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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 in 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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1. 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.

2. 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 (see Fig. 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 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 (see Table 1.).

3. CXCR4/CXCL12 In CAnCER BIOLOGy

3.1. 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) (See 
Fig. 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 
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orthotopic (16-18), subcutaneous human xenograft (19, 20) and transgenic (21) mouse models. In 
a transgenic breast cancer mouse model, treatment with the CXCR4 inhibition 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 (see Fig. 3a). However, to fully comprehend the role 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 a 
prognostic factor.
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3.2. 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 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) (see Fig. 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 αγβ3 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 
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, 
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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 prosurvival 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 to leukaemic cells, also interfere with the microenvironment that favours 
their survival during anti-cancer therapy (21, 45-48). 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 with human breast cancer, 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).
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3.3. 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). More-over, 
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 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) (see Fig. 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 a microenvironmental factor that plays a role in vasculogene-
sis 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).

3.4. 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 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 
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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 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.

4. 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. 
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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 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 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 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 that are currently 
being investigated in phase I/II trials (see Table 2).
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5. 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 warrant 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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Process Mechanism of action

Physiological functions

Immunity Leucocyte trafficking to the inflammation site

Embryo implantation Blastocyst psitioning 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 leucocyte trafficking

Idiopathic pulmonary fibrosis (IPF) Recruitment of bone marrow-derived progenitor cells  
(fibrocytes) to the lungs

Rheumatoid arthritis Recruitment of activated T-cells towards inflammation site

Allergic airway disease Accumulation of inflammatory leucocyted in the lungs

Oncology

Primary tumour growth Paracrine and/or autocrine stimulation of tumour cell  
proliferation

Metastasis Trafficking tumour cells to the arget organs/tissues

Soluble-factor mediated drug resistance Trafficking tumour cells to niches rich in pro-survival factors

Tumour invasiveness Increased expression of metalloproteinases, migration into 
surrounding tissues

Angiogenesis VEGF/VEGFR upregulation

Vasculogenesis Recruitment of vasculature-supporting bone marrow-derived 
progenitor cells to the tumour site

Cns diseases

Brain injury Neural stem cell migration after injury

Multiple Sclerosis (MS) CXCR4-mediated leucocyte accumulation in brain tissue

Stroke Infiltration of activated monocytes to the areas of ischaemic 
injury

HIV-associated encephalopathy Co-entry receptor for HIV-1 infection of microglia

Table 1 | Summary of physiological and pathological functions of chemokine receptor 4 (CXCR4) (5-8)
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drug name
Mechanism 
of Action

Indication
study 
phase

Clinicaltrials.gov 
number

Heart and vessel disease

AMD3100 CXCR4 
inhibitor

renal impairment patients 1 NCT00445302

  EPC mobilisation for diabetic 
foot ulcer

1 NCT01353937

ACRX-100 SDF1a ischemic 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 
NCT00063804

AMD3100 CXCR4 
inhibitor

neutropenia (myelokathexis or 
WHIMS) 

1 NCT01058993

   SCID in children (HSCT) 2 NCT01182675

Hematology not malignant

AMD3100 CXCR4 
inhibitor

fanconi anemia; PBC 
mobilisation

1, 2 NCT00479115 
NCT01331018

  Β thalassemia major; stem cell 
mobilisation

1 NCT01206075

Hematology malignant

MDX-1338/BMS-
936564

CXCR4 
inhibitor

Acute myeloid leukaemia 1 NCT01120457 
NCT0135965

NOX-A12 l-RNA to 
SDF1a 

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 
NCT01076270 
NCT01158118

  post myeloablative allogeneic 
transplantation 

1, 2 NCT01026987 
NCT01280955

  chemosensitisation in 
haematological disorders

1, 2 NCT00906945 
NCT01319864

Table 2 | Clinical trials with chemokine receptor 4 (CXCR4)/chemokine ligand (CXCL12) pathway inhibitors 
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drug name
Mechanism 
of Action

Indication
study 
phase

Clinicaltrials.gov 
number

  PHANTASTIC trial; no chemo for 
SCT in lymphoma

1 NCT01186224

  in hematolic malignancy for 
HSCT

1, 2 NCT00733824  
NCT00241358 
NCT01164345

   2; 3 NCT00665314 
NCT00396266 
NCT00322842 
NCT00396201 
NCT00103662 
NCT00322491 
NCT00103610 
NCT00322387

   4 NCT01164475

  long term follow up of 
AMD3100 in haematologic 
malignancy

 NCT00476294; 
NCT00741780; 
NCT00741325

  clinical and economic impact of 
upfront in SCT

4 NCT01339572

AMD3100 
+lenalidomide

CXCR4 
inhibitor

multiple myeloma for SCT 2, 3 NCT00998049; 
NCT01301963

AMD3100 
+chemotherapy

CXCR4 
inhibitor

time alteration/ timing of 
AMD3100 

2 NCT01149863

  acute myeloid leukaemia/ 
myeloproliferative disorder; 
AML18 trial

1, 2 NCT01095757
NCT01074060
NCT 01236144

  lymphoma  after PBCSCT  
genetically engineered 
lymphocyte therapy 

1, 2 NCT01318317

AMD3100+ MEC CXCR4 
inhibitor

acute myeloid leukaemia 1, 2 NCT00512252 
NCT01027923

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 
patients with FLT3 mutations.

1 NCT00943943

Table 2 Continued
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drug name
Mechanism 
of Action

Indication
study 
phase

Clinicaltrials.gov 
number

AMD3100 + retux CXCR4 
inhibitor

 chronic lymphoid leukaemia 
and small lymphocytic 
leukaemia; lymphoma

1, 2 NCT00694590 
NCT01097057

  non-Hodgkin lymphoma/ 
multiple myeloma;  previous 
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 
advances solid tumours

1 NCT00591682

AMD3100 CXCR4 
inhibitor

with bevacizumab in 
glioblastoma

1 NCT01339039

  Ewing sarcoma, neuroblastoma, 
brain tumours

1, 2 NCT01288573

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

Table 2 Continued
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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, Gαἱ and  
Gβγ-subunits activate phosphatidylinositol 3-kinase (PI3K), which leads to AKT pathway 
activation. At the same time, Gβγ-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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Figure 2 | Timeline summarising the most important discoveries on chemokine receptor 4  
(CXCR4)/chemokine ligand (CXCL12) axis (5, 8, 9, 35, 63, 67, 69, 71, 73, 75; see mentioned references for 
further information).
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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).




