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1. Introduction

1.1 Glioblastoma

Gliomas are themost prevalenprimary central nervous system (CNS) tumarsl
presumablyare of glial origin [1-3]. Among all gliomas, glioblastoma, alsalled
glioblastoma mulforme (GBM), is the mosfrequentand most devastating brain
neoplasm Those toward have thieighesthistological grade namelygrade IV as
classified bythe World Health Organization (WHQ¥, 5]. GBM is characterized
morphologically by hypercellularity, nuclear atypia, mitotic figures, high
vascularization, necrosis and pseudopalis§flesThe degree of these morphological
features is positively correlated with the malignancy. Ninety percent of the GBM
cases ar@rimary or de novo glioblastomahich are diagnosed in patients with no
clinical history for brain tumorsSecondary glioblastomaccount for lhe remaining
10%which oftenoriginatesfrom the progression @tlow-grade gliomdike diffuse or
anaplastic asocytomagq7]. Primary glioblastoma areisocitrate dehydrogenase gene
wild-type (IDH-WT) glioblastomawith a median overalkurvival 0f9.9-15 months,
and secondary glioblastosare IDH-mutant glioblastoma witlan average survival

of 24-31 monthg[5].

1.1.1Glioblastoma treatment

The complete surgical resection of GBM is virtually impossible because tumor cells
extensively invade the surrounding brain tissue. As a consequence, for the newly
diagnosed GBMthe treatment strate@twaysrequiresthe combination omaximum
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safe surgical debulkingradiotherapy and chemotherapyf8-10]. The standard
chemotherapy scheme for GBM temozolomidg(TMZ, an alkylating agentan
induce the death of tumor cells by breaking tlENA doublestrand [9]. The
treatment outcomesf patientswho received the combined therapytemozolomide
and radiotherapy issignificantly beter than radiotherapy alonehen the gene
promoter of a DNA repair enzyme MGMT (O6-methylguanineDNA
methyltransferasay methylated and epigenedity silenced[11]. Despite aggressive
surgery, radiotherapy, and chemotherapyptiognosisof GBM patientsemainspoor
with a median survival ofl4 to 16 months[12, 13]. Therefore, new treatment

approaches for GBM are desperately needed.

1.1.2Genetic sibtypesof glioblastoma

To achieve a better patient stratification, researchers have investigated genomic
expression alteration frortihe Cancer Genome Atlas (TCGAatasetand classified
glioblastomainto four subtypes whiclverenamed classical, proneural, mesenchymal
and neural[14]. The neural subtype is less well defined and more inclinedbéo
considered as a potential artifact nplf]. The classical subtype is characterized by
the upregulatiof the EGFR (epidermal growth factor receptor) geseressiorand
theloss of PTEN (phosphatase and tensin homolog) @RKN2A (cyclin-dependent
kinase Inhibitor 2A) gene loci. Alterations in tA€53 (one ofthe most frequently
mutated gerein glioblastoma)are nearly absent in thgenetic subtypgl4, 16].
Unlike the classical GBM, the proneural tumors merked by mutations in th€P53
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(54%) andIDH1 (isocitrate dehydrogenase 1; 30%) genes, and by overexpression of
the PDGFRA (plateletderived growth factor receptdt) gene [14, 16]. The
mesenchymal GBMubtypehas frequent inactivation of three tumor suppressor genes:
the NF1 (Neurofibromatosis type 1; 37%)P53(32%), andPTEN (32%) gene$14,

16]. The genetic stratification of glioblastoma provides the possibilitgsiablish
more personalizetherapiesand improve thelinical efficacy

Glioblastoma stem cal(GS() area subsetof cellswith the ability of seHrenewal

and multilineage differentiatiofn the tumor microenvironmemindare alsahe main
causeof the chemoradiotherapyesistance and tumor recurreride, 1§]. Isolation

and purification ofGSCs from GBM patientare importantto investigatemore
specifictargetingtherapes for these cell§19, 20]. Furthermore the reuralprecursor

cells (NPCs)in the subventricular zone (SVZ) of micean be isolatedand
manipulatedto model different genetic subtypes of5SCs by altering genomic
expressionn these cellsfor instancethe nouse glidlastomacell line p53“°PDGFB
GSCis a good model of the proneurabBM subtypeby knocking outTP53 and

overexpressn of PDGFB in mouse NPC§21].

1.1.3Anti -angiogenic therapy for glioblastoma

JudahFolkmanfirst proposed the hypothesis the earlyl970sthat angiogenesis is
required for the expansion of tumor sphesdidyond a diameter oF2 mm at which

point the oxygen/nutrient supplies and waste products removal become difficult
without the vasculaturd22?]. Since then tumor angiogenesis has been studied
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intensively and is now known as one of the hallmarks of candeB, 24]. The
development of the vasculature is a vital process during embryogenesis including
vasculogenesi@he generation of new endothelial cétism progenitor celland tube
formation by theseendothelialcells) and angiogenesis (tipeocessof new vessels
sproutingfrom existing ones)25-27]. Once establishedhe vasculature becomes
quiescent. In the adult, angiogenesis dentrolled by proangiogenic and
antirangiogenic regulator;n dynamic homeostasiand only transiently turned on
during physiologial processesuch aswound healing andhe female reproductive
cycle. However, during tumor progression, the homeostasis is disrigrtddan
Aangi og e nitarned aniatticatingontinwoussproutingof new vessels to
support expandingeoplastic growtlji24-26]. The mosstudiedangiogeit inducer is
vascular endothelial growth factor (VEGWich is highly expressed lmancercells

in hypoxic condition together with hypoxinducible factor (HIF) to trigger tumor
angiogenesi§28-30]. Three subtypes oVEGF receptor(VEGFR1, VEGFR2, and
VEGFR3 have been identified31]. Among them, VEGFR is the major one
expressed on endothelial cells for #Hregiogenic respong82]. Consequently, VEGF

or VEGFR targeting is consideredpeomising therapy for the cancer treatmeantd
inhibitors of VEGF or VEGFRhave beerincluded as the potential asttancer agent

in clinical trials[33, 34]. Bevacizumab (a humanized antibody targeting VEGFA) has
become the first anangiogenic agergranedthe approvalof United States Food and
Drug Administration (FDA) in 2004 for the treatment of colorectal caf@sr

GBM is a highly vascularized brain tumor with VEGF abundantly expressed around
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the hypoxic or necrotic ard&86, 37]. This prompted the development of avEGF

or anttVEGFR therapies for GBM37-40]. Bevacizumab waspproved by FDA
recently tull approval in 201yfor the treatment of recurregtioblastomabut failed

to get the approval of the European Medicines Agency (EMA)43]. Different
findings were @played invarious clinical studies for recurrent GBMA phase Il
clinical trial (BELOB) showed that bevacizumab plus lomustine (an alkylating
nitrosourea compound used in chemotherapy) could improve both -thenth
progressioffree survival (FS) and 9month overall survival (OS)faecurrent GBM
patientsin comparison toeither agent along44, 45. Nevertheless, a subsequent
phase Il study published in 2017 (EORTC 26101) only validaited benefits of
bevacizumab plus lomustine treatment oRSFbut not on OS[46]. For newly
diagnosed GBM patientsg phase liclinical trial and two randomized phase llI
clinical studes (AVAglio and RTOG 0825) reported that bevacizumab combined with
temozolomide chemoradiotherapy did not show an improvednO&®mparisonto
standard chemoradiotherapyput only improved PFS [47-50]. Studies of other
antirangiogenic agent$or glioblastomasuch ascilengitide (a synthesized cyclic
pent apept i dimegringand eediranit(g tyrdsine kinase inhibitor which
blocks all VEGFRsshowed similar outcomdske the trials for bevacizumal87, 51,
52).

While tumor biology of GBMunderscore the potential of anrtangiogenic therapy,
the results of prior studies remain disappointargl underscor¢éhe importance of
investigating tumor resistancenechanismsto anttVEGF/VEGFR agents. The
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activation or upregulation of alternative pathwdgs angiogenesis could be one of
the primecauss of the resistance to amiEGF/VEGFR herapieg53-55]. Besides
VEGF, there areseveral additional regulatpfactors such as basic fibroblast growth
factor PFGH, angiopoietin 2 (ang), placenta growth factor (PIGF)stromal
cell-derived factor 1 (SDR/CXCL12), andalso apelin that arg@articipatng in tumor
angiogenesis and upregulat@s compared to the tumfsee brain)in glioblastoma

[27, 53-56]. For instance, te upregulation obFGF and CXCL12 was found in
progressiveGBM after treatmentwith a panVEGFR tyrosine kinasenhibitor (TKI)
AZD2171[57]. Another possibilityfor the resistance tantiangiogeasisis that the
tumor invasiveness increases after -MEGF/VEGFR treatment [53-55].
Glioblastoma is highly invasive in the brain instead of metastasizing to other organs
outside thecentral nervoussystem [58]. Invasive GBM cellscan be found as
dispersed cellthroughout the brainThese invasive cellsanalsoco-opt preexisting
blood vessel$30, 53]. Kunkel and colleagues found a remarkable increase of tumor
invasiveness im glioblastoma mouse model after the treatment of a monoclonal
antibody (DC101) against VEGFR29]. However, stratification of patients that may
be resistant or sensitive to arangiogenic therap{60-62], e.g.by posthoc analysis

of a clinical trial (AVAglio), suggests thdDH1 wild-type GBM patients of proneural
subtypecan profit frombevacizumab treatmef63]. ErdemEraslan et al. reported
thatthe classicasubtypeshowed a better response in recurrent GBM patitesdded

with bevacizumab and lomustif@4].
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1.2Apelin/APLNR signaling

O 6 D oaevdl.cloned a genencoding a protein with strong homology to angiotensin
I (Ang-1l) receptor type 1 (AT1R)n 1993 and named this new receptor the
angiotensin Il receptdike 1 or APJ[65]. The gene encoding human APJ was found
on the long arm of chromosome 11. The receptor APJ is a-s&arsmembrane G
proteincoupled receptor (GPCR) consisting of 377 amino acids, which remained
orphan until Tatemoto and workers identified its endogenous ligarid bioactive
peptidg from bovine stomach extraéh 1998 [66]. Thus, thisnewly discovered
bioactive peptidevas named apelin (APJ Endogenous Ligand),theckafter théPJ
gene was renamed aapelin receptor (APLNR)gene Despite the remarkable
sequencaimilarity betweemAT1R andAPLNR, Ang-ll does not bind t®APLNR, nor
does apelin bind to AT1R67]. The human apelin genARLN) encogsa 77 amino
acidlong proapelin peptide (apelii7) and is located on the long arm of the X
chromosome A pro-apelin peptideis proteolytically cleaved to several shorter
biologically active isoforms, including apeld6, apelirl7, apelirl6, apelinl3, and
apelinl2 (Table 1.2 [68, 69]. A posttranslational modification of apehlb3
(pyroglutamylated apelit3, Pyrl-apelinl3) improves resistance toenzymatic
degradationThis representshe majorapelinisoform found in humanblood plasma
[70]. Functionally, the 12 @erminal amino acids of apeliri7 are important for the
biological activity, and apelii3, togther with Pyriapelinl3, is considered to be
thepharmacologicallynost active isoformi71].

Apelin-F13Ais a mutant ligand for APLNR created in the first apelin structure studies
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by replacing @erminal phenylalanine (F) residue of Pyagelin13 with alanine (A)
(Table 1.2. This peptide was first reporteak an antagonistor apelinl3 due to the
lower binding efficiencyto APLNR and lower potency timiggerdownstream effects
of APLNR [72]. However,some studies found thapainF13A showed similar
binding activity and internalzation response® those ofPyrl-apelinl3 for human
APLNR in vitro [73]. Also, gpelinrF13A competedwith apelinl3 bindingin human
heart tissueand showedbioactivity in endotheliumdenuded saphenous veii4].
Therefore, it seemmore appropriatéo consideapelinF13Aasa competitive agonist

for natural APLNR ligand§74, 75].

Table 1.2 Sequence of apelin peptides and analogsie

Peptide (Human) Amino acid sequence

Apelin-36 LVQPRGSRNGPGPWQGGRRKFRRQRPRLSHKGPMI
Apelin-17 KFRRQRPRLSHKGPMPF
Apelin-16 FRRQRPRLSHKGPMPF
Apelin-13 QRPRLSHKGPME
Apelin-12 RPRLSHKGPMPF
Pyrl-apelinl3 PyrRPRLSHKGPMHR-OH
Apelin-F13A PyrRPRLSHKGPMR-OH

1.2.1The physiological role ofapelin/APLNR signaling
Both in human and rodents, apelin adLNR are expressed extensively in the CNS

and peripheral tissues including brain, spinal cord, heart, lung, liver, kidney, ovary,
18



adipose tissues, e{®8, 71]. Because oftte structural similarity between APLNR and
AT1R, it was investigated ifipelin may regulate cardiovascular functions. Indeed,
apelin has beeshown to playa role inthe cardiovascular systerhy increasing
cardiac contractility and enhancing vasodilatafi®® 69]. The potent inotropic effect
of apelin appears to be associated VRKC (Protein kinase Cactivationand the
increase ofntracellular C&" levels,while the vasodilatation seems to be the result of
the activation of endothelial nitric oxide synthase (eN@®pending orPI3K-Akt
signalinginduced by apelin and APLNR bindif§7-69].

As the expression of apelin and APLNR wimsind in the paraventricular and
supraoptic nucleus of ¢h hypothalamus, studies alsexplored the effect of
apelifAPLNR signalingon food intake and body fluid homeostagi§]. However,
the results areconsistentTaheri et alfoundthatcentraladministration of apelii3
increases water intake in rdfgg]; while somereportedno change or a decrease of
water intakeafter thetreatmenbf apelinrl3 by central injectior{ 77, 78].

More importantly, many studies hawetermine a vital role of apelitAPLNR
signaling in angiogenesis @rembryonic development.FANR is highly expressed
on endothelial precursor cells in mouse and frog embify6s79]. In vitro, apelin
could increase theroliferation migration and tube formation of human umbilical
vein endothelial cells (HUVECYBQ] and retinal endothelial cell line (RF/6481],

and also promote the growth of mouseimraicrovasculatur@erived endothelial
cells [79]. In the chick chorioallantoic membrane (CAM3$say apelin stimulation
showed a potent angiogenic effect with approximately equivalent vascular branch
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points to VEGF treatment79]. Kdin et al. found that apelin is essential for the
angiogenic sprouting of intersomitic blood vesselXehopugadpoles byonducting
lossof-function experimentgs6]. Apelin knockout in the mouse resulteddiecreased
blood vesseldiameter but did not causeobvious fatal defects in embryonic
developmen{68]. An impaired myocardial contractility was observextlusively in
aging apelin knockout micg2]. However, APLNR knockout led to vasculature
malformations inmouseembryosresulting inaugmentedethality. The discrepancy
displayed in apelin knockout mice and APLNR knockout mice may be due to the
effect of a second ligand that was identified recently and named apela (also called
elabela or toddler)68]. As an early endogenous ligand of the apelin receptor, apela
may compensate for the loss of apelin in embryos of apelin knockout nfice. T
hypothesis § supported by the findisghat severe heart developmental defects in
zebrafishembryoscaused by apela mutati@ne similar to thosein APLNR knockout

mice, which canbe rescued by early ectopic expression of a8Bn8d4].
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Figure 1.2.1 The physiological and pathophysiological role of apelin/APLNR

signaling.

1.2.2Apelin/APLNR in cancer

Since tumor angiogenesis &shallmark of cancer and apel&kPLNR signaling is
important forangiogenesis, it is not surprising that investigatage reported th&9%

of solid tumor samples (60/154) analyzed by RNA hybridization technology showed
the upregulation of apelin at leastdd in comparison tanatched nofitumor controls
[85]. The oveexpression pattern of apelin has bekiectedin cancers including
hepatocellular carcinomding cancer, colon cancer, oral squamous cell carcinoma,
brain tumor, etc[86, 87]. Lacquaniti et al. also reported significantly increased apelin
levels in the srum of cancer patients relative to healttgntrok [88]. In human
nonsmall cell lung cancer (NSCLC), patients showed a significambrse survival
where apelin expressiottevels were high as compared to patientth low apelin
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levels[89]. In animal experiments, overexpression of apelin enhanced tumor vessel
formation and tumor growt[BQ]. In brain tumos, Kdin and colleagues found apelin

and APLNRto be upregulatenh the neovascular areas of GBM but no apelin and low
levels of APLNR expres®n in the normal nosiumor brain[56]. Theyconfirmed the
overexpressiopatternof apelin in GBM byinterrogaing the TCGA data set oGBM,

and also found tha@PLN is co-expressed witlother genesinducing angiogenesis

[68]. Altogether, hese findigs suggesthat apeliltAPLNR signaling ould be a

promisingtarget for the cancer treatment.

1.2.3Apelin/APLNR in pathological/tumor angiogenesis

Apart from physiological processes, apelin is involved in pathological angiogenesis of
many diseases likaschemic stroke, retinal angiogenesis diseases, myocardial
infarction, andtumor. [91]. In particular, accumulating evidence suggests that apelin
could be an essential regulator of tumor angiogenesis. Studies have found
hypoxiaresponsive elements theapelin gee (APLN) sequence which allamAPLN

to be activated by HIF79, 92-94]. And APLN was identified as a morendothelial
specific geneby comparing gene expression profiles in tumors and normal
endotheliun{95. Also, Masiero et al. identifiethe APLNR gene as one of the genes
belonging to @aumor angiogenesis core signatlig®]. In the analysis of specimens
from NSCLC patients, apelin expression was positively correlated to the density of
microvessel[89]. In a subcutaneousenograft mouse modelfor hepatocellular
carcinomathe treatment of apehR13A, a mutant ligandor APLNR, decreased the
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tumor vessel densitgnd inhibited tumor growtf97]. With regards to GBMAPLN

was not only highly upregulated but also found to bexjressed with VEGF in the
hypoxic area indicating that there may be a collaborative function of these two
angogenic factors[68]. As describedabove (sectionl.1.3, the upregulation of
alternative pathways of angiogenesis may be one of the leading causes of the
unsatisfactory results in afMIEGF/VEGFR therapy. Therefore, apel®PLNR
signaling could be an important angiogenic pathwesultingin the resistance to

ant-rVEGF/VEGFR treatmernin GBM.

1.3 Glioblastoma-associated myeloid cells and humanipeptide
1.3.1Glioblastoma-associatedmicroglia/macrophages

One major ceeatfor current GBM therapies is ttstrong support of tumagrowth by

the GBM microenvironment. The tumor stromal niche consistpasénchymal cedl

of the brain likeastrocytes, endothelial cellpericytes microglia,and macrophages
[98]. Among them, microglia and macrophages accumulate abundaritig tumor
area, accounting foB0% of the total number of cells in the GBM tumor mass,
whereaamicroglia account for only 5%0% of the cells in normal brain tiss{@9],
indicating thathe tumorassociated myeloid cells (TAMs) may play an important role
in GBM. In fact, the infiltrating TAMs arenanipulaéd by tumor cellsn order to
supportthe maintenance and progression of glioblastoma based on the results of
recent studief99-101].

Microglial cells are the major innate immune cells in the CN&hd can secrete
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inflammatory cytokines tooordinatmmune responses against infect[@92 103.
They also engulf and digest pathogens and cellular debris by phagochiod]s
Upon loss of the blood brain barrie(BBB), monocytes can migrate into the brain
differentiate intomacrophages amaccumulate irthe tumor aref101]. Glioblastoma
cells first recruit miroglia and racrophages by releasing plenty of chemoattractants
(Figure 1.3.) such aghe macrophage colongtimulating factor (MCSF) monocyte
chemoattractant proteih (MCP-1), andglial cell-derivedneurotrophic factor (GDNF)
[99, 10]]. Then the accumulated TAMs can interact with glioblastoma cells to
enhancdumor cell invasiveness animorangiogenesi§99]. Glioblastoma cells can

for example,produ@ a molecule called versican which triggers the increase of
Toll-like receptor2 (TLR2) expression in TAMY105. TLR2 upregulas the
membrane type -inatrix metalloproteinase (MFTWMMP), and then MTIMMP
cleaves the prform of matrix metallopptease2 (MMP2) and activates this enzyme
to hydrolyzethe extracellular matrix, increasing the invasiongbbblastomacells
(Figure 1.3.1 [99, 101]. TAMs can promote the tumor angiogenesis as well by
synthesizing and releasing pangiogenic moleculeg(g. MMR9 andtumor necrosis
factorU TNF-U) [99]. Thus, TAMs, as the importantellularcomponent of the tumor
microenvironment, provide a promising therapeutic intervention option in

glioblastoma that has attracted ongoing research attention.
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Figure 1.3.1 The interactions between glioblastoma cells antumor-associated

myeloid cells

1.3.2Humanin

Humanin (HN) is a peptide identified by Hashimoto and colleagues in 2001 through
functional expression screzaf a cDNA library obtained from the intact brain region
of an Al zhei mer 6s[106. Theressaecher§odrd that @mlathe e n t
cDNA clones that could rescue the neuronal cells from threerefdded insults
(mutant amyloid precursor protein, presenilin 1 and 2) shared a Gthdthsepair)

open reading framesQRF) encoding a 24 amino acid peptide. And overesgion of

this sSORF in neuronal cells also protected them from thoseefdvant toxicities. As

this short peptide holds the potential for restoring the humanity of AD patient, it was
named humanifil06, 107]. The HN ORFshows highidenity with a portion of the
mitochondrial 16S rRNA encoding regigMT-RNR3, suggesting the mitochondrial
origin of this peptidgFigure 1.3.2 [10§. Guo et al. also cleed HN as a binding
partner of Baxa pro-apoptotic proteihby a yeast twdybrid screen. The initiation of

the apoptosis signal lihe translocadbn of Bax from cytoplasm to mitochondria was
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inhibited after HN bound to Bakl09. Similarly, a third group cloned HN in the
process of searching interaaiproteins of the insuliike growth factotbinding
protein3 (IGFBR3) from another yeast twhybrid screenThese researchers found

thatHN can also suppress apoptosis induced by IGBBEL(.

Figure 1.3.2 Schematic diagram of the circular, double-stranded human
mitochondrial DNA and the location of the humanin open reading frame.There

are 22 tRNAcoding genes (circles), 2 rRNéoding genes (blue), and 13 canonical
proteincoding genes (other colors) in the human mitochondrial genome. The HN

ORF (red) is located in the 16S rRNA gene. Adapted from Xiao et al. (PO1B)

Besides the identity found between HN ORF and a part of mitochondrial 16S rRNA

gene, the HNORF also showed varying degrees of homology with several nuclear
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genomic regiong106 117. HN is a 24 amino acid peptide if synthesized in the
cytoplasm while it is a 21 amino acid peptidesyihthesizedn mitochondriadue to
the difference of codon usage pattéfable 1.3.2, but both are biologically effective
[109. Hence, the origin and translational site of HN remain unclear despitere
evidence suggest the mitochondrial origif10§. To investigate the relationship of
structure and function, researchers have performsdbstitution study on each amino
acid residue of HN. Residues 3-%, 11213, and 19 are essential for the ability of
apoptosis protectioby HN. Replacement of serine at position 14 with glycine can
yield a potent HN analogue S14G HN or HNG, which increases the biologic potency
by approximatelyl000fold. Phe6 and Cys8 are important for the IGFBBRnd Bax
binding ability respectively. As for the secretion of HN, Lell9 Prol19 and Val2@re

required[111].

Table 1.3.2 Sequence ohumanin peptides and analogues

Peptide (Human) Amino acid sequence
Humanin(HN, cytoplasm) MAPRGFSCLLLLTSEIDLPVKRRA
HN (mitochondria) MAPRGFSCLLLLTSEVIDLPVK
HNG MAPRGFSCLLLLTGEIDLPVKRRA

1.3.3 The functions of lmmanin
HN can be secreted by cells aisddetectablen plasma[106 113, thus it actions
were considered to be mediated by specific receptors. Ying et al. identified
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formyl-peptide receptelike-1 (FPRL1 a severransmembrane G protegoupled
receptoy asthe first HN receptof114]. HN can compete with the 42 amino acid form
of the bamyloid peptide (Ab42) for binding to FPRL1 and abolish the cytotoxicity of
Ab42 in neuroblasts. This cytoprotective effect may be accomplished by activation of
ERK1/2 signéing after HN binds to FPRL1 as an agonjiki4]. Another study found

that HN can activate both FPRL1 and FPRL2 in Chinese hamster ovary (CHO) cells
[115. In addition, Nishimotcet al. demonstratedhat the STAT3(signal transducer
and activator of transcription 3pctivation is essential fothe process of
neuroproteébn by HN. Thus it ispossilbe that another type of HN receptor belongs
to the cytokine receptor family116. Subsequently they discovered atripartite
receptorinvolving gp130 (glycoproteinl30, CNTFR (ciliary neurotrophic factor
receptoy, and WSX-1 (interleukin 27 receptor, alpha sub(nés a second HN
receptor[117]. As mentioned above, HN also interacts with intracellular molecules
such asBax and IGFBPF3 in addition to its functions mediated by membrane
receptors. Within cells, HN inhibits apoptosis by interacting with these two proteins

(Figure 1.3.3.
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Figure 1.3.3 Humaninintracellular binding partners, membrane receptors and

i
zﬂbf@

Cytoplasm

associated signalingpathways. Adapted from Lee et al. (2018)09. There are two
types of humanin receptor on the cell membrane: FPRLIgph80CNTFRWSX-1
trimetric receptorwith the ERK1/2 and STAT3 signaling pathway as the downstream
respectivelyHumanin can also act e cytoplasm byinteracing with pro-apoptotic

proteins like Bax and IGFBB. P, phosphorylation

HN is associated with aumberof diseases such aronic progressive xéernal
ophthalmoplegia (CPEOinitochondrial encephalomyopathy with lactic acidosis and
strokelike episodes (MELAS), and pigmented villonodular synovitis (PVNS). A
remarkable increase of HN expression was found in these dismaglsng that HN
may act as a protective factor to respeto cellular stres§108 111]. On the other
hand HN levels appear to be negative correlated with agedarts and humarj113.

Furthermore studieshavereportedthe neuroprotective effect of HN in AQn vitro
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andin vivo) as well asn ischemia and reperfusion (I/R)odels[11]]. A gene array
profiling data performed by our research groupvealed that HN is strongly
overexpressedni glioblastomaassociated microglia/macrophages compared with
microglia in tumo#free brain tissuetaken from epilepsy patients. This finding
suggests that HN may play an important role in GBM #metefore ould be a

candidatdor the development of new GBM therapies.

1.4 Objective of the study

As described abovepalin/APLNR signalingand humanircould both be potential

targetsfor theimprovement ofthe treatment outcomes of glioblastomaughhefirst

am of thisthesiswas

a) To investigatethe impact of apelin/APLNR targeting for GBM therapy by
assessinthe survivalbenefitin novel GBMmouse mods|

b) To testthe effect of combinind\PLNR targetingwith established anthingiogenic
VEGFRZ2treatment;

c) To assess thmechanistiaole of apelinf/APLNR signalingn tumor angiogenesis
tumor cellproliferation and invasian

The second aim of this thesis was sedy ofthe effect ofmicrogliasecreted peptide

humaninon GBM cell survival and protection agaicsiemotherapeutiagens.
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2. Materials
2.1Devices

Table 2.1Devices

Equipment / Software Company
Axiovision Rel. 4.8/ 4.9software Carl Zeiss
BalancesAG204 Mettler Toledo

BalancesVionoBloc

Mettler Toledo

Centrifuge

Thermo Fisher Scientific/Eppendorf

Clamp Mount Micromanipulators

ADInstruments

Countess Il FL Automated Cell Counter

Thermo Fisher Scientific

Digital Vortex Mixer

VWR

Fridge (4€, -20€, -80T)

LIEBHERR

Hera safe hood

Thermo Fisher Scientific

Incubator

Thermo Fisher Scientific

LAS X software

Leica Microsystems

Leica SP8X WLL upright confocal

Leica Microsystems

microscope

Magnetic Hotplate Stirrer VWR
Microliter syringe Hamilton
Micropipette Eppendorf
(10el, 20¢l, 100¢l ,
Microscope Axioskop 2 Carl Zeiss
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MicroscopeAxiovert 25

Carl Zeiss

Microscope camera Axiocam MRm

Carl Zeiss

Microtome Slide 2003

PFM medical AG

Microwave

Siemens

OlympusBX53-microscope

Olympus Europe

Perfusion system Dose IT P910

Integra Biosciences AG

pH meter WTW Multical bench Sigma Aldich
Pipette boy Eppendorf
Shaker Biozyme Scientific

Stereolnvestigator Software 10.21.1

MicroBrightField Bioscience

Stereotactic Frame

Stereotactic Frame

Surgical instruments Aesculap
Vibratomes VT 1200S Leica
Water bath Memmert
2.2Consumables

Table 2.2 Consumables

Product Supplier
8-well culture slide Falcon
Alzet Brain Infusion Kit 3 ALZET
Alzet Osmotic Pumodel 1002 ALZET
Cell Culture Flask (T25, T75, T150) TPP

32




Centrifuge tubes (0.5ml, 1ml, 2ml)

Eppendorf

Centrifuge tubes (15ml, 50ml)

TPP/ Falcon

Cover slips Gerhard Menzel

Culture Dish TPP/ B. Braun Melsungen AG
Culture insert (PICM03050) Millipore

Ethibond excel (®) sutures Ethicon

Microtome BladeA35 Feather

Pappen Dako

Pipette tips (10¢l , Eppendorf

Plate (6wells, 12 wells, 24 wells) TPP

Scalpel (#15, #23) Feather

Slide for immunolabeling

Gerhard Menzel

StripetteE Serol ogi

(5ml, 10ml, 25ml)

Corning

Syringe (1ml, 5ml, 10ml, 50ml)

B. Braun Melsungen AG

Syringe needle (20G, 21G, 27G, 30G

B. Braun Melsungen AG

TissueTek Cryomold

(15mmxL5mmx15mm)

Sakura Finetek
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2.3 Cell culture materials

Table 2.3Cell culture materials

M aterial Catalog Number Supplier
Accutase A6964 Sigma Aldrich
B27 17504044 Invitrogen

DMEM FG0415 Biochrom
DMEM-F12 11320074 Invitrogen

Fetal Bovine Serum 10270-106 Life Technologies
hEGF 236EG R&D systems
hFGF 100-18B PeproTech

MEM non-essential amino acids | 11146035 Life Technologies

NeuroCultE Basa

5700

STEMCELL

Technologies

Ne ur o CPuolifdraion 5701 STEMCELL
Supplement Technologies
Penicillin-streptomycin 15140122 Life Technologies
Trypan Blue Solution 0.4% T8154 Sigma Aldrich
Trypsin/EDTA L2153 Merck Millipore
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2.4Reagents and Chemicals

Table 2.4Reagents and Chemicals

Product

Supplier

2,2,4Trimethylpentane

Thermo Fisher Scientific

Acetone 100%

Sigma Aldrich

Agarose

Sigma Aldrich

Aqua ad iniectabilia

B. Braun Melsungen AG

Aquatex mounting medium

Sigma Aldrich

Bepanthen

Bayer

Blue Alkaline Phosphatase Substrate K

Vector Laboratories

Bull Serum Albumin (BSA) Sigma Aldrich
CaCh 2H 0 Sigma Aldrich
Citric acid monohydrate Sigma Aldrich
ClodronateLiposomes Liposoma B.V.

Cryomatrix Thermo Fisher Scientific
DAB-DC135c006 DCS Labline
DAB-substrate®PC136R100 DCSLabline

Dako Antibody Diluent Dako

DAPI Sigma Aldrich

DC101 Eli Lilly

Donkey serum

Jackson ImmunoResearch

Dual Endogenous Enzyme block

Dako
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Dual Endogenous Enzyme Block Dako
Entellan® mounting medium Merck

Eosin G solution Sigma Aldrich
Ethanol100% CLN GmbH
Ethanol 70% CLN GmbH
Ethanol 96% CLN GmbH
Ethylene glycol Sigma Aldrich
Fluorescence Mounting Medium Dako

Glucose 20%

B. Braun Melsungen AG

Glycerol

Sigma Aldrich

HBSS (Gi bcoE)

Life Technologies

HCI

Sigma Aldrich

Horse serunf Gi b c o E)

Life Technologies

Hygromycin B Sigma Aldrich
Isopropanol Sigma Aldrich
KCI Sigma Aldrich

Ketamin 10%

Zoetis Deutschland GmbH

KH,PO,

Sigma Aldrich

Laminin

Sigma Aldrich

L-Gl ut amine (200mM,

Life Technologies

Lipofectamine 300@eagent

Thermo Fisher Scientific

Mayer's Hematoxylin Solution

Carl Roth
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MEM ( Gi bcokE)

Life Technologies

MgCl, 6H 0O Sigma Aldrich

NaHPO, -7H ,0 Sigma Aldrich

NaCl 0.9% B. Braun Melsungen AG
NacCl Merck Millipore

NaOH Sigma Aldrich

NaH,PO, H ;0O Sigma Aldrich
Paraformaldehyde (PFA) Sigma Aldrich

PBS

Apotheke Klinikum der Universitd Minchen

PBSLiposomes

Liposoma B.V.

pCEP4 plasmid Humanin ORF

Eurofins Genomics

Pentobarbital (Narcoren®)

Merial

Poly-D-Lysine

Thermo Fisher Scientific

Povidoneiodine solution7.5%

B. Braun Melsungen AG

Protein Block Dako

Protein Block Serunfrree Dako
Rompun 2% Bayer

Roti® Histol Carl Roth
Sucrose Sigma Aldrich
Sudan black B Sigma Aldrich
Temozolomide (TMZ) Sigma Aldrich
Tri-NatriumcitratDihydrat SigmaAldrich
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Tris base Sigma Aldrich

Triton X-100 Roche Diagnostics
Tween20 Sigma Aldrich

WGA-594 Thermo Fisher Scientific
2.5Peptides

Table 25 Peptides

Product Catalog Number Supplier
[Gly1l4]-Humanin (HNG) H54838 Designer BioScience
(Alal3)apelinl3 (Apelin-F13A) | H-7752 Bachem
pyroglutamylated apelii3 H-4568 Bachem

2.6 Primary Antibodies

Table 26 Primary Antibodies

Immunogen | Host Specieg Isotype | Dilution | Catalog number | Provider
GFP Goat IgG 1:500 R1091P Acris
Humanin Rabbit IgG 1:100 PA1-41325 Thermo Fisher
Ibal Goat IgG 1:400 ab5076 Abcam

Ki67 Rabbit IgG 1:200 ab16667 Abcam

VWF Rabbit IgG 1:400 | A0082 Dako
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2.7 Secondary Antibodies

Table 2.7 Secondary Antibodies

Conjugation | Antigen | Host Dilution | Catalog Provider
Species number
Alexa Fluor | Goat IgG | Donkey | 1:500 705545147 | Jackson
488 ImmundRresearch
Alexa Fluor | Rabbit Donkey | 1:500 711-585152 | Jackson
594 IgG ImmunoResearc
Alexa Fluor | Goat IgG | Donkey | 1:500 705605147 | Jackson
647 ImmunoResearc
Biotinylated | Goat IgG | Horse 1:200 BA9500 Vector
Laboratories

Biotinylated | Rabbit Donkey | 1:200 711-065152 | Jackson

lgG ImmundResearch
2.8 Streptavidin-conjugates
Table 28 Streptavidin-conjugates
Conjugation | Dilution Catalog number Provider
Alkaline 1:200 SA-5100 Vector
phosphatase Laboratories
HRP 1:200 016-030-084 Jackson

ImmundResearch
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3. Methods

3.1Animal experiments

3.1.1 Animals

All the animalexperimentsin this studywere approwed by the local animal care
committee of the Government of Oberbayandperformedaccording to the National
Guidelines for Animal Protection, GermanyAnimals were kept in the
WalterBrendetCentreof Experimental Medicinen standardcageswith ad libitum
access tavaterandfood. All mice had a C57B/6J backgroun@ndlived in the 12-h
light/dark cycle.During the survival monitoring, mice were checked twice afday

collecting the dead mice or tkek miceat a humane ergointto be sacrificed

3.1.2 Tumor implantation

Mice were anesthetizedi t h 7 €1 / g of b ocdmprisingliOnt of an
10% ketamine 0.36 ml 2% Rompunand 4.86 ml 0.9% NaClintraperitoneal
injection). After anesthesia, mice were immobilized dme nouse stereotaxic
instrumentsin flat-skull position and kept warm. 8kin incision along themidline
was made on the skull with a scalpel after disinfection of the skinA\g¥a povidone
iodine solution. The cornea of both eyes were protected kegt moistwith the
Bepanthen creamA round hole was drilled into the skull with a 21G needle tip
according to the coordinate (1.0 mm anterior and 1.5 mm right of the breGinea)
1el glioflastoma cell (1x10°, p53°PDGFB GSCs GFPpositivd in the
supplemenfree mediumwasimplantedwithin 2 min by stereotactic injectiowith a
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22G Hamilton syringat a depth of 3nm (the needlavasinsered for 4 mm starting
from the skull surfacéhen retracd 1 mm). After theresting timeof oneminute, the
needle wagetreatedat a speed ofl mnvmin. Finally, the wound was cleaned and

confirmed no bleedingndthen the incision was sutured carefully.

3.1.3 Intracerebral drug application

One day before implantatioAlzet osmoticminipumps wergrepared by fillingwith

30 &g oHFL3Adapnautant APLNR ligandBachem) or 0.8 mg of DC101
(VEGFR2blocking antibody as a model of ramucirumab treatment in humdiiis,
Lilly) alone or combinedbr sustained delivery over 14 days (ModeD2pAlzet) in
aCSkF(artificial cerebrospinal fluidas described by Alzet) or with aCSF alasethe
controlfollowing priming overnight in aCSF at 3Z? The Alzet osmotic minipumps
were implantedsubcutaneouslyinder anesthesia as previously describstth the
needle of theAlzet brain infusion kit 3 inserted into the hole originally prepared for

orthotopic tumor implantation.

Pump
implantation

Tumor cell
inoculation

Tumor
growth

Treatment Survival Monitoring L

| |
Day 0 7 14 21

Figure 3.1.3 Time course ofthe experimental proceduresin the survival study.
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3.2Histology

3.2.1 Perfusion and tissuepreparation

Mice were anesthetized withNarcoren® and sacrificed by perfusion through
ventriculus sinisterwith 0.01 M phosphate kitered saline (PBS) followed by
paraformaldehydsolution (PFA, 4% wi/v in 001 M PBS at a humane engoint in
the survivalstudy After successful perfusion, brains were extracted,-fiostl in 4%
PFAat 4C for 48 hours, and immersed in sucrose (30% w/v @i 01 PBS. Then,
brains were embeddedin Cryomatrix and frozen in 2,2,4Trimethylpentanewith
liquid nitrogen and cut into 40 mhorizontal sectionsequentiallycollectedinto a
24-well plate filled with about 1ml cryoprotectant(Glycerol, Ethylene glycol and
0.01 M PB at a ratio of 1:1:2) each well Theplateswerestoredin freezer(i 20C)

andcovered withaluminium foil.

3.2.2H&E staining

To observe the tumor morphology and calculate the tumor voldematoxylin and
Eosin staining (H&E stainingyvas performedoy the following stepsthe floating
sectionswere nountd on slidesto air dry for 20 min after dehydraéd in 100%
Ethanol for 30 seands, sections wereyed in Mayer's Hematoxylin Solutiofior 2
min and ised in running tap water for 5 mjrthen sections were stained 0.5%
Eosin solution fo30 semnds and washeshortly indistilled water dehydraton was
performedsuccessivelyin ascendingEthanol series(70% Ethanolfor 1 min, 96%
Ethanol for 1 min 100% Ethanol for 1 min slides were avered with Entellan®
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mounting mediumPictures othe H&E staining were takeby Microscope Axioskop

2 with Axiocam MRm and Axigision Rel 4.9 softwargCarl Zeiss).

3.2.3 Quantification of tumor volume and pseudopalisadhg area

Tumor volumes were obtained by measuring the afélae tumor region(marked by
H&E staining or antGFPimmunastaining) ofevery 12" mouse brairsectionwith
Axiovision Rel 4.9 softwareor ImageJ softwareand then calculaing with the
Cavalieri Method i(e. estimaing the tumor volume @ by summing théumor areas
0 and multiplying by themean section cuttingthickness o and the section
evaluation intervald : @ & DB O ) [118 119. The pseudopalisadingrea
percentagein the tumor was estimatedith ImageJ software by adjusting the

threshold to identify theseudopalisading necrosis

3.3Immunofluorescence stainingand quantification

3.3.1Immunofluorescence stainingfor mouse brain sections

Floating sections were transferred from the storedvéd plate to a 12vell plate
washing 5 min in PBT (0.1% Twe&® in 1x PBS) for three times. Protein blocking
was performed 1 hour for the sections at room temperature with blocking buffer (5%
normal dnkey serum and 0.3% Triton-X00 in 1x PBS). Then sections were
incubated overnight at 4€ in primary antibody solution. The primary antibodies used
in this study and the corresponding dilutions were as follows: goaG&ifi(1:500),
rabbit antivWF (1:400), goat antibal (ionized calciunbinding adapter molecule 1;
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1:400), and rabbit anKi67 (1:200). On the second day, sections were incubated at
room temperature for 2 hours with secondary antibody after washing with PBT for
three times. The secondaaptibodies were donkey argoat AF488 (1:500), donkey
antirabbit AF594 (1:500) or donkey argbat AF647 (1:500). All antibodies were
diluted in protein blocking buffer. After another round of PBT washing, nuclei were
stained 2 min with DAPI (1:10,000)Then sections were mounted in Dako
Fluorescent Mounting Medium after DAPI was washed away. Pictures were taken by
the Axiovert25 microscope with Axiocam MRm and Axiovision Rel 4.8 software

(Carl Zeiss) and quantified by ImageJ software.

3.3.2Quantificati on of tumor microvasculature

A method of stereological analysis was usedjuantify themicrovasculaturen the
tumor area with green fluorescent tumor cells (€peBitive) and red fluorescent
blood vessels marked byon Willebrand factor \WF) staining. Pictures were
obtained by an OlympuBX53-microscope with a motorized object table
(MicroBrightField Bioscience). Every ¥2mouse brainsection was examined and
analyzed by theconnectedStereolnvestigator Software 10.21(MicroBrightField
Bioscience, Wliston, VT, USA) using the function of space b&ll20 121]. Three
parametersvere generatedafter the measurement and analysessel length density
(VLD, the total vessdengthpermm?® of tumon), vesselength(the total vessdength

in the whole tumor, and vasculametwork complexity(a ratio to estimate the
complexity ofvessebranching.
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3.3.3Assessment oin vivo tumor cell invasiveness

For the evaluation of the tumor cell invasiveness, thypes of tumor volunewere
determined from the GFBtained tumor sections: 1hd overall tumor volume was
calculatedby the totaltumor area includingboth the compactumor regionsand
single invasive tumor cellCavalieri Method);2) the compact tumor volume was
obtainedonly by the area of compadiumor regionswheretumor cellswere in direct
contactwith each other3) the invasive tumor volume waslculatedby subtracting
the compact tumor volume from the overall tumor volurdend then tumor
invasiveness wapresentedas thepercentagef the invasive volume to the overall
tumor volume.Photographgor the GFPstained tumor were made by an Axiovert25
microscope(Objective 5x) with Axiocam MRm and Axiovision Rel 4.8 software
(Carl Zeiss) Tumor area was measured lnyageJ softwareThe furthestdistance of
single tumor cells migrated from the compact tumor mass was measured &3 well

sections per mouse and 4 mice per group)

3.4 1n vitro experiments

3.4.1Cell culture

U87MG cell line wasobtained from the American Type Culture Collection (ATCC)
and cultured under adherent conditions in DMEM containing 1x MEM-essential
amino acids,1% penicillin-streptomycin(i.e. 100 units/ml penicillin 100 wg/ml
streptomycin) and 10% fetal bovine serum87 APLN-Knockdown (U87**P) and
nonsilencing controlcells U87V°% had been previously obtained by transduction
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with lentiviral vectors carrying the shemtirpin RNA (shRNA) of intereqtL27.

Human glioblastoma stem cells (GSCBICH644, GBM14, GBM5av, GBM2 and
GBM11) were derived from glioblastoma patients biopsies (at the Medical Faculty
Heidelbergor atthe CharitéMedical University of Berlin according to local ethical
regulations) and were maintained under stem cell cultivation conditions in
DMEM-F12 supplemented with 1xB27% penicillinstreptomycin, 10 ng/miuman
epidermal growth factohEGF) andl0 ng/mlhumanfibroblast growth factorFGF)

for NCH644, GBM14 orin Neural Stem Cell Mediung450ml) with Proliferation
supplement (50ml)1% penicillin-streptomycin, 10 ng/mMhEGF and 10 ng/mhFGF

for GBM5ay GBM2 and GBM11GBM14*® andGBM14"° cells were obtained as
the method fotJ87**P andU87"C cells[127.

Neural precursor cells (NPCs) had been previously isolated from the sulowudantri
zone (SVZ) otthe 5-day-old BL6/J mice with homozygous deletion DP53 Isolated
cells were cultured in spheroid conditions with DMENZ2 medium supplemented
with 1xB27, 1% penicillinstreptomycin, 10 ng/miEGF and 10 ng/mhFGF.Mouse
transgenic gliblastoma cells as a model of the proneur&BM subtype
(p53“°PDGFB GSCshad been previouslgenerated by transduction of a single cell
suspension 0p53‘° NPCs for 1 h with a multiplicity of infection (MOI) of 80 of
VSV-G pseudotyped GFPDGFB retroviral partice Human PDGFB cDNA was
derived from the RCA®BIG plasmid. Transduction efficiency was verified by GFP
immunofluorescence and was >99%27.

All cells were maintainedinderthe condition 0f95% G and 5% CQ humidified
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atmospherén a37C incubator The cell counting for GBM14roliferationin apelin
experimentsor for GBM2 and GBM11 in humanin experiment&as performed by
Countess Il Flwith 0.4% Trypan Blue Solution identifying the alimaddead cellsat

a dilution of 1:2

3.4.2Wound healing assay

U87 or GBM14 cells were seedéd the 24-well plate (3 or 5 x 10 cells/well
respectively. After 24 hoursincubationat 37C, a scratclwound was created using a
1,000 W (U87) or 200 4 (GBM14) micropipette tip and cellular debris was removed.
Then 200nM apelinl3 or apelirF13A was added. Pictures were tak&n0 h and
after 10 h (U87) or 24 h (GBM14yith an Axiovert25 microscope witAxiocam
MRm and Axiovision Rel 4.8 software (Carl Zeiss). The cell covered area was

measured by ImageJ software.

3.4.3 Fluorescent immunocytochemistry

An 8we l | culture slide (FalconkE) was coat e
poly-D-lysine overnight fdl owed by 5 €9/ ml l aminin for 2
plated at the concentration of 50,000 cells per well and incubated in DMEM
containing supplements for 24 hours. Culture medium was removed subsequently, and

cells were washed with 1xPBS once, continwgth 10 min of fixation with 4% PFA

at room temperature and 1x PBS washing for three times. After 1 hour of
permeabilization at room temperature with blocking buffer (5% donkey serum and 0.3%
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Triton-X in 1xPBS containing), cells were incubated with raldntiKi67 (1:200) at

4€ overnight. On the second day, cells were washed with 1xPBS and incubated with
the secondary antibody donkey arabbit AF594 (1:500) at room temperature for 2
hours. All antibodies were diluted in blocking solution. After thiieees of 1x PBS
wash, nuclei were stained by DAPI (1:10,000) for 2min. The slides were covered by
coverslips with Dako Fluorescent Mounting Medium. Fluorescent pictures were taken
by Axiovert25 microscope with Axiocam MRm and Axiovision Rel 4.8 softwae|(

Zeiss).

3.4.4 Specific GFRapelin internalization

GBM14 cells were seeded in anwgll culture slide (Falcon®; 10,000 cells/well)
previously coat elysine it 37T ibcObater gvermidht fglmviedy

by 2 hours of 5 €9/ ml l aminin and then
adheredtothe | i de, the medium was removed and
wi t h 2 #eNhinalliyh @FRchnjugated Apelirl3, ApelinF13A, Apelinl3scr
(containing the scrambled amino acid sequence of A{idjror GFPlinked oligomer

728 (positive control)coninued by 120 min incubation at 37€C. In the competition

re|

experiment, bef or e -apehirel3 ax @FRPapelinFA3A, GBM142 ¢ M GF

cells were incubated with 2 nM, 2013n M,
or apelinF13A for 30 min respectivelyAfter all the treatments, fixation was
performed with 4% PFA for 30 min followed by 10 min incubation of W&B¥
1:200 (cell membranestaining and DAPI 1:10,00qnucleus stainingin 1x PBS at
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room temperature. Then cells were washed with 1x PBS andlittess were covered

by coverslips with Fluorescent Mounting Medium. Fluorescent photographs were
taken by confocal microscope (the Leica SP8X WLL upright with the LAS X
software) and analyzed by ImageJ software Fiji package. The quantification of the
competition experiment was performed by measuring the number of cells containing
GFP-conjugated peptides on the total number of cells in the pi@ixgictures were

guantified for each condition.

3.4.5Brain slice culture procedures

6-day old C57/BL6J micavere used to obtaithe aganotypic brain slice cultures
under sterile conditions in this studyhe brains were taken ostter decapitationA
Leicavibratomewas used tautthe whole brain hemispherésto 350 pm thick slices
Then brain slices werdransferredonto themembrane(pore 0.4 pm) of a culture
insertin the 6-well plate containing 1 ml of culture medium (25#BSS 44.75%
MEM, 2 mM L-Glutamine, 25% heat inactivated horse serunml%
penicillin-streptomycin, 6.5 mg/ml glucose) per welland 0.5 mg/ml
Clodronateliposomes (for microglia depletion)or PBSliposomes (control) The
slices werecultured in an incubatowith 5% CQ andhumidified atmospheret 37C

for 24 hours After mediumwas removed, brain slicegsere washedwith 1x PBS,
cultured in fresh culture medium (without liposomes), and incubated for 3 days
(waiting for microglia depletionn Clodronateliposomes group 0.54 of 5,000
glioblastoma cells (GFfpositive NCH644 and GBM5av) was inoculated into brain
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slices by a 1pdHamilton synge installed in a micromanipulatofrhe needle was
inserted for2 0 0 ¢ nthedreeetpr a ¢ t e .dA miciyp punpP was used ioject
the cell suspension slowly over 1 minutéor all brain slices the fluorescent
glioblastoma cells were injected in theame region.Fluorescencemicroscopy
photographsvere madeto recordthe area of thall tumor cellsin the slicesat day 0O
(immediately after injectionday 1, day 3day 5 and day 7 by Axiovert25 microscope
with Axiocam MRm and Axiovision Rel 4.8 softwaf€arl Zeiss) Photographsvere
analyzd and quantified as described [A23 124 using ImageJ softwareThe
distance between the centettio¢injection canal antheindividual fluorescent tumor

cells were measured, and the accumulated wata used to assembilee distance

histograms.
Brain Tumor cell
slicing inoculation
Liposome .
trzatment Normal medium | Photographonday0, 1, 3,5, 7
Ir] I I >
Ll J L1 I LI J
Day -4 -3 0 5 7

Figure 34.5 Time course of the experimental procedures in brain slice

experiments

3.5 Immunostaining of patient specimers
3.5.1 Immunohistochemistry (Paraffin-embedded human GBM sections)
Paraffirembedded sections of human GBM speciraeepilepsy nostumor control
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were deparaffinedwice in 60C isopropanol for 20 min.Slides were taken out for
airdry and cooddown, and thefixed in -20€C 70% acetoafor 10 min. After x PBS
washing for 5 min 3 times, slides were immerse@.01 M citrate buffer(18ml 0.1 M
Citric acid monohydrate and 82 0.1 M Tri-NatriumcitratDihydrat mixed in
distilled water 1L, pH 6.0) and cooked withthe microwave for 20 mir{antigen
retrieva). After slides cooled down 1x PBS washng was performedor 5 min 3
times followed by endogenous peroxidase blockimith Dako endogenous enzyme
block for 20 minand another round dfx PBS washingThen sections were incubated
30 minwith Dako protein blocking reagerfprotein blocking and continued with
rabbit antthumanin primary antibody1:100)overnight at 4C. On day?2, sections
were incubatedfor 2 hours with the donkey anti rabbiiotinylated secondary
antibody (1:200at room temperatur@andthenincubatedor 30 min with streptavidin
conjugated HRP (1:200) at room temperafioteowed by DAB incubation under the
microscope(PBS washingperformed betweerachsteps) Then distiled waterwas
used to wash away DAB addo PFAwas applied fofixation 10 min. After this step,
washng was changed toris buffer(50mM Tris base and 0.3M NaCl, pH 7%in 3
times Then sections weracubatedfor 30 min at room temperatungith Dako
protein blocking reagentontinuedby 4C overnight with goat antibal primary
antibody (1:200)On day3, horse anti goat biotinylated secondary antibody (1:200)
was added onto sections andcubatedat room temperature for 2 hours. Then
streptavidin cojugated alkaline phosphataseas incubatedor 30 min at room
temperatureAll antibodies were diluted in Dako Antibody Diluerubsequantly
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VECTOR Blue Alkaline PhosphataSeibstrate Kitincubation was performednder
the microscopdTris buffer washing performed betweeachsteps) Then sections
were washed with distilled water artde coverslipswere mownted with Aquatex
mounting mediumPhotographs were made blycroscope Axiokop 2 with Axiocam

MRm and Axioszision Rel 4.9 softwae (Carl Zeiss).

3.5.2 Immunofluorescence staining(Paraffin-embedded human GBM sections)
Paraffirembedded sections of human GBM specimen or epilepsyumoor control

were deparaffined twican 60C isopropanol for 20 min. Slides were taken out for
airdry and coodown, and then fixed irROC 70% acetor for 10 min. After X PBS
washing for 5 min 3 times, slides were immersed in citrate buffer and cooked with the
microwave for 20 min (antigen retrievaBfter slides cooled down, 1xPBS washing
wasperformed for 5 min 3 times followed Ipyoteinblockingfor 30 min(5% donkey
serum and 0.3% TriteX in 1x PBS) Then the primary antibodies rabbit
antrhumanin (1:100) and goat adiitial (1:200was added onto section and incubated
overnight at 4C. Onday 2, sections were incubateat room temperature with the
secondary antibodies donkey anti rabbit AF594 (1:200) and donkey anti goat AF488
(1:200) for 2 hours.All antibodies were diluted in blocking solutiomhen sections
wereincubatedor 20 minwith Sudan black Bolution(0.1%w/v in 70% Ethanglto
reduce the autfiuorescence DAPI 1:10000 was usedor nuclei staining (PBS
washingperformed betweepachsteps) The slides were covered by coverslips with
Fluorescent Mounting Mediunfluorescence microscopy photographs were made by
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Axiovert25 microscope with Axiocam MRm and Axiovision Rel 4.8 softw@arl

Zeiss)

3.6 Cell counting experiments

3.6.1 Cell counting experiments for cells treated wittHNG

Cells weredistributedto 5 groups: 1xulturemedium with EGF&GFandadditionof

10 mg/ml BSA(vehicle for HNG); 2) medium without EGF&GF andaddition of
BSA; 3) medium without EGERFGF andadditonof 2 € M HNG di ssol ved
mg/ml BSA; 4) medium without EGEFGF andadditionof 1 0 & M HmiNe@iym 5)
without EGR.FGF andadditionof 20 M H NE&ch condition was in triplicate.

On day 0 cells (GBM2 and GBM11) were plated the 6-well plate (100,000 cells
per wel) and treated with BSA or HNGMediumwere changed every 24 hours with
BSA or HNG of the same concentration the next 4 daysOn day 7, day 14 and day
21, the Countess Il FL Automated Cell Counteas used to courthe cell number of
each well And 100,000 cells were ptatedin each wellfor all groupswith medium

containing BSA or HNGifter cell countingon day 7 and day 14

Plate 100,000 cells Media change with
and treat the cells HNG/BSA of the same
with BSA or HNG concentration in each well

‘L ‘l’ /L ‘l’ /L

" | >

| | | | | I
Day 0 1 2 3 4 7 14 21
Media change every 24 hours Count and replate
with HNG/BSA of the same 100,000 cells back
concentration in each well except day21

Figure 3.6.1 Cell counting experiments for cells treated with HNG
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3.6.2 Cell counting experiments for cells treated wittHNG and TMZ

There were 3 basic conditiornk} culturemedium with EGF&FGFRandadditionof 10
mg/ml BSA (vehicle) 2) medium without EGR.FGF andaddition of BSA; 3)
medium without EGF&FGF anddditionof 2 0 ¢ M . ®GhNe&ch condition, cells
were alsotreaedwi t h TMZ of 0 &M, 1 tvedy. Ead coadition3 0 O
was in triplicate.

On day O,cells (GBM2 and GBM11) were plated ihe 6-well plate (100,000 cells

per wel) andtreated with BSA or HNGCells were treated with TMZ from day 0O to
day2 and also treated with BSA or HNgE the same concentratia@very other day.

The cell number of each well was counted by Automated Cell Counter on day 7, day
14. And 100,000 cells were replated in each well with medium containing BSA or

HNG of the same concentration on day 7.

Plate Treat cells every other day with
100,000 HNG/BSA of the same

cells concentration in each well

T T T >
Day 0 T 7 14
Treat cells with Count and replate
T™MZ 100,000 cells back
in the first 3 days except dayl4

Figure 3.6.2 Cell counting experiments for cells treated with HNG and TMZ
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3.6.3 Cell counting experiments for HN overexpressg cells

GBM2 and GBM11 cellines were transfected witipCEP4 plasmid containing the

humanin (HN) open reading frame and hygromycin resistance genteansfected

with empty vector pCEP4 plasmid containing hygromycin resistance ggne
Lipofectamine 3000 reageiior 2 days Then tansfected cells wergansferred to

fresh culture mediunandselecteddr 4 weeks with 40B. €g/ ml
Afterthat,thes el ect i on was maintained using 200 ¢
Transfected cellsGBM2 HN, GBM2 pCEP4GBM11 HNandGBM11 pCEPJ were

plated inthe 6-well plate (100,000 cells per wélbn day 0 andreated with TMZ of O

e M, 100 €M or 300 &M respectively from da\y
well was counted by Automated Cell Counter on day ¥, & And 100,000 cells

were r@lated in each well on day Each condition was in triplicate.

Plate
100,000

cells
‘l’ /L
! 1 >

Day 0 I 7 14
Treat cells with Count and replate
TMZ 100,000 cells back
in the first 3 days except dayl4

Figure 3.6.3 Cell counting experiments for HN overexpressg cells
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3.7 Statistics

Statistical analysem this thesiswere performedvith the GraphPad Prissoftware
To determine statistical significance in the survival experiment, Libg-rank
(MantetCox) test wasapplied.For the comparison of two independent grquipge
unpaired Studeft ttest was usedDifferences among three onore groups were
analyzedby Oneway analysis of varianc@neway ANOVA) with Tukey's multiple
comparisons tesas thepost hoc testThe statistical testdor each experiment are
described irthefigure legendsThe criterion for the statistically significant difference

wasp < 0.05.
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4. Results

4.1 Targeting apeli APLNR reduces angiogenesiand tumor cell invasiveness in
glioblastoma

4.1.1 Combination treatment targeting VEGFR2 and apeli/APLNR
synergistically improves survival ofglioblastomabearing mice

In animal models,ystemic administration 0fEGFR2blocking antibody DC101 was
shown tosuppresshe growth of various tumarcluding glioblastomdGBM) [125.
However,Kunkel et al.reported a sideffect of DC101 with significant increase of
tumor invasion gmall satellite tumas) in addition to the inhibition of tumor growth
and angiogenesis a glioblastoma mouse modehtfiacerebral G55 xenograft655
is a human GBM cell line[59]. Recently,our laboatory found thattargeting
apelin/APLNR by apelinF13A (a mutant ligand for APLNRdecreased the tumor
invasivenessn human primary GBMmousemodels as well asransgenicmouse
models(p53“°PDGFBGSCsgenerated from mouse neural precursor cells TB3
deletion andPDGFB overexpressignseeFigure 5 in[122]). Also, one of thanajor
suspectedcauss of the failure of antiangiogenictreatmentfor glioblastomaby
targeting VEGF/VEGFR2 signalings the upregulation of alternative angiogenic
factors.A previous studyfrom ourresearch groupemonstratedhat apelifAPLNR
signaling plays anessentialrole in angiogenesis duringmbryonicdevelopmenias
well as inGBM pathology[56]. Hence,in the presenstudy | investigatedwhether
the combination oaintrVEGFR2 therapyand targetingof apelifAPLNR signaling
can achieve a better outcome than-aEGFR2treatmentalone The p53*°PDGFB
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GSCs were orthotopically implanted in C5Z@J mice and allowed to expand for
days Mice were divided into four groups atreéated intracerebrally with apelfFiL3A
(n = 9) anttVEGFR2 antibody (DC1Q1n = 7, apelinF13A and antVEGFR2
antibody (n = 7) or with vehicle értificial cerebrospinal fluidaCSF) alone as a
control(n = 10)

The median survival in the control group (aCSF treated miee) 52 daysin the
group of DC101 administration, the medianvéuail increased to 67 days that was 28%
longer tharthe control mice p = 0.0145). A similar increasef median survival was
achieved inapelinF13A treated mice (63 days; 21% increase; = 0.0139) in
comparison with control micelNotably, the mice with DC101 and apelifr13A
coadministratiorshowed asignificantincrease in the survival (86 dayb% increase
vs. control mice p = 0.0016. And the median survival of the dceated group was
also significantlylonger compared with theadministration ofapelinF13A (p =

0.0327) or DC101= 0.0385) alon¢Figure 4.1.).
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Figure 4.1.1 Survival of C57 BL6/J mice bearingp53‘°°PDGFB GSCs Mice were
intracerebrally treated witlvehicle (artificial cerebrospinal fluidaCSF n = 10)
anttVEGFR2 antibody(DC101, n = 7), apelinF13A (a mutant ligand for APLNR
n =9), or apelinF13A combined with DC10Xn = 7) respectively. The median
survival of DC101, apelinF13A and the coadministrationgroup significantly
increased to 67 day® = 0.0145) 63 days(p = 0.0139)and 86 daygp = 0.0016)
respectivelycompare to theaCSF group (52 days)og-rank (MantelCox) test was
used to determinstatistical significance*p < 0.05,** p < 0.005compared to aCSF
control group

4.1.2 Tumor morphology and tumor volumein the survival study

In order b investigate histopathological changes the experimentafroups that
might explain differencein survival brainswere collectedfrom mice sacrificed at
humane engboint. In all groups big tumor mases were observed in the corpus
striatum and cortexf the righthemisphereThe cerebralmidline shifted to the left
because of theextendingtumor massandsingleinvadingtumor cels werefound in

the left brain hemisphereof someanimals The tumors of thedur treatmentgroups
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showed typical glioblastoma morpholo§§] (Figure 4.1.2) characterized byarge
area with high cell density, hyperangiogenesisvith malformed blood vessels
(examples shown assterisksn Figure 4.1.2 AG&B §, local bleedinglarrows, Figure
4.1.2a A§ the color of erythrocyte¥ and necrotic foci(cross Figure 4.1.2 Cé&&D 9,
which wereaccompanied bpseudopalisade@vhite lines Figure 4.1.2 C9. In the
tumor necroticfoci (cross Figure 4.1.2 9, cell death withpyknotic nuclei
(arrowhead) was surrounded jpseudopalisask (white lines).

The tumor volumealculated afteHematoxylin and Eosin staining (H&E staining)
shown in Figure 4.1.B A. Because all thetumors were collected after the
tumorbearinganimalsentered the terminal stage and had to be sacrificed at humane
endpoint, there was a similar median of the tumor volume in aCSF control (142.5
mm°), DC101 (138 mr), apelinF13A (136.3 mr) andapelinF13A+ DC101group
(133.5 mni). However, thes@olumes were reached at different time point8:days

in aCSF, 67 days in DC1012@lays in apelifF13A and 86 days in apelirl3A +
DC101 group Figure 4.1.» B). Two or three mice of every group showed a small
tumor which might be due to the invasive glioblastoma cells growing into the
ventricle and pssibly blocking the circulation of CSF before a big tumor mass could

be formed in the brain parenchyma.
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Figure 4.1.2a Tumor morphology at experimental end-point. (A-D) Hematoxylin
and Eosin staining (H&E staininghowsexamples of dig tumor onbrain sections
from four treatmentgroups.All tumors showedarge area of dense cells with darkly
stained nucleihyperangiogenesis with malformed blood vessels and bleeding area
and necrotic foci accompanied by pseudopalisadés obvious differenceof these
morphologcal featureswas foundamong groups IH&E staining (A9 In the
closeup imageof aCSFcontrol tumoy asterisksand arrovg indicate the example of
malformed blood vesseland bleeding respectivelyB9 In the closeup image of
DC101 treated tumorsterisksindicate the example dfiood vessels thetumor. (CH
Picture in higher magnificatiorof apelinrF13A treated tumorshows the tumor
necrotic foci (crosg, dead cells with pyknotic nuclei (arrowhead), and
pseudopalisadg areawhite lines) (D9 Higher magnificationmagesof apelinF13A
plus DC101 treated tumoshow the tumor necrotifoci (crosg, dead cells with
pyknotic nucleilarrowhead).
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