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INTRODUCTION

Cancer is a collective term for multiple malignancies. Tumors are 
characterized by sustained and uncontrolled cell proliferation, 
evasion of growth suppressors, activation of invasion and 
metastasis, acquisition of cell immortality, induction of 
angiogenesis and resistance to cell death. These hallmarks of 
cancer were proposed to constitute relevant therapy targets by 
Hanahan and Weinberg in 2000 (1). Chemotherapy and ionizing 
radiation were already introduced in the first half of last century 
and still often part of anti cancer treatments. A milestone in the 
progress of cancer treatment was the introduction of targeted 
therapies, i.e. agents that specifically inhibit aspects such as signal 
transduction pathways driving aberrant tumor cell proliferation, 
survival or angiogenesis. Although these drugs have offered 
new opportunities, the development of resistance to anti-cancer 
treatments remains the main obstacle in achieving the ultimate 
goal of either cure or long-term control of cancer (2).

The concept of cancer microenvironment

Many efforts spent on understanding the resistance mechanisms 
in cancer contributed to identification of intracellular multidrug 
efflux pumps, gene mutations or alterations in signaling pathways. 
However, these mechanisms could not explain all differences in 
drug sensitivity between cancers cells grown in vitro and in vivo, 
or variations in response to therapy of tumor lesions in different 
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organs. Research into this discrepancy showed the importance of 
the context of cancer cells and gave rise to the concept of cancer 
microenvironment (3-6). This relatively new paradigm, present 
in the field of cancer research for about two decades, recognizes 
tumors as complex organs, consisting of cancer cells, cancer stem 
cells, endothelial cells, pericytes, immune cells, cancer-associated 
fibroblasts, and other stromal cells. These multiple cell types 
communicate, co-regulate and co-evolve with each other, using 
complex signaling pathways directed not only by cell-cell contact, 
but also by soluble molecules that stimulate cells in an autocrine 
and/or paracrine fashion. Currently, the interactions of cancer 
cells with their microenvironment are increasingly acknowledged 
as one of the defining hallmarks of cancer and an important target 
for anti-cancer therapy (7). 

Cancer microenvironment and therapy resistance

The survival and proliferation of cancer cells is strongly affected 
by the paracrine signaling of stroma-derived growth factors 
and cytokines. For example, soluble factors in the bone marrow 
microenvironment induce cellular quiescence and survival 
mechanisms. On the other hand, cell adhesion molecules, such as 
integrins present on the surface of cancer cells, may induce pro-
survival signaling upon binding extracellular matrix components 
or proteins present on neighboring stromal cells (4). Next to 
the stromal compartment in tumors, the tumor vasculature 
development and composition significantly impacts the tumor 
biology. The abundance of oxygen and nutrients provided to 
the tumor with blood greatly determines the metabolic and 
transcriptional activity of cancer cells. In particular, low oxygen 
levels present in fast-growing tumors are associated with hypoxia-
associated transcriptional program, which turns on expression 
of many proteins and signaling pathways important for cancer 
vasculogenesis, angiogenesis, invasion and survival (8, 9). 
 Treatment directed at cancer cells also strongly affects 
the components and activity of tumor microenvironment (Figure 
1). The classical cytotoxic therapies induce by-stander effects 
in cancer microenvironment that may influence cancer cell 
sensitivity (4). For example, under stress conditions induced 
by cytotoxic treatment, stromal cells can express a variety of 
soluble factors (cytokines, chemokines or growth factors). These 
factors, upon binding to their respective receptors on cancer cells, 
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stimulate cancer cell growth and survival. Similarly, targeting 
tumor angiogenesis by inhibiting the vascular endothelial growth 
factor (VEGF) pathway leads to tumor hypoxia, exerting a wide 
range of effects within the tumor. In response to oxygen shortage, 
the hypoxia-inducible factor 1α (HIF1α) binds to its target 
sequences in DNA to up-regulate expression of pro-angiogenic 
factors. This will stimulate vessel growth or secretion of factors 
that will attract bone marrow-derived vascular progenitors to 
form new vessels and restore tumor vasculature (10). Another 
important implication of anti-angiogenic treatment is vessel 
normalization, which is mediated by increased coverage of 
vessels with pericytes and substantially improves the delivery 
of drugs to the tumors (11). On the other hand, hypoxia may 
lead to upregulation of pro-invasive pathways in cancer cells, 
enabling them to invade tissues with enough supply of oxygen. 
Ionizing radiation affects the cancer microenvironment causing 
cellular stress, hypoxia, production of reactive oxygen species and 
activation of stromal cells. This results in release of a variety of 
cytokines and chemokines that support cell survival (5). Similar 
responses of stromal cells can be often observed after treatment 
with different classes of chemotherapy, and their secretion 
profile is highly dependent on the type of chemotherapy and its 
mechanism of action (4). Finally, the damaged tissue will be a 
source for many factors released from disrupted cells that may 
alter the signaling within the tumor microenvironment and 
activate cells of innate and adaptive immune system to infiltrate 
the tumor tissue (3). 
 Overall, the tumor microenvironment has a strong impact 
on the therapy outcome and, inversely, the anti-cancer therapy 
impacts the biology of microenvironment. The heterogeneity and 
plasticity of cancer microenvironment indicates that both spatial 
and temporal context matters.

THE SCOPE AND AIM OF THIS THESIS

This thesis focuses on two cell-surface receptors mediating 
interactions of cancer cell with its microenvironment: chemokine 
receptor 4 (CXCR4) and formylated-peptide receptor 1 (FPR1). 
Both receptors belong to the family of 7 transmembrane, G 
protein-coupled receptors (GPCRs), are overexpressed on cancer 
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Figure 1 Tumor microenvironment before and after anti-cancer therapy
Cell-death inducing treatments, such as chemotherapy or radiotherapy, as well as anti-angiogenic treatments may 
alter tumor microenvironment by inducing hypoxia, tissue stress and activation of stromal cells. As a result, cytokines, 
chemokines and other soluble factors are secreted in the tumor microenvironment. They stimulate pro-survival, 
proinvasive and pro-angiogenic pathways in tumor cells via cell surface receptors. Expression of these receptors can 
be additionally upregulated by hypoxia induced by treatment. Finally, damaged cells and activated stromal cells may 
attract immune cells to infiltrate the tumor tissue.
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cells and primarily mediate their migration. 
 The major part of the thesis is dedicated to CXCR4. This 
receptor is expressed on variety of solid tumors and it was initially 
recognized to be essential for driving distant metastasis of cancer 
cells. CXCR4 ligand, stromal-derived factor 1α (SDF1α, also 
called CXCL12), is expressed by stromal cells in many organs and, 
except from inducing cancer cell migration, it also contributes 
to cancer cell survival. CXCR4 is increasingly recognized as one 
of the factors involved in microenvironmnent-mediated therapy 
resistance. The remaining part of this thesis focuses on FPR1, 
which is upregulated in brain tumors and mediates migration of 
cancer cells into surrounding brain parenchyma. The ligands for 
FPR1 are characterized by the presence of formyl group in their 
amino acid sequence. In the brain tumors, abundant necrotic areas 
constitute the main source of FPR1 ligand. In highly malignant 
brain tumors, activation of FPR1 inducs tumor invasiveness and 
angiogenesis.
 The aim of this thesis was to study the role of both 
migration-inducing receptors in the biology of solid cancers, 
with a particular focus on the role of CXCR4 in the interactions 
of tumor cells with stromal microenvironment and its influence 
on the response to anti-cancer therapy.  

 OUTLINE OF THE THESIS

By regulating cell migration, CXCR4 is important in many 
physiological processes such as in leukocyte recruitment to 
the site of inflammation, embryogenesis and organogenesis. In 
2001, CXCR4 was identified as the main driver of breast cancer 
metastasis. Since then, the role of CXCR4/CXCL12 axis in more 
than 20 cancer types was revealed. In Chapter 2 we performed a 
literature search to review the available information on roles of 
CXCR4/CXCL12 in solid tumors. Furthermore, we evaluated the 
relevance of CXCR4 in the clinical setting by analyzing the results 
of past and ongoing clinical trials involving CXCR4 inhibitors in 
cancer therapy.
 The major hurdle in treatment of castration-resistant 
prostate cancer is its resistance to first-line chemotherapy. It is 
postulated that stromal microenvironment both in primary 
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tumor and in bone marrow, the most common site of prostate 
cancer metastasis, contributes to the failure of therapy in many 
prostate cancer patients. Therefore, in Chapter 3 we studied the 
role of CXCR4 in prostate cancer chemoresistance. We studied the 
survival of prostate cancer cells upon docetaxel treatment either 
in an in vitro co-culture model of PC3-Luc cells with stromal cells 
or in monocultures. This was followed by an intervention study 
in a PC3-Luc xenograft mouse model. By measuring tumor size, 
we assessed in vivo effect of standard docetaxel monotherapy in 
comparison to its combination with CXCR4 inhibitor, AMD3100. 
To underscore the clinical relevance of our study, we performed 
an immunohistochemical analysis of CXCR4 expression in the 
primary tumors along with unpaired set of lymph node and bone 
marrow metastatic lesions of prostate cancer patients.
 Local radiotherapy, used as a first-line treatment 
in localized prostate cancer, strongly affects cancer 
microenvironment, potentially influencing the sensitivity of 
cancer cells to irradiation-induced cell death. Based on the 
results from Chapter 4, we hypothesized that CXCR4 activation 
by stromal CXCL12 may contribute to radiotherapy resistance of 
prostate cancer. In Chapter 4 we studied the effect of radiotherapy 
on the CXCR4 expression and the effect of CXCR4 inhibition by 
AMD3100 combined with radiotherapy in prostate cancer. To 
investigate the impact of radiotherapy on the microenvironment 
of prostate cancer, we analyzed the expression of CXCR4 and 
CXCL12 by immunohistochemistry in prostate cancer patients 
that underwent irradiation versus non-irradiated patients. 
The in vitro effect of AMD3100 on the survival of irradiated 
human prostate cancer cells was studied in PC3-Luc and LNCaP 
cell lines co-cultured with stromal cells. Furthermore, mice 
xenografted with luciferase-expressing PC3 cells were treated 
with combination of CXCR4 inhibitor with irradiation or either 
of the treatments alone, and the tumor growth and metastasis 
were evaluated. The number of circulating tumor cells (CTCs) 
was assessed by bioluminescent imaging of blood samples taken 
from mice before and after AMD3100 injections.
 Expression of chemokine receptor CXCR4 and CXCL12 
is related to metastatic progression of the (colo)rectal cancer. Both 
irradiation and anti-angiogenic treatment with bevacizumab 
have been previously shown to induce CXCR4/CXCL12 signaling 
in tumors. Therefore, in Chapter 5, the expression of chemokine 
receptor 4 (CXCR4) and its ligand CXCL12 was assessed in rectal 
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cancers before and after local radiotherapy and systemic treatment 
with bevacizumab, capecitabine and oxaliplatin, and subsequent 
radical surgery. The protein expression of CXCR4 and CXCL12 
was analyzed by immunohistochemistry in paraffin-embedded 
primary rectal cancer diagnostic biopsies collected before and in 
surgical specimens collected after treatment of 46 patients who 
presented with simultaneous lung or liver metastases. Expression 
of both factors before and after treatment was assessed in the 
cytoplasm and nucleus of tumor cells, adjacent stromal cells and 
normal rectal crypts. In addition, baseline expression of CXCR4 
and CXCL12 was correlated with patients` pathologic response 
to treatment.
 In many types of solid tumors, CXCR4 expression is 
correlated with the metastatic potential of the primary tumor 
cells. Moreover, changes in CXCR4 expression could indicate a 
development of the evasive resistance upon certain treatment. 
Therefore, non-invasive visualization of CXCR4 in patients 
could help guiding cancer therapy and predict the outcome. In 
Chapter 6 we labeled AMD3100 with radioactive 99mTechnitium 
isotope in order to develop a CXCR4-specific microSPECT tracer. 
The stability of the tracer was tested by a cysteine challenge assay. 
In vitro receptor binding assay and internalization assay were 
performed using CXCR4 expressing Jurkat-T leukemic cells. The 
biodistribution of the tracer was studied in healthy mice and the 
tumor uptake was determined by microSPECT imaging in nude 
mice xenografted with human PC3 prostate tumors. Specificity 
of tracer uptake was determined by using an excess of unlabelled 
AMD3100.
 High-grade gliomas are difficult to treat and have a very 
poor prognosis, which can be mainly attributed to the fast spread 
of malignant cells in brain parenchyma. Since the development 
of a normal brain occurs under the spatial and temporal control 
of chemokine signaling, malignant glioma cells harnessed this 
system to spread within brain tissue. In Chapter 7 we performed 
a critical literature review to summarize the state of knowledge 
about the chemokine network in high-grade gliomas and its 
relevance as a clinical target for the treatment of these highly 
invasive tumors. 
 FPR1 receptor that mediates invasiveness of astrocytoma 
cells may be an important target in the treatment of these high-
grade brain tumors. Aggressive brain tumors are characterized by 
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necrotic areas and necrotic cell debris can activate FPR1 receptor 
on astrocytoma cells. However, the specific nature of ligands 
present in the necrotic material was not known. In Chapter 8 we 
performed in vitro calcium mobilisation and migration assays to 
test two human mitochondrial-derived peptides for their ability to 
activate FPR1 on U87 cells and on a cell line derived from primary 
astrocytoma grade IV patient material. Thereafter, we tested 
whether an anti-inflammatory compound Chemotaxis Inhibitory 
Protein of S. aureus (CHIPS) can inhibit FPR1 activation in vitro 
and in U87 xenografts implanted subcutaneously in NOD-SCID 
mice.
 Finally, in Chapter 9, the experimental results of this 
thesis are summarized, followed by a discussion on the scientific 
and clinical implications and directions for future research. 
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ABSTRACT 

Classical chemotherapeutic anti-cancer treatments induce cell death through DNA 
damage by taking advantage of the proliferative behaviour of cancer cells. The more 
recent approach of targeted therapy (usually protein-targeted) has led to many treatments 
that are currently available or are under development, all of which are designed to 
strike at the critical driving forces of cancer cells. The interaction of the cancer cells 
with their microenvironment is one of these fundamental features of neoplasms that 
could be targeted with such cancer treatments. Haematological and solid tumour cells 
interact with their microenvironment through membrane chemokine receptors and 
their corresponding ligands, which are expressed in the tumour microenvironment. 
Important representatives of this system are the chemokine ligand CXCL12 and its 
receptor chemokine receptor 4 (CXCR4). This interaction can be disrupted by CXCR4 
antagonists, and this concept is being used clinically to harvest haematopoietic stem/
progenitor cells from bone marrow. CXCR4 and CXCL12 also have roles in tumour growth 
and metastasis, and more recently their roles in cancer cell-tumour microenvironment 
interaction and angiogenesis have been studied. Our review focuses on these roles and 
summarises strategies for treating cancer by disrupting this interaction with special 
emphasis on the CXCR4/CXCL12 axis. Finally, we discuss ongoing clinical trials with 
several classes of CXCR4 inhibitors, and their potential additive value for patients with 
a (therapy resistant) malignancy by sensitising cancer cells to conventional therapy.
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INTRODUCTION

The growing appreciation of the role of the microenvironment in 
driving the cancer cell biology has improved the understanding 
of oncologic disease and accelerated the identification of new 
therapeutic targets. The chemokine receptor 4 (CXCR4) and its 
chemokine ligand 12 (CXCL12) are two key factors in the cross- 
talking between cancer cells and their microenvironment, what 
makes them promising targets for cancer therapy. In this review, 
we summarise the role of CXCR4 and CXCL12 in tumour growth, 
metastasis, angiogenesis, and cancer cell-microenvironment 
interaction. Furthermore, we discuss the potential benefits of 
targeting CXCR4 with specific inhibitors to disrupt CXCR4-
dependent tumour-stroma interactions. The relevance of CXCR4 
inhibition in the clinical setting is discussed, including past and 
ongoing clinical trials with several classes of CXCR4 inhibitors 
that could sensitise cancer cells for therapy.

THE CXCR4/CXCL12 AXIS

Chemokine receptors form a large family of proteins that 
mediate chemotaxis of cells towards a gradient of chemokines. 
CXCR4 is a G-protein coupled chemokine receptor, encoded on 
chromosome  2 (1). The receptor has a seven-transmembrane 
structure with seven helical regions connected by six 
extramembrane loops (2). CXCR4 exerts its biological effect 
by binding its ligand CXCL12 (3, 4) activating the downstream 
protein kinase B (AKT)/mitogen-activated protein kinases 
(MAPK) signalling pathway, leading to alteration of gene 
expression, actin polymerisation, cell skeleton rearrangement 
and cell migration (Figure 1). During embryonic development, 
CXCR4 is expressed on progenitor cells, allowing the migration 
from their place of origin to their final destination where they will 
differentiate into organs and tissues. CXCR4/CXCL12-deficient 
mice show a lethal phenotype, confirming the critical importance 
of CXCR4/CXCL12 in embryonic development (5). Phagocytic 
cells from the innate immune system, such as neutrophils and 
macrophages, express CXCR4. That allows them to migrate along 
a gradient of CXCL12 present at the site of inflammation (6, 7) In 
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Figure 1 Chemokine receptor 4 (CXCR4) signalling pathway in a cancer cell
Biological effects of chemokine ligand (CXCL12) are mediated by activation of CXCR4, coupled to G-protein. Upon 
ligand binding, the Gα-subunit of the G-protein exchanges guanosine diphosphate (GDP) for guanosine triphosphate 
(GTP) and then dissociates. Subsequently, the Gαq-subunit activates phospholipase C (PLC). This leads to conversion 
of phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglicerol (DAG) and inositol triphosphate (IP3) and calcium 
release, followed by protein kinase C (PKC) activation and phosphorylation of target proteins. In parallel, Gαi and 
Gβc-subunits activate phosphatidylinositol 3-kinase (PI3K), which leads to AKT pathway activation. At the same time, 
Gβc-subunit induces Ras protein kinase activation and subsequent mitogen-activated protein kinase (MAPK) signalling, 
including phosphorylation of extracellular signal-regulated kinase (ERK)1/2.
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the late 1990s, CXCR4 expressed on CD4+ T-cells was discovered 
to serve as a co-entry receptor for human immunodeficiency 
virus HIV-1 (8). The role of CXCR4 in several physiological and 
pathological circumstances is summarised in Table 1.

CXCR4/CXCL12 IN CANCER BIOLOGY

Role of CXCR4/CXCL12 in tumour growth and metastasis

A decade ago, researchers demonstrated the overexpression – 
relative to normal breast tissue – of CXCR4 by human breast 
cancer cell lines and primary and metastatic breast tumours (9) 
(Figure 2). Today, CXCR4 overexpression is known in more than 
20 human tumour types, including ovarian (10), prostate (11), 
oesophageal (12), melanoma (13), neuroblastoma (14) and renal 
cell carcinoma (15). Furthermore, the tumour growth-stimulating 
role of CXCR4 was confirmed by showing that CXCR4 antagonists 
inhibit tumour growth in multiple experimental orthotopic 
(16–18), subcutaneous human xenograft (19, 20) and transgenic 
(21) mouse models. In a transgenic breast cancer mouse model, 
treatment with the CXCR4 inhibitor CTCE-9908 resulted in a 56% 
reduction in primary tumour growth rate compared to controls 
receiving scrambled protein. Moreover, this coincided with a 42% 
reduction in vascular endothelial growth factor (VEGF) protein 
expression and 30% reduction in p-AKT/AKT expression (21).
 Preclinical pancreatic (22), thyroid (19), melanoma (23), 
prostate (11) and colon cancer (24) models revealed that directed 
metastasis of cancer cells is mediated by CXCR4 activation and 
migration of cancer cells towards CXCL12 expressing organs. 
For example, bone marrow, liver, lungs and lymph nodes exhibit 
peak expression levels of CXCL12 mRNA and represent the 
most common organs for homing of breast cancer metastasis 
(9). Experimental metastatic mouse models provided evidence 
that targeting CXCR4 impairs the spread of cancer cells and 
development of metastasis in breast cancer (9, 17, 18, 21) colon 
cancer (24), and prostate cancer (20), hepatocellular carcinoma 
(25), osteosarcoma and melanoma (13). Taken together, these 
data indicate that CXCR4 plays a decisive role in tumour growth 
and metastasis (Figure 3a). However, to fully comprehend the role 
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Table 1 Summary of physiological and pathological functions of CXCR4 (5-8)

Process Mechanism of action
Physiological functions

Immunity Leukocyte trafiicking to the inflammation site
Embryo implantation Blastocyst positioning in maternal endometrium
Embryogenesis Embryonic stem cell migration and positioning
Haematopoiesis Homing of haematopoietic stem/progenitor cells to the bone marrow
Brain development Proliferation and directed migration of normal and progenitor neural 

cells
Neoangiogenesis Recruitment of bone marrow-derived progenitor cells to the site of 

vasculature formation
Immune/autoimmune diseases

HIV infection Co-entry receptor for human immunodeficiency virus HIV-1
Ischaemia/wound healing Recruitment of vasculature-supporting bone marrow-derived 

progenitor cells to ischaemic site
Systemic lupus erythematosus Autoimmune leukocyte trafficking
Idiopathic pulmonary fibrosis Recruitment of bone marrow-derived progenitors (fibrocytes) to the 

lungs
Rheumatoid arthritis Recruitment of activated T-cells toward inflammation site
Allergic airway disease Accumulation of inflammatory leukocytes in the lungs

Oncology
Primary tumor growth Paracrine and/or autocrine stimulation of tumour cells proliferation
Metastasis Trafficking tumour cells to the target organs/tissues
Soluble-factor mediated drug resistance Trafficking tumour cells to niches rich in pro-survival factors
Tumor invasiveness Increased expression of metalloproteinases; migration into 

surrounding tissues
Angiogenesis VEGF/VEGFR upregulation
Vasculogenesis Recruitment of bone marrow-derived progenitor cells to the tumour 

site
CNS diseases

Brain injury Neural stem cell migration after injury
Multiple sclerosis CXCR4-mediated leukocyte accumulation in brain tissue
Stroke Infiltration of activated monocytes to the areas of ischaemic injury
HIV-associated encelopathy Co-entry receptor for HIV-1 infection of microglia



Figure 2 Timeline summarising the most important discoveries on chemokine receptor 4 (CXCR4)/chemokine ligand 
(CXCL12) axis
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of CXCR4 in progression of cancer to metastatic disease, better 
models such as transgenic mice, reflecting the natural course of 
the disease, are urgently needed. 
 In several retrospective studies, CXCR4 protein 
expression was investigated for its relationship with prognosis in 
several human tumour types (26, 27). In 71 primary cutaneous 
melanoma specimens, CXCR4 expression was correlated in 
multivariate analysis to an unfavourable prognosis, as compared 
to CXCR4 negative subjects. Median disease-free and overall 
survival was 22 and 35 months, respectively (hazard ratio (HR) 
relapse 2.5, 95% confidence interval (CI) 1.2–6.1, and HR death 
3.1, 95% CI 1.1–7.2) (26). Moreover, multivariate analysis of 
pre-treatment specimens from 52 patients with metastatic 
prostate cancer who underwent surgical or medical castration 
plus hormonal therapy with diethylstilbestrol diphosphate or 
chlormadinone acetate showed a correlation between high 
CXCR4 expression and poor cancer specific survival (P=0.0329, 
95% CI 0.284–0.948) (28). In a retrospective study in 75 colorectal 
cancer patients that underwent partial hepatectomy with curative 
intent, CXCR4 expression correlated independently with 5-year 
disease-specific survival (DSS). In a multivariate analysis of this 
study, immunohistochemistry of hepatic metastasis specimens 
showed an association between CXCR4 expression and DSS (HR 
3.6, 95% CI 1.4–9.1) and recurrence free survival (HR 2.2, 95% 
CI 1.2–4.2). The 5-year estimated DSS for all patients was 57%. 
For patients with positive (defined as cytoplasmic and/or nuclear 
staining and >10% positive tumour cells) and negative CXCR4 
tumour expression, DSS was 44 and 77%, respectively (P=0.005). 
Fifteen out of 17 patients with recurrent disease showed CXCR4 
expression (P=0.01). However the CXCR4 positive cohort 
consisted of significantly more males. When stratified by gender, 
the correlation between survival and CXCR4 expression was 
not longer significant (27). Therefore, currently there are not 
sufficient data available to conclude that CXCR4 expression in 
melanoma, prostate and colorectal tumours is an independent 
prognostic factor.

Role of CXCR4/CXCL12 in tumour cell-microenvironment 
interactions

An increasing number of preclinical cancer studies underscore the 
importance of the microenvironment in tumourigenic potential 
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of epithelial cells (29–31). The tumour microenvironment consists 
of resident non-cancerous cells (stromal fibroblasts, endothelial 
cells and immune cells), connective tissue and extracellular 
matrix, altogether supporting tumour structure, angiogenesis 
and growth (31). High levels of CXCL12 expressed by cancer 
cells and tumour-associated stromal cells directly stimulated the 
proliferation and invasiveness of breast cancer cells in an autocrine 
and paracrine manner (32). Moreover, in mouse models of 
human breast cancer (32) and prostate cancer (31), high CXCL12 
levels in the tumour attract CXCR4-positive inflammatory, 
vascular and stromal cells into the tumour mass, where they 
will eventually support the tumour growth by secreting growth 
factors, cytokines, chemokines and pro-angiogenic factors. 
CXCL12 is physiologically mainly expressed by mesenchymal 
stromal cells in various organs and tissues, such as the liver, lungs, 
lymphatic tissues and bone marrow (33). Preclinical mouse 
models of human multiple myeloma (MM), acute lymphocytic 
leukaemia (ALL), chronic lymphocytic leukaemia (CLL) and 
non-Hodgkin (NH) B-cell and T-cell lymphoma have shown 
that CXCR4 positive cancer cells can be recruited to CXCL12-
rich mesenchymal stroma niches. This recruitment of CXCR4 
positive cancer cells mimics the homing of normal stem cells to 
the bone marrow (33, 34) (Figure 3b). As initially shown in an 
acute promyelocytic leukaemia (APL) mouse model, cancer cells 
homed to bone marrow reside in a microenvironment that protects 
them in a CXCR4-dependent manner from chemotherapy (35). 
Several mechanisms are postulated to be involved in the CXCL12-
mediated survival of tumour cells in the stroma niche. As shown 
in an APL xenograft mouse model and in patient-derived APL 
cell lines, the protective effect of stromal cells is at least partially 
conferred by phosphorylation of phosphatidylinositol 3-kinase 
(PI3K)/AKT kinases and MAPK/extracellular signal- regulated 
kinases (ERK) (36). Moreover, CXCR4/CXCL12 mediated 
invasion of tumour cells in the stromal layer allows their direct 
attachment to stromal cells. Activated adhesion molecules, 
such as integrins, as shown on human PC3 prostate cancer 
cells, provided malignant cells with pro-survival signalling in 
vitro (37). This is thought to lead to adhesion-mediated drug 
resistance (33, 38). Finally, the CXCR4-positive tumour cells that 
lodged in the stromal microenvironment are exposed to pro-
survival, niche-specific soluble factors (33, 38) For instance, in 
a murine model of Burkitt’s lymphoma, genotoxic chemotherapy 
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induced a secretory phenotype in thymic stromal cells, leading to 
the release of interleukin (IL-6) and metalloproteinase inhibitor 
Timp-1 in the thymic microenvironment. In vitro, the presence of 
both factors increased lymphoma cell survival after doxorubicin 
treatment. In vivo, IL-6 and Timp-1 expression was associated 
with senescence of tumour cells, promoting their survival after 
chemotherapy treatment in the thymus (39). Acquisition of a 
quiescent phenotype is thought to be a feature that allows cancer 
cells to avoid chemotherapeutic toxicity (40, 41). In addition to 
IL-6 and Timp-1, the presence of the ligand Jagged-1, expressed 
in the bone marrow niche by stromal cells, also provides cancer 
cells with a survival advantage. In lymphoma and myeloma cell 
lines that express the receptor Notch-1, the binding of Jagged-1 
led to upregulation of p21Cip1/WAF1, cell cycle arrest and 
resistance to apoptosis induced by melphalan (40). The above 
findings indicate that CXCR4/CXCL12 signalling events present 
in the bone marrow niche can, directly or indirectly, contribute to 
resistance to chemotherapy in leukaemia (42) and solid tumours 
(39). Since the CXCL12-CXCR4 interaction is considered crucial 
for attracting tumour cells to the bone marrow niche, CXCR4 
inhibitors have been explored as chemosensitising agents in the 
field of leukaemia treatment (21, 35, 43, 44). In a murine APL 
model, soluble stroma-derived CXCL12 and direct contact with 
stromal cells both protected leukaemic cells from cytarabine and 
anthracycline chemotherapy. In this model, treatment with the 
CXCR4 inhibitor AMD3100 resulted in mobilisation of APL 
cells from the bone marrow micro- environment and increased 
tumour cell death from chemotherapy (35). This study indicates 
the potential of the AMD3100 as a chemosensitising agent. In 
a BALB/c mouse model with intravenously injected human 
acute myeloid leukaemia (AML) cells, treatment of mice with 
the CXCR4 antagonist AMD3465 mobilised AML cells from 
the bone marrow. The disrupted AML cells were therefore more 
susceptible to apoptosis induction by cytarabine (36). Functional 
inhibition of CXCR4 was measured in patient-derived AML 
cells in vitro and showed suppression of pro-survival PI3K/AKT 
kinases and MAPK pathways (36). 
 Most results on chemosensitisation by CXCR4 inhibition 
have been obtained in haematological mouse models. Therefore 
the findings in these models might not directly be applicable 
to the situation of solid tumours. Nonetheless, there is growing 
evidence that CXCR4-positive solid tumour cells, analogous 
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to leukaemic cells, also interfere with the microenvironment 
that favours their survival during anti-cancer therapy (21, 45–
47, 48). In the presence of stromal cells, small cell lung cancer 
(SCLC) cells were resistant to etoposide-induced apoptosis 
in vitro. The SCLC cell adhesion to fibronectin and collagen 
was ultimately proven in adhesion assays to be mediated by 
CXCR4/CXCL12 interaction. This protection was abrogated by 
a synthetic peptide TN14003 that binds CXCR4 and inhibits 
its receptor function (48). In a PyMT transgenic mouse model 
of mammary carcinoma, researchers studied a combination 
treatment consisting of the CXCL12 analogue CTCE-9908 with 
docetaxel or with anti-VEGF receptor antibody treatment. The 
results showed a stronger inhibition of primary tumour growth in 
mice treated with combination therapy (correlating all results to 
tumour volumes of non-treated controls): CTCE-9908 combined 
with docetaxel led to a tumour volume reduction of 38%, and 
when combined with anti-VEGF receptor antibody, a tumour 
volume reduction of 48% was reported. In comparison, in mice 
treated with docetaxel alone there was only a 19% reduction, 
and a 39% reduction with anti-VEGF receptor antibody alone 
(21). In an in vivo lung metastatic mouse model of human 
melanoma, the CXCR4 antagonist T22 sensitised melanoma 
cells for immune-augmenting low dose cyclophosphamide and 
anti-CTLA4 monoclonal antibody therapy, resulting in 70% 
and 50% fewer lung metastases, respectively, when compared 
to cyclophosphamide and anti-CTLA4 monoclonal antibody 
alone (45). In conclusion, numerous preclinical studies support 
the usage of CXCR4 antagonists in solid tumours for sensitising 
tumour cells to current chemotherapeutic therapies by disrupting 
CXCR4-dependent tumour-stroma interactions (35, 36, 43).

CXCR4/CXCL12 in vasculogenesis and angiogenesis

In tumour cells, VEGF and CXCR4 constitute a positive feedback 
loop, suggesting that CXCR4 can promote tumour angiogenesis 
(49). Indeed, high-dose CXCR4 inhibitor CTCE-9908 (50 mg/kg 
subcutaneously, 5 days per week) in a breast cancer transgenic 
mouse model lowered VEGF tumour levels by 42% and inhibited 
tumour growth by 45%, even as a single agent (21). Moreover, 
hypoxia induces upregulation of CXCL12 in glioblastoma cells, 
leading to the recruitment of CXCR4-positive bone marrow 
derived monocytes to the tumour, as shown in an orthotopic 
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Figure 3. Multiple functions of chemokine receptor 4 (CXCR4)/chemokine ligand (CXCL12) axis in tumour 
biology
A. CXCR4/CXCL12 axis plays a critical role in regulation of primary tumour growth and metastasis (9,16). 
Tumour-associated stromal cells constitutively express CXCL12 (32). This paracrine signalling stimulates the 
proliferation and survival of CXCR4-positive tumour cells. Moreover, CXCR4-expressing tumour cells migrate 
along the CXCL12 gradient to distant organs showing peak levels of CXCL12 expression, eventually leading to 
metastases. B. Tumour cells utilise CXCR4 to access the CXCL12-rich bone marrow microenvironment that 
favours their growth and survival. High levels of CXCL12 secretion by bone marrow stromal cells are essential 
for homing of CXCR4-expressing tumour cells. CXCR4 antagonists can inhibit the cross-talk between tumour 
and stromal cells and mobilise cancer cells from this protective microenvironment, making them more sensitive 
to conventional drugs (standard chemotherapy) (3, 33, 70) C. High expression of CXCL12 by tumour cells 
and tumour-associated stromal cells forms a local gradient of the chemokine in the tumour region. CXCR4-
expressing bone marrow derived progenitor cells are thus recruited to the tumour, where they contribute to 
the process of vasculogenesis by supporting newly formed blood vessels and by releasing other pro-angiogenic 
factors (38, 50, 51).

A B
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glioblastoma mouse model. Preclinical studies involving breast 
cancer, glioblastoma and neuroblastoma showed that recruited 
CXCR4-positive monocytes stimulate the formation of new 
tumour blood vessels (50–52) (Figure 3c). These monocytes 
lodge in the perivascular area and release angiogenic factors 
such as angiopoietin and VEGF-A, followed by the recruitment 
of bone marrow-derived endothelial and pericyte progenitors, 
which ultimately form the actual vasculature (50). CXCL12, 
both alone and in combination with VEGF-A (but not VEGF-A 
alone), is a crucial factor regulating tumour vasculature under 
hypoxic conditions. This was shown by polymerase chain 
reaction (PCR) analysis of vasculogenic and non-vasculogenic 
mouse and human gliomas in mice (53). Platelet derived growth 
factor D (PDGF-D) is another microenvironmental factor that 
plays a role in vasculogenesis of tumours by cross-talking with 
CXCR4. In a mouse breast cancer model, PDGF-D induced 
maturation and stabilisation of vessels by increasing pericyte 
coverage (54, 55). Moreover, overexpression of PDGF-D in 
breast cancer cells implanted orthotopically in mice resulted in 
a higher proliferation, less apoptosis and an increased expression 
of CXCR4 at mRNA (6-fold) and protein levels in breast cancer 
cells. This all coincided with a doubling of tumour growth and an 
almost 5-fold increase in the number of lymph node metastasis. 
Bioluminescent analyses of lymph nodes showed that anti- 
CXCR4 treatment with AMD3100 decreased metastases in mice 
with PDGF-D overexpressing tumours (55).

CXCR4 and CXCL12 induction by anti-cancer treatment

Invasive tumour growth induced by anti-angiogenic treatments 
such as sunitinib and bevacizumab is an intriguing phenomenon 
observed in preclinical in vivo studies (56–58). Interestingly, 
recent publications have reported upregulation of CXCR4 and 
CXCL12 occurring after certain types of anticancer therapy, 
particularly after anti-angiogenic treatment targeting the VEGF/ 
VEGFR pathway (59,60). The effect of the anti-VEGF-A antibody 
bevacizumab on expression of CXCR4 and CXCL12 was studied 
in rectal cancer patients. Gene expression profiles in the tumour 
cells and tumour-associated macrophages were studied in 
biopsies before monotherapy with bevacizumab and 12 days 
after treatment. It was shown that anti-VEGF-A treatment 
with bevacizumab upregulated CXCL12 and CXCR4 mRNA 
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expression in tumour cells (61, 62). 
 As shown in a study of 53 rectal cancer patients 
undergoing preoperative chemoradiotherapy, high baseline 
expression of CXCR4 and CXCL12 mRNA in primary rectal 
cancer was associated with distant recurrence and poor prognosis 
(62). It was therefore postulated that CXCR4 inhibition might 
improve patient outcome. This concept was studied in an 
intracranial glioblastoma mouse model, where local irradiation 
of the tumours resulted in hypoxia and CXCR4 and CXCL12 
upregulation in the glioma cells and enhanced the vasculogenesis 
of the tumours. Combination therapy consisting of irradiation 
and CXCR4 inhibition with AMD3100 decreased vasculogenesis 
and abrogated tumour recurrence within the 100-day follow-up 
period (59). 
 Chemotherapy can also lead to specific enrichment of 
CXCR4-expressing chemoresistant tumour cells, as shown in 
an orthotopic metastatic melanoma model (46). Even though 
the treatment with dacarbazine reduced primary tumour size 
in these mice, lymph node and lung related metastases were 
not attenuated. Moreover, dacarbazine treatment increased the 
percentage of CD133+/CXCR4+ cells in the tumour by 5–7 times. 
In contrast, although dacarbazine combined with AMD3100 was 
not more potent in inhibiting primary tumour growth, it blocked 
the lodging of CD133+/CXCR4+ melanoma cells in lymph nodes 
by 62% and in lungs by 49%, compared to the vehicle treatment 
(46).
 Furthermore, in non-tumour bearing mice, 
chemotherapeutic drugs such as paclitaxel and docetaxel 
can  induce mobilisation of bone marrow-derived endothelial 
progenitor cells. In mice bearing subcutaneous Lewis lung 
carcinoma, the mobilised bone marrow-derived endothelial 
progenitor cells homed to the tumours (60). The researchers 
suggested that this mechanism promotes angiogenesis and 
tumour cell repopulation after paclitaxel treatment (60). 
Systemic induction of CXCL12 is largely responsible for this 
acute mobilisation of progenitor cells. In a melanoma mouse 
model, treatment with paclitaxel-based chemotherapy resulted 
in the release of CXCL12 from platelets into the serum 4 h post-
treatment. These elevated serum CXCL12 levels were associated 
with homing of circulating endothelial progenitors to the tumour 
and enhanced tumour vascularisation. Combined treatment 
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with paclitaxel and anti-CXCL12 antibodies neutralised CXCL12 
serum levels, and the induction of circulating endothelial 
progenitor cells was blocked within 24 h post-treatment. 
Interestingly, the same effect was also observed in patients. 
The number of circulating endothelial progenitor cells and the 
serum CXCL12 levels in 12 patients treated with paclitaxel-based 
therapy were both raised, compared to 18 patients who received 
gemcitabine, doxorubicin, or cisplatin-based therapies (60). 
 In conclusion, these data demonstrate that treatment 
with VEGF/VEGFR targeting agents, radiotherapy or taxanes 
can upregulate CXCR4 and CXCL12 in several tumour types, 
resulting in enhanced invasive and metastatic tumour growth. 
In addition, enhanced serum CXCL12 post-treatment levels lead 
to recruitment of haematopoietic progenitor cells to the tumour, 
followed by augmented tumour vascularisation.

CLINICAL EXPERIENCE WITH CXCR4 INHIBITION

The first clinical trials with CXCR4 inhibitor, AMD3100 were 
designed for treatment of human immunodeficiency virus 
(HIV). Interestingly, a rapid increased amount of white blood 
cells within 6–9 h after the AMD3100 injection was observed 
in the phase I clinical trials in healthy volunteers (63). This 
finding led to the discovery that AMD3100 mobilises CD34+ 
human haematopoietic stem and progenitor cells from the bone 
marrow to peripheral blood (64). Finally, AMD3100 (Mozobil, 
plerixafor) was approved by Food and Drug Administration 
(FDA) as a mobiliser of haematopoietic CD34+ cells from the 
bone marrow to the circulation. AMD3100 combined with 
granulocyte-colony stimulating factor (G-CSF) is superior to 
G-CSF alone in mobilising CD34+ cells. It is approved for use in 
NH lymphoma and MM patients in combination with G-CSF to 
mobilise haematopoietic stem cell (HSC) to the peripheral blood 
for apheresis and subsequent autologous transplantation (65).
 Multiple preclinical studies in mouse models of leukaemia 
(35, 36, 43) have provided proof of concept for the greater benefits 
of combining CXCR4 inhibition with conventional chemotherapy 
relative to chemotherapy treatment alone. Therefore, in a first 
clinical trial, escalating doses of plerixafor were combined with 
intensive chemotherapy treatment in heavily pre-treated relapse 
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AML patients (66). In this phase I dose escalation study, at the 
two lowest dose levels (80 and 160 μg/kg), 1 of 3 patients achieved 
a complete remission. The CXCR4 inhibitor was well tolerated 
without hyperleukocytosis or significant delays in neutrophil 
recovery (median 30 days, range 24–40). In a consecutive phase 
II study, 46 relapsed AML patients were treated with CXCR4 
inhibition 4 h prior to mitoxantrone, etoposide and cytarabine 
chemotherapy, with overall complete remission rate of 46% 
(95% CI 30.9–61.0%), resulting in 1-year overall and relapse free 
survival of 37 and 42.9%, respectively. A twofold mobilisation 
in leukaemic blasts into the peripheral circulation was found. 
Although no definitive conclusions can be drawn from this 
small group, these results encourage further investigation of 
chemosensitising properties of plerixafor in cancer therapy (67).
 Plerixafor was also recently shown to be safe in 
combination with rituximab in phase I dose escalation study in 
patients with CLL. Seventeen patients were treated with rituximab 
intravenously 3 times a week for 4 weeks (100 mg flat dose at day 
1 and 375 mg/m2 on following days) combined with 0.08, 0.16, 
0.24 or 0.32 mg/kg plerixafor subcutaneously prior to rituximab 
starting at day 8. Plerixafor injections induced mobilisation of 
CLL cells to peripheral blood as measured on day 8 (3.8-fold) and 
day 26 (1.5-fold). Out of 14 evaluable patients, five showed partial 
response, three patients had stable disease and six had progressive 
disease. Grade 1 adverse effects, including diarrhoea, vomiting, 
nausea, appetite loss, headache, hypoaesthesia and paraesthesia 
were observed in five patients, whereas treatment-emergent 
serious adverse effects unrelated to plerixafor were observed 
in two patients. No maximum tolerated dose of plerixafor was 
achieved (68).
 Studies performed until now in AML and CLL  
demonstrate that combined therapy of plerixafor with   
conventional chemotherapy is safe and does not affect 
haematological recovery. However, the therapeutic profit of 
combination treatment still needs to be proven in further clinical 
trials.
 Another inhibitor of CXCR4/CXCL12 pathway, 
the CXCL12 peptide analogue CTCE-9908 (Chemokine 
Therapeutics Corp. Vancouver, Canada), was recently tested 
in phase I/II clinical trials as monotreatment in solid tumours. 
These studies were based on results derived from mouse models 
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Table 2 Clinical trials with CXCR4/CXCL12 pathway inhibitors

Abbreviations: EPC epithelial progenitor cell; DM diabetes mellitus; DPP dipeptidyl peptidase; (H)SCT 
(haematopoietic) stem cell transplantation; PBC peripheral blood cell; pt patient; SCID severe combined 
immunodeficiency; WHIMS warts, hypogammaglobulinaemia, infections and myelokathexis syndrome

Drug name Mechanism of action Indication Study 
phase

clicaltrials.gov 
number

Heart and vessel diseases
AMD3100 CXCR4 inhibitor renal impairment patients 1 NCT00445302

  EPC mobilisation for diabetic foot ulcer 1 NCT01353937
ACRX-100 SDF1α ischaemic heart failure 1 NCT01082094
Vildagliptin Cleaving SDF1 DM; progenitor cell and endothelial 

function
1, 2 NCT00936234

  DM;autologous bone marrow 
transplantation

2, 3 NCT01065298

Immune deficiency
TG-0054 CXCR4 inhibitor healthy people 1 NCT00822341
AMD(11)070 CXCR4 inhibitor human immunodeficiency virus 1, 2 NCT00361101; 

NCT00089466
AMD3100 CXCR4 inhibitor neutropenia (myelokathexis or WHIMS) 1 NCT01058993;

  SCID in children (HSCT) 2 NCT01182675
Haematology not malignant
AMD3100 CXCR4 inhibitor Fanconi anaemia, PBC mobilisation 1, 2 NCT00479115 ; 

  β thalassemia major; stem cell mobilisation 1 NCT01206075
Haematology malignant
MDX-1338/BMS-
936564

CXCR4 inhibitor acute myeloid leukaemia 1 NCT01120457; 
NCT0135965

NOX-A12 l-RNA to SDF1α dosage test healthy patient for HSCT 1 NCT00976378; 
NCT01194934

BKT-140 CXCR4 inhibitor multiple myeloma stem cell mobilisation 1, 2 NCT01010880
AMD3100 CXCR4 inhibitor stem cell mobilisation from healthy donors 

for HSCT
1, 2 NCT00075335; 

NCT00082329; 
NCT00322127 

post myeloablative allogeneic 
transplantation 

1, 2 NCT01026987; 
NCT01280955

  chemosensitisation in haematological 
disorders

1, 2 NCT00906945; 
NCT01319864

  PHANTASTIC trial; no chemo for SCT in 
lymphoma

1 NCT01186224

in haematological malignancy for HSCT 1, 2 NCT00733824; 
NCT01164345



Table 2 Clinical trials with CXCR4/CXCL12 pathway inhibitors

Abbreviations: EPC epithelial progenitor cell; DM diabetes mellitus; DPP dipeptidyl peptidase; (H)SCT 
(haematopoietic) stem cell transplantation; PBC peripheral blood cell; pt patient; SCID severe combined 
immunodeficiency; WHIMS warts, hypogammaglobulinaemia, infections and myelokathexis syndrome

Drug name Mechanism of action Indication Study 
phase

clicaltrials.gov 
number

  long term follow up of AMD3100 in 
haematologic malignancy

4 NCT00476294; 
NCT00741780 

  clinical and economic impact of upfront 
in SCT

4 NCT01339572

AMD3100 
+lenalidomide

CXCR4 inhibitor in multiple myeloma for SCT 2, 3 NCT00998049; 
NCT01301963

AMD3100 
+chemotherapy

CXCR4 inhibitor time alteration/timing of AMD3100 2 NCT01149863

  acute myeloid leukaemia/myeloproliferative 
disorder; acute myeloid leukaemia 18 trial; 

1, 2 NCT01095757; 
NCT01074060; 

  lymphoma after PBCSCT genetically 
engineered lymphocyte therapy

1, 2 NCT01318317

AMD3100 +MEC CXCR4 inhibitor acute myeloid leukaemia 1, 2 NCT00512252 

AMD3100 +BFT CXCR4 inhibitor acute myeloid leukaemia, myelodysplastic 
syndrome, chronic myeloid leukaemia

1, 2 NCT00822770

AMD3100 +Cyt 
and Dauno

CXCR4 inhibitor newly acute myeloid leukaemia 1 NCT00990054

AMD3100 
+vinorelbine

CXCR4 inhibitor myeloma/leukaemia 2 NCT01220375

AMD3100 
+azacitidine

CXCR4 inhibitor myelodysplastic syndrome 1 NCT01065129

AMD3100 
+sorafenib

CXCR4 inhibitor acute myeloid leukaemia pt with FLT3 
mutations

1 NCT00943943

AMD3100 +retux CXCR4 inhibitor chronic lymphoid leukaemia and small 
lymphocytic leukaemia; lymphoma

1, 2 NCT00694590; 
NCT01097057

  non-Hodgkin lymphoma/multiple myeloma 
previously failed HSCT

1, 2 NCT00444912; 
NCT00396331

AMD3100 + 
bortezomib

CXCR4 inhibitor relapsed multiple myeloma 1,2 NCT00903968

Solid tumours
MSX-122 CXCR4 inhibitor refractory metastatic or locally advanced 

solid tumours
1 NCT00591682

AMD3100 CXCR4 inhibitor with bevacizumab in glioblastoma 1 NCT01339039

  Ewing sarcoma, neuroblastoma, brain 
tumours

1,2 NCT01288573
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of osteosarcoma and melanoma, where CTCE-9908 reduced the 
number of metastases (13). In a phase I study in patients with 
advanced solid cancers, CTCE-9908 was well tolerated, and 5 
of 25 patients experienced stable disease (69). In July 2005, the 
FDA assigned orphan drug status to this drug for the treatment 
of osteosarcoma. Several other CXCR4 antagonists are currently 
being investigated in phase I/II trials (Table 2).

CONCLUSIONS

The interaction of cancer cells with their microenvironment, 
which protects the malignant cells from genotoxic stresses such 
as chemotherapy, is an attractive target to improve anti-cancer 
treatment. CXCR4 and CXCL12, which are expressed on both 
tumour and tumour surrounding cells, play an important role in 
the communication of cancer cells with their microenvironment. 
CXCR4 antagonists are potentially interesting drugs for sensitising 
tumour cells to chemotherapy. Further studies are needed in 
order to determine whether disruption of the interaction of 
solid cancer cells with their microenvironment can increase the 
efficacy of conventional therapies.
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ABSTRACT

Several in vitro and in vivo models have revealed the key role of CXCR4/CXCL12 axis 
in tumor-stroma interactions. Stromal cells present in the tumor microenvironment 
express high levels of CXCL12 protein, directly stimulating proliferation and migration 
of CXCR4-expressing cancer cells. This specific pro-survival influence of stromal cells 
on tumor cells is thought to protect them from cytotoxic chemotherapy and is postulated 
as a possible explanation for the minimal residual disease in hematological and solid 
cancers. Therefore, CXCR4/CXCL12 signaling is an attractive therapeutic target in cancer, 
as proven in preclinical leukemia mouse models, where CXCR4 inhibition sensitized 
cancer cells to conventional chemotherapy. In this study we investigated whether 
inhibition of CXCR4 with the specific inhibitor AMD3100 sensitizes human prostate 
cancer cells to docetaxel. We showed that both mouse and human stromal cell lines have 
a protective effect on PC3-Luc cells by promoting their survival after chemotherapy. 
Furthermore, we demonstrated that AMD3100 sensitizes PC3-Luc cells to docetaxel. In 
a subcutaneous xenograft mouse model of human prostate carcinoma, we showed that 
a combination of docetaxel and AMD3100 exerts increased antitumor effect compared 
with docetaxel alone. We concluded that CXCR4 inhibition chemosensitizes prostate 
cancer cells, both in vitro and in vivo. To explore the relevance of these findings, we 
analyzed CXCR4 expression levels in human prostate cancer samples. We found that 
cancer cells present in bone metastatic lesions express higher CXCR4 levels relative 
to the cells present in primary tumors and lymph node metastatic lesions. These 
findings underscore the potential of CXCR4 inhibitors as chemosensitizing agents.
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INTRODUCTION

The pivotal role of the chemokine receptor 4 (CXCR4) and its 
ligand (CXCL12) in the proliferation and metastasis of tumor 
cells, induction of angiogenesis, and invasive tumor growth has 
been recognized for over a decade (1). CXCR4 expression is an 
independent prognostic factor for poor overall survival not only 
in prostate cancer (2) but also in melanoma (3) and metastatic 
colorectal cancer (4). In patients with breast cancer, a high 
expression of CXCR4 is associated with poor survival (5).
 Stromal cells are thought to be a major source of 
CXCL12. In the bone marrow, constitutive CXCL12 secretion 
by stromal cells is crucial for homing and sustaining CXCR4-
expressing hematopoietic stem and progenitor cells (HSCs and 
HPCs) in their niches (6, 7). As shown in acute myeloid leukemia 
(AML) human xenotransplant mouse models, leukemic cells 
also localize in CXCL12-rich niches of bone marrow, where the 
protective microenvironment favors their growth and survival 
during cytotoxic treatment (8). In murine models of chronic 
myelogenous leukemia (9), acute myeloid leukemia (10), and 
chronic lymphocytic leukemia (11), it has been shown that CXCR4 
antagonists, such as the small-molecule AMD3100 (plerixafor, a 
drug that blocks the binding pocket of CXCR4), CXCL12 analogs 
(CTCE-9908), and T140 analogs (peptidic CXCR4 antagonists) 
can disrupt tumor-stroma interactions and mobilize leukemic 
cells to the peripheral blood, making them more sensitive to 
conventional anticancer drugs.
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 Interestingly, solid tumors also interact with the stromal 
microenvironment. In metastatic mouse models of osteosarcoma 
and melanoma (12) and in a transgenic breast cancer mouse 
model (13), it is shown that cancer cells metastasize preferentially 
to CXCL12-rich niches. A study in a prostate cancer mouse model 
revealed that prostate cancer cells home to the bone marrow 
through CXCR4/CXCL12 axis by competing with hematopoietic 
stem cells for the endosteal niches, from where both cell types 
can be mobilized by CXCR4 inhibition (14). Also, in a human 
breast cancer xenograft mouse model, in which cancer-associated 
fibroblasts were co-implanted, it was shown that breast cancer 
cells actively recruit stromal cells to the tumor, which, in turn, 
recruit CXCR4-positive bone marrow-derived progenitor cells. 
This stimulates angiogenesis and vasculogenesis and supports 
tumor growth (15). Strikingly, cancer-associated fibroblasts, but 
not normal fibroblasts, were shown to have the ability to promote 
progression of tumorigenesis of prostate epithelium in vivo and 
in an in vitro coculture system (16).
 The cancer cell microenvironment has recently become 
a topic of interest in prostate cancer research as well. Prostate 
cancer is the most common cancer in men and the second 
leading cause of cancer-related death in Western countries (17). 
The treatment of localized prostate cancer consists of surgery 
or radiotherapy with or without hormonal therapy, whereas in 
advanced disease, hormonal therapy based on androgen depletion 
is indicated (18, 19). For castrate-refractory prostate cancer 
patients with advanced disease, standard chemotherapy regimens 
with docetaxel (20) and cabazitaxel are available (21). However, 
the castrate-refractory prostate cancer has a striking preference 
for skeletal localization of distant metastasis (22). It has been 
postulated that the bone marrow stromal microenvironment 
provides a protective niche for cancer cells, leading to therapy 
resistance and possibly relapse of disease (23). Therefore, novel 
treatment options in prostate cancer, which target the cancer cell-
microenvironment interaction, are of interest.
 In this study, we questioned whether targeting the 
CXCR4/CXCL12 axis in prostate cancer interferes with the 
protective tumor-stromal microenvironment interactions and 
sensitizes cancer cells to docetaxel chemotherapy. Moreover, 
we aimed to explore the potential relevance of our findings by 
analyzing CXCR4 expression levels in patient samples of primary 
and metastatic prostate cancer.
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MATERIALS AND METHODS

Cell lines

Luciferase-transfected human metastatic prostate cancer cell 
line (PC3-Luc; Caliper Life Sciences, ’S-Hertogenbosch, the 
Netherlands) was cultured in Roswell Park Memorial Institute 
(RPMI) 1640 medium with 10% fetal bovine serum (FBS; Perbio 
Sciences, Breda, the Netherlands) and the breast cancer cell line 
(MDA-MB-231; ATCC, Wesel, Germany), included as a positive 
control, was cultured in Dulbecco modified Eagle medium with 
10% FBS and 1% L-glutamine. Human bone marrow–derived 
stromal cell line (HS27a; ATCC) was maintained in RPMI 1640 
with 10% FBS and the mouse bone marrow-derived stromal 
fibroblasts cell line (MS5; ATCC) in α-minimum essential 
medium with 10% FBS. All cell lines were maintained at 37 °C with 
5% CO2 in a humidified atmosphere. All media and supplements 
were obtained from Invitrogen (Bleiswijk, the Netherlands).

Drug sensitivity in the in vitro coculture model

PC3-Luc cells (or control cells MDA-MB-231) cells prelabeled 
with red fluorescent dye (DiI; Invitrogen) were plated in 24-
well plates on glass slides with or without precultured stromal 
monolayer (MS5 or HS27a). Cells were treated with docetaxel 
(LC Laboratories, Woburn, MA) in concentrations ranging from 
0.1 to 1 μM for 40 hours with or without 25 μg/ml AMD3100 
(Sigma, Zwijndrecht, the Netherlands) or with docetaxel with 
or without a 1:100 anti-hCXCL12 antibody (cross-reactive with 
mouse CXCL12 according to datasheet specifications; Abcam, 
Cambridge, United Kingdom). Glass slides were collected after 
treatment, fixed, and stained with 4’,6-diamidino-2- phenylindole 
(DAPI; Sigma). Tumor cell viability was assessed with nuclear 
DAPI staining based on the observation of the nuclear structure 
(intact vs fragmented nuclei). DiI staining was used to identify 
tumor cells in coculture.

Cell adhesion in the in vitro coculture model

PC3-Luc cells prelabeled with DiI were plated in 24-well plates 
on glass slides with MS5 monolayer in the presence or absence 
of 25 μg/ml AMD3100. The glass slides were collected and fixed 
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at 0 to 24 hours. The total number of adherent tumor cells was 
counted by fluorescent microscopy.

Cell migration assay

Transwell inserts (pore size, 8 μm) and lower wells were coated 
with 15 μg/ml collagen type I, incubated for 1 hour at 37 °C 
and blocked overnight with phosphate-buffered saline (PBS) 
containing 1% bovine serum albumin at 4 °C. Subsequently, the 
blocking buffer was removed, and the lower wells were loaded 
with 300 μl of 10−7 M CXCL12 in serum-free RPMI or serum-free 
RPMI only (negative control). 
 PC3-Luc cells were serum-starved overnight and 
harvested with enzyme-free cell detaching buffer. The cells 
were incubated with 25 μg/ml AMD3100 in serum-free RPMI 
or serum-free RPMI only for 30 minutes at 37 °C. Inserts were 
loaded with 12x104 cells in 150 μl per condition and were allowed 
to migrate for 4.5 hours at 37 °C. After migration, nonmigrated 
cells were removed with a cotton swab wetted in PBS. Cells at the 
bottom surface were fixed in 75% methanol/25% acidic acid for 
20 minutes at room temperature, stained with 0.25% Coomassie 
blue in 45% methanol/10% acidic acid for 20 minutes at room 
temperature, washed, air-dried, and mounted on a microscope 
slide. The number of migrated cells was calculated by counting 
cells from five fields of view per slide, with 40 x magnification 
with a counting grid.

CXCR4 membrane expression

PC3-Luc or MDA-MB-231 cells were incubated with 1:100 
polyclonal rabbit anti-hCXCR4 antibody (Abcam) or with PBS 
(2.7 mM KCl, potassium 1.8 mM KH2PO4, 137 mM NaCl, 10.1 mM 
Na2HPO4, pH=7.4) for 45 minutes on ice, followed by 30 minutes 
of incubation with mouse-anti rabbit antibody phycoerythrin-
labeled (Southern Biotech, Uithoorn, the Netherlands) and 
measured by FACSCalibur (Epics Elite; Coulter Electronics, 
Mijdrecht, the Netherlands). Data analysis was performed using 
Kaluza software (Beckman Coulter Nederland BV, Woerden, the 
Netherlands).

CXCL12 Enzyme-Linked Immunosorbent Assay

Medium from confluent MS5, HS27a, PC3-Luc, and MDA-
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MB-231 cell lines were sampled at 48 hours after plating in 
24-well plates and centrifuged to remove cell debris. CXCL12 
levels in medium were assayed with the Quantikine Human 
CXCL12/SDF1α Immunoassay kit (R&D Systems, Abingdon, 
United Kingdom) according to the manufacturer’s instructions. 
Measured levels were expressed as picograms CXCL12 per 1 mg 
of protein in cell lysate.

Cell viability assay

PC3-Luc cells were plated in 96-well plates and allowed to attach 
for 3 to 5 hours and then the medium was exchanged for MS5-
derived culture supernatant and cells were treated with increasing 
docetaxel concentrations (0.1-1 μM) alone or combined with 
25 μg/ml AMD3100 or 1:100 anti-hCXCL12 antibody. Survival 
of cells at day 3 was assessed by 1-(4,5-dimethylthiazol-2-yl)-3,5-
diphenylformazan (MTT; Sigma) as described previously (24).

Apoptosis assay

PC3-Luc cells were plated in 96-well plate with or without 
precultured MS5 stromal monolayer. Once attached, cells were 
treated with increasing docetaxel concentrations (0.1-1 μM) alone 
or combined with 25 μg/ml AMD3100 or 1:100 anti-hCXCL12 
antibody. MS5 cells alone were treated with all conditions as well 
to assess the background level of apoptosis of stromal cells. After 
40 hours, acridine orange was added to each well to distinguish 
apoptotic from viable cells. The intensity of apoptotic staining was 
assessed by fluorescence microscopy, and apoptosis was defined 
based on the chromatin condensation and presence of apoptotic 
bodies. For every condition in coculture, the background level of 
stromal cells apoptosis was extracted to assess the apoptosis of 
PC3-Luc cells only. At least 300 PC3-Luc cells per condition were 
scored. Results are expressed as a percentage of apoptotic cells.

Tumor xenografts and in vivo treatment

Male Hsd:Athymic Nude-Foxn1nu 6 to 8 weeks old were injected 
subcutaneously with 3x106 PC3-Luc cells in 100 μl of PBS into 
the dorsal region. Tumor size was measured three times per week 
with a caliper. All experiments were performed under anesthesia 
by isoflurane inhalation (3% for induction, 1.5% for maintenance) 
and approved by the ethical committee of the University of 
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Groningen, the Netherlands. At day 14 after inoculation, tumors 
were established (ranging from 100 to 200 mm3, calculated as 100% 
of tumor size), and mice were randomized into four treatment 
groups: 1) sterile water intraperitoneally (ip) daily five times per 
week (control group, n=9), 2) docetaxel 10 mg/kg ip once weekly 
and sterile water ip on the remaining 4 days (n=5), 3) AMD3100 
3.5 mg/kg ip daily five times per week (n=9), and 4) combination 
treatment of docetaxel and AMD3100 (n=6). After 5 weeks of 
treatment, or when humane end points (ulceration or tumor 
size >2 cm3) were reached, animals were killed and tumors were 
excised, weighed, formalin-fixed and paraffin-embedded (FFPE), 
and subjected to immunohistochemical staining with rabbit 
anti–human CXCR4 and mouse anti–human CXCL12 antibodies 
(Abcam).

Bioluminescent imaging of tumor growth

Tumors were imaged twice weekly with an IVIS bioluminescent 
camera (Caliper Life Sciences) 10 minutes after injection with 
150 mg/kg D-luciferin (Caliper Life Sciences) with the following 
camera settings: f/stop1, small binning, and 10 seconds of 
exposure time. Data were analyzed with LivingImage 3.0 (Caliper 
Life Sciences).

Human tumor tissue collection and immunohistochemical 
staining

Archival tissue specimens from primary prostate tumors, lymph 
node, and bone metastases were obtained from the University 
Medical Center Groningen in the Netherlands. Primary prostate 
cancer tissues (Gleason stage 6-9) were randomly selected 
from 15 radical prostatectomies between 2009 and 2010. Bone 
metastasis specimens (Gleason stage 8-10) of 15 patients were 
randomly obtained as biopsies for a single metastatic lesion or 
from tumor tissue obtained after neurosurgery or orthopedic 
surgery in symptomatic bone metastases. Lymph node metastatic 
tissue (Gleason score 6-10) was randomly obtained from nodal 
staging in 15 patients between 2005 and 2007. Only clinical 
cases without neoadjuvant androgen deprivation were selected. 
All tissue specimens were encoded with unique numbers. 
According to Dutch law, no further institutional review board 
approval was required (www.federa.org). FFPE tissue specimens 
were mounted on slides as a whole tissue sections and stained 
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with hematoxylin and eosin. CXCR4 expression was assessed 
by staining with rabbit anti-human CXCR4 antibody (Abcam), 
secondary goat anti-rabbit antibody conjugated to peroxidase 
(DAKO, Heverlee, Belgium), and subsequent tertiary rabbit anti-
goat conjugated to peroxidase (DAKO). Staining was visualized 
by 3,3’-diaminobenzidine. FFPE cervical cancer cells (HeLa) 
overexpressing CXCR4 served as a positive control.

Quantification of immunohistochemical staining

The intensity of CXCR4 and CXCL12 staining was 
semiquantitatively scored in scale ranging from 0 (no staining), 
1 (weak intensity), 2 (moderate intensity), to 3 (strong intensity) 
in five randomly distributed fields of view (40x) per sample. 
Subsequently, whole samples were classified as positive or 
negative, based on the sum of all intensity scores per specimen. 
When the sum of all scores per sample was higher than 5, the 
sample was defined as CXCR4- or CXCL12-positive.

Statistical analysis

All in vitro experiments were repeated three times. Results were  
expressed as mean ± SD. Statistical analysis was performed using 
the 2-tailed t test for parametric data or with χ2 test for categorical 
values. P<0.05 was considered statistically significant. Statistical 
analysis was performed with GraphPad Prism 5 software.

RESULTS

Stromal cells protect prostate cancer cells from docetaxel-induced 
cytotoxicity

The influence of stromal cells on viability of PC3-Luc on docetaxel 
(Figure 1, A and C) was evaluated with a fluorescence-based cell 
viability assay. PC3-Luc cells cultured alone were sensitive to 
docetaxel in a dose-dependent manner with a survival of 14% 
± 5.1% at 1 μM docetaxel. In contrast, prostate cancer cells 
showed much higher levels of viability in the presence of stroma 
(P<0.0001). After incubation with 1 μM docetaxel, 61.8% ± 
3.4% viable cells remained. The stromal layer seemed to protect 
PC3-Luc cells by preventing induction of their apoptosis on 
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Figure 1
A. Viability of PC3-luc cells after docetaxel treatment with or without the presence of MS5 stromal cell line.                  
B. Apoptosis of PC3-Luc cells after docetaxel treatment with or without MS5 stromal cell line. C. Exemplary figures 
presenting the assessment of PC3-Luc cell viability by fluorescence microscopy (40x). The nuclei (blue, DAPI) are 
round and intact with visible nucleoli in viable cells, whereas nuclei of  apoptotic PC3-Luc cells are condensed and 
fragmented. Cytoplasm visualized in red (DiI) shows regular structure in viable cells, whereas it is condensed in 
apoptotic cells. D. Exemplary pictures representing the assessment of apoptosis of PC3-Luc cell line  obtained by 
fluorescence microscopy (40x magnification). Apoptotic cells, defined by chromatin condensation and presence of 
apoptotic bodies, are indicated by arrows. *P<0.05, **P<0.005, ***P<0.0005. 
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chemotherapy (Figure 1, B and D). At 1 μM docetaxel, 83% ± 
5.5% apoptosis in PC3-Luc cultured alone compared with 53% 
± 6.5% apoptosis in PC3-Luc in the presence of mouse stromal 
monolayer (P<0.005) was found.

Tumor-stroma interactions in coculture are CXCR4/CXCL12 
dependent

The expression of CXCR4 on PC3-Luc was shown by FACS 
analysis (Figure 2A), where the mean fluorescence intensity (MFI) 
reached 9.83 ± 2.5, whereas the MFI of the control sample was 
2.31 ± 0.7 (P=0.0001). The CXCR4-expressing breast cancer cell 
line MDA- MB-231 served as control (MFI 15.20 ± 1.34 vs MFI 
of negative control 3.96 ± 0.93, P=0.0005). Moreover, as shown 
by ELISA assay, CXCL12 was constitutively expressed in culture 
medium derived from both MS5 (1547.42 ± 731.89 pg/1  mg 
protein) and HS27a (173.74 ± 106.18 pg/1 mg protein) cell lines 
(Figure 2B). Both in the PC3-Luc and MDA-MB-231 cell culture 
media, CXCL12 levels were below the mean minimum detectable 
dose of the ELISA kit, given as 18 pg/ml (data not shown).
 Next, the interaction between stromal cells and PC3-Luc 
in a co-culture model was shown to be CXCR4 dependent in a 
cell adhesion assay. About 100% of PC3-Luc cells were attached 
to the stroma layer 24 hours after plating, Treatment with                         
25 μg/ml AMD3100 reduced the percentage of PC3-Luc cells 
attached to the stroma layer to 43.0% ± 9.7% (P<0.0001) at 24 
hours (Figure 2C). As the primary function of the CXCR4 
receptor expressed on prostate cancer cells is induction of cell 
migration, the Transwell migration assay was performed to test 
the receptor functionality (Figure 2D). PC3-Luc cells migrated 
toward the gradient of CXCL12 (173 ± 19 cells migrated), and 
this process could be inhibited (P=0.02) by preincubating the 
cells with 25 μg/ml AMD3100 (116 ± 20 cells migrated).

CXCR4/CXCL12 inhibition sensitizes prostate cancer cells to 
docetaxel treatment in vitro

To show that the reduced docetaxel cytotoxicity in the presence 
of stroma was related to the CXCR4/CXCL12 axis, the docetaxel 
treatment was combined with 25 μg/ml AMD3100 (Figure 3A, 
left and middle panels). The addition of AMD3100 abolished 
the protective stroma effect and decreased PC3-Luc cell viability 
levels again to 19.9% ± 8.7% (P=0.001). Similarly, the inhibition 
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Figure 2
A. Membrane expression of CXCR4 on PC3-Luc (left panel) and MDA-MB-231 (right panel) cancer cell lines 
presented as mean fluorescence intensity (FL2-H/PE) of cells stained with (dark-gray histogram) or without 
(light-gray histogram) CXCR4 antibody. B. Constitutive levels of CXCL12 produced by mouse (MS5) and human 
(HS27a) stromal cell lines. C. Adhesion of PC3-luc cells to the layer of murine stromal cells (MS5) in time, in the 
presence or absence of 25 μg/ml AMD3100. w Quantification of PC3-luc cell migration toward 10−7 M CXCL12 
with or without 25 μg/ml AMD3100. *P=0.005, **P=0.0001.
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of CXCL12 with anti-CXCL12 antibody resulted in sensitization 
of prostate cancer cells to docetaxel in the presence of stromal 
cells (P<0.0001). In PC3-Luc cells cultured alone, no differences 
in cell viability were found between treatments with docetaxel 
alone and combined with AMD3100 or anti-CXCL12 antibody. 
These results were confirmed by the apoptosis assay, where 
CXCR4/CXCL12 inhibition sensitized PC3-Luc cocultured with 
mouse stromal cell line to docetaxel (data not shown).
 Human bone marrow–derived stromal fibroblasts HS27a 
cell line (Figure 3A, right panel) was also shown to protect PC3-
Luc for docetaxel- induced cytotoxicity (19% ± 6% of viable cells 
in the presence of HS27a vs 4% ± 1% of viable tumor cells in 
the absence of HS27a) after 1 μM docetaxel treatment (P=0.02). 
The stromal protection from docetaxel was neutralized both by 
treatment with AMD3100, lowering PC3-Luc cell viability to 10% 
± 2% (P=0.04), and by anti-CXCL12 antibody, resulting in 10% ± 
1.7% of viable cells (P=0.049).
 The same role of CXCR4/CXCL12 signaling in the 
stromal cell-mediated effect was shown for the MDA-MB-231 
breast cancer cell line (Figure 3B). MDA-MB-231 cells treated 
with docetaxel showed 12% ± 4% viable cells after 1 μM docetaxel. 
However, in the presence of MS5 stroma cells, 39% ± 8% of 
MDA-MB-231 cells remained viable cells after 1 μM docetaxel 
(P=0.01). Both AMD3100 and anti-CXCL12 antibody treatment 
in the presence of mouse stroma seemed to sensitize breast cancer 
cells; tumor cell viability fell to 21% ± 7% (P=0.04) and 12% ± 6% 
(P=0.02).
 This sensitizing effect was absent when MDA-MB-231 
cells were cultured alone. Similar results were observed when 
MDA-MB-231 cells were cocultured with human stromal cells 
(right panel). Both AMD3100 (P=0.0005) and anti-CXCL12 
(P=0.004) antibody sensitized breast cancer cells to docetaxel.
 Finally, the conditioned medium of mouse stroma cells 
harvested after 48 hours of culture seemed to protect PC3-Luc 
cells from docetaxel (Figure 3C), and this effect could be reversed 
by treatment with both CXCR4 inhibitor (P=0.006) and with 
CXCL12-blocking antibody (P=0.008), as shown by MTT assay.

AMD3100 sensitizes prostate cancer to docetaxel in vivo 

Finally, to prove a role of CXCR4/CXCL12 signaling in 
chemosensitivity of prostate cancer cells in the in vivo setting, 
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Figure 3 
A, B. Viability of PC3-Luc (A) or MDA-MB-231 (B) cells, cultured alone (left panels), with MS5 stromal cell lines 
(middle panels) or with HS27a stromal cell line (right panels) and treated for 40 hours with docetaxel alone or in 
combination either with AMD3100 or with anti-CXCL12 antibody. C. Viability of PC3-Luc cells cultured with MS5 
derived medium after treatment with docetaxel alone or in combination with AMD3100 or CXCL12 antibody assessed 
by MTT assay. *P<0.5, **P=0.005, ***P<0.0005. 
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treatment of docetaxel was combined with AMD3100 in a 
subcutaneous xenograft model of prostate cancer (Figure 4). After 
19 days, mice treated with placebo or AMD3100 had reached 
the defined humane end point because of tumor size (>2  cm3) 
and/or tumor ulceration. Mice treated with docetaxel and the 
combination of docetaxel and AMD3100 showed delayed tumor 
growth compared with that of the control group (P<0.04  and 
P<0.03, respectively). Tumors in mice treated with docetaxel or 
the combination of docetaxel and AMD3100 were initially, until 
21 days, growing at comparable rates. Thereafter, tumors in mice 
treated with docetaxel continued growing, reaching 572% ± 
193% of the initial tumor size at the end of experiment (day 35), 
whereas tumors treated with the combination of docetaxel and 
AMD3100 grew slower, reaching 235% ± 47% of the initial tumor 
size (P=0.01).

Docetaxel therapy causes increased CXCR4 expression in prostate 
cancer cells in vivo

Although mice were only engrafted with solid tumors, histology 
of the excised tumors revealed that the tumors were extensively 
invaded by spindle-shaped stromal cells with small nuclei 
(Figure 5). CXCR4 staining revealed that only 20% of specimens 
from the control group showed CXCR4 expression, whereas in 
docetaxel-treated group 50% of samples were CXCR4-positive 
(P<0.0001). CXCL12 staining showed that, in 25% of control 
tumor specimens, CXCL12 was expressed, whereas after treatment 
with AMD3100 alone or in combination with docetaxel, CXCL12 
expression was present in 50% of specimens (P=0.0004). In the 
docetaxel-treated group, all the tumor specimens were CXCL12-
negative (P<0.0001 vs control).

Bone metastatic lesions from prostate cancer patients show 
increased expression of CXCR4

Finally, the expression of CXCR4 in unpaired human prostate 
cancer specimens obtained from primary tumors, lymph node, 
and bone metastases was analyzed. Immunohistochemical 
staining showed that all the specimens from primary prostate 
cancer lesions were CXCR4-negative, whereas 13% of the samples 
derived from lymph node metastatic lesions showed cytoplasmic 
CXCR4 staining (P=0.0002 vs primary tumor samples). Strikingly, 
67% of the bone marrow specimens with tumor involvement 
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Figure 4. 
A. Tumor volumes expressed as a percentage of tumor growth related to volume at the start of treatment. *P=0.01.        
B. Representative BLI images of mice from respective treatment groups at days 0, 19, and 35 after the start of treatment.
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showed CXCR4 expression (P<0.0001 vs primary tumors). 
Notably, as shown in Figure 6, nuclear localization of CXCR4 was 
observed in tumor cells present in the bone lesions, as opposed 
to primary and lymph node-localized tumor cells, which showed 
mainly cytoplasmic staining.

DISCUSSION

In this study, we demonstrated that the stromal microenvironment 
protects PC3-Luc prostate cancer cells from docetaxel 
chemotherapy. Inhibition of CXCR4 with AMD3100 sensitized 
prostate cancer cells for docetaxel in the presence of stromal 
cells in in vitro and in vivo models. Moreover, our exploratory 
study in prostate cancer patient specimens showed that CXCR4 
is upregulated in bone marrow metastatic lesions compared with 
primary lesions and lymph node metastases.
 The chemoprotective role of stromal cells has been 
widely acknowledged as one of the crucial factors directing 
the response of various types of cancer cells to conventional 
treatment (23). Soluble factors released by stromal cells, such as 
CXCL12, attract CXCR4-expressing cancer cells to the stromal 
microenvironment. Here, they are exposed to multiple stroma-
derived factors, including interleukin 6 and transforming 
growth factor β, which have been shown to exert a pro-survival 
effect on breast, pancreatic, and melanoma tumor cells (25-27). 
In this way, the specific microenvironmental niche protects 
CXCR4- expressing cancer cells from genotoxic stress, such as 
chemotherapy (23, 28). Indeed, several preclinical in vivo studies 
with leukemic mouse models have demonstrated that interaction 
of CXCR4-positive leukemic cells with the CXCL12-rich 
bone marrow microenvironment protects leukemic cells from 
chemotherapy (6, 10). Interestingly, prostate cancer cells, such as 
CXCR4-expressing leukemic cells, are also home to the CXCL12-
expressing niches (14, 28, 29). On the basis of this, we postulated 
that stromal microenvironment protects prostate cancer cells 
from chemotherapy through CXCR4/CXCL12 interaction.
 Our study has shown that both mouse and human 
bone marrow-derived stromal cells protect prostate cancer cells 
from docetaxel-induced toxicity in vitro. Moreover, we have 
demonstrated that the interaction between prostate cancer cells 
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Figure 5
A. Representative images of immunohistochemical staining of PC3-Luc xenografts 
with hematoxylin and eosin, CXCR4 and CXCL12 (as indicated in rows) from 
respective treatment groups (as indicated in columns). B. Quantification of CXCR4 
(left panel) and CXCL12 (right panel) staining. *P≤0.0004, **P<0.0001 compared 
with control. 
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and stroma is CXCR4/CXCL12 dependent and that it is directly 
conferred by soluble CXCL12 released by stromal cells. Our 
results are supported by a recently published study, in which in 
a prostate cancer mouse model CXCR4-positive tumor cells were 
shown to home in to the CXCL12-rich bone marrow niche (14).
 To test whether targeting CXCR4 sensitizes prostate 
cancer cells to chemotherapy by disrupting their CXCR4/
CXCL12–dependent interaction with stroma, we used 
AMD3100, a CXCR4 inhibitor approved by the Food and Drug 
Administration. AMD3100 is used for mobilization of HSCs from 
the bone marrow to peripheral blood in non–Hodgkin lymphoma 
and multiple myeloma (30). It exerts the mobilization effect by 
blocking the CXCR4-dependent interaction between HSCs and 
bone marrow stroma. In our in vitro model, indeed, AMD3100 
disrupted the interaction between prostate cancer cells and bone 
marrow stroma, sensitizing the former to docetaxel. Our xenograft 
models showed that this finding persisted in the in vivo setting 
by showing a clear chemosensitizing effect of CXCR4 inhibition 
in mice treated with a combination of AMD3100 and docetaxel. 
Treatment with AMD3100 alone did not affect the tumor growth. 
Studies investigating the direct effect of drugs interfering with 
the CXCL12/CXCR4 axis on tumor growth show conflicting 
results, and differences between different drugs were described. 
In a prostate cancer mouse model, CXCR4-positive PC3 tumors 
transfected with Bcl-2 or with empty vector were treated with the 
peptide antagonist CTCE-9908. Although Bcl-2-overexpressing 
tumors were sensitive to CXCR4 inhibition, the wild-type tumors 
showed no significant tumor growth delay on CTCE-9908 
treatment (31). In addition, AMD3100 monotherapy in other 
tumor types, such as a breast cancer metastatic mouse model 
(32) and a mouse model of acute myeloid leukemia (10), showed 
no differences in tumor growth between vehicle and AMD3100 
treatment, although in the latter study, AMD3100 sensitized mice 
to bortezomib and cytarabine therapy. Two other studies using 
breast cancer mouse models (13, 33) showed that treatment of 
the mice CTCE-9908 resulted in inhibition of the growth rate of 
primary tumor. In orthotopic glioma mouse models treatment 
with 1.25 mg/kg AMD3100 showed tumor growth inhibition in 
mice (34), whereas in other studies, treatment with doses of 10 
and 5 mg/kg, respectively, did not (35, 36). On the basis of these 
studies, it seems that treatment with CTCE-9908 monotherapy 
might have more repressing effect on tumor growth than that 
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Figure 6 
Representative images of CXCR4 immunohistochemical staining on human prostate cancer 
specimens from primary tumors (P), lymph node metastasis (LNM), and bone metastasis 
(BM) and quantification of CXCR4 staining in respective lesions (lower right panel). *P≤0.0002 
compared with primary tumor. 
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with AMD3100. Our in vivo data are also supported by in vitro 
results, clearly showing that AMD3100 therapy alone does not 
have a cytotoxic effect on PC3-Luc cells because they can be 
chemosensitized by CXCR4 inhibition only in the presence of 
stroma. Moreover, CXCL12 was not expressed by investigated 
cancer cells, excluding the possibility of the direct toxicity of 
AMD3100 due to the autocrine stimulation loop.
 The rationale for the chemosensitization of prostate 
cancer by CXCR4 inhibition was provided by a study of acute 
promyelocytic leukemia mouse model. There, AMD3100 
treatment resulted in mobilization of acute promyelocytic  
leukemia cells from the protective bone marrow  
microenvironment and increased tumor cell death from 
chemotherapy (6). These preclinical studies provided proof-of-
concept for phase 1/2 clinical trials in which patients with relapsed 
AML (37, 38) and CLL (39) received intensive chemotherapy 
plus escalating doses of AMD3100. These studies demonstrated 
that AMD3100 combined with conventional chemotherapy is 
safe and does not affect hematological recovery, dispelling the 
common fear that mobilized normal HSCs will be affected by 
chemotherapy. Moreover, the 56% of the 1-year overall survival 
in 34 patients with AML treated with AMD3100 4 hours before 
mitoxantrone, etoposide, and cytarabine is a very promising 
result.
 For solid tumors, the chemosensitization effect was also 
found in a transgenic breast cancer mouse model (13). Mice 
treated with the combination docetaxel and CXCL12 analog 
CTCE-9908 showed a 38% decreased tumor volume-a larger effect 
than that observed with docetaxel alone. In glioma-bearing mice, 
treatment of AMD3100 synergized with subtherapeutic doses 
of 1,3-bis(2-chloroethyl)-1-nitrosourea, resulting in enhanced 
tumor regression (35). In our study, AMD3100 sensitized both 
CXCR4 positive prostate cancer (PC3-Luc) and breast cancer 
(MDA-MB-231) cells line after treatment with docetaxel, 
suggesting that targeting CXCR4 can be of additional value in a 
wide range of CXCR4-expressing cancers.
 To analyze the potential relevance of our findings, we 
evaluated the CXCR4 expression levels in an unpaired set of 
prostate cancer patient specimens coming from either primary 
tumors or metastatic lesions. Our results showed that CXCR4 
expression is higher in bone metastases compared with primary 
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tumor tissue, whereas this up-regulation was not observed in 
such an extent in lymph node metastatic lesions. These results 
are compatible with the findings of Shiozawa et al. (14) and 
underscore the importance of the unique local microenvironment 
in the bone marrow for the biologic behavior of prostate cancer 
cells.
 Interestingly, immunostaining of prostate tumors from 
the docetaxel-treated xenografted mice showed an up-regulation 
of CXCR4 receptors compared with the untreated tumors. 
Increased CXCR4 expression can potentially lead to cancer cells 
with heightened invasive capacity. Comparable results were 
found by targeting the VEGF pathway, either by anti-VEGFR2 
antibody DC101, or multitargeted anti- angiogenic kinase 
inhibitor sunitinib, or by Vegf-A gene knockout in mouse models 
of pancreatic neuroendocrine carcinoma and glioblastoma (40). 
Besides antitumor effects, tumor adaptation was concomitantly 
elicited and progression to higher stages of malignancy occurred, 
in some cases involving increased lymphatic and distant 
metastasis. These observations support further exploration of 
adding CXCR4 inhibitors to conventional therapy.
 In summary, our study showed that CXCR4 inhibition 
sensitizes prostate cancer cells to docetaxel, both in vitro and 
in vivo. Current treatment strategies for metastasized prostate 
cancer with chemotherapy, radiotherapy, or hormonal therapy 
neglect the interaction of cancer cells with the protective 
microenvironment. Disrupting this interaction to sensitize cells 
to chemotherapy is therefore a potentially attractive strategy. Our 
findings should set the stage for clinical trials with combined 
treatment of conventional chemotherapy and CXCR4 antagonists, 
with the ultimate aim of improving treatment results in prostate 
cancer patients.
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ABSTRACT

Preclinical studies show that stroma affects sensitivity of prostate cancer cells via 
activation of the CXCR4/CXCL12 pathway. We studied the effects of irradiation on 
the CXCR4/CXCL12 expression and the outcome of CXCR4 inhibition combined 
with irradiation on prostate cancer cells. Ex vivo CXCR4 and CXCL12 expression in 
human prostate cancer specimens analyzed by immunohistochemistry showed, that 
prostate cancer cells in specimens of previously irradiated patients (n=17) had more 
frequent nuclear CXCR4 expression than non-irradiated tumors (n=17, P<0.01). In an 
in vitro co-culture with stromal cells, AMD3100 sensitized prostate cancer cell lines 
PC3-Luc and LNCaP to irradiation (P<0.0001). In mice xenografted with luciferase-
expressing PC3 cells that received 3.5 mg/kg AMD3100 daily in combination with 
5 Gy weekly irradiation, tumor growth and metastasis were evaluated. AMD3100 
sensitized prostate xenografts to irradiation at the third week of treatment (P=0.02). 
Nevertheless, AMD3100 mobilized tumor cells at days 14 and 21 (P<0.0001), as 
shown by bioluminescent imaging. That was also associated with increased metastasis 
occurrence in mice, as assessed at termination (day 62). The irradiated xenografts 
showed higher CXCR4 (P=0.04) and CXCL12 (P=0.03) expression, compared to 
controls. In conclusion, irradiation activates the CXCR4/CXCL12 pathway in prostate 
cancer cells, whereas AMD3100 transiently enhances prostate cancer radiosensitivity, 
but induces cancer cell mobilization that can potentially result in distant metastasis.
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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) was shown 
to enhance 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 the 
interactions of malignant cells with their microenvironment (8-
11). 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 (12-14), 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 bone marrow-derived stromal cells (10, 16, 17).
 There is a need to improve treatment outcome in 
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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 
the primary 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 G protein-
coupled chemokine receptor, can be used to inhibit cancer cell 
migration and interactions with stromal cells. In the present study, 
the direct role of CXCR4/CXCL12 in the survival of prostate 
cancer cells after irradiation was studied in an in vitro co-culture 
model. The effect of irradiation on expression patterns of CXCR4 
and CXCL12 was evaluated in irradiated versus non-irradiated 
prostate cancer patient specimens. In human prostate cancer 
xenografts in mice, the effects of AMD3100 in combination with 
local irradiation on primary tumor survival and metastasis were 
studied.

MATERIALS AND METHODS

Collection of patient material 

Primary (non-irradiated) prostate cancer specimens (n=17; 
Gleason score 6-9) were obtained during radical prostatectomies 
between 2009 and 2010 at the University Medical Center 
Groningen, The Netherlands. Irradiated (external beam 
irradiation or brachytherapy) prostate cancer specimens 
(n=17; Gleason score 6-10 and one patient not evaluable) were 
obtained during salvage prostatectomy between 1997 and 2009 
at The Netherlands Cancer Institute/Antoni van Leeuwenhoek 
Hospital, Amsterdam, The Netherlands. Six of all irradiated 
patients underwent neoadjuvant hormonal treatment as follows: 
luteinizing hormone-releasing hormone agonist (goserelin) 
and anti-androgen (bicalutamide) (n=3), goserelin only (n=2), 
bicalutamide only (n=1). Ten of all irradiated patients had no 
neoadjuvant androgen deprivation and the status of previous 
hormonal treatment of one patient is unknown. All tissue 
specimens were anonymized and encrypted with a unique code. 
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According to Dutch law, no further Institutional Review Board 
approval was required (www.federa.org).

Cell culture

The human metastatic 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 
were previously reported to express CXCR4 (10, 21), and were 
recently authenticated by short tandem repeat (STR) analysis. The 
CXCL12-expressing (10), mouse bone marrow-derived stromal 
fibroblasts cell line MS5 (ATCC) and the green fluorescent protein 
(GFP)-transfected variant MS5-GFP were cultured in alpha-
MEM with 10% FCS. Cell lines were maintained at 37 ºC 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 25 μg/mL AMD3100 
(Sigma) and irradiated with 5 or 15 Gy using a cesium-137 
ionizing γ-irradiation source. 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 
respective dilutions (Supplementary Table 1). The numbers of 
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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 dose. Four 
hours after plating, 25 μg/mL AMD3100 was added to the cells, 
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 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, 2, 4, 6 or 8 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.
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PC3-Luc prostate cancer subcutaneous xenografts in mice 

To induce subcutaneous tumor growth of prostate cancer in mice, 
male Hsd:Athymic Nude-Foxn1nu mice 6 to 8 weeks old (Harlan 
Laboratories) were injected subcutaneously with 3 x 106 PC3-Luc 
cells in 100 µL of PBS into the dorsal region near the thigh. In all 
experiments, treatment started when the tumors were between 
100 to 200 mm3 in size, as measured with a digital 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 (22). 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). 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. 
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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 
Figure 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 with the blood of 
control, non-tumor bearing mice (Supplementary Figure 2). 

Immunohistochemistry

The histomorphological analysis of prostate tumors both from 
patients and 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. The CXCR4 and CXCL12 expression was 
assessed in both human prostate tumors and xenografts. 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 
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. The localization of CXCR4 
staining in the tumor cells was additionally classified as nuclear 
or cytoplasmic. 

Statistical analysis

All parametric data (i.e. data that were shown to have normal 
distribution in the normality test) are expressed as average ± 
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standard deviation (SD) and were analyzed using the two-tailed 
and unpaired T-test. Fisher`s exact test served to compare the 
distribution of the cytoplasmic versus nuclear CXCR4 staining 
localization (in the immunostained patient tumor specimens). 
χ2 test was used to compare the distribution of the staining 
intensities of CXCR4 and CXCL12 in tumor tissues of patients 
and xenografts. P values of <0.05 were considered statistically 
significant. Statistical analysis was performed with GraphPad 
Prism 5.0 software. 

RESULTS 

Induction of CXCR4 and CXCL12 expression upon tumor 
irradiation in prostate cancer patients 

We first studied the impact of irradiation therapy on the expression 
of CXCR4 and CXCL12 in cancer cells and adjacent stroma of 
human prostate cancer specimens. No difference in CXCR4 or 
CXCL12 expression levels in the cytoplasm of cancer cells could 
be observed between the specimens from patients treated with 
a primary radical prostatectomy (n=17) versus patients that 
underwent salvage prostatectomy following irradiation (n=17) 
(Figure 1A, B). However, in about 30% of the specimens, a 
strong nuclear expression was found in cancer cells, as opposed 
to non-irradiated prostate cancer cells, which expressed CXCR4 
homogeneously and exclusively in the cytoplasm (P=0.01; 
Figure  1C). There was no difference in CXCR4 or CXCL12 
expression levels or patterns in tumor-adjacent stromal cells 
(Supplementary Figure 3A, B).

The role of stromal cells in prostate cancer cell sensitivity to 
irradiation in vitro 

We next 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 (Figure 2A, top panels). All 

C
ha

pt
er

  4
D

ua
l e

ffe
ct

s o
f A

M
D

31
00

 co
m

bi
ne

d 
w

ith
 ir

ra
di

at
io

n



A

B

Figure 1 Induction of CXCR4 and CXCL12 expression in human prostate cancers 
after irradiation 
A. Representative images of immunohistochemical stainings with CXCR4 and 
CXCL12 (as indicated in rows) of human prostate cancer specimens of irradiated 
(+IR) or non-irradiated (-IR) tumors B. Quantification of CXCR4 (left panel) 
and CXCL12 (right panel) staining intensity scores in the human prostate cancer 
specimens C. Quantification of the distribution of the CXCR4 staining localization 
in the cancer cells of irradiated (+IR) or non-irradiated (-IR) human prostate 
tumors assessed by immunohistochemistry.

C
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colonies consisted of tumor cells and not GFP-positive stromal 
cells (Figure 2A, bottom panels). In the co-culture viability assay, 
the protective effect of stromal cells was already observed 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=0.04) higher in the presence of stromal cells layer versus 
monoculture (Figure 2B). 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 (Figure 2C).

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 effect of stroma cells on prostate cancer cells, 
irradiation was administered in combination with a CXCR4 
inhibitor. In the presence of a 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 was not affected by 
irradiation in the absence of stromal cells (Figure 3A, left panel). 
In line with these findings, a similar effect of AMD3100 on LNCaP 
cells cultured in the presence of stroma was observed (Figure 3A, 
right panel). In the cell viability assay in co-culture of prostate 
cancer cells with stroma, the sensitizing effect of 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, 
Figure 3B, left panel). The observed effect 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 (Figure 3B, 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 
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Figure 2 The role of stromal cells on sensitivity to irradiation in the human prostate cancer cell line PC3-Luc in 
vitro 
A. Surviving fraction of PC3-Luc (upper left panel) or LNCaP (upper right panel) 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 
colonies visible under the light microscope (lower left panel) are formed exclusively by the GFP-negative tumor 
cells (T), as detected by fluorescence microscopy (lower right panel) B. Percentage of viable PC3-Luc cells with 
or without stromal cell line MS5 72 hours 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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irradiation in human prostate cancer xenografts in mice. 
AMD3100 alone did not influence PC3-Luc tumor growth as 
compared to placebo. All mice in these treatment groups had 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 combination 
of AMD3100 with irradiation inhibited tumor growth more 
effectively than irradiation alone at week 3 (P=0.02). This 
difference was not preserved thereafter (Figure 4A). Remarkably, 
tissue analyses of sacrificed mice showed metastasis in 3 out of 5 
mice treated with AMD3100 and irradiation. Two mice showed 
multiple metastases (Figure 4B). 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 (Figure 
4C). In the group of mice that received irradiation alone, only one 
out of six mice developed metastasis. 
 The immunohistochemical analysis of the resected 
tumors showed that both 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 (Figure 5A), a cytoplasmic CXCR4 
staining intensity was found higher than in control mice (P=0.04 
and P=0.03, respectively, Fig. 5B, left panel), whereas no nuclear 
CXCR4 expression was found in any of the treatment groups. 
CXCL12 showed a higher cytoplasmic staining intensity in cancer 
cells following AMD3100 treatment combined with irradiation 
than in cancers treated with placebo injections (P=0.03; Figure 5B, 
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 
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Figure 3 The effects of AMD3100 combined with irradiation in an in vitro              
co-culture of prostate cancer cells with stroma   
A. Surviving fraction of PC3-Luc (left panel) or LNCaP (right panel) 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 panel) or absence (right 
panel) of stromal cell line MS5 with or without addition of 25 μg/mL AMD3100 at 
72 hours after irradiation assessed by fluorescent microscopy
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treatment (Figure 6; the sampling scheme is depicted in 
Supplementary Figure 1). The sensitivity of this method was 
assessed by standard curve measurements, and showed that 
as few as 10 CTCs / 100 μL of mouse blood could be detected 
(Supplementary Figure 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 Figure 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, 
Figure 6A). 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 of CTCs was not higher than following 
the first AMD3100 injection (Figure 6B). 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, in line with the previous experiment, a 
bioluminescent scan of mice at day 14 of treatment revealed that 
one out of five control mice and three out of six AMD3100-treated 
mice developed lymph node metastases. Histomorphological 
analysis of H&E-stained lymph node sections showed presence 
of PC3-Luc cell in the lymph nodes of four mice from the 
AMD3100-treated group at day 21 of treatment (Figure 6C).

DISCUSSION 

This 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 and 
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Figure 4 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 panel) and as 
number of metastatic lesions per mouse (right panel) C. Representative 
images of PC3-Luc xenograft metastatic tumor lesions (T) identified 
by H&E staining in kidney (K, top panels) or lymph node (LN, lower 
panels) and visualized by light microscopy with indicated magnifications
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enhanced metastasis. Moreover, we found that irradiated human 
prostate cancer cells show mostly nuclear localization of CXCR4. 
CXCR4 was expressed in the nucleus of the tumor cells of about 
one third of prostate cancer patients that underwent salvage 
prostatectomy after irradiation therapy, while it was absent in the 
nuclei of tumor cells of patients that did not undergo irradiation.
 There is a limited understanding of the functionality of 
CXCR4 in the nucleus. Experiments with colorectal cancer and 
renal cell carcinoma cell lines showed that the receptor moves 
rapidly to the nucleus after ligand binding (23-25). Nuclear 
localization is therefore likely a sign of receptor activation. 
Although based on a relatively small series of tumor samples 
procured from two distinct patient populations, our data clearly 
suggest that the irradiation of prostate cancer may be associated 
with an upregulation of the CXCR4/CXCL12 signaling. In our 
animal study no nuclear CXCR4 expression was induced by 
tumor irradiation, however an increase in cytoplasmic expression 
levels of both receptor and the ligand was demonstrated. Our 
findings support the notion that CXCR4 could be a relevant 
target for treatment of prostate cancer patients in combination 
with irradiation. 
 Stromal cells can play a protective role in the cancer 
microenvironment (10, 16, 17, 26). 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, 26-30). The few 
studies combining AMD3100 with irradiation focused on tumor 
vasculogenesis (5, 31). In mice bearing human glioblastoma, 
breast cancer or lung cancer xenografts, AMD3100 combined 
with local irradiation decreased the recruitment of CXCR4-
positive bone marrow-derived 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 
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Figure 5 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 columns), visualized by light microscopy with 
indicated magnifications B. Quantification of CXCR4 (left panel) and CXCL12 (right panel) 
staining intensity distribution in the xenograft tissue of animal treatment groups
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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. 
 Based on the above-mentioned sensitizing effect of 
AMD3100 in combination with conventional therapeutics, 
AMD3100 is increasingly suggested as a potential sensitizer to 
irradiation in the clinical setting (1, 32). However, due to its 
mobilizing properties, AMD3100 in combination with local 
irradiation for solid tumors 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. Supporting this notion, we 
earlier showed that AMD3100, when combined with docetaxel 
chemotherapy, improved local prostate tumor control compared 
to mice that received either docetaxel or AMD3100 only (10). 
 In contrast to our findings, others reported anti-metastatic 
effects of AMD3100 in pre-clinical studies. These studies have 
however been performed in either mouse models of experimental 
metastasis (33-35), or in orthotopic mouse models of breast cancer 
and squamous cell carcinoma (33, 35, 36). In all models, CXCR4 
inhibition with AMD3100, CTCE-9908, CXCR4-neutralizing 
antibodies or shRNA-induced receptor downregulation impaired 
the development of metastasis. However, in these experimental 
metastatic models, 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 
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Figure 6 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 panel) 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 panel) B. Number of circulating PC3-Luc 
cells at day 21 of treatment in after two sequential AMD3100 or control injections, detected by bioluminescent imaging 
of mouse blood samples (100 μL) C. number of the metastatic mice per treatment group at the day of the termination 
(top panel), bioluminescent imaging of the lymph node PC3-Luc metastatic tumor lesions in lymph nodes on day 14 of 
treatment in the individual mice (middle panel) 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 400x magnification 
(bottom panel)
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AMD3100 could not be detected in these studies. Moreover, in 
the mentioned orthotopic models, the treatment with CXCR4 
inhibitors was initiated immediately after tumor inoculation. In 
contrast, in our experiments, treatment was only initiated when 
the primary tumors and their vasculature were well established, 
reflecting the clinical setting more closely and allowing to observe 
cancer cell mobilization upon treatment and establishment of 
metastases. Interestingly, in most of the AMD3100-treated mice, 
renal metastases were observed. Although the kidney is one of 
the organs with high CXCL12 expression, a renal metastasis is 
a rare event in human prostate cancer (37). The subcutaneous 
location of the prostate xenograft tumors may be a reason for the 
observed deviation from its natural metastasis pattern.  
 In conclusion, our experiments provide evidence 
that future trials including CXCR4 inhibition to overcome 
microenvironment-mediated resistance to irradiation in prostate 
cancer may be challenging. Targeting CXCR4 mobilizes cancer 
cells from the primary tumor which might result in metastases. 
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.
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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 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 2 
Distribution of metastatic lesions of human PC3-luc subcutaneous xenograft in mice per treatment group per organ 
site

Irradiation (5 Gy) Irradiation (5 Gy) + AMD3100 (3.5 mg/kg)
Kidney 0 3
Axillary lymph node 1 2
Subcutaneous nodule in 
proximity of primary tumor

1 2



Supplementary Figure 1 
The mobilizing effects of AMD3100 in prostate cancer xenograft mouse model. Raw measurements of photon flux/
cm2/s emitted by luciferase-transfected PC3 cells in blood samples of mice obtained before treatment injections 
(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- cumulative injection sample



Supplementary Figure 2 
In vitro detection of luciferase activity of different 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.
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Supplementary Figure 3 
Quantification of CXCR4 (A) and CXCL12 (B) staining intensity scores in the tumor-
associated stromal cells in human prostate cancer specimens of irradiated (+IR) or non-
irradiated (-IR) tumors.

B
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ABSTRACT

The tumor microenvironment can promote metastasis and resistance to treatment by, 
among others, the signaling network formed by chemokines and their receptors. In 
this study, the expression of chemokine receptor 4 (CXCR4) and its ligand CXCL12 
was assessed immunohistochemically in rectal cancers before and after patients 
underwent local radiotherapy and systemic treatment with bevacizumab, capecitabine 
and oxaliplatin, and subsequent radical surgery. CXCR4 and CXCL12 expression 
was analyzed by immunohistochemistry in paraffin-embedded primary rectal cancer 
diagnostic biopsies collected before and in surgical specimens collected after treatment 
of patients who presented with simultaneous lung or liver metastases. CXCR4 and 
CXCL12 expression was assessed in the cytoplasm and nucleus of tumor cells, adjacent 
stromal cells and normal rectal crypts. In addition, baseline expression of CXCR4 and 
CXCL12 was correlated with patients` pathologic response to treatment. At diagnosis 
the majority of rectal tumors expressed cytoplasmic CXCR4 and CXCL12 (89% and 
81%, respectively, n=46). Nuclear CXCR4 expression in tumor cells was observed in 
30% of the cases, whereas nuclear CXCL12 expression in tumor cells was detected 
in 35% of the cases. There were no differences in CXCR4 or CXCL12 expression 
at baseline between the patients that had (n=9) and did not have (n=30) a complete 
pathologic response. After treatment, nuclear CXCL12 expression was present in 79% 
of residual tumors, as compared to only 31% of the paired tumor samples expressing 
nuclear CXCL12 before the treatment (P=0.001). CXCR4 and CXCL12 are extensively 
expressed in rectal tumor cells of patients presenting with metastatic rectal cancer, 
and treatment further upregulates expression of CXCL12. These data indicate that the 
CXCR4 receptor and its ligand CXCL12 are potential therapeutic targets in rectal cancer.
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INTRODUCTION 

In non-metastatic rectal cancer, pelvic radiotherapy accompanied 
by 5-fluorouracil (5FU)-based chemotherapy administered as a 
radiosensitizer helps to successfully downstage the tumor prior to 
surgery and has significantly decreased local recurrence rates (1, 
2). Nonetheless, the predominant cause of rectal cancer-related 
mortality is the metastatic spread mainly to the liver and lungs. 
Therefore, first line standard treatment for metastatic rectal 
cancer includes systemic chemotherapy in combination with 
the monoclonal antibody targeting vascular endothelial growth 
factor-A (VEGF-A), bevacizumab (3-7). Phase III trials showed 
that addition of bevacizumab to oxaliplatin-based chemotherapy 
improved survival in patients with both previously untreated 
and treated metastatic colorectal cancer (5, 8-10). This benefit is 
limited however, with most of the patients eventually succumbing 
to the disease within 2 years from the bevacizumab-containing 
therapy, despite initial good pathologic responses (11-17).  
 A growing body of pre-clinical evidence suggests 
that changes induced in the tumor microenvironment by 
anti-cancer treatment could contribute to the development 
of adaptive resistance to anti-cancer therapy (18). One of the 
key factors involved in the cross-talk between cancer and its 
microenvironment is the chemokine receptor 4 (CXCR4). It 
belongs to the family of G protein-coupled receptors and binds 
its corresponding ligand chemokine CXCL12 (stromal-derived 
factor 1α, SDF-1α). The receptor is expressed on the cell surface, 
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but is also present in the cytoplasm and in the nucleus of cells of 
many cancer types, including (colo)rectal cancer (19, 20). Binding 
of the ligand activates downstream signaling and primarily 
induces cell migration, but also promotes cell proliferation, 
survival and angiogenesis (21). Pre-clinical studies in colorectal 
cancer mouse models showed that CXCR4/CXCL12 axis directs 
the establishment and outgrowth of metastasis in organs that 
abundantly express the ligand, such as liver and lung (22, 23). In 
response to hypoxia-inducing anti-cancer treatments, CXCR4 and 
CXCL12 expression levels can increase, thus promoting cancer 
cell survival and metastasis. For example, CXCR4 was activated 
and upregulated after irradiation in a glioblastoma mouse model 
and in irradiated human nasopharyngeal tumors, as analyzed 
by immunohistochemistry (24, 25). Furthermore, local tumor 
radiation in an orthotopic mouse model of glioblastoma led to 
an increase of CXCL12 levels and influx of bone marrow-derived 
progenitor cells, thereby enhancing tumor vasculogenesis (24). 
Moreover, an over 2-fold increase in mRNA levels of CXCR4 
and CXCL12 in tumors of rectal cancer patients was observed 
after bevacizumab monotherapy, as compared to pre-treatment 
(26). Altogether, these data suggest that CXCR4 and CXCL12 
expression may influence response of rectal cancer to hypoxia-
inducing treatments. 
 Therefore, the aim of the current study was to 
immunohistochemically examine the protein expression levels 
and patterns of CXCR4 and CXCL12 in primary rectal tumors 
of patients enrolled in a phase 2 study. In this study patients 
presenting with metastatic rectal cancer were treated with 
local radiotherapy and systemic treatment with bevacizumab, 
capecitabine and oxaliplatin, and subsequent radical surgery 
(11). Cytoplasmic and nuclear expression patterns in diagnostic 
biopsies acquired before treatment and after were analyzed. In 
addition, baseline protein expressions were correlated with 
patients` pathologic response to treatment. This endpoint was 
chosen as pathologic response could provide early and accurate 
information on the local effect of radiotherapy, bevacizumab and 
chemotherapy, as compared to disease-free survival and overall 
survival, which is blurred in this setting by the metastases present 
in the study population.
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MATERIALS AND METHODS 

Study population and tumor tissue acquisition 

Diagnostic rectal tumor biopsies (n=50) were obtained between 
2006 and 2010 with informed consent from each patient prior to 
inclusion in the previously reported phase 2 clinical study (11). In 
46 of these 50 patients upfront rectal tumor tissue was available 
for analysis, based upon hematoxylin and eosin (H&E) staining. 
As described in clinical trial report (11), patients received short-
course pelvic irradiation (total, 25 Gy; five fractions in 5 days) 
followed within 2 weeks by bevacizumab (7.5 mg/kg, day 1) and 
oxaliplatin (130 mg/m2, day 1) intravenously each in a 2-hour 
infusion, and capecitabine (1000 mg/m2 twice daily orally, days 
1–14) for up to 6 three weekly cycles. All tumor samples were 
routinely fixed in formalin immediately after procurement and 
subsequently embedded in paraffin. A prospective anonymous 
database was kept, and included information on patient 
demographics, clinical and pathologic characteristics, and 
pathologic response to treatment. Clinical staging was performed 
according to the TNM staging system version 6 (27). Tumor 
grading and typing, as well as assessment of pathologic response 
to treatment were carried out by the local pathologist. Tumors 
were categorized as low grade (well/moderately differentiated) 
and high grade (poorly/undifferentiated) according to Greene 
et al (28). Histological typing was based on the World Health 
Organization (WHO) classification. Pathologic response to 
treatment was assessed by Mandard’s criteria in postoperative 
specimens (29). Pathologic complete response of the primary 
rectal tumor to treatment (pCR) was defined as the absence 
of residual adenocarcinoma cells in the primary rectal tumor 
specimen (Mandard category I). Lack of complete pathologic 
response was defined as the presence of residual adenocarcinoma 
cells in the primary rectal tumor specimen (Mandard categories 
II-V). 

Immunohistochemistry

Tumor sections (4 μm) were mounted onto StarFrost® 
hydrophylic microscope slides (Waldemar Knittel, Braunschweig, 
Germany) and dried overnight at 60 °C. Sections were thereafter 
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deparaffinized with xylene and rehydrated in a three-step ethanol 
dilution series. Endogenous peroxidase was blocked by incubating 
the slides for 30 min with 0.3% hydrogen peroxide in phosphate-
buffered saline (PBS: 6.4 mM Na2HPO4, 1.5 mM KH2PO4, 0.14 
mM NaCl, 2.7 mM KCl, pH=7.2–7.4). All sections were treated 
for 15 minutes with PBS supplemented with 1% AB serum and 
1% bovine serum albumin (BSA) to reduce non-specific binding. 
 Sections were incubated overnight at 4 °C with polyclonal 
rabbit anti-human antibody directed against CXCR4 (ab2074, 
Abcam, Cambridge, UK) diluted 1:100, or for 60 minutes at room 
temperature with polyclonal rabbit anti-human antibody against 
CXCL12 (ab25117, Abcam) diluted 1:50. Primary antibodies were 
diluted in PBS supplemented with 1% BSA. Subsequently, sections 
were incubated with secondary and tertiary antibodies conjugated 
to horseradish peroxidase (DAKO, Glostrup, Denmark). Staining 
was visualized with 3, 3’-diaminobenzidine (Sigma-Aldrich, St. 
Louis, MO, USA) and hematoxylin counterstaining. 
 All controls underwent the same procedures as the 
experimental samples. Negative controls were the rectal cancer 
samples from the study patients with primary antibody omitted or 
replaced with rabbit normal immunoglobulin (DAKO) adjusted 
for protein concentration. External positive controls consisted 
of A2780 human ovarian xenograft tissue sections, known from 
previous experience to express CXCR4 and of human prostate 
cancer PC3-luc xenografts known to express CXCL12. Internal 
positive controls were provided by the presence of vascular 
endothelium or inflammatory cells in some of the slides, whilst 
negatively stained erythrocytes provided an internal negative 
control, demonstrating the specificity of the staining. H&E 
staining was routinely applied and used to analyze tissue viability 
and morphology.
 Slides were analyzed with a Leica DM 3000 microscope 
and images were processed with the LAS 3.7 software (Leica 
Microsystems, Rijswijk, the Netherlands). Cytoplasmic and 
nuclear staining intensities in tumor, adjacent stromal cells 
and in epithelial cells of tumor-neighboring rectal crypts with 
normal histology (thereafter referred to as normal rectal crypts) 
were recorded in three to five random high-power fields (HPF; 
400x magnification). Staining negativity or positivity for a given 
marker was assigned using the predetermined cut-off value of 
10% (staining ≤ 10%=negative; > 10%=positive). The definitive 

Tr
ea

tm
en

t-
in

du
ce

d 
ch

an
ge

s o
f C

XC
R4

 a
nd

 C
XC

L1
2 

ex
pr

es
sio

n 
in

 re
ct

al
 c

an
ce

r 
C

ha
pt

er
  5



10
6

expression category (negative/absent vs positive/present) 
assigned to each sample was based on the most frequently 
observed category amongst the three to five HPF evaluated. In 
samples with positive expression, staining intensity of CXCR4 and 
CXCL12 was further subdivided as weak (±, 1), moderate (+, 2), 
and strong (++, 3). In case of divergent intensity within a positive 
HPF, the intensity score was determined by the predominating 
staining intensity (>50% of evaluable tumor tissue). Definitive 
staining intensities assigned to each sample were based on the 
most frequently observed intensity among the three to five HPF 
evaluated. At least a quarter of the tumor area had to be evaluable 
to be designated an intensity score. Artificial staining could be 
detected at the periphery of tumor sections, and these areas were 
not included in the analysis. Two observers scored all samples 
independently from each other, and blinded for clinical data. A 
concordance of more than 90% for both stainings was found. The 
discordant cases were reviewed and scores were reassigned on 
consensus of opinion. 

Statistical analysis

Clinical and pathologic characteristics were presented as 
frequency and median. Presence or absence of CXCR4 and 
CXCL12 expression before start of treatment was described 
as frequency, and correlated with the pathologic response 
observed after treatment by Fischer`s exact test. For this, the 
rectal tumor specimens obtained after neoadjuvant treatment 
were dichotomized as presenting complete pathologic response 
or lacking complete pathologic response. Intensities of 
protein expression were presented as median (range 0–3) and 
comparatively assessed in tumor cells, adjacent stromal cells 
and normal rectal crypts by χ2 test. Fisher’s exact test was used 
to correlate presence or absence of protein expression in paired 
treated and untreated rectal tumors. McNemar’s test was used to 
determine statistical significance of change in protein expression 
presence or absence in paired treated and untreated rectal 
tumors. A two-tailed P value of less than 0.05 was considered 
significant. For statistical analyses GraphPad Prism (version 5.00 
for Windows, GraphPad Software, La Jolla, CA, USA) was used. 
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RESULTS

Baseline CXCR4 and CXCL12 expression in metastatic rectal 
cancer 

The clinical and pathologic characteristics of the 46 patients, 
of whom upfront rectal tumor tissue was available for analysis, 
are presented in Table 1. Cytoplasmic and nuclear CXCR4 and 
CXCL12 expression could be analyzed in tumor cells (n=46), 
tumor-adjacent stromal cells (n=44) and normal rectal crypts 
(n=33 for CXCR4, n=31 for CXCL12 staining). 
 CXCR4 was abundantly, but differentially expressed 
in the three compartments analyzed. Cytoplasmic CXCR4 was 
present in tumor cells in 41/46 (89%) of the samples, in tumor-
adjacent stromal cells in 43/44 (98%) and in normal rectal crypts 
in 23/33 (70%) (Figure 1A). Although the percentage of CXCR4 
positivity in tumor and stromal cells was comparable, the intensity 
of staining was higher in tumor cells (n=46, median score 2) than 
in the adjacent stroma (n=44, median score 1; P=0.002) and in 
the normal rectal crypts (n=33, median score 1; P=0.009; Figure 
1B). Nuclear CXCR4 immunoreactivity was observed in tumor 
cells, stromal cells and normal rectal crypts (Table 2). 
 CXCL12 showed an expression profile similar to its 
corresponding receptor CXCR4 (Figure 1A). CXCL12 was present 
in the cytoplasm of tumor cells in 37/46 (81%) of the cases, of 
stromal cells in 38/44 (86%) and of normal crypts in 22/31 (71%). 
The most intense cytoplasmic staining was observed in tumor 
cells (n=46, median score 2), which was different from tumor-
adjacent stromal cells (n=44, median score 1; P=0.004, Figure 
1B). Nuclear CXCL12 was expressed in tumor cells, stromal cells 
and in normal rectal crypts (Table 2). 

Correlation of baseline CXCR4 and CXCL12 expression with 
pathologic response to treatment

The pathologic response to treatment could be assessed for 39 
patients that underwent surgery after neoadjuvant treatment. 
Nine patients experienced a complete pathologic response. There 
were no significant differences in CXCR4 or CXCL12 expression 
prior to treatment between the 9 patients that had complete 
pathologic response and the 30 patients that showed no complete 
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pathological response. However, certain expression patterns 
showed a tendency towards association with pathologic response 
(Table 3). For example, while patients with no CXCR4 expression 
in the cytoplasm of tumor cells had 40% complete pathologic 
response, the response rate of patients with CXCR4 positivity in 
the cytoplasm was only 21%. Furthermore, none of the 4 patients 
with nuclear CXCR4 expression in stromal cells showed complete 
pathologic response, whereas 27% of the 33 patients negative 
for nuclear CXCR4 expression showed a complete pathologic 
response. Finally, while 40% of the patients with no CXCL12 
expression in the cytoplasm of stromal cells showed pathologic 
complete response, the response rate of patients with positive 
CXCL12 was only 19%. 

Treatment-induced changes in CXCR4 and CXCL12 expression of 
primary rectal tumors

We next aimed to evaluate whether the expression of CXCR4 and 
CXCL12 in the primary rectal tumors was affected by treatment 
with local radiotherapy followed by systemic bevacizumab 
and chemotherapy. Out of 39 patients who underwent radical 
surgery after treatment, 30 had residual rectal tumor available for 
immunohistochemical analysis. Respectively 25 and 29 paired 
samples were available for the analysis of CXCR4 and CXCL12 
expression before and after treatment.
 No significant changes were observed in CXCR4 
expression in the cytoplasm of tumor, stromal and normal rectal 
crypt cells before and after treatment (Table 4). However, nuclear 
CXCR4 expression showed a tendency towards upregulation after 
treatment. In tumor cells, nuclear CXCR4 staining was present 
in 8/25 (32%) of the samples before treatment, as compared to 
16/25 (64%) after treatment. In the normal rectal crypts before 
treatment, only 5/18 (28%) of samples showed nuclear CXCR4 
positivity, whereas after treatment, 12/18 (67%) of the rectal 
crypt cells were positive for nuclear CXCR4. The cytoplasmic 
expression of CXCL12 did not change after treatment in any of 
the three cellular compartments analyzed (Table 4). However, 
positive nuclear CXCL12 increased after treatment in tumor cells 
(from 9/29 (31%) to 23/29 (79%), P=0.001) and normal rectal 
crypts (from 4/15 (27%) to 11/15 (73%), P=0.023), but not in 
stromal cells.
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Table 1 Clinical and pathologic characteristics at diagnosis and information concerning delivered treatment during the 
trial

*Assessed in the 46 patients of whom upfront rectal tumor tissue for analysis was available; #Assessed in the 39 patients 
whom underwent surgical treatment of the primary rectal tumor following neoadjuvant therapy; † Assessed in the 30 
patients with residual tumor in the surgical specimen following neoadjuvant therapy; Results are presented as number 
and percentage [N(%)], unless indicated otherwise.

Gender* 

Female 19 (41)
Male 27 (59)

Age (years)*

Median 58
Range 35-75

Primary tumor location*

Upper 6 (13)
Middle 21 (46)
Lower 19 (41)

Primary tumor invasion*

cT2 4 (9)
cT3 35 (76)
cT4 7 (15)

Tumor
             Grade*

Low 43 (93)
High 3 (7)

              Histological type*

Classical 46 (100)
Mucinous 0 (0)

Local lymph node metastasis* 
cN0 6 (13)
cN1 12 (26)
cN2 28 (61)

Distant metastasis status*

Liver 39 (85)
Lung 5 (11)
Liver & lung 2 (4)

Neoadjuvant treatment* 

Irradiation 46 (100)
Bevacizumab 45 (98)
Capecitabine-Oxaliplatin 45 (98)

Treatment-free interval before the surgery (weeks)
Median 8
Range 5-37

Surgery*

No 7 (15)
Yes 39 (85)

Pathologic response of the primary tumor#

YpCR (Mandard I) 9 (23)
Residual tumor (Mandard II-V) 30 (77)

Residual local tumor invasion†

YpT2 9 (30)
YpT3 20 (67)
YpT4 1 (3)
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DISCUSSION

In this study we show that rectal tumor cells of patients 
presenting with metastasized disease extensively express 
CXCR4 and CXCL12. After treatment with local radiotherapy, 
followed by systemic bevacizumab, capecitabine and oxaliplatin, 
and subsequent radical surgical treatment, nuclear CXCL12 
expression in the tumor cells of patients with residual cancer was 
upregulated.
 CXCR4 overexpression in tumor cells as compared to 
surrounding normal tissue has been described in more than 
20 solid tumor types (21). Tumors from (colo)rectal patients 
widely express CXCR4 on both mRNA and protein level, with 
the latter described to localize both to the cytoplasm and to the 
cell nucleus (19, 20, 30, 31). Our immunohistochemical analysis 
demonstrated that cytoplasmic CXCR4 expression in rectal 
tumor cells was mostly moderate, whereas it was weak in tumor-
adjacent stromal cells and normal rectal crypts. Moreover, we 
found that CXCR4 was also localized to the nuclei of the rectal 
tumor cells in 30% of the cases. The nuclear CXCR4 expression 
was previously reported in tumor cells of untreated stage I-IV 
colorectal cancer patients, where colon and rectal cancers were 
analyzed as one entity (19, 20). Nuclear CXCR4 expression was 
also found in rectal tumors in non-metastatic rectal cancer 
patients (stages II-III) (32). Distinctly, our study describes nuclear 
CXCR4 expression in tumor cells in a selected population of stage 
IV rectal cancer patients. Pre-clinical data suggest that receptors 
from the GPCR family may induce active signaling not only from 
the cell membrane, but also from the nuclear membrane (33-35), 
making it intriguing to study the exact role of nuclear CXCR4 
signaling in rectal cancer. 
 The CXCL12 chemokine was expressed in the cytoplasm 
of tumor cells in the majority (81%) of rectal tumors before 
therapy. The cytoplasmic expression of CXCL12 is present in 
wide range of human solid tumors (36), and has been shown in 
vitro to stimulate tumor cell proliferation and survival. Moreover, 
as demonstrated in mouse model of glioblastoma, CXCL12 
expressed by hypoxic tumor cells can attract CXCR4-positive 
bone marrow-derived cells to support tumor vasculogenesis 
in a VEGF-independent manner (37). Unlike the cytoplasmic 
localization of CXCL12, its nuclear presence has been reported 
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Figure 1 
A. example images of immunohistochemical CXCR4 (upper panels) and CXCL12 (lower panels) staining of 
tumor tissue including tumor and stromal cells and in the epithelial cells of tumor-neighboring rectal crypts with 
normal histology (normal rectal crypts), as indicated in columns (magnification 400 x) B. distribution of staining 
intensity of CXCR4 (left panel) and CXCL12 (right panel) in the cytoplasm of tumor cells, adjacent stromal cells 
and in normal rectal crypts.

A

B



Table 2 Nuclear CXCR4 and CXCL12 expression in primary metastatic rectal tumor tissue before start of treatment
N – number; pos – positive expression

Marker expression Sample size (N) Nuclearpos [N (%)] Nuclearneg [N (%)]

CXCR4
Tumor cells 46 14 (30)     32 (70)
Stromal cells 44 6 (14)     38 (86)
Normal crypts 33 10 (30)     23 (70)

CXCL12
Tumor cells 46 16 (35)     30 (65)
Stromal cells 44 7 (16)     37 (84)
Normal crypts 31 12 (39)     19 (61)
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more rarely (26, 38, 39). In our study, nuclear localization of the 
CXCL12 was found in about one third of the untreated rectal 
tumors. Since the nuclear CXCL12 might act as an intracellular 
ligand for CXCR4 localized in nuclear membrane (33, 35), our 
findings may suggest that CXCR4/CXCL12 signaling in rectal 
cancer could also occur at the intracellular (intracrine) level. 
However, more experimental data are needed to understand 
the biological effects of this particular route of CXCR4/CXCL12 
signaling. 
 The relevance of stromal CXCL12 and CXCR4 expression 
in rectal cancer was recently underscored by the study, in which 
high mRNA expression of both factors in the stromal cells of 
rectal tumors was shown to correlate with disease-free survival of 
52 stage II/III rectal cancer patients (30). However, the patterns 
and levels of CXCR4 and CXCL12 expression in the stromal cells 
of rectal cancer at the protein level have not been extensively 
described. Here we found that CXCL12 expression in stromal 
cells is localized mainly in the cytoplasm and, to a lesser extent, 
in the nucleus. Overall, the expression of CXCR4 and CXCL12 in 
the cytoplasm and nucleus of both cancer and stromal cells of the 
untreated rectal tumors suggests that, in metastatic rectal cancer, 
autocrine, paracrine and intracrine CXCR4/CXCL12 signaling 
routes can be active.
 In the present study, no associations between the 
baseline CXCR4 or CXCL12 expression and pathologic response 
to treatment could be found. However, we noticed that baseline 
negativity of CXCR4 either in cytoplasm of cancer cells or in 
nucleus of stromal cells, or the negativity of CXCL12 in the 
cytoplasm of stromal cells showed a tendency to be associated 
with patients` better pathologic response to treatment. In a 
previous study of 40 stage III rectal cancer patients treated with 
chemoradiotherapy containing 5FU, no correlation between 
nuclear CXCR4 expression in pre-treatment biopsy samples 
and histologic tumor regression, defined as complete tumor 
sterilization or presence of microscopic foci of adenocarcinoma 
after treatment, was found (32). Moreover, when expression of 
CXCR4 and CXCL12 mRNA in stromal cells was analyzed post-
treatment in relation to pathologic response, defined as less than 
1/3 of vital residual tumor cells present after chemoradiotherapy 
containing 5FU in 53 stage II/III rectal cancer patients, no 
associations were found either (30). Although in some studies 
CXCR4 or CXCL12 expression in tumor and stromal cells has 
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been correlated with disease-free, recurrence-free and overall 
survival of all stages (colo)rectal cancer patients (20, 30, 31), no 
relations with pathologic response to treatment were previously 
reported. Altogether these data could suggest that CXCR4/
CXCL12 expression might be associated with the distant 
recurrences, rather than with the local pathologic response of the 
primary tumor.  
 We found nuclear CXCL12 expression in residual tumor 
cells to be upregulated after treatment with local radiotherapy, 
followed by systemic bevacizumab combined with capecitabine 
and oxaliplatin. In a recent preclinical study in a glioblastoma 
mouse model, local tumor irradiation alone induced an 
upregulation of CXCL12 levels in the tumors, as well as increase in 
CXCR4 phosphorylation, both visualized by immunofluorescent 
staining (24). In addition, in a study with 12 rectal cancer patients 
treated only with bevacizumab, CXCL12 as well as CXCR4 mRNA 
expression in tumor cells were upregulated at day 12 of treatment 
(26). Moreover, paclitaxel, but not gemcitabine or doxorubicin, 
resulted in a rapid increase in CXCL12 plasma levels in non-
tumor bearing C57BL/6 mice (40). CXCL12 induction caused 
either by irradiation or by paclitaxel treatment was shown to 
induce acute mobilization of circulating vascular progenitor cells 
in mice, which could be blocked both by CXCL12-neutralizing 
antibodies (40), and by CXCR4 inhibitor, AMD3100 (24). These 
data showing that certain types of anti-cancer treatments may 
upregulate CXCR4 or CXCL12 expression are complemented 
by our study, demonstrating that also combined treatment, 
consisting of radiotherapy followed by bevacizumab, capecitabine 
and oxaliplatin, causes an induction of CXCL12 expression in 
metastatic rectal cancer patients. In parallel with tumor cells, 
tumor-neighboring rectal crypts with normal histology also 
showed increase in the nuclear CXCL12 expression. Supporting 
our findings, the hypoxia-dependent CXCL12 induction in 
normal endothelial cells has been previously observed in tumor-
free ischemic mice (41) or in irradiated endothelial cells in vitro 
(42), suggesting that such an upregulation is likely a mechanism of 
cell adaptation to hypoxic stress. Alternatively, these histologically 
normal epithelial cells from rectal crypts adjacent to tumor cells 
could potentially constitute a genetically altered subset of pre-
cancerous lesions (43). 
 In conclusion, CXCR4 and CXCL12 are extensively 
expressed at baseline in metastatic rectal cancer, while the ligand 
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Table 3 Correlation of CXCR4 and CXCL12 expression with the pathologic response to treatment 
N – number; P – p value

Marker expression Sample size (N) Pathologic complete response
     Yes [%]                No [%]

P

CXCR4 tumor cells 39 9 30

Cytoplasmic + 34 7 (20) 27 (80) 0.572
Cytoplasmic - 5 2 (40) 3 (60)
Nuclear + 10 2 (21) 8 (80) 1.000
Nuclear - 29 7 (24) 22 (76)

CXCR4 stromal cells 37 9 28

Cytoplasmic + 36 9 (25) 27 (75) 1.000
Cytoplasmic - 1 0 (0) 1 (100)
Nuclear + 4 0 (0) 4 (100) 0.554
Nuclear - 33 9 (27) 24 (73)

CXCL12 tumor cells 39 8 31
Cytoplasmic + 31 6 (19) 25 (81) 0.658
Cytoplasmic - 8 2 (25) 6 (75)
Nuclear + 11 2 (18) 9 (81) 1.000
Nuclear - 28 6 (21) 22 (79)

CXCL12 stromal cells 37 8 29
Cytoplasmic + 32 6 (19) 26 (81) 0.291
Cytoplasmic - 5 2 (40) 3 (60)
Nuclear + 4 1 (25) 3 (75) 1.000
Nuclear - 33 7 (21) 26 (79)



Table 4 Treatment-induced changes in CXCR4 and CXCL12 expression
N – number; P – p value

Marker expression Sample size (N)          Positive expression [N (%)] P

        Before After
CXCR4 cytoplasmic

Tumor cells 25 23 (92) 25 (100) 0.489
Stromal cells 24 23 (96) 22 (92) 1.000
Normal crypts 18 12 (67) 14 (78) 0.711

CXCR4 nuclear
Tumor cells 25 8 (32) 16 (64) 0.061
Stromal cells 24 4 (16) 2 (8) 0.666
Normal crypts 18 5 (28) 12 (67) 0.096

CXCL12 cytoplasmic
Tumor cells 29 24 (83) 28 (97) 0.193
Stromal cells 25 23 (92) 20 (80) 0.417
Normal crypts 15 11 (73) 11 (73) 1.000

CXCL12 nuclear
Tumor cells 29 9 (31) 23 (79) 0.001
Stromal cells 25 3 (12) 5 (20) 0.701
Normal crypts 15 4 (27) 11 (73) 0.023
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is upregulated by treatment with local radiotherapy, followed by 
systemic bevacizumab, capecitabine and oxaliplatin treatment. 
This is particularly interesting, as this ligand-receptor pair 
represents a potential therapeutic target in rectal cancer for 
improving treatment outcome. 
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ABSTRACT

CXCR4 plays an important role in HIV infection, tumor progression, neurogenesis, 
and inflammation. In vivo imaging of CXCR4 could provide more insight in the role of 
this receptor in health and disease. The aim of this study was to investigate [99mTc]O2-
AMD3100 as a potential SPECT tracer for imaging of CXCR4. AMD3100 was labelled 
with [99mTc]pertechnetate. A cysteine challenge assay was performed to test the tracer 
stability. Heterologous and homologous receptor binding assay and internalization assay 
were performed in CXCR4 expressing Jurkat-T cells. Ex vivo biodistribution was studied 
in healthy mice at 30, 60 and 120 minutes after tracer injection. Tumor uptake of the 
tracer was determined by microSPECT imaging in nude mice xenografted with human 
PC3 prostate tumor. Specificity of tracer uptake was determined by blocking studies 
using an excess of unlabelled AMD3100. AMD3100 was labelled with technetium-99m 
with a radiochemical yield of >98%. The tracer was stable in PBS and mouse plasma for at 
least 6 h at 37 °C. Heterologous and homologous binding assays with AMD3100 showed 
IC50 values of 240 ± 10 μM, and 92 ± 5 μM for [125I]SDF-1α and [99mTc]O2-AMD3100 
respectively, with negligible receptor internalisation. The tracer showed high uptake in 
liver, lungs, spleen, thymus, intestine and bone. Blocking dose of AMD3100.8HCl (20 mg/
kg) decreased the uptake in these organs (P<0.05). [99mTc]O2-AMD3100 showed specific 
tumor accumulation in mice bearing PC3 xenografts model. Time activity curves (TAC) in 
AMD3100 pre-treated animals tracer showed 1.7 times less tumor uptake as compared to 
control animals (P<0.05). In conclusion,  [99mTc]O2-AMD3100 is readily labelled, is stable 
in plasma and displays a favourable binding affinity for the CXCR4 receptors. [99mTc]O2-
AMD3100 shows specific binding in organs with high CXCR4 expression and in CXCR4 
positive tumors. These results justify further evaluation of this radiopharmaceutical 
as a potential biomarker for the non-invasive imaging of CXCR4 receptors.
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INTRODUCTION

The chemokine receptor 4 (CXCR4) is a member of the 
α-chemokine receptor family and belongs to a larger superfamily 
of receptors known as G protein-coupled receptors (GPCRs). 
Stromal cell-derived factor 1α (SDF-1α/CXCL12) is the natural 
ligand for CXCR4 receptors. CXCR4 is widely expressed by 
hematopoietic and nonhematopoietic cell types, including T 
cells, B cells, neutrophils, monocytes, CD34+ cells, endothelial 
cells, neurons, and astrocytes. CXCR4 and CXCL12 play 
an important role in the regulation of leukocyte trafficking, 
hematopoiesis, angiogenesis, cancer, and viral pathogenesis (1-7). 
In addition, CXCR4 and its cognate ligand are also expressed in 
the brain, where they are involved in development, migration, 
differentiation, neuroplasticity and proliferation of glia and 
neuronal cells. Recently, possibility has been raised that CXCR4 
and CXCL12 might act as neurotransmitter or neuromodulator 
(8–10). Both CXCR4 and CXCL12 knockout mice show loss of 
functioning B cells, vascularisation, and abnormal development 
of brain areas such as hippocampus, neocortex, and cerebellum 
(3, 11, 12). 
 CXCL12 and its receptor CXCR4 mediate the 
recruitment of immune cells to sites of inflammation and 
infection. Consequently, they are upregulated in several disease 
conditions, including allergy, infectious diseases, atherosclerosis, 
multiple sclerosis, rheumatoid arthritis, and psoriasis (13–15). 
CXCR4 and CCR5 were discovered to serve as the principal co-
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receptors that mediate the entry of the human immunodeficiency 
virus (HIV) into the immune cells (16). It has been proposed that 
HIV-induced neuronal death and dementia could be mediated by 
CXCR4 as HIV co-receptors (17–19). The expression of CXCR4 
receptors in various physiological and pathological conditions 
makes them potential candidates for drug development. 
 Apart from their role in immune response and infection, 
CXCR4 receptors also play a significant role in tumor growth 
and metastasis. More than 20 different kinds of human tumors 
overexpress CXCR4 and CXCL12 (6, 20–22). An increased 
expression of CXCR4 and its ligand CXCL12 is associated with 
a high risk of metastases (23–25). This could make CXCR4 an 
important biomarker to identify primary tumors that are likely 
to metastasize (26, 27). Furthermore, the overexpression of these 
chemokine receptors can play a role in the metastatic destination 
of tumor cells (28, 29). Inhibition of CXCR4/CXCL12 signalling 
resulted in reduced metastatic potential in various animal 
tumor models (30–32). As a consequence, a number of CXCR4 
inhibitors are now under clinical investigation. Non-invasive 
imaging modalities can provide a better understanding of the role 
of CXCR4 in health and disease. For example, an in vivo imaging 
tool might be helpful to identify patients with tumors expressing 
high levels of the CXCR4 receptor, thus likely to respond to 
CXCR4 based therapies. Such a tool can also be utilised for early 
diagnosis and treatment response monitoring of CXCR4 positive 
tumors. A number of attempts have been made to non-invasively 
image CXCR4 receptors, using nuclear imaging techniques. As 
a result, several positron emitting tomography (PET) and single 
photon emitting computed tomography (SPECT) based imaging 
probes for CXCR4 expression have been evaluated in animal 
cancer models (33–37).
 AMD3100 is a specific and selective CXCR4 receptor 
antagonist; it is a prototype non-peptide, small molecule 
inhibitor (38). AMD3100 has been used in clinical trials as an 
anti-HIV therapy (39). In addition, it was shown to be an effective 
mobiliser of hematopoietic stem cells in healthy volunteers and 
in multiple myeloma and non-Hodgkin’s lymphoma patients (40, 
41).  Furthermore, AMD3100 effectively inhibits autoimmune 
collagen-induced arthritis, neuroinflammation and asthma 
in animal models (42). Compelling evidence suggests that the 
aspartic acid residues Asp171 and Asp262 of CXCR4 play a 
key role in the interaction between receptors and AMD3100 
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(43). Recently, a brief communication on imaging of CXCR4 by 
SPECT agent [99mTc]O2-AMD3100 was published, but proper in 
vitro and in vivo evaluation has not been described so far (44). 
In this paper, we report the radiolabelling and quality control of 
[99mTc]O2-AMD3100. Furthermore, we describe here the in vitro 
and in vivo evaluation of [99mTc]O2-AMD3100 as a SPECT tracer 
for CXCR4.

MATERIALS AND METHODS

General

All the reagents and solvents were purchased from Sigma Aldrich 
chemical company and used without further purification. 
1H NMR was acquired with a Varian Oxford 400 MHz NMR 
instrument. Recombinant CXCL12 was purchased from R&D 
System. Na[99mTc]O4 was produced by elution of the 99Mo/99mTc 
generator according to the manufacturer’s instructions. Carrier-
free sodium iodide [Na125I] in phosphate buffer was obtained 
from MDS Nordion. AMD3100 octahydrochloride hydrate 
(AMD3100.8HCl) was prepared according to a method previously 
described in the literature (35, 38, 45, 46).

Labelling of AMD3100 with Na99mTcO4

Radiolabeling of AMD3100 was performed with sodium [99mTc] 
pertechnetate in the presence of stannous chloride (SnCl2). In 
brief, 10 μl of the AMD3100 solution (10 mg/ml in H2O) and 300 μl 
of SnCl2·2H2O solution (1 mg/ml in water) were prepared freshly 
and added to the reaction vial. The pH of the solution was adjusted 
to 7.2 with 1 M sodium citrate buffer (~5 μl). Sodium [99mTc]
pertechnetate (400 MBq) was added to the mixture and incubated 
for 20 min at room temperature (44). For the determination of 
conversion and radiochemical purity, samples were analysed by 
thin layer chromatography (TLC) using Whatman paper No. 3. 
TLC analyses wereperformed using 0.9% NaCl, methyl ethyl 
ketone (MEK) or ammonia:water:ethanol (1:5:5) as the mobile 
phase. To obtain the optimum labelling yield of the [99mTc]O2-
AMD3100 complex, the reaction conditions were optimised  for 
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different parameters, such as the concentrations of AMD3100 
and SnCl2, incubation period and the pH of the reaction mixture. 
The tracer was diluted with PBS (pH 7.4) to obtain the required 
concentration for cell and animal experiments.

 Labelling of [125I] SDF-1α

[125I]SDF-1α was prepared by reaction of SDF-1α with sodium 
[125I]iodide in the presence of N-bromosuccinimide (NBS) as a 
mild oxidizing agent (47). Prior to iodination, the SDF-1α was 
dissolved in PBS at a final concentration of 1 mg/ml. The NBS 
solution in water (0.25 mg/ml) was prepared freshly. The reaction 
mixture was prepared by mixing 50 μl of SDF-1α (5 μg), 25 μl 
tris buffer (pH 7.4), 20 μl (40 MBq) sodium [125I]iodide and 
10 μl of freshly prepared NBS. The mixture was vortexed for 30 s 
and allowed to stand for 5 min at room temperature. After the 
reaction was stopped by dilution with PBS, the labelled protein 
was separated from free [125I]iodide using a PD-10 size exclusion 
cartridge (GE, Healthcare) that was pre-conditioned with PBS. 
The column was eluted with PBS and the fraction with maximum 
amount of radioactivity was collected and stored for further 
use. The percentage of free [125I] iodide was determined using a 
trichloroacetic acid (TCA) precipitation assay. The percentage of 
free [125I]iodide was found to be less than 1%.

Partition co-efficient

To a mixture of 0.5 ml n-octanol and 0.5 ml of sterile water, 
10 μl of the tracer solution was added, and the biphasic solution 
was mixed well. The mixture was incubated at 37 °C for 1 h and 
subsequently centrifuged at 3000 rpm for 5 min. 100 μl aliquots 
were collected from each layer and radioactivity was counted 
in a γ-counter (Compugamma CS1282, LKB-Wallac, Turku, 
Finland). The log value of the octanol–water partition coefficient 
is reported as the average of three independent experiments.

In vitro stability

The stability of the [99mTc]O2-AMD3100 complex was measured 
by diluting a solution containing more than 98% pure [99mTc]
O2-AMD3100 complex with PBS or mouse plasma. For this 
purpose, fresh blood samples were collected from mice. After 
the blood was centrifuged at 3000 rpm, plasma was collected and 
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divided into 250 μl aliquots. 10 μl of [99mTc]O2-AMD3100 was 
added to 240 μl of fresh plasma or PBS and incubated at 37 °C. The 
percentages of free and AMD3100-bound 99mTc were measured at 
different time points (1, 2, 4, 6, and 24 h) by TLC. In addition, a 
cysteine challenge assay was performed in order to check the in 
vitro stability of the complex. The tracer was incubated at 37 °C 
for 60 min at different cysteine to AMD3100 molar ratios (up to 
500:1). At the end of the incubation time, the reaction mixture 
was analysed by TLC as described above. Furthermore, stability 
of tracer in 0.5 M NaOH and HCl was evaluated by incubating 
tracer up to 3 h at room temperature.

Cell cultures

The CXCR4-positive Jurkat-T and PC3 cell lines were purchased 
from ATCC (Manassas, VA, USA). Jurkat-T and PC3 cells were 
cultured in RPMI 1640 supplemented with 10% FCS. Cells were 
maintained at 37 °C in humidified 5% CO2 atmosphere. 

In vitro receptor binding assays

Both heterologous and homologous competition binding assays 
were performed on Jurkat-T cells in order to test the specific 
binding (34–36, 48). Cells were harvested and seeded in 12-well 
plates at a density of 105 cells per well. After 24 h, the cells were 
washed twice with PBS. The heterologous binding assay was 
performed by adding an increasing concentration of unlabelled 
AMD3100 in the range of 10−6 - 10−3 M to the cells, followed by 
incubation with 100 pM [125I]-SDF-1α in a 1000 μl binding buffer 
(PBS pH 7.4, supplemented with 50 mM HEPES, 5 mM MgCl2, 
1 mM CaCl2, 0.5% BSA) for 3 h at 4 °C. After incubation, cells 
were quickly washed two times with 500 μl cold binding buffer 
and cell-associated radioactivity was measured by an automated 
gamma counter. Similarly, a homologous binding assay was done 
using 100 nM of [99mTc]O2-AMD3100. Cells were incubated for 1 
h at 37 °C in 1000 μl binding buffer (PBS containing, 5 mM MgCl2, 
1 mM CaCl2, 0.25% BSA). The IC50 values were determined by 
nonlinear regression analysis, using GraphPad Prism 5.0. All 
experiments were performed in triplicate.
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Receptor internalization assay

Jurkat-T cells were seeded in 6-well plates (105 cells per well). 
After 24 h cells were washed two times with PBS. Cells were 
incubated with [99mTc]O2-AMD3100 for 2 h at 4 °C. Unbound 
radioactivity was removed by washing with cold PBS. Cells were 
then incubated with pre-warmed binding buffer and incubated 
at 37 °C for different time intervals to allow for receptor 
internalization. The membrane bound tracer was removed by 
washing with acid buffer (50 mM glycine-HCl, 10 mM NaCl, pH 
2.8). The cells were washed twice with ice-cold binding buffer 
and subsequently lysed with 1 M NaOH at 37 °C. The lysate 
was collected to determine the internalization fraction. The 
radioactivity in each fraction was measured with a γ-counter and 
the percentage internalization was calculated according to the 
formula: % internalization = [activity in lysate/(activity in lysate 
+ activity in membrane bound fraction)] * 100%.

Animals

Male Balb/c mice (3–4 weeks old) were obtained from Harlan 
(Lelystad, The Netherlands). The animals were provided with 
standard laboratory food and water. All the animal studies 
were approved by the institutional ethics committee for Animal 
Research, of the University of Groningen (DEC protocol No. 
6073A) and executed in accordance with the regulations of Dutch 
law on animal welfare. The immune-competent wild type Balb/c 
mice were used for ex vivo biodistribution to provide information 
about tracer uptake in immune-related organs, whereas tumor 
bearing male Balb/c athymicnu/nu immune-compromised animals 
were used for in vivo SPECT imaging to demonstrate tumor 
targeting of the tracer. Human PC3 prostate tumor cells were 
grafted in nude athymic Balb/c mice by subcutaneous inoculation, 
PC3 cells (2x106 cells) in a 1:1 mixture of matrigel and RPMI 1640 
medium containing 10% FCS were injected subcutaneously into 
the right front flank. Xenografts were allowed to grow during a 
period of 2–3 weeks, the tumor size was measured weekly using 
vernier calliper. When the tumor volume had reached a size of 
about 200 ± 25 mm3 (weight of the tumor at end of scan 250 ± 10 
mg; n=6), the animals were used for SPECT imaging.
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Biodistribution studies

Sixteen healthy Balb/c mice were randomly divided into 
four groups of four animals. Isoflurane (1.5% in medical air) 
inhalation was used as method of anesthesia during injection 
of the tracer. All groups were injected with 5–10 MBq of [99mTc]
O2-AMD3100 via the penile vein. At 30, 60, or 120 min post 
injection (group 1, 2 and 3 respectively), the animals were 
sacrificed and various organs of interest (heart, liver, spleen, lung, 
blood cells, bone, thymus, pancreas, small and large intestine, 
stomach, kidney and bladder) were harvested and weighed. The 
radioactivity in these tissues was determined with a γ-counter. In 
order to determine the specific binding of the tracer, four mice 
(group 4) were injected with a blocking dose of AMD3100·8HCl                                                               
(20 mg/kg) s.c. 30 min before injection of the radiotracer. One 
hour after injection of the tracer, the animals were sacrificed. 
Blood and organs were collected, weighed, and counted as 
described above. Tracer uptake is expressed as a percentage of 
injected dose/gram of tissue (% ID/g).

MicroSPECT Imaging

Imaging experiments were performed on PC3 xenograft bearing 
athymicnu/nu mice (n=6). After the animals were anaesthetized with 
1.5% of isoflurane in medical air, [99mTc]O2-AMD3100 (120 ± 10 
MBq) was injected intravenously via the penile vein. Immediately 
after tracer injection, the animals were placed in a prone position 
in a three-headed SPECT camera (MILabs, U-SPECT-II, Utrecht, 
The Netherlands) equipped with a multi-pinhole high resolution 
collimator (pinhole diameter 0.6 mm, spatial resolution about 
0.4 mm). The field of view was set to include the tumor and its 
immediate surroundings. Immediately after positioning of the 
animal, dynamic data were acquired for 60 min (12 frames, 5 min 
per frame). Subsequently, a whole body static image was collected 
over a period of 10 min. The imaging data were stored digitally 
in list mode.
 The SPECT imaging study was performed as a longitudinal 
experiment, in which each animal was scanned twice. On day 1, 
animals were investigated under baseline conditions. On day 2, 
the SPECT scan was repeated on the same animal after a blocking 
dose of unlabeled AMD3100.8HCl (20 mg/kg) was administered 
s.c 30 min before tracer injection. The imaging data were 
acquired using the same procedure as described above. Only after 
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the second scan, animals were terminated and tumor and other 
organs were collected for histopathological analysis. Images were 
reconstructed with U-SPECT-Rec v 1.34i3 software (MILabs, 
Utrecht, The Netherlands) with a pixel-based ordered subsets 
expectation maximum (POSEM) algorithm. The SPECT images 
of the tumor bearing mice were loaded in the Inveon analysis 
software (Siemens). Regions of interest were drawn around the 
tumor on all slices that showed part of the tumor. Thus, a volume 
of interest was generated by combining the 2 dimensional ROIs. 
The radioactivity concentration in the volume of interest was 
measured and converted to % ID/g by correction for the injected 
dose. It is assumed that 1 mm3 of tissues equals 1 g. Results are 
expressed as mean ± SD.

Immunohistochemistry

Tumor and other organs from the imaging experiments were 
collected, snap-frozen in liquid  nitrogen and stored in a freezer 
at −80 °C until required for further use. All the tissues were cut in 
5 μm thick sections for H&E and immunostaining. The sections 
were fixed in acetone and immersed in PBS solution containing 
0.5% hydrogen peroxidase for 30 min to block endogenous 
peroxidase activity. The sections were then incubated in 2.5% 
normal serum to reduce nonspecific binding, and then sections 
were incubated overnight at 4 °C with primary rabbit polyclonal 
anti-CXCR4 antibody (Abcam, clone 2074; Cambridge, UK) 
at a dilution of 1:500. A negative control without the primary 
antibody was included to check the specificity of the antibody. 
The sections were processed using standard horseradish 
peroxidase (HRP) conjugated secondary and tertiary antibody 
according to the manufacturer’s recommendations (Dako, 
Belgium). Diaminobenzidine (DAB) was used as a chromogen, 
and hematoxylin was used for counterstaining. After washing, 
cover slips were mounted and sections were examined under a 
Leica microscope. 

Statistical analysis

Statistical analyses were performed using Excel 2003 (Microsoft) 
and GraphPad prism 5. All the data represent the mean ± standard 
deviation (SD), differences in tracer accumulation between 
controls and the AMD3100 treated group were analyzed using 
an unpaired two-sided student’s t-test in case of biodistribution 
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and a paired two sided student’s t-test for the imaging studies. 
Data were considered statistically significant when P values were 
smaller than 0.05.

RESULTS

Radiolabelling of AMD3100

Although radiolabelling of macrocyclic cyclams with [99mTc] 
pertechnetate has been reported in the literature (44, 49, 
50), we first aimed to optimize the labelling parameters for 
the incorporation of 99mTc into the bicyclam under reducing 
conditions. To achieve an optimum yield of [99mTc]O2-AMD3100, 
effects of pH, concentration of SnCl2 and AMD3100 were 
investigated. Labelling yield was strongly dependent on pH, as 
labelling efficiencies of 19% ± 3% (n=5), 97% ± 2% (n=5) and 
26% ± 1% (n=5) were obtained when a 1 M citrate buffer at pH 
3, 7 and 11 was used, respectively. The effect of stannous chloride 
concentration on radiolabeling was studied in the range of 10−5 M 
to 10−1 M. Figure 1A shows that the radiolabeling yield increases 
with an increasing stannous chloride concentration, reaching a 
plateau at 10−3 M with a maximum yield of >98%. Similarly, the 
effect of AMD3100 concentration was determined using amounts 
of the ligand that ranged from 10−6 M to 10−2 M. An increasing 
yield was observed as a function of increasing concentrations of 
AMD3100 until a plateau was reached at 10−4 M, corresponding 
to a maximum labelling yield of >98% (Figure 1B). Under optimal 
reaction conditions (pH 7, 0.5 mM SnCl2, 0.135 mM AMD3100, 
reaction time 20 min at room temperature), a labelling yield of 
98% ± 1% was achieved, with a specific activity of 8400–8800 
MBq/μM. These conditions were used for labelling of AMD3100 
for the in vitro and in vivo experiments. 

Quality control and characterization of [99mTc]O2-AMD3100

The quality control of [99mTc]O2-AMD3100 was performed by 
TLC using Whatman No. 3 paper. When 0.9% NaCl was used as 
the solvent, retention factors (Rf) were 0.81 ± 0.02 for [99mTc]O2-
AMD3100 and 0.86 ± 0.01 for free Na[99mTc]O4. When 2-butanone 
was used as the solvent, Rf were as follows: 0.11 ± 0.06 [99mTc]
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Figure 1 
A. Labelling yield as function of SnCl2 concentration. Conditions: concentration AMD3100 0.135×10-3 M, pH 7, 
incubation time 20 min, temperature 25 °C. B. Labelling yield as function of AMD3100 concentration. Conditions: 
concentration SnCl2 0.5×10−3 M, pH 7, incubation time 20 min, temperature 25 °C.
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O2-AMD3100 and, 0.89 ± 0.06 for free Na[99mTc]O4. In order 
to determine the presence of reduced hydrolysed technetium 
colloids (TcO-

2), TLC was performed in ammonia:water:ethanol 
(1:5:5). The colloids remained at the origin, while the AMD3100 
complex along with free [99mTc] pertechnetate migrated with the 
solvent front. After the optimization of reaction, the formation of 
the colloids (TcO-

2) and free [99mTc] pertechnetate was found to be 
less than 1% in total, whereas the amount of [99mTc]O2-AMD3100 
was >99%. Hence, we decided that further purification of the 
tracer by HPLC was not required. The partition coefficient of the 
tracer was determined in a mixture of n-octanol and water. The 
logP value was found to be −2.60 ± 0.25, this indicates that the 
tracer is highly hydrophilic.
 The in vitro stability of the [99mTc]O2-AMD3100 complex 
was studied in PBS and mouse plasma at different time intervals. 
The tracer was stable in PBS and plasma for at least 6 h at 37 °C 
(Figure 2A). After 24 h, still 60% tracer was intact in PBS, 
whereas about 35% was still intact in mouse plasma. In addition, 
the stability of the preparation was tested in a challenge assay, 
in which the tracer was incubated with an increasing amount of 
cysteine at 37 °C for 1 h. Negligible decomposition of [99mTc]O2-
AMD3100 was observed when the complex was incubated with 
up to 50-fold excess of cysteine. Even when the labelled complex 
was exposed to a 500-fold excess of cysteine, it only released 20% 
of the activity (Figure 2B). Furthermore, >90% of the tracer was 
still intact, when it was incubated with 0.5 M NaOH or 0.5 M 
HCl for 1 h at room temperature. However, there was a significant 
loss of the integrity of the tracer after 3 h of incubation (data not 
shown). Taken together, [99mTc]O2-AMD3100 was considered 
sufficiently stable for further evaluation.

In vitro binding and internalization

The Jurkat-T cell line naturally expresses CXCR4 (35). To study 
the binding of the radiopharmaceutical to CXCR4 receptor, a 
heterologous and a homologous binding assay was performed in 
Jurkat-T cells, using [125I]SDF-1α and [99mTc]O2-AMD3100 as the 
CXCR4 specific radioligand, respectively. Radioligand binding 
was plotted in sigmoid curves for the both radioligands as a 
function of increasing concentration of AMD3100 (Figure 3A). 
The measured IC50 values were 240 ± 10 μM, and 92 ± 5 μM for 
[125I]SDF-1α and [99mTc]O2-AMD3100, respectively. The binding 
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Figure 2
A In vitro stability test of [99mTc]O2-AMD3100 in PBS and mouse plasma at 37 °C for different time points. B. Cysteine 
challenge assay of [99mTc]O2-AMD3100 at increasing molar ratio of cysteine to AMD3100 incubation 60 min at 37 °C
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and internalization assays showed that tracer binding to  the cell 
membrane bound receptor reaches a plateau in 60 min (Figure 3B). 
In addition, there is hardly any cytosolic accumulation of tracer 
after an incubation period of 4 h, indicating that internalization 
of the receptors after binding of the tracer is negligible.

Ex vivo biodistribution

The results of the ex vivo biodistribution of [99mTc]O2-AMD3100 
in healthy mice is shown in Figure 4A. The percentage of injected 
dose/gram of tissues (% ID/g) of the tracer was determined in 
various organs at 30, 60, and 120 min post injection. In immune 
related organs with a high density of CXCR4 expressing cells, such 
as the bone (marrow), spleen, liver and thymus, tracer uptake 
was highest at 1 h post injection and decreased thereafter, with 
most activity being eliminated by 2 h. In contrast, radioactivity 
in blood gradually decreased over time from the first time point 
onward. Hepatic uptake was modest, whereas accumulation in 
the kidney and bladder (6% and 58% ID/g respectively) was high, 
due to rapid clearance of radioactivity from the blood pool via 
renal–urinary route. Moreover, negligible accumulation was 
detected in brain and muscle. When the uptake over time was 
evaluated, only the kidney and bladder showed increased tracer 
uptake for at least 2 h. The administration of a blocking dose of 
AMD3100 resulted in a decrease in uptake of the tracer (Figure 
4B) in organs such as liver (61%), intestine (72%), thymus (91%), 
spleen (62%), and bone (52%). This reduction of tracer uptake 
was statically significant (P<0.05) in all of these organs. 
 When an excess of unlabelled AMD3100 was injected 
prior to [99mTc]O2-AMD3100 injection, nonspecific uptake in the 
kidneys was increased further, indicating that after blocking of 
the receptor, a greater fraction of the injected dose is cleared via 
the kidneys. The tracer was stable in vivo, as plasma and urine 
analysis by TLC showed that the tracer remained intact in plasma 
(>98%) for 2 h and was eliminated as intact tracer (>97%) into 
the urine (Figure 4C).

Immunohistochemistry

The morphological analysis of the xenografts revealed viable 
tumor tissue, with a few cells undergoing mitosis. In order 
to verify the presence of CXCR4 in PC3 tumor xenografts, 
we performed immunostaining of the resected tumors. The 
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Figure 3 
A. In vitro heterologous and homologous AMD3100 displacement assay with [125I]SDF-1α and [99mTc]O2-
AMD3100, respectively. The experiment was performed in triplicate. B. Receptor internalization assay in 
Jurkat-T cells. Cells were incubated with [99mTc]O2-AMD3100 for 1 h at 4 °C. Cells were subsequently washed 
and warmed at 37 °C for the indicated time points to permit the internalization of receptors.
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moderate cytoplasmic expression of CXCR4 protein was found 
to be homogeneously distributed throughout the tumor. For 
comparison, immunohistochemistry was also performed on 
liver, lungs, spleen, intestine and pancreas. Staining reveled a 
strong to moderate homogenous expression of CXCR4 in liver, 
lung, intestine and spleen, but not in the pancreas. The tissues 
that expressed CXCR4, as  determined by immunohistochemistry 
also showed specific tracer uptake in the ex vivo biodistribution 
study (Figure 5).

SPECT imaging

Typical [99mTc]O2-AMD3100 small animal SPECT images of mice 
bearing PC3 tumors are presented in Figure 6A. Based on the 
biodistribution studies, a dynamic scan of 60 min of the tumor 
region was acquired, followed by a 10 min whole body scan. 
Scans were acquired with and without prior administration of 
an excess of unlabelled AMD3100. Prominent accumulation of 
tracer was seen in the tumor in all the frames of the dynamic 
SPECT scan in the absence of a blocking agent. In addition, high 
uptake was also seen in liver, spleen, and lungs. Injection of an 
excess of the blocking agent prior to tracer injection reduced the 
uptake in tumor and other CXCR4 positive organs, while kidneys 
remained visible. Time activity curves were generated from the 
SPECT images, regions of interest (ROIs) were drawn around 
the tumors and the amount of radioactivity in the ROIs was 
quantified and converted to % ID/g. The data showed a different 
kinetic behaviour of the tracer in tumor between control and 
AMD3100-treated mice (Figure 6B). In the tumor of control mice, 
the highest accumulation of the tracer was reached within 5 min 
post injection, subsequently activity decreased exponentially. In 
case of AMD3100-treated animals, the initial tracer uptake was 
lower than in controls, but the tracer showed similar washout. 
The difference in tracer uptake between both groups of animals 
was statistically significant at all the time points (P<0.05). 
Furthermore, the area under the curve (AUC) of the control 
tumor (5–60 min) was 11.1 ± 2.4 min, which is significantly 
higher than the AUC of the AMD3100-treated tumor 6.6 ± 1.6 
min (P<0.05). 
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Figure 4 
A. Biodistribution data of selected organs from the normal BALB/C mice injected with 5 MBq [99mTc]O2-AMD3100 
and terminated at different time points. Biodistribution data are represented as mean ± SD of 4 animals. B. Ex vivo 
biodistribution and blocking studies of [99mTc]O2-AMD3100 in normal BALB/C mice at 1 h after tracer injection 
with or without blocking dose of AMD3100.8HCl (20 mg/kg). Data are represented as mean ± SD of 4 animals,         
* (P<0.05), *** (P<0.001) statistical analysis was performed by unpaired by two-tailed students t-test. Continued 
on the next page
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DISCUSSION

Because of its availability from generator systems and the relative 
ease of radiometallation chemistry, the SPECT agent 99mTc has 
gained wide interest in the field of radiopharmaceutical chemistry. 
In this study, we aimed to radiolabel the drug AMD3100 with 
99mTc and evaluate it as a potential tracer for SPECT imaging. 
After optimization of the procedure, AMD3100 was readily 
labelled, giving [99mTc]O2-AMD3100 in high yield. The AMD3100 
has cyclam ring which is similar to the DOTA or NOTA ring 
structure and suitable for the radiometal chemistry. Recently, a 
copper [64Cu] labelled AMD3100 has been evaluated as a PET 
tracer (35, 37). However, the radiosynthesis was relatively time-
consuming and in vitro binding assay in Jurkat cells resulted in 
IC50 value in micromolar range. Generally, the copper complexes 
are thermodynamically unstable and are more prone to release 
the metal ion in vivo; as a result most of copper binds to plasma 
protein and give high background. 
 We anticipated that the incorporation of the 99mTc metal 
ions into the cyclam ring would increase the binding affinity of 
the AMD3100 towards CXCR4. However, the in vitro binding 
study showed nearly a 3-fold higher IC50 value in the homologous 
binding assay with [99mTc]O2-AMD3100, in comparison to the 
reported values for [64Cu]2+-AMD3100 (35). In line with this it 
was demonstrated that the incorporation of a transition metal 
ions, such as Ni2+, Zn2+ and Cu2+, into the macrocyclic rings of 
cyclams and bicyclams enhances the binding affinity for the 
CXCR4 receptors by 50, 36 and 7-fold respectively, whereas 
incorporation of bigger metal ions, such as Pd2+, decreases the 
binding affinity of AMD3100 (43). This may be the reason for 
the reduced IC50 values in the homologous binding assay, as 
compared to the Cu2+ complex. Since Cu2+ increases the binding 
affinity of AMD3100 to CXCR4 by 7-fold, the 3-fold decrease 
in IC50 of [99mTc]O2-AMD3100 compared to the Cu2+ complex 
indicates that incorporation of TcO+

2 still increases the binding 
affinity of labelled AMD3100 compared to free AMD3100. Thus, 
we anticipated that the binding affinity of [99mTc]O2-AMD3100 is 
sufficient to warrant further evaluation in vivo. 
 Our tracer was found to be stable both in vitro and in 
vivo. The transchelation to cysteine is a principle main reason for 
in vivo instability of most of 99mTc-labelled tracers. In our case, 
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Figure 4 continued
C. Typical radio-TLC analysis of [99mTc]O2-AMD3100 using Whatman No. 3 paper and saline as the eluent. Two hours 
post injection the tracer was found to be stable in plasma (98% intact, top panel) and in urine (97% intact, bottom 
panel).

C



14
2

the [99mTc]O2-AMD3100 was stable even at higher molar ratio 
of cysteine and displayed thermodynamical stability. The uptake 
of tracer was observed in liver, bone marrow, lymph nodes, 
spleen, intestine and thymus. It has been reported that these 
organs express relatively high  levels of the CXCL12 ligand, and 
consequently accumulate high number of CXCR4-positive cells, 
such as hematopoietic stem/progenitor or immune cells. CXCR4 
expression in these organs was confirmed by immunostaining 
(25, 50–55). The blocking experiment shows that accumulation 
in these tissues was specific. Moreover, we observed negligible 
tracer uptake in the brain, even though brain has relatively high 
expression of CXCR4 receptors, which is due to the polar nature 
of the tracer (9). The tracer uptake in most CXCR4 poor organs 
decreased with time, with the exception of kidney and bladder. 
This indicates that the tracer was mainly excreted via the renal 
pathway, as could be expected based on its high hydrophilicity. 
After 2 h, most radioactivity was cleared from the body as intact 
tracer, as no radioactive metabolites were found in urine. Previous 
preclinical studies have also shown that, the native AMD3100 has 
fast pharmacokinetics and is eliminated unchanged through the 
renal route (40, 56). 
 Based on the biodistribution data, an imaging study 
was performed in prostate tumor xenografted mice. We selected 
the PC3 prostate cancer model, because this tumor cell line has 
constitutive expression of CXCR4 receptors (57). The moderate 
basal expression of CXCR4 in these cells better reflects the normal 
physiology in a clinical situation than the genetically engineered 
tumors with high overexpression of CXCR4 that are frequently 
used in this field of research. SPECT imaging could clearly 
visualize the accumulation of the tracer in the tumor. The imaging 
study also demonstrated the [99mTc]O2-AMD3100 uptake was 
specifically receptor mediated, as the accumulation was blocked 
by an excess of cold AMD3100. The specific accumulation of 
the tracer in tumor tissue was supported by immunostaining of 
tumor sections, showing homogenous CXCR4 expression in the 
tumor.
 Tumor time–activity curves of the control and 
AMD3100-treated animals also confirmed specific binding of 
[99mTc]O2-AMD3100, as the AUC of the control tumors is 1.7 
times higher when compared to the AUC of AMD3100 saturated 
tumors (P<0.05). Apart from the tumor, a high uptake of the 
tracer was also observed in liver and lungs, due to the relatively 
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Figure 5
Immunohistochemistry demonstrating the expression of CXCR4 protein in various organs: i) 
PC-3 tumor, ii) liver, iii) lung, iv) spleen, v) small intestine and vi) pancreas. All the tissues were 
found to be positive whereas pancreas showed negative.
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high basal expression of CXCR4 in these organs, indicating that 
[99mTc]O2-AMD3100 may not be suitable for diagnosis of lung 
and liver metastasis. Ex vivo biodistribution data of the previously 
published [64Cu]2+-AMD3100 were slightly different from the 
data for [99mTc]O2-AMD3100 obtained in our study, indicating 
that the radio-isotope does affect the in vivo properties of the 
tracer. For [64Cu]2+-AMD3100, accumulation of tracer increased 
over a longer period of time in all tissues especially in the liver 
and lymph nodes (up to 6 h), whereas accumulation of [99mTc]O2-
AMD3100 reaches a maximum at 1 h. This might be explained by 
the lower binding affinity of the technetium complex and a faster 
clearance rate (35).

CONCLUSIONS

The ex vivo biodistribution and SPECT studies have revealed that 
[99mTc]O2-AMD3100 primarily accumulates in organs with high 
expression of CXCR4 and that in vivo tracer accumulation in 
these organs is specific. In addition, the tracer is easy to prepare 
and technetium-99m is widely available and inexpensive. These 
aspects justify further evaluation of this radiopharmaceutical 
as a potential marker for the non-invasive imaging of CXCR4 
receptors.
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Figure 6
A. CXCR4 imaging in PC3 tumor xenografts bearing mice with [99mTc]O2-AMD3100. 
Tracer was injected through penile vein, and whole body images were acquired at 70 
min post injection. Coronal view of an athymic nude mice bearing a tumor, a. control 
SPECT of a control animal b. digital image of control animal. c. SPECT image after  
administration of a blocking dose of AMD3100·8HCl (20 mg/kg). d. Digital image of 
the blocked mice. Arrow indicates the tumor. B. Time–activity curves of PC3 tumors in 
tumor-bearing mice, acquired by SPECT between 5 and 60 min post injection of [99mTc]
O2-AMD3100. The ROI values were corrected for the injected dose and converted to % 
ID/g and expressed as mean ± SEM of 5 animals, * (P=0.05).
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ABSTRACT

Chemokines are small cytokines, characterised by their ability to induce directional 
migration of cells by binding to chemokine receptors. They are known to play a role in 
tumour development, angiogenesis and metastasis. Interestingly, the chemokine network 
also contributes to the progression of gliomas, mainly by intensifying their characteristic 
invasive character. The main hurdle in treatment of these tumours is their infiltration 
of surrounding tissues, hampering complete surgical tumour removal. Standard 
postsurgical treatment with radio- and chemotherapy is of limited effect. Therefore drugs 
that target the chemokine system in high grade gliomas might fill the gap existing in the 
current approach. This review presents the current knowledge of the role of chemokine 
network in the development of the central nervous system, in brain physiology and 
the involvement in brain tumour progression. Finally, current studies exploring 
new compounds targeting the chemokine network in cancer patient are discussed.
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INTRODUCTION

Chemokines are small chemotactic cytokines which are 
characterised by their ability to induce directional migration 
of cells towards a gradient of chemokines (chemotaxis) by 
binding to a chemokine receptor (CR). Interestingly, this large 
family of proteins turns out to exhibit pleiotropic effects not 
only on leucocytes, but also on other cells, originating from 
diverse types of tissues that express CRs. Apart from leucocyte 
trafficking, chemokines also play a role in embryo implantation, 
haematopoiesis, axon guidance and nervous system development 
(1, 2). The discovery that cancer metastasis (Figure 1) and 
leucocyte trafficking share chemokine directed migration 
through blood vessels to distant organs and tissues (3, 4), revealed 
a potential highly remarkable role of chemokines in malignant 
tumour progression (5). Almost a decade ago, it became clear 
that in the central nervous system (CNS) cells constitutively 
express chemokines such as stromal cell-derived factor 1 (SDF-1/
CXCL12), fractalkine (CX3CL1) and their receptors CXCR4 and 
CX3CR1, respectively (6). Chemokines turned out to be involved 
in neurological diseases such as multiple sclerosis, Alzheimer’s 
disease or HIV-1 associated dementia. In brain tumours, 
chemokines have been described to promote growth by exerting 
their invasive and angiogenic activity (7, 8).
 Currently, treatment options for malignant gliomas 
consist of surgery, radiotherapy, chemotherapy or combined 
radiochemotherapy. However, gliomas almost invariably will 
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Figure 1 Chemokines and metastasis 
Chemokines and their receptors play a wide role in determining 
the metastatic destination of tumour. Cancer cells express 
chemokine receptors.The corresponding ligands exhibit peak 
levels of expression in organs representing the first destination of 
metastasis.
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recur. The majority of patients with glioblastoma will succumb to 
their disease within 2 years (9). A limitation of current treatment 
options is the lack of ability to overcome the effects of tumour 
cells heterogeneity and invasiveness. That is mostly  because 
tumour microenvironment strongly influences tumour behaviour 
by autocrine and paracrine interactions between tumour and 
other types of cells. Therefore understanding the mechanisms 
of tumour cell directed invasion is of a great importance. 
Knowledge of chemokine network and its contribution to brain 
tumour progression may lead to a new therapeutic approach and 
more effective therapy. In this review we summarise and discuss 
the most current findings in the field and present the chemokine 
system as a new, exciting therapeutic target for brain tumours 
treatment.

CHARACTERISATION OF CHEMOKINES AND THEIR 
RECEPTORS

Currently, more than 50 chemokines and 20 CRs have been 
described. Chemokines form a family consisting of proteins with 
molecular weights ranging from 8 to 14 kDa and have N-terminal 
cysteine residues which are of fundamental importance in 
chemokine-mediated signalling (1, 8). Despite a variable amino 
acid sequence, all chemokines share characteristic tertiary 
structure (so-called “chemokine fold”). The N-terminal domain 
contains highly conserved cysteine residues, whose location in 
the amino acid chain assigns chemokines to groups (Table 1). 
The CC (α) subfamily is characterised by two adjacent cysteines, 
whereas in CXC (β) subfamily two cysteine residues are separated 
by one amino acid. These two subfamilies are the largest and 
contain almost 50 chemokines. Two minor subfamilies, C (γ) and 
CX3C (δ) are composed of, respectively, two and one chemokine. 
The N-terminal domain and following three anti-parallel β-sheets 
are connected with a long loop, the C-terminus contains α- helix 
motif, overlying β-sheet (10).
 All chemokines bind to receptors that belong to the seven 
transmembrane G-protein-coupled receptor (GPCR) family. CXC 
chemokines bind to CXC receptors (CXCR), CC bind to CCRs, 
whereas C and CX3C have their own receptor specificity (Table 
1). Some chemokine receptors can be activated by more than one 
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Figure 2 Overview of chemokine receptor-mediated downstream signalling 
Biological effects of chemokines are mediated by activation of their respective chemokine receptors (seven 
transmembrane, G protein-coupled receptors). Upon ligand binding, theGα-subunit of the G protein 
exchanges GDP for GTP. Gβγ-subunit dissociates and subsequently activates phospholipase C (PLC). That 
leads to accumulation of diacylglicerol (DAG) and inositol triphosphate (IP3) and calcium mobilisation, 
subsequent proteinkinase C (PKC) activation and phosphorylation of target proteins. In parallel, Gα-subunit 
activates phosphatydylinositol-3-kinase, which results in mitogen-activated protein kinases (MAPK) pathway 
activation. At the same time,Gα-subunit induces adenyl cyclase (AC) activation and subsequent protein 
kinase A (PKA) signalling. As a result of ligand binging, chemokine receptors may also form heterodimers, 
what may lead to Janus kinases (JAK) activation and downstream signal transduction via protein kinase C 
and B (PKC and PKB/Akt, respectively).



Table 1 Chemokines and their receptors (73)

Chemokine name - systematic Chemokine name - alternative Chemokine receptor

CXC (α) family

CXCL1 Gro-α; MGSA; N51/KC; MIP-2 CXCR2

CXCL2 Gro-β; MIP-2 α CXCR2

CXCL3 Gro-γ; MIP-2 β CXCR2

CXCL4 platelet factor 4 (PF4) unknown

CXCL5 ENA-78 CXCR1, CXCR2

CXCL6 GCP-2 CXCR1, CXCR2

CXCL7 β -TG; CTAP-III; NAP-2 CXCR1, CXCR2

CXCL8 IL-8 CXCR1, CXCR2

CXCL9 MIG CXCR3

CXCL10 IP10; CRG-2 CXCR3

CXCL11 I-TAC; β-R1; IP9; H174 CXCR3

CXCL12 SDF-1α; SDF-1β; PBSF CXCR4, CXCR7

CXCL13 BCA-1; BLC CXCR5

CXCL14 BRAK, bolekine unknown

CXCL15 Lungkine unknown

CXCL16 SR-PSOX CXCR6

CC (β) family

CCL1 I-309 CCR8

CCL2 MCP-1 CCR1, CCR2

CCL3 MIP-1; LD78 CCR1, CCR5

CCL4 MIP-1;  Act-2 CCR5, CCR8

CCL5 RANTES CCR1, CCR3, CCR5

CCL6 mC10 unknown



Table 1 Chemokines and their receptors (73)

Chemokine name - systematic Chemokine name - alternative Chemokine receptor

CCL7 MCP-3; FIC; MARC CCR1, CCR2, CCR3, CCR5

CCL8 MCP-2 CCR1, CCR2, CCR3, CCR5

CCL9/10 MIP-1; MRP-2 CCR1

CCL11 Eotaxin CXCR3, CCR3, CCR5

CCL12 MCP-5 CCR2

CCL13 MCP-4; CK10 CCR1, CCR2, CCR3, CCR5

CCL14 HCC-1; CK1 CCR1

CCL15 HCC-2; MIP-5, MIP-1 CCR1, CCR3

CCL16 HCC-4; CK12 CCR1

CCL17 TARC CCR4

CCL18 DC-CK1; PARC; MIP-4; CK7 unknown

CCK19 MIP-3; ELC; exodus-3,;CK11 CCR7

CCL20 MIP-3; LARC; exodus-1; CK4 CCR6

CCL21 SLC; 6Ckine; exodus-2; TCA4 CXCR3, CCR7

CCL22 MDC CCR4

CCL23 MPIF-1; CK8; MIP-3 CCR1

CCL24 MPIF-2; CK6; eotaxin-2 CCR3

CCL25 TECK; CK15 CCR9
CCL26 Eotaxin-3; MIP-4 CCR3, CCR10
CCL27 CTAK; Eskine; CCR10
CCL28 skinkine; MEC unknown

C (γ) family 
CXCL1 Lymphotactin α; SCM-1α ; ATACα CXCR1
CXCL2  Lymphotactin β; SCM-1β ; ATACβ CXCR1

CX3C (δ) family
CX3CL1 Fractalkine CX3CR1



15
8

chemokine within one subfamily and only a few receptor/ligand 
pairs have been reported as highly specific, such as CCR6/CCL20 
and CXCR5/CXCL13.
 The signalling pathways initiated by ligand binding 
to the GPCR lead to activation of kinases responsible for 
signal transduction, changes in intracellular calcium level, 
phosphorylation and activation of transcription factors 
(Figure 2). That results in molecular and functional changes 
in effector cells that allow them to migrate towards a gradient 
of chemokines. Concerning the chemokine induced alterations 
in gene expression, genes encoding for proteins involved in cell 
adhesion (integrins, laminins and cadherins) are of particular 
significance, as they mediate the attachment of immune/tumour 
cells to various target tissues. Further invasion is determined 
by the effector cells ability to proteolyse extracellular matrix, by 
expressing metalloproteinases or cysteinyl and serine proteases 
and actin and myosin polymerisation, necessary for formation of 
pseudopodi and shape change (11).

PHYSIOLOGICAL ROLE OF CHEMOKINE EXPRESSION 
IN NEURAL TISSUES

Increasing evidence supports the role of chemokines and their 
receptors in the CNS in both physiological and pathological 
processes. To date, numerous chemokines and their receptors 
have been reported to be expressed in various neural cell types, 
including neurons, astrocytes and oligodendrocytes (Table 2).

Role of chemokines in the brain development

Tumour cells use existing systems, which are often active during 
embryonic development, for their own growth and invasion. 
Therefore, knowledge of the role of chemokines in CNS 
development contributes to understanding tumour formation 
process and may facilitate the development of novel therapeutic 
targets for brain tumour progression.
 CXCL12 and its receptor, CXCR4 play a major role in 
the development of the cerebellum, neocortex and hippocampal 
dentate gyrus by regulating proliferation and directed migration 
in both normal and progenitor neural cells (12,13). These 
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Table 2 Chemokine receptors expression on the CNS cells (1, 63, 64)

Chemokine receptor Nervous system cell 

CCR1 astrocytes; brain endothelial cells; neurons; microglia;
CCR2 astrocytes; neurons; microglia;
CCR3 astrocytes; brain endothelial cells; neurons; microglia; glia;
CCR4 brain endothelial cells; neurons;
CCR5 astrocytes; brain endothelial cells; neurons; microglia;
CCR9 neurons;
CCR10 astrocytes; neurons;
CCR11 astrocytes; microglia;
CXCR1 neurons; microglia; oligodendrocytes;
CXCR2 astrocytes; neurons; microglia; oligodendrocytes;
CXCR3 astrocytes; neurons; microglia; oligodendrocytes ; interneurons;
CXCR4 astrocytes; brain endothelial cells; neurons;  microglia; glia; embryonic 

neuroepithelium;
CXCR5 neurons;
CXCR6 astrocytes;
CX3CR1 astrocytes; neurons; microglia; spinal cord
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progenitor cells reside in a perivascular stem cell niche (14,15) 
where cell–cell and cell–matrix interactions are tightly regulated 
in order to maintain the stem character of the radial glia. 
Various chemokines were shown to be active in this system, for 
instance CXCL12/CXCR4 axis regulates stem cell proliferation 
(16). CCL2 and CXCL8, constitutively secreted by blood brain 
barrier endothelial cells in the stem cell niche, play a role in the 
differentiation of neural progenitor cells (15).
 CXCR4/CXC12 axis is thought to be the key regulator 
of cortical layers formation during early cortex development. 
CXCL12, expressed by neocortical meninges, is strong 
chemoattractant for newly born neurons expressing CXCR4. Due 
to this interaction, interneurons migrate from subventricular/
ventricular proliferative zone to their destination site - pial 
surface (17). This is supported by presence of reelin, extracellular 
matrix scaffold protein expressed by Cajal-Retzius cells (18). 
These regulatory neurons are necessary for proper layering 
of the cortex and their presence is restricted to marginal zone. 
This localisation is also maintained by meninges, via CXCR4 
present on Cajal-Retzius cells (19). In CXCR4 deficient mutant 
mice, migration of interneurons and the proper cerebellar layer 
formation is disrupted, what results in the death of mice shortly 
after birth (13).
 Moreover, the CXCL12/CXCR4 system is involved in the 
genesis of the hippocampal dentate gyrus, where it stimulates 
the migration of progenitor cells from the subgranullar zone to 
the dentate gyrus which is necessary for their maturing (20). 
Moreover, with electrophysiological measurements, it was 
proven that CXCL12 enhances excitatory GABA-ergic currents 
in dividing neural progenitors. In mature hippocampal neurons, 
CXCR4 is mainly localised in axons and the presence of CXCL12 
promotes axonal branching dose dependently (21).
 Although in general, chemokines act as chemo-attractants 
in the developing CNS, some of them also exert their inhibitory 
influence on neural cells. For instance, the PDGF-mediated 
migration of oligodendrocyte precursors from the spinal cord 
ventricular zone to the white matter was found to be inhibited 
by the CXCL1/CXCR2 axis (22). Besides their role in brain 
development, neural stem cells have important functions also 
later in life, for instance in learning and memory. In the postnatal 
mammalian brain neural stem cells can be found in distinct 
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anatomical areas: the subventricular zone, the subgranular zone 
of the hippocampus, the olfactory bulb, the subcallosal zone and 
at the boundary between the intern granular layer and white 
matter. In subventricular zone neural stem cells from adult mice 
mRNA expression of CCR1–10 and CXCR2–6 was found, with 
CXCR4 showing the highest expression (23).

Chemokines in the regulation of CNS cells proliferation

Many neural cell types, including glial cells, astrocytes and 
oligodendrocyte precursors, proliferate upon chemokines 
stimulation (1). For instance, CXCL12 induces astrocyte cell 
division by activating MAP kinases cascade, involving ERK1/2 
(24). Likewise, both CCL21 and CXCL10 promote wild type 
astrocyte proliferation by binding and activating CXCR3 after 
prolonged exposure to at least one of these ligands, however, it is 
still unclear whether CXCR3 is the only receptor involved in that 
signalling (25).
 Importantly, specific chemokines exert their proliferation 
stimulating effect only at early developmental levels, where they 
control processes of proper neural tissue formation. CXCL1 
(GROα), is able to synergise with platelet derived growth factor 
(PDGF) enhancing cellular response to this ligand, but only on 
immature oligodendrocytes (26). Similarly, CCL5 (RANTES) 
stimulates astrocyte proliferation only in the early phase of 
development suggesting its role in the regulation of astrocyte 
population size (27).

Chemokines and neuronal signalling

CXCL1 and CXCL8 are able to induce calcium transients and 
glutamate release upon stimulation (28). Their respective 
receptors are expressed on Purkinje neurons, which are known 
to be involved in body motor function coordination. CXCL12 
has the same ability to stimulate glutamate release even in the 
absence of CXCR4 (1), which might be possibly mediated by 
another CXCL12 receptor, CXCR7 (29).
 Moreover, it is known that chemokines play a role in 
main- taining brain homeostasis by mediating neuron–microglia 
signalling. Both CXCL10 and CCL21 expressed by neurons 
can induce microglial migration via CXCR3 receptor. This 
action takes place especially in the neural tissue lesions (30). 
Chemokines can play a dual role, as they may be involved both 
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Table 3 Chemokine receptors expression on brain tumor cells 

Chemokine receptor Brain tumour type 

CCR2 glioma (8), glioblastoma (65), gliosarcoma (66)
CCR3 glioblastoma (67)
CCR4 glioblastoma multiforme (68)
CCR5 glioblastoma (67, 69)
CXCR1 glioma (38)
CXCR2 glioma (38)
CXCR3 glioma (38)
CXCR4 glioblastoma multiforme (40), oligendroglioma (35), astrocytoma (35), neuroblastoma 

(7), meningioma (38)
CXCR5 glioma (38)
CXCR7                                glioma (70)
CX3CR1 astrocytoma, glioblastoma multiforme (71, 72)
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in the neural excitation and in the repression of neural signalling. 
CXCL1 not only stimulates synaptic neurotransmission, but also 
prevents neural tissues from excitotoxicity caused by excessive 
glutamate presence. With measuring hippocampal cell survival 
after treatment with high amounts of glutamate, CX3CL1 was 
shown to reduce cell death and to play a protecting role in neural 
tissues (31).

CHEMOKINE ROLE IN HIGH GRADE GLIOMAS

Of the approximately 200 different brain tumours defined by the 
WHO 2007, the group of astrocytomas and oligodendrogliomas 
(together called gliomas) is the most common. This group of 
primary gliomas is highly variable in their presentation and 
molecular background, ranging from the pilocytic astrocytoma 
(WHO grade I) to the most malignant, fast growing, and highly 
infiltrative astrocytoma also called glioblastoma, WHO grade IV. 
During malignant progression, glioma cells acquire an ability to 
use the existing chemokine system to their own advantage, what 
leads to enhanced proliferation, migration and angiogenesis 
(4). Various chemokine receptors are expressed on gliomas 
and numerous reports of their role in tumour development 
are emerging (Table 3). Chemokine system can therefore be 
considered as important target for therapy of these difficult to 
treat, highly malignant gliomas. Currently many antagonists 
blocking chemokine expression or activity are in preclinical and 
clinical investigation (Table 4, for details see www.clinicaltrials.
gov).

CXCL12 and CXCR4

CXCR4 is expressed in over 20 types of cancer, including brain, 
ovarian, renal, breast, lung and prostate tumours (31, 33, 34). Both 
CXCR4 and its ligand, CXCL12 are overexpressed in gliomas (31, 
35, 36, 37), medulloblastomas (32, 36) and meningiomas (38). 
Increased CXCL12 levels are especially present in the areas 
of tumour necrosis, apoptosis and high microvessel density, 
especially in tissue between vessels (36, 39). Enhanced CXCR4 
and CXCL12 expression at the rim of invading glioblastoma 
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Table 4 Selected chemokine receptor antagonists under clinical investigation 

Product name Receptor or 
ligand Sponsor / Company Indication Study 

phase

CTCE-9908 CXCR4 Chemokine Therapeutics breast, lung, prostate, and ovarian 2
TG-0054 CXCR4 TaiGen Biotechnology             

Co, Ltd
stem cell mobilization 1

AMD3100 CXCR4 Washington Univ. School 
of Medicine / Genzyme

lymphoma, Non-Hodgkin disease 
(stem cell mobilisation)

1, 2

AMD3100 CXCR4 Washington Univ. School 
of Medicine / Genzyme

relapsed or refractory AML 1, 2

AMD3100 CXCR4 Mayo Clinic Myeloma 2
Autologous 
DC-adenovirus 
CCL21 vaccine

CCL21 H. Lee Moffitt Canc. 
Center and Research Inst., 
NCI

metastatic melanoma 1

CNTO888
(Anti-CCL2mAb)

CCL2 Centocor, Inc Prostate cancer 1,2

DC pulsed with 
pp65 RNA

CCR7 Duke University glioblastoma, CMV 1

DC/apo-Nec CCR7 José Mordoh melanoma 1
IL-2 CCR5, 

CX3CR1
NCI Neuroblastoma (relapsed or 

refractory)
1

Isentress/ celsentir CCR5 Merck Sharp & Dohme-
Chibret Abbott

HIV 3

KW-0761 CCR4 Kyowa Hakko Kirin 
Pharma, Inc

Peripheral/cutaneous T-cell  
lymphoma/ leukemia

1, 2

Maraviroc CCR5 Pfizer HIV 1, 2, 
3, 4

MDX-1100 CXCL10 Medarex ulcerative colitis 1, 2
MLN1202 CCR2 Millennium 

Pharmaceuticals, Inc
atherosclerosis 2

ONTAK/ 
DAB389IL-2

CCR5, 
CX3CR1 

NCI / Eisai Inc Cutaneous T-cell lymphoma 4

SH T 04268H 
(ZK811752)

CCR1 Bayer endometriosis 2

SP01A CXCR4,  CCR5 Samaritan 
Pharmaceuticals, Inc

HIV 2

Vicriviroc  (Sch-D) CCR5 Schering Plough HIV 1, 2, 3
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tumours was reported and is suggested to be involved in brain 
infiltration [40]. In addition, the presence of CXCL12 in the 
endothelial cells surrounding the tumour tissue is thought to 
contribute to chemotaxis dependent spread of tumour cells (41).
 CXCL12 stimulates vascular endothelial growth factor 
(VEGF) expression, leading to increased angiogenesis (42), which 
could be possible explanation for enhanced invasiveness of brain 
tumour. Hypoxia–induced factor 1 (HIF-1), expressed under 
hypoxic conditions often present in brain tumours, stimulates 
CXCL12 expression. That allows cells to migrate out of hypoxia 
zone, what is thought to result in formation of pseudopalisading 
necrosis area, often observed in glioblastoma (43).
 Importantly, CXCL12 is known to play role in 
irradiation-induced vasculogenesis in GBM (44). Vasculogenesis 
is the mechanism in which circulating bone marrow-derived 
cells (BMDCs) are recruited to the hypoxic site in order to 
restore tumour vasculature. This mechanism is regarded to be 
important for GBM response to local irradiation, as in contrast 
to angiogenesis and blood vessel cooption, circulating BMDCs 
are not damaged by the local therapy. HIF1-induced CXCL12, 
expressed by tumour cells, mediates mobilization and recruitment 
of BMDCs expressing CXCR4, what leads to revascularization of 
the tumour and, possibly, GBM recurrence after irradiation (44).
 CXCL12 can also induce changes in the tumour 
microenvironment. CXCR4 mediated activation of MAPK 
pathway results in enhanced CCL2 and CXCL8 (IL8) expression 
and secretion into the tumour surroundings, where both factors 
play a major role in the process of angiogenesis (37). Interestingly, 
tumour CXCR4 and CXCL12 expression also depend on 
the composition of the microenvironment surrounding the 
tumour tissue. Presence of tumour necrosis factor-α (TNFα), 
interferon-γ (IFNγ), interleukin 4, 6 and 10 (IL4, IL6 and IL10) 
in the microenvironment, increases the CXCR4 expression in 
astrogliomas at mRNA and protein levels (37).
 Apart from CXCR4, CXCL12 is reported to act also 
through CXCR7, which is known to be overexpressed in epithelial 
cells of malignant brain tumour blood vessels (45). Tumour cells 
that secrete CXCL12 will attract endothelial cells overexpressing 
CXCR7. This results in the directed growth of the blood vessels 
(42).
 Recent reports indicate that CXCR4 may become a 
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possible marker for glioma stem cells (GSCs). Preliminary 
results revealed that CD133+ glioblastoma cell population shows 
higher CXCR4 expression as compared to CD133− cells (46). 
Interestingly, hypoxia was reported to promote self-renewal 
of CD133+ glioma-derived cancer stem cells and has led to 
expansion of cells bearing CXCR4 (47).
 Clinical investigations revealed that expression of 
CXCL12 and CXCR4 correlates with glioma WHO grade, 
being at the lowest level in low grade oligodendrogliomas and 
astrocytomas, increasing in anaplastic astrocytoma and reaching 
the highest level in GBM (48, 39). Salmaggi et al. (41) reported 
that high CXCL12 levels in glioma tumour tissue and surrounding 
endothelial cells is associated with shorter time to progression 
compared to tumours expressing less CXCL12. Moreover, 
Stevenson et al. (49) showed that intensity of signal abnormalities 
in magnetic resonance imaging of patients diagnosed with GBM 
is associated with CXCR4 overexpression on tumour cells. They 
proposed that measuring CXCR4 expression levels can be helpful 
in estimating the degree of infiltration in the individual patients 
(49).
 In the context of above mentioned CXCR4/CXCL12 
involvement in brain tumour development and progression, 
CXCR4/CXCL12 inhibitory molecules can open new horizons 
for their treatment. Plerixafor (AMD-3100/Mozobil, Genzyme) 
a bicyclam molecule, is a potent, specific antagonist of CXCR4 
blocking CXCL12 binding. The US Food and Drug Administration 
has recently approved plerixafor in combination with granulocyte-
colony stimulating factor (G-CSF) for haematopietic stem cell 
harvest to permit bone marrow transplantation of patients with 
non-Hodgkin’s lymphoma and multiple myeloma (50).
 In preclinical settings, plerixafor has been shown to 
decrease growth and spreading of gliomas and medulloblastomas 
within brain mass in vivo (29). In addition, it was shown to induce 
an up to 3-fold increase in apoptosis of malignant cells (51, 32). 
Recently, plerixafor was shown to prevent GBM regrowth after 
local irradiation by inhibiting CXCL12-dependent BMDCs 
recruitment and vasculogenesis (but not angiogenesis) in GBM 
mouse model (44).

CXCL8 (interleukin 8) and its receptor

CXCL8 is known to have chemotactic activity for T-lymphocytes, 
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neutrophils and basophils expressing CXCL8 receptors—CXCR1, 
CXCR2 and Duffy antigen receptor for cytokines (DARC) (4). 
Mentioned receptors are also expressed on endothelial cells 
and CXCR2 is expressed on CNS neurons. With regard to brain 
tumourigenesis, CXCR1 and CXCR2 are also expressed on tumour 
human microvascular endothelial cells (HMEC), this turned out 
to be of great importance for tumour-induced angiogenesis (52).
 Expression of CXCL8 has been reported in grade II, III 
and IV gliomas (52). Moreover, CXCL8 is particularly expressed 
and secreted in macrophages accumulated in the proximity 
of the tumour. It has been proven that the number of activated 
macrophages increases consistently with WHO tumour grade 
(53). CXCL8 secretion triggers endothelial cell chemotaxis 
and angiogenesis, especially in the tumour necrosis area (in 
cooperation with TNFα), and under hypoxic conditions mediated 
by HIF-1 (52).
 CXCL8 signalling via CXCR1 mediates angiogenesis 
through Rho, phospoholipase D, mitogen-activated protein 
kinases family (MAPKs, including ERK kinase) and PI-3K 
pathways. Activation of these pathways in microvascular 
endothelial cells leads to the formation of capillary tubes by 
stimulating their proliferation (52). In addition, CXCL8 induces 
metalloproteinases expression on the endothelial cells, playing a 
role both in extracellular matrix degradation and VEGF cleavage 
to its soluble form (54). Endothelial cells acquire survival abilities 
in the presence of CXCL8, due to antiapoptotic activity of CXCL8. 
The balance between proapoptotic protein Bax and antiapoptotic 
Bcl-2 is disturbed to the advantage of the latter, thus promoting 
survival (55).

CCL2 (MCP-1)

CCL2, also known as monocyte chemoattractant protein 1 
(MCP-1), is highly expressed in anaplastic astrocytoma and 
GBM and in lower levels on grade II fibrillary astrocytoma. CCL2 
expression level is positively correlated with the accumulation 
level of tumour associated macrophages within the area of 
tumour mass and its surrounding (56). Macrophage recruitment 
into the tumour area has proangiogenic functions in the gliomas, 
as tumour associated macrophages secrete CXCL8 (54, 56).
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CX3CL-1 (fractalkine)

Although CX3CL1 and its receptor (CX3CR1) are expressed on 
glioblastoma that represent tumours of high grade malignancy, 
to date no impact of CX3CL1/CX3CR1 on tumour progression, 
survival or angiogenesis has been described (57).

Formylated peptides and their receptor role in gliomas

FPR, like receptors from the chemokine receptor family, is a 
seven transmembrane GPCR and was originally identified on 
phagocytic leucocytes. The originally found agonist for FPR is 
f-Met-Leu-Phe (fMLF or fMLP), a synthetic analogue of bacterial 
formylated peptide. FPR is known to play an important role 
in the innate immunological response to bacterium derived 
formylated proteins, causing directed migration of leucocytes to 
the place of inflammation (58). In the past years expression of 
functional FPR receptors has been found also on astrocytoma 
(59) and glioblastomas (58). Various lines of evidence show that 
expression of FPR on gliomas plays an important role in tumour 
progression and angiogenesis. More recently, FPR was reported 
to be expressed also GSCs (60).
 It has been revealed that fMLF binding to FPR expressed 
on gliomas causes an enhanced production of VEGF and 
CXCL8, which are the most potent of known angiogenic factors. 
Production of VEGF is a result of STAT-3 and HIF-1 transcription 
factors activation, which are part of the FPR-mediated signalling 
pathway (61). FPR expressed on GSCs also plays an angiogenic 
role by causing VEGF expression after stimulation with fMLF. 
Moreover, FPR activation in GSCs promotes tumour growth and 
progression of the xenografts in mice (60).
 In addition, FPR transactivates epidermal growth factor 
receptor (EGFR) by cross-talking (62). The fMLF binding to 
FPR induces EGFR phosphorylation at tyrosine 992, but not at 
the other tyrosines that are normally phosphorylated as a result 
of EGF binding to EGFR. The cross-talk between FPR and 
EGFR is controlled by Src kinase. As EGFR is a receptor mostly 
contributing to cell proliferation, its transactivation by FPR leads 
to enhanced cell proliferation, growth and survival rate (62).
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CONCLUSIONS

Over the past decade, new light has been shed on the chemokine 
network, initially known to play a role in leucocyte trafficking and 
inflammation. Increasing evidence shows that chemokines and 
their receptors play a fundamental role in CNS physiology and 
pathology. Their contribution to brain tumour growth, migration 
and angiogenesis is of a great interest.
 The role of chemokines and their receptors in cancer 
progression lead to development of new drugs targeting this 
system. Several of these agents are currently tested in the clinical 
investigations. The results show that targeting the chemokine 
system already constitutes a real therapeutic approach and these 
drugs should be included in trial designs for poor prognosis brain 
tumour patients.
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ABSTRACT

High-grade astrocytomas are malignant brain tumours that infiltrate the surrounding 
brain tissue and have a poor prognosis. Activation of formyl peptide receptor (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–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 out of 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 and tumour cell 
activation, and prolongs the 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 Organisation (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 7 years for patients 
with grade II astrocytoma (1), whereas 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 leucocyte trafficking have 
many similarities (3). Mechanisms involved in leucocyte 
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 leucocyte migration and was characterised 
by its ability to bind bacterial-derived chemotactic N-formyl 
peptides, such as N-formyl-methionyl-leucyl-phenylalanine 
(fMLF) (4).
 Binding of the bacterial peptide fMLF to its receptor 
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FPR1 causes the activation of phagocytic leucocytes, 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 (5, 6).
 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 tumour-
promoting cellular processes such as proliferation, migration and 
angiogenesis (5, 7, 8).
 Mitochondria contain formylated peptides that, 
analogously to fMLF, have affinity for FPR1, as shown in 
promyelocytic HL-60 cells (9). 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 (5). 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 (10). This virulence factor directly binds to FPR1 and 
C5a receptor (C5aR), inhibiting neutrophil responses to bacterial 
infection (11). 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–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.
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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 (8.0 mm 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)-labelled 
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 obtained 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, no. 
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 100x and Halt 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 70 
mm pore size nylon cell strainer was purchased from Beckton 
Dickinson (Breda, The Netherlands).

Cells 

The human astrocytoma cell line U87 was purchased from the 
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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 Board of the 
UMCG. Resected tumour tissue was mechanically dissociated, 
followed by incubation with trypsin at 37 °C for 15 min, repeated 
pipetting and filtration through a 70 μm 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 Figure 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 subline 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 10 mg/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 (10). 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 down-stream 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 45 min on 
ice in RPMI 1640 with 1x10-5 M fluorescent formylated peptide 
ligand (fMLF-FITC). After incubation, the cells were washed 
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twice, and the 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 (11). 
FPR1-expressing U87 cells were incubated with increasing 
concentrations of CHIPS- FITC (3, 10 and 20 μg/ml) 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 preincubated with RPMI 1640 
medium only or with different CHIPS concentrations (1 and 100 
μg/ml) for 15 min at 4 °C. Subsequently cells were incubated for 45 
min at 4 °C in RPMI 1640 medium with 5x10-6M (U87) or 10-7M 
(U937-FPR) fluorescent formylated peptide ligand (fMLF-FITC). 
After incubation, the 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 (10 min, 250 x g, at 4 °C) in RPMI/BSA 
and resuspended in 1 ml of RPMI/BSA. Intracellular calcium 
was labelled by adding 2 μl Fluo-3-AM to the cell suspension. 
Cells were incubated for 20 min at room temperature on a 
shaking table, centrifuged twice and suspended in RPMI/
BSA. Thereafter, patient-derived cells were incubated with  
1  μg/ml CHIPS and U87 and U937-FPR1 cells were incubated 
with 0, 0.01, 0.1 or 1 μg/ml CHIPS for 15 min at room temperature. 
Samples were analysed by flow cytometry as described above. 
First, the background fluorescence of cells was measured. 
Subsequently, cells were stimulated with fMMYALF, fMLKLIV 
or fMLF peptides in concentrations ranging from 10-8–10-5 M 
for U87, U937-FPR and patient-derived cells, or with ionomycin 
as a positive control. Data were calculated as the percentage of 
maximal calcium mobilisation using the following formula: 
((MFsample x bgFsample)/(MFmax x bgFmax)) x100%, in which 

C
ha

pt
er

 8
In

hi
bi

tio
n 

of
 F

PR
1 

in
 h

ig
h-

gr
ad

e 
as

tr
oc

yt
om

a 
by

 C
H

IP
S



18
1

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 8 mm pores were coated with 50 μg/ml 
collagen type I and incubated for 1 h 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 300 μl of fMLF, fMMYALF or fMLKLIV in 
DMEM/0.5% BSA in concentrations ranging from 10-7 M to 
10-10 M. 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 15 min with control medium or 10 μg/ml of 
CHIPS medium. Subsequently, 1x105 cells per well in 150 μl 
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 20 min and stained 
with 0.25% Coomassie blue in 45% methanol/10% acetic acid 
for 20 min. Excessive staining of Coomassie blue was removed 
by washing the Transwell with demi water. Migrated cells 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 24 h, subsequently cells were preincubated 
with culture medium or with 1 μg/ml CHIPS for 20 min at 
room temperature. Thereafter, cells were treated with buffer or 
different concentrations of fMLF (10-5 M, 10-7 M and 10-8 M) for 
30 min. Cells were then lysed in MPER including 1:100 protease 
and 1:100 phosphatase inhibitors, sonicated for 3 s and boiled 
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for 5 min. Immunoblot analysis of phosphorylated ERK1/2 and 
Akt and total Akt was performed. Cell lysates were prepared 
with sample buffer (25mM 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 3 h 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 chemilumi- nescence 
with Lumi-lightplus was used for final signal detection.

MTT assay

U87 cells (4000 cells per well) were plated in 96-well plates in 
200  ml of the culture medium. After 1 h, fMLF, fMLKLIV or 
fMMYLALF (0, 10-5 M, 10-6 M, 10-7 M, 10-8 M or 10-9 M) 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 (12).

Enzyme linked immunosorbent assay (ELISA) 

U87 cells (0.4 x 106 per well) were seeded in a 6-well plate and 
preincubated with culture medium or with 10 μg/ml CHIPS 
for 15 min. Cells were treated with fMLF (10-7 M) for 24 h, 
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 the 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 (6–8 weeks old) were purchased from 
Harlan Laboratories (Horst, The Netherlands). Fourteen mice 
were preirradiated with 2 Gy and subcutaneously implanted in 
the dorsal flank with 5x106 U87 cells in 100 ml PBS. Animals were 

C
ha

pt
er

 8
In

hi
bi

tio
n 

of
 F

PR
1 

in
 h

ig
h-

gr
ad

e 
as

tr
oc

yt
om

a 
by

 C
H

IP
S



18
3

randomly divided into a treatment group and a control group. 
Starting from day one after tumour cell injection, the animals 
designated to the treatment group received daily intraperitoneal 
injections with 1.2 mg/kg CHIPS (in a total volume of 100 μl 
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. The 
animals were killed after they reached the humane endpoint 
(tumour size ≥ 2 cm3), and the tumours were excised, dissected 
into two pieces, snap frozen or formalin-fixed and paraffin- 
embedded. Five mm 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.

Human tissue collection 

4 mm cryosections of brain tumour specimens of 32 patients 
diagnosed between 2007 and 2010 with grade I–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 
the 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 to citrate buffer pH=6.0, heated for 15 min at 95 °C and 
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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 30 min at room temperature 
and washed again with PBS. Subsequently, the sections were 
incubated for 1 h 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 antirabbit secondary 
antibody in 1% BSA/PBS / 1% AB serum for 30 min. After 
washing with PBS, the slides were incubated with peroxidase-
coupled antigoat tertiary antibody in 1% BSA/PBS / 1% human 
AB serum for 30min followed by 3,30-diaminobenzidine (DAB) 
treatment for 10 min and rinsed with tap water. Counterstaining 
was performed with heamatoxylin for 2 min 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 WH10 x -H/22 grid by scoring on high 
power field (ocular 10 x and objective 40 x). 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 
(13), by multiplying the percentage of positive cells by their 
semiquantitative 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 (14, 15), 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 (16).

Statistical analyses 

All statistical analysis were performed with GraphPad Prism 5 
(GraphPad Prism Software Inc., San Diego, CA, USA). Statistical 
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Figure 1 Specimens of human astrocytoma grades I–IV, 
immunohistochemically stained for FPR1, percentage of positive cells and 
antigenic load 
A-D. 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 mm. 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).

A grade I B grade II

C grade III D grade IV

E F
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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.

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 (17). FPR1 expression in grade I astrocytomas 
was less pronounced on the cell membrane, whereas it was highly 
expressed in the fibrillary structures (Figure 1A). In contrast, on 
grade-II astrocytoma specimens, mainly the membrane FPR1 
expression was observed, mostly with intermediate staining 
intensity (Figure 1B). In higher grade astrocytomas with bulky 
cytoplasm, a weak cytoplasmic and strong perinuclear staining 
was observed (Figure 1C and D). In grade I and II astrocytomas, 
>70% of tumour cells were FPR1-positive with a homogeneous 
cytoplasmic staining pattern with moderate to high staining 
intensity (Figure 1A and B). In grade III astrocytomas (Figure 
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, whereas the other seven showed strong 
positivity. The distribution of the staining throughout the tissue 
was heterogeneous (Figure 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 (Figure 1E). The 
antigenic load of grade IV astrocytomas was also lower compared 
with other grades. However, only the difference in antigenic load 
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A

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, 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).

B

DC
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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 (Figure 2A). We subsequently 
performed the CHIPS-FITC binding assay and found a dose-
dependent binding of CHIPS-FITC to U87-FPR1-expressing 
cells (Figure 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 U87 and U937-FPR cells. Preincubation with 
1 and 100 μg/ml CHIPS resulted in dose-dependent inhibition 
of fMLF-FITC binding on U937-FPR cells (Figure 2C). In U87 
cells, 100 μg/ml of CHIPS resulted in 81±16% inhibition of 
fMLF- FITC binding, whereas this effect was not observed after 
preincubation with 1 μg/ml CHIPS (Figure 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 (Figure 3A, control line). We could decrease 
calcium mobilisation up to 60% with 1 μg/ml CHIPS in U87 cells 
compared with control cells (Figure 3A). Similarly, U937-FPR 
cells showed intracellular calcium release following stimulation 
with fMLF (Figure 3B) and with both mitochondrial peptides 
fMLKLIV (Figure 3C) and fMMYALF (Figure 3D). Treatment 
with increasing CHIPS concentrations caused a dose-dependent 
inhibition of calcium mobilisation (Figure 3B–D). Finally, we used 
patient-derived cells that responded in a dose-dependent manner 
with intracellular calcium release. This could be decreased up to 
70% with 1 μg/ml CHIPS (Supplementary Figure 1). Overall, 
with the intracellular calcium mobilisation assay, we showed that 
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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. Abbreviations: Conc, concentration.

B

C D

Ca flux U87 + fMLF Ca flux U937-FPR + fMLF

Ca flux U937-FPR + fMLKLIV Ca flux U937-FPR + fMMYALF
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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 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 migration and proliferation 
assays, respectively. CHIPS inhibited up to 81% of U937-FPR 
cells migrating towards fMLF (Figure 4A), whereas chemotaxis 
towards DMEM/0.5% BSA was not affected (data not shown). 
At 10 μg/ml, CHIPS inhibited 83% of U937-FPR cells migrating 
towards fMMYALF (10-10– 10-7 M) (Figure 4B) and 80% of 
U937-FPR cells towards fMLKLIV (10-10 – 10-7 M) (Figure 4C). 
The migration of U87 cells towards fMLF (10-7 M) was 2.5-fold 
higher relative to the control medium (Figure 4D). Ten μg/ml of 
CHIPS completely abolished the migration of U87 cells towards 
10-7 M fMLF (Figure 4D). However, peptides did not induce the 
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. Western blot analysis 
showed that increasing formylated concentrations of fMLF 
induced the activation of Akt and ERK1/2 in U87 astrocytoma 
cells (Figure 5A, lanes 2–4). Akt and ERK1/2 phosphorylation 
were inhibited by CHIPS (Figure 5A, lanes 5–7).

CHIPS inhibits the upregulation of VEGF-A in fMLF-stimulated 
U87 cells 

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 5174 pg ± 1323 per 106 cells; the average value of control 
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A Migration U937-FPR + fMLF Migration U937-FPR + fMMYALF

Migration U937-FPR + fMLKLIV Migration U87 

B

C D

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 (10-7M) B. with fMMYALF and C. with fMLKLIV peptides (10-10–10-7M). 
D.  Inhibition of cell migration by 10 μg/ml CHIPS in U87 cells stimulated with 10-7 M 
fMLF. Data are presented as percentage of migrated cells as compared with that of the 
positive control.
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cells was set at 100%. After 24h of incubation with fMLF, U87 cells 
showed on an average, 25±9% increased excretion of VEGF-A 
compared with that of control. In cells preincubated with CHIPS, 
fMLF could induce only 8±3% of VEGF-A excretion (P<0.04) 
compared with that of control (Figure 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 (Figure 6A). 
CHIPS-treated mice exhibited a 50% survival of 45 days, whereas 
untreated animals showed a 50% survival of 41 days. Median 
survival of treated animals was higher than untreated animals 
(P<0.0019) (Figure 6B).

Cleaved caspase-3 expression on animal tumor 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% (P<0.026)) (Figure 
6D). 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 antiastrocytoma 
therapeutics. Moreover, we explored the 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.
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A

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 (10-7 M) 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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 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 
(18). 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 (19).
 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 the induction of cell migration. Indeed, in a study of 
Yao et al (19), FPR1 present on CD133+ astrocytoma stem cells 
could be activated by bacteria or host-derived chemotactic 
agonists and lead to intracellular calcium mobilisation and 
tumour cell chemotaxis. 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 an immunodeficient mouse model. In this model, short 
interfering RNA (siRNA) against FPR1 markedly reduced the 
tumourigenic potential of U87 cells (5). 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. 
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A B

Figure 6 Tumour formation and progression in xenografts. U87 cells (5x106 in 100 μl 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/ml CHIPS in 100 μl 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).

C D
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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 with treated animals (P<0.0019), proving that CHIPS 
treatment in vivo prolongs the survival of U87 tumour-bearing 
mice.
 CHIPS is very selective, as 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 a (IL-8RA) and b (IL-8RB), leukotriene B4 (LTB4) 
receptors, and the platelet activating factor (PAF) receptor 
(11). 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 (20).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 the active site 
for inhibition of FPR1 is located at the N-terminus and is 
not dependent on 3D-structural conformations, we recently 
constructed a 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 (21). 
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 superior effects compared with the depletion of 
either one (22). 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 (8). Although we could not find any in vitro differences 
in fMLF-induced U87 cell proliferation as compared with 
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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 (23, 24). At the 
same time, controversies arose, based on a study in 37 patients 
suggesting that this antiangiogenic drug may alter the recurrence 
pattern of malignant gliomas (25). Anti-VEGF therapy can 
facilitate co-option of normal vasculature and tumour invasion, 
potentially leading to a more aggressive tumour phenotype (26, 
27, 28). 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 contrast 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 additional 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 preincubating cells with 1 µg/ml CHIPS.
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SUMMARY

Activation of treatment resistance mechanisms in cancer is a 
major hurdle in developing an ultimately successful treatment. 
A body of preclinical research indicates that tumor adaptation 
to therapy is largely influenced by the changes in the tumor 
microenvironment. Both conventional cytotoxic treatments 
and several classes of targeted anti-cancer drugs can activate 
the tumor microenvironment to support tumor cell survival 
and therapy escape (1-4). In order to successfully target such 
microenvironment-driven resistance in cancer, it is necessary to 
dissect and understand the tumor-microenvironment-therapy 
interactions. 
 In this thesis two cell-surface receptors mediating 
interactions of cancer cell with its microenvironment - chemokine 
receptor 4 (CXCR4) and formylated-peptide receptor 1 (FPR1) 
- were studied. Both receptors may be overexpressed on cancer 
cells and primarily mediate their migration. This thesis aims 
to gain a better understanding of the role of CXCR4 and FPR1 
receptors in the biology of solid cancers, with a particular focus 
on the role of CXCR4 in the interactions of tumor cells with 
stromal microenvironment and its influence on the anti-cancer 
therapy response.  
 Chapter 1 provides a general introduction to the field of 
cancer microenvironment, followed by an indication of the thesis 
aim and a short outline of subsequent chapters. 
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 The biology of CXCR4/CXCL12 signaling axis is 
introduced in a review of the relevant literature in Chapter 2. 
The research of past two decades showed that this G protein-
coupled receptor and its ligand play an important role in cancer 
biology. Primarily involved in cellular migration, this chemokine 
receptor was first shown to mediate directed metastasis of solid 
tumor cells to the organs expressing high levels of the ligand. 
This discovery was followed by a period of research on CXCR4 
inhibitors as anti-metastatic agents. Meanwhile, the role of 
CXCR4 signaling in local interactions of cancer cells and their 
microenvironment was revealed. This led to identification of 
CXCR4 as one of the key factors involved in the development 
of microenvironment-mediated therapy resistance. By inducing 
cellular stress or hypoxia, anti-cancer treatments may activate 
stromal cells to express soluble factors, leading to stimulation 
of pro-survival, pro-angiogenic and pro-invasive pathways in 
cancer cells. In many solid tumors, CXCR4 plays a role in such 
resistance mechanisms. As a consequence, CXCR4 inhibitors 
are extensively tested in pre-clinical research with an intention 
to target stroma-induced resistance to conventional treatment. 
Given promising results from animal studies, CXCR4 inhibitor 
AMD3100 entered clinical trials for leukemia patients to enhance 
their response to chemotherapy. The recent phase 2 clinical trial 
in acute myeloid leukemia showed that AMD3100 can be safely 
administered in combination with chemotherapy and results in a 
46% overall remission rate. Currently, clinical studies providing 
the ultimate insight in the chemosensitizing activity of AMD3100 
in solid tumors remain to be conducted. 
 For the treatment of patients with metastatic hormone 
resistant prostate cancer, standard docetaxel chemotherapy 
regimens are available. It has been postulated that the CXCR12-rich 
organs where CXCR4-overexpressing prostate cancer cells tend to 
establish metastatic lesions, provide protective microenvironment 
and contribute to prostate cancer chemoresistance. In Chapter 3 
we studied whether CXCR4 inhibition with the specific small-
molecule inhibitor AMD3100 sensitizes prostate cancer cells 
cultured in stromal microenvironment to docetaxel. In vitro, 
viability of PC3-Luc cells cultured alone and treated with 1 μM 
docetaxel was only 14%, whereas in the presence of stromal cells 
the viability remained as high as 62% (P=0.0001). This difference 
in viability was reflected in apoptosis assay, where 1 μM docetaxel 
induced 83% of apoptosis in PC3-Luc cells in monoculture, 
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whereas only 53% of apoptosis was induced when cells were 
cultured with stroma. Specific CXCR4 inhibition with 25 μg/ml 
AMD3100, but also ligand inhibition with anti-CXCL12 antibody 
decreased viability levels when cells were cultured with stroma 
back to 19% (P=0.001). The chemosensitizing effect of AMD3100 
was reproduced in an in vivo PC3-Luc xenograft in nude mice, 
where the tumors treated with combination of weekly docetaxel 
(10 mg/kg intraperitoneal) with daily AMD3100 (3.5  mg/kg 
intraperitoneal) for 35 days grew to 235% of the initial tumor 
size, whereas the tumors treated with only docetaxel grew faster, 
reaching 572% of the initial tumor size (P=0.01). The CXCR4 
expression in the docetaxel treated tumors, but not in the tumors 
treated with the combination, was higher than in control tumors, 
as shown by immunohistochemistry (P=0.0001). Moreover, 
immunohistochemistry of 15 primary prostate tumors and 
unpaired metastatic lesions localized in lymph nodes and bone 
marrow (n=15 each) showed that in metastatic lesions CXCR4 
is expressed more in the primary tumors (P≤0.002). In addition, 
bone marrow metastases showed distinct nuclear CXCR4 
staining. This study showed that CXCR4 is upregulated in the 
prostate cancer metastatic lesions. While stromal-derived factor 
CXCL12 exerts protective effect on prostate cancer cells in vitro, 
the CXCR4 inhibition chemosensitizes prostate cancer cells in 
vitro and in vivo. 
 Local tumor irradiation is one of the standard treatments 
available for localized prostate cancer. Preclinical studies show 
that CXCR4 and its ligand emerge as factors influencing tumor 
cell response to irradiation. In Chapter 4 we studied the effects 
of radiotherapy on the CXCR4/CXCL12 expression and the 
outcome of CXCR4 inhibition combined with radiotherapy 
on prostate cancer cells. In an in vitro co-culture with stromal 
cells, AMD3100 sensitized prostate cancer cell lines PC3-Luc 
and LNCaP to irradiation (P=0.04). In mice xenografted with 
luciferase-expressing PC3 cells that received 3.5 mg/kg AMD3100 
daily in combination with 5 Gy weekly irradiation, AMD3100 
transiently sensitized prostate xenografts to irradiation at the 
fourth week of treatment (296% of initial tumor growth in 
irradiated tumors vs 209% in combination group on day 21, 
P=0.02). Nevertheless, AMD3100 also increased metastasis 
occurrence in mice (3/5 mice presenting metastases in irradiation 
group vs 1/6 in the combination group), as assessed at termination 
day. The bioluminescent imaging of blood samples from mice 
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revealed that, at days 14 and 21, AMD3100 administration 
induced 83- and 33-fold increase in number of circulating tumor 
cells, as compared to the baseline measurements (P<0.0001 for 
both measurements), whereas placebo injections induced no 
such mobilization. The irradiated xenografts showed higher 
CXCR4 (P=0.006) and CXCL12 (P=0.01) expression, compared 
to controls. Ex vivo CXCR4 and CXCL12 expression in human 
prostate cancer specimens analyzed by immunohistochemistry 
showed, that prostate cancer cells in specimens of previously 
irradiated patients (n=17) had a stronger nuclear CXCR4 staining 
than a set of 17 unpaired non-irradiated tumors (P<0.0001).  In 
conclusion, irradiation activates the CXCR4/CXCL12 pathway 
in prostate cancer cells. AMD3100 transiently enhances prostate 
cancer radiosensitivity, but induces cancer cell mobilization from 
the primary tumor. 
 Involved in therapy resistance and promoting cancer 
metastasis, CXCR4 and its ligand CXCL12 form an important 
signaling network in rectal cancer. Since irradiation and 
bevacizumab treatment have been previously shown to induce 
CXCR4/CXCL12 signaling in tumors, in Chapter 5 we evaluated 
expression of CXCR4 and CXCL12 46 in rectal cancers before 
and after local radiotherapy and systemic treatment with 
bevacizumab, capecitabine and oxaliplatin, and subsequent radical 
surgery. At diagnosis the majority of rectal tumor cells expressed 
cytoplasmic CXCR4 and CXCL12 (89% and 81%, respectively). 
Nuclear CXCR4 expression in tumor cells was observed in 30% 
(14/46) of the cases, whereas nuclear CXCL12 was detected in 
35% (16/46) of cases. There were no significant differences in 
CXCR4 or CXCL12 expression at baseline between patients that 
had complete pathologic response (9/39) and patients that did not 
respond to treatment (30/39). After treatment, nuclear CXCL12 
expression in residual tumor cells was upregulated from 31% to 
79%, as compared to the pretreatment expression (P=0.001). In 
conclusion, CXCR4 and CXCL12 are extensively expressed in 
rectal tumor cells of patients presenting with metastatic rectal 
cancer. Local and systemic treatment upregulated expression of 
CXCL12, making this chemokine ligand and its receptor potential 
therapeutic targets in rectal cancer.
 In vivo imaging of CXCR4 could provide more insight 
in the role of this receptor in cancer, by allowing non-invasive 
assessment of the receptor expression in the patients diagnosed 
with cancer or to monitor the changes in expression levels in 
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response to treatment. In Chapter 6 we aimed to investigate 
[99mTc]O2-AMD3100 as a potential SPECT tracer for CXCR4 
imaging. AMD3100 could be readily labeled with technetium-99m 
with a high yield (>98 %). The tracer was stable in PBS and 
mouse plasma for at least 6 hours at 37 0C. Heterologous and 
homologous binding assays with AMD3100 showed that the 
tracer has a good CXCR4 binding affinity. Binding of the tracer 
did not result in receptor internalization. In vivo, the tracer 
showed high uptake in liver, lung, spleen, thymus, intestine and 
bone. This could be inhibited by a blocking dose (20 mg/kg) of 
AMD3100·8HCl (P<0.05). In mice bearing prostate cancer PC3 
tumor xenografts, [99mTc]O2-AMD3100 showed specific tumor 
accumulation. In conclusion, [99mTc]O2-AMD3100 is readily and 
stably labeled, and displays a favorable binding affinity for the 
CXCR4 receptors. It shows specific uptake in organs with high 
CXCR4 expression and in CXCR4 positive tumors and can be 
therefore used for non-invasive preclinical imaging of CXCR4.
 In Chapter 7 literature concerning the contribution of 
the chemokine network to brain tumor progression is reviewed. 
A limitation of current treatment options for high-grade 
astrocytoma is the lack of ability to overcome the effects of tumor 
cells heterogeneity and invasiveness. That is mostly because 
tumor microenvironment strongly influences tumor behavior by 
autocrine and paracrine interactions between tumor and other 
types of cells. Understanding the mechanisms of directed invasion 
of high-grade astrocytoma is therefore of a great importance. 
Chemokine signaling is the key determinant in the development 
of central nervous system, adult learning and memory, regulation 
of the neural cell proliferation and neural signaling. Importantly, 
various chemokine receptors are expressed on brain tumor cells 
and play role in tumor invasiveness and angiogenesis. As a result 
of the encouraging pre-clinical research, numerous clinical trials 
are investigating the therapeutic potential of targeting chemokine 
receptors in brain tumors. Overall, the existing literature indicates 
that the role of chemokine system in brain tumor biology is a 
rapidly developing and exciting research area, opening new 
possibilities to improve prognosis for patients carrying these very 
invasive and almost incurable high-grade brain tumors. 
 Therefore in Chapter 8 we aimed to study the role 
of chemokine-like receptor FPR1 in biology of astrocytoma 
and the anti-FPR1 activity of CHemotaxis Inhibitory Protein 
of S. aureus (CHIPS) that has been previously described as an 
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anti-inflammatory drug. First, by immunostaining of tumor 
sections of patients diagnosed with astrocytoma stages I-IV (8 
patients per grade) we showed that FPR1 is expressed in 29/32 
(90%) specimens. We furthermore performed a series of in vitro 
experiments with U87 grade IV astrocytoma cells and U937-FPR1 
transfected promonocytic cell line stimulated with a bacterial 
ligand, the formylated peptide fMLF or two human ligands, the 
formylated mitochondrial peptides fMLKLIV and fMMYALF. In 
addition, we aimed to block the ligand-induced signaling with the 
specific FPR1 inhibitor, CHIPS. The fMLF ligand could stimulate 
dose-dependent intracellular calcium mobilization in U87 cells, 
as measured by flow cytometry. Pre-treatment of cells with 1µg/ml 
CHIPS decreased calcium mobilization in U87 cells by up to 60% 
as compared to positive control. In U937 cells, the intracellular 
calcium increase was up to 10-fold by fMLF stimulation, up to 
3-fold by fMLKLIV and up to 4-fold by fMMYALF. In all cases, 1 
µg/ml CHIPS almost completely abolished the stimulatory effect 
of the peptides. In migration assays, CHIPS inhibited fMLF-
induced migration of U937-FPR (81% inhibition) and of U87 cells 
(up to 100% inhibition). At 10 µg/ml, CHIPS inhibited up to 80% 
of U937-FPR cells migrating towards fMMYALF and fMLKLIV. 
Western blot analysis showed that stimulation of U87 cells with 
fMLF induced phosphorylation of Akt and ERK1/2, which could 
be inhibited by CHIPS. Furthermore, NOD-SCID mice carrying 
U87 xenografts and treated with CHIPS showed a slight reduction 
in tumour volume. In addition, the CHIPS-treated mice exhibited 
a 50% survival of 45 days while untreated animals showed a 50% 
survival of 41 days  (P=0.0019). Overall, this study shows that 
the formylated peptides, also the ones  present in the necrotic 
human material, stimulate FPR1-mediated responses, whereas 
CHIPS was proven to be a potent inhibitor of FPR1 expressed 
on glioblastoma cells. We concluded that FPR1 might potentially 
become an attractive target for the therapy of highly invasive and 
necrotic high-grade brain tumors.

DISCUSSION AND FUTURE PERSPECTIVES

Recent developments in cancer microenvironment research 
resulted in a rapid gain of knowledge on how cancer cells interact 
with neighboring normal cells (5). Realization that normal cells 
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substantially contribute to the growth, angiogenesis, metastasis 
and therapy sensitivity of cancers opens new possibilities for 
more successful cancer treatment. G protein-coupled receptors 
and their ligands mediate the crosstalk of cancer cells with 
their microenvironment and are therefore potential interesting 
therapy targets (6, 7). However, heterogeneity, plasticity and the 
existence of compensatory mechanisms in response to therapy 
require a thorough preclinical research on the complexity of 
tumor microenvironment. Based on this, suitable approaches of 
targeting GPCRs such as CXCR4 or FPR1 in solid tumors can be 
developed.  

Is CXCR4 a valuable clinical target in solid tumor therapy?

 As presented in Chapter 2, next to its frequent 
overexpression in cancer cells, CXCR4 is also present on other 
cell types, such as stromal cells, bone marrow derived-stem/
progenitor cells and stromal cells of various organs such as 
colon or liver, immune cells and others. As a consequence, this 
chemokine receptor is involved in a multitude of cancer-related 
processes, such as cancer cell invasiveness, metastasis, survival, 
and therapy resistance, cross-talk with immune cells taking part 
either in immunosuppressive or stimulatory response to tumor 
(as a receptor present on cells of immune system) and tumor 
vasculogenesis and angiogenesis (as a receptor present on bone 
marrow-derived progenitor cells). Its ubiquitous expression 
may be an advantage, since targeting only one receptor can 
elicit multitude of anti-cancer effects. However, the assessment 
of CXCR4 inhibition effects in a systemic approach is yet to be 
evaluated. Therefore, future studies should aim at analyzing as 
wide range of results as possible in a given model. Preferably, 
immunocompetent mice should be used in order to include 
the involvement of immune system (8, 9). The readout of such 
a systemic experimental study should include: effects on tumor 
growth/survival; tumor cell mobilization and metastasis; effect 
on local stroma; changes in vasculogenesis and angiogenesis; 
hematopoietic stem cell mobilization; and immune cell 
infiltration. Only such a global approach will allow prediction of 
the net effects of CXCR4 inhibition in solid tumors and, thus, its 
value as a clinical target.
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Combining CXCR4 inhibitors with conventional therapies

The sensitizing action of AMD3100 relies on two mechanisms, 
namely local disruption of pro-survival stromal signaling 
and mobilization of cancer cells to blood stream (Chapter 3 
and Chapter 4). To yield the strongest sensitizing effects, the 
systemically applied cytotoxic agent shall be at its activity peak 
when the cancer cells are at the peak of their mobilization. 
However, in order to design such an optimal treatment regimen, 
the exact kinetics of cancer cell mobilization from the solid 
tumor should be determined. In Chapter 4 we showed that 
circulating prostate cancer cells could be detected at 6 hours after 
single AMD3100 injection, although sampling scheme precluded 
determination of the peak of the effect. In addition, the kinetics 
and extent of mobilization will likely depend on the tumor size 
and/or its vascularization. More studies are needed to describe 
the exact determinants and parameters of AMD3100-induced 
mobilization in solid tumors, to be able to design more optimal 
combination regimens and achieve durable tumor control.  

Combining CXCR4 inhibitors with other targeted therapies

Preclinical data support the rationale to combine CXCR4 
inhibitors with anti-angiogenic therapy that induces hypoxia in the 
tumor (2, 3). However, the most optimal combination treatment 
regimen is difficult to indicate based on the currently available 
data. The exact nature and timing of such a compensatory event in 
tumor will likely depend on the extent of hypoxia, targeted drug 
regimen, duration of off-periods, tumor size, the vasculogenic 
and angiogenic profile of the tumor and the intrinsic properties 
of cancer cells. For example, extensively vascularized tumors such 
as ovarian cancers or renal cell carcinomas are very dependent on 
their vascular network and therefore might have more rapid and 
wider range of intrinsic pro-angiogenic mechanisms than, for 
instance, prostate cancers. Because of a multitude of contributing 
factors, it is not very well established when and under which 
circumstances is CXCR4/CXCL12 signaling activated. Since 
most of the studies describe changes in CXCR4 expression levels 
at a given time point, the dynamics of CXCR4 expression changes 
between start of treatment and readout remains a period of “black 
box” (10-12). In case of the ligand, changes in expression levels 
can be measured in serum samples, however recent research 
indicates that they might not always be representative for the 
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levels actually present in the tumor cells or tumor interstitial fluid 
(10, 13). Therefore, in order to efficiently apply CXCR4 inhibition 
to rescue anti-angiogenic treatment-induced evasive resistance, 
non-invasive imaging techniques will be necessary to monitor 
real-time changes in CXCR4/CXCL12 expression during and 
after treatment. 

CXCR4 imaging as a biomarker of tumor resistance

Many classes of CXCR4 imaging agents have been developed, 
of which none is currently yet tested in the clinic (14). Given 
the wide role of CXCR4 in the development of resistance, live 
imaging could help in guiding optimal treatment for solid tumors 
undergoing plastic changes induced by anti-cancer therapies (15). 
However, the challenges of imaging a chemokine receptor may be 
important to realize, since they may hamper the interpretation 
of results. Firstly, the nuclear localization of the receptor seems 
to have a biological role which, although data are preliminary, 
may have a relation with a metastatic spread (Chapter 3) or 
with resistance to therapy (Chapter 4 and Chapter 5). However, 
currently available non-invasive imaging techniques do not allow 
detection of changes in the intracellular localization of the target 
(14). In addition, the abundant expression of CXCR4 on immune 
cells and cancer-associated stromal cells may result in substantial 
amount of biologically relevant background. It is therefore very 
important go gain more information about tracer distribution 
with use of animal models that will resemble human situation as 
close as possible (immunocompetent rodents, with a significant 
level of stromal involvement in the tumor tissue).

CXCR4 targeting in solid tumors: the clinical reality

Until now, CXCR4 inhibitor AMD3100 traveled an extensive 
clinical development path from HIV research, through bone 
marrow stem/progenitor cell mobilization, to chemosensitization 
in leukemia patients. CXCR4 is a surface receptor overexpressed 
in many types of cancer and important in many aspects of cancer 
progression, for which antagonists are available. Therefore 
CXCR4 has a potential to become a good target for treatment 
of solid tumors. Although CXCR4 inhibitors in solid tumors are 
extensively tested in combination with conventional treatments 
in pre-clinical studies, there is only one ongoing clinical trial of 
AMD3100 in combination with bevacizumab for the treatment 

C
ha

pt
er

 9
Su

m
m

ar
y, 

di
sc

us
sio

n 
an

d 
fu

tu
re

 p
er

sp
ec

tiv
es



21
3

of glioblastoma patients (16). This limited success in translating 
findings from the field of solid tumor research reflects very well the 
complexity of the matter: abundant expression of the receptor, its 
heterogeneity and plasticity, all discussed in the above paragraphs. 
It becomes apparent that many unknown factors can influence 
the outcomes of applying CXCR4 inhibitors in solid tumors, 
and the outcomes may vary from a potent chemosensitizing 
effects to induction of systemic metastases. Therefore, although 
CXCR4 is potentially an excellent therapeutic target, much more 
knowledge about the receptor role and dynamics must be gained 
before CXCR4 inhibitors can be explored in the clinical trials in 
solid tumor patients.  

FPR1: how to continue?

Given the aggressive and fast growth of high-grade brain tumors, 
it is unlikely that targeting FPR1 as a monotherapy could bring a 
significant therapeutic effect in glioblastoma patients. However, 
as an adjunct therapy to prevent invasive spread of the tumor 
cells within the brain parenchyma, FPR1 inhibition could bring 
a major improvement in the tumor control. Based on the general 
experience with the biology of chemotactic G protein-coupled 
receptors in cancer, one can envision that the expression of FPR1 
may fluctuate in response to changes induced by standard brain 
tumor therapy. For example, radiation used in the therapy of 
glioblastoma induces necrosis in the treated tumor mass (17). 
Although never shown, this could likely lead to an increase in 
levels of mitochondrial-derived formylated peptides in the 
tumor area and activation/overexpression of FPR on the viable 
glioblastoma cells. Moreover, given that some data suggest 
increased invasiveness of brain tumors in response to hypoxia-
inducing treatments (such as radiotherapy or bevacizumab) (18-
20), it is attractive to speculate that FPR1, a potent cell migration 
inducer, could be one of the receptors driving the invasive 
phenotype of relapsing glioblastoma tumors. To date, it is 
unknown whether and how is the expression of FPR1 affected by 
the clinically used therapy modalities and whether or not FPR1 
mediates not only the invasion, but also the therapy resistance of 
high-grade brain tumors. Future studies ought to investigate the 
dynamics of this intriguing receptor and reveal the whole range 
of aspects of its role in high-grade gliomas. 
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CONCLUSIONS

New insights into the role of G protein-coupled receptors 
in mediating the cross-talk between cancer cells and their 
microenvironment are presented in this thesis. 
 Our preclinical studies reveal the contribution of 
CXCR4/CXCL12 signaling to the microenvironment-mediated 
resistance of solid tumor cells to classical therapies. Upregulated 
by anti-cancer treatment, involved in tumor resistance, survival, 
metastasis and vascularization, this chemokine receptor/ligand 
pair may be a valuable target for therapy of solid tumors. In 
addition, FPR1 receptor is investigated as an important inducer 
of migration of high-grade brain tumor cells. The effects of the 
recently identified FPR1 ligands, present in the necrotic tumor 
microenvironment, and the potent inhibitory effects of the FPR1 
antagonist, are shown in preclinical models of high-grade glioma. 
 A significant insight into the mechanisms orchestrating 
cancer microenvironment has been gained in recent years. The 
heterogeneity and plasticity of chemokine system still remain 
a major challenge in overcoming the microenvironment-
mediated therapy resistance in solid tumors. Therefore, step-by-
step advances in understanding the functions and dynamics of 
G protein-coupled receptors in tumor microenvironment should 
help to define novel, rational strategies for more successful cancer 
treatment. 
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Streszczenie po polsku



Lokalne środowisko guza: przedkliniczne badania mechanizmów odporności 
i strategie leczenia



22
0

WSTĘP

Choroba nowotworowa jest terminem medycznym 
obejmującym w istocie wiele różnych chorób. Mimo różnic, 
wszystkie nowotwory charakteryzują się pewnymi wspólnymi 
cechami. Komórki nowotworowe dzielą się nieustannie i 
niekontrolowanie, nie reagują na czynniki ograniczające ich 
wzrost i regulujące śmierć komórkową, a jednocześnie aktywują 
mechanizmy odpowiedzialne za inwazyjność, przerzuty, wzrost 
naczyń krwionośnych w guzie i odporność na leki. W 2000 roku 
pionierzy w dziedzinie badan nad rakiem Weinberg i Hanahan 
zaproponowali zestawienie tych kilku cech jako definiujących 
nowotwór. Każda z tych nieprawidłowych czynności 
komórkowych może być wykorzystana jako cel terapeutyczny. Na 
przykład, chemioterapia i radioterapia (naświetlanie), powodując 
uszkodzenia w strukturze DNA i uniemożliwiając tym samym 
podział komórkowy, oddziałują głównie na komórki dzielące się 
bardzo szybko. Te dwa typy terapii zostały wprowadzone do użytku 
na początku ubiegłego stulecia i nadal stanowią główną strategie 
leczenia nowotworów. Po chemioterapii i radioterapii, ogromnym  
przełomem w leczeniu nowotworów było wprowadzenie 
tzw. terapii celowanych. W takiej terapii, dany lek oddziałuje 
wyłącznie i wybiorczo tylko na ściśle określone białko, które jest 
zmienione lub rozregulowane w danym typie nowotworu. W ten 
sposób można zablokować wybrany mechanizm biologiczny w 
wybranym typie komórki i zablokować białko, które wysyła sygnał 
do podziałów, lub które pobudza wzrost naczyń krwionośnych. 
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Wprowadzenie takich leków zdecydowanie poszerzyło wachlarz 
możliwości w leczeniu guzów, jednakże szybko stało się jasne, ze 
leczone komórki nowotworowe mogą aktywować różnorodne 
mechanizmy odporności. Obecnie uważa się, że zmienność 
komórek nowotworowych i ich łatwość dostosowania się do 
zmian wywołanych przez terapie stanowią największe wyzwanie 
w leczeniu choroby nowotworowej.

Znaczenie lokalnego środowiska komórek nowotworowych 

Badania nad mechanizmami odporności dowiodły, ze komórki 
nowotworowe wystawione na działanie terapii mogą ulegać 
mutacjom i zmianom w ekspresji genów i białek (czyli zmianom 
w poziomie ich produkcji i funkcji), które pomagają im nabyć 
odporności i przeżyć. Jednakże, w pewnych przypadkach, same 
mutacje nie tłumaczyły wszystkich obserwowanych zjawisk 
odporności. Na przykład, te same komórki wykazywały się inną 
wrażliwością na leki kiedy były hodowane w laboratorium (in 
vitro), niż kiedy znajdowały się w żywym organizmie (in vivo). 
Z badań nad takimi rozbieżnościami wynikało, że bezpośrednie 
otoczenie komórek nowotworowych jest kluczowe dla ich 
funkcji. Zaowocowało to powstaniem relatywnie nowej koncepcji 
w dziedzinie badań nad rakiem, w której badania ostatnich 
dwóch dekad skoncentrowane są na oddziaływaniu miedzy 
komórkami nowotworowymi a ich lokalnym środowiskiem. 
Zgodnie z tym podejściem, guz jest w istocie skomplikowanym 
organem, składającym się z komórek nowotworowych, komórek 
macierzystych nowotworu, komórek śródbłonka budujących 
naczynia krwionośne, komórek odpornościowych i komórek 
tkanki łącznej, takich jak fibroblasty, które produkują macierz 
zewnątrzkomórkową (rusztowanie tkanki) czy komórki zrębu 
(stromy), które wypełniają przestrzenie tkanki, wspierając 
jej strukturę i funkcje. Wszystkie te komórki komunikują się 
ze sobą, wzajemnie się regulują i razem ewoluują. Odbywa 
się to poprzez bezpośredni kontakt komórek, ale również 
poprzez rozpuszczalne czynniki, wydzielane przez komórki 
do przestrzeni międzykomórkowej. Obecnie, oddziaływanie 
komórek nowotworowych z ich lokalnym środowiskiem zostało 
zaliczone do cech definiujących nowotwory, zgodnie z definicją 
zaktualizowaną w 2011 roku przez Weinberga i Hanahana. 
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Lokalne środowisko komórek nowotworowych i odporność na 
terapie

Fakt, że lokalne środowisko guza oddziałuje na komórki 
nowotworowe jest szczególnie ważny w kontekście ich odporności 
na terapie przeciwnowotworową. W przypadku uszkodzenia 
zdrowych, normalnych tkanek, komórki zrębu aktywują program 
ochrony i odbudowy tkanki. Podobny proces ma miejsce przy 
uszkodzeniu tkanki guza przez radioterapię czy chemioterapię. W 
odpowiedzi na terapię, komórki zrębu zwiększają produkcję tak 
zwanych cytokin, chemokin i czynników wzrostu, stymulujących 
podziały komórkowe, ochronę przed śmiercią komórki, migracje 
komórek i wzrost naczyń krwionośnych. Białka te, wydzielane 
do przestrzeni międzykomórkowej guza, powodują jego wzrost, 
inwazyjność i lepsze ukrwienie. Tym samym, komórki zrębu 
wystawione na działanie chemioterapii i radioterapii pomagają 
komórkom nowotworowym uodpornić się na leczenie. 
 Zmiany w lokalnym środowisku guza maja miejsce w 
również przypadku terapii celowanych. Niedawno wprowadzone 
terapie, które blokują działanie śródbłonkowego czynnika wzrostu 
i jego receptora (ang. vascular endothelial growth factor/receptor, 
VEGF/R) powodują zahamowanie wzrostu naczyń krwionośnych 
i spadek stężenia tlenu w guzie, uruchamiając tym samym serie 
mechanizmów, mających zrekompensować niedobór tlenu w 
tkance guza. Komórki zrębu, w wyniku aktywacji czynnika 
indukowanego przez hipoksję (ang. hypoxia-inducible factor 1 
α, HIF-1α), zwiększają produkcję białek stymulujących wzrost 
naczyń krwionośnych w celu zapewnienia tkance wystarczającej 
ilości tlenu. Część wydzielanych białek wywołuje napływ 
perycytów, komórek wzmacniających naczynia krwionośne w celu 
ich stabilizacji po uszkodzeniu lekami. Czynnik HIF-1α aktywuje 
się nie tylko w komórkach zrębu, ale również w niedotlenionych 
komórkach nowotworowych i stymuluje ich zdolność do 
przemieszczania się przez tkanki, co może skutkować tworzeniem 
się przerzutów. Taka reakcja na hipoksję ma na celu znalezienie 
nowego, wystarczająco dotlenionego i odżywionego miejsca, aby 
komórki nowotworowe mogły dalej namnażać się bez przeszkód. 
Uważa się wiec, że w niektórych przypadkach, terapie celowane 
w naczynia krwionośne guza mogą skutkować zwiększonym 
stopniem złośliwości samych komórek nowotworowych. 
 Dodatkowo, wywołana leczeniem martwica tkanek 
i śmierć komórek powoduje uwolnienie wszystkich białek 
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zawartych w komórkach do przestrzeni zewnątrzkomórkowej. 
Jest to naturalnym sygnałem dla układu odpornościowego, 
aby przemieścić się w miejsce uszkodzenia i oczyścić tkankę z 
martwego materiału. Obecność komórek odpornościowych wiąże 
się przede wszystkim z wydzielaniem przez nie przekaźników 
białkowych, których komórki te używają do porozumiewania 
się miedzy sobą. Te same przekaźniki białkowe mogą być 
odbierane przez receptory obecne na powierzchni komórek 
nowotworowych i mogą być dla nich sygnałem do zwiększonej 
aktywności i podziałów. 
 Podsumowując, terapia skierowana przeciw komórkom 
nowotworowym ma wpływ również na działanie normalnych 
komórek w toczeniu guza, których aktywacja w wyniku 
uszkodzeń tkanki może wpłynąć na skuteczność terapii 
przeciwnowotworowej. Zmienność i plastyczność oraz stopień 
skomplikowania tych oddziaływań sprawiają, ze w badaniach 
nad lokalnym środowiskiem guza należy skrupulatnie brać 
pod uwagę biologiczne zmiany we wszystkich elementach 
stanowiących o biologii i zachowaniu się guza zarówno w czasie, 
jak i w przestrzeni. 

CEL I ZAKRES BADAŃ

Niniejsza praca doktorska dotyczy dwóch receptorów 
białkowych, które pośredniczą w oddziaływaniach pomiędzy 
komórkami nowotworowymi a komórkami zrębu w ich 
bezpośrednim otoczeniu: receptorze chemokinowym 4 (ang. 
chemokine receptor 4, CXCR4) i receptorze formylowanych 
peptydów (ang. formylated peptide receptor, FPR1). Oba 
receptory należą do rodziny receptorów siedmiotransbłonowcyh 
sprzężonych z białkiem G (ang. 7-transmembrane, G protein-
coupled receptors; 7-TM GPCRs). Zarówno CXCR4, jak i FPR1 
są obecne na powierzchni komórek nowotworowych różnego 
typu. Wiążąc białka obecne w przestrzeni komórkowej, tak zwane 
chemokiny, aktywują one proces przemieszczania się komórek 
nowotworowych w kierunku źródła chemokin (najczęściej 
komórki lub tkanki produkującej chemokiny). 
 Główna część badań w tej pracy poświęcona jest 
receptorowi CXCR4. Receptor ten jest obecny na komórkach wielu 
różnych typów nowotworów i jest kluczowy dla przemieszczania 
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się komórek nowotworowych do innych organów w trakcie 
procesu tworzenia się przerzutów. Chemokiną wiążącą się do 
tego receptora jest chemokina 12 (CXCL12), która nazywana 
jest również czynnikiem pochodzenia zrębowego (ang. stromal-
derived factor 1α SDF1α). Chemokina CXCL12 produkowana 
jest przez komórki zrębu w wielu organach. Chemokina 
CXCL12 produkowana jest również przez komórki zrębu w 
lokalnym środowisku guza. Najnowsze badania pokazują, ze 
poza wywoływaniem migracji komórek, chemokina ta wpływa 
również pozytywnie na ich przeżywalność, ma wiec swój udział 
w rozwoju odporności komórek nowotworowych na terapię. 
 Pozostała część badań dotyczy receptora FPR1, który 
jest obecny na powierzchni komórek zaawansowanego raka 
mózgu. Receptor ten pośredniczy w procesie przemieszczania się 
komórek w tkance mózgu i w dużej mierze jest odpowiedzialny 
za inwazyjność tego typu nowotworu. Białka wiążące się do 
receptora FPR1 mają w swojej strukturze charakterystyczną 
grupę chemiczna, tzw. grupę formylową. W agresywnych 
nowotworach mózgu, często spotykane jest zjawisko martwicy 
centralnych obszarów guza, które w wyniku gwałtownego wzrostu 
guza są niedożywione i niedotlenione. Formylowane białka, 
będące produktami metabolizmu komórkowego uwalniane są z 
martwych komórek, i wiążą się do receptora FPR1 na żyjących 
komórkach guza. W ten sposób, obumierające tkanki guza 
aktywują żywe komórki nowotworowe do ich rozprzestrzeniania 
się po tkance mózgu w poszukiwaniu nowych źródeł tlenu i 
składników odżywczych. 
 Celem niniejszej pracy było zbadanie roli obu receptorów 
w oddziaływaniach pomiędzy komórkami nowotworowymi a ich 
otoczeniem, ze szczególnym naciskiem na poznanie roli receptora 
CXCR4 w mechanizmach warunkujących rozwój odporności 
nowotworów na terapie. 

STRESZCZENIE ROZDZIAŁÓW

Rozdział pierwszy zawiera wstęp teoretyczny oraz definiuje cel, 
zakres i metodykę pracy. 
 W rozdziale drugim dokonany został przegląd 
literatury w zakresie wiedzy dotyczącej receptora CXCR4 i 

C
ha

pt
er

 1
0

St
re

sz
cz

en
ie

 p
o 

po
lsk

u



22
5

wiążącej się do niego chemokiny CXCL12. Badania ostatnich 
dwóch dekad wykazały, ze ta para receptor-białko odgrywa 
istotna rolę w biologii nowotworów. Jako, że pierwotną funkcją 
tego receptora chemokinowego jest wywoływanie migracji 
komórkowej, a najważniejszą konsekwencją obecności tego 
receptora na powierzchni komórek nowotworowych jest jego 
udział w tworzeniu przerzutów do organów, które produkują 
dużo chemokiny CXCL12. Po tym odkryciu nastąpił okres 
intensywnych badań nad inhibitorami (blokerami) receptora 
CXCR4 i prób zahamowania przerzutów w nowotworach 
różnego typu. Jednocześnie okazało się,  ze chemokina 
CXCL12 występuje również w lokalnym środowisku guza, i 
tam oddziałuje na komórki nowotworowe, wspomagając ich 
przeżywalność. To odkrycie było pierwszym wskazującym na 
udział receptora CXCR4 w rozwijaniu odporności nowotworów 
na terapię. Poprzez wywoływanie stresu tkankowego czy hipoksji, 
terapie antynowotworowe mogą aktywować komórki zrębu w 
celu kompensacji szkód. Komórki zrębu wydzielają, miedzy 
innymi, chemokinę CXCL12, która oddziałując na komórki 
nowotworowe, sprawiając, że mogą one być bardziej odporne i 
mieć większy potencjał aby tworzyć przerzuty. Takie mechanizmy 
mogą uaktywniać się w wielu typach nowotworów,  dlatego 
też inhibitory CXCR4 są obecnie intensywnie badane jako leki 
mające uwrażliwić komórki nowotworowe na klasyczne terapie. 
Obiecujące wyniki w badaniach laboratoryjnych doprowadziły 
do kilku prób klinicznych z udziałem pacjentów chorych na 
białaczkę. Badania te wykazały, że zastosowanie inhibitora 
receptora CXCR4 o nazwie AMD3100, uwrażliwia komórki 
białaczkowe na chemioterapie, zarazem mając nieznaczne skutki 
uboczne. Obecnie planuje się przeprowadzenie podobnych badań 
klinicznych z udziałem pacjentów z nowotworami litymi, takimi 
jak rak piersi, jajnika, prostaty, szyjki macicy czy jelita grubego. 
 Główną przeszkodą w leczeniu raka prostaty jest jego 
odporność na chemioterapie. Uważa się, ze komórki zrębu obecne 
w lokalnym środowisku tego raka dużej mierze przyczyniają się 
do wzrostu jego odporności. Zarówno w guzie pierwotnym, jak i 
w przerzutach, które najczęściej pojawiają się w szpiku kostnym, 
znajduje się wiele komórek zrębu, które produkują chemokinę 
CXCL12 w wysokich stężeniach.  Dlatego, w rozdziale trzecim 
przedstawione są wyniki badań nad oddziaływaniami pomiędzy 
komórkami zrębu a komórkami raka prostaty. W tym celu 
użyty został system kultur komórkowych in vitro. Komórki raka 
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prostaty, PC3-Luc, hodowane razem z komórkami zrębu, były 
bardziej odporne na działanie chemioterapii niż komórki PC3-
Luc hodowane samotnie. Oznacza to, że komórki zrębu chroniły 
komórki raka prostaty przed szkodliwymi skutkami chemioterapii. 
Jednakże, po dodaniu leku AMD3100, który blokuje wiązanie 
chemokiny CXCL12 do receptora CXCR4, komórki PC3-Luc 
hodowane z komórkami zrębu były znacznie bardziej wrażliwe 
na chemioterapie. Jednocześnie, w przypadku komórek PC3-
Luc hodowanych samotnie, AMD3100 nie spowodował 
żadnego uwrażliwiającego efektu. Oznacza to, że mechanizm 
działania AMD3100 opiera się na zablokowaniu ochronnego 
wpływu komórek zrębu na komórki nowotworowe. Badania 
te zostały dalej poparte badaniami in vivo, w których myszom 
laboratoryjnym zostały podskórnie wszczepione komórki PC3-
Luc. Podobnie jak w badaniach in vitro, dodanie AMD3100 do 
chemioterapii silniej zahamowało wzrost podskórnie rosnącego 
guza niż sama chemioterapia. Ponieważ chemokina CXCL12 
jest obecna zarówno w guzach pierwotnych, jak i w organach, 
które są często zaatakowane przerzutami, aspektem, na który 
zwracam szczególną uwagę w tym rozdziale była obecność oraz 
poziom receptora CXCR4 na komórkach raka prostaty w guzach 
pierwotnych i przerzutach u badanych pacjentów. W tym celu, 
wycinki guzów zostały naniesione na szkiełka mikroskopowe i 
został w nich specyficznie wybarwiony receptor CXCR4. Badania 
te wykazały, że poziomy ekspresji receptora CXCR4 są wyższe 
w przerzutach do kości niż w guzach pierwotnych i przerzutach 
do węzłów chłonnych. Jest to ściśle powiązane z różnicami w 
poziomach chemokiny CXCL12, której zdecydowanie najwięcej 
jest w szpiku kostnym. Podsumowując, badania opisane w 
rozdziale trzecim wskazują na to, że komórki zrębu, poprzez 
wydzielanie chemokiny CXCL12 przyczyniają się do odporności 
raka prostaty na chemioterapie. Receptor CXCR4 jest obecny na 
komórkach guzów pierwotnych i przerzutów raka prostaty, a jego 
blokowanie lekiem AMD3100 stanowi obiecująca strategie na 
zwiększenie skuteczności terapii tego typu nowotworu.
 Radioterapia, czyli naświetlanie raka prostaty w celach 
terapeutycznych, należy do jednej z głównych strategii leczenia 
tego typu nowotworu. Jednakże radioterapia silnie wpływa na 
biologię lokalnego środowiska raka prostaty. W oparciu o wyniki 
z rozdziału trzeciego, została postawiona hipoteza, ze zależne od 
receptora CXCR4 oddziaływania guza prostaty z jego lokalnym 
środowiskiem mogą przyczyniać się do jego odporności 
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nie tylko na chemioterapie, ale również na radioterapie. W 
rozdziale czwartym opisany został wpływ radioterapii na poziom 
występowania receptora CXCR4 i chemokiny CXCL12 w raku 
prostaty. Ponadto, w tym rozdziale opisane zostały badania 
wpływu leku AMD3100 na skuteczność radioterapii w tym 
typie nowotworu. Analiza wycinków guzów raka prostaty od 
pacjentów, którzy zostali poddani radioterapii w porównaniu do 
wyników badań u pacjentów, którzy nie otrzymali naświetlania 
wykazała, że u tej pierwszej grupy, komórki raka prostaty maja 
o wiele wyższy poziom ekspresji receptora CXCR4 w jądrach 
komórkowych, niż u drugiej grupy. W systemie in vitro hodowli 
komórek raka prostaty z komórkami zrębu, AMD3100 uwrażliwił 
na naświetlanie dwie linie komórkowe raka prostaty (PC3-Luc 
i LNCaP). Podobnie, w eksperymentach z myszami, którym 
podskórnie zostały zaszczepione guzy z komórek PC3-Luc, 
AMD3100 uwrażliwił rosnące guzy na miejscowe naświetlanie. 
Jednocześnie jednak zaobserwowano u badanych myszy 
nieoczekiwany wzrost ilości przerzutów i towarzysząca temu 
większa ilość komórek nowotworowych uwolnionych z guza i 
krążących we krwi. Dodatkowa analiza guzów wyizolowanych 
z myszy po eksperymencie wykazała, ze guzy wystawione na 
działanie radioterapii miały wyższy poziom ekspresji receptora 
CXCR4 i chemokiny CXCL12 niż z myszy, których guzy nie 
były naświetlane. Z danych tych można wywnioskować, że 
blokowanie receptora CXCR4 uwrażliwia komórki raka prostaty 
na radioterapie. Jednocześnie, naświetlanie sprawia, że komórki 
guza i komórki zrębu zwiększają odpowiednio produkcję 
receptora CXCR4 i chemokiny CXCL12, powodując, ze komórki 
nowotworowe maja większy potencjał do tworzenia przerzutów, 
co uwidoczniło się w eksperymencie in vivo. Ponieważ 
radioterapia działa tylko lokalnie, wszystkie uwolnione z guza i 
krążące z krwią komórki nowotworowe stanowiły potencjalne 
źródło przerzutów. Sugeruje to, że leki blokujące receptor CXCR4, 
takie jak AMD3100 powinny być używane tylko w połączeniu z 
terapią ogólnoustrojową, taką jak chemioterapia, która mogłaby 
zniszczyć wszystkie komórki nowotworowe w organizmie.   
 Innym typem nowotworu, w którym receptor CXCR4 
i chemokina CXCL12 przyczyniają się do powstawania 
przerzutów, jest rak jelita grubego. W leczeniu tego nowotworu 
stosowane są zarówno chemioterapia, radioterapia, jak i 
terapia celowana, hamująca wzrost naczyń krwionośnych w 
guzie. Wcześniejsze badania wykazały, że każdy z tych trzech 
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rodzajów leczenia z osobna może skutkować uruchomieniem 
mechanizmów kompensacyjnych w komórkach zrębu i aktywacji 
receptora CXCR4. Jednakże, pomimo że w raku jelita grubego 
te trzy rodzaje terapii podawane są najczęściej jednocześnie,  ich 
sumaryczny wpływ na mechanizmy odporności w raku jelita 
grubego nie jest jeszcze znany. Dlatego celem badań opisanych 
w rozdziale piątym było porównanie poziomu ekspresji receptora 
CXCR4 i chemokiny CXCL12 w wycinkach raka jelita grubego 
pobranych od tych samych pacjentów przed i po chemioterapii 
połączonej z lokalną radioterapią i lekiem hamującym wzrost 
naczyń krwionośnych guza o nazwie bevacizumab. Przed 
leczeniem, w większości zbadanych komórek raka jelita grubego, 
receptor CXCR4 i chemokina CXCL12 były obecne w cytoplazmie 
komórkowej. Tylko w ok. 30% przypadków białka te były obecne 
w jądrze komórkowym. Jednak po odbytej terapii, chemokina 
CXCL12 była zlokalizowana w jądrach komórkowych komórek 
raka jelita grubego aż w 79% zbadanych guzów. Oznacza to, że w 
wyniku podania pacjentom połączenia chemioterapii, radioterapii 
i leku bevacizumab, chemokina CXCL12 ulega przemieszczeniu 
do  komórki, z cytoplazmy do jadra komórkowego. Zjawisko 
występowania receptora CXCR4 i chemokiny CXCL12 w jądrze 
komórkowym zostało zaobserwowane dopiero niedawno, 
a jego znaczenie w biologii nowotworów nie jest dokładnie 
poznane. Obecny stan wiedzy pozwala spekulować, iż ta para - 
receptor-chemokina pełni w jądrze komórkowym inną rolę niż 
w cytoplazmie, warunkując, według niektórych badań, jeszcze 
bardziej złośliwe zachowanie się komórek nowotworowych. 
Oznacza to, że przemieszczenie się chemokiny CXCL12 do jadra 
komórkowego, może być jednym z mechanizmów odporności na 
terapię w raku jelita grubego.  
 W wielu typach nowotworów, obecność i poziom 
ekspresji receptora CXCR4 w komórkach rakowych może 
świadczyć o stopniu złośliwości danego nowotworu, skłonności 
do tworzenia się przerzutów, czy o rozwoju odporności na 
daną terapię. W przypadku raka piersi, prostaty i jelita grubego, 
wysoki poziom ekspresji tego receptora na komórkach rakowych 
jest związany z gorszym rokowaniem u pacjenta. Nieinwazyjna, 
czyli nie wymagająca biopsji metoda pomiaru poziomu 
ekspresji receptora CXCR4 mogłaby być bardzo użyteczna 
w indywidualnym dopasowywaniu terapii dla pacjenta i w 
monitorowaniu zmian w guzie w trakcie leczenia. Celem badan 
opisanych w rozdziale szóstym było przeprowadzenie syntezy 
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i przetestowanie właściwości radioaktywnego znacznika do 
obrazowania receptora CXCR4 u zwierząt laboratoryjnych metodą 
tomografii emisyjnej pojedynczych fotonów (ang. micro-single 
photon emission computed tomography, microSPECT). W tym 
celu AMD3100, inhibitor receptora CXCR4 został wyznakowany 
izotopem technetu, tworząc radioaktywny znacznik [99mTc]
O2-AMD3100, stabilny przez ponad 24 godziny zarówno 
w laboratoryjnym buforze fosforanowym o fizjologicznym 
odczynie, jak i w ludzkim osoczu. Znacznik ten wiązał się z dużym 
powinowactwem do receptora CXCR4 obecnego na komórkach 
w hodowli in vitro. In vivo, u zdrowych myszy laboratoryjnych, 
znacznik akumulował się głownie w wątrobie, płucach, 
śledzionie, grasicy, jelitach i szpiku kostnym. Specyficzność tego 
znacznika została potwierdzona w eksperymencie, w którym 
przed podaniem myszom radioaktywnego znacznika, został 
im wstrzyknięty niewyznakowany AMD3100. Zajął on miejsce 
wiązania receptorów i tym samym uniemożliwił wiązanie się 
znacznika, osłabiając jego sygnał przy następującym obrazowaniu 
tomograficznym. Co ważne, u myszy, którym zostały zaszczepione 
guzy z komórek raka prostaty PC3-Luc, znacznik [99mTc]
O2-AMD3100 wybiórczo akumulował się w guzach i dawał 
wyraźny sygnał na obrazowaniu tomograficznym. Oznacza to, że 
znacznik ten może być użytecznym narzędziem w obrazowaniu 
guzów, których komórki produkują receptor CXCR4. Znacznik 
do tomografii metoda microSPECT, scharakteryzowany w 
rozdziale szóstym, jest stabilny i specyficzny, może wiec być 
używany w obrazowaniu zwierząt laboratoryjnych w badaniach 
przedklinicznych. 
 Rozdział siódmy stanowi przegląd literatury w zakresie 
udziału systemu chemokin i ich receptorów w biologii glejaków 
wielopostaciowych i jego potencjalnego znaczenia w terapii tych 
agresywnych nowotworów. Glejaki są nowotworami ośrodkowego 
układu nerwowego i wywodzą się z komórek glejowych mózgu, 
które w mózgu pełnią funkcję analogiczną do komórek zrębu w 
innych organach. Glejak wielopostaciowy to najbardziej złośliwa 
z czterech postaci glejaka zgodnie z klasyfikacja Światowej 
Organizacji Zdrowia. Ze względu na wysoką inwazyjność tego 
guza w tkance mózgu i jego dużą odporność na radioterapię, 
pacjenci ze zdiagnozowanym glejakiem wielopostaciowym 
rzadko przezywają dłużej niż dwa lata. Ponieważ podczas 
normalnego rozwoju osobniczego kształtowanie się mózgu w 
czasie i przestrzeni jest regulowane przez system chemokin i 
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receptorów chemokin, komórki budujące mózg mają zwykle 
bardzo wysoką ekspresję tych białek. Nie jest wiec zaskakujące, 
że nowotwory rosnące w tkance mózgu są bardzo podatne na 
działanie chemokin, które stymulują ich przemieszczanie się i, w 
efekcie, śmiertelne rozprzestrzenianie się nowotworu w mózgu. 
Aktualnie, wiedza w dziedzinie udziału chemokin w biologii 
glejaków wielopostaciowych szybko się poszerza, a szereg badań 
w fazie przedklinicznej otwiera nowe możliwości leczenia tych 
agresywnych guzów mózgu. 
 Receptor FPR1 jest często obecny na glejakach 
wielopostaciowych i uważa się, że może on być jednym z głównych 
czynników warunkujących ich inwazyjność i agresywność. Jedną 
z cech glejaka wielopostaciowego jest obecność martwicy w 
guzach, która powstaje w wyniku bardzo gwałtownego wzrostu 
guza i niedokrwienia jego części centralnej. Okazuje się, ze wśród 
białek uwalnianych przez martwe, rozpadające się komórki, 
są formylowane peptydy, które wiążą się do receptora FPR1 i 
aktywują migracje komórek. W rozdziale ósmym przedstawione 
są wyniki badań nad udziałem receptora FPR1 w biologii 
glejaków wielopostaciowych. Dodatkowo, białko CHIPS (ang. 
CHemotaxis Inhibitory Protein of S. Aureus) wiążące receptor 
FPR1, które oryginalnie używane było jako inhibitor stanu 
zapalnego, zostało zbadane jako lek mogący być potencjalnie 
wykorzystany w terapii glejaków. W naturze białko CHIPS jest 
wydzielane przez bakterie gronkowca i, blokując receptor FPR1 
obecny na komórkach odpornościowych, uniemożliwia im 
migrację do miejsca infekcji i zwalczenie jej. Badania opisane 
w rozdziale ósmym wykazały, ze receptor FPR1 jest obecny 
w prawie wszystkich zbadanych glejakach pobranych od 
pacjentów. Do eksperymentów przeprowadzonych w hodowli 
in vitro wykorzystano otrzymaną od pacjenta linie komórkową 
glejaka wielopostaciowego (U87) oraz druga linię pochodzenia 
białaczkowego, ze sztucznie wprowadzoną ekspresją receptora 
FPR1 (U937-FPR1). Na komórki te oddziaływano dwoma 
formylowanymi peptydami wyizolowanymi z obszarów 
martwicy: fMMYALF and fMMLKLIV. Podczas gdy peptydy 
te stymulowały migracje komórek, białko CHIPS działało na 
migracje hamująco. W testach przeprowadzonych na myszach 
laboratoryjnych, białko CHIPS nieznacznie tylko zahamowało 
wzrost guzów U87 rosnących podskórnie. Wynika z tego, ze 
receptor FPR1 odpowiedzialny jest głownie za inwazyjność guza, 
a w nowotworach mózgu głównym źródłem sygnału do migracji 
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komórek są peptydy uwalniane z martwych komórek. Ostatecznie, 
lek CHIPS powinien zostać zweryfikowany w przedklinicznym 
modelu, w którym poza samym wzrostem guza można zmierzyć 
również jego inwazyjność. 

WNIOSKI

W tej pracy doktorskiej zgłębiony został temat roli receptorów 
obecnych na komórkach nowotworowych różnego typu i 
wzajemne oddziaływanie pomiędzy guzem a jego lokalnym 
środowiskiem. 
 Badania przedkliniczne przedstawione w tej pracy 
wskazują na udział receptora CXCR4 i chemokiny CXCL12 w 
rozwoju odporności komórek nowotworowych na terapię. W 
wyniku terapii białka te reagują zwiększoną ekspresją, stymulując 
inwazyjność, przerzutowanie i odporność na leczenie, a 
blokowanie receptora CXCR4 pozwala uwrażliwić nowotwory 
na chemioterapie i radioterapie. Oznacza to, ze terapia celowana 
w receptor CXCR4 i chemokinę CXCL12 stanowi obiecującą 
strategię w terapii nowotworów. W pracy tej została również 
przeanalizowana rola receptora FPR1 w inwazyjności glejaków. 
Ostatnie lata przyniosły znaczący rozwój wiedzy na temat 
roli lokalnego środowiska guza w odporności na terapię. 
Plastyczność i zmienność natury guzów w czasie, przestrzeni i w 
odpowiedzi na terapię są obecnie uważane za główne  wyzwania 
w terapii nowotworów. Tylko stopniowa i dokładna analiza zmian 
zachodzących w guzie pod wpływem jego lokalnego środowiska 
pozwoli na lepsze, indywidualnie dostosowane i bardziej 
skuteczne leczenia raka. 
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NEDERLANDSE SAMENVATTING

Kanker is een verzamelnaam voor meerdere soorten 
kwaadaardige tumoren. Tumoren worden gekenmerkt door 
ongecontroleerde celdeling, ongevoeligheid voor groeiremmende 
signalen, activering van invasie en uitzaaien, induceren van 
vaatnieuwvorming en resistentie tegen celdood. Deze specifieke 
kenmerken van tumoren, zoals beschreven door Hanahan en 
Weinberg in 2000, kunnen worden gebruikt als aangrijpingspunten 
voor antikankertherapie. Chemotherapie en bestraling zijn al 
sinds de eerste helft van de vorige eeuw vaak een onderdeel van 
de behandeling. Daarnaast komen er de laatste tijd steeds meer 
doelgerichte medicijnen beschikbaar. Deze medicijnen oefenen 
hun werking uit op specifieke eigenschappen in de tumor. Zo 
zijn er medicijnen die aangrijpen op bepaalde groeifactoren of 
receptoren voor deze groeifactoren. De groeifactoren kunnen de 
groei van bepaalde kankercellen stimuleren en een doelgerichte 
therapie kan deze stimulerende werking door de groeifactor of de 
werking van de groeifactorreceptor zelf te blokkeren. Deze nieuwe 
medicijnen bieden nieuwe behandelingsmogelijkheden. Toch is 
de ontwikkeling van resistentie tegen anti-kanker behandelingen 
nog een belangrijk probleem om het uiteindelijke doel, genezing 
of langdurige controle van kanker, te bereiken. 

Het concept van het micromilieu van kankercellen

Er is  veel onderzoek gedaan naar resistentiemechanismen 
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in kanker. Dit heeft geleid tot de ontdekking van 
celmembraanpompen die in staat zijn om medicijnen uit cellen 
te verwijderen. Daarnaast weten we inmiddels dat er meerdere 
mutaties in genen en veranderingen in signaalfuncties van 
kankercellen bestaan. Echter deze mechanismen kunnen niet 
geheel het verschil verklaren in de gevoeligheid voor therapie 
tussen kankercellen die in een laboratoriumomgeving (in vitro) 
of in een proefdier (in vivo) groeien. En bij patiënten die met 
chemotherapie worden behandeld zien we soms verschillen in 
respons in verschillende delen in het lichaam. Om deze verschillen 
beter te begrijpen is er veel onderzoek gedaan naar het concept 
van het micromilieu van kankercellen, dat wil zeggen de omgeving 
waar de kankercel zich in begeeft. Dit relatief nieuwe concept, wat 
zich in de afgelopen twintig jaar heeft ontwikkeld, ziet tumoren 
als complexe organen, die opgebouwd zijn uit kankercellen, 
kankerstamcellen, bloedvatcellen en ondersteunende cellen. 
Deze verschillende celtypes communiceren onderling met elkaar 
via ingewikkelde signaalsystemen. Tegenwoordig wordt de 
interactie tussen de kankercel en zijn omgeving benoemd als één 
van de kenmerken van kanker die gebruikt zou kunnen worden 
om antikankertherapieën tegen te richten.

Het micromilieu van kankercellen en resistentie voor therapie

Het overleven en delen van kankercellen is sterk afhankelijk van 
de signalen uit de omgeving. Deze signalen kunnen bijvoorbeeld 
kankercellen, die zich in het beenmerg bevinden, jarenlang een 
slapend bestaan laten leiden. Maar deze signalen kunnen ook 
juist kankercellen aanzetten om extra te gaan delen. Niet alleen 
de ondersteunde cellen maar ook tumorbloedvaten hebben een 
belangrijke rol in het gedrag van de tumor. Voldoende zuurstof 
en voedingsstoffen zijn voor de tumor van wezenlijk belang om 
te groeien. Als er weinig zuurstof is, kunnen omgevingscellen 
kankercellen extra capaciteit geven om te groeien en te overleven. 
 Behandelingen die zich tegen kankercellen richten 
kunnen ook een grote invloed uitoefenen op de omgevingscellen. 
Zo treft chemotherapie niet alleen de kankercel zelf maar ook zijn 
omgeving. Bijvoorbeeld de stress die chemotherapie induceert 
kan er toe leiden dat ondersteunende cellen groeifactoren gaan 
maken. Als deze groeifactoren zich binden aan de receptoren 
op kankercellen, stimuleert dit de tumorcelgroei en overleving. 
Een andere vorm van gerichte antikankerbeandeling is het 
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remmen van de tumorvaatnieuwvorming. Dit kan leiden tot 
het verminderd beschikbaar zijn van zuurstof. Hierop zetten 
kankercellen overlevingsstrategieën in werking zoals het 
aantrekken van cellen uit het beenmerg, die dan weer nieuwe 
vaatjes vormen. Die voorzien de tumor dan opnieuw van zuurstof 
en voedingsstoffen waardoor de tumor weer harder gaat groeien. 
Bestraling van tumoren beïnvloedt niet alleen de kankercellen 
maar ook de omgeving waarin die zich bevinden. Dit leidt 
ertoe dat ondersteunende cellen groeifactoren gaan maken wat 
kankercellen weer helpt in hun groei. Dit effect kan ook worden 
gezien bij het toedienen van chemotherapie. Daarnaast kunnen 
afweer systeem cellen die zich in de buurt van de tumor bevinden 
de tumorgroei verder stimuleren. 
 Dus de omgeving waarin de kankercellen zich bevinden 
is van groot belang voor het effect van de antikankertherapie. 
Omgekeerd kan de antikankertherapie ook invloed hebben op de 
omgeving waarin de kankercellen zich bevinden.

HET ONDERWERP EN HET DOEL VAN DIT 
PROEFSCHRIFT

Dit proefschrift richt zich op twee receptoren die zich op het 
oppervlak van cellen bevinden: chemokine receptor 4 (CXCR4) 
en formylated-peptide receptor 1 (FPR1). Beide receptoren 
behoren tot de familie van de G-eiwit-gekoppelde receptoren 
(GPCRs). Ze komen voor op kankercellen en hun belangrijkste 
functie is het beïnvloeden van de bewegelijkheid van de cellen 
(migratie).
 Het grootste deel van het proefschrift is gewijd aan 
CXCR4. Deze receptor komt voor op cellen van verschillende 
tumortypen. Het aanvankelijke onderzoek richtte zich op de rol 
van CXCR4 bij het uitzaaien van kanker. De ligand van CXCR4, 
stroma derived factor 1α (SDF1α, ook wel CXCL12 genoemd), 
wordt gemaakt in vele organen door ondersteunende cellen en 
speelt een rol bij het gericht uitzaaien van kankercellen en hun 
overleving. Daarnaast wordt steeds meer bekend over de rol van 
CXCR4 als één van de factoren die een belangrijke rol speelt in de 
omgeving-gedreven therapie resistentie.
 Het overige deel van dit proefschrift richt zich op FPR1. 
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Dit komt meer tot expressie in hersentumoren en speelt een 
rol bij het uitzwermen van kankercellen naar het omliggende 
hersenweefsel. De ligand van FPR1 bevat een formylgroep in 
zijn aminozuurvolgorde. De ligand van FPR1 is in hersenweefsel 
met name aanwezig in dode cellen. Laboratoriumonderzoek 
naar agressieve hersentumoren toonde dat FPR1 een rol speelt in 
tumorinvasie en vaatnieuwvorming.
 Het doel van dit proefschrift was om de bijdrage van 
beide receptoren in de kankerbiologie te bestuderen. Daarnaast 
werd ook de rol van CXCR4 geanalyseerd bij het resistent worden 
van kankercellen als gevolg van het kankermicromilieu.

SAMENVATTING VAN DE HOOFDSTUKKEN

Hoofdstuk 1 geeft een algemene introductie in het micromilieu 
van kankercellen, een uitleg van het doel van dit proefschrift en 
een korte samenvatting van de verschillende hoofdstukken.
 Hoofdstuk 2 geeft een literatuur overzicht over de 
CXCR4/CXCL12 signaleringsas. In de afgelopen twintig jaar 
is onderzoek gedaan naar deze G-eiwit-gekoppelde receptor 
wat zich aanvankelijk richtte op de gerichte metastasering 
van tumorencellen naar gebieden met een hoge concentratie 
van de CXCR4 ligand CXCL12. Daarna is er een periode 
geweest waarin CXCR4-remmers in het laboratorium als anti-
metastasen middelen werden onderzocht. Meer recent werd 
de rol van CXCR4 in de communicatie tussen kankercellen en 
hun omgeving ontdekt. Dit heeft geleid tot de ontdekking dat 
CXCR4 één van de belangrijkste spelers is in het ontwikkelen 
van resistentie door de kankeromgeving. Antikankertherapieën 
zorgen ervoor dat ondersteunende cellen die zich in de nabijheid 
van de kankercellen bevinden stofjes gaan maken waardoor de 
kankercellen harder gaan groeien en tumoren meer bloedvaatjes 
kunnen aanmaken. Daarom worden CXCR4 remmers, nu nog 
met name preklinisch, getest om te kijken of deze resistentie 
tegengehouden kan worden. Na succesvol onderzoek op 
proefdieren wordt nu de CXCR4-remmer AMD3100 getest in 
een klinische studie voor leukemiepatiënten. Een recent afgerond 
onderzoek heeft laten zien dat in patiënten met acute myeloïde 
leukemie, de CXCR4 remmer AMD3100 veilig gegeven kan 
worden in combinatie met chemotherapie en dat 46% van deze 
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patiënten in remissie kwam. Of dit ook het geval is voor solide 
tumoren zal in toekomstig onderzoek nog getest moeten worden.
 Het belangrijkste probleem in de behandeling van 
castratie-resistent prostaatkanker is de resistentie tegen 
eerstelijns chemotherapie met docetaxel. De gedachte is dat de 
omgeving waarin de prostaatkankercellen zich bevinden, hier een 
belangrijke bijdrage aan levert. Daarom hebben we in hoofdstuk 3 
de rol van CXCR4 in de resistentie tegen chemotherapie in 
prostaatkanker bestudeerd. In een laboratoriummodel waarin 
PC3-Luc prostaatkankercellen en ondersteunende cellen samen 
gekweekt werden, konden we laten zien dat omgevingscellen 
de prostaatkankercellen beschermden tegen het effect van 
chemotherapie. Dit beschermende effect kon volledig worden 
teniet gedaan door de behandeling met AMD3100. In een 
vervolgstudie in een muismodel  konden we laten zien dat een 
combinatiebehandeling van docetaxel en AMD3100 een beter 
antitumor effect had dan één van beide behandelingen alleen. Om 
het belang van deze bevinding voor prostaatkankerpatiënten te 
verifiëren, analyseerden we CXCR4 in uitzaaiingen van patiënten 
met prostaatkanker. We vonden dat CXCR4 inderdaad in 
belangrijke mate aanwezig is in deze uitzaaiingen. Concluderend 
toonde deze studie dat CXCR4 een belangrijke factor is in de 
resistentie van prostaatkanker voor chemotherapie. Remming 
van CXCR4 is daarom ook een potentieel veelbelovende strategie 
om tumoren gevoeliger te maken voor chemotherapie. 
 Omdat bestraling, wat veel gebruikt wordt als eerstelijns 
behandeling van gelokaliseerde prostaatkanker, een grote invloed 
heeft op de omgeving van de prostaatkankercellen zijn we verder 
gegaan met het onderzoeken van de rol van CXCR4 in het resistent 
worden tegen bestraling in prostaatkanker. In hoofdstuk  4 
bestudeerden we het effect van AMD3100 in combinatie met 
radiotherapie. In tumormateriaal van mannen die geopereerd 
werden voor prostaatkanker na eerdere radiotherapie, konden 
we laten zien dat de CXCR4 aankleuring in de kern hoger was 
ten opzichte van tumoren die nooit bestraald zijn geweest. In het 
laboratorium konden we opnieuw laten zien dat de AMD3100 
prostaatkankercellijnen PC3-Luc en LNCaP gevoeliger maakten 
voor bestraling. Dit was ook het geval in een muismodel laten, 
hoewel het effect tijdelijk was. Een onverwachte bevinding 
was echter dat AMD3100 ook een toename van het aantal 
metastasen tot gevolg had. Eveneens bleek het aantal circulerende 
tumorcellen in muizenbloed hoger te zijn in de AMD3100 
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behandelde groep. We concludeerden dat bestraling de CXCR4/
CXCL12 signaalroute in prostaatkankercellen aanzet. AMD3100 
veroorzaakt een tijdelijke verhoging van de gevoeligheid van 
prostaatkankercellen door bestraling, maar zorgt ook voor meer 
uitzaaiingen. Het ongewenste effect van deze behandeling zou 
mogelijk ondervangen kunnen worden door CXCR4-remming te 
combineren met systeemtherapie, zoals chemotherapie. 
 De expressie van CXCR4 en CXCL12 vertoont 
een correlatie met de progressie van uitzaaiingen bij (colo)
rectaal kanker. Zowel radiotherapie als antivaatnieuwvorming 
behandeling met bevacizumab hebben laten zien de CXCR4/
CXCL12 signaalroute in tumoren te activeren. Daarom was in 
Hoofdstuk 5 de expressie van CXCR4 en CXCL12 onderzocht 
middels immunohistochemie in rectale kanker voor en 
na behandeling met lokale radiotherapie en systemische 
behandeling met bevacizumab, capecitabine en oxaliplatin en 
hieropvolgende radicale chirurgie. Op moment van diagnose 
had de meerderheid van de rectale tumoren cytoplasmatische 
expressie van CXCR4 en CXCL12. Kern kleuring voor  CXCR4 in 
de tumorcellen werd gezien in 30% van de gevallen, terwijl kern 
aankleuring voor CXCL12 in 35% van de gevallen werd gezien. 
Er was geen verschil in CXCR4 or CXCL12 aankleuring voor 
aanvang van de behandeling bij de patiënten die geen complete 
pathologische respons hadden bereikt. Na behandeling werd 
CXCL12 kern aankleuring gezien in 79% van de achtergebleven 
tumorrest vergeleken met slechts in 31% van de gepaarde tumor 
samples van voor aanvang van behandeling. CXCR4 en CXCL12 
worden enorm tot expressie gebracht in rectale tumor cellen van 
patienten die zich presenteren met gemetastaseerd rectal kanker. 
Behandeling van deze patienten verhoogd de CXCL12 expressie 
alleen maar verder. Deze data tonen aan dat CXCR4 en CXCL12 
in rectale kanker mogelijke therpeutische doelen zijn.
 In verschillende type solide tumoren heeft CXCR4 
expressie een prognostische waarde, vaak in samenhang met het 
vermogen van primaire tumoren om uit te zaaien. Daarnaast 
kunnen veranderingen in CXCR4 expressie een indicator zijn voor 
het ontwikkelen van resistentie tegen antikankerbehandelingen. 
Daarom kan het niet-invasief afbeelden van CXCR4 in patiënten 
wellicht bijdragen aan het voorspellen van effect van deze 
behandelingen. In hoofdstuk 6 hebben we  AMD3100 gelabeld 
met radioactief Technetium om een specifieke microSPECT 
tracer te ontwikkelen. AMD3100 kon gelabeld worden met 
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radioactief Technetium met een hoge opbrengst en was stabiel 
in PBS en muizenplasma. Daarnaast liet de tracer een hoge 
affiniteit voor CXCR4 zien. Binding van de tracer resulteerde 
niet in internalisatie van de receptor. In een muismodel liet de 
tracer goede opname zien in de lever, longen, milt, thymus, 
dunne darm en botten. We konden het goed remmen door een 
behandeling met koud, dus niet gelabeld, AMD3100. In een 
muismodel met prostaatkanker PC3 cellen vertoonde de tracer 
specifieke tumoropname. Concluderend, AMD3100 is goed te 
labellen met radioactieve Technetium en bindt de tracer goed aan 
CXCR4 receptoren. Het laat specifieke opname zien in organen 
die veel CXCR4 tot expressie brengen en in CXCR4 positieve 
tumoren, zodat het gebruikt kan worden voor de niet-invasieve 
preklinische afbeelding van CXCR4.
 Hooggradige gliomen zijn moeilijk te behandelen en 
hebben een zeer slechte prognose. Dit komt voornamelijk door 
het feit dat deze cellen zich snel in het gezonde brein verspreiden. 
Normaal hersenweefsel heeft chemokine signalering nodig 
voor een normale ontwikkeling,  hersentumoren gebruiken 
dit chemokine systeem om zich te verspreiden naar omliggend 
gezond hersenweefsel. In hoofdstuk 7 hebben we de literatuur 
samengevat over chemokinenetwerken in hooggradige gliomen 
en hun relevantie als aangrijpingspunt voor antikankertherapie. 
Verschillende chemokinereceptoren worden tot expressie 
gebracht in hersentumorcellen en spelen een rol bij tumorgroei. 
Veelbelovend preklinisch onderzoek heeft er toe geleid dat 
verscheidende klinische studies nu de therapeutische waarde 
van het remmen van chemokinereceptoren in hersentumoren 
onderzoeken.
 De FPR1 receptor speelt een rol bij de invasie van 
astrocytomacellen en kan daarom een belangrijk doelwit zijn 
voor de behandeling van deze hooggradige hersentumoren. 
Agressieve hersentumoren worden gekenmerkt door gebieden 
van dode cellen, waarin stoffen zitten die de FPR1 receptor 
activeren. Echter, welke stoffen dat precies zijn was tot op heden 
niet geheel duidelijk. In hoofdstuk 8 stelden we ons tot doel 
om de rol van FPR1 in de tumorbiologie van astrocytomen 
te bestuderen. Daarnaast onderzochten we de activiteit van 
Chemotaxis Inhibitor proteïn of S. aureus (CHIPS) dat anti-FPR1 
activiteit heeft en eerder bestudeerd is als een anti-inflammatoir 
medicament. Door immunohistochemisch onderzoek in 
tumormateriaal van patiënten die eerder gediagnosticeerd waren 
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met verschillende graden van astrocytoom, konden we laten 
zien dat de FPR1 aanwezig is bij de meeste patiënten. Daarnaast 
hebben we experimenten gedaan in het laboratorium met de 
hooggradige astrocytoomcellijn U87 en een promonocytencellijn 
U937 die getransfecteerd werd met FPR1. We hebben twee uit 
mitochondrieen afkomstige peptiden getest, fMMYALF en 
fMMLKLIV. Deze zijn aanwezig in dood celmateriaal die in 
tumoren aanwezig is. We vonden dat de peptides in belangrijke 
mate de migratie van de U87 cellijn kon laten plaatsvinden. 
CHIPS kon de binding van de peptides aan de FPR1 receptor 
op beide cellijnen remmen, wat ook resulteerde in de remming 
van de calciummobilisatie, migratie, en de verdere activatie van 
AKT en ERK1/2. Tevens werd een klein tumoronderdrukkend 
effect van CHIPS gevonden in een muismodel met U87 cellen. 
We vonden enige afname van de tumorgroei en een verlengde 
overleving van de muizen die behandeld werden met CHIPS. 
De conclusie van deze studie is dat mitochondriale peptiden 
die aanwezig in tumormateriaal, de FPR1 op tumorcellen kan 
stimuleren en CHIPS hier een belangrijke remmer van is.

CONCLUSIES

Dit proefschrift gaat over de nieuwe inzichten in de rol van 
G eiwit-gekoppelde receptoren als schakel in de cross-talk tussen 
kanker cellen en hun omgeving. 
 Onze preklinische studies laten zien dat CXCR4 en 
CXCL12  een bijdrage leveren in het resistent worden van 
solide tumorcellen geïnduceerd door het tegen behandelingen. 
Antikankerbehandelingen hebben invloed op deze  chemokine/
receptor as die een rol speelt bij tumorresistentie, overleving, 
metastasering en vaatnieuwvorming van tumoren. Ook de rol van 
de FPR1 receptor werd onderzocht die een rol speelt in de locale 
migratie van hooggradige hersentumorcellen. We laten de invloed 
zien van liganden van FPR1 die in het necrotische tumormateriaal 
te vinden zijn op de FPR1 receptor, en het remmende effect van 
een FPR1-antagonist in preklinische hooggradige hersentumor 
modellen.
 De afgelopen jaren is de kennis over de factoren die 
een rol spelen in de directe omgeving van de kankercel enorm 
toegenomen. Het ontrafelen van de rol van het zeer uitgebreide 
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en complexe netwerk van chemokine systeem bij het resistent 
worden van kankercellen door hun micromilieu blijft een 
belangrijke uitdaging. Daarom is het van belang om stap voor stap 
meer inzicht in het chemokine netwerk in de tumoromgeving 
te krijgen. Dit moet leiden tot nieuwe en meer succesvolle 
behandelingen tegen kanker.
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na całym świecie! Jeśli jeszcze się zastanawiasz po kim mam ten 
wieczny pęd do podróży i przygody, to pomyśl sobie, ile wyjazdów 
odbyłaś przez ostatnie cztery lata! Mamo Grażyno, Tato Sławku, 
dziękuję, że zawsze otrzymywałam od Was wsparcie, że zawsze 
we mnie wierzyliście! Dziadku Edmundzie, Twoja detrminacja i 
chęć do nauki zawsze były dla mnie niesamowitym przykładem, 
dziękuję! Aniu, kiedy nadchodzi chandra, dzwonie zawsze 
do Ciebie. Jesteś dla mnie wzorem determinacji, równowagi 
i inspiracją, żeby nigdy nie przestawać się rozwijać. Ty, Darek, 
Julka i Pola jesteście wspaniała rodzina, bardzo Was kocham! 
Ewelino, jesteś niesamowicie odważna i nauczyłaś się brać od 
życia to, co dla Ciebie najlepsze. Jestem z Ciebie bardzo dumna! 
Dziękuję za pierwsze i każde kolejne wspólne góry, dziękuję za 
Twoja siłę, wrażliwość i serce! 
 Finally, I want to thank my paranymph, best friend 
and beloved husband Radek. Rado, Mośku, Waciaku, nie mam 
słów, żeby wyrazić, jak bardzo Cię kocham, jak bardzo jestem Ci 
wdzięczna za ogrom Twojego wsparcia, wyrozumiałości i miłości. 
Bez Ciebie byłabym jeszcze większym kłębkiem nerwów (tak, to 
możliwe!). Niech nasza wspólna podróż po jajko pingwina trwa 
wiecznie!
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