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The smart man solves the problem, the wise man avoids it.

Albert Einstein
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Glioblastoma
Glioblastoma (GBM) is the most common type of primary brain tumors 

with an average incidence of approximately 3.1 per 100,000 adults per year 

[1,2]. Current treatment options, consisting of surgical resection followed by 

radiotherapy and temozolomide, result in a 14 months median survival in 

newly diagnosed GBM patients [3,4]. 

GBM features include rapid and invasive tumor growth, hypoxia and 

vascularization. This generates a network of disorganized, tortuous and 

permeable vessels. A key element of angiogenesis is the vascular endothelial 

growth factor-A (VEGF-A), which is highly expressed in brain tumors. Rapid 

tumor growth and oxygen depletion induce the upregulation of hypoxia 

inducible factor 1-alpha (HIF1α), of VEGF-A and a subsequent cascade of 

events. In this cascade bone marrow derived cells (BMDC) are recruited 

to the tumor site, alternative vascularization pathways are activated and 

a vast number of growth factors are upregulated. GBM is characterized by 

tumor cell migration into the surrounding brain parenchyma [5]. Therefore 

complete eradication of these tumors by local surgical resection and radio-

chemotherapy remains almost unachievable. 

The G-Protein Coupled Receptor (GPCR) family in cancer
Amongst all the membrane bound receptors, the superfamily of G-protein 

coupled 7 transmembrane cell surface receptors are of remarkable diversity, 

high promiscuity and variable specificity for their ligands. With regard to 

this, chemokine receptors and formyl peptide receptors are characterized by 

very high affinity for their ligands. GPCRs are chemoattractant receptors and 

transducers of extracellular signals to intracellular effector pathways. Signal 

transduction occurs by activating heterotrimeric G-proteins, constituted by 

the α, β and γ subunits. Ligand binding results in the release of an α -subunit 

with subsequent inhibition of adenyl cyclase and release of the βγ-complex, 

which activates the MAP kinase pathways and phospholipase C (PLC). This 
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ultimately induces calcium release from the endoplasmic reticulum [9]. GPCR 

upregulation is observed in various tumor types and is therefore explored as 

target for anti-cancer therapy [10]. Aberrant GPCR functions are implicated in 

many facets of cancer growth, including cancer cell proliferation, metastasis 

and tumor induced angiogenesis, progression of hormone refractory cancers 

and endocrine tumors [11]. In GBM, GPCRs play a role in tumor growth, 

invasion and production of angiogenic factors by sensing cognate ligands 

produced by the microenvironment [11-14]. 

Chemoattractant receptors of the GPCR superfamily include FPR1 and 

CXCR4. FPR1 was originally identified as a mediator of leukocyte migration 

and was characterized by its binding to N-formyl peptides of bacterial and 

mitochondrial origins. In humans the only conserved N-formyl peptides 

originate from cleavage products of mitochondrial proteins. Specifically the 

release of mitochondrial peptides from necrotic tumor tissue constitutes a 

source of ligands for FPR1. Chemotaxis inhibitory protein of S. aureus (CHIPS) 

is an anti-inflammatory compound secreted by S. aureus and very potent 

inhibitor of FPR1. Recently the expression of FPR1 was identified on tumor 

cells where its activation induces a number of downstream signaling events 

linked to tumor angiogenesis and migration. 

Various studies have reported that CXCR4 is over-expressed by cancer cells, 

bone marrow derived and stromal cells. In prostate cancer cells and in vivo 

models, CXCR4 plays an important role in tumor growth, angiogenesis and 

the interaction of malignant cells with their microenvironment [15,16]. 

AMD3100 is a potent CXCR4 inhibitor, which blocks the binding pocket of 

CXCR4. In vivo studies showed that AMD3100 treatment reduces metastasis 

and sensitizes tumor cells to anti-cancer drugs [16-18].

Scope and Aim of this thesis
The aim of this thesis was to investigate the interaction of GBM and prostate 

cancer cells with their tumor microenvironment and the role of the GPCRs 
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FPR1 and CXCR4 in this process. 

In Chapter 2 we reviewed the literature for molecular mechanisms of 

neovascularization following resistance to the VEGF-A antibody bevacizumab 

in GBM patients, with special emphasis on the recruitment of BMDCs. In 

addition we evaluated which key factors are consistently upregulated 

following bevacizumab therapy. Based on that, we proposed a rationale for 

possible therapeutic combination options with bevacizumab. 

The role of tumor-associated macrophages (TAMs) as vascular modulators 

was further investigated in Chapter 3. In this chapter we aimed at exploring 

the expression of Ang1, Ang2 and Tie-2 in a series of human GBM samples and 

determined the extent to which a subclass of TAMs called Tie-2 expressing 

monocytes (TEM), was present in GBM. Additionally we correlated this data 

with patient characteristics and data including tumor microvessel density, 

proliferation fraction, apoptotic fraction and VEGF-A protein expression. 

In Chapter 4 we studied the effect of CXCR4 inhibition combined with 

irradiation in prostate cancer cells. In vitro, we investigated how the human 

prostate cancer cell lines PC3-Luc and LNCaP, when co-cultured with stromal 

cells and treated with the CXCR4 inhibitor AMD3100, were sensitized to 

irradiation. In mice xenografted with the luciferase-expressing PC3-Luc cells, 

tumor growth and metastasis were evaluated after daily treatment with 

AMD3100 or irradiation either alone or combined. The amount of circulating 

tumor cells (CTCs) was evaluated by bioluminescent imaging of blood samples 

collected before and at short time intervals after AMD3100 injections. 

Next we studied the role of FPR1 in GBM. The activation of FPR1 on the 

human astrocytoma cell line U87 promotes in vitro cell motility, growth and 

angiogenesis. In Chapter 5 we investigated the capacity of the bacterial ligand 

fMLF to activate FPR1 on U87 cells and explored the FPR1 inhibitor CHIPS, 

as a potential anti-glioma drug. Calcium mobilization and migration assays 

served as read outs for the activation of FPR1 with respectively mitochondrial 

and bacterial ligands on transfected U937FPR and U87 cells. Additionally U87 



1

Chapter 1    General introduction

13

xenografts in NOD-SCID mice served to investigate the effects of CHIPS in vivo.

We further investigated the presence of FPR1 in GBM, which is typically 

characterized by necrosis and might contain mitochondrial peptides released 

from ruptured cells. Therefore In Chapter 6 we evaluated the expression of 

FPR1 in human GBM tumor tissue with immunohistochemistry. In addition 

in early passages of human GBM cell lines we assessed the functional 

presence of FPR1 with fMLF induced calcium mobilization assays. In U87 we 

further analyzed the effect of FPR1 activation with mitochondrial peptides 

using calcium mobilization, FPR1 downstream protein phosphorylation and 

migration assays. We also tested whether CHIPS could inhibit these responses. 

To confirm the presence of FPR1 on tumor cells in GBM tissue, we applied 

immunofluorescence double staining of FPR1 with the glial marker GFAP and 

with the macrophage markers CD68/CD163 on GBM patient samples. Finally 

ex vivo, FPR1 expression in orthotopic brain tumor xenografts of the primary 

GBM cell lines was determined with immunohistochemistry. 

The pharmokinetics and toxicity of CHIPS have been previously tested 

in a small clinical phase 1 study in which CHIPS was administered as an 

anti-inflammatory agent. This study revealed that upon intravenous 

administration of CHIPS, the pre-existent anti-CHIPS antibodies in circulation 

caused toxicities. This generates the necessity to search for a CHIPS variant 

with less immunogenic properties. 

The aim of the research performed in the next chapter was to design an 

optimal new CHIPS variant that allows the use of a concentration sufficient 

to effectively inhibit FPR1 while inducing less host antibody driven toxicity. In 

Chapter 7 we therefore used an Escherichia Coli expression system to develop 

less immunogenic CHIPS mutants. Cloning procedures served to investigate 

the binding properties of mutant CHIPS proteins obtained by altering 

elements in the protein structure. The inhibitory effects of CHIPS on FPR1 

was tested with calcium mobilization assays. Furthermore truncated parts 

of the N-terminus of CHIPS were tested in migration assays and truncated 
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parts of the N-terminus of the FPR1-like binding protein (FLIPrL; a FPR1 

high affinity CHIPS homologue) were tested with calcium mobilization and 

migration assays. Additionally we cloned a less immunogenic CHIPS protein 

variant (CHIPS-JC) and performed a direct ELISA to test its affinity with human 

serum anti-CHIPS IgG. Calcium mobilization and migration assays were used 

to test the inhibitory effects of CHIPS-JC on FPR1. Finally in Chapter 8 the 

experimental results of this thesis are summarized, followed by a discussion 

and possible directions for further research.
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Abstract
Glioblastoma (GBM) is a highly vascular tumor characterized by rapid 

and invasive tumor growth, followed by oxygen depletion, hypoxia and 

neovascularization, which generate a network of disorganized, tortuous 

and permeable vessels. Recruitment of bone marrow derived cells (BMDC) 

is crucial for vasculogenesis. These cells may act as vascular progenitors by 

integrating into the newly formed blood vessels or as vascular modulators by 

releasing pro-angiogenic factors. In patients with recurrent GBM, anti-vascular 

endothelial growth factor (VEGF) therapy has been evaluated in combination 

with chemotherapy, yielding improvements in progression-free survival (PFS). 

However, benefits are temporary as vascular tumors acquire angiogenic 

pathways independently of VEGF. Specifically, acute hypoxia following 

prolonged VEGF depletion induces the recruitment of certain myeloid cell 

subpopulations, which highly contribute to treatment refractoriness. Here 

we review the molecular mechanisms of neovascularization in relation to 

bevacizumab therapy with special emphasis on the recruitment of BMDCs 

and possible combination therapies for GBM patients. 
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1. Introduction
Grade 4 astrocytoma, glioblastoma (GBM), is the most frequently occurring 

primary malignant brain tumor in adults. Despite multimodality treatment 

consisting of gross total surgical resection, followed by concurrent 

radiochemotherapy and subsequent chemotherapy, the median survival 

time remains approximately 12-14 months [1,2]. GBMs are refractory to 

most cancer cytotoxic agents and responses are often short-lived with rapid 

development of resistance (Table 1). 

Currently, one of the treatment options for recurrent GBM is anti-angiogenic 

therapy [3,4]. Given (1) the highly vascularized nature of GBM, (2) the pivotal 

role of vascular endothelial growth factor (VEGF) in tumor progression and 

(3) the slight although encouraging results of phase II clinical trials, the 

use of bevacizumab (Avastin, Roche, monoclonal antibody against VEGF-A) 

as treatment for recurrent GBM patients was consented by the Food and 

Drug Administration (FDA) [5]. However, as tumors may adapt to anti-

angiogenic inhibitors by acquiring angiogenic pathways independent of 

VEGF, bevacizumab therapy produces only temporary benefits [6,7]. These 

pathways may include vessel normalization leading to co-option of normal 

vasculature, upregulation of angiogenic factors, tumor invasion and the 

recruitment of bone marrow derived cells (BMDC), all leading to a more 

aggressive tumor phenotype [6,8-10].

In this review we will specifically discuss recruitment of BMDCs and possible 

therapeutic strategies to circumvent this.

2. Neovascularization in GBM
Neovascularization is a phenomenon in which the formation of new blood 

vessels may occur through two mechanisms: angiogenesis and vasculogenesis. 

While angiogenesis is a process in which the propagation of new blood vessels 

occurs through the migration and proliferation of preexisting endothelial 
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Table 1. Inhibitors against ligands and receptors expressed by various BMDCs involved in re-
fractory GBM tumors

BMDC Marker Receptor Ligand Inhibitor Status Ref/Trial nr

TAM CD68 CXCR4 CXCL12 AMD3100 Preclinical [8]

CD163 VEGFR1 PlGF 5D11D4 Preclinical [18, 103]

CD11b

CD45

TEM CD11b CXCR4 CXCL12 AMD3100 Preclinical [8]

CD45 Tie2/VEGFR1 CEP11981 Phase I NCT00875264*

Ang1/2 AMG386 Phase I NCT01290263

Ang1/2 AMG780 Phase I NCT01137552*

Ang1 MEDI3617 Phase I/1b NCT01248949*

Ang2 clone3.19.3 Preclinical [110]

Ang2 CVX241 Phase I NCT01004822*

EPC CD34 CXCR4 CXCL12 AMD3100 Preclinical [20]

CD133 VEGFR1 PlGF 5D11D4 Preclinical [18]

PPC NG2 PDGFR-β PDGF-B Crenolanib Phase I NCT01393912

Nolitinib Phase II NCT01140568

Sorafenib Phase I NCT00884416

Sorafenib Phase II NCT00621686

TAM: Tumor associated macrophages; CXCR4: C-X-C chemokine receptor type 4; CXCL12: 
Chemokine (C-X-C motif) ligand 12; VEGFR1/2: Vascular endothelial growth factor receptor; 
PlGF: Placental growth factor; TEM: Tie-2 expressing monocyte; Ang1/2: Angiopoietin1/2; 
EPC: Endothelial progenitor cell; PPC: Pericyte progenitor cell; NG2: Nerve/glial antigen 2 
proteoglycan; PDGFR ß/B: Platelet derived growth factor receptor ß/B. 

* Indicates not specifically performed on Glioma.
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cells undergoing differentiation, vasculogenesis occurs through de novo 

formation of blood vessels. Given the highly vascularized environment in 

which GBMs reside, during the initial stage of tumor growth, tumor cells 

gain access to oxygen supply by growing along existing vessels in a process 

called co-option [11]. Also, tumor vessels may undergo expansion after the 

insertion of interstitial tissue columns into the lumen of pre-existing vessels. 

Subsequently opposing capillary walls protrude into the vessel lumen and the 

counter sites establish contact, the endothelial bilayer becomes perforated 

and increases its circumference (intussusception) [12,13]. 

GBM stem cells may also contribute to the formation of tumor vasculature by 

differentiating into endothelial cells [14]. In addition, tumor cells with highly 

invasive capacities may mimic vessels by forming fluid-conducting channels 

(vasculogenic mimicry) [15].

As tumor growth progresses, tumor cells migrate along blood vessels, 

compromising the vessel integrity by compressing and reducing the perfusion 

[16]. This causes hypoxia in the surrounding tissue and induces tumor cells 

to secrete pro-angiogenic growth factors like hypoxia inducible factor1-α 

(HIF1α), Placental growth factor (PlGF), VEGF and chemokine ligand 12 

(CXCL12) [8,17,18]. 

Thus, tumor responses to oxygen depletion include several modulatory 

mechanisms like angiogenesis including co-option, intussusception or the 

more recently discovered vascular mimicry and GBM cell trans-differentiation 

processes. Moreover the secretion of a number of chemokines and growth 

factors ultimately supports the aberrant blood vessel formation. Finally, the 

recruitment of BMDCs occurs, which will be discussed in more detail below.

3. The role of bone marrow derived cells in angiogenesis/
vasculogenesis 
Evidence for the role of pro-angiogenic BMDCs in tumor vascularization 

was revealed around a decade ago by using angiogenic defective, tumor 



Chapter 2    Bone Marrow Derived Cells in GBM

24

resistant Id-mutant mice [19]. When Id-mutant mice were transplantated 

with wild-type β-galactosidase positive BM or vascular endothelial growth 

factor (VEGF)-mobilized BMDCs, tumor angiogenesis and growth was 

restored [19]. Moreover the pivotal role of hypoxia induced HIF1α in the 

recruitment of BMDCs has been elucidated by Du et al. [8]. BM cells from 

β-actin-enhanced green fluorescent protein (GFP) mice were transplanted 

into lethally irradiated Rag1-deficient mice. Subsequently HIF1α proficient 

(wild type (WT)-GBM) or deficient (HIF knock out (KO)-GBM) transformed 

mouse astrocytes were intracranially implanted. Indeed mouse brains with 

implanted proficient HIF1α WT-GBM cells showed up to 20% GFP+ cells while 

only one third of this number was found in animals with HIF KO-GBM cells [8]. 

These results were in line with a GBM neovascularization study conducted by 

Aghi et al. who showed in intracranial gliomas that hypoxia induced CXCL12 

secretion is sufficient for engraftment of BMD vascular progenitors into 

tumor blood vessels [20].

Overall, decrease in oxygen levels is perceived by endothelial cells (Fig 1, 

A) that react by producing angiopoietin-2 (Ang-2), Tie-2, CXCL12, platelet 

derived growth factor-B (PDGF-B), bFGF and VEGF (Fig 1, B) [21-25]. Further 

evidence suggests that proliferation and migration of EPCs is PDGF-B 

dependent through PDGFRβ signaling pathway and VEGF release [26] and that 

PDGF-B produced by tumor cells, upregulates the production of CXCL12 from 

endothelial cells. In turn initial studies in pancreatic tumors reported that 

PDGFRβ+ PPCs recruited from the bone marrow to the tumor may produce 

VEGF [27]. Finally preclinical studies involving acute myeloid leukemia and 

GBM showed that CD45+ myeloid cells are attracted by CXCL12 (Fig 1, C) 

[8,28]. Therefore it may be concluded that these factors play an important 

role in the recruitment of BMD pericyte progenitor cells (PPCs), endothelial 

progenitor cells (EPCs) and myeloid CD45+ cells of monocytic lineage. 

3.1 Are BMDC an actual source of PPCs and EPCs?
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Currently the contribution of PCC to tumor vasculature in the context of GBM 

is still a matter of debate since the population of PPCs may dramatically vary 

depending on the tumor type and stage [29]. The presence of PPCs in the tumor 

vasculature has been reported in subcutaneous melanoma and pancreatic 

tumorigenesis models [27,30]. Specifically in the subcutaneous melanoma 

mouse model, BMD GFP+ cells were engrafted in recipients. In these animals 

the recruitment of PPCs into the tumor was reported by observing BMD GFP+ 

periendothelial cells immunoreactive for hematopoietic markers CD11b and 

CD45 [30]. In GBMs a lower presence of pericytes compared to normal brain 

tissue is observed [31]. This might be due to decreased tight junctions and 

may be the reason why only modest rates of PPCs with high variability were 

reported throughout literature. Nevertheless signaling of the PDGF family 

has been proposed as key role player in the development and progression of 

GBMs. Hamdan et al. reported that CXCL12 induces upregulation of PDGF-B 

which in turn stimulates the differentiation PDGFR-ß+ PPCs into pericytes 

[32]. 

EPCs on the other hand have been extensively studied for their role as 

vascular progenitors although the true source of these cells and their actual 

contribution to tumor vasculature is still an ongoing debate. 

EPCs were originally derived from angioblast precursors isolated from 

leukocyte fractions of peripheral blood [33] thus establishing for the first 

time that circulating human blood cells are capable of differentiating into 

endothelial cells. Subsequently numerous studies engaged in the effort to 

identify the actual origins of EPCs which resulted in an extremely difficult 

task as markers used to identify these putative EPCs overlap with other 

cell types, leaving the question on whether these cells are actual EPCs or 

not. This might be the reason why some authors have demonstrated major 

(while others minor) contribution of EPCs to the tumor vasculature [34-37]. 

Therefore new methodologies of EPC identification were advocated and are 

now based on specific cell functions, including high proliferation and colony 
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formation capacities and not only on membrane markers [38-40]. Their 

proper nomenclature and isolation methodologies have been extensively 

reviewed elsewhere [39-42]. 

Thus, cells containing (1) highly proliferative spindle like shape, (2) colony 

forming capacities, (3) the expression of common endothelial cell markers 

such as CD34+, CD133+ VEGFR2+ and 4) CD45- [43] or CD45dim [40,44] are 

referred to as endothelial colony forming cells (ECFCs) (alternatively called 

endothelial outgrowth cells) and are currently considered as the closest 

cells resembling EPCs [40,45]. However the question whether these cells 

originate from the bone marrow, or not remains elusive. For instance Tura 

et al. suggested that BMD mononuclear cells formed the typical highly 

proliferative ECFCs with spindle like structures, yet these cells did not 

contain endothelial cell like markers but mesenchymal markers instead [46]. 

Alternatively Jiga et al. demonstrated that BMD rat ECFCs were able to re-

perform revascularization in ischemic tissues. Additionally the authors found 

that these cells were expressing CXCR4 thus confirming their pro-angiogenic 

capacity [47]. 

To date very few studies have specifically investigated the existence of a BMD 

ECFC contribution to tumor vasculature in the context of GBM. Bieback et 

al. demonstrated (by using intravital microscopy on tumor grafts grown on 

skinfold chamber in nude mice) that ECFCs were recruited to the tumor site 

and had the ability to incorporate into the tumor vessels [48]. However the 

ECFCs were grown from human cord blood and not from the bone marrow. In 

another study authors suggested that Hoechst labeled EPCs extracted from 

rat BM and implanted in the spinal column of nude mice could differentiate 

into endothelial and non-endothelial like cells. However a number of CD34 

KDR CD31 positive cells found in the tumors were not Hoechst labeled and 

the exact identification of these cells was not investigated [49]. Finally results 

from Guo et al. who showed for the first time that EPC and hematopoietic 

stem cells (HSC) could be isolated from GBM. EPCs were identified based on 
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public gene expression data profiling and marker identification was associated 

with specific endothelial cell functions. However the actual source of these 

cells was not investigated [50]. Taken together these studies suggest that in 

the context of GBM it is not yet known whether EPCs are actually originating 

in the bone marrow or not.

 

3.2 The activity of monocytes as vascular modulators
Previous studies showed that myeloid CD45+ cells of monocytic lineage 

make up the majority of BMDC and their presence is sufficient for GBM 

neovascularization [8]. Monocytes lodge in the perivascular area and release 

angiogenic factors such as angiopoietins and VEGF, possibly followed by the 

recruitment of BMD endothelial and pericyte progenitors, which are thought 

to ultimately integrate into the vasculature [27].

Mature monocytes are released in the bloodstream and differentiate into 

macrophages when entering the tumor [51]. Polarized macrophages include 

M1 and M2 macrophages, where M1 macrophages are involved in anti-

tumor immunity and M2 play a prominent (i.e. supportive) angiogenic role 

in human gliomas [52,53]. M2 and immature monocytic cells may exert their 

function as vascular modulators by producing a number of cytokines and 

growth factors while not taking part in the tumor vasculature itself [6,54]. 

Vascular modulatory M2 macrophages, alternatively dubbed tumor 

associated macrophages (TAMs), produce large amounts of pro-angiogenic 

factors including VEGF, VEGF-C, IL-8, bFGF and proteases like urokinase 

plasminogen activator (uPA), matrix metallo protease (MMP)-1, MMP-2 

and MMP-9 (Fig 1, D) [51,55,56]. Moreover, mutual interaction of many M2 

secreted factors ultimately concurs to the formation of new blood vessels. 

Specifically, interaction between uPA and MMPs are involved in remodeling 

and breakdown of the extracellular matrix (ECM) possibly supporting 

vasculogenesis as matrix disruption might facilitate BMDC infiltration [54]. In 

addition PDGF-BB up-regulates the expression of CXCL12 [57], which in turn 
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may lead to the accumulation of factors like MMP-9 [58]. 

All together these studies suggest that angiogenesis is the result of a complex 

network of events in which lowered oxygen levels trigger the release of a 

number of cytokines, MMPs and growth factors involved in the recruitment 

of vascular progenitor cells. In addition, vasculogenesis is triggered by 

vascular progenitor cells, which integrate into the blood vessels, stimulate 

Figure 1. Schematic representation of different components engaged in bone mar-
row derived cell recruitment. (A) Lowered oxygen levels foster necrotic areas with (B) 
subsequent up-regulation of numerous factors including VEGF, Ang-2, PDGF, CXCL12 
and bFGF which signal to the bone marrow. (C) The bone marrow in turn releases 
monocytes, EPC and PPC attracted by the tumor. (D) At the tumor site EPCs and 
PPCs are possibly incorporated into the tumor vasculature while monocytes turn into 
TEMs and TAMs in response to environmental cues. These cells in turn release a 
number of MMPs, growth factors and interleukins involved amongst others in ECM 
degradation.
Abbreviations: VEGF, vascular endothelial growth factor; Ang-2, angiopoietin-2; 
PDGF, platelet derived growth factor; CXCL12, chemokine (C-X-C motif) ligand 12; 
bFGF, basic fibroblast growth factor; CXCR4, C-X-C chemokine receptor type 4; VEG-
FR1, vascular endothelial growth factor receptor 1; PPC, pericyte progenitor cell; EPC, 
endothelial progenitor cell, TEM, tie-2 expressing monocyte; TAM, tumor associated 
macrophage; MMP, matrix metallo protease; Up-A, urokinase plasminogen activator; 
IL, interleukin; ECM, extracellular matrix.
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the production of pro-angiogenic factors and elicit the recruitment of vascular 

modulatory cells. 

4. Bevacizumab treatment in GBM
Bevacizumab has been extensively investigated in several different settings, 

ranging from single agent treatment to combined modality approaches in 

both recurrent and newly diagnosed GBMs. 

4.1 Bevacizumab treatment in recurrent GBM
Several studies investigating the result of treatment with bevacizumab in 

recurrent glioma patients showed promising outcomes. Initially a phase 

II study conducted by Vredenburgh et al. found acceptable toxicity of 

bevacizumab. In this study, a total of 32 grade III-IV astrocytoma patients 

were tested, of whom 23 had GBM. The combination therapy of bevacizumab 

with irinotecan revealed 30% 6 month PFS with median PFS of 20 weeks in 

the GBM group [59]. In a second phase II trial, two small patient cohorts were 

investigated by Vredenburgh et al., who tested bevacizumab in combination 

with irinotecan in different doses and schedules. Of all the 35 patients, 57% 

showed at least partial response, 46% had 6 months PFS and 77% 6 months 

overall survival (OS) [4]. 

These results were further corroborated in 2 other phase II studies. The first 

study conducted by the National Cancer Institute (NCI) included 48 patients 

in which bevacizumab was investigated, resulting in 29% 6 months PFS with 

median PFS of 16 weeks and 57% 6 months OS with a median OS of 31 

weeks [60]. The second study, a multicenter-open label noncomparative trial 

conducted by Friedman et al. comprised 167 patients, selected for treatment 

of either bevacizumab alone or in combination with irinotecan, yielding 

42.6% 6 months PFS versus 50.3% if given in combination with irinotecan 

[3]. The observed responses were considered exceptionally high as the usual 

6-month PFS rates is less than 10% in recurrent GBM [61]. Taken together 
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these data indicated that bevacizumab could convey relatively high anti-

glioma activity, which persuaded the FDA to give conditional approval of 

bevacizumab for use in recurrent GBM [5]. However, the lack of appropriate 

controls has resulted in a rejection for use in this indication by the European 

Medicine Agency (EMA)/ Committee for Medicinal Products for Human Use 

(CHMP) [62]. 

Other anti-angiogenetic drugs, including small molecule tyrosine kinase 

inhibitors have also been studied in GBM patients and (reviewed in [63] 

and [64]). Overall the effectiveness of small molecule TKi has been very 

disappointing. For example, a phase I/II study of sorafenib in combination 

with temsirolimus for recurrent glioblastoma or gliosarcomas showed 

minimal activity [65]. In a randomized controlled phase III trial the efficacy 

of cediranib as monotherapy, and in combination with lomustine, versus 

lomustine alone in 325 patients with recurrent glioblastoma was investigated. 

This study did not meet its primary endpoint of PFS prolongation with either 

of these combinations [66].

4.2 Radiological response assessment following anti-angiogenic 
treatment
Assessing radiological response rate after anti-angiogenetic treatment can be 

challenging. Anti-angiogenic agents can produce high radiographic response 

rates as defined by a rapid decrease in contrast enhancement on MRI, that is 

partly a result of reduced vascular permeability to contrast agents rather than 

a true antitumor effect, defined as pseudoresponse. Additionally in some of 

these patients the reduction in contrast enhancement is accompanied by a 

progressive increase of nonenhancing T2 weighted/ fluid attenuated inversion 

recovery image sequences (FLAIR), suggestive of infiltrative tumor. Therefore 

in 2010 response assessment criteria of high grade gliomas were updated by 

the Response Assessment in Neuro-Oncology Working Group (RANO). The 

RANO criteria assessment considers enlarging areas of nonenhancing tumor 
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as evidence of tumor progression [67].

4.3 Bevacizumab treatment in newly diagnosed GBM
Despite variable outcomes for recurrent GBM patients, the investigation 

of bevacizumab therapy has progressed in the context of newly diagnosed 

GBM. Initial phase II single-arm studies of bevacizumab treatment, in newly 

diagnosed GBM patients, yielded heterogeneous results in PFS and OS. Lai et 

al. initially tested the toxicity and possible treatment efficacy in a cohort of 70 

patients. Results showed 88% 6 month PFS in comparison to the 58% 6 month 

PFS obtained in the University of California, Los Angeles/Kaiser Permanente 

Los Angeles (KPLA) control cohort, consisting of 110 newly diagnosed patients 

treated with standard therapy who received bevacizumab at recurrence [68]. 

However no OS benefit was observed by Lai et al. in contrast to the University 

of California, Los Angeles/KPLA results. Further promising results came from 

a cohort of 51 patients tested by Narayana et al., who obtained with the 

addition of bevacizumab to standard therapy 85.1% 6 month PFS and an 51% 

12 month OS [69]. However the outcome of phase III clinical trials, AVAglio 

(NCT00943826) and RTOG0825 (NCT00884741), presented at ASCO 2013 [70-

73] have both indicated that bevacizumab in the setting of newly diagnosed 

GBM when combined with standard therapy had disappointing outcome 

results. In the Avaglio study, 921 patients were treated with standard therapy 

combined with bevacizumab or placebo. Results revealed median OS of 16.7 

months in the placebo group and 16.8 months in the bevacizumab group. 

Similarly in the RTOG0825 trial a total of 637 patients were randomized and 

the same treatment combinations were applied as for the Avaglio trial. The 

median OS was 15.7 in the bevacizumab group and 16.1 in the placebo group. 

In conclusion these results indicate that bevacizumab treatment in addition 

to standard therapy and in the context of newly diagnosed GBM does not 

exhibit improved OS. Therefore it should not be used as first line treatment. 
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5. Angiogenic resistance following bevacizumab treatment
As the 2 above-mentioned randomized placebo controlled trials (Avaglio 

and RTOG0825) had disappointing outcomes, further studies on resistance 

mechanisms of bevacizumab are warranted. 

It is now clear that tumor refractoriness to anti-angiogenic therapy may 

be described as a result of an inherent or evasive tumor resistance [6,74]. 

Inherent tumor resistance is defined by the presence of an intrinsic and pre-

existing tumor refractoriness in which subjects exhibit no response to therapy.

In the evasive resistance, tumors may adapt to angiogenic blockade. The 

molecular mechanisms and cellular events underlying tumor refractoriness 

to therapy are still not completely understood. However emerging preclinical 

data demonstrate that during anti-VEGF treatment, reduced circulation of 

VEGF is followed by transient vessel normalization. Vessel normalization 

has been reported as a brief phase in which the balance between pro- and 

anti-angiogenic signaling is temporarily restored [75-77]. This initial phase is 

rapidly followed by vessel regression induced by sustained anti-angiogenic 

treatment [78]. While subsequent vessel regression causes rapid HIF1α up-

regulation in response to acute hypoxia, which is one of the driving forces of 

BMDC recruitment and specifically myeloid cell infiltration in various tumors 

[8,22].

Several studies have been performed in the attempt to investigate the 

molecular mechanisms underlying tumor refractoriness after bevacizumab 

treatment [6,10,79,80]. In the context of BMDCs, the finding of CD11b(+)/

GR(+) granulocyte infiltration appears to be the most consistent throughout 

literature. A recent orthotopic mouse model study by Piao et al. showed that 

survival of animals treated with bevacizumab in combination with sunitinib 

was increased as compared to bevacizumab only treatment, while combined 

treatment delayed macrophage infiltration until tumor progression, at which 

point CD11b(+)/GR(+) granulocyte infiltration was observed in both cases [79].

These results were in line with previous findings in which refractoriness of 
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lymphoma and lung cancer cell lines to anti-VEGF treatment in subcutaneous 

mouse models was associated with the recruitment of tumor-associated 

CD11b+/Gr(+) granulocyte myeloid cells [10]. Furthermore Shojaei reported 

that granulocyte colony-stimulating factor (G-CSF) was highly upregulated 

in refractory tumors of subcutaneously implanted mice. By treating animals 

with anti-G-CSF, they showed that the circulation of tumor-associated 

myeloid cells was significantly reduced, indicating the important role of G-CSF 

in tumor refractoriness post bevacizumab treatment.

Regardless of the cancer type, to date, the vast majority of preclinical studies 

indicate that bevacizumab alone does not induce prolonged tumor regression 

but does generate vessel normalization, which might still create a window of 

treatment opportunity for other agents [77]. 

Accumulating evidence suggests that acute hypoxia following prolonged VEGF 

depletion contributes to the recruitment of certain subpopulations of myeloid 

cells, which play a prominent role in refractoriness to anti-VEGF treatment. 

Therefore bevacizumab therapy might be more effective in combination with 

other treatment modalities as compared to single agent use. 

6. Future directions: What to combine with anti-angiogenic drugs.
The aim of this review was to delineate tumor refractoriness upon bevacizumab 

treatment from a perspective of BMDC recruitment and possibly identify 

combination therapies, which might result in better outcome. Therefore 

combination of anti-VEGF therapy with other anti-angiogenic drugs should 

contain compounds targeting the BMDC recruitment. Here we discuss the 

theoretical feasibility of anti-VEGF treatment in combination with targeted 

agents directed against Ang/Tie-2 axis, CXCR4, PlGF or PDGF-B. 

6.1 Ang/Tie-2 or CXCR4 inhibition to block TEM and TAM recruitment?
The recruitment of TEMs (Tie-2 Expressing Monocytes) is crucial to the 

formation of new blood vessels [81]. Previous studies have demonstrated 
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that hypoxic conditions induce CXCL12 [8] and upregulate CXCR4 expression 

on TEMs (and Tumor Associated Macrophages; TAMs) [82]. Likewise, the 

expression of CXCL12 has also been identified as a key element for the 

recruitment of many other CXCR4 positive BMDCs [8] including TAMs [82]. 

Therefore it might be reasonable to speculate that the combination of these 

events ultimately leads to the recruitment of TAMs and that combining 

bevacizumab treatment with the blockade of TEM recruitment to the tumor 

site might be an option.

In addition, TAMs are currently considered key players in tumor progression 

and metastasis and are indicators of poor prognosis [53,56]. A number of 

preclinical studies have suggested that the use of the CXCR4 inhibitor 

AMD3100 might have positive effects on the inhibition of BMDC recruitment 

[8,83]. CXCR4 inhibition might provide additional benefits by directly blocking 

EPCs [20] and indirectly blocking PPCs, as blocking the CXCL12/CXCR4 axis 

hampers the PDGF-BB induced pericyte recruitment [57]. In addition the 

effectiveness of AMD3100 in combination with bevacizumab is currently 

being tested in a phase I study for recurrent GBM (NCT01339039).

Furthermore the Ang/Tie-2 pathway has also been under investigation for 

possible treatment options. Targeting elements of the Ang/Tie-2 pathway 

separately or together could be beneficial for several reasons. First, TEMs 

are typically characterized by the expression of Tie-2 [81,84] and the 

upregulation of Ang2 destabilizes vessels [85,86] thereby fostering TEM 

recruitment [87,88]. Second, since vessel survival following Tie-2 activation 

is independent of VEGF [89], dual inhibition of VEGF and Tie-2 signaling may 

improve clinical benefits [90]. Third, in some cases, dual inhibition of Ang1/

Ang2 results in improved treatment outcome in preclinical mouse models 

compared to solely inhibiting Ang2 [91,92]. However, as throughout literature 

a growing body of evidence suggests that the balance of the vascular stabilizer 

Ang1 and vascular destabilizer Ang2 is critical for the nature of the emerging 

vascular phenotype [93] the question whether targeting of the Ang/Tie-
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2 pathway is beneficial or not remains unclear. The reason behind this 

conundrum resides firstly in the context dependent role of Ang1 expression. 

While some studies have found that Ang1 promotes tumor angiogenesis 

[94,95] others have shown that Ang1 limits vessel growth [92,96]. Secondly, 

promoting Tie-2 signaling through Ang2 blockade might reduce angiogenic 

sprouting but also stabilize tumor vasculature thereby conveying resistance 

to anti-angiogenic therapy if not properly coordinated. Phase I clinical trials 

testing inhibitors for Ang1/Ang2 together (NCT01290263, NCT01137552) or 

Ang2 alone (NCT01248949) are currently ongoing and might provide further 

clarification on this matter.

In conclusion these data suggest that currently the possibilities of bevacizumab 

in combination with Ang2/Tie-2 inhibitors might be less adequate compared 

to CXCR4 inhibitors. The latter might provide enduring therapeutic results 

by targeting a key element consistently involved in resistance mechanisms 

following GBM therapy.

6.2 Blocking EPC and PPC with kinase ligand inhibitors 
Regardless of their origins, the contribution of putative EPCs and PPCs 

to tumor development has been described [8,97-99] as well as using 

monoclonal antibodies against growth factors to block the recruitment of 

EPCs and PPCs [100]. Specifically these cells express tyrosine kinase receptors 

(TKR) attracted to the production of their ligands by the tumor. Markedly the 

upregulation of PlGF has been reported as a result of anti-VEGF(R) therapy 

[101,102]. Therefore the combination of anti-PlGF with anti-VEGF therapy 

might be considered. 

Promising results came initially from studies of Fischer et al. and were 

later corroborated by Van de Veire et al., both groups using the alphaPlGF 

monoclonal antibody (5D11D4) [18,103]. By investigating syngenic mouse 

models implanted with melanoma, pancreatic or colon carcinoma cells 

Fischer et al. showed that growth and metastasis of these tumors was 



Chapter 2    Bone Marrow Derived Cells in GBM

36

inhibited, while anti-tumor effects were amplified when combined with 

chemotherapy. In addition alphaPlGF monotherapy reduced macrophage 

infiltration up to 74% and did not cause severe hypoxia, thus preventing the 

angiogenic rescue system. 

Markedly the results of Fischer and Veire were discordant with those from 

Bais et al. [104] who used similar preclinical models although not identical. 

With a lymphoma, melanoma, colon carcinoma and a number of other cell 

lines, all subcutaneously implanted and treated with the anti-PlGF antibodies 

C9.V2 and 7A10, Bais et al. suggested that blocking PlGF does not result in a 

significant reduction of tumor angiogenesis during growth of mouse primary 

tumors. 

Contradictory results of these studies might have originated from divergent 

preclinical settings and the use of different antibodies not evenly specific for 

PlGF.

Alternatively PDGF-B has also been identified as a key element involved 

in mobilization of PPCs while produced by EPC [27,105]. Defects in PDGFR 

signaling have been consistently observed in the context of GBM [26,106-

108] and anti-VEGF therapy is accompanied by upregulation of this receptor. 

Furthermore the PDGFRβ ligand PDGF-BB is known to induce CXCL12 

upregulation [57] which may result in MMP9 production [58], associated 

with a higher invasive phenotype [8]. Also preclinical studies from Guo et al. 

showed that overexpressed PDGF-B and VEGF in an orthotopic mouse model 

was associated with increased capillary-associated pericytes thus showing 

that PDGF-B is involved in the enhancement of glioma angiogenesis [26]. 

The importance of PDGF-B inhibition was further shown by Jo et al., who 

assayed the combination of VEGF and PDGF-B in ocular angiogenic disease 

showing that inhibition of both VEGF and PDGF-B was more effective than 

solely blocking VEGF [109].

All together these results suggest that combination of anti-VEGF therapy 

with anti-PlGF or PDGFR–B inhibition might provide enduring results. 
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7. Conclusions 
In this review we have explored the function of BMDCs in glioma and their 

activity during anti-angiogenic therapy.

Essentially, anti-angiogenic therapy in GBM is known to induce hypoxia, which 

in turn elicits several modulatory mechanisms resulting in angiogenesis. 

Angiogenic events are mainly supported by the secretion of a number of 

chemokines and growth factors actively involved in the aberrant blood 

vessel formation. In turn a fundamental hallmark of vasculogenis is BMDC 

recruitment. BMDC recruitment arises from a complex network of events in 

which lowered oxygen levels trigger the release of a number of cytokines, 

MMPs and growth factors involved in the recruitment of vascular progenitor 

cells. The latter are thought to integrate into the blood vessels, stimulate the 

production of pro-angiogenic factors and elicit the recruitment of vascular 

modulatory cells. Bevacizumab has been tested in several different clinical 

trials both in patients with recurrent and newly diagnosed GBM. While 

recurrent patients seem to partially benefit from bevacizumab treatment this 

is not the case for patients with newly diagnosed GBM. Preclinical studies 

suggest that acute hypoxia following prolonged VEGF depletion concurs to 

the recruitment of certain subpopulations of myeloid cells. Therefore we 

have discussed a number of targetable BMDC subsets, which throughout 

literature have consistently shown adverse activity after anti-VEGF therapy, 

some even in different preclinical settings. Particularly, based on the partial 

phenotypic overlap of receptor and ligand expression on the BMD responsive 

cells, combination therapies against ligands and/or their receptors might 

improve future treatment results in glioma patients. 
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Abstract
In this study the authors analyzed the extent and distribution of expression 

of the Ang/Tie2 system in the tumors of 50 glioblastoma patients and related 

this expression to clinical outcome.

Tumor tissue was obtained from surgical specimens. Immunohistochemistry 

was used to study Ang-1, Ang-2 and Tie-2 expression and scored 

semiquantitatively. To analyze the contribution of the tumor cells and 

the tumor associated macrophages (TAM) to tumoral expression of Tie-

2, immunofluorescent double staining was performed with GFAP, HLA-DR, 

CD68 and CD163, as well as qRT-PCR on glioma cell lines. 

Tie-2 expression was shown to negatively correlate with survival in this group 

of glioblastoma patients. The scoring system used did not show a correlation 

of Ang-1 or Ang-2 with survival or vascular morphometric data. Tie2 

expression was shown to occur mostly outside the vascular compartment, in 

the tumor cells and tumor associated macrophages (TAM), of which the latter 

made up 4-30% of the cells in the non vessel compartment.

Tie-2 expressing monocytes (TEM) are a subpopulation of TAM that account 

for a large part of the Tie-2 expression in human glioblastomas. This 

expression can be related to patient survival. These results support ongoing 

studies into the feasibility of targeting the Ang/Tie-2 system in the treatment 

of glioblastoma patients, but in a broader sense than just anti-angiogenesis. 
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Introduction
Angiopoietin-1 and -2 (Ang-1, -2) are strongly associated with the angiogenic 

switch in tumors [1]. In surgical samples of human glioblastomas (GBM), we 

have previously shown that the balance between these angiopoietins, as 

measured by mRNA content, has prognostic value [2]. Tie-2, the cognate 

receptor of Ang-1 and -2, was initially thought to be expressed only by 

endothelial cells. However, other cell types that express Tie-2 have been 

identified. In tumors, neoplastic cells as well as the mononuclear infiltrate 

were found to express Tie-2. The latter are also known as “Tie-2 expressing 

monocytes” or TEM and may be considered a subtype of tumor associated 

macrophages (TAM). These TEM are thought to be either recruited or 

activated by the Ang-Tie-2 system [3-5]. Here, we further analyzed Ang-1 

and Ang-2 on a protein level in human gliomas and study the distribution 

of Tie-2 expression within these tumors. A special emphasis is placed on the 

identification of TEM, which have not been studied before in human gliomas. 

These subjects are relevant in the context of ongoing trials that use agents 

that target the Ang-Tie-2 system [6].  For instance, AMG386, a peptide –Fc 

fusion protein that prevents binding of the angiopoietins to Tie-2, is currently 

being tested in recurrent glioma in two clinical trials (www.clinicaltrials.gov; 

NCTO 1609790 and NCTO 1290263). Such alternatives to the available anti-

angiogenic agents are needed because current anti-angiogenic treatment 

of glioblastomas is characterized by low response rates [7,8] and the 

development of therapy resistance [9]. Amongst other mechanisms [9,10], 

the Ang-Tie-2 pathway is implicated in this resistance [11,12]. 

Materials and Methods

Patient Population and Baseline Characteristics
A total of 50 patients, meeting the following criteria, were included: 1. 

patients were diagnosed with a primary GBM,  2. patients had undergone 
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neurosurgical debulking,  3. patient follow-up was available, and 4. sufficient 

representative frozen tumor tissue was available for the study. Baseline 

patient characteristics were collected including: age, sex, postoperative 

adjuvant treatment, and survival. Age and survival were determined using 

the date of surgery. 

Immunohistochemical Staining
For immunohistochemical staining of Ang-1, Ang-2 and Tie-2, 5 µm sections 

of frozen tissue from all 50 tumor samples were processed using the protocol 

previously described by Zeng et al. [13]. Immunohistochemical staining 

Table 1. List of antibodies used

Antibody Clone Type Source Dilution

Ang-1 N-18 / sc-6319 Goat
Polylonal

Santa Cruz 1:100

Ang-2 F-18 / sc-7017 Goat
Polyclonal

Santa Cruz 1:50

Tie-2 C-20 / sc-324 Rabbit
Polyclonal

Santa Cruz 1:50

GFAP -- Rabbit 
Polyconal

Dako 1:800

HLA-DR OKIa-1 Mouse
Monoclonal

Ortho 1:100

CD68 PGM1 Mouse 
Monoclonal

Dako 1:100

CD163 10D6 Mouse 
Monoclonal

Novocastra 1:200

CD34 Qbend10 Mouse
Monoclonal

Immunotech 1:100

Collagen 4 10760 Rabbit
Polyclonal

ICN Biochemicals 1:800

SM-actin M0851 Mouse 
Monoclonal

Dako 1:100

Ki67 MIB1 Mouse
Monoclonal

Dako 1:100

Cleaved
Caspase-3

Asp175 Mouse
Monoclonal

Cell Signalling 1:100

VEGF-A Sc-152 Rabbit
Polyclonal

Santa Cruz 1:50
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procedures for VEGF-A, -B, -C, and –D as well as Ki67/CD34, and cleaved 

caspase/CD34 were previously described [2]. Staining procedures for CD68 

and CD163 were performed on paraffin sections and for HLA-DR on frozen 

sections. For a complete list of antibodies and dilutions see table 1. Aspecific 

binding was evaluated by omission of the primary antibody.

Histological Evaluation
Analysis of all tissue slides for Ang-1, Ang-2 and Tie-2 protein expression 

was performed using a semiquantitative staining intensity score: no staining 

was scored as 0, low staining as 1, moderate as 2, and high intensity staining 

as 3. Normal brain parenchyma was used as a control for the staining 

procedure. Additionally, the fraction of Tie-2 expressing cells was scored 

using a dichotomous scale: either more (scored as 2) or less (scored as 1) 

than 50 % of the cells staining positive for Tie-2. All slides were evaluated by 

a neuropathologist who was blinded to patient data. Analysis of the samples 

for microvascular density (MVD), proliferation fraction, apoptotic fraction, 

and VEGF-A, -B, -C, and -D protein expression were previously described [2].

Immunofluorescent Double Staining
After drying for 20 minutes, sections were postfixated in aceton for 10 

minutes. Sections were then treated with 0.05% sudan black solution (Merck) 

for 10 min and 1% sodium borohydrate (Sigma) for 10 min to quench 

autofluorescence. The slides were then blocked with 5% normal goat serum 

(Vector) in PBS containing 0.03% TritonX (Sigma) for 45 min. Subsequently, 

sections were incubated at 4°C overnight with the various primary antibodies 

(Table 1). The next day, sections were washed in PBS and incubated for 3h at 

room temperature with goat anti-mouse Alexa488 (Invitrogen) and goat anti-

rabbit Cy3 (Jackson Immunoresearch) secondary antibodies. Sections were 

then washed in PBS and coverslipped with Mowiol (Sigma). Primary antibody 

omission served as negative controls. 
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Glioma cell lines
The human GBM cell line U87 was obtained from the American Type Culture 

Collection (ATCC, Manassas, VA, USA) The newly generated glioma cell lines 

GG1, GG6, GG7, GG9, GG12 , GG13, GG14 have been described before 

[14]. U87 cells were cultured in DMEM-Hg supplemented  with 10% FCS 

and 1% pen/strep (Gibco Life Technologies). The GG cells were maintained 

as neurospheres in Neurobasal A-Medium (Gibco Life Technologies) 

supplemented  with 2% B27 supplement (Gibco Life Technologies), 20 ng/mL 

EGF (R&D systems, Abingdon, UK), 20 ng/mL basic fibroblast growth factor 

(bFGF; Merck Millipore, Billerica, MA, USA), 1% pen/strep and 1%L-glutamine 

(Gibco Life Technologies).

Quantative RT-PCR
Total RNA was obtained from U87 and GG1, GG6, GG7, GG9, GG12, GG13, 

GG14 cells. RNA was extracted from the cell lines using the RNeasy mini kit 

according to manufacturers guidelines (Qiagen) and from patient samples 

using the TRIzol® reagent (Ambion) method by adding 1mL of TRIzol® per 

4 slices of 10μm snap frozen tissue sections.  TRIzol® treated samples were 

incubated for 10 minutes, mixed with 200μL Chloroform per 1mL TRIzol® 

and centrifuged at 4°C for 5 minutes at 14,000RPM. The aqueous phase was 

transferred into a new tube, samples were incubated with 500μL Isopropyl 

alcohol per 1mL TRIzol® for 10minutes and centrifuged at 4°C for 5 minutes 

at 14,000RPM. RNA pellet was washed with 75% Ethanol, centrifuged at 4°C 

for 5 minutes at 14,000RPM, air dried and quantified using NanoDrop ND-

1000 Spectrophotometer (NanoDrop Technologies). To decontaminate total 

RNA from DNA inclusions, TURBO DNA-Free Kit was used according to the 

manufacturer’s instructions (Ambion). RNA quality and integrity was checked 

on a 1.2% agarose gel (Invitrogen) in 50mL Tris Bore EDTA (TBE)/5μL Ethidium 

Bromide (Invitrogen). Samples were loaded in equal amounts in 10x loading 

buffer (10mM EDTA/50% glycerol/0.1% Bromophenol Blue) at 100V for 45 
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minutes. Synthesis of cDNA was performed following iSCRIPT guidelines (Bio-

Rad laboratories) and cDNA quality was checked with a ladder PCR.

Real-time PCR was performed in quadruplicates by loading 5ng (cell lines) 

of cDNA in a 20μL reaction mix including the TaqMan Universal Master 

Mix (Applied Biostystems) and Tie-2 primer (Hs00945153_m1) or GAPDH 

(Hs02758991_g1, Gibco Life Technologies). Samples were measured with an 

ABI PRISM 7900 HT real time sequence detection system (Applied Biosystems, 

Forster city, CA) in a 384-well reaction plate. Raw data was extracted with 

SDS software 2.3 (Applied Biosystems) and averages of the threshold cycle 

(CT) were used for calculation of expression relative to GAPDH with the 2-Δct 

method. 

Results

Angiopoietin-1 and -2 show different expression patterns
Immunohistochemical staining of all GBM patient samples showed relatively 

diffuse Ang-1 and Ang-2 expression without an obvious zonal distribution in, 

for instance, the tumor margin or the perinecrotic zone. Out of 50 tumors, 

Ang-1 staining was weak in 13, moderate in 19, and strong in 18 tumors. 

Expression was found in the tumor cells, sometimes in a band-like pattern 

across the tumor tissue. The vascular compartment (endothelial cells and 

pericytes) was only weakly positive. The semiquantitative Ang-1 score did not 

correlate with baseline patient characteristics or morphometric angiogenic 

data [2]. All but 1 GBM showed Ang-2 expression. Staining was weak in 24 

and moderate in 25 out of 50 tumors. The strongest expression was observed 

in blood vessels (mainly endothelial cells). There was also staining in the 

tumor compartment, but to a lesser extent. A zonal distribution for Ang-

2 was not found and Ang-2 scores did not correlate with baseline patient 

characteristics nor with morphometric angiogenic data [2].
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Tie-2 is more strongly expressed in the non-vessel compartment and 
shows a negative correlation with survival
In general in the tumors a relatively weak Tie-2 staining could be observed 

Figure 1. Photomicrographs of Tie-2 immunohistochemistry on glioblastoma tu-
mor tissue. Tie-2 expression varies extensively from negative (A) to very diffuse and 
strong (B). (C) shows a characteristic pattern of Tie-2 positivity around vessels, but 
only weakly in endothelial cells (indicated by the arrows in D, which is a higher mag-
nification from the box in C). (E) shows a perinecrotic zone with strong Tie-2 positiv-
ity in the non-vascular compartment (necrosis is indicated with an asterisk). (F) is a 
detail from the box in E showing weaker positivity in both endothelium (arrow) and 
pericytes (arrowheads). Bars indicate the magnifications.
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in the endothelium and the pericytes / smooth muscle cells in blood vessels 

(Fig. 1D and F and Fig. 2A). In the non-vessel compartment of the tumour the 

Tie-2 expression varied considerably: 1 tumour was completely negative (Fig. 

1A), 33% showed a weak staining intensity of 1+, 48% a moderate intensity, 

and 17% a strong staining (Fig. 1B). The expression was patchy (<50% of the 

surface area) in 40% of the tumours, whereas a more diffuse staining pattern 

could be observed in the remaining tumours (>50% of the surface area).

The resulting Tie-2 score (intensity * fraction of Tie-2 positive cells) showed a 

negative correlation with overall survival of the patients (R = -283, p = 0.05). 

The Tie-2 score did not correlate significantly with microvessel density or 

proliferation and apoptosis frequency of either endothelium or tumour cells. 

Interestingly, two specific staining patterns could be found in several of the 

tumours. One showed predominant Tie-2 staining of cells surrounding blood 

vessels (Fig. 1C and D) and the other had increased intensity and number of 

cells positive for Tie-2 in areas surrounding tumour necrosis (Fig. 1E and F).

Glioma stem cell lines express Tie-2 mRNA
In order to evaluate the expression of Tie-2 by tumor cells we performed 

quantative RT-PCR analysis on mRNA of the glioma cell lines. Six out of 7 

GG cell lines exhibited Tie-2 mRNA expression. Values of 2-ΔCT ranged from 

4.1x10-6(GG14) to 6.8x10-4 (GG6). U87 cells also expressed Tie-2 mRNA (2-ΔCT 

: 7.1x10-5).

GBMs contain large percentages of TAM and TEM
All GBMs contained TAM. In the non-vessel compartment percentages 

ranged from 4-30%. CD68 (median 11, range 4-23), HLA-DR (median 10, 

range 5-30) and CD163 staining (M2 marker, median 12, range 5-25) highly 

overlapped. Outside the perinecrotic and necrotic zones these TAM had a 

ramified to activated phenotype, whereas in the perinecrotic TAM had a 

more amoeboid appearance. In the necrotic zones these cells increased in 



Chapter 3    The angiopoietin/Tie-2 system in human glioblastomas

60

size due to phagocytosis of debris. Interestingly, Tie-2 showed overlapping 

staining patterns with HLA-DR, CD163, and CD68 (Fig. 2 panel B). Double 

Figure 2. Photomicrograph of double immunofluorescence of Tie-2 (middle column 
in red) and CD34 (panel A), CD68 (panel B), CD163 (panel C) and GFAP (panel D) in 
green in the first column respectively. The column at the right hand side shows the 
merged pictures. Staining is on frozen GBM tissues. Original magnification is 400x. 
Arrows indicate cells that are double positive for Tie-2 and either CD34, CD68, CD163, 
or GFAP. In panel A it can be observed that the endothelial lining of the blood vessel 
shows co-expression of CD34 and Tie-2 (both cell membrane markers). Moreover 
in the merged figure Tie-2 expression can also be observed on the outer border or 
the vessel wall. Panel B shows cells co-expressing CD68 in the cytoplasm (lysosomal 
marker) and Tie-2 on the cell membrane. Panel C shows M2-macrophage marker 
CD163 co-expressed with Tie-2 (both cell membrane markers). Panel D shows the 
cytoskeletal astrocytic marker GFAP in green, varying in staining intensity. These 
cell only show weak cytoplasmic (background) expression of Tie-2. In between the 
astrocytes, GFAP negative cells can be observed with strong membranous Tie-2 
expression (indicated by the circle).
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immunolabelling showed coexpression of Tie-2 and CD163 (Fig. 2 panel 

C), whereas many GFAP positive tumor cells were negative or only weakly 

positive for Tie-2 (Fig. 2 panel D). Double immunolabeling of Tie-2 with either 

HLA-DR or CD68 showed co-expression similar to that of Tie-2 and CD163 

double staining (data not shown), indicating that a large part of the Tie-2 

expression can be accounted for by the monocytic infiltrate.

Discussion
The regulation of tumor angiogenesis by the Ang-Tie-2 system through the 

activation of the Tie-2 receptor on the tumor endothelial cells has been 

well established. Here, we studied the expression and distribution of Tie-2 

in GBM and show that Tie-2 is also strongly expressed outside the vascular 

compartment. This expression can mainly be ascribed to a subpopulation of 

TAM. In human glioblastomas, on an mRNA level, the balance between Ang-1 

and Ang-2 is associated with survival [2]. Here, we show that Tie-2 expression 

also correlates with survival. 

Initial studies on Tie-2 expression in human tumors localized Tie-2 specifically 

on the tumor endothelial cells [15]. We also observed Tie-2 expression in 

endothelial cells, but the intensity is much weaker when compared with 

the non-vessel compartment. Others have demonstrated Tie-2 expression 

on hematopoietic and neural stem cells [16,17]. Lee et al. reported that 

Tie-2 immunohistochemical staining in human GBM exceeded, by far,  the 

expression that could be accounted for by the CD34+ and CD31+ cells [18]. 

Using double staining procedures they found colocalization of Tie-2 with GFAP 

expression, indicating that the neoplastic glial cells were largely responsible 

for the Tie-2 staining observed in the glioblastoma tissue samples. Our 

outcomes are, in part, in line with these findings. We found expression of Tie-

2 in tumor cells (double staining of GFAP and Tie-2) and in glioma stem cell 

lines (qRT-PCR). However, we also found that the predominant part of extra-

endothelial Tie-2 expression can be ascribed to the TEM within the tumor. 
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De Palma et al. first identified this subpopulation of TAM that express Tie-2 

[19] and measured the presence of TEM in a range of human tumors [5]. 

They illustrated the contribution of these cells to the tumor angiogenesis 

process in a brain tumor model. Moreover, they showed that Ang-2 is able 

to induce monocyte migration, suggesting that Ang-2 expression may be 

instrumental in the recruitment of TEM. Others have found that Ang-2 does 

not actually recruit TEM, but induces Tie-2 expression in tumor associated 

monocytic cells [4] and increases the tumor growth promoting properties of 

these cells [3]. Du et al. also identified a tumor associated Tie-2 expressing 

monocyte subpopulation and similarly show the influence of these cells on 

tumor growth in a brain tumor model [20]. More specifically, they suggest 

that these cells determine the angiogenic phenotype of the tumor. 

The subpopulations of TAM described by De Palma et al. and Du et al. may 

not be entirely comparable, nonetheless, both research groups presented 

data that point in the same general direction, namely the existence of a 

Tie-2 expressing subpopulation of tumor associated monocytic cells that is 

involved in the stimulation of angiogenesis and tumor growth.  In our study 

immunohistochemistry was used to identify these TEM in human glioma 

samples.  CD68, HLA-DR, and CD163, as a marker for M2/tumor-supportive-

macrophages [21,22], were co-stained with Tie-2 and co-localization was 

observed.

Analysis of TEM in human GBM in the literature is scarce. Venneri et al. 

mention a measurement of TEM in a single GBM in their supplementary 

material [5]. In this tumor no TEM could be identified. The reason for this is 

not entirely clear as we found TEM in almost all the GBM tested. Since there 

is some zonal distribution in Tie-2 expressing cells in GBM, differences in the 

outcomes of both studies could be the result of sampling error. 

Our findings are in line with the preclinical evidence which suggests that 

the Ang-Tie-2 pathway and TEM are intimately involved in glioma growth 

and angiogenesis, as presented by De Palma et al. and Du et al.. Preclinical 
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evidence supports the idea that this involvement exists at different levels. First, 

in the initial tumor outgrowth, Ang-2 upregulation leads to desintregration of 

the vasculature, which serves as a prerequisite for angiogenesis [23]. Second, 

the recruitment and/or activation of TEM supports tumor growth and 

angiogenesis [19,20]. Third, the Tie-2 activation by Ang-1 is associated with 

the upholding of the vascular stem cell niche [24].  The importance of the 

Ang-Tie-2 system and TEM for other tumors has been extensively reported 

[25]. Moreover, serum Angiopoietin and TEM levels have been presented as 

tumor markers in lung carcinoma [26], colon carcinoma [27], hepatocellular 

carcinoma [28], and melanoma [29]. Also, targeting the Ang-Tie-2 pathway 

has shown promising results in ovarian cancer [30]. 

Conclusion
In conclusion, this paper shows that Tie-2 protein expression in human 

glioblastoma correlates with  patient survival.  The tumor cells and TEM 

largely account for this expression and TEM are abundant in most high grade 

gliomas. Although no direct causal relations can be revealed using our study 

set-up, our results, together with the arguments provided above, support the 

validity of ongoing attempts to target the Ang-Tie-2 pathway in the treatment 

of glioblastoma. 
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Abstract 
Preclinical studies show that stroma affects sensitivity of prostate cancer cells 

via activation of the CXCR4/CXCL12 pathway. Here we studied the effect of 

CXCR4 inhibition combined with irradiation in prostate cancer cells. In an in 

vitro co-culture with stromal cells, the CXCR4 inhibitor AMD3100 sensitized 

prostate cancer cell lines PC3-Luc and LNCaP to irradiation (P = 0.04). Tumor 

growth and metastasis were evaluated in mice xenografted with luciferase-

expressing PC3 cells that received 5 Gy irradiation weekly +/- 3.5 mg/kg 

AMD3100 daily intraperitoneally. The irradiated xenografts showed higher 

CXCR4 (P = 0.006) and CXCL12 (P = 0.01) expression, compared to controls. 

AMD3100 sensitized the xenografts to irradiation at the fourth week of 

treatment (P = 0.02). However AMD3100 also mobilized tumor cells at days 

14 and 21 (P < 0.0001), as shown by bioluminescent imaging. In conclusion, 

AMD3100 transiently enhances prostate cancer radiosensitivity, but induces 

cancer cell mobilization.
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Introduction  

Emerging evidence suggests that ionizing irradiation induces changes in 

tumor-surrounding tissues and promotes tumor angiogenesis, vasculogenesis, 

invasion and metastasis [1-4]. Important in this respect are chemokine 

receptor 4 (CXCR4) and its ligand CXCL12, which are involved in shaping the 

biological responses of tumors to irradiation treatment [1, 5, 6]. Irradiation-

induced CXCL12 upregulation and consequent recruitment of bone marrow-

derived cells (BMDCs) enhanced tumor vasculogenesis in an orthotopic 

mouse model of glioblastoma [5]. Moreover, CXCR4 can be activated and 

upregulated in irradiated tumor tissue  [5, 7].

In prostate cancer,  CXCR4 plays an important role in tumor growth, angiogenesis 

and the interactions of malignant cells with their microenvironment [8-12]. 

Expressed on prostate cancer cells, CXCR4 mediates their in vitro migration 

towards CXCL12 [8]. CXCR4-positive human prostate cancer cells form 

micrometastatic lesions in the bone marrow, where they compete for the 

protective stromal niche with CXCR4-positive normal murine hematopoietic 

stem cells [11]. Human bone marrow stromal cells express high levels of 

CXCL12 [13], which exerts a chemoprotective effect on normal hematopoietic 

progenitor/stem cells in vitro and in vivo [14, 15]. This protective effect was 

also shown for prostate cancer and other epithelial and hematological cancer 

cell lines when co-cultured with BMD stromal cells [10, 16, 17].

There is a need to improve treatment outcome in prostate cancer patients. For 

localized prostate cancer, radical prostatectomy or irradiation with or without 

(neo)adjuvant hormonal therapy is indicated [18]. However, in about half of 

the patients, recurrences will occur at various time points after androgen 

deprivation therapy [19, 20]. Targeting stromal factors that contribute to 

the microenvironment-mediated therapy resistance is a potential approach 

to achieve more effective irradiation [16, 17]. In this context, AMD3100, a 

potent CXCR4 inhibitor blocking the binding pocket of this 7-transmembrane 
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G protein-coupled chemokine receptor, can be tested to inhibit cancer cell 

migration and interactions with stromal cells. We studied the role of CXCR4/

CXCL12 in the survival of prostate cancer cells after irradiation in an in vitro 

co-culture model. In human prostate cancer mouse xenografts, the effects 

of AMD3100 in combination with local irradiation on primary tumor survival 

and metastasis were studied.

Materials and Methods

Cell culture
The human prostate cancer cell line PC3 stably transfected with American 

firefly luciferase gene (PC3-Luc, Caliper Life Sciences) and the LNCaP human 

prostate cancer cell line derived from a lymph node metastasis (ATCC) were 

cultured in Roswell Park Memorial Institute (RPMI) 1640 medium with 

10% fetal calf serum (FCS, Perbio Sciences). Both cancer cell lines express 

CXCR4 [10, 21] and were recently authenticated by short tandem repeat 

(STR) analysis. The CXCL12-expressing [10] mouse BMD stromal fibroblasts 

cell line MS5 (purchased from Leibniz Institute, DSMZ-German collection 

of microorganisms and cell cultures, ACC441) and the green fluorescent 

protein (GFP)-transfected variant MS5-GFP were cultured in alpha-MEM 

with 10% FCS. Cell lines were maintained at 37 °C with 5% CO2 in humidified 

atmosphere. All media and supplements were obtained from Invitrogen. 

Cell viability assay in fluorescence-based co-culture model
PC3-Luc cells pre-labeled with red fluorescent dye (DiI, Invitrogen) were 

plated in 24-well plates on glass slides with or without a pre-cultured MS5 

stromal cell monolayer. Cells were then treated with control medium or 

when applicable 25 μg/mL AMD3100 (Sigma) and irradiated with 0, 5 or 15 

Gy using a cesium-137 ionizing γ-irradiation source. The chosen AMD3100 

concentration is not toxic to the PC3-Luc cells but inhibits CXCR4-induced 
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responses, as shown by our previous experience [10] and in the available 

literature data [22-26]. At 72 hours after irradiation, glass slides were 

collected, fixed with acetone:methanol (1:1) and stained with 4,6-diamino-

2-phenylidole (DAPI, Sigma). Tumor cell viability was assessed with nuclear 

DAPI staining as described previously [10] based on the observation of the 

nuclear structure (intact versus fragmented nuclei) in three high-power fields 

of view (400 x magnification). Red DiI membrane staining was used to identify 

tumor cells in the co-cultures. Each condition was tested in triplicate and in 

three independent experiments.

Cell survival assessment with colony formation assay
MS5-GFP cells were plated in 6-well plates as indicated and allowed to form 

a confluent layer for 24 hours. Exponentially growing PC3-Luc or LNCaP cells 

were harvested and plated in wells with or without MS5-GFP monolayers in 

respective dilutions (Supplementary Table 1). The numbers of cells plated 

were optimized per cell line, based on their colony formation potential and 

doubling time (about 40 hours for PC3-Luc and 60 hours for LNCaP). In addition, 

to obtain colonies in sufficient numbers for statistical analysis, increasing 

numbers of cells were plated along with increased irradiation doses. When 

applicable, AMD3100 (25 μg/mL) was added to the cells four hours after 

plating, and 20 minutes prior to irradiation with indicated doses. Cells were 

allowed to form colonies for 14 days, without changing the media. Colonies 

formed after 2 weeks were analyzed using fluorescence microscopy to assess 

whether they consisted of non-fluorescent tumor cells or of green-fluorescent 

stromal cells. Subsequently, cells were fixed with methanol and stained for 

3 hours with Coomassie brilliant blue (Biorad) solution in methanol:acetic 

acid:water (5:2:3), washed with water and air-dried. Colonies (with a 

minimum of approximately 30 cells) were counted using a stereomicroscope. 

Plating efficiency was determined and the surviving fraction was calculated 

for every condition and related to non-irradiated controls. Each condition 
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was performed in triplicate and in three independent experiments.

DNA damage visualization by phospho-histone H2AX staining
Double-strand DNA breaks were visualized by phospho-serine 139-histone 

H2AX. MS5-GFP cells were plated in 24-well plates and allowed to form 

confluent layer for 24 hours. Subsequently, 2 x 104 PC3-Luc cells per well 

were plated, allowed to attach for 3 hours, treated with 25 μg/mL AMD3100 

or control medium and irradiated with 0 or 15 Gy. Cells were harvested at 1, 

6 and 24 hours after irradiation, fixed with 3% formaldehyde in phosphate 

buffered saline (PBS, pH = 7.4) for 15 minutes, washed twice with PBS and 

permeabilized with 0.1% Triton X-100 (Sigma) in PBS for 5 minutes and 

again washed twice with PBS. Subsequently, cells were incubated overnight 

at 4 °C with mouse phospho-serine 139-histone H2AX (Millipore), followed 

by 1 hour incubation at room temperature with Alexa555-conjugated goat 

anti-mouse antibodies (Molecular Probes). At least 10,000 events were 

measured on a FACS Calibur (Becton Dickinson) and analyzed using the 

Kaluza software (Beckman Coulter). The level of Alexa555 signal, reflecting 

the amounts of DNA breaks in tumor cells, was specifically analyzed only in 

GFP-negative tumor cells. Each condition was performed in triplicate and in 

three independent experiments.

PC3-Luc prostate cancer subcutaneous xenografts in mice 
To induce subcutaneous tumor growth of prostate cancer in mice, 6 to 8 

weeks old male Hsd:Athymic Nude-Foxn1nu mice (Harlan Laboratories) were 

injected subcutaneously with 3 x 106 PC3-Luc cells in 100 µL of PBS into the 

dorsal region near the thigh. The PC3 cell line commercially available from 

Caliper Life Sciences is transfected with luciferase with a very high efficiency 

and it emits approximately 1500 photons/sec/cell, ensuring highly sensitive 

detection of low cell numbers. In all experiments, treatment started when 

the tumors were between 100 to 200 mm3 in size, as measured with a digital 
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caliper. For each animal, termination was followed by an autopsy. Internal 

organs and tumors were excised, formalin-fixed and paraffin-embedded 

(FFPE). All experiments were performed under anesthesia by isoflurane 

inhalation (3% for induction, 1.5% for maintenance) and approved by the 

Institutional Animal Care and Use Committee of the University of Groningen, 

The Netherlands. 

To determine the effect of CXCR4 inhibition on radiosensitivity of prostate 

tumors in vivo, we used tumor size as an endpoint. At the start of treatment, 

mice were randomized into four treatment groups: 1) sterile water 

intraperitoneally (ip) 5 times per week (control group, n = 9), 2) AMD3100 3.5 

mg/kg ip 5 times per week (n = 9), 3) 5 Gy limited to tumor area (X-Rad320 

ionizing X-radiation) once weekly and sterile water ip on the remaining 4 

days (n = 6) and 4) combination treatment of irradiation and AMD3100 (n 

= 5). After 7 weeks of treatment, or when humane endpoints were reached, 

animals were terminated. 

In the subsequent experiment we aimed at measuring tumor cell mobilization 

from the primary tumor to the blood. In order to visualize luciferase-

transfected circulating prostate cancer cells in the collected blood samples 

from mice, we adapted the method of determining the metastatic sites in 

mouse organs ex vivo by bioluminescent imaging [27]. When the tumors 

were established, mice were randomized into control group (sterile water 

ip daily, n = 5) or AMD3100 group (3.5 mg/kg ip daily, n = 6). Weekly, before 

and after treatment, blood samples (100 μL per sample) were obtained by 

tail vein puncture, 100 μL of 150 μg/mL D-luciferin (Caliper Life Sciences) was 

added to 100 μL of blood, and the bioluminescence produced by prostate 

cancer cells was imaged ex vivo with IVIS100 bioluminescent camera (Caliper 

Life Sciences, settings: 10 minutes exposure, large binning, f/stop 1). This 

quantification method in vitro was previously validated by the cell line 

supplier and provided data on linear correlation between cell number and 

bioluminescent signal in the cell line datasheet. In order to use this method 
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for ex vivo measurement of CTCs in mouse blood, the assay was first validated 

by in vitro optimalization. To achieve that, a standard curve was generated 

by performing a serial dilution of PC3-Luc cells, where the cells were directly 

counted using the grid of hemocytometer under the microscope. To exclude 

that mouse blood is quenching the bioluminescent signal, we performed the 

serial dilution of tumor cells directly in the mouse blood (Supplementary 

Fig. 2). To analyze the possible cumulative mobilizing effects of AMD3100 

injections, on the last day of the experiment (21st day of treatment), mice 

were treated with two sequential injections of sterile water or AMD3100 

at 6 hours intervals. Blood was collected before and after each treatment 

injection to perform further bioluminescent measurements of circulating 

tumor cells (CTCs). Six hours after the last treatment injection, mice were 

anesthetized and euthanized by cervical dislocation and a final blood sample 

was obtained by cardiac puncture. The detailed blood-sampling scheme is 

depicted in Supplementary Fig. 1. The standard curve indicating the relation 

between the bioluminescent signal and number of cells was obtained by 

spiking known dilutions of PC3-Luc cells in the blood of control, non-tumor 

bearing mice (Supplementary Fig. 2). 

Immunohistochemistry
The histomorphological analysis of prostate tumors from animal experiments 

was performed by hematoxylin and eosin (H&E) staining. The PC3 origin of 

metastatic lesions in mice was confirmed by histomorphological assessment 

based on H&E staining. Human rectal cancer tissue was used as a positive 

control for CXCR4 and CXCL12-expression. Omission of the primary antibody 

or normal rabbit immunoglobulin fraction (DAKO) served as negative controls 

for both stainings. 

Formalin-fixed, paraffin-embedded (FFPE) tissue sections were deparaffinized 

and incubated with rabbit anti-human CXCR4 (Abcam) or rabbit-anti CXCL12 

antibody (Abcam), secondary goat anti-rabbit or rabbit anti-goat antibody 
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conjugated to peroxidase (DAKO), and subsequent tertiary rabbit anti–goat 

or goat anti-rabbit conjugated to peroxidase (DAKO). Staining was visualized 

by 3,3’-diaminobenzidine (DAB).

The intensity of CXCL12 and CXCR4 staining in the tumor cells and adjacent 

stromal cells was semi-quantitatively scored in scale ranging from 0 (no 

staining), 1 (weak intensity) to 2 and 3 (strong intensity) in 5 randomly 

distributed high-power fields of view (400 x magnification) per sample by 

two individual researchers, independently. 

Statistical analysis
All parametric data obtained from cell viability and cell survival assays as well 

as animal experiments are expressed as average ± standard deviation (SD) 

and were analyzed using the two-tailed and unpaired T-test. Chi-square test 

was used to compare the distribution of the staining intensities of CXCR4 and 

CXCL12 in tumor tissues of xenografts. P values of < 0.05 were considered 

statistically significant. Statistical analysis was performed with GraphPad 

Prism 5 software. 

Results 

The role of stromal cells in prostate cancer cell sensitivity to irradiation 
in vitro 
We first investigated whether stromal cell microenvrionment could influence 

the radiosensitivity of prostate cancer cells. In clonogenic survival assays, at 

14 days following 8 Gy irradiation, the surviving fraction of PC3-Luc cells was 

92% lower in the monoculture compared to co-cultures with stromal cells 

(P < 0.0001). Similar results, although less profound, were observed with 

the LNCaP cell line (Fig. 1A, top panels). All colonies consisted of tumor cells 

and not GFP-positive stromal cells (Fig. 1A, bottom panels). In the co-culture 

viability assay, the protective effect of stromal cells was already observed 
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at 72 hours after irradiation. The viability of PC3-Luc cells after 5 Gy and 

15 Gy irradiation was respectively 14.6% (P = 0.06) and 51% (P = 0.004) 

higher in the presence of stromal cells layer versus monoculture (Fig. 1B). 

The observed differences were not due to different amounts of irradiation-

induced damage, as in both conditions the PC3-Luc cells showed comparable 

rates of DNA damage repair at 6 and 24 hours post-irradiation, determined 

by phospho-H2AX analysis (Fig. 1C).

The effects of AMD3100 combined with irradiation in an in vitro co-
culture of prostate cancer cells with stromal cells 
To study whether the CXCL12/CXCR4 pathway is involved in the protective 

Figure 1. The role of stromal cells in sensitivity to irradiation in the human prostate 
cancer cell line PC3-Luc in vitro. (A) Surviving fraction of PC3-Luc (upper left) or LN-
CaP (upper right) cells 14 days after irradiation in presence or absence of MS5-GFP 
stromal cells. The data represents mean values of all experiments (n = 3). The col-
onies visible under the light microscope (lower left) are formed exclusively by the 
GFP-negative tumor cells (T), as detected by fluorescence microscopy (lower right). 
(B) Percentage of viable PC3-Luc cells with or without stromal cell line MS5 72 h 
after irradiation assessed by fluorescent microscopy. (C) Percentage of phospho- 
H2A.X-positive PC3-Luc cells reflecting the amount of DNA double strand breaks in 
the PC3-Luc cells after 0 or 15 Gy irradiation.
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effect of stroma cells on prostate cancer cells, irradiation was administered 

in combination with a CXCR4 inhibitor. In the presence of an MS5-GFP 

stromal cell layer, 25 μg/ml AMD3100 sensitized PC3-Luc cells to irradiation, 

resulting in an 88% decrease of the surviving fraction (P < 0.0001). PC3-Luc 

cell colony formation capacity after irradiation was not affected by AMD3100 

in the absence of stromal cells (Fig. 2A, left panel). In line with these findings, 

an analogous effect of AMD3100 on LNCaP cells cultured in the presence 

of stroma was observed (Fig. 2A, right panel). In the cell viability assay in 

co-culture of prostate cancer cells with stroma, the sensitizing effect of 

Figure 2. The effects of AMD3100 combined with irradiation in an in vitro coculture 
of prostate cancer cells with stroma. (A) Surviving fraction of PC3-Luc (left) or LNCaP 
(right) cells 14 days after irradiation in presence or absence of MS5-GFP stromal cells 
with or without addition of 25 µg/mL AMD3100. The data represents mean values 
of all experiments (n = 3). (B) Percentage of viable PC3-Luc cells in presence (left) 
or absence (right) of stromal cell line MS5 with or without addition of 25 µg/mL 
AMD3100 at 72 h after  irradiation assessed by fluorescent microscopy.
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Figure 3. The in vivo effects of AMD3100 combined with local irradiation. (A) Tumor 
volumes expressed as a percentage of tumor growth related to volume at the 
start of treatment. (B) Quantification of a metastatic spread in mice at the autopsy 
performed at the final day of the experiment, expressed as number of metastatic 
mice per group (left) and as number of metastatic lesions per mouse (right). (C) 
Representative images of PC3-Luc xenograft metastatic tumor lesions (T) identified 
by H&E staining in kidney (K, top) or lymph node (LN, lower) and visualized by light 
microscopy with indicated magnifications.
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AMD3100 on PC3-Luc cells was observed already at 72 hours after irradiation. 

Five Gy irradiation added to AMD3100 treatment decreased the viability of 

PC3-Luc cells in the presence of stroma from 84.2 ± 7.8 % to 64.4 ± 4.6 % of 

viable cells per field of view (P = 0.03, Fig. 2B, left panel). The observed effect 

Figure 4.  Induction of CXCR4 and CXCL12 expression upon tumor irradiation in 
prostate cancer xenografts. (A) Representative images of PC3-luc xenografts with 
hematoxylin and eosin staining or immunohistochemical staining of CXCR4 and 
CXCL12 (as indicated in rows) from respective treatment groups (as indicated in rows), 
visualized by light microscopy with indicated magnifications. (B) Quantification of 
CXCR4 (left) and CXCL12 (right) staining intensity distribution in the xenograft tissue 
of animal treatment groups.
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was even stronger after 15 Gy irradiation (decrease in viability from 68.9 ± 

1.7 % to 46 ± 2.8 %; P = 0.0008), but it was absent when PC3-Luc cells were 

cultured without stromal cells (Fig. 2B, right panel). In summary, the in vitro 

data showed that CXCR4 inhibition with AMD3100 sensitized prostate cancer 

cells to irradiation only in the presence of CXCL12-expressing stromal cells. 

The in vivo effects of AMD3100 combined with local irradiation
Given the radiosensitizing effect of CXCR4 inhibition in vitro, we further 

studied the outcome of AMD3100 combined with irradiation in human 

prostate cancer xenografts in mice. The AMD3100 alone did not influence 

PC3-Luc tumor growth as compared to the placebo group. All mice in these 

treatment groups needed to be sacrificed after 3 weeks of treatment, when 

reaching the humane endpoints. Mice receiving irradiation and irradiation 

combined with AMD3100 showed a slower tumor growth compared to 

the control group (P = 0.05 and P = 0.03 respectively). The mice receiving 

irradiation combined with AMD3100 showed statistically slower tumor 

growth compared to the irradiation group in the initial stage between days 

21 and 32 (Fig. 3A). Remarkably, tissue analyses of sacrificed mice showed 

metastasis in 3 out of 5 mice treated with AMD3100 and irradiation. Two 

mice showed multiple metastases (Fig. 3B). The observed metastases were 

mainly localized in the kidney and axillary lymph nodes at the side of tumor 

inoculation (summarized in Supplementary Table 2). All metastatic lesions 

were derived from the subcutaneously injected human prostate cancer 

xenografts, as confirmed during histomorphological analysis of H&E-stained 

organ slides (Fig. 3C). In the group of mice that received irradiation alone, only 

one out of six mice developed metastasis. However, since the experiment 

was originally designed to test the difference in tumor growth and not a 

difference in metastasis, the number of animals used was not sufficient to 

reach statistical significance in terms of metastatic burden.

The immunohistochemical analysis of the resected tumors showed that both 
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CXCR4 and CXCL12 were expressed homogeneously in the cytoplasm of cancer 

cells. In the cancer cells of tumors treated with irradiation or AMD3100 in 

combination with irradiation (Fig. 4A), cytoplasmic CXCR4 staining intensity 

was higher than in control mice (P = 0.04 and P = 0.03, respectively, Fig. 4B, 

Figure 5.  The mobilizing effects of AMD3100 in prostate cancer xenograft mouse 
model. (A) tumor volumes in the respective treatment groups of PC3-Luc xenograft 
in mice from day 1 until day 21 of treatment (top) and fold-upregulation of mobilized 
circulating PC3-Luc cells after AMD3100 treatment or control compared to baseline 
measurements on respective treatment days, together with the raw bioluminescent 
images of blood samples (100 µL) collected from individual mice in each treatment 
group (bottom). (B) Number of circulating PC3-Luc cells at day 21 of treatment in 
after two sequential AMD3100 or control injections, detected by bioluminescent im-
aging of mouse blood samples (100 µL). (C) Number of the metastatic mice per treat-
ment group at the day of the termination (top), bioluminescent imaging of the lymph 
node PC3-Luc metastatic tumor lesions in lymph nodes on day 14 of treatment in the 
individual mice (middle) and representative image of morphological analysis of the 
tumor lesions (T) in the lymph nodes (LN), identified by H&E staining and visualized 
by light microscopy with 400 x magnification (bottom).
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left panel). CXCL12 showed a higher cytoplasmic staining intensity in cancer 

cells following AMD3100 treatment combined with irradiation than in cancers 

treated with placebo injections (Fig. 4B, right panel). 

The mobilizing effects of AMD3100 in prostate cancer xenograft 
mouse model
The detection of metastases in the group of mice treated with AMD3100 

combined with irradiation encouraged us to study whether AMD3100 

may induce mobilization of CXCR4-positive prostate cancer cells into the 

circulation. In the PC3-Luc subcutaneous model we measured the number 

of luciferase-transfected prostate CTCs in murine blood after AMD3100 

treatment (Fig. 5; the sampling scheme is depicted in Supplementary Fig. 1). 

The method was first assessed by standard curve measurements and showed 

a linear relation between the bioluminescent signal and the cell count within 

the tested range of measurement (0-10000 cells per well) and showed that 

as few as 10 CTCs/100 μL of mouse blood could be detected (Supplementary 

Fig. 2). 

Despite the fact that mice were rapidly developing large tumors, no 

detectable CTCs were observed in the control group consisting of mice 

treated with water, neither at baseline, nor at 2, 4 and 6 hours after water 

injections. Likewise, throughout the experiment, no CTCs were detected 

at baseline, prior to AMD3100 treatment (Supplementary Fig. 1). Daily 

AMD3100 injections did not induce CTCs mobilization, as measured at day 

1 (sampled 2 hours after AMD3100 injection) and 7 (sampled 4 hours after 

AMD3100 injection) of treatment. However, measurements acquired at days 

14 and 21, showed respectively an 83- and 33-fold increased number of CTCs, 

measured at 6 hours after ip AMD3100 administration (P < 0.0001 for both 

measurements, Fig. 5A). In addition, we measured whether two sequential 

AMD3100 injections at 6-hour intervals did affect CTCs in blood. Although the 

second injection of AMD3100 also induced CTCs mobilization, the amount 
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of CTCs was not higher than following the first AMD3100 injection (Fig. 5B). 

Overall, these results showed that on days 14 and 21 of treatment, AMD3100 

induced the mobilization of CXCR4-positive prostate cancer cells into the 

circulation at 6 hours after AMD3100 injection.

Additionally, a bioluminescent scan of mice at day 14 of treatment revealed 

that 1/5 control mice and 3/6 AMD3100-treated mice developed lymph node 

metastases (Fig. 5C, bioluminescent imaging pictures). Histomorphological 

analysis of H&E-stained lymph nodes dissected on day 21 showed presence 

of PC3-Luc cell in the lymph nodes of 4/6 mice from the AMD3100-treated 

group at (Fig. 5C, top and bottom panels). Although, consistently with the 

previous experiment, in the AMD3100-treated groups the numbers of 

metastatic lesions appeared higher, this difference was not statistically 

significant, since the aim of this experiment was to observe the differences in 

numbers of CTCs, therefore the group size was calculated accordingly to this 

specific endpoint.

Discussion 
Our study shows that CXCR4 inhibitor AMD3100 sensitizes prostate cancer 

cells to irradiation by inhibiting the tumor-protecting influence of the 

CXCL12-expressing stromal cells. However, this coincides with AMD3100-

induced mobilization of CXCR4-positive prostate cancer cells into the 

circulation. The capacity of AMD3100 to mobilize CXCR4-expressing stem/

progenitor cells from the bone marrow is used in clinical practice for non-

Hodghkin’s lymphoma and multiple myeloma patients [28, 29]. Here we 

report for the first time mobilization of solid tumor cells by AMD3100 in mice 

xenografted with luciferase-expressing PC3 cells. Mobilization of solid cancer 

can potentially result in enhanced metastasis formation. This is of particular 

importance in light of a recently performed phase I clinical trial with CXCR4 

inhibitor LY2510924 administered to advanced cancer patients  [30]. Next 

to safety, pharmacokinetics, efficacy and pharmacodynamics, CTC count 
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was included as a study endpoint. The authors found in 6 out of 42 treated 

patients that CTC numbers were increased. In two out of the three enrolled 

prostate cancer patients, the CTC count after treatment increased 4.4-fold 

(from 53 to 235 CTCs / 7.5 ml blood) and 16.4-fold (from 24 to 400 CTCs / 7.5 

ml blood) as compared to baseline. In our opinion, there is a delicate balance 

between inhibition of metastasis and tumor cell mobilization upon CXCR4 

inhibition. In preclinical setting this will largely depend on the (mouse) model 

used, whereas the response in clinical setting will be affected by tumor type, 

stage and timing of systemic treatment.

While we observed a mobilizing effect of AMD3100 and a slight (but not 

statistically significant) increase in metastasis formation in AMD3100-

treated mice, numerous other groups studying the anti-cancer properties 

of AMD3100 in pre-clinical studies reported anti-metastatic effects of this 

CXCR4 inhibitor. There may be various reasons for the observed result. In 

the several studies in which CXCR4 inhibition with AMD3100, CTCE-9908, 

CXCR4-neutralizing antibodies or shRNA-induced receptor downregulation 

impaired the development of metastasis, either mouse models of 

experimental metastasis [31-33] or in orthotopic mouse models of breast 

cancer, prostate cancer and squamous cell carcinoma [31, 33]. However 

in studies performed with mouse models of experimental metastasis the 

initial steps of the metastatic cascade were omitted as the tumor cells were 

directly administered into the circulating blood. Therefore the mobilizing 

effect of AMD3100 on the primary tumors could not be studied. In previously 

described orthotopic mouse model studies of breast cancer, prostate cancer 

and squamous cell carcinoma, although the primary tumor was available to 

study the mobilization, the treatment with CXCR4 inhibitors was initiated 

either immediately [33-35] or three days [36] after tumor implantation. In 

contrast, in our experiments, treatment was initiated after two weeks, when 

the primary tumors and their vasculature were well established, reflecting 

the clinical setting more closely and allowing to observe AMD3100-induced 
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cancer cell mobilization and subsequent establishment of metastases. 

Therefore, in addition to previous findings reporting that CXCR4 prevents 

homing of tumor cells to CXCL12-rich niches, we now show that cells already 

residing in a CXCL12-expressing primary tumor microenvironment may be 

susceptible to AMD3100-induced mobilization. 

Stromal cells can play a protective role in the cancer microenvironment [10, 

16, 17, 37]. The in vitro co-culture experiments of the present study revealed 

that prostate cancer cells are protected from irradiation-induced death 

by the presence of a CXCL12-expressing stromal cell layer. As AMD3100 

inhibits binding of CXCL12 to the CXCR4 expressed on prostate cancer cells, 

we analyzed whether it can affect the outcome of irradiation in prostate 

cancer cells by influencing the stroma. Previous studies with AMD3100 

performed in solid tumor xenograft-bearing mouse models focused mainly 

on its combination with systemic treatments, to interfere with stromal 

protection and thus sensitize cancer cells to conventional therapy [10, 37-

41]. The few studies combining AMD3100 with irradiation focused on 

tumor vasculogenesis [5, 42]. In mice bearing human glioblastoma, breast 

cancer or lung cancer xenografts, AMD3100 combined with local irradiation 

decreased the recruitment of CXCR4-positive BMD progenitor cells to the 

tumor. This resulted in inhibition of tumor vasculogenesis after irradiation 

[5]. Our study shows that AMD3100 sensitizes tumor cells to irradiation by 

inhibiting their local CXCR4-mediated cross-talk with the protective stromal 

cells. This sensitization takes place exclusively in the presence of stromal cells, 

indicating that the stroma-derived CXCL12 is the main factor contributing to 

cancer resistance to irradiation. Hence, our findings support the importance 

of targeting tumor-stroma interactions to overcome microenvironment-

mediated resistance to irradiation in prostate cancer. 

Indeed AMD3100 is increasingly suggested as a potential sensitizer to 

irradiation in the clinical setting [1, 43]. However, due to its mobilizing 

properties, AMD3100 in combination with local irradiation for solid tumors 



Chapter 4    Dual effects of AMD3100 combined with irradiation

88

should be studied further in order to determine the exact kinetics of 

mobilization and the most optimal dosing regimens. Moreover, whether 

the tumor cells measured in mouse blood after AMD3100 administration 

were mobilized from the primary tumor or from developing metastatic 

lesions remains to be determined. For example, in a recent study, AMD3100 

mobilized prostate cancer cells from metastatic lesions, established in the 

endosteal niches of bone marrow in mice [11]. In these experiments, the 

primary subcutaneously growing tumors were removed before the AMD3100 

treatment, whereas in our study primary tumors were present and could 

potentially be a source of the mobilized tumor cells as well. Finally, whether 

chemoradiation approaches in combination with AMD3100 could have both 

sensitizing effects in the primary tumor and could simultaneously target the 

circulating tumor cells to prevent the development of metastasis, remains 

to be experimentally established. This hypothesis is supported by our earlier 

findings where we showed that AMD3100, when combined with docetaxel 

chemotherapy, improved local prostate tumor control compared to mice that 

received either docetaxel or AMD3100 only [10].

It may be of importance that CXCL12 also binds to the chemokine receptor 

CXCR7. CXCR7 has been traditionally considered as a decoy receptor, which 

modulates CXCR4 signaling by capturing CXCL12. However recent evidence 

suggests that CXCR7 might retain signaling properties of it own, pursued via 

de β-arrestin pathway [44, 45]. Additionally, Kalatskaya et al. suggest that the 

binding effects of CXCL12 to CXCR7 are reinforced by the addition of AMD3100 

[44]. Although McGinn et al. could not reproduce the synergistic effects of 

CXCL12 and AMD3100 on CXCR7, the β-arrestin mediated signaling of CXCL12 

through CXCR7 was confirmed [45]. Additionally these authors reported 

that signaling occurred through EGFR transactivation, thus pointing towards 

the engagement of CXCR7 to a more proliferative, rather than a migratory 

downstream pathway. Considering these findings, we think it is interesting 

to establish whether CXCR7 receptor plays any role in the AMD3100 induced 
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cancer cell mobilization phenomenon observed in our study.

In conclusion, our experiments provide evidence that future trials including 

AMD3100 treatment to overcome microenvironment-mediated resistance to 

irradiation in prostate cancer may be challenging. Targeting CXCR4 causes 

mobilization of cancer cells from the primary tumor, which may bear risk of 

metastases formation. When this is the case, systemic treatment targeting 

those cells should be included as part of the irradiation regimen. For the 

optimal design of such a combined treatment, CXCR4-induced tumor cell 

mobilization kinetics should be studied further.
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supplementary data

Irradiation dose (Gy) PC3-Luc LNCaP

0 100, 200, 400 800, 1600, 3200

2 100, 200, 400 800, 1600, 3200

4 200, 400, 1000 8000, 16000, 40000

6 400, 1000, 2000 32000, 64000, 160000

8 2000, 4000, 8000 -

Supplementary Table 1. Numbers of PC3-luc or LNCaP plated in 6-well 
plates for the respective irradiation doses in the colony formation assay.

Irradiation (5Gy) Irradiation (5Gy) +
AMD3100 (3.5 mg/kg)

Kidney 0 3

Axillary Lymph node 1 2

Subcutaneous nodule in 
proximity of primary tu-
mor

1 2

Supplementary Table 2. Numbers of PC3-luc or LNCaP plated in 6-well 
plates for the respective irradiation doses in the colony formation assay.
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Supplementary Figure 1. The mobilizing effects of AMD3100 in prostate cancer xe-
nograft mouse model. Raw measurements of photon flux/cm2/s emitted by lucifer-
ase-transfected PC3 cells in blood samples of mice obtained before treatment injec-
tions (baseline, B), after treatment injection (post-treatment, PI) or, at the last day 
of the experiment, 6 hours after second cumulative treatment injection (cumulative 
injection, CI). The experiment design, treatment and sampling schedule is presented 
in the lower panel, with relation to the raw measurements in the respective time 
points. D- day; ctrl- control; B-baseline sample; PI- post-injection sample; CI- cumu-
lative injection sample.
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Supplementary Fig. 2 Linear relation between the cell numbers and bioluminescent signal 

measured by an in vitro detection of luciferase activity from known cell numbers of a human 

prostate cancer cell line PC3-luc spiked in 100 !l of control mouse blood (left panel) and 

visualization of a bioluminescent signal from the respective numbers of cells per well (cpw) by 

IVIS camera  (right panel). Minimal and maximal photon flux/cm2/s is indicated on the color 

scale.  
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Supplementary Figure 2.  Linear relation between the cell numbers and 
bioluminescent signal measured by an in vitro detection of luciferase activity from 
known cell numbers of a human prostate cancer cell line PC3-luc spiked in 100 µL 
of control mouse blood (left panel) and visualization of a bioluminescent signal 
from the respective numbers of cells per well (cpw) by IVIS camera (right panel). 
Minimal and maximal photon flux/cm2/s is indicated on the color scale. At least 
three measurement points from the standard curve were included in each ex vivo 
measurement to ensure that the signal of our experimental samples lies within the 
linear range of our standard points.
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Abstract
High-grade astrocytomas are malignant brain tumours which infiltrate the 

surrounding brain tissue and have a poor prognosis. Activation of formyl 

peptide receptors (FPR1) on the human astrocytoma cell line U87 promotes 

cell motility, growth and angiogenesis. We therefore investigated the FPR1 

inhibitor, Chemotaxis Inhibitory Protein of S. aureus (CHIPS), as a potential 

anti-astrocytoma drug. 

FPR1 expression was studied immunohistochemically in astrocytomas WHO 

grades I to IV. With intracellular calcium mobilisation and migration assays, 

human ligands were tested for their ability to activate FPR1 on U87 cells and 

on a cell line derived from primary astrocytoma grade IV patient material. 

Thereafter, we selectively inhibited these ligand-induced responses of FPR1 

with an anti-inflammatory compound called Chemotaxis Inhibitory Protein of 

S. aureus (CHIPS). U87 xenografts in NOD-SCID mice served to investigate the 

effects of CHIPS in vivo.

FPR1 was expressed in 29/32 (90%) of all grades of astrocytomas. Two human 

mitochondrial-derived formylated peptides, formyl-methionil-leucine-lysine-

isoleucine-valine (fMLKLIV) and formyl-methionil-methionil-tyrosine-alanine-

leucine-phenylalanine (fMMYALF), were potent activators of FPR1 on tumour 

cells. Ligand-induced responses of FPR1-expressing tumour cells could be 

inhibited with FPR1 inhibitor CHIPS. Treatment of tumour-bearing mice with 

CHIPS slightly reduced tumour growth and improved survival as compared to 

non-treated animals (P = 0.0019). 

Targeting FPR1 with CHIPS reduces cell motility, tumour cell activation and 

prolongs survival of tumour-bearing mice. This strategy could be explored in 

future research to improve treatment results for astrocytoma patients. 
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Introduction
Astrocytoma is a malignant neoplasm arising from astrocytes within the 

central nervous system. The tumour aggressiveness ranges from slowly 

growing low-grade tumours to rapidly growing high-grade tumours. World 

Health Organization (WHO) grade IV astrocytoma, generally referred to as 

glioblastoma (GBM), is the most frequently occurring primary malignant 

brain tumour in adults. Median survival after diagnosis is approximately 7 

years for patients with grade II astrocytoma [1], while the majority of grade 

IV astrocytoma patients have a median survival of only 12-15 months [2]. The 

current treatment of astrocytoma consists of surgery followed by radiotherapy 

and chemotherapy. However, this strategy does not target tumour cell 

migration into surrounding brain tissue, which is a fundamental feature of 

astrocytoma and is the major reason for treatment failure. Therefore novel 

drugs that would target tumour spread are urgently needed.

Tumour cell migration and leukocyte trafficking have many similarities [3]. 

Mechanisms involved in leukocyte migration, such as the expression of G 

protein-coupled receptors (GPCRs), could offer important clues for drug 

development. One of such GPCR, Formyl Peptide Receptor (FPR1), was 

initially identified to mediate leukocyte migration and was characterised by 

its ability to bind bacterial-derived chemotactic N-formyl peptides, such as 

N-formyl-methionyl-leucyl-phenylalanine (fMLF) [4,5]. 

Binding of the bacterial peptide fMLF to its receptor FPR1 causes the 

activation of phagocytic leukocytes, essential for the innate host defence 

against microbial infection [4]. More recently, FPR1 was found to be present 

on tumour cells and has been identified as a factor contributing to their 

malignant behaviour [6,7].

Agonist binding to FPR1 in high-grade astrocytoma cells elicits a cascade 

of signal transduction pathways that involve protein kinase B (Akt), 

phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinases 

(MAPK) and the transcription factor nuclear factor-κB, which are linked with 
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tumour-promoting cellular processes such as proliferation, migration and 

angiogenesis [6,8,9].

Mitochondria contain formylated peptides that, analogously to fMLF, have 

affinity for FPR1, as shown in promyelocytic HL-60 cells [10]. Moreover, 

the supernatant of necrotic astrocytoma cells contains agonists capable 

of inducing FPR1 activation, followed by a robust intracellular calcium 

mobilisation in U87 astrocytoma cells [6]. Therefore we hypothesised 

that FPR1 activation in astrocytoma cells can be induced by mitochondrial 

peptides present in the necrotic cell debris, which serve as natural ligands 

for FPR1.

The FPR1 inhibitor CHemotaxis Inhibitory protein of S. aureus (CHIPS) is 

an anti-inflammatory compound secreted by S. aureus [11]. This virulence 

factor directly binds to FPR1 and C5a receptor (C5aR), inhibiting neutrophil 

responses to bacterial infection [12]. The potency of CHIPS to inhibit FPR1, 

together with the contribution of FPR1 function to malignant tumour 

behaviour, prompted us to test CHIPS as a novel inhibitor of tumour cell 

activation and migration.

In this study we investigated FPR1 expression in astrocytomas WHO grade 

I to IV. Furthermore we tested relevant human mitochondrial ligands for 

their capacity to activate FPR1 on U87 astrocytoma cells and then studied 

the possibilities of selectively inhibiting these effects with CHIPS. Finally, we 

investigated the effect of CHIPS treatment in a human tumour bearing mouse 

model.

Materials and Methods 

Reagents
L-glutamine and gentamicin were obtained from Invitrogen Life Technologies 

(Bleiswijk, the Netherlands). fMLF, ionomycin calcium salt, porcine skin 

gelatin and Corning® Transwell® polycarbonate membrane inserts (8.0μm 



5

Chapter 5    Inhibition of FPR1 in high-grade astrocytoma by CHIPS

103

pore size) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) were purchased from from Sigma-Aldrich (Zwijndrecht, 

the Netherlands). Fluorescein isothiocyanate (FITC)-labeled fMLF and 

fluo-3 acetoxymethyl ester (Fluo-3-AM) were purchased from Molecular 

Probes (Leiden, the Netherlands) and mitochondrial peptides fMLKLIV and 

fMMYALF from Isogen Life Science (de Meern, the Netherlands). Coomassie 

brilliant blue G-250 was retrieved from Bio-Rad Laboratories (Veenendaal, 

the Netherlands), Immobilon-P membranes from Millipore Corporation 

(Amsterdam, the Netherlands), anti phospho-Akt (Thr308) (C31E5E) rabbit 

monoclonal antibody (mAb, #2965), anti phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) (D13.14.4E) XP® rabbit (mAb, #4370) and rabbit polyclonal 

antibody against cleaved caspase-3 (#9661S) were purchased from Cell 

Signalling Technology (Leiden, the Netherlands). Polyclonal rabbit antibody 

against FPR1 (#ab12990) was purchased from Abcam (Cambridge, UK), 

Lumi-lightplus Western blotting substrate and Pwo DNA polymerase from 

Roche Diagnostics GmBH (Mannheim, Germany). Rabbit polyclonal antibody 

against glucose transporter 1 (GLUT-1), horse radish peroxidase (HRP)-

labelled goat anti rabbit and goat anti mouse antibodies were obtained 

from Dako (Glostrup, Denmark). Protease inhibitor cocktail EDTA-Free 100 

x and Halttm phosphatase from Thermo Scientific (Breda, the Netherlands). 

Mammalian Protein Extraction Reagent (MPER) was obtained from Thermo 

Scientific (Etten-Leur, the Netherlands). Quantikine human VEGF ELISA kit 

was purchased from R&D systems (Abingdon, UK). The 70µm pore size nylon 

cell strainer was purchased from Beckton Dickinson (Breda, The Netherlands). 

Cells
The human astrocytoma cell line U87 was purchased from the ATCC (HTB-14). 

A newly generated cell line was derived from a 44 year old female patient 

diagnosed with astrocytoma grade IV. Primary material was obtained after 

approval and following the ethical guidelines of the Institutional Review 
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Board of the UMCG. Resected tumour tissue was mechanically dissociated, 

followed by incubation with trypsin at 37°C for 15min, repeated pipetting 

and filtration through a 70µm cell strainer to obtain single cells. Cells were 

centrifuged, washed with PBS (phosphate buffered saline, 2.7 mM KCl, 1.8 

mM KH2PO4, 137 mM NaCl, 10.1 mM Na2HPO4, pH = 7.4) and resuspended 

in culture medium for propagation. The expression of neuronal and glial 

markers was confirmed by immunofluorescence microscopy and Western 

blotting (Supplementary Fig. S1A and S1B). Both U87 and the patient derived 

cell lines were grown in cell culture flasks pre-coated with 1% gelatin from 

porcine skin and maintained in Dulbecco’s modified Eagle Medium high 

glucose (DMEM-H) supplemented with 10% foetal calf serum (FCS). The 

human promonocytic cell line U937 and its transfected sub-line U937-FPR 

were kindly provided by Dr. Eric R. Prossnitz (University of New Mexico, 

Albuquerque, NM, USA). Cells were maintained in Roswell Park Memorial 

Institute medium 1640 (RPMI 1640) containing 10% FCS, 1% L-glutamine 

and 10µg/mL gentamicin. All cell lines were cultured at 37°C in a humidified 

atmosphere with 5% CO2.

Expression of Chemotaxis Inhibitory Protein of S. aureus (CHIPS) in 
E. coli
CHIPS was expressed in E. coli, as described by de Haas et al. [11]. Briefly, the 

chp gene was amplified by PCR on chromosomal DNA of S. aureus (strain 

Newman) using Pwo DNA polymerase. The PCR product was cloned into the 

pTrcHISB vector (Invitrogen, Bleiswijk, the Netherlands) directly downstream 

of the enterokinase cleavage site. The vector was transformed into TOP10 

E. coli, and recombinant CHIPS was expressed and purified according to the 

manufacturer’s instructions (Invitrogen, Bleiswijk, the Netherlands).

Ligand binding assay
5x106 U87 cells expressing FPR1 were incubated for 45min on ice in RPMI 
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1640 with 1x10-5M fluorescent formylated peptide ligand (fMLF-FITC). After 

incubation, cells were washed twice, and fluorescence of the cells was 

measured by flow cytometry (FACSCalibur; Becton Dickinson, Franklin Lanes, 

NJ, USA). Data were analysed with WinList software (Verity Software House, 

Topsham, ME, USA).

CHIPS-FITC binding
CHIPS was labelled with FITC as previously described [12]. FPR1-expressing 

U87 cells were incubated with increasing concentrations of CHIPS-FITC (3, 10 

and 20µg/µL) for 30min at 37°C in RPMI 1640 containing 0.05% human serum 

albumin (RPMI/HSA). Subsequently, fluorescence of the cells was measured 

by flow cytometry and analysed as described above.

Blocking cellular fMLF-FITC binding with CHIPS 
5x105 U87 or U937-FPR cells were pre-incubated with RPMI 1640 medium 

only or with different CHIPS concentrations (1 and 100µg/mL) for 15min 

at 4˚C. Subsequently cells were incubated for 45min at 4˚C in RPMI 1640 

medium with 5x10-6 M (U87) or 10-7 M (U937-FPR) fluorescent formylated 

peptide ligand (fMLF-FITC). After incubation, cells were washed twice and 

fluorescence was measured by flow cytometry as described above.

Ca2+ mobilisation assay
5x106 U87, U937-FPR and the patient derived cells were centrifuged twice 

(10min, 250 x g, at 4˚C) in RPMI/BSA and resuspended in 1mL of RPMI/

BSA. Intracellular calcium was labelled by adding 2µL Fluo-3-AM to the cell 

suspension. Cells were incubated for 20min at room temperature on a shaking 

table, centrifuged twice and suspended in RPMI/BSA. Thereafter patient 

derived cells were incubated with 1µg/mL CHIPS and U87 and U937-FPR1 

cells were incubated with 0, 0.01, 0.1 or 1µg/mL CHIPS for 15min at room 

temperature. Samples were analysed by flow cytometry as described above. 
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First, the background fluorescence of cells was measured. Subsequently, cells 

were stimulated with fMMYALF, fMLKLIV or fMLF peptides in concentrations 

ranging from in 10-8M to 10-5M for U87, U937-FPR and patient derived cells, 

or with ionomycin as a positive control. Data were calculated as percentage 

of maximal calcium mobilisation using the following formula: ((MFsample-

bgFsample)/(MFmax-bgFmax)) x 100%, in which MF = mean fluorescence with 

stimulation and bgF = background fluorescence without stimulation. For 

the maximal MF (MFmax), the MF value of cells stimulated with the highest 

concentration of stimulus was used.

Chemotaxis assay (Transwell)
Transwell inserts with 8μm pores were coated with 50µg/mL collagen type I 

and incubated for 1h at 37˚C. Transwell inserts and lower wells were blocked 

with 1% BSA/PBS overnight at 4˚C, thereafter blocking medium was removed 

and lower wells were loaded with 300µL of fMLF, fMMYALF or fMLKLIV in 

DMEM + 0.5% BSA in concentrations ranging from 10-7M to 10-10M.

U87 or U937-FPR1 cells were serum-starved for 2 days. All steps were 

performed respectively in serum-free DMEM-H and RPMI 1640 medium. 

After this, 6x105 cells per mL were harvested and incubated for 15min with 

control medium or 10µg/mL of CHIPS medium. Subsequently, 1x105 cells per 

well in 150µL serum-free DMEM-H or RPMI 1640 medium were loaded at the 

top of Transwell inserts.

Cells were allowed to migrate towards concentrations of fMLF or serum-

free DMEM-H (U87) or fMLF, fMMYALF, fMLKLIV or serum-free RPMI 1640 

medium (U937-FPR1) for 4.5-5.5h at 37˚C. After migration, the top surface 

of the Transwell inserts was cleaned with a cotton swap wetted in PBS. The 

cells on the bottom surface of the Transwell insert were fixed with 75% 

methanol/25% acidic acid for 20min and stained with 0.25% Coomassie blue 

in 45% methanol/10% acetic acid for 20min. Excessive staining of Coomassie 

blue was removed by washing the Transwell with demi water. Migrated cells 
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were identified under the microscope at 40 x magnification by counting 10 

fields of view in the middle of the filter from left to right.

Immunoblotting
Western blot analysis of Akt, phosphorylated Akt (phospho-Akt) and 

phosphorylated extracellular signal-regulated kinases 1 and 2 (phospho-

ERK1/2) was performed. U87 cells (1x106) were seeded and starved for 24h, 

subsequently cells were pre-incubated with culture medium or with 1µg/

mL CHIPS for 20min at room temperature. Thereafter, cells were treated 

with buffer or different concentrations of fMLF (10-5M, 10-7M, 10-8M) for 

30min. Cells were then lysed in MPER including 1:100 protease and 1:100 

phosphatase inhibitors, sonicated for 3sec and boiled for 5min. Immunoblot 

analysis of phosphorylated ERK1/2 and Akt and total Akt was performed. 

Cell lysates were prepared with sample buffer (25 mM Tris-HCl, 5% glycerol, 

1% SDS, and 0.05% bromophenol blue, pH = 6.8). Proteins were separated 

on 10% polyacrylamide gel (SDS-PAGE) and transferred onto Immobilon-P 

membranes. The membranes were blocked by incubation in Tris-buffered 

saline (TBS) with 0.01% Tween-20 (TBST) and 5% BSA for 3h at room 

temperature and then incubated overnight at 4°C with primary antibodies 

against Akt, phospho-Akt and phospho-ERK1/2 in TBST. After incubation with 

a horseradish peroxidase–conjugated secondary antibody, the protein bands 

were detected. Enhanced chemiluminescence with Lumi-lightplus was used 

for final signal detection.

MTT assay
U87 cells (4000 cells per well) were plated in 96-well plates in 200µL of the 

culture medium. After 1h fMLF, fMLKLIV or fMLALF (0, 10-5M,10-6M, 10-

7M , 10-8M or 10-9M) was added to each well. After 1, 2, 3, 4, 5 or 6 days 

of incubation with or without fMLF, cell proliferation was assessed by MTT 

assay as described previously [13].
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Enzyme Linked Immunosorbent Assay (ELISA)

U87 cells (0.4x106 per well) were seeded in a 6-well plate and pre-incubated 

with culture medium or with 10µg/mL CHIPS for 15min. Cells were treated 

with fMLF (10-7M) for 24h, supernatant was collected, frozen for VEGF-A 

analyses and cell numbers were counted. Quantification of VEGF-A protein 

by ELISA was performed by using the Quantikine Human VEGF ELISA kit 

according to manufacturer’s instructions. Results were calculated as pg of 

VEGF-A per 106 cells and displayed as normalised values against control 

(100%) with standard deviations. 

Animal model
Male, nonobese diabetic (NOD)/severe combined immune deficient (SCID) 

mice (6 to 8 weeks old) were purchased from Harlan Laboratories (Horst, The 

Netherlands). 14 Mice were pre-irradiated with 2Gy and subcutaneously 

implanted in the dorsal flank with 5x106 U87 cells in 100µL PBS. Animals were 

randomly divided into a treatment group and a control group. Starting from 

day 1 after tumour cell injection, the animals designated to the treatment 

group received daily intraperitoneal injections with 1.2mg/kg CHIPS (in a total 

volume of 100µL PBS) and animals assigned to the control group received PBS 

intraperitoneally in an equal volume. Tumour size was calculated with the 

formula: Lw2/2, where L represents the length of the tumours in millimetres 

and w the width in millimetres. Animals were sacrificed when reaching the 

humane endpoint (tumour size > 2cm3) and tumours were excised, dissected 

into two pieces, snap frozen or formalin-fixed and paraffin-embedded. 

5µm thick sections of paraffin-embedded tumours were subjected to 

haematoxylin and eosin (H&E) staining and immunohistochemistry was 

performed to visualise cleaved caspase-3 as an apoptotic marker. All 

experimental procedures were approved by the Institutional Animal Care 

and Use Committee (IACUC) and conducted in accordance with institutional 

ethical regulations for experimental animal care.
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Human tissue collection
4µm cryosections of brain tumour specimens of 32 patients diagnosed 

between 2007 and 2010 with grade I to IV astrocytoma were retrieved from 

the tissue bank at the Department of Pathology of the University Medical 

Center Groningen. Tumours were histologically classified with H&E staining 

according to criteria of the WHO [1]. Tissue samples with representative 

histological characteristics and a sufficient amount of tissue for analyses 

were included. Tumour tissues were numerically tagged, based on a national 

coding system. According to Dutch law, no further Institutional Review and 

Board approval was required (www.federa.org). Eight pilocytic astrocytomas 

WHO grade I, 8 diffuse astrocytomas WHO grade II, 8 anaplastic astrocytomas 

WHO grade III and 8 astrocytoma WHO grade IV were stained for FPR1 

expression.

Immunohistochemistry and staining evaluation
Both paraffin-embedded xenografts from the animal study and frozen 

human tissues were stained immunohistochemically according to standard 

protocols. The paraffin-embedded tissue was first deparaffinised with xylol, 

followed by ethanol and transferred in citrate buffer pH = 6.0, heated for 

15min at 95˚C and cooled to RT. Following steps were the same for frozen and 

paraffin embedded specimens. Slides were washed with PBS, blocked with 

0.33% H2O2/PBS buffer for 30min at room temperature and washed again 

with PBS. Subsequently sections were incubated for 1h at room temperature 

with polyclonal primary antibodies against cleaved caspase-3, GLUT-1 or 

FPR1 diluted in 1% BSA/PBS. Tumour sections were then washed with PBS 

and incubated with peroxidase-coupled goat-anti rabbit secondary antibody 

in 1% BSA/PBS + 1% AB serum for 30min. After washing with PBS, slides were 

incubated with peroxidase-coupled anti-goat tertiary antibody in 1% BSA/

PBS + 1% human AB serum for 30min followed by 3,3’-diaminobenzidine 

(DAB) treatment for 10min and rinsed with tap water. Counter staining was 
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performed with hematoxylin for 2min and washed with tap water. Paraffin-

embedded U937-FPR cells served as positive control for FPR1 staining. For all 

sections omission of the primary antibody served as a negative control. 

Staining evaluation was performed by double-blind scoring using Olympus 

WH10x-H/22 grid by scoring on high power field (ocular 10x and objective 

40x). Quantitative analysis was performed by calculating the percentage 

of positive cells on three high magnification fields per tumour slide. 

Subsequently the antigenic load was calculated as described previously [14] 

by multiplying the percentage of positive cells by their semi-quantitative 

score. Semiquantitative score ranged in scale from 0 to 4, defined as 0 when 

no staining, 1 as low intensity staining, 2 as moderate staining, 3 as high 

intensity staining and 4 as exceptionally intense staining. 

For the evaluation of cleaved caspase-3 levels in U87 xenografts, a distinction 

was made between hypoxic and normoxic areas. As hypoxic areas strongly 

correlate with the expression of hypoxia marker GLUT-1, [15,16] the 

regions located adjacently to the necrotic areas were defined as hypoxic 

zones and positive for GLUT-1. The normoxic areas were defined as the 

regions surrounding the hypoxic areas containing viable cells and no GLUT-1 

expression (data not shown). Both normoxic and hypoxic areas were analysed 

[17]. 

Statistical analyses
All statistical analysis were performed with GraphPad Prism software. 

Statistical significance was set at P < 0.05. Kruskal-Wallis one-way analysis 

of variance was used (followed by Dunn’s multiple comparison post-test) to 

assess differences in medians of antigenic load, percentage of positive cells 

between tumour grades. Data are expressed as median with Confidence 

Interval (CI) of 95%. A non-parametric Student’s t-test was performed to 

asses differences in VEGF-A expression. Data analyses on animal survival was 

performed using a Log-Rank (Mantel Cox) test.
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Results

FPR1 is expressed in all grades of astrocytoma specimens
FPR1 expression was observed in all astrocytomas except for one pilocytic 

astrocytoma (WHO grade I), one diffuse astrocytoma (WHO grade II) and 

one glioblastoma (WHO grade IV). Low grade diffuse astrocytomas are often 

characterised by fibrillary astrocytes with irregular and elongated nuclei 

embedded in a fibrillary matrix [18]. FPR1 expression in grade I astrocytomas 

was less pronounced on the cell membrane while highly expressed in 

the fibrillary structures (Fig. 1A). In contrast, on grade II astrocytoma 

specimens, mainly the membrane FPR1 expression was observed, mostly 

with intermediate staining intensity (Fig. 1B). In higher grade astrocytomas 

with bulky cytoplasm, a weak cytoplasmic and strong perinuclear staining 

was observed (Fig. 1C and D). In grade I and II astrocytomas, over 70% of 

tumour cells were FPR1-positive with a homogeneous cytoplasmic staining 

pattern with moderate to high staining intensity (Fig. 1A and B). In grade 

III astrocytomas (Fig. 1C) 70% of tumour cells were FPR1 positive, but the 

expression pattern was less homogeneous although with high intensity. In 

grade IV astrocytomas, 40% of tumour cells were FPR1-positive. One grade 

IV astrocytoma showed exceptionally high staining intensity, while the other 

7 showed strong positivity. The distribution of the staining throughout the 

tissue was heterogeneous (Fig. 1D). The percentage of positive cells in grade 

IV (33%) astrocytomas was lower (P < 0.05) than grade I (59%) and grade III 

(63%) astrocytomas (Fig. 1E). The antigenic load of grade IV astrocytomas was 

also lower compared to other grades (Fig. 1F). However, only the difference 

in antigenic load between grade III and grade IV astrocytomas was significant 

(P < 0.05).

fMLF and CHIPS bind to FPR1-expressing U87
With the FPR1 ligand binding assay we showed that fMLF-FITC binds to the 

FPR1 expressed on U87 (Fig. 2A). We subsequently performed the CHIPS-FITC  
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A B

C D

Grade I Grade II

Grade III Grade IV

Figure 1.  Specimens of human astrocytoma grades I–IV, immunohistochemically 
stained for FPR1, percentage of positive cells and antigenic load. Micrographs A–D 
show astrocytic tumours with WHO grades I–IV, respectively. In the low-grade 
tumours (A and B), diffuse staining can be observed. In the high-grade tumours (C and 
D), the staining intensity is much less homogeneous. Bars=100 µm. (E) Percentages of 
positive tumour cells in the various grades of astrocytic tumours (dark line in the box 
refers to the median, whiskers indicate the 95% CI). The lowest percentage relative 
to the other three grades is found in glioblastomas (*P<0.05). (F) Antigenic load, the 
glioblastoma group has the smallest values relative to lower grades (*P<0.05). 
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binding assay and found a dose-dependent binding of CHIPS-FITC to U87-

FPR1 expressing cells (Fig. 2B).

CHIPS blocks fMLF-FITC binding to U87 and U937-FPR1 cells 
We investigated the ability of CHIPS to block fMLF-FITC binding to FPR1 on 

U937-FPRC
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Figure 2. fMLF and CHIPS binding to FPR1 on U87 astrocytoma cell line. (A) 
Mean fluorescence intensity of FPR1-expressing U87 cells incubated with fMLF-
FITC (continuous black line) and control-stained cells (grey histogram). (B) Mean 
fluorescence intensity of U87 cells incubated with 3 μg/mL CHIPS-FITC (dashed line), 
10 μg/mL CHIPS-FITC (continuous grey line) and 20 μg/mL CHIPS-FITC (continuous 
black line) and baseline staining (grey histogram). (C and D) Blocking of fMLF-
FITC binding to U87 and control cells U937-FPR by preincubating cells with CHIPS. 
Graphs depict mean fluorescence intensity of U87 (C) and U937-FPR (D) cells when 
preincubated with 1 μg/mL CHIPS (dotted line) or 100 μg/mL CHIPS (dashed line). 
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U87 and U937-FPR cells. Preincubation with 1 and 100µg/mL CHIPS resulted 

in dose-dependent inhibition of fMLF-FITC binding on U937-FPR cells (Fig. 

2C). In U87 cells 100µg/mL of CHIPS resulted in 81% ± 16% inhibition of fMLF-

FITC binding, whereas this effect was not observed after preincubation with 

1µg/mL CHIPS (Fig. 2D). 

CHIPS inhibits formylated peptide-induced calcium mobilisation
The hallmark of chemokine receptor activation is a rapid and transient 

increase in the free intracellular calcium level upon ligand binding. This 

signalling pathway was used to examine whether CHIPS-FITC not only 

binds FPR1, as demonstrated with the CHIPS-FITC binding assay, but also 

inhibits the activation by its natural ligand fMLF and mitochondrial peptides 

fMMYALF and fMLKLIV. U87 cells responded to increasing amounts of fMLF 

in a dose-dependent manner with intracellular calcium mobilisation (Fig. 3A, 

control line). We could decrease calcium mobilisation up to 60% with 1µg/

mL CHIPS in U87 cells compared to control cells (Fig. 3A). Similarly, U937-

FPR cells showed intracellular calcium release following stimulation with 

fMLF (Fig. 3B) and with both mitochondrial peptides fMLKLIV (Fig. 3C) and 

fMMYALF (Fig. 3D). Treatment with increasing CHIPS concentrations caused 

a dose-dependent inhibition of calcium mobilisation (Fig. 3B-D). Finally we 

used patient derived cells which responded in a dose-dependent manner 

with intracellular calcium release. This could be decreased up to 70% with 

1µg/mL CHIPS (supplementary data). 

 Overall, with the intracellular calcium mobilisation assay we showed 

that not only fMLF, but also fMLKLIV and fMMYALF are agonists for FPR1 

as demonstrated in both U937-FPR1 and U87 cells. Moreover, CHIPS can 

potently inhibit FPR1-mediated calcium mobilisation in U937-FPR, U87 and 

patient derived cell lines. 

CHIPS inhibits formylated peptides-induced migration of U87 and 
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U937-FPR1 cells but not proliferation of U87 cells.
We investigated the ability of CHIPS to inhibit the fMLF, fMMYALF and 

fMLKLIV–induced migration and proliferation of U87 and U937-FPR cells in a 

Figure 3. Inhibitory effects of CHIPS on formylated peptides-induced calcium 
mobilisation in U87 and U937-FPR cell lines. (A) Inhibition of intracellular calcium 
mobilisation by CHIPS in U87 cells stimulated with fMLF. (B) Inhibition of intracellular 
calcium mobilisation by CHIPS in U937- FPR cells stimulated with fMLF (C) with 
fMLKLIV and (D) fMMYALF. Data are displayed as percentage of maximal calcium 
mobilization. Abbreviation: Conc, concentration.
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Figure 4. Inhibitory effects of CHIPS on formylated peptides-induced cell migration in 
U87 and U937-FPR cell lines. (A) The inhibition of cell migration by 10 μg/mL CHIPS in 
U937-FPR cells stimulated with fMLF (10-7 M) (B) with fMMYALF and (C) with fMLKLIV 
peptides (10-10 - 10-7 M). (D) Inhibition of cell migration by 10 μg/mL CHIPS in U87 
cells stimulated with 10-7M fMLF. Data are presented as percentage of migrated cells 
as compared with that of the positive control.
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migration and proliferation assays, respectively. 

CHIPS inhibited up to 81% of U937-FPR migrating cells towards fMLF (Fig. 

4A), while chemotaxis towards DMEM/0.5% BSA was not affected (data 

not shown). At 10µg/mL, CHIPS inhibited 83% of U937-FPR cells migrating 

towards fMMYALF (10-10-10-7M) (Fig. 4B) and 80% of U937-FPR cells towards 

fMLKLIV (10-10-10-7M) (Fig. 4C). The migration of U87 cells towards fMLF 

(10-7M) was 2.5-fold higher relative to the control medium (Fig. 4D). Ten µg/

mL of CHIPS completely abolished the migration of U87 cells towards 10-7M 

fMLF (Fig. 4D). However, formylated peptides did not induce proliferation of 

U87 cells with formylated peptides (data not shown).

CHIPS inhibits phosphorylation of key elements in the downstream 
pathway of FPR1
The pronounced effects of formylated peptides on calcium mobilisation 

and cell migration and their inhibition by CHIPS in U87 astrocytoma cells 

encouraged us to investigate the downstream FPR1 pathway in more detail. 
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Figure 5. Inhibitory effects of CHIPS on fMLF-induced phosphorylation of AKT, 
ERK1/2 and total AKT (Western blot) and on VEGF-A excretion (ELISA) in U87 cells. 
(A) Representative immunoblot showing the effects of CHIPS on fMLF-induced 
phosphorylation of AKT, ERK1/2 and total AKT when incubated with fMLF in U87 cells. 
(B) Levels of VEGF-A protein in supernatants of U87 cells. Cells were preincubated 
with or without 10 μg/mL CHIPS and treated with fMLF (10-7M) or culture medium 
(control) for 24 h. Cells preincubated with CHIPS, produced significantly lower 
VEGF-A excretion upon fMLF treatment compared with fMLF-treated cells without 
CHIPS preincubation (*P<0.04).
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Western blot analysis showed that increasing concentrations of fMLF induced 

activation of AKT and ERK1/2 in U87 astrocytoma cells (Fig. 5A, lanes 2-4). 

AKT and ERK1/2 phosphorylation were inhibited by CHIPS (Fig. 5A, lanes 5-7)

CHIPS inhibits the upregulation of VEGF-A in fMLF stimulated U87cells 

We investigated the ability of U87 cells to excrete VEGF-A upon stimulation 

with fMLF and tested whether this could be inhibited by CHIPS. The levels of 

VEGF-A excretion reached by control cells was 5174pg ± 1323 per 106 cells, 

average value of control cells was set at 100%. After 24h of incubation with 

fMLF, U87 cells showed on average 25% ± 9% increased excretion of VEGF-A 

compared to control. In cells pre-incubated with CHIPS, fMLF could induce 

only 8% ± 3% of VEGF-A excretion (P < 0.04) compared to control (Fig. 5B). 

In vivo inhibition of tumour growth by CHIPS
To test the in vivo effects of CHIPS, we subcutaneously implanted U87 cells 

in NOD-SCID mice. Animals treated with CHIPS showed slight reduction in 

tumour volume (Fig. 6A). CHIPS-treated mice exhibited a 50% survival of 

45 days while untreated animals showed a 50% survival of 41 days. Median 

survival of treated animals was higher than untreated animals (P = 0.0019) 

(Fig. 6B).

Cleaved caspase-3 expression on animal specimens
We investigated the effects of CHIPS treatment on the induction of apoptosis 

by analysing the expression of cleaved caspase-3 in U87 xenografts. Within 

one and the same tumour, normoxic and hypoxic (Glut1-positive) areas can 

be distinguished. Between these areas significant differences were found 

in the percentages of cleaved caspase-3 positive cells in treated (normoxic 

1.2% and hypoxic 32.1%) and untreated (normoxic 0.6% and hypoxic 24.5%) 

animals. When comparing normoxic tumour areas between treated and 

untreated animals, only a small, but significant difference in the percentage 

of cleaved caspase-3 positive cells was found (treated 0.6%, untreated 1.2% 
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Figure 6. Tumour formation and progression in xenografts. U87 cells (5x106 in 100μL 
of PBS) were subcutaneously implanted in the right flank of preirradiated NOD-SCID 
mice. (A) Tumour growth in U87 subcutaneous xenografts treated with placebo 
(PBS) or CHIPS was examined. Treated animals received daily injections of 1.2 mg/kg 
CHIPS in 100μL PBS whereas the control animals received daily equal volumes of PBS. 
Tumour size is expressed as the mean volume in mm3 and the arrows indicate killed 
animals as they reached the humane endpoint (volume >2000 mm3). (B) Survival 
of tumour bearing mice. Control animals exhibited significantly lower survival 
compared with treated animals (*P = 0.0019). (C) H&E and cleaved caspase-3 staining 
in normoxic regions of control and treated animals. (D) Quantification of cleaved 
caspase-3 staining in hypoxic and normoxic regions of tumours treated with PBS or 
CHIPS. Treated animals exhibited slight but significantly higher cleaved caspase-3 
staining in normoxic areas compared with untreated animals (*P = 0.026).
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(P = 0.026)) (Fig. 6C and D). Between the treated and untreated group no 

significant differences were observed in the hypoxic area. These results 

indicate that CHIPS treatment may increase apoptosis induction

Discussion
In this study we investigated FPR1 as an attractive molecular target for the 

development of novel, urgently needed anti-astrocytoma therapeutics. 

Moreover we explored potency of CHIPS in inhibiting FPR1-mediated cellular 

responses in established astrocytoma cell line U87, a primary patient-tumour 

derived cell line and in a human xenograft mouse model.

Our immunohistochemical analysis showed high FPR1 expression in all grades 

of astrocytomas (I-IV). Despite that relevance for FPR1 targeting is likely to be 

greater in higher grade astrocytomas defined by necrotic areas [1], low grade 

tumours can also acquire angiogenic profiles comparable with glioblastomas 

[19]. This indicates that antagonists of FPR1 could be a valuable treatment 

option for all grades of astrocytoma patients and might be of relevance 

also for low grade astrocytomas, especially when their location precludes 

complete resection [20]. 

In this study we found that mitochondrial peptides fMMYALF and fMLKLIV, 

that are normally released from necrotic cells, exhibit FPR1-mediated calcium 

flux on FPR1-transfected U937 cell line, but also on U87. This shows for the 

first time that mitochondrial peptides released by necrotic cells serve as 

human ligands for FPR1 expressed on human astrocytoma cells. In addition, 

we demonstrated that the patient-derived astrocytoma grade IV cell line 

expressed functional FPR1, as we could stimulate calcium mobilisation with 

fMLF and inhibit this with CHIPS. This confirms the potential clinical relevance 

of our findings. 

Calcium mobilisation initiated by GPCR activation leads to induction of cell 

migration. Indeed, in a study of Yao et al, FPR1 present on CD133+ astrocytoma 

stem cells could be activated by bacteria or host-derived chemotactic agonists 
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and lead to intracellular calcium mobilisation and tumour cell chemotaxis 

[21]. Consequently, in our study CHIPS treatment inhibited the migration 

on both U87 astrocytoma cells and U937-FPR cells. Taken together, these 

results indicate that CHIPS is a promising agent to inhibit FPR1 activation on 

human astrocytoma cells and decrease cell migration, which is an important 

biological feature of high grade astrocytomas. 

The first study investigating the effect of FPR1 inhibition on tumourigenicity 

of U87 astrocytoma cells was performed in immunodeficient mouse model. 

In this model, short interfering RNA (siRNA) against FPR1 markedly reduced 

the tumourigenic potential of U87 cells [6]. This study provided a rationale for 

targeting the FPR1 in astrocytoma models, however applying these results in 

the clinical practice remains challenging due to the problems with delivering 

siRNA to the tumour cells. In our study, we tested CHIPS, administered 

intraperitoneally, for its potential to inhibit U87 tumour growth in NOD-SCID 

mice. Although biological effects in terms of differences in tumour volumes 

could be observed, these were not significant. Notably, animals in the control 

group reached the human endpoint earlier compared to treated animals (P 

= 0.0019), proving that CHIPS treatment in vivo prolongs the survival of U87 

tumour-bearing mice. 

CHIPS is very selective, since it does not affect other chemoattractant 

receptors present on neutrophils such as the FPR-like 1, complement factor 

3a receptor (C3aR), interleukin (IL) 8 receptor alpha (IL-8RA) and beta (IL-

8RB), leukotriene B4 (LTB4) receptors, and the platelet activating factor 

(PAF) receptor [12]. Compared with other well known FPR1 inhibitors like 

Cyclosporin H and Boc-PLPLP, the affinity and the potency of CHIPS to bind 

and block FPR1 is 1000-fold higher [22]. 

The pharmacokinetics and toxicity of CHIPS as an anti-inflammatory drug 

were investigated in a small phase 1 study. In that study, circulating anti-

CHIPS antibodies induced toxicities upon intravenous administration of 

CHIPS due to pre-existing antibodies (Haas et al, unpublished data). As 
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the active site for inhibition of FPR1 is located at the N-terminus and is 

not dependent on 3D-structural conformations, we recently constructed 

6-amino acid N-terminal peptide that displays CHIPS activity. Although the 

peptide is less potent than CHIPS, it was still able to inhibit fMLF-induced 

neutrophil response [23]. Therefore it represents a good candidate for further 

development as a clinical FPR1 inhibitor. The development of peptides can 

easily overcome problems with antigenicity, and peptidomimetics can open 

the way to enhanced stability in such peptides.

Targeting FPR1 with CHIPS has a relevant clinical rationale due to its interaction 

with other pathways involved in shaping the aggressive phenotype of 

glioblastoma. For example, the cross-talk of FPR1 with epidermal growth 

factor receptor (EGFR) exacerbates the malignant properties of tumour cells 

like chemotaxis and proliferation. Moreover knocking down both receptors 

yielded to superior effects compared with depletion of either one [24]. FPR1 

activation was also shown to affect VEGF-A and interleukin 8 (IL-8) production 

by glioblastoma cells after intracranial implantation in nude mice, as tumours 

formed by cells with silenced FPR1 showed less active angiogenesis, lower 

expression of both angiogenic factors and reduced tumour volumes [9]. 

Although we could not find any in vitro differences in fMLF induced U87 

cell proliferation as compared to controls, we did find an inhibitory effect 

of CHIPS on VEGF-A excretion in fMLF induced U87 cell line. This interaction 

remains particularly interesting in the context of a recent Food and Drug 

Administration (FDA) approval of bevacizumab (monoclonal antibody against 

VEGF-A) for the treatment of recurrent grade IV astrocytomas. The approval 

was based on the results of two phase II clinical trials, which showed that 

bevacizumab reduced tumour size in part of the astrocytoma patients 

[25,26]. At the same time controversies arose, based on a study in 37 

patients suggesting that this anti-angiogenic drug may alter the recurrence 

pattern of malignant gliomas [27]. Anti-VEGF therapy can facilitate co-option 

of normal vasculature and tumour invasion, potentially leading to a more 
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aggressive tumour phenotype [28-30]. To improve current antiangiogenic 

therapy in astrocytoma and potentially other tumours, it will be crucial to 

identify pathways that simultaneously block perivascular invasion as well as 

angiogenesis. 

 In summary, mitochondrial peptides present in necrotic tumour 

material serve as activating ligands for FPR1 on tumour cells. Moreover, CHIPS 

specifically inhibits cell activation and migration via FPR1 on U87 astrocytoma 

cells and increases the survival of U87-tumour bearing mice. In addition, 

FPR1 is present on all grades of human astrocytoma and induces calcium 

mobilisation in a patient-derived astrocytoma cell line when stimulated with 

fMLF. We conclude that this receptor constitutes a clinically relevant target. 

Therefore further development of CHIPS derivatives might well provide a 

major contribution to current astrocytoma therapy.
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Supplementary Figure 1. Generation of patient derived primary cells (A) Phase con-
trast microscopic images of cultured primary patient derived cells and U87 cells (10 
x magnification). Cells were co-stained with 1:500 DAPI to visualize the cell nuclei 
(blue). (B) Immunofluorescence microscopy; primary patient derived cell line and 
U87 cells were seeded on poly L lysine (Sigma-Aldrich) coated cover slips, followed 
by fixing with 4% formaldehyde, permeabilized with 0.1% Triton (Sigma Aldrich) 
and blocked with PBS+1% Tween20 (Sigma), 2% BSA (Brunschwig) and 1:50 normal 
goat serum (Dako). Cells were stained with primary antibodies against the glial cell 
marker GFAP (1:200, Dako), the oligodendroglial marker Olig2 (1:200, Abcam) and 
the neuronal marker β3 tubulin (1:200, Abcam). (C) Western blots determining the 
expression of GFAP, β3 tubulin and neuronal precursor cell marker Nestin. For addi-
tional results see Justin V. Joseph and Frank A.E Kruyt, manuscript in preparation. (D) 
Inhibitory effects of CHIPS on fMLF induced calcium mobilization in primary patient 
derived cell line. Cells were treated with increasing concentrations of 10-6 to 10-8M 
fMLF. Calcium mobilization exhibited a dose dependent response which could be 
inhibited by preincubatiing cells with 1 µg/mL CHIPS.
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Abstract 
Formyl peptide receptor 1 (FPR1) activity in U87 glioblastoma (GBM) cells 

contributes to tumor cell motility. The present study aimed to evaluate the 

FPR1 expression in human GBM, the possibility to elicit agonist induced FPR1 

activation of GBM cells and inhibit this activation with chemotaxis inhibitory 

protein of Staphylococcus aureus (CHIPS). 

Immunohistochemistry was used to assess FPR1 expression in GBM patient 

samples, which was present in all 178 samples. Also FPR1 mRNA levels 

measured with quantitative PCR, could be detected in all 25 GBM patient 

samples tested. Activation of FPR1 in U87 cells, as measured by human 

mitochondrial-derived agonists, increased calcium mobilization, AKT and 

ERK1/2 phosphorylation, and ligand-induced migration. Inhibition of all 

responses could be achieved with CHIPS. Eight early passage human 

Groningen Glioma (GG) cell lines, isolated from primary GBM tissue were 

screened for the presence of FPR1. FPR1 mRNA and protein expression 

as well as receptor activation could not be detected in any of these early 

passage GG cell lines. However FPR1 was present in ex vivo tumors formed 

by the same GG cell lines after being implanted in mouse brains. 

FPR1 is highly expressed in human GBM specimens, it can be activated by 

human mitochondrial-derived agonists in U87 and inhibited with CHIPS. FPR1 

cannot be detected in early passage GG cell lines in vitro, however when 

engrafted in the mouse brain these cells show FPR1 expression. These results 

suggest a role of the brain microenvironment in FPR1 expression in GBM.
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Introduction
Glioblastoma (GBM) accounts for circa 65% of malignant gliomas [1,2]. 

Treatment options post surgical resection, consist of radiotherapy with 

concomitant temozolomide resulting in median survival of 12-15 months 

[3,4]. The highly infiltrative nature of GBM and its seemingly preordained 

recurrence contribute to the necessity of developing new treatment options. 

Inhibition of tumor cell migration could be a therapeutic strategy. In this 

respect the formyl peptide receptor 1 (FPR1) might be of interest. FPR1 is 

a G-protein coupled receptor (GPCR) originally identified by its capability to 

mediate phagocytic leukocyte migration. Agonists for FPR1 are formylated 

peptides such as the bacterial derived fMLF, and mitochondrial derived 

fMLKLIV and fMMYALF [5]. Additionally supernatant from necrotic tumor cells 

may activate FPR1 on U87 cells [6]. Formylated peptide induced activation of 

phagocytic leukocytes can be inhibited by Chemotaxis Inhibitory Protein of 

Staphylococcus aureus (CHIPS). CHIPS is an immune evasion protein secreted 

by S. aureus [7] and a selective inhibitor of FPR1 which potently abrogates 

the migration of neutrophils and monocytes towards the site of infection [8]. 

Stimulation of human U87 GBM cells with fMLF elicits the upregulation 

of hypoxia inducible factor 1-alpha (HIF1α) [6] and of vascular endothelial 

growth factor (VEGF) [6,9]. Moreover FPR1 receptor activation produces 

downstream protein phosphorylation of ERK1/2 and AKT, which are early 

signalling events of cell proliferation and migration [10,11]. In addition these 

effects can be inhibited by CHIPS [9]. Furthermore, CHIPS treatment showed 

modest but improved survival of mice with subcutaneously implanted U87 

xenografts [9]. 

In this study we investigated FPR1 expression in human GBM. We analyzed 

if human mitochondrial peptides could lead to activated FPR1 mediated 

responses by U87 cells and whether CHIPS could inhibit these responses. 

In addition early passage Groningen Glioma (GG) cells were screened for 

functional FPR1 expression and presence of FPR1 mRNA. Finally we compared 



Chapter 6    FPR1 in GBM

132

the presence of FPR1 in human GG cell lines cultured in vitro and implanted 

in mouse brains.

Materials and Methods

Cells
The human GBM cell line U87 was purchased from the ATCC (HTB-14) and 

cultured as previously described [9]. GG lines; GG1, GG6, GG7, GG9, GG12, 

GG13, GG14 and GG16, isolated from 8 primary GBM specimens, were kept 

at low passage numbers and cultured as previously described [12].

Tissue collection
A total of 178 GBM patient specimens were collected. Of these, 141 samples 

were formalin fixed paraffin embedded (FFPE)(4 cores per tumor) on tissue 

micro arrays (TMA).  In addition 37 frozen specimens with good quality 

material were used for cryostaining. For 25 specimens sufficient additional 

tissue was available for quantitative (q)PCR analysis. The paired diagnostic 

paraffin tumor tissues from which the GG cell lines were isolated was used 

for comparative staining. Additional control sections of 3 pneumonia and 

1 healthy brain tissue were included. All patient samples were retrieved 

from the tissue bank at the Department of Pathology at the UMCG and 

collected between 2005-2012 (FFPE samples) and 1998-2007 (cryosections). 

Tumor tissues were numerically tagged based on a national coding system. 

According to Dutch law, no further Institutional review and board approval 

was required. 

From NOD scid gamma mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ)/ NSG mice), 

orthotopically implanted with GG12, GG13, GG14 and GG16 FFPE coronal 

sections were obtained as previously described [12].

Ca2+ mobilization assay
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GPCR activation is measurable by calcium release [13] upon ligand induced 

receptor activation. Calcium-mobilization by 10-6M-10-8M fMLKLIV and 

fMMYALF in U87 cells and 10-5M fMLF in GG cell lines, was performed as 

previously described [9]. For inhibition experiments, cells pre-incubated 

with 0.01, 0.1, 1 or 10 μg/mL CHIPS for 15 min at room temperature (RT) 

were stimulated with 10-7M fMLKLIV and or 10-6M fMMYALF. Stimulation/

inhibition was calculated using the following formula: ((MFsample−bgFsample)/

(MFmax−bgFmax))×100% in which MFsample=mean fluorescence sample, 

bgFsample= background fluorescence sample, MF= mean fluorescence with 

stimulation and bgF= background fluorescence without stimulation [14]. 

Quantitative PCR
Total RNA extraction was obtained from 25 GBM samples, and GG1, GG6, 

GG7, GG9, GG12, GG13, GG14, GG16 cell lines. U87 served as a positive 

control and a no template control (water) served as negative control. RNA 

was extracted following RNeasy mini kit guidelines (Qiagen, Venlo, The 

Netherlands) for the GBM samples or with TRIzol®-reagent (Ambion Life 

Technologies, Blijswijk, The Netherlands) by adding 1 mL of TRIzol® to a 25 

cm2 (U87 and GG7) or 75 cm2 culture flask (all other GG cell lines). TRIzol®-

treated samples were incubated for 10 min, mixed with 200 μL chloroform/

mL TRIzol® and centrifuged each time at 4°C and 21,300g for 5 min. Samples 

were incubated with 500 μL isopropyl alcohol per 1 mL TRIzol® for 10 min 

and centrifuged. RNA pellet was washed with 75% ethanol, centrifuged, air-

dried and quantified using a NanoDrop ND-00-spectrophotometer (Thermo 

Scientific, Breda, The Netherlands). Following Ambion guidelines total RNA 

was treated with TURBO DNA-free kit; the quality and integrity were detected 

by ethidium bromide (Invitrogen) staining on 1.2% agarose gel. Synthesis of 

cDNA was performed following iSCRIPT guidelines (Bio-Rad Laboratories, 

Veenendaal, The Netherlands) and quality was checked with a ladder PCR 

using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a loading 
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control. The qPCR was performed using TaqMan Universal Master Mix (Life 

Technologies) and measured on ABI PRISM 7900HT real-time sequence 

detection system (Applied Biosystems, Forster City, CA) in a 384-well reaction 

plate. Primers from Life Technologies included FPR1 (HS04235429_S1) and 

GAPDH (Hs02758991_g1). Raw data was extracted with SDS software 2.3 

(Applied Biosystems) and averages of threshold cycles (CT) were used for 

calculations of relative expression with the 2-Δct method. GAPDH CT served as 

background value with cutoff set at CT values of 40 cycles.

Immunohistochemistry and staining evaluation
FFPE (4 µm) slides were deparaffinized and rehydrated. Endogenous 

peroxidase was blocked with 0.33% H2O2, antigen retrieval was performed 

with TrisHCl (pH 9)/microwave. Primary FPR1 antibody (ab#150533, Abcam, 

Cambridge, UK) antibody diluted in 1% bovine serum albumin (BSA)/

phosphate buffered saline, 2.7 mM KCl, 1.8 mM KH2PO4, 137 mM NaCl, 10.1 

mM Na2HPO4, pH=7.4 (PBS) was incubated at 4°C overnight. Secondary, 

tertiary antibodies (Table 1) and 3,3-diaminobenzidine (DAB) system were 

applied and slides were dehydrated and coverslipped.

Snap frozen tissue (4 µm) sections were mounted on Starfrost® adhesive 

slides, dried for 20 min, acetone-fixed for 10 min and incubated with primary 

FPR1 antibody (ab#101659, Abcam) in 1% BSA/PBS at RT for 1 h. Subsequently, 

secondary and tertiary antibodies were applied, followed by 3-amino-9-

ethylcarbazole (AEC) detection. Slides were mounted with Kaiser’s glycerol-

gelatin (Millipore Corporation, Amsterdam, the Netherlands). Omission of 

primary antibody or an appropriate preparation of IgG served as a negative 

control. Normal brain and pneumonia tissue samples served as controls for 

antibody specificity. In pneumonia tissue a high FPR1 positivity on infiltrated 

neutrophils and bronco-alveolar epithelial cell is expected [15,16]. In the 

cerebral cortex a moderate neuron positivity is expected [14].

Immunohistochemical evaluation of TMA was assessed by double blind 
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scoring of slide scans acquired with Aperio ImageScope. Semi-quantitative 

evaluation was performed by attributing 0 (negative) to 3 (positive) scores. 

Averages of the 4 cores from both observers representing each patient 

sample were calculated.

Quantitative evaluation of frozen sections was performed using Olympus 

WH10-H/22 grid by calculating the percentage of all positive cells counted 

within the grid in 4 high power fields (400x) randomly selected throughout 

each tumor slide.

Western blot
For Western blot analysis U87 cells (1×106) were seeded, starved for 24 h 

and pre-incubated with culture medium or 10 μg/mL CHIPS for 20 min at RT. 

Subsequently, U87 cells were treated for 5, 15, 30 min with culture medium 

only or containing, 10-6M fMMYALF or fMLKLIV. Cells were washed twice with 

1.5 mL ice cold PBS, lysed with 40 μL mammalian protein extraction reagent 

(MPER)(Thermo Scientific) including 1:100 protease (Thermo Scientific), 

1:100 phosphatase (Thermo Scientific) inhibitors and incubated for 1 h on ice. 

Immunoblotting for phosphorylated AKT(ser473) and ERK1/2 was performed 

as previously described [9].

Table 1. List of antibodies used

Antibody Source Antigen retrieval Type Dilutions and 
conditions

FPR1 Abcam
ab150533 Tris-HCl, 15 min MW Rabbit 

Polyclonal 1:250;O/N 4°C

Abcam
ab101659 None Rabbit 

Polyclonal 1:250; 1hr RT

CD68 Dako Tris-HCl, 15 min MW Mouse 
Monoclonal 1:100; O/N 4°C 

CD163 Leica Tris-HCl, 15 min MW Mouse
Monoclonal 1:200; O/N 4°C

GFAP Dako None Rabbit 
Polyclonal 1:800, O/N 4°C 

MW=microwave; min=minutes; O/N=overnight; h=hour; RT=room temperature.
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Migration
Eight μm pore-Corning Transwell® polycarbonate membrane cell culture 

inserts (Sigma-Aldrich, Zwijndrecht, The Netherlands) were coated and 

blocked as previously described [9]. Lower wells were loaded with 300 μL 

of 10-6 M fMLF, fMMYALF or fMLKLIV in Dulbecco’s modified Eagle’s medium 

high glucose (DMEM-H)/0.5% BSA. Before treatment U87 cells were serum 

starved for 2 days and subsequent steps were performed in serum-free 

DMEM-H medium. Next, 6×105 U87 cells/mL were incubated for 15 min with 

control medium or medium with 10 μg/mL CHIPS. Then, 150 µL containing 

105 U87 cells were loaded on top of transwell inserts in triplicates. U87 cells 

migrated towards medium containing 10-6M fMLF, fMMYALF or fMLKLIV for 5 

h at 37°C in 5% CO2 humidified atmosphere. Transwell inserts were cleaned; 

cells were fixed and counted as previously described [9].

Immunofluorescence 
Paraffin sections of GBM patient specimens (4 µm) were deparaffinized, 

hydrated in demi water, washed with PBS, blocked with PBS/1% BSA and 

stained with anti-FPR1 antibody (ab#150533) concomitant either with anti-

CD68, anti-CD163 or anti-GFAP (Table 1). Followed by the respective secondary 

antibodies labeled with either goat anti-rabbit Alexa 647 (1:400,Invitrogen) 

or goat anti-mouse Alexa 488 (Invitrogen). Nuclei were counterstained with 

4’-6 diamidino-2-phenylindole (DAPI, 1:25000, Sigma) and sections mounted 

with Vectashield®. 

Statistical analysis
Statistical analyses were performed with IBM SPSS statistics version 20. 

Statistical significance was set at P < 0.05. A non-parametric Wilcoxon Signed 

Ranks Test was used to assess differences between ligand induced migration 

and CHIPS inhibition. 
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Results

FPR1 is expressed in all GBM patient samples
Immunohistochemical analysis of GBM samples (FFPE) showed that FPR1 

has a relative diffuse cytoplasmic staining in tumor cells. Blood vessels were 

negative for FPR1 and served as a negative internal control. All 141 patient 

samples on TMA showed FPR1 expression. Semi-quantitative evaluation of 

all core biopsies on TMA resulted in an average intensity of 2 (Fig. 1A, B). 

Six samples displayed 1 negative core and 2 samples contained 2 negative 

cores. In the remaining specimens all 4 cores stained positive. In 3-control 

paraffin sections of pneumonia patient samples, FPR1 was highly expressed 

on both neutrophils and broncho-alveolar epithelial cells as previously 

described [15,16](Supplementary Fig. 1A). In healthy brain tissue, neuron cell 

bodies were slightly FPR1 positive [17](Supplementary Fig. 1B). Quantitative 

evaluation of FPR1 in 37 frozen GBM sections resulted in an average amongst 

all tumors of 33± 14% of FPR1 positive cells (Fig. 1C, D). In the frozen sections 

FPR1 expression was stronger along the cell membranes than in the cytoplasm.

FPR1 mRNA was detected in all 25 GBM patient samples. Values varied from 

the lowest detectable mRNA levels (2-ΔCT=9.34x10-4) to the highest detectable 

levels (2-ΔCT=1.1x10-1)(Fig. 1E). These findings indicate that FPR1 is highly 

expressed in human GBM.

The activation of U87 cells by mitochondrial peptides can be inhibited 
with CHIPS 
U87 cells stimulated with fMLKLIV and fMMYALF exhibited a dose dependent 

calcium release up to 37±15% (fMLKLIV) and 30±49% (fMMYALF)(Fig. 2A 

and C). CHIPS treatment completely inhibited calcium release induced by 

mitochondrial derived fMLKLIV and fMMYALF (Fig. 2B and D, Table 2). These 

results show that mitochondrial peptides induce calcium mobilization in U87 

cells, which can be inhibited with CHIPS.
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Figure 1. Detection of FPR1 expression on Tissue Micro Array, frozen sections and 
qPCR. Bar histogram representing results obtained from a Tissue MicroArray (TMA). 
Immunohistochemical detection of FPR1 (ab#150533) expression on formalin 
fixed-paraffin embedded GBM patient specimens. Semi-quantitative evaluation was 
performed by averaging the scores of 4 cores derived from each patient specimen 
and plotted with a corresponding bar. The intensity of FPR1 expression was scored 
on a scale from 0 to 3; 0 being negative, 1 positive but with focal and diffuse stain-
ing, 2 prevalently focal and more intense staining and 3 exhibiting highly intense 
focal staining. On average patient samples exhibited an intensity score of 2. All sam-
ples were positive for FPR1 (A). Representative pictures of 4 different core biopsies 
containing FPR1 intensities from 0 to 3 (B). Immunohistochemical detection of FPR1 
(ab#101659) expression on 36 frozen GBM patient samples and quantification con-
taining on average 32 ± 14% FPR1 positive cells (C). Representative FPR1 immunohis-
tochemical staining on a frozen GBM section (D). FPR1 mRNA detection on GBM snap 
frozen tissue samples by qPCR. All samples were loaded in 4 replicates, FPR mRNA 
values varied from minimum (2-ΔCT =9.34x10-4) to maximum (2-ΔCT =1.1x10-1) (E).
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Figure 2. Inhibition of mitochondrial induced FPR1 activity by CHIPS in U87 cells. Mi-
tochondrial peptides fMLKLIV and fMMYALF induce dose dependent calcium mobi-
lization (10-6 M-10-8 M) of U87 cells (A and C), which can be dose dependently inhib-
ited with 0.01-10 μg/mL CHIPS (B and D). In U87 cells 10-6 M fMLKLIV or fMMYALF 
induced AKT phosphorylation on the Ser473 site at 5, 15 and 30 min. At the same 
time points 10 μg/mL CHIPS showed 46±33%, 52±7%, 67±12% inhibition of fMLKLIV 
induced phosphorylation and respectively 67±39%, 78±29%, 70±40% inhibition of 
fMMYALF-induced phosporylation, (E and F). A concentration of 10-6 M fMLKLIV or 
fMMYALF induce ERK1/2 phosphorylation in U87 cells at 5, 15 and 30 min. When U87 
cells were pre-treated with CHIPS (10 μg/mL), fMLKLIV induced phosphorylation was 
inhibited up to 100% and fMMYALF-induced phosphorylation was inhibited 94±16%, 
99±1% and 92±12%  (respectively at time points 5, 15 and 30 min) (G and H). For 
migration in transwell assays each time the cell migration towards one of the ligands 
was set at 100% and inhibition with CHIPS was plotted against it. Migration towards 
fMLF, fMMYALF and fMLKLIV of U87 cells was inhibited up to 42±14% (P = 0.018), 
34±27% (P = 0.028) and 36±29% (P = 0.028) when pretreated with 10 μg/mL CHIPS. 
Values are indicated as mean±SD (I).
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CHIPS inhibits mitochondrial peptide induced AKT and ERK1/2 
phosphorylation in U87
Stimulation of U87 cells for 5, 15 or 30 min with fMLKLIV or fMMYALF, induced 

AKT(ser473) phosphorylation (Fig. 2E, F). Densitometric quantification showed 

that at the same time points, CHIPS pre-treatment inhibited respectively 

46±33%, 52±7% and 67±12% of the fMLKLIV-induced phosphorylation 

(Supplementary Fig. 2A). Similarly in cells stimulated with fMMYALF and pre-

treated with CHIPS, respectively 67±39%, 78±29% and 70±40% of fMMYALF-

induced AKT phosphorylation was inhibited (Supplementary Fig. 2B). 

Furthermore fMLKLIV-induced phosporylation of ERK1/2 at 5, 15 and 30 min 

was completely inhibited with CHIPS (100%) at all three time points (Fig. 2G)

(Supplementary Fig. 2C). Moreover at 5, 15, and 30 min, fMMYALF-induced 

ERK1/2 phosphorylation could be inhibited up to respectively 94±16%, 99±1% 

and 92±12% when treated with CHIPS (Fig. 2H)(Supplementary Fig. 2D). This 

indicates that mitochondrial peptide induced phosphorylation of AKT and 

ERK1/2 in U87 cells can be potently inhibited with CHIPS. 

Table 2. Ligand induced calcium mobilization with CHIPS inhibition of U87 cells

Concentration

Inhibition with CHIPS
(%)

0 μg/mL
stimulation 0.01 μg/mL 0.1 μg/mL 1 μg/mL 10 μg/mL

fMKLIV

10-6M 100 -- -- 100 ±2

10-7M 22 ±43 3.0 ±34 81 ±8 105 ± 6 110 ±15

10-8M -4.3 ±7.3 -- -- 100 ±2 --

fMMYALF

10-6M 100 30 ±31 87 ±41 114 ±25 126 ±6

10-7M 30 ±19 -- -- 97 ±3.8 --

10-8M -5.0 ±6 -- -- 98 ±5.7 --
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CHIPS inhibits U87 migration triggered by fMLKLIV, fMMYALF and 
fMLF 
U87 cells migrated towards the ligands fMLF, fMMYALF and fMLKIV. When 

preincubating cells with 10 µg/mL CHIPS, cell migration towards fMLF 

(control), fMMYALF and fMLKLIV was inhibited up to 42±14% (P = 0.018), 

34±27% (P = 0.028) and 36±29% (P = 0.028) respectively (Fig. 2I), indicating 

that migration of U87 cells towards mitochondrial peptides can be inhibited 

with CHIPS.

FPR1 activation and mRNA expression could not be detected in GG 
cell lines
None of the 8 GG cell lines showed calcium mobilization upon stimulation 

with fMLF (Supplementary Fig. 3). Additionally FPR1 mRNA could not be 

detected in any of the GG cell lines while the U87 positive control did exhibit 

FPR1 mRNA (2-ΔCT=2.3x10-3)(Supplementary Fig. 2E). These results indicate 

that GG cell lines in vitro retained no functional FPR1 and did not express 

FPR1 mRNA.

FPR1 is expressed on primary tumor tissue from which GG cell lines 
were isolated
The discrepancy between FPR1 expression in GBM patient samples (Fig. 

1A-D) and its absence in GG cell lines prompted us to evaluate the primary 

GBM patient material from which these cells were isolated. Interestingly 

immunohistochemistry on the paired tumors from which the GG cell 

lines were originally obtained, all exhibited FPR1 positivity (Fig. 3A-D and 

Supplementary Fig. 4). 

In GBM tissue samples FPR1 is expressed on glial tumor cells and on 
macrophages
FPR1 is primarily known for its expression on immune cells [18]. To confirm 
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the presence of FPR1 on tumor cells, double immunofluorescence was 

performed on GBM patient samples. Results showed FPR1 co-expression 

Figure 3. Immuno -hisotochemical and -fluorescence detection of FPR1 
(ab#150533) alone or coupled with GFAP and CD68/CD163 markers. Representative 
photomicrographs depicting immunohistochemical expression of FPR1 in the GBM 
patient specimens and its derived primary GBM cell line. The original patients 
specimens all displayed FPR1 expression with variable intensities. Images of patient 
GBM tissue of which GG cell lines were obtained (A-D). Immunofluorescence image 
displaying GFAP single expression (arrow) and co-expression with FPR1 (arrow 
head) (panel E). FPR1 shows single expression (asterisk) and co-expression with 
CD68 (arrow head) (panel F). Single stained FPR1 cells (asterisk) and co-expression 
with CD163 (arrow head) (panel G).
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with GFAP (Fig. 3 panel E), and also with CD68 and CD163 (Fig. 3 Panel F, G). 

This indicates that FPR1 expression is present on tumor cells as well as on 

macrophages.

FPR1 expression is present in orthotopic tumors of early passage 
glioblastoma cells

Figure 4. Immunohistochemical detection of FPR1 (ab#150533) expression in brain 
tissue sections of NOD-SCID IL-2 γ-knockout mice orthotopically injected with GG 
cell lines. Paraffin embedded samples of the cell lines GG12, GG13, GG14 and GG16 
were negative for FPR1 (A-D). Mouse brain injected with GG12, GG13, GG14 and 
GG16 cell lines all showed tumor formation. All tumors expressed FPR1 with variable 
intensities (panel E-H). Arrow heads indicate the FPR1 positively stained GG cells.
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The GG cell lines tested were FPR1 negative in vitro, while the paired GBM 

tissues expressed FPR1 (Fig. 3A-D and Supplementary Fig. 4). Therefore the 

tumor tissue obtained by orthotopic implantation in the brain of GG cell 

lines in NOD-SCID IL-2 γ-knockout mice was evaluated. Tumors were positive 

with variable intensities (Fig. 4, panel E-H), while all slides from FFPE blocks 

of cultured GG cell lines were FPR1 negative (Fig. 4, A-D). Negative controls 

are depicted in Supplementary Fig. 5. The human nature of the tumors was 

confirmed with anti-human-nestin staining [12,19]. These findings suggest 

that GG cell lines lacking FPR1 in vitro, form tumors with regained receptor 

expression when intracranially implanted in NOD-SCID IL-2 γ-knockout mice. 

Discussion
Our findings show that the FPR1 protein is highly expressed in GBM and 

that its expression is stimulated by the microenvironment. We detected 

FPR1 expression in a large series of human GBM tumors and showed that 

the migration of U87 cells is activated by human mitochondrial peptides. 

Mitochondrial peptide induced activity in U87 cells could be inhibited 

with CHIPS. FPR1 expression was not detected in 8 early passage cell 

lines isolated from primary GBM tissue, while their originating tumors did 

express FPR1. When these cell lines were intracranially injected in mice, the 

developed tumors regained FPR1 expression thus suggesting a role for the 

microenvironment in fostering the expression of FPR1.

This is the first time that immunohistochemical FPR1 expression 

has been investigated in a large series of human GBM tumors. FPR1 

immunohistochemistry showed differences in staining patterns for paraffin 

and frozen human GBM sections. Specifically paraffin sections exhibited a 

more diffuse cytoplasmic staining while the frozen sections showed stronger 

membranous staining. This is likely due to differences between the two 

antibodies used; one being directed against the second extracellular loop 

and the other directed against the internal region of FPR1. The only other 
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study investigating FPR1 in six GBM patient specimens reported receptor 

expression in all GBM specimens as detected by immunohistochemistry 

[6]. Overall our findings of the universal expression of FPR1 in human GBM 

tumors, together with previous reports on the contribution of FPR1 to the 

survival benefit of animals treated with siRNA against FPR1 [9,20], indicate 

that this receptor might be a interesting target for novel drug development.

GBMs are typically characterized by extensive areas of necrosis. Previous 

findings showed that the supernatant of necrotic U87 cells activated FPR1 as 

proven by calcium mobilization and increased chemotaxis [6]. The effects of 

the necrotic supernatant on FPR1 were probably, at least in part, caused by 

the presence of free-floating mitochondrial peptides. Mitochondrial peptide 

affinity and activity on FPR1 was previously reported in transfected HL-60 

cells [21]. Together with bacterial peptide fMLF these are the only source 

formylated peptides in nature and are characterized by highly conserved 

patterns [22-24]. This indicates that the ruptured cells in the necrotic GBM 

microenvironment may affect the broad number of FPR1 positive cells that 

are present. 

We showed for the first time that mitochondrial peptides directly affect the 

behavior of U87 cells. Activation of the FPR1 expressing U87 GBM cell line by 

mitochondrial peptides fMLKLIV and fMMYALF elicited calcium mobilization, 

FPR1 downstream protein phosphorylation and migration. All these responses 

could be inhibited with CHIPS. Our results are in line with previous findings, 

which showed a role for FPR1 in malignant tumor cell activity. Namely, 

incubation of U87 with the bacterial peptide fMLF stimulated cell migration 

[6], induced the upregulation of HIF-1α [6] and VEGF [6,9]. However the 

use of mitochondrial peptides resembles more closely the conditions of 

the tumor milieu. Moreover the ability of CHIPS to inhibit all mitochondrial 

peptide induced responses on U87 cells makes it a potential drug for further 

investigation.

To further study the effects of the microenvironment on FPR1 we screened 
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a number of early passage GBM cell lines for FPR1 expression. Early passage 

GBM cell line models are often used to bring new insights into the etiology 

of GBM [25] and are generally considered to resemble the primary tumor 

more closely than established cell lines [26]. The observation that none 

of the 8 tested GG cell lines expressed FPR1 was quite unexpected, as all 

the paired GBM samples did express FPR1. This discrepancy could be the 

result of heterogeneous FPR1 expression within the tumor or of FPR1 being 

mostly present on immune cells. In original tumor material, with double 

immunofluorescence we confirmed that receptor expression occurred in 

GFAP-positive astrocytic tumor cells as well as on CD68/CD163-positive 

microglia/macrophages. Huang and colleagues found no co-expression of 

FPR1 and GFAP, which led them to conclude that FPR1 is associated with a 

more undifferentiated cell state [27]. These experiments were performed on 

U87 cells and thus in an in vitro setting. The GG cell lines were cultured as 

neurospheres in serum free media supplemented with EGF and FGF, favoring 

the growth of undifferentiated, cancer stem-like cells [12]. However, we 

could not detect FPR1 in our early passage GG cell lines. Next we showed 

that when implanted into mouse brains, the GG cells lacking FPR1 expression 

in vitro, exhibited the FPR1 membrane expression in vivo. These results show 

that the GG cell lines still retain the capacity to express FPR1 and suggest that 

the microenvironment influences the receptor expression of these cells. 

Overall, FPR1 is highly expressed in GBMs and the microenvironment plays 

an important role in modulating FPR1 activation and expression.
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Supplementary data

A B

Supplementary Figure 1. Representative specimen of pneumonia patient sample 
immunohistochemically stained for FPR1. FPR1 is highly expressed on neutrophils and 
broncho-alveolar cells (A). Specimen of healthy brain tissue immunohistochemically 
stained for FPR1. Neuron cell bodies exhibit slight positivity for FPR1 (B).
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Supplementary Figure 2. Densitometric values of Western blot bands of U87 cells 
stimulated with fMLKIV or fMMYALF. CHIPS could inhibit fMLKLIV induced pAKT (A) 
and fMMYALF induced pAKT (B). Accordingly CHIPS could inhibit fMLKLIV induced 
pERK1/2 (C) and fMMYALF induced pERK1/2 (D).  Detection of FPR1 mRNA levels in 
positive control cell line U87 but not in GG cell lines (E).
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Supplementary Figure 3. Raw data of Calcium mobilization assays. GG12 (A), 
GG13 (B), GG14 (C) and GG16 (D) were each time stimulated with buffer (negative 
control), fMLF or ionomcyn (positive control). Calcium release could only be 
measured when applying ionomycin which induces the release of all intracellular 
calcium labeled ions.

GG16 negative control

GG16 fMLF

GG16 positive control

GG14 fMLF

GG14 negative control

GG14 positive control

GG12 negative control

GG12 fMLF

GG12 positive control

GG13 negative control
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GG6GG1

GG9GG7
Supplementary Figure 4. Human GBM specimens immunohistochemically stained 
for FPR1 all showed positivity. The GG numbers on the bottom-left of each 
micrograph represent the name of the respective cell line obtained from each GBM 
tissue sample. Specimens exhibit variable staining intensity.
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GG12 IgG control GG13 IgG control GG14 IgG control GG16 IgG control

GG12 PBS control GG13 PBS control GG14 PBS control GG16 PBS control

Supplementary Figure 5. Negative controls of GG cell lines. GG12, 13, 14, 16 were 
tested with appropriate IgG control  (panel A) and with omission of primary antibody 
(panel B).
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Abstract

Chemotaxis inhibitory protein of S. aureus (CHIPS) is a 121-residue immune 

evasion protein, which abrogates neutrophil and glioblastoma cell migration 

by binding the formyl peptide receptor-1 (FPR1). The clinical use of CHIPS in 

a small phase I study was complicated by toxicities caused by pre-existing 

circulating anti-CHIPS antibodies interacting with CHIPS. Therefore, our 

aim was to generate a less immunogenic CHIPS variant while preserving its 

binding capacities to FPR1. 

In an Escherichia Coli expression system CHIPS mutants were developed 

which included; (1) a chimera protein consisting of CHIPS with FPR-like 1 

inhibitory protein (FLIPrL) (FPR1 high-affinity CHIPS homologue) composed by 

amino acids (aa) 1-6 of CHIPS and 7-104 of FLIPrL, [CHIPS(1-6)FLIPrL(7-104)], 

(2) CHIPS with a substitution at position 69-71 with FLIPr (FPR1 low-affinity 

CHIPS homologue) derived proline (P), arginine (R) and aspartic acid (D) aa 

(CHIPS-PRD), (3) a deletion of aa 7-30, which represents a structural CHIPS 

spacer [CHIPS(1-6)(31-121)] and (4) a deletion of structural spacer and 

α-helix [CHIPS(1-6)(56-121)]. The inhibitory capacity of all CHIPS mutants 

was tested with fMLF-induced calcium mobilization assays performed with 

neutrophils. Furthermore using neutrophils, synthesized truncated parts of 

the N-terminus of CHIPS were tested in migration assays towards fMLF, while 

truncated parts of FLIPrL were tested in calcium mobilization and migration 

assays with fMLF. Finally, we generated a CHIPS variant by substituting 7 

aa, located at previously described immunogenicity points (CHIPS-JC). The 

immunogenicity of CHIPS-JC was tested with a direct ELISA by measuring the 

affinity of human serum anti-CHIPS IgG for CHIPS-JC. The activity of CHIPS-JC 

was tested on neutrophils with calcium mobilization and migration assays. 

CHIPS(1-6)FLIPrL(7-104) maintained inhibition of fMLF-induced calcium 

mobilization while this was impaired with CHIPS-PRD, CHIPS(1-6)(31-121) 

and CHIPS(1-6)(56-121). Although less immunogenic, both CHIPS-based and 
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FLIPrL-based N-terminal peptides showed 10,000 times reduced inhibitory 

capacity as compared to CHIPS. CHIPS-JC was less immunogenic than CHIPS 

wild type (P=0.0078) and could efficiently block fMLF induced calcium 

mobilization but not migration towards fMLF. 

substituting PRD aa, deleting an α-helix or deleting the first spacer in CHIPS 

reduces inhibitory activity on FPR1, while these functions were mostly 

maintained with CHIPS(1-6)FLIPrL(7-104). Although CHIPS-based and 

FLIPrL-based peptides are able to mimic CHIPS activity they lose inhibitory 

potency. Less immunogenic CHIPS-JC inhibits calcium mobilization but blocks 

migration less efficiently. 
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Introduction

The formyl peptide receptor-1 (FPR1) is a G-protein coupled receptor originally 

identified on leukocytes, which mediates the innate immune reaction against 

infection of bacteria such as Staphylococcus aureus [1]. This commensal 

bacteria usually causes small self-limiting infections but may occasionally 

spread with potentially serious consequences [2,3]. The Chemotaxis 

inhibitory protein of S. aureus (CHIPS) is an exogenous protein produced by 

S. aureus which potently and selectively inhibits FPR1 and another receptor 

called complement receptor of C5a (C5aR) [1]. CHIPS is a 14.1 kDa protein 

with high affinity for FPR1 (Kd value of 35.4 nM) [4], it does not internalize 

upon binding and can potently abrogate the migration of neutrophils 

and monocytes towards the site of infection [1]. S. aureus secretes a vast 

number of other immune evasion proteins, of which two other retain FPR1 

antagonistic functions. These proteins are called FPR-like1 inhibitory protein 

(FLIPr) and its homologue FLIPr-Like (FLIPrL). Although with less affinity than 

CHIPS, FLIPr and FLIPrL retain the same ability to inhibit the activation of 

neutrophils via FPR1. In this context FLIPrL is more potent than FLIPr [5,6].

 The CHIPS structure has been almost completely crystallized except for 

the first N-terminal 30 amino acids (aa) residues of the protein, which is 

highly flexible. The N-terminal part of CHIPS was studied by creating a set of 

synthetic peptides with variable number of aa, containing partial overlapping 

residues. Amongst these a 6 aa N-terminal peptide (FTFEPF) was the smallest 

peptide which still retained FPR1 blocking activity [7]. This CHIPS-based 6 

aa N-terminal peptide reached its maximum inhibitory capacity at 100 µM 

concentration. Interestingly CHIPS-based peptides containing the first 5 aa 

(FTFEP) exhibited no FPR1 blocking activity [7]. Mainly the first and to a lower 

extent the third phenylalanine of CHIPS are essential for FPR1 binding activity 

[5,7]. 

CHIPS can be further investigated as a potential drug candidate as its 
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target receptor FPR1, is highly expressed in GBM patients. In this context 

FPR1 contributes to tumor cell migration and vascular endothelial growth 

factor (VEGF) production [8-10]. In addition, CHIPS has the unique property 

of binding FPR1 with high affinity and inhibit tumor cell migration in vitro. 

Furthermore, CHIPS was also investigated in a small phase 1 study where 

its pharmacokinetics and toxicity were tested, aiming to identify its anti-

inflammatory potential. In this study intravenous administration of CHIPS 

in healthy volunteers induced circulating anti-CHIPS antibodies. Although 

3 out of 4 subjects moderately tolerated CHIPS, in 1 subject this lead to 

adverse reactions. Side effects included abdominal and chest pain, dizziness, 

nausea and muscle spasms (Haas PJ, Jongerius I, JAG van Strijp, Poppelier 

MJJG, Heezius ECJM, Ruyken M et al,. CHIPS activity in vivo, manuscript in 

preparation), thus precluding further clinical development. Therefore, in 

this study we aimed to develop a less immunogenic CHIPS variant while 

maintaining its properties to inhibit FPR1 functions.

Materials and Methods

Cloning, expression and purification of mutant CHIPS proteins
The recombinant CHIPS and various CHIPS mutants; CHIPS(1-6)FLIPrL(7-104), 

CHIPS(1-6)(31-121), CHIPS(1-6)(56-121), CHIPS-PRD and CHIPS-JC (Table 1, Fig. 

1), were cloned into a slightly adapted pRSETB vector (Invitrogen, Carlsbad, 

CA, USA), for expression of N-terminal HIS-tagged CHIPS proteins containing 

an enterokinase cleavage site exactly upstream of the first phenylalanine of 

CHIPS, crucial for FPR1 activity [7,11]. Mutant/recombinant proteins were 

over-expressed in E. coli strains Rosetta Gami(DE3)pLysS and BL21(DE3). The 

expression of the mutant/recombinant proteins was induced with 1 mM 

isopropyl-β-D-thiogalactoside (IPTG) as previously described [7]. CHIPS-JC 

and CHIPS(1-6)FLIPrL(7-104) were natively isolated, whereas the other CHIPS 

variants (CHIPS(1-6)(31-121), CHIPS(1-30)(56-121) and CHIPS-PRD) were 
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isolated under denaturing conditions. Finally, the HIS-tag was removed by 

enterokinase cleavage, according to manufacturer’s instructions (Invitrogen). 

Calcium mobilization
Polymorphonuclear (PMN) cells (5x106 cells /mL), freshly isolated from healthy 

donors, were incubated for 20 min with Fluo-3-AM (Life Technologies) (2 μM), 

washed by centrifuging twice (10 min, 385 g at 21°C) in RPMI/0.05% human 

serum albumin (HSA) and resuspended in RPMI/HSA. Fluorescence was 

measured using flow cytometry (BD FACSVerseTM). The basal fluorescence 

level of cells was measured before stimulation with 10-9 M fMLF alone or 

pre-incubated with serial dilutions of CHIPS wild type, mutants and chimera 

(10, 3.3, 1.1, 0.36, 0.12 and 0.04 nM) or FLIPrL derivatives (listed in Table 2) 

(100, 33, 11, 3.6, 1.2 and 0.4 µM) for 15 min at room temperature to test 

the calcium flux inhibition. Ionomycin (10-6 M) (a calcium ionophore which 

induces intracellular calcium release) (Sigma) served as positive control 

and buffer stimulated cells served as negative control. For each sample, 

Table 1. CHIPS-based protein mutants and CHIPS-FLILPr chimera 

Name Origin Mutation Type

C H I P S ( 1 - 6 ) F L I P -
rL(7-104)

CHIPS/FLIPrL Chimera, combination of aa  
1-6 of CHIPS and aa 7-104 of 
FLIPrL proteins

CHIPS(1-121)PRD* CHIPS Deletion at aa positions 69-71 
CHIPS derived NKG was sub-
stituted with FLIPr-derived  
PRD

CHIPS(1-6)(31-121) * CHIPS Deletion of aa 7-30, consisting 
of first spacer

CHIPS(1-6)(56-121)* CHIPS Deletion of aa 7-56, consisting 
of α helix

CHIPS-JC CHIPS Less immunogenic variant, 
site-directed mutation of 7 
aa consisting in: K40E, D42V, 
N77H, K100R, K105R, N111K, 
G112A

* Mutations causing partial or complete loss of functon.
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calcium mobilization was calculated by subtracting the mean fluorescence 

of unstimulated cells (background) from the mean fluorescence of 

stimulated cells. The percentage of inhibition was calculated as [1-((MFsample−

bgFsample)/(MFmax−bgFmax))]x100%, MF(max)=mean fluorescence(maximum), 

bgF(max)=background fluorescence(maximum) [11]. All samples were analyzed 

with FlowJo (Tree Star Inc. Ashland, KY, USA). 

Chemotaxis
The migration PMN cells (5x106 cells/mL) was determined in 96-well 

ChemoTX® system (NeuroProbe, Costar). Cells were incubated with 2 μM 

Calcein-AM (Life Technologies) for 20 min at room temperature and washed 

Figure 1. Construction of CHIPS mutants and chimera. The CHIPS structure has been 
almost completely crystallized. The first 6 aa N-terminal peptides (FTFEPF) are crucial 
for CHIPS binding to FPR1. Top panel (A) and (D) represent the linear and 3D struc-
ture of CHIPS. The crystal structure predicts 4 β-sheets and 1 α-helix while the first 
30 residues of the protein constitute a highly flexible arm with unknown structure. 
(B) and (C) are the linear structures of FLIPr and FLIPrL which share respectively 28% 
and 27% homology with CHIPS. Five different mutant proteins were created contain-
ing a second part of FLIPrL (E), first spacer deletion (F) and α-helix deletion (G), the 
substitution of 3 consecutive aa (H) and finally, a less immunogenic CHIPS protein 
containing 7 single aa mutations throughout the protein (I).
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with buffer HBSS/HSA by centrifuging 10 min at 395 g. Cells were pre-

incubated with 1 nM CHIPS, 100 μM CHIPS-based peptides, 1 nM CHIPS-JC or 

buffer and triggered with fMLF (10-8 M, 3.3x10-9 M, 10-9 M). After loading the 

microplate bottom wells with stimulant or buffer, cells were placed on top of 

the filter. After incubating for 20 min at 37 °C/5% CO2 the top of the filter was 

washed. The fluorescence of cells that migrated towards the bottom wells 

was measured in FLUO-star Omega reader (BMG-LABTECH). Cells directly 

loaded on the bottom of the well served as positive control condition as 

these are the maximum amount of cells that can migrate through the filter. 

Migration percentages were calculated relative to positive control.

ELISA
Human serum of 12 individual healthy volunteers intrinsically containing IgG 

Table 2. List of CHIPS-based and FLIPrL-based N-terminal peptides and native proteins used.

Name Origin Type Source/Manufacturer

Protein

CHIPS S.aureus WT Medical Microbiology 
UMCU

FLIPr S.aureus WT Medical Microbiology 
UMCU

FLIPrL S.aureus WT Medical Microbiology 
UMCU

CHIPS-based peptides

CHIPS5 First 5 N-terminal aa of CHIPS Lin John Kruijtzer

CHIPS6 First 6 N-terminal aa of CHIPS Lin John Kruijtzer

FLIPrL-based peptides

FLIPr6 First 6 N-terminal aa of FLIPrL Lin Pepscan

FLIPr7 First 7 N-terminal aa of FLIPrL Lin Pepscan

FLIPr8 First 8 N-terminal aa of FLIPrL Lin Pepscan

FLIPr9 First 9 N-terminal aa of FLIPrL Lin Pepscan

FLIPr10 First 10 N-terminal aa of FLIPrL Lin Pepscan

FLIPr15 First 15 N-terminal aa of FLIPrL Lin Pepscan

FLIPr20 First 20 N-terminal aa of FLIPrL Lin Pepscan

WT= Wild Type; aa = amino acids; Lin= linear peptides.
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against CHIPS, was tested for reactivity with CHIPS-JC mutant by using a direct 

ELISA. Flat-bottom 96-wells MaxiSorp microtiterplates (Nunc, Denmark) 

were coated with 3 µg/mL CHIPS or CHIPS-JC in 0.1 M sodium carbonate (pH 

9.6) (50 µL per well) for at least 1 hour at 37°C. Wells were then washed with 

PBS/0.05% Tween, blocked with 100 µL PBS/Tween/4% BSA for 1 hour at 

37°C and washed again with PBS/Tween. Using 5-fold serum dilutions of 10%-

2%-0.4%-0.08%-0.016%-0.0032%-0.00064%-0%, each well was loaded with 

50 µL. Plates were incubated for 1 hour at 37°C and washed. HRP-labeled 

goat-anti-human-IgG (1:6000) (SouthernBiotech) was added for 1 hour at 

37°C and then 3,3’,5,5’-Tetramethylbenzidine (TMB) was added as substrate. 

The reaction was stopped with 0.5M H2SO4 and the optical density (OD) 

was measured at 450 nm ELISA Reader (BioRad). The OD measurements 

(subtracted from their background) were plotted against the percentages of 

serum dilution. Then, by using the one-site specific binding test of Graphpad 

Prism 5 (GraphPad, San Diego, CA), the concentration of antigen required for 

50% competition were calculated, thus obtaining the Kd values of each donor. 

Then a two-tailed T-test was performed to assess differences between the 

averages of donor Kd values from the two groups.

Results 

Inhibitory activity of CHIPS mutant proteins on calcium mobilization
In order to study the FPR1-inhibiting activity and properties of CHIPS, a CHIPS-

FLIPrL chimera and 4 different CHIPS mutants were constructed. Ligand 

induced calcium mobilization assay revealed that CHIPS(1-6)FLIPrL(7-104) 

and FLIPrL inhibit neutrophil activation by fMLF with comparable efficiency 

(Fig. 2A). Furthermore at a 1 nM concentration of CHIPS, FPR1 activity is 

inhibited up to 92%±11% while at the same concentration, CHIPS-PRD could 

only inhibit up to 38%±23% of ligand induced calcium mobilization (Fig. 

2B). Furthermore CHIPS(1-6)(31-121) and CHIPS(1-6)(56-121) completely 
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lost their FPR1 blocking capacity (Fig. 2C). Overall these results indicate 

that substituting the NKG aa of CHIPS (at position 69-71) with PRD aa from 

FLIPr, affects the ability of CHIPS to block FPR1, indicating that these aa are 

somehow engaged in this process. Furthermore, the structural spacer and 

α-helix are essential for CHIPS to retain its FPR1 inhibitory activity. 

Fig. 2
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Figure 2. CHIPS mutants show a reduced or depleted FPR1 blocking activity in 
calcium mobilization. Fluo-3 labeled neutrophils were incubated with buffer or 
different concentrations (10, 3.3, 1.1, 0.36, 0.12 and 0.04 nM) of CHIPS(1-6)-
FLIPrL(7-104), CHIPS-PRD, CHIPS(1-6)(31-121) and CHIPS(1-6)(56-121), for 15min 
at room temperature and stimulated with fMLF (10-9 M). Data are expressed as 
percentage inhibition. CHIPS(1-6)-FLIPrL(7-104) FPR1 blocking activity is comparable 
to native CHIPS and FLIPrL proteins (A). Reduced FPR1 blocking activity of CHIPS-
PRD in comparison to native CHIPS (B). CHIPS(1-6)(31-121) and CHIPS(1-6)(56-121) 
completely lose FPR1 blocking activity in comparison to native CHIPS activity (C). 
Activation of cells was induced with 10-9 M fMLF and expressed as mean±SD.
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The FPR1 blocking activity of CHIPS-based and FLIPrL-based peptides  
Notoriously peptides exhibit a reduced immunogenicity when compared to 

their native protein. Therefore CHIPS-based and FLIPrL-based peptides were 

used. As previous reports indicated that CHIPS-based peptides are able to 

inhibit fMLF-induced neutrophil activation [7], we tested initially whether 

these peptides were also able to block neutrophil migration towards fMLF. 

However we found that CHIPS-based peptides could not inhibit neutrophil 

migration towards fMLF (Fig. 3A). 

Next we investigated the effects of FLIPrL-based peptides on FPR1. We tested 

7 different peptides containing partial overlapping residues and with variable 

aa lengths (Fig. 3B-E). We observed that the length of FLIPrL-based peptides 

does not influence their inhibitory capacity on FPR1 except for FLIPr10. The 

pre-incubation of neutrophils with 3.6 µM FLIPr10 (Fig. 3D) was twice as 

potent in inhibiting fMLF-induced calcium mobilization, than FLIPr6 at the 

same concentration (Fig. 3B). In addition when compared to CHIPS6, the 

FLIPrL-based peptides have ~30 X times better calcium inhibiting capacity 

(Fig. 3B).  

Just like the CHIPS-based peptides, the FLIPrL-based peptides are able to 

inhibit fMLF-induced neutrophil activation. Therefore we next studied the 

capacity of FLIPrL-based peptides to inhibit migration towards fMLF. As 

the FLIPr10 variant inhibits calcium mobilization with more efficiency in  

comparison to all other FLIPrL-based peptides, we also tested this peptide 

in migration assays. In neutrophils stimulated with 10-8 M fMLF, FLIPr10  

exhibited 40% higher inhibition as compared to FLIPr6 in the same conditions 

(Fig. 3F). This indicates that in the context of N-terminal truncated peptides 

the CHIPS-based sequences are unable to inhibit chemotaxis while FLIPrL-

based sequences have inhibitory capacity,with FLIPr10 as the most efficient 

peptide. However although FLIPrL-based peptides perform better than 

CHIPS-based peptides both on calcium mobilization and migration assays, 

their activity is still 10.000 times lower compared to the CHIPS protein.
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Figure 3. Activity of FLIPrL-based and CHIPS-based N-terminal peptides. The various 
N-terminal FLIPrL-based peptides and CHIPS-based peptides could inhibit fMLF-
induced neutrophil activation (A-D) although this is still ~10,000 less potent than 
wild type CHIPS. Neutrophils stimulated towards 10-8 M, 3.3x10-9 M and 10-9 M fMLF 
could be inhibited with FLIPrL-based peptides (F) but not with CHIPS-based peptides 
(E). Calcium mobilization is depicted as mean fluorescence minus background 
fluorescence and bars represent mean±SD. Migration was expressed as percentage 
stimulation of buffer, CHIPS5, CHIPS6, FLIPr6 and FLIPr10 treated cells. Positive 
control cells (25 µL) were loaded on the bottom of the well and considered as the 
maximum amount of migrated cells. Migration percentages were calculated relative 
fluorescence values measured in the positive control condition
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CHIPS-JC is less immunogenic than CHIPS
There is a drastic loss of potency of N-terminal truncated peptide variants 

compared to their native protein, which makes these N-terminal sequences 

less suitable for further drug development. Therefore we generated a fifth 

mutant, based on a previously described CHIPS31-113 containing 7 mutations 

in immunogenic specific sites while preserving the full C5aR blocking activity 

[12]. To preserve its inhibitory capacity on FPR1, CHIPS needs at least the 

first 6 N-terminal aa of which the first and the third phenylalanine are 

essential [7]. Therefore CHIPS-JC contained the same aa mutations as the 

previously described CHIPS31-113, but was designed over the full length of 

CHIPS1-121.  In order to verify whether the affinity of human serum anti-

CHIPS IgGs for CHIPS-JC was lower than their affinity for normal wild type 

CHIPS we performed an ELISA. The affinities human serum anti-CHIPS IgGs 

to CHIPS-JC and to CHIPS (expressed in Kd values) were different between 

the two groups (P=0.0078) (Fig. 4A). These results show that anti-CHIPS IgGs 

present in donor serum have a weaker interaction with CHIPS-JC than with 

CHIPS, indicating that CHIPS-JC is less immunogenic.

CHIPS-JC mutant inhibits neutrophil activation by fMLF
In addition we investigated whether CHIPS-JC could inhibit fMLF induced  

calcium mobilization. As CHIPS31-113 had maintained its C5aR blocking  

ability, the full length CHIPS1-121 JC mutant should retain its ability to block 

C5a induced calcium mobilization and was therefore used as a control. Indeed 

CHIPS-JC was able to inhibit the fMLF and C5a induced calcium mobilization 

with similar potency as CHIPS wild type (Fig. 4B and C).

CHIPS-JC inhibits neutrophil chemotaxis towards fMLF but not with 
the same potency as CHIPS wild type.
Next we tested the capacity of CHIPS-JC to block migration towards fMLF. 

Neutrophil migration was stimulated towards 10-8 M, 3x10-9 M and 10-9 M 
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fMLF. In buffer treated cells,  the percentages of cell migration were 75±8, 

74±3 and 60±5 respectively. When pre-treating neutrophils with CHIPS-JC, 

the percentages of cell migration towards the same fMLF concentrations 

were reduced to 69±16, 60±10, 29±6  ( 8±17%, 17±21% and 53±8% inhibition 
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Figure 4. Activity of CHIPS-JC on calcium mobilization and migration. The affinity of 
anti-CHIPS IgG in serum donors to CHIPS-JC was tested. The Kd values of each donor 
were calculated and averaged, statistical differences were calculated with a Student’s 
t-test (A). The mutant CHIPS-JC was compared with native CHIPS for the inhibition of 
(10-9 M) fMLF (B) and (3x10-10 M) C5a (C) induced calcium mobilization in neutrophils. 
Cells were stimulated with 10-9 M fMLF and plotted as mean±SD. CHIPS and CHIPS-
JC were compared for their capacity to inhibit neutrophil migration towards fMLF. 
Migration values are calculated relative to positive control position (cell loaded on 
the bottom of the well) and expressed as mean±SD.
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respectively). However, when cells were treated with CHIPS wild type the 

percentages of cell migration were reduced to 17±6.7, 11±3.8 and 7.4±1.3 

(77±9%, 85±4% and 88±2% inhibition respectively) (Fig. 4D).  

Thus, chemotaxis of neutrophils towards fMLF can be inhibited with CHIPS-JC 

but not as efficiently as with wild type CHIPS. 

Discussion
In this study we elucidated a few aspects of FPR1 inhibition with CHIPS, by 

using CHIPS/FLIPrL-based peptides and various CHIPS mutants including a 

less immunogenic chips variant.

First we showed that CHIPS-FLIPrL chimera, CHIPS and FLIPrL inhibit fMLF-

induced neutrophil activation with comparable efficiency. In a previous study 

the construction of a CHIPS-FLIPrL chimera resulted in the complete loss of 

the ability to block neutrophil activation [5]. However, the loss of function of 

the previous protein could have been the consequence of erroneous protein 

folding [5]. These findings indicate that CHIPS and FLIPrL might possibly bind 

to FPR1 in a similar fashion. However substitution of the first N-terminal 

FLIPrL peptides with N-terminal CHIPS peptides does not improve inhibitory 

capacity of the protein, as inhibition of FPR1 activity with the complete FLIPrL 

protein is more efficient. 

Furthermore, a number of properties, which characterize CHIPS, FLIPrL 

and FLIPr, allow the opportunity to study the binding characteristics of 

these proteins to their receptors and particularly of CHIPS to FPR1. CHIPS 

has the highest binding affinity to FPR1, followed by FLIPrL and FLIPr [5]. 

Furthermore CHIPS and FLIPrL contain 27% homology, FLIPrL and FLIPr 73%, 

while CHIPS and FLIPr share 28% homology [5,6]. Given these assets, it is 

possible to define specific differences through sequence alignment of the 

three proteins and design mutants that can give us information about the 

binding characteristics of CHIPS to FPR1. Sequence alignment showed that 

the aa 69-71 are located within a structural region called β-hairpin. This is a 
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protein structural motive involving two β-strands which resemble a hairpin. 

Amongst all β-hairpin regions, the unique aa 69-71 location is the only site, in 

which FLIPr (containing aa PRD) is markedly different from CHIPS (containing 

aa NKG) and FLIPrL (containing aa KNG) (Fig. 1). The CHIPS-PRD mutant 

showed that the substitution of CHIPS aa NKG with FLIPr aa PRD reduces the 

potency of CHIPS to inhibit FPR1 function. The reduced inhibitory capacity of 

the CHIPS-PRD mutant on fMLF stimulated neutrophils, is a strong indication 

that these 3 aa, located right before the start of the first β-sheet, are involved 

in the binding affinity of CHIPS to FPR1. For future research, mutating the 

FLIPr protein by substituting its PRD aa with the 3 CHIPS derived NKG 

residues could provide further information on the binding characteristics of 

these proteins. Furthermore deleting the first structural spacer (aa 7 to aa 

30) of the CHIPS protein resulted in a complete loss of function. This is an 

indication that CHIPS might possibly dock on one of the extracellular loops 

of FPR1 while subsequently locating the first 6 aa into the binding pocket 

of FPR1. The observation that the deletion of the first spacer induces a 

complete loss of inhibitory capacity suggests that the distance between the 

docking point of CHIPS and the binding pocket of FPR1 are too far apart when 

the protein is deprived of its spacer. However the exact behavior of the first 

30 N-terminal aa of CHIPS has proven difficult to unravel as these aa form a 

flexible arm. Previous attempts to crystallize the entire protein have failed 

allowing the sole crystallization of aa 31-121 of CHIPS [13]. Nevertheless, 

these results elucidate some crucial characteristics of CHIPS binding to FPR1. 

To test the flexibility of the CHIPS N-terminal arm, it would be interesting for 

future research to create new mutants in which variable numbers of aa are 

added or deleted within the first spacer to test until which critical point its 

FPR1 blocking activity is maintained and whether this is explained by binding 

capacity. 

Another important observation was that the deletion of the α-helix is 

damaging for CHIPS, suggesting that its folding capacities and stability are 
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highly dependent on its α-helix possibly keeping the subsequent β-sheets 

together. 

Furthermore FLIPrL-based peptides have slightly better inhibitory capacity 

than CHIPS-based peptides in calcium mobilization assays. Interestingly, the 

inhibitory capacity of FLIPrL-based N-terminal peptides is higher than CHIPS-

based N-terminal peptides while CHIPS protein has higher affinity to FPR1 

than FLIPrL. Given these properties, one could hypothesize that a chimera 

in which the first 6 FLIPrL aa built into the CHIPS protein should have higher 

inhibitory capacity than the chimera that we made. However previous 

results of a FLIPrL-CHIPS chimera revealed that the inhibitory capacity closely 

resembled FLIPrL and not CHIPS [5]. This indicates that the binding rules of 

these proteins to FPR1 are far from unraveled. 

Finally the observation that the less immunogenic CHIPS-JC protein could 

inhibit calcium release in a similar fashion as CHIPS protein led us to the initial 

conclusion that the binding affinity of CHIPS-JC to FPR1 is comparable to wild 

type CHIPS. However, chemotaxis assays revealed that the inhibitory capacity 

of CHIPS-JC was quite different from CHIPS protein, as the FPR1 blocking 

activity of CHIPS-JC on calcium release is much stronger than in chemotaxis. 

In conclusion, the substitution of 3 aa (PRD) and the deletions of an α-helix 

and first spacer in CHIPS affect its FPR1 blocking capacity, which remained 

unaffected for the CHIPS-FLIPrL chimera. The use of N-terminal based peptides 

of both CHIPS and FLIPrL, due to their drastic loss of potency are not suitable 

for further drug development, despite their reduced immunogenicity. Finally 

CHIPS-JC inhibits calcium mobilization but loses its capability to effectively 

block cell migration and therefore warrants further research.
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Summary 

Increasing evidence suggests that therapy-resistance in solid tumors is 

partly due to the protective effect of the microenvironment on neoplastic 

cells. Cross-talk between tumor cells and their microenvironment is partly 

coordinated by G-protein coupled receptors (GPCRs) which are implicated in 

many facets of solid tumors, including cancer cell proliferation, production 

of angiogenic factors and metastasis [1-3]. Therefore, in this thesis we aimed 

to study two membrane bound receptors, namely formyl-peptide receptor-1 

(FPR1) and chemokine receptor-4 (CXCR4). Both receptors are highly involved 

in tumor cell migration, triggered by cognate ligands present in the tumor 

microenvironment. 

Chapter 1 provides a general introduction to glioblastoma (GBM) and GPCRs 

including the aim of the thesis and the chapter outline. Despite the available 

treatment options of surgical resection and radio-chemotherapy, GBMs 

invariably show recurrence. A number of treatment options are available after 

recurrence, amongst which the anti-angiogenic treatment with bevacizumab 

has been extensively explored. However therapy resistance develops soon, 

which is partly due to neovascularization. To better understand the course of 

neovascularization following bevacizumab therapy, we performed in Chapter 

2 a literature review about the recruitment of bone marrow derived cells 

(BMDC) involved in the process of therapeutic resistance. GBMs are highly 

vascularized tumors characterized by rapid and invasive tumor growth, 

typically followed by oxygen depletion and neovascularization, all resulting 

in a network of disorganized, tortuous and permeable vessels. Acute hypoxia 

following prolonged vascular endothelial growth factor (VEGF-A) depletion 

induces the recruitment of BMDC, which may contribute to treatment 

refractoriness. These cells may act as vascular progenitors by integrating 

into the newly formed vessels or as vascular modulators by releasing 

pro-angiogenic factors. BMDC recruitment plays a prominent role in the 
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refractoriness to anti-VEGF treatment. Therefore bevacizumab therapy might 

benefit when combined with other treatment modalities targeting the BMDC 

recruitment as compared to single agent use. As such, this chapter also 

elaborates on possible anti-VEGF combination strategies, including targeted 

therapy against Tie-2 and/or its two ligands angiopoietin 1 and 2 (Ang1/2), 

CXCR4, placental derived growth factor (PlGF) and platelet derived growth 

factor-β (PDGF-β), to improve GBM treatment outcome. 

Tie-2 has been originally described together with Ang1 and Ang2 for its 

involvement in vessel stabilization and destabilization. However recent 

studies reported certain types of monocytes marked by the expression of 

Tie-2 and therefore dubbed Tie-2 expressing monocytes (TEM). In Chapter 

3 we semi-quantitatively evaluated the expression of Ang1, Ang2 and Tie-

2 in a series of 50 immunostained GBM patient samples. Tie-2 expression 

was correlated with patient survival and angiogenic data (consisting of tumor 

microvessel density, tumor cell proliferation and tumor cell apoptosis data). 

By using immunofluorescent double staining of Tie-2 with glial acidic fibrillary 

protein (GFAP) or with CD163, we determined whether Tie-2 was expressed 

by glial tumor cells or microglia/tumor associated macrophages. Hundred 

percent of GBMs were positive for Ang1 and 98% were positive for Ang2. 

Semi-quantitative Ang1 and 2 scores did not correlate with patient survival 

or angiogenic data. We observed a high Tie-2 expression on TEMs and to a 

lesser extent on endothelial cells (vascular compartment) and tumor cells. In 

addition Tie-2 expression negatively correlated with overall patient survival 

(P = 0.05) but not with angiogenic data. Overall this chapter describes the 

presence of TEMs in a larger series of GBM and the negative correlation 

of Tie-2 expression with patient survival, suggesting the importance of the 

angiopoietin/Tie-2 system in GBM. 

Conspicuous evidence indicates that in tumors, CXCR4 highly contributes to 

the microenvironment mediated cancer therapy resistance [4]. Therefore 

the inhibition of CXCR4 with AMD3100 is deemed an interesting approach 
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for cancer therapy. However results from several different (pre-)clinical 

studies on AMD3100 treatment in different contexts show a dichotomous 

function of this inhibitor. On the one hand it was previously reported for its 

anti-metastatic effects in ovarian [5] and breast cancer [6], oral squamous 

carcinoma [7] and for sensitizing cells to treatment when combined with 

chemotherapy in gliomas and prostate cancer [8,9]. On the other hand it 

is used to stimulate hematopoietic CXCR4-expressing stem cell mobilization 

for autologous stem cell transplantation in non-Hodgkin’s lymphoma and 

multiple myeloma patients [10,11]. In Chapter 4 we studied the effects of 

CXCR4 inhibition combined with irradiation in human prostate cancer cells 

and investigated whether AMD3100 treatment also affects mobilization of 

tumor cells. In an in vitro co-culture with stromal cells we observed that 

the CXCR4 inhibitor AMD3100 sensitized prostate cancer cell lines PC3-Luc 

and LNCaP to irradiation. Combined treatment of mice xenografted with 

luciferase-expressing PC3-luc cells with radiotherapy and AMD3100, resulted 

in reduced tumor volumes at the fourth week of treatment as compared 

to either treatment alone. Immunohistochemically stained prostate cancer 

xenografts from irradiated mice showed higher CXCR4 and CXCL12 expression 

as compared to controls. However, bioluminescent imaging of blood 

samples from these animals revealed that AMD3100 also mobilized tumor 

cells as measured at days 14 (83-fold increase, P < 0001) and 21 (33-fold 

increase, P < 0001) in comparison with baseline measurements. Although 

not significantly, AMD3100 also increased the number of metastases as 

assessed at termination. In conclusion this chapter shows that AMD3100 

transiently enhances prostate cancer radiosensitivity, but induces cancer cell 

mobilization and slightly increases metastasis.

FPR1 is member of the GPCR network involved in cancer biology which is 

highly present in grade IV astrocytoma (GBM). It is expressed by the human 

GBM cell line U87 in which ligand induced activation of FPR1 promotes tumor 

cell motility, growth and angiogenesis [12,13]. In Chapter 5, we aimed to 
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further define the role of FPR1 in GBM.

We performed an immunohistochemical evaluation of FPR1 expression  in 

tumor samples of 32 patients diagnosed with astrocytomas grades I-IV (8 

patient samples for each grade). FPR1 was detected in 29 out of 32 (90%)  

tumors. In addition we performed in vitro experiments with U87 GBM cell line 

and a FPR1 transfected human promonocytic cell line U937-FPR. In calcium 

mobilization assays, activation of U87 and U937-FPR cells with a bacterial 

derived agonist, fMLF, could be inhibited with Chemotaxis Inhibitory Protein of 

S. aureus (CHIPS) up to 80% (U87) and 10-fold (U937-FPR). Activation of U937-

FPR cells exhibited upregulation of calcium mobilization when stimulated 

with mitochondrial derived agonists fMMYALF (3-fold) and fMLKLIV (4-fold) 

which could be completely inhibited with 1 µg/mL CHIPS. Migration induced 

by fMLF could be inhibited with CHIPS up to 100% (U87) and 86% (U937-FPR). 

Migration induced by fMMYALF and fMLFKLIV on U937-FPR reached up to 

75% and 77% inhibition respectively by CHIPS. In addition U87 stimulated 

with fMLF induced phosporylation of AKT and ERK1/2 as measured with 

Western blot and the production of VEGF as measured by ELISA, could  be 

inhibited with CHIPS. Finally in vivo CHIPS treatment versus vehicle treatment 

improved survival of mice bearing U87 subcutaneous xenografts (P = 0.0019). 

The results of this study indicate that formylated peptides, including those 

of mitochondrial origin, present in the microenvironment of necrotic cells, 

activate FPR1 and that all responses could be inhibited with CHIPS. Therefore 

FPR1 might be a target of interest for the development of novel therapies to 

improve treatment results for GBM patients. 

The overall high expression pattern of FPR1 in GBM samples prompted us 

to further investigate the expression profile in a large panel of GBM patient 

specimens. Therefore in Chapter 6 we evaluated the FPR1 expression in 

an extended panel of human GBMs. We investigated the possibility to 

elicit agonist induced FPR1 activation in GBM cell lines and to inhibit these 

responses with CHIPS. All 178 GBM patient specimens expressed FPR1. 
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Activation of FPR1 in U87 cells by fMLKLIV and fMMYALF was measured by 

increased calcium mobilization, AKT and ERK1/2 phosphorylation, and ligand-

directed migration. All responses could be inhibited by CHIPS. FPR1 mRNA 

and functional activity could not be detected in any of the 8 primary human 

GBM cell lines (dubbed GG 1/6/7/9/12/13/14/16) tested. However FPR1 was 

expressed in all tumor samples from which the GG cell lines were originally 

isolated. In addition immunofluorescent staining of GBM slides revealed FPR1 

expression on microglia/tumor associated macrophages (CD68+/CD163+ 

cells) and glial tumor cells (GFAP+ cells). Finally brain sections of orthotopic 

xenografts of GG cell lines revealed specific FPR1 staining. In conclusion FPR1 

is widely expressed in GBM  and can be activated by human mitochondrial-

derived agonists in U87 cells. Although FPR1 expression could not be detected 

in GG cell lines in vitro, when engrafted in mouse brains these cells show 

FPR1 expression. This implicates that the microenvironment potentially plays 

a role in modulating FPR1 expression.

FPR1 was highly expressed in GBM samples and CHIPS was a potent inhibitor 

of formylated peptide induced responses, therefore CHIPS remains a 

potential interesting drug for the treatment of GBM patients. CHIPS has been 

previously tested in a small phase I clinical trial as an anti-inflammatory drug. 

However due to pre-existing circulating anti-CHIPS antibodies, side effects 

were observed upon intravenous administration. Given the immunogenicity 

effects of CHIPS, the quest for less immunogenic CHIPS variants containing 

the same FPR1 binding affinity was investigated in Chapter 7. We used an 

Escherichia coli expression system to develop a number of CHIPS-mutants. 

Calcium mobilization assays with neutrophils revealed that the substitution 

of 3 amino acids (aa) at position 69-71 and deletion of aa 7-56 (α-helix) or 

aa 7-30 (first spacer), affected the binding capacity of CHIPS to FPR1. Pre-

treatment of neutrophils with CHIPS-based and FLIPr-based N-terminal 

peptide fragments containing the first 6 to 20 aa inhibited calcium 

mobilization. However peptide fragments were on average 10,000 times less 
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potent than the CHIPS protein. Finally with a less immunogenic CHIPS variant 

called CHIPS-JC, FPR1 inhibition could be achieved with calcium mobilization 

assays but not migration assays. 

Discussion and Future Perspectives
The exploration of new therapeutic options, which aimed at overcoming 

treatment resistance of solid tumors, has primarily focused on targeting 

tumor cells and proven very difficult to achieve. The notion that therapy 

resistance is largely conferred by the microenvironment in solid tumors has 

turned it into an important potential target for new anti-cancer treatment 

approaches. 

 

Cut the cross-talk: isolating tumor cells from their microenvironment 
Tumor cells communicate with their environment by modulating the 

surrounding cells to induce enhanced growth and survival. As presented 

in Chapter 2, many different factors produced by cancer cells induce the 

recruitment of bone marrow cells thereby contributing to therapy resistance. 

As presented in Chapter 3, the extra-endothelial expression of Tie-2 in GBM 

and its negative correlation with patient survival led us to the conclusion 

that Tie-2 expression is a negative prognostic factor in these tumors. Tie-2 

in GBM has been previously reported to mediate therapy resistance. Tumor 

stem cells isolated from surgical samples of human glioblastoma and treated 

with a panel of cytotoxic and chemotherapeutic drugs were highly resistant 

when they expressed Tie-2 [14]. Furthermore in an intracranial glioma 

mouse model in which Tie-2 positive glioma cells, when co-transplanted 

with endothelial cells, regulated tumor cell invasiveness [15]. In a mouse 

mammary tumor virus (MMTV) pyMT mammary carcinoma mouse model 

a conditional Tie-2 knock down in TEMs was investigated. The knock down 

of Tie-2 prevented the interaction of TEMs with blood vessels even inducing 

regression of the vasculature [16]. All together these findings strongly 
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indicate that Tie-2 is involved in the cross-talk between neoplastic cells 

and the TEMs surrounding their environment. Future research should be 

directed towards targeting these monocytes. Specifically Tie-2 could be a 

valid target to test, by performing intravital imaging of mice expressing Tie-

2-GFP under the control of a lentiviral vector. This way it might be possible 

to directly observe the effects of counteracting the recruitment of these 

bone marrow cells. More importantly a recent study showed that targeting 

tumor associated macrophages in a PDGF-β-driven glioma mouse model 

can be re-educated and used to oppose tumor growth [17]. Therefore by 

combining the inhibition of Tie-2 with the re-education of TAMs we could use 

the microenvironment to isolate the communication of tumor cells with their 

surrounding and neutralize them at the same time. Important readouts in 

this context would be the effects on vasculogenesis, on the balance of Ang1/2 

expression and tumor growth. Overall resetting the micro-environment and 

defeating the cross-talk between tumor cells and their surrounding might 

possibly counteract tumor evasion to therapy. 

Evaluating FPR1 as a drug target in GBM
FPR1 is highly upregulated in GBM and involved in many aspects of malignant 

cell activity in vitro and in vivo [12,18]. In Chapter 6 the observation that FPR1 

expression was absent in all primary GBM cell lines led to the conclusion that 

FPR1 expression might be dependent on microenvironmental factors. Such 

a factor could be interleukin-8 (IL-8), as several studies reported that IL-8 

might influence the expression of FPR1 by neutrophils [19,20]. In cancer, IL-8 

plays an important role as a regulatory factor in the microenvironment and 

is involved in resistance to chemotherapeutic drugs and angiogenesis [21]. 

IL-8 receptor and FPR1 activation induce the nuclear translocation of STAT3 

[12,21] while HIF1α is upregulated by FPR1 activation [12]. Furthermore 

both STAT3 and HIF1α are transcription factors of genes encoding for VEGF-A. 

Given that IL-8 has also been implicated in the upregulation of FPR1, the 
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possibility of an existing feedback loop arises. 

To date the only existing FPR1 studies with intracranial models are performed 

with U87 and compared to U87 containing siRNAs against FPR1. In none of 

the existing preclinical mouse models have intracranial tumors been treated 

with drugs targeting FPR1.  Therefore a next step would be the treatment 

of orthotopic U87 glioma mouse models with CHIPS. In addition to gain a 

larger repertoire of in vitro cell models expressing this receptor it will be 

necessary to investigate how the microenvironment affects the expression of 

FPR1. Overall more preclinical insights into the commitment and function of 

FPR1 in GBM are necessary in order to further define its role as a target for 

anti-cancer treatment.

The hurdles of AMD3100 and CHIPS 
An important hallmark of solid tumors resides in their heterogeneous 

nature characterized by the presence of various elements including tumor 

(stem) cells, endothelial cells, pericytes and tumor associated immune cells. 

Furthermore, multiple zones can be identified in GBM including a necrotic 

core, surrounded by a contrast enhancing bulk of tumor tissue, which in turn 

is surrounded by an infiltration area of individual tumor cells alternated by 

normal brain cells. Hypoxic as well as normoxic zones are present in the bulk 

of tumor. Although the blood brain barrier (BBB) is disrupted in the tumor 

bulk, the function of the BBB at the infiltration zone may vary. All these 

aspects will influence the microenvironment and the cellular make-up of the 

tumor at different zones. Targeting the microenvironment may thus affect 

the various regions of the tumor differently. 

CXCR4 is present on tumor cells and several types of tumor associated 

immune cells (Chapter 2)[22,23] including TEMs and TAMs [4], while FPR1 

is highly expressed by tumor cells and TAMs (Chapter 6) [24-26]. Therefore, 

targeting tumor cells and their microenvironment at both levels can be 

achieved by the CXCR4 inhibitor AMD3100 or the FPR1 inhibitor CHIPS.
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CXCR4 is highly present in various types of solid tumors and has been 

extensively described as a target for therapy. However in Chapter 4 by 

detecting increasing numbers of circulating tumor cells (CTCs) in a prostate 

cancer model after AMD3100 treatment we showed for the first time that 

CXCR4 inhibition in solid tumors causes unwanted effects. In addition previous 

findings showed that the administration of AMD3100 induces hematopoietic 

CXCR4-expressing stem cell mobilization and is useful for autologous 

transplantation in non-Hodgkin’s lymphoma and multiple myeloma patients 

[10,11]. Given that AMD3100 could cause the mobilization of tumor cells, 

potentially resulting in enhanced metastasis formation, the presence of CTCs 

should be closely monitored in future clinical studies with AMD3100. This 

was recently subject of investigation in a phase I clinical trial on a new CXCR4 

inhibitor (LY2510924). The authors reported an increase in CTCs in 6 out of 42 

treated patients with various types of solid tumors. Interestingly in two out 

of the three enrolled prostate cancer patients, the CTC count after treatment 

was increased [27]. In this clinical trial no GBM patients were enrolled and 

to date it remains unknown whether AMD3100 treatment could induce CTCs 

in GBM. 

FPR1 is another interesting target for therapy as its blockade can affect a 

great number of FPR1 downstream pathways related to the activation of this 

receptor [28]. FPR1 has a very potent and specific inhibitor called CHIPS, but 

interaction between FPR1 and CHIPS in the context of cancer has not yet 

been extensively investigated. In Chapter 5, our in vivo study showed slightly 

improved survival of animals with subcutaneously implanted human tumors 

following treatment with CHIPS. CHIPS’ serum half-life is short and therefore 

the use of osmotic pumps for drug administration instead of intraperitoneal 

administration might guarantee a more stable drug level for treatment 

of mice. However CHIPS has side effects as observed in a phase I study in 

human subjects. Therefore finding the proper window for treatment, in 

which CHIPS variants have sufficiently reduced immunogenicity, is essential 
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for future use of CHIPS in the context of cancer therapy. Specifically reduced 

immunogenicity would enable the use of higher concentrations of CHIPS in 

order to reach similar FPR1 activity as CHIPS wild type, but with less side 

effects. 

Generally a potential hurdle for GBM treatment is achieving the delivery of 

sufficient tumor drug levels across the BBB. Although the BBB is disrupted 

where the bulk of tumor cells reside, it is mostly intact at the site where 

infiltrated tumor cells are located   [29-31]. In Chapter 2 we discussed the 

possibility to combine bevacizumab with AMD3100 to obtain better treatment 

outcome in GBM patients. AMD3100 is a ~500Da bicyclam of which the 

ability to cross the BBB is not yet known. Currently in an ongoing phase I 

trial in recurrent-high grade glioma patients, the ability of AMD3100 to cross 

the BBB (NCT01339039, ClinicalTrials.gov) is addressed as a subquestion, 

although further specifications on the exact methods are not provided. 

In chapters 5, 6 and 7 we investigated the possibility to apply CHIPS as an 

anti-GBM drug. However the ability of CHIPS to freely cross the BBB has 

not yet been investigated but given the size of the protein (14.1 kDa) this 

may be a problem [32]. Various techniques exploiting delivery vehicles to 

carry therapeutic agents across biological barriers are emerging as a novel 

therapeutic strategy [33,34]. For instance one of these consists of attaching 

the treatment compound to other structures. This creates a pro-drug with 

improved lipophilic characteristics, which facilitates the diffusion through 

the BBB [35]. Also, microbubble focus ultrasound is an emerging technique 

currently under investigation and extensively described [36,37]. This system 

causes the temporary disruption of the BBB allowing the conveyance of 

large molecules across the barrier. Therefore it might be a suitable method 

for CHIPS and AMD3100 to achieve sufficient drug delivery at sites where 

the BBB could still be intact, thus changing the microenvironment at the 

infiltration zone of GBM.
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Conclusions
This thesis partly elucidates the role of FPR1 and CXCR4 in interacting with 

elements lodging in the tumor microenvironment. In resistance to cancer 

treatment, a bypass system originating from BMDC recruitment can play a 

role. To circumvent resistance this aspect could potentially be exploited in 

combination therapies in GBM. Specifically the upregulation of CXCR4 and its 

presence on Tie-2 expressing monocytes suggest an important role of these 

two receptors in tumor resistance to therapy. However targeting CXCR4 

as anticancer treatment with its inhibitor AMD3100 still requires careful 

investigation as it induced CTCs in the animal model.

FPR1 is highly expressed in GBM and directly interacts with mitochondrial 

peptides possibly originating from necrotic tumor microenvironment. 

Antagonizing FPR1 in a preclinical setting by using CHIPS, even suggested a 

survival benefit. However the use of CHIPS as a therapeutic drug necessitates 

the construction of a less immunogenic variant, which warrants further 

research. Overall understanding the regulatory mechanisms of FPR1 and 

CXCR4, operative within the tumor microenvironment might contribute to 

the development of better strategies for a more successful cancer treatment. 

Furthermore their inhibitors CHIPS and AMD3100 require additional insight 

into the proper application of these drugs as therapeutic agents. 
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Solide tumoren kunnen resistent zijn of worden voor systeemtherapie 

door een beschermend effect van de directe omgeving van de tumor, het 

micromilieu. De communicatie tussen tumorcellen en hun micromilieu wordt 

gedeeltelijk gecoördineerd door G-eiwit gekoppelde receptoren (GPCR’s). 

GPCR’s zijn in solide tumoren betrokken bij de groei van tumorcellen en de 

productie van groeifactoren die de aanmaak van bloedvaten en het uitzaaien 

van de tumorcellen, metastasering, stimuleren [1-3].

Het doel van het onderzoek beschreven in dit proefschrift is om de interactie 

van glioblastoom (GBM) en prostaatkankercellen met hun tumormicromilieu 

te bestuderen evenals de rol van 2 GPCR’s namelijk de formylpeptidereceptor-1 

(FPR1) en de chemokinereceptor-4 (CXCR4) in dit proces. Beide receptoren 

zijn in hoge mate betrokken bij metastasering, die op gang gebracht wordt 

door hun liganden die zich in het micromilieu bevinden. 

In hoofdstuk 1 wordt een algemene introductie over het GBM en GPCR’s 

gegeven, welke wordt gevolgd door een beschrijving van het doel en 

de inhoud van dit proefschrift. Met de huidige beste standaardtherapie 

bestaande uit chirurgische verwijdering van de tumor gevolgd door radio-

chemotherapie, keert GBM vaak terug. 

Therapieresistentie kan al aanwezig zijn vóór, of zich ontwikkelen tijdens 

behandeling. Dit proces wordt ondersteund door het uitgroeien van 

bloedvaten, de zogenoemde neovascularisatie. Om het proces van 

neovascularisatie, tijdens bevacizumab behandeling beter te begrijpen, 

hebben we in hoofdstuk 2 een literatuuronderzoek verricht naar migratie van 

beenmergcellen (BMDC) richting de tumor en de betrokkenheid van BMDC 

bij therapieresistentie. GBM zijn relatief snel groeiende tumoren, waardoor 

zich ondanks de hoge vascularisatiegraad toch een zuurstoftekort in de 

tumor kan ontwikkelen. Een acuut zuurstoftekort, gevolgd door een tekort 

aan vasculaire endothele groei factor A (VEGF-A), kan vervolgens leiden tot 

het aantrekken van BMDC. BMDC kunnen op allerlei manieren bijdragen aan 

therapieresistentie. Bijvoorbeeld door te functioneren als voorlopercellen van 
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bloedvaten en door zich in de nieuw gevormde bloedvaten te incorporeren. 

Ook kunnen ze bloedvatvorming reguleren door pro-angiogene factoren uit 

te scheiden. De aldus nieuw gevormde vaten vormen een ongeorganiseerd 

netwerk van kronkelige en poreuze bloedvaten. 

In het proces van anti-angiogene, en daarmee ook anti-VEGF-A, 

therapieresistentie speelt de migratie van BMDC naar de tumor een 

belangrijke rol. Daarom is het mogeijk interessant om bevacizumab (anti-

VEGF-A) antilichaam therapie te combineren met medicijnen die het 

aantrekken van BMDC remmen. Dit kunnen bijvoorbeeld medicijnen zijn 

gericht tegen Tie-2 en/of zijn twee liganden angiopoietine 1 en 2 (Ang1/2), 

CXCR4, placenta groei factor (PlGF) en bloedplaatjes afkomstige groeifactor-β 

(PDGF-β). 

In eerder onderzoek werd de interactie tussen tyrosinekinasereceptor Tie-2 

en Ang1 en Ang2 beschreven. De interactie van Tie-2 met Ang1 of Ang2 heeft 

respectievelijk stabiliserende en destabiliserende effecten op bloedvaten. 

Bovendien is recent beschreven dat bepaalde monocyten Tie-2 tot expressie 

brengen, deze worden Tie-2-gemarkeerde monocyten (TEM) genoemd. 

Het is nog niet bekend in hoeverre deze TEM aanwezig zijn in GBM. Om 

te onderzoeken wat de relatie is van het angiopoietine/Tie-2 systeem met 

overleving van GBM-patiënten, hebben wij in hoofdstuk 3 de expressie van 

Ang1, Ang2 en Tie-2 geëvalueerd in een serie van 50 tumoren van GBM-

patiënten. De tumorexpressie van Tie-2 bleek gecorreleerd te zijn met de 

overleving van de patiënten en met angiogene kenmerken in de tumor zoals 

de dichtheid van tumormicrobloedvaten, tumorcelgroei en tumorceldood. 

Opvallend was dat als Tie-2 sterk tot expressie kwam in de tumor, de 

overleving van de patiënten korter was. Dit suggereert dat het angiopoietine/

Tie-2 systeem in GBM een rol speelt.

Er komt steeds meer bewijs dat CXCR4 in solide tumoren betrokken is bij 

de tumormicromilieu-gemedieerde therapieresistentie [4]. AMD3100 wordt 

daarom ook beschouwd als een potentiële kandidaat voor de behandeling 
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van kanker. Resultaten van een aantal (pre-) klinische studies met AMD3100 

tonen twee verschillende werkingsmechanismen aan. Enerzijds kan AMD3100 

de metastasering van tumorcellen remmen [5-7] en kankercellen gevoeliger 

maken voor chemotherapie [8,9] en anderzijds kan het worden gebruikt om 

CXCR4-positieve bloedstamcellen te mobiliseren uit het beenmerg naar de 

bloedbaan [10,11]. Dit laatste wordt gebruikt om stamcellen te oogsten voor 

transplantatie bij patiënten met non-Hodgkinlymfoom en multipel myeloom. 

In hoofdstuk 4 hebben we daarom de effecten van CXCR4-remming in 

combinatie met bestraling preklinisch in een humaan prostaatkankermodel 

bestudeerd. CXCR4 en CXCL12 kwamen in grotere mate tot expressie in 

de tumoren van de bestraalde muizen dan in de onbestraalde muizen. 

AMD3100 maakte de prostaatkankercellen gevoeliger voor bestraling en een 

combinatiebehandeling van radiotherapie met AMD3100 leidde ertoe dat 

muizen kleinere tumoren ontwikkelden dan wanneer enkel bestraling werd 

gegeven. Verdere analyse van het bloed van deze muizen wees vervolgens 

uit dat de dieren die behandeld waren met AMD3100 meer circulerende 

tumorcellen hadden. Concluderend hebben we in dit hoofdstuk laten zien 

dat AMD3100 tijdelijk prostaatkanker gevoeliger maakt voor bestraling, maar 

dat het tevens zorgt voor een toename aan circulerende tumorcellen. Dit is 

een belangrijk aandachtspunt voor het ontwerp van toekomstige klinische 

trials met AMD3100. 

GPCRs vormen een groep receptoren die betrokken zijn bij 

signaaltransductieprocessen. Ze delen dezelfde membraanarchitectuur en 

kunnen geclassificeerd worden in 6 subfamilies. FPR1 is ook een lid van dit 

GPCR netwerk. Het is betrokken bij de tumorbiologie [12-14] en heeft vaak 

een verhoogde expressie in GBM. In hoofdstuk 5 was het doel om de rol van 

FPR1 in GBM te bestuderen. In hersentumoren met verschillende gradering 

was FPR1 meestal aanwezig. In twee cellijnen, de GBM cellijn U87 en de 

promonocytencellijn U937-FPR, hebben we de rol van FPR1 onderzocht. In 

U87 en U937-FPR cellen, hebben we ligand-geïnduceerde activering van 
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FPR1 en tumorcelmigratie met de bacteriële agonist formyl-methionyl-leucyl-

phenylalanine (fMLF) getest en deze effecten vervolgens door toediening van 

het chemotaxie (migratie) remmend eiwit van S. Aureus (CHIPS) geremd. 

De activatie en migratie van de U937-FPR cellen vond ook plaats wanneer 

deze gestimuleerd werden door de uit mitochondria afkomstige peptiden 

fMMYALF en fMLKLIV te gebruiken. Deze peptiden kunnen aanwezig zijn 

wanneer er ongereguleerde celdood (necrose) in tumoren optreedt. De door 

fMMYALF en fMLKLIV geïnduceerde celactiviteit in U937-FPR kon volledig 

geremd worden met CHIPS. Tenslotte leidde in met U87 geïmplanteerde 

subcutane muismodellen de behandeling met CHIPS tot een betere 

overleving vergeleken met de placebo behandelde muizen. De resultaten van 

deze studie lieten zien dat de formylpeptiden, inclusief de mitochondriale 

peptiden, welke aanwezig zijn in het micromilieu van necrotische cellen, 

FPR1 kunnen activeren en dat dit door CHIPS geremd kan worden. Daarom 

zou FPR1 een potentieel interessant doelwit kunnen zijn om de behandeling 

van GBM patiënten te verbeteren. 

De hoge expressie van FPR1 in de meeste GBM heeft ons ertoe aangezet 

om het expressieprofiel van FPR1 in een grotere groep GBM te onderzoeken. 

In hoofdstuk 6 werd de FPR1-expressie in GBM verder geëvalueerd. We 

hebben onderzocht of de agonist geïnduceerde FPR1-activatie in GBM-

cellijnen geremd kon worden met CHIPS. Alle GBM van 178 patiënten 

brachten FPR1 tot expressie. FPR1 op de U87 tumorcellen kon geactiveerd 

worden met fMALF en fMLKLIV, en dit effect vervolgens remmen met CHIPS. 

We hebben de expressie van FPR1 onderzocht in stamcelachtige cellen (GG 

cellijnen genoemd), allen geïsoleerd in Groningen uit GBM-resectiemateriaal. 

In deze cellen konden we geen fMLF geïnduceerde calcium mobilisatie of 

FPR1 mRNA aantonen. Interessant genoeg kwam FPR1 wel tot expressie in 

alle tumoren waaruit de GG cellijnen ontwikkeld waren. Opmerkelijk was 

dat FPR1 die afwezig was in de cellijnen wel weer tot expressie kwam in 

tumoren die gevormd werden door de implantatie van deze stamcel-achtige 
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cellijnen in de hersenen van muizen. Dus FPR1 komt hoog tot expressie in 

GBM weefsel van patienten en deze receptor kan geactiveerd worden in U87, 

met agonisten afkomstig van mitochondria. Hoewel de expressie van FPR1 

niet gedetecteerd kon worden in de stamcel-achtige GG cellijnen, kon deze 

expressie wel weer worden waargenomen na implantatie van dezelfde cellen 

in de hersenen van muizen. Dit betekent dat het micromilieu een potentiële 

rol zou kunnen spelen in het moduleren van de FPR1 expressie. 

Omdat FPR1 hoog tot expressie komt in GBM en CHIPS een sterke remmer 

is van de activatie door geformyleerde peptiden, hebben we CHIPS verder 

onderzocht als mogelijk medicijn voor behandeling van GBM patiënten. CHIPS 

is eerder getest in een kleine klinische studie als een anti-inflammatoire drug. 

Na intraveneuze toediening ontstonden er bijwerken, meest waarschijnlijk als 

gevolg van circulerende anti-CHIPS antilichamen. Vanwege deze immunogene 

effecten van CHIPS, werd er gezocht naar minder immunogene CHIPS varianten 

met dezelfde affiniteit voor FPR1. Dit onderzoek is beschreven in hoofdstuk 

7. We hebben met behulp van een Escherichia coli expressiesysteem enkele 

CHIPS-mutanten ontwikkeld. In deze mutanten werden 3 aminozuren 

(aa) vervangen of 49 aa (α-helix structuur van het CHIPS eiwit) of aa 7-30 

(eerste tussenstuk van het CHIPS eiwit) gedeleteerd. Celactivatie proeven 

met neutrofielen lieten zien dat wanneer deze veranderingen plaats vinden, 

CHIPS FPR1 minder goed remt. De voorbehandeling van neutrofielen met de 

fragmenten van CHIPS en FLIPrL (eiwit die op CHIPS lijkt) - met de eerste 6 

t/m 20 aa kon de activatie van deze cellen remmen. Deze fragmenten waren 

gemiddeld 10.000 keer minder werkzaam dan het CHIPS-eiwit. Ten slotte 

hebben we een nieuw CHIPS-eiwit gemaakt welke CHIPS-JC genoemd werd. 

Door bepaalde aminozuren op strategische plekken weg te halen waarvan 

bekend is dat deze een immuunreactie kunnen veroorzaken hebben we een 

minder immunogene CHIPS-variant gemaakt. Met deze nieuwe variant kon 

zowel de activatie als de migratie van neutrofielen geremd worden. 

Concluderend kunnen therapieën gericht op de regulerende mechanismen 
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van FPR1 en CXCR4 mogelijk bijdragen aan de ontwikkeling van nieuwe 

kankerbehandelingen. 
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Alhoewel het maar 4 jaar zijn, voelt het einde van een promotietraject als 

the end of an era. Het einde van een belangrijke periode waarin je met een 

groot team mensen veel ideeën deelt en als onderzoeker je eigen stijl en 

visie ontwikkelt. Zonder de begeleiding, bijdrage, steun en betrokkenheid 

van velen was het verwezenlijken van dit proefschrift nooit gelukt.

Allereerst wil ik mijn twee promotores Prof. dr. E.G.E (Liesbeth) de Vries en 

Prof. dr. J.A.G. (Jos) van Strijp en drie co-promotores dr. A.M.E (Annemiek) 

Walenkamp, dr. W.F.A (Wilfred) den Dunnen en dr. H. (Hetty) Timmer-Bosscha 

bedanken.

Beste Liesbeth, dank je wel voor alle geduld die je voor mij hebt gehad, vooral 

in de laatste maanden van mijn promotie. Toen je mij voor het eerst vroeg 

om de paper op tijd naar jou toe te sturen zodat je het met een lekker kopje 

thee in het weekend door kon lezen, was ik onder de indruk. Voor jou is het 

een plezier! Jouw enthousiasme voor een bijna afgeronde paper is dan ook 

aanstekelijk en de kwaliteit van een door jou nagekeken artikel gaat elke keer 

weer met een razend tempo omhoog. 

Beste Jos, bedankt voor de mogelijkheid die je mij hebt geboden om een 

tijd in Utrecht in jullie lab te mogen werken. Het zijn 5 verfrissende en 

zeer productieve maanden geweest waarin ik dankzij de expertise en 

beschikbaarheid van jouw lab, een heel hoofdstuk in elkaar heb kunnen 

pipetteren! Ongeacht waar we waren, bij jou op de kamer, op de gang, in het 

lab of onderweg naar een praatje, een brainstormsessie was op elk moment 

mogelijk.

Beste Annemiek, bedankt voor de mogelijkheid die je me hebt gegeven om 

aan dit interessante project te kunnen werken. Vrijwel gelijk in het begin 

heb je mij op een praktische manier een klinisch inzicht gegeven door me 
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mee te nemen naar een poligesprek. Dankzij jouw klinische achtergrond 

heb ik zo mijn fundamenteel neurowetenschappelijk gestelde brein kunnen 

omschakelen naar een translationele manier van denken. Dank je wel voor de 

geweldige werkgroep de je samen hebt gesteld. Urszula, Roeliene, Nathalie 

en Denise zijn een grote verrijking voor mij geweest.

Beste Wilfred, voor elke onderzoeker is het belangrijk om in het begin van 

zijn onderzoekscarrière een mentor te hebben en deze rol had jij voor mij. 

Wij kenden elkaar al van de BCN top Master waarin ik jou regelmatig met 

vragen heb bestookt voor mijn grote onderzoeksproject in het buitenland. 

Dit is gedurende mijn PhD traject niet veel veranderd. Steeds nam jij extra tijd 

om mij inzicht te geven in the bigger picture en ondersteunde je me tijdens 

de moeilijkere momenten van het onderzoek. Geen moment was te gek om 

even bij jou de deur binnen te kunnen lopen. Jouw enthousiasme, out of 

the box thinking en frisse blik op het onderzoek is voor mij altijd aanstekelijk 

geweest. Dank je wel voor het creëren van een veilige omgeving waarin altijd 

plaats was voor een discussie, vaak over onderzoek maar ook over andere 

dingen zoals de tiramisú en of deze met drank hoort of niet (niet dus ;). Je 

hebt een grote bijdrage geleverd aan mijn ontwikkeling als onderzoeker. 

Beste Hetty, voor iedere PhDer die net begint bij de Medische Oncologie 

is jouw deur er wel één waar extra vaak op geklopt wordt. Jouw praktisch 

inzicht in het haalbare (of niet) heeft veel bijgedragen aan verschillende 

aspecten van dit project. Het enthousiasme dat je na al deze jaren in het 

onderzoek hebt weten te behouden is heel mooi om te zien. Even wat cellen 

voor iemand kweken in de zomer, daar word je al blij van! 

Dan wil ik alle leden van de leescommissie, Prof. H.W.G.M Boddeke, Prof. P. 

van der Valk en Prof. L. Koendermand hartelijk bedanken voor de tijd die jullie 

aan de beoordeling van dit proefschrift hebben besteed.
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En natuurlijk alle andere collega’s en oud-collega’s van het Multidisciplinair 

Oncologisch Laboratorium:

om te beginnen de PI’s , beste Prof. dr. S. (Steven), dr. G.B. (Bea) Wisman, 

Prof. dr. M. (Marcel) van Vugt en Prof. dr. F.A. (Frank) Kruyt,  bedankt voor al 

jullie input tijdens de werkbijeenkomsten. Na elke presentatie had ik weer 

nieuwe ideeën om mijn onderzoek te verbeteren.

Mijn dank gaat ook uit naar Gretha voor het helpen met alle hora finita 

gerelateerde zaken. Tevens wil ik Coby en Meta bedanken, de financiële 

aspecten van een project zijn essentieel en jullie stonden altijd klaar voor om 

te helpen. Coby, dank voor je verdere ondersteuning bij ook alle andere niet 

financieel gerelateerde aspecten.

Daarnaast wil ik ook alle co-auteurs bedanken waarmee ik samen hele leuke 

stukken heb kunnen ontwikkelen. 

Beste Michiel, dank je wel voor het leuke TEM stuk in hoofdstuk 3, ondanks 

de tegenslagen van dit hoofdstuk hebben we er toch een leuk manuscript van 

weten te maken.

Dear Justin, I wanted to thank you for all the advice and help with the 

wonderful neurospheres which supported the last publication. I always 

enjoyed our science discussions a lot.

Verder kan een laboratorium niet werken zonder een groep analisten die de 

druk rond lopende gemeenschap PhD’s ondersteunen en sturen. Dank jullie 

allemaal voor jullie hulp, en vooral Gert Jan (voor hulp bij de qPCR), Wietske 

(voor alle hulp met de immunohistochemie), Silke (voor hulp met de dieren) 

en last but not least Elly bedankt voor al je ondersteuning omtrent het qPCR 

materiaal van de GG cellijnen.
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Ook wil ik de Medische Microbiologie in Utrecht bedanken voor de 

fantastische en productieve periode die ik daar heb doorgebracht. 

Beste dr. K.P. van Kessel en dr. C.J. de Haas, beste Kok en Carla, ik wil jullie 

allereerst bedanken voor alle tijd die jullie in mijn begeleiding gestoken 

hebben. Ik ben nog steeds verbaasd hoe snel jullie mij wegwijs hebben weten 

te maken in het lab. Kok bedankt voor jouw tijd, jouw expertise over CHIPS, 

FLIPr(L) en FPR1 is verbazingwekkend net zoals het gedetailleerde geheugen 

dat je hebt over alles wat er al wel en niet in het verleden onderzocht is. 

Carla, dank je wel voor de begeleiding bij het maken van de CHIPS eiwitten, 

jouw expertise in primer designing, PCR kennis en probleemloze opzet van 

nieuwe protocollen voor de PCR machine (en die meteen functioneren) was 

voor mij bewonderenswaardig.

Beste Piet, bedankt voor de enorme hulp die je me hebt geboden met het 

isoleren van de nieuwe CHIPS eiwitten.

Beste Karlijn, heel erg bedankt voor alle tijd die je voor mij nam. Dankzij jou 

is mijn verblijf in Utrecht een heel stuk makkelijker verlopen. 

The end of an era geldt niet alleen voor de hoeveelheid werk maar ook voor 

het afscheid dat genomen moet worden van alle mensen die voor langere tijd 

mijn dagelijkse leven een stuk leuker hebben gemaakt!

First of all I would like to thank the chemokine group…ladies ladies…what 

can I say, never ever would I have imagined finding such an awesome group 

of girls getting together. It was a privilege to work in such an imaginative, 

original and quirky environment. The years spent together were truly 

inspiring and joyful! Dear Urszula and Roeliene, you girls formed the starting 

two and were of great help and support during this project. Each time you 

made all the hurdles seem like a small obstacle to step over on the way. Lieve 
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Nat, op de één of andere manier worden wij met de minuut luider wanneer 

we overleggen of kletsen. Het was geweldig om met jou samen te werken, 

ik was altijd onder de indruk van de hoeveelheid werk die je iedere keer 

wist te verzetten. Wat heb ik de witte chocolade momenten en knuffels en 

passant gemist toen je weg was. Lieve Denise, de samenwerking was kort 

maar krachtig en ik ben blij dat we elkaar met enige regelmaat nog kunnen 

zien, want jouw uitbundige lach is aanstekelijk!

Mijn eerste kamer was de beroemde Chuck Norris (F.1.22) kamer. Esther, 

Marlous, Ingrid, Linda, Nicolette, Anouk, allemaal hebben we vroeger of 

later samen in deze geweldige kamer gewerkt. Bedank voor al jullie steun en 

plezier die we daar samen beleeft hebben. 

Na de Chuck Norris kamer werd het voor mij tijd om naar de 0.08G kamer te 

verhuizen en hier weer super kamergenootjes tegen te komen. Lieve Jolanda 

(mijn co-parenting buddy van Pedro en ook koffie maatje), Rolf en Hylke (het 

nuchtere mannenfront) en later Roelien (mijn RSI buddy)…In de ghetto gang 

waren we samen een stelletje ongeregeld met veel rare eigenschappen, 

mensen opsluiten, gekke kweekjes in kopjes, werk ontwijkend of RSI 

ontwijkend gedrag, luid overleggen, Fries praten, tot te laat doorwerken of 

niet meegaan met koffiepauze, alles werd geturft…dank jullie wel voor alle 

leuke momenten, wat heb ik gelachen in die kamer!

En natuurlijk alle mensen van de TGIF-onco group, de groep suicidals die 

zich regelmatig laat mishandelen door de Uurwerker om toch weer terug te 

keren!

Lieve Esméé, Stephanie, Elly, Kirill, Tushar, Hilde, Annemargriet, Millind en de 

rest van de TGIF-group, een vrijdagavond met jullie pizza eten, borrelen of 

dansen is een avond geleefd!
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Lieve Judith,  the end of an era werd nog reëler toen ook jij eenmaal het lab 

uit was. Wij begrepen elkaar heel goed in een paar belangrijke aspecten van 

het onderzoek. Ik heb enorm van onze koffiemomenten genoten en stiekem 

dankzij jouw magische formule ook de filterkoffie leren waarderen! Ik hoop 

dat de toekomst nog vele van zulke leuke momenten voor ons in petto heeft.

Dear Birgit, the last part of my PhD was so much fun! Your room was always a 

nice getaway for a short break :), I missed you after moving out of Groningen!

Nicoletteeee, jij nam al snel de functie van Judith over in de TGIF en je deed 

het met heel veel passie. Naast de yogasessies samen, kwam ik erachter 

dat je nog 100 andere dingen doet. Jouw energie lijkt eindeloos te zijn en is 

aanstekelijk. Ik wens je veel succes met de laatste loodjes.

Lieve Marlous, wat goed dat je nieuwe baan pas in juni begint ;) heel erg 

bedankt voor het naar mij luisteren in deze laatste fase. Ik wens je alvast heel 

veel succes met je nieuwe baan. 

Lieve Siobhan, door gewoon even met jou te praten kwam ik altijd op de 

leukste ideeën voor mijn onderzoek, vooral voor de laatste paper. Jouw 

heerlijke manier van direct zijn en sterk gevoel voor oprechtheid zijn mooie 

kwaliteiten die ik erg waardeer. Ontzettend bedankt voor jouw ondersteuning  

tijdens de allerlaatste loodjes van dit boekje. Ik wens je het allerbeste bij het 

afronden van je project.

Ook wil ik mijn geweldige studenten Evelien, Ashanty en Yannick bedanken 

voor al jullie harde werk. Ik heb jullie met plezier kunnen begeleiden, het is 

niet vanzelfsprekend om zulke goede en zelfstandige studenten te hebben.

En dan natuurlijk alle MMB AIO’s inclusief Kirsten, Nienke, Rutger, Michiel, 

Steven, Daphne Annemarie, Ann, Maaike, Evelien en de rest van de koffie 

mailing list. Jullie wilde ik allemaal bedanken voor de geweldige periode 

daar in Utrecht, door alle leuke activiteiten zoals retraites, vrijdagborrels, en 
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promotiefeestjes heb ik me geen moment alleen gevoeld. Het was kort maar 

krachtig en ik heb ervan genoten, jullie zijn een hele leuke en dynamische 

groep!

Helaas is the end of an era ook aangekomen voor de N-track ladies! Sygrid, 

Inge, Mela en Ama, de Groningen vortex heeft ons na de geweldige Master 

samen ook nog 4 extra PhD jaren geschonken waarin we veel hebben 

mogen meemaken. N-track retraites, Mysteryland, Welcome to the Village, 

waterskiën, kitesurfen en verjaardagen zijn echt leuke momenten geweest 

waar ik altijd naartoe heb geleefd. Lieve Sygrid, of beter vervelende Fries ;) 

Dank je wel voor alle geduld in het aanhoren van mijn frustraties. De vrijdag 

samen en onze zontripjes waren vaak heerlijke rustmomenten waarop ik uit 

kon blazen en we over ik weet niet wat tot diep in de nacht konden kletsen.   

Jouw sociale karaktereigenschappen zijn voor mij een bron van inspiratie. 

Lieve Inge, Ingetjina, jij en ik delen de sterke behoefte om dingen eens anders 

te doen, om dynamische avonden door te brengen en ongeacht wat we doen 

we hebben altijd plezier. Jouw uitbundige lach (tot tranen aan toe), eerlijkheid 

en sterke zelfreflectie zijn hele bijzondere eigenschappen die maar weinig 

mensen hebben.  Lieve Mela, onze lunchmomenten op het UMCG waren 

altijd even een fijn kletsmoment om weer fris aan de slag te kunnen! Lieve 

Ama, jij was de eerste die van ons allemaal uit Groningen weg is gegaan, we 

hebben je gemist en ik hoop dat je het daar leuk hebt in Michigan. 

Ladies, ik wens jullie het allerbeste met het afronden van jullie projecten!

Ook ben ik dankbaar voor mijn vrienden in Italie, I signorini di Roma, la 

Calabrese e quelle di Milano..Manuel, Lorenzo, Valerio, Valentina, Mara, 

Astrid, Giulia e Sonia! Anche se gli anni passati sono stati intensi e non mi 

sono potuta far sentire quanto avrei voluto, ogni volta che ci risentiamo (o 

vediamo) e’ come se ci fossimo visti il giorno prima! E’ proprio vero che gli 

amici veri non si distinguono dalla frequenza con la quale ci si incontra ma dal 

feeling che rimane ad ogni nuovo contatto.
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Cara Sonia, grazie per essere a Groningen con me nei giorni della difesa, sei 

unica! 

Ashley girl, our periods of staying in touch underwent ups-and-downs but 

fortunately our friendship never changes. Your enthusiasm in life is inspiring 

for me.

Lieve Manouk, het voelt heel speciaal om nog steeds bevriend te zijn met 

iemand die ik al 25 jaar ken! Bedankt voor al onze heerlijke tapasavonden 

en leuke feestjes met de rest van de Amersfoortse “gang”. Ook bedankt  

(Sanneke natuurlijk ook :) voor alle interesse in mijn onderzoek, ik heb altijd 

met genot aan jullie de antennes op de celletjes beschreven en hoe deze de 

signalen doorsturen. 

Of course a special thanks goes to my paranymphs. Dear Urszula and Roeliene, 

thank you so much for being my paranymphs!! I will never forget the moment 

of the first work meeting when you two were walking through the hallway 

laughing. My very first thought was; nice, this is going to be fun. And it was! 

Dear Urszula, thank you so much for all your support both scientific and not. 

Together we had so many awesome moments and long conversations, which 

culminated in our magic formula: the combination. It became my life motto! 

The naturalness of our friendship is proof of how special it is. Lieve Roeliene, 

Roeltje, met jou valt er altijd wel wat te beleven en niks is te gek om te doen. 

Ongeacht hoe druk je het hebt, je maakt altijd even tijd voor me. Het maakt 

niet uit hoe ver we van elkaar zullen zijn, onze vriendschap zal blijven.

Cara famiglia, il dispiacere di non poter avere Opa e la Nonna tra di noi è 

immenso ma per fortuna abbiamo l’un l’altro. 

Cara famiglia Ieraci, ogni anno, quando arriva il momento in cui il biglietto è 
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prenotato, e’ sempre un momento di gioia. Sarà perché torno alle origini o 

forse perché mi godo le giornate infinite in cui nulla si organizza, tutto si fa 

sull’attimo e non si capisce come ma alla fine siamo sempre insieme.

Cara zia Anna e zio Enzo, sappiate che mi é dispiaciuto tantissimo non avervi 

qui a Groningen in una giornata come questa. Ma non vi preoccupate perché 

quest’estate farò in modo di non mancare per neanche mezzo secondo dal 

primo piano, specie se ci sono le braciole! 

Cara Paola e Cristina, Truidis e Cri cri, è strano dover esprimere 

contemporaneamente la tristezza di non aver l’una e la gioia di avere l’altra 

con me, qui in Olanda, nei giorni della difesa. Siete come due sorelle, insieme 

ne abbiamo passate parecchie e tornare in Calabria ogni anno è come tornare 

a casa…un posto speciale dove senza di voi non sarebbe lo stesso. Truidis 

non vedo l’ora che venga l’estate per poter finalmente riprendere la nostra 

routine dei caffè insieme. Cara Cri cri purtroppo moorse non ce l’ha fatta 

in questa tesi..avevamo grandi progetti per lui, ma al suo posto abbiamo la 

proteina Jenny Cri…Moorse lo lasciamo a riposo..ma non disperare arriverà 

anche il suo turno. Grazie per essere venuta in Olanda per la difesa, non hai 

idea cosa significhi per averti qui in questi giorni. 

Caro zio Pino e zia Cettina, non ci posso credere che alla fine siete riusciti 

a venire a Groningen, non potete neanche immaginare l’emozione che ho 

provato quando i biglietti erano prenotati! A casa vostra è sempre un piacere 

stare, grazie per tutti i bei momenti insieme, per i caffettini e per le cene a 

livello di ristorante! 

Lieve familie Boer, om te beginnen lieve zii Karel e Maria Teresa, Anthony 

en Timothy wat heb ik er de laatste jaren van gebaald dat ik zoveel van de 

legendarische BBQ’s een heerlijke maaltijden bij jullie heb moeten missen! 
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Dank jullie voor al je interesse in mijn onderzoek, ik kijk ernaar uit om voor 

de eerste keer in jaren weer een stukje zomer samen te vieren.

Lieve oma, wat fijn dat jij er ondanks de verre reis er alsnog bij kan zijn. Ik 

waardeer het heel erg. 

Caro Alex, fratellaus, le scelte di vita che abbiamo fatto, ci hanno portato a 

vivere in due mondi del lavoro completamente diversi, ma che ci tengono 

uniti tramite due genitori meravigliosi … Durante un PhD si tende sempre a 

dimenticare il resto del mondo, ma tu mi tieni con i piedi per terra. Grazie per 

tutte le risate, le guerre per chi fa il caffè e le birrette serali! Tanto non importa 

dove siamo Utrecht, Groningen, Amsterdam, Mallorca, Siderno, Amerongen 

o Rhenen in qualche modo ci divertiamo sempre …. tranne quando viaggiamo 

insieme ;) e ricordiamoci sempre che la vita non è solo fiori e farfalline!

Lieve papa en mama, eh cari miei non so in che lingua scrivervi, maar een 

ding is zeker, bij jullie is het thuis. Grazie …gewoon voor wie jullie zijn! Opa zei 

altijd dat je nooit voorzichtig genoeg kon zijn in de keuze van je ouders…well 

well.. I did a good job! Sappiate che ritornare da voi é sempre una necessitá 

intrinseca..mi da il feeling del back to basics. Non ci sono parole per quanto 

voglio bene, per quanto vi sono grata per tutto ! Don’t forget…dit is ook een 

beetje jullie boekje, vanaf het startpunt in Rome, naar Groningen, Vancouver 

en weer terug in Groningen, jullie hebben mij altijd ondersteund.

Lieve Daan, rotsvast heb jij de laatste jaren naast mij gestaan en zonder jou 

was dit traject een stuk moeilijker geweest. Het blijft me verbazen hoe wij op 

een hele andere manier hetzelfde zijn. Wij weten wat we willen, insieme is 

het leukst en zo houden we het!








