nitrosoureas (carmustme lomustine) or

alkylating agents (temozolomide), have some ability to crossB8B (Mason and

96



Cairncross, 2005). Thus systemic delivery of these agents ontynodigest benefit as a
supplement to radiotherapy (Sawyer et al., 2006). Direct intratdmig delivery would
eliminate the need for a chemotherapeutic agent to cross tha8BRBIl as decrease the
systemic toxicity, which provide new delivery method for not onlynubiherapy but
also immune therapy and anti-cancer vectors (Ferguson and k,e200¥). Meanwhile
using mini-osmotic pumps to deliver drugs into CNS can keep corditagtinfusion
speed (Mirrione et al., 2010), which is another advantage over sysadmiaistration.
Thus inhibitory molecules of annexin A2, such as siRNA, antisensenolideotides,
monoclonal antibody, competitors of annexin A2 binding, can be deliveredyldoall
glioma site, which may potentially inhibit tumor proteolysis and@ygnesis. Furthan

vivo experiments need to be carried out to optimize the outcomes.

tPA and annexin A2 in MG/MP and glioma cells interaction

The interaction between tPA and annexin A2 plays an important roleiglia
activation. tPA is upregulated upon microglial activation and &ffexdcroglial activation
independently of its proteolytic activity, an event that revaatgtokine-like function of
tPA (Rogove et al., 1999). This activation is mediated by tPA siaino-terminal
finger domain through interaction with annexin A2 (Siao and Tsirka, 2092juman
peripheral monocytes, annexin A2 heterotetramer was shown to bertheesreceptor
for the plasmin-induced signaling, including the release of @NEaumonnier et al.,
2006). Thus tPA and annexin A2 interaction emerges as a new candiddved in the

signaling events of glioma-MG/MP interaction.
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As shown in figure 4 — 1, | treated the N9 mouse microglidl loee with
conditioned medium from GL261 (GCM) or DMEM + 10% FBS as a negatuwéa.
The supernatant from N9 cultures and N9 cell lysates were teallat O, 2, 4, 6 and 24
hours after the treatment. ibmedium and 2Qug protein from each sample were used to
detect tPA activity via zymography. With the treatment &MEM + 10% FBS, N9 cells
only expressed very low levels of tPA (Figure 4 — 1B). Howexmm treatment with
GCM, N9 cells took up tPA from the medium and the tPA levelthecell lysates
increased over time (Figure 4 — 1A). tPA activity is detectapléo 24 hours, which
suggests that tPA may function as a link between the GL261 gli@ts and N9

microglia.

In the future, we can further investigate the downstream effectbtPA and
annexin A2 interaction in microglia. For example, we can use G&Meat wt, tPA
knockout (KO) and annA2KO microglia, and compare the changes inisgpaithways
after the treatment, such as MAPK cascade, cytokine rel&see plasminogen KO
microglia showed defect in MCP-1 induced migration (Sheehan .et2@07), the
microglial migratory activity of tPA KO, annA2 KO and plasmmgen KO in response to
GCM can also be examined by Boyden chemotaxis chamber, whictd poskibly

discover the receptor responsible for MCP-1 induced microglia migration.

CCL21 in glioma progression

In Chapter 3 (Figure 3-10, 3-11), we found that gliomas expresse@ICtilo
weeks after glioma inoculation, which suggested that the gliomeoemeironment is

immune suppressive based on a recent report about CCL21 in melaBlorldd et al.,
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2010). During the early phase of tumor development, CCL21-secretimgsattracted
more CCR7cells (naive T cells, Regcells and APCSs), and increased the levels of TGF-
B1 and the number of myeloid-derived suppressor cells, which induederthation of
lymph node-like structures to support tumor development. Furthermore, toetsr
induce gp38reticular stromal cells to secrete CCL21, and this induced estprewas a
major contributor to an immunotolerant microenvironment, which resuitpdomotion

of melanoma progression. Consistent with this theory, we also foundtuftsin
treatment increased CCL21 levels in the glioma tissue, whdt#adreatment had the
opposite effect. In GCV-treated CD11b-HSVTK mice, the expoessf CCL21 was not

detectable.

However the investigation of CCL21 in glioma is not complete. Previouklys
been shown that CCL21 is up-regulated in neuronws/o andin vitro after injury, which
activates microglia through the chemokine receptor CXCR3 and isdomeroglia
migration (Biber et al., 2001; de Jong et al., 2005; Rappert et al., 20 is no
literature showing the expression of CCL21 in cells other tharone in CNS. Thus the
source of CCL21 in glioma specimens needs to be identified, whithpreiide new
insights into glioma microenvironment. In addition, we need to investiffa¢e
mechanism contributing to the decreased level of CCL21 by MGMbition. One
possible explanation could be that MG/MP function as a link betweemaylcells and
other stromal cells. We can treat primary microglia \@L21 under normal or glioma-
conditioned environment, and compare the changes in signaling pathwaggt@kide
release. We would expect that glioma-harboring microenvironment cshiftl the

response of microglia to CCL21 from anti-inflammatory to pro-inflammatory.
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Moreover CCL2P" melanomas can evoke an antitumor immune response, where
APCs, IFNy and IL-2 promote effector T cell proliferation (Shields et 2010), which
makes CCL21 an attractive candidate for modulation of tumor microenwernin the
future, we can also inject glioma cells with low CCL21 expmsanto mouse brain to
follow the tumor progression. Injection of CCL21 antibody or inhibitoptaoules such
as siRNA can also be applied to glioma-bearing animals, whichpande a novel

regimen for glioma immunotherapy.

Potential application of MIF in glioma immunotherapy

One recent development of tumor therapy treatments is to manithdaaetivity
of tumor-associated macrophages, including inhibition of their recenitnto and
survival in tumor tissue and restoration of their anti-tumor immugiliavena et al.,
2005; Sessa et al., 2005; Wu et al., 2009). In chapter 3, we showed theaMilthibit
glioma growth in vivo characterized by decreased MG/MP infiltration, tumor
proliferation and CCL21 expression, as well as increased apoptbsit, suggested that

MIF may be a potential novel regimen for glioma treatment.

More research on the outcome of MIF treatment needs to be done for a
comprehensive evaluation of MIF as an anti-glioma drug. The chamgegene
expression in both MG/MP and glioma cells needs to be investigateh as cytokine
release and expression of angiogenic factors, which may praveights into the
mechanism contributing to the inhibitory effects of MIF on glioma. @beage and
delivery method also need to be optimized. Here we used 25ug/minMiko, which

was reported to efficiently suppress MG/MP activation under negical diseases
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(Wang and Tsirka, 2005); however this dosage may need to be adjusteccontext of
glioma microenvironment. The long-term effect of MIF on gliopnagression should
also be investigated, such as the survival time of tumor-beamngals, tumor
morphology at later stage, behavior tests to examine potential neurologicdfesitie &
addition, our lab showed that incubation of MIF at 37°C for 14 days receaaty half

of its ability to inhibit of microglial TNFe release (results from Jaime Emmetsberger),
thus the long-term delivery method of MIF also need to be optim@ehin maximal

glioma inhibition with minimal adverse effects.

Proposed model

Based on our study and previous research, we proposed a model for the
interactions between glioma cells and MG/MP. Glioma celleasd cytokines,
chemokines and growth factors to attract MG/MP infiltration feamrounding tissue and
remote locations, and support their proliferation. The activated MGiMfer glioma-
harboring microenvironment in turn secrete cytokines, growth faetmdsproteases to
promote the development of tumor stroma, which facilitates theumenescape of
glioma cells (Figure 4 — 2A). Glioma cells also release pe&i®, among which tPA and
plasminogen are secreted and bound to annexin A2 tetramer on thee afrigioma
cells and MG/MP. This binding speeds up the generation of plasmichwlegrades
ECM and activates latent growth factors to promote tumor nwgratinvasion,

proliferation and angiogenesis (Figure 4 — 2B). Taken together,tuwdy showed that
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glioma progression can be modulated by manipulation of tumor-relpastthses and

tumor-associated MG/MP.
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Figure 4 — 1. tPA functions as a link between glioma cells anahicroglia. Equal
numbers oN9 microglial cells were treated with GCM (A) or DMEM1-6% FBS (B) as
a negative control. The supernatants from N9 culture and N9 satkk/were collected
at different time points, and then subjected to zymographic gels to detect A#.act

A tPA GCM

250 ng 0 2 6 24 hours

N9 supernatant

N9 lysate

B tPA DMEM+10%FBS

250 ng 0 2 6 24 hours

N9 supernatant

N9 lysate
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Figure 4 — 2. Proposed modelA) Interactions between glioma cells and MG/MP. (B)
The role of annexin A2 in glioma progression. (A2t — annexin A2 teframplg —

plasminogen)

A M

Chemokines
Cytokines
Growth factors -

B annA2KD #A  plg

CCSDD g plasmin
Activation c‘)f/ \ ‘ Glioma cells
growth factors ECM degradation 7\% Microglia - resting

l * Microglia - activated
Tumor invasion, migration, proliferation

Angiogenesis \Signal transduction
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