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Abstract Acute myelogenous leukemia (AML) is a bone marrow disease in which

the leukemic cells show constitutive release of a wide range of CCL and CXCL

chemokines and express several chemokine receptors. The AML cell release of

various chemokines is often correlated and three release clusters have been
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identified: CCL2–4/CXCL1/8, CCL5/CXCL9–11, and CCL13/17/22/24/CXCL5.

CXCL8 is the chemokine usually released at highest levels. Based on their overall

constitutive release profile, patients can be classified into distinct subsets that differ

in their T cell chemotaxis towards the leukemic cells. The release profile is

modified by hypoxia, differentiation status, pharmacological interventions, and T

cell cytokine responses. The best investigated single chemokine in AML is

CXCL12 that binds to CXCR4. CXCL12/CXCR4 is important in leukemogenesis

through regulation of AML cell migration, and CXCR4 expression is an adverse

prognostic factor for patient survival after chemotherapy. Even though AML cells

usually release high levels of several chemokines, there is no general increase of

serum chemokine levels in these patients and the levels are also influenced by patient

age, disease status, chemotherapy regimen, and complicating infections. However,

serum CXCL8 levels seem to partly reflect the leukemic cell burden in AML.

Specific chemokine inhibitors are currently being developed, although redundancy

and pleiotropy of the chemokine system are obstacles in drug development.

Abbreviations

AML Acute myelogenous leukemia

ATRA All-trans retinoic acid

FAK Focal adhesion kinase

HIF Hypoxia inducible factor

IL Interleukin

ITD Internal tandem duplication

MMP Matrix metalloproteases

MOZ Monocyte zinc finger

NK Natural killer

TNF Tumor necrosis factor

VLA Very late antigen

1 Introduction

Chemokines are involved in the regulation of cell survival, proliferation, and

trafficking (Bendall 2005; Tanaka et al. 2005; Balkwill 2004; Rosenkilde and

Schwartz 2004; Allavena et al. 2005). All these processes are important in the

development of acute myelogenous leukemia (AML), an aggressive bone marrow

malignancy, and the AML patients are often subclassified according to their

prognosis, that is, risk of primary therapy resistance or later disease relapse

(Estey and Döhner 2006; Harris et al. 1999). Primary human AML cells usually

show constitutive release of a wide range of chemokines and have several chemo-

kine receptors on the cell’s surface. These chemokine/chemokine receptor expres-

sion patterns are probably important for both disease development (i.e.,

leukemogenesis) and chemosensitivity (i.e., response to therapy).
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2 Primary Human AML Cells Often Show Constitutive

Chemokine Release

The AML cells as well as their neighboring bone marrow stromal cells produce

survival- and growth-regulatory cytokines, including chemokines belonging to both

the CCL and CXCL subclasses (Bruserud et al. 2007; Balkwill 2004). The remain-

ing normal hematopoietic cells and bone marrow infiltrating immunocompetent

cells also release chemokines and express a wide range of chemokine receptors

(Bruserud et al. 2007; Laurence 2006; Moser and Loetscher 2002; Christopherson

and Hromas 2001; Mantovani et al. 2004; Broxmeyer 2008; Homey et al. 2002; Qin

et al. 1998; Kim 2006; Honczarenko et al. 2006; Cignetti et al. 2003; Jin et al.

2007). For example, the stromal cells (1) release CCL2, CCL4, CCL5, CCL20,

CXCL8, CXCL12, and CX3CL1 and (2) express CCR1, CCR7, CCR9, CXCR4,

CXCR5, and CXCR6 (Honczarenko et al. 2006). The chemokines thereby consti-

tute a bidirectional interacting network between leukemic and nonleukemic cells.

2.1 Constitutive Chemokine Release by Primary Human
AML Cells

A broad constitutive chemokine release profile is often detected in AML, but the

profile shows both qualitative and quantitative differences between individual

patients (Bruserud et al. 2007). The release of different chemokines is often

correlated so that distinct release clusters can be identified: (1) CCL2–4/CXCL1/

8, (2) CCL5/CXCL9–11 (possibly also CCL23), and (3) CCL13/17/22/24/CXCL5

(possibly also CXCL6). This means that individual patients usually show either

high or low release for all chemokines within the same cluster; the molecular

mechanisms behind this coordinated release are not known, but common transcrip-

tional regulation seems to be important for at least the CCL2–4/CXCL1/8 cluster. It

should be emphasized that there is a wide variation in the release of each chemokine

between individual patients, and this is illustrated by the summary of the overall

results presented in Table 1 (Bruserud et al. 2007). For many patients, additional

chemokines are also released. Individual AML patients can therefore be subclassi-

fied based on their overall chemokine release profile (Bruserud et al. 2007):

– A relatively large group (approximately 20–30% of patients) shows undetect-

able or low levels of most chemokines with decreased in vitro chemotaxis of

immunocompetent cells towards the AML cells

– The majority of the other patients shows relatively high release for the CCL2–4/

CXCL1/8 chemokine cluster eventually in combination with other single che-

mokines

– The remaining minority shows high CCL2–4/CXCL1/8 levels and in addition

high levels of the CCL13/17/22/24/CXCL5 and CCL5/CXCL9–11 clusters
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No single chemokine or chemokine cluster showed any correlations with clinical

or biological AML cell characteristics (i.e., morphology, membrane molecule

expression, genetic abnormalities) in this study (Bruserud et al. 2007). Taken

together, these observations therefore suggest that the chemokine release profile

rather than single chemokines should be examined in biological studies of

human AML.

2.2 Modulation of the Constitutive Chemokine Release

Even though the constitutive chemokine release by primary human AML cells

seems to be carefully controlled and appears in clusters (see Sect. 2.1), several

Table 1 The variation in constitutive chemokine release by primary human AML cells derived

from different patients; a summary of the results for 68 consecutive patients (adapted from

Bruserud et al. (2007))

Patients with detectable release

Chemokine Detection limit Median level

(pg/ml) Number (pg/ml) Variation range

CCL1 4 43 617 6.1–>1,000

CCL2 5 59 1,720 7.3–5,722

CCL3 75 53 5,209 102–13,836

CCL4 150 53 2,902 151–26,420

CCL5 1.2 67 236 2.0–2,288

CCL7 27 40 751 42–935

CCL13 5 45 47.4 5.4–238

CCL17 11 31 114 11.7–3,704

CCL20 4.5 49 128 4.7–1,393

CCL22 260 41 1,088 263– > 4,000

CCL23 9 28 19.8 12.9–23.3

CCL24 13 39 394 15.2–5,080

CCL26 4.5 15 13.1 5.1–82.8

CCL28 7 14 7.8 7.1–41.7

CXCL1 60 50 7,196 67–13,610

CXCL4 0.05 59 0.34 0.05–8.7

CXCL5 40 42 1,067 41–>20,000

CXCL6 3.2 30 53.9 4.2–2,328

CXCL8 30 64 22,720 42–33,720

CXCL9 60 30 822 78–15,815

CXCL10 60 48 1,782 64.2–24,906

CXCL11 40 28 168 40.7–3,980

CXCL12 18 10 37.5 28.5–623

CXCL13 3.5 38 189 3.5–1,303

Primary human AML cells were cultured for 48 h before chemokine levels were determined in the

supernatants. The results are presented as the concentration in pg/ml, the exception being CXCL4

that is presented as IU/ml. Chemokines marked in bold showed detectable levels for at least 40 of

the 68 patients and a median level >1,000 pg/ml. CCL11, CCL21, CCL25, and CCL27 were also

investigated but detectable release was not observed for any patient
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factors can modulate the release profile. However, this modulation will often be

similar for chemokines within the same cluster.

2.2.1 Differentiation Induction

Cytokines, chemotherapeutics, all-trans retinoic acid (ATRA), and vitamin D3 can

induce differentiation of AML blasts towards a dendritic cell phenotype (Bruserud

and Gjertsen 2000). This phenotype includes altered chemokine levels with high

release of CCL17 and CCL22 similar to normal dendritic cells but usually without

effects on other chemokines in the CCL13/17/22/24/CXCL5 cluster (Olsnes et al.

2008).

2.2.2 Tissue Oxygenation

The oxygen pressure (pO2) in human bone marrow is decreased and is estimated to

be 50–55 mmHg (atmospheric pO2 corresponding to 140–160 mmHg) (Harrison

et al. 2002; Cummins and Taylor 2005). The most important hypoxia-responsive

transcription factor is HIF-1, which is known to directly regulate CXCL12 and

CXCR4 expression and increase the expression of proangiogenic CXCL8 (Wenger

et al. 2005; Hirota and Semenza 2006; Lisy and Peet 2008). Exposure of primary

human AML cells to hypoxia increases HIF-1 levels and the release of several other

chemokines especially within the CCL2–4/CXCL1/8 cluster (Hatfield, unpublished

data).

2.2.3 Pharmacological Interventions

NF-kB is important for transcriptional regulation of several chemokines and can be

targeted by specific inhibitors and by the proteasomal inhibitor bortezomib. NF-kB
expression by primary AML cells correlates with mRNA and protein levels of the

CCL2–4/CXCL1/8 release cluster, an observation further supporting that common

transcriptional regulation is important for this clustering (Bruserud et al. 2007). The

specific inhibitor BMS345541 decreases the release of these chemokines, and

bortezomib also decreases these chemokines, except for CXCL8, which is

increased (Bruserud et al. 2007; Olsnes et al. 2009). The most likely explanation

for the CXCL8 discrepancy between these two drugs is that bortezomib has

additional effects and not only inhibits NF-kB.
The protein kinase C d agonist PEP005 induces growth inhibition and apoptosis

of primary human AML cells together with increased release of several T cell

chemotactic chemokines, especially chemokines within the CCL2–4/CXCL1/8 and

CCL5/CXCL9–11 clusters (Olsnes et al. 2009). Such a combination of direct

antileukemic effects and immunostimulation through increased local T cell recruit-

ment is uncommon and may result in synergistic antileukemic effects.
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The drug JTE-607 inhibits the release of several cytokines. In a murine AML

model, it had an antileukemic effect comparable to the maximum tolerable dose of

cytarabine and was associated with decreased CXCL8 levels (Uesato et al. 2006).

These decreased CXCL8 levels may be caused by decreased constitutive AML cell

release, but it is not known whether the antileukemic activity depends on this effect.

Furthermore, all-trans retinoic acid (ATRA) is mandatory in the treatment of acute

promyelocytic leukemia (APL) (Bruserud and Gjertsen 2000), and it is also tried in

the treatment of other AML variants (Bruserud et al. 2006). In vitro studies have

shown that ATRA or vitamin D3 derivatives can increase CXCR1 expression (Zahn

et al. 1997) as well as decrease CXCL8 release by myeloid leukemia cells (Dubois

et al. 1994; Srivastava and Ambrus 2004). The overall chemokine release profiles

were not characterized in these pharmacological studies, and it is not known

whether other chemokines within the CCL2–4/CXCL1/8 cluster also are affected.

It is not known whether such effects contribute to the disease-stabilization observed

for a subset of AML patients receiving ATRA-based palliative therapy (Bruserud

et al. 2006).

2.2.4 Nonleukemic Stromal Cells

The bidirectional crosstalk between primary human AML cells and their neighbor-

ing nonleukemic stromal cells alters AML cell release of both CCL and CXCL

chemokines. This has been observed both for fibroblasts, osteoblasts, and endothe-

lial cells, but the wide variation in chemokine release between individual patients

is maintained even in the presence of stromal cells (Bruserud et al. 2004; Olsnes

et al. 2008; Glenjen et al. 2003, 2004; Hatfield et al. 2006, 2009).

Leukemic cells from most AML patients show a high constitutive release of

CXCL8 (Bruserud et al. 2007). The cytokine crosstalk between AML cells and

microvascular endothelial cells, fibroblasts, or osteoblasts increases the local

CXCL8 levels and the proliferation of these nonleukemic stromal cells (Bruserud

et al. 2004; Hatfield et al. 2006, 2008, 2009; Ryningen et al. 2005). Furthermore,

CXCL8-binding receptors are expressed both by AML cells and endothelial cells

(Bruserud et al. 2007; Tobler et al. 1993; Strieter et al. 1995; Xie 2001); AML-

derived CXCL8 may therefore be involved both in autocrine and paracrine circuits

in the bone marrow microenvironment.

The high levels of proangiogenic CXCL8 may contribute to the increased micro-

vessel density in AML bone marrow (de Bont et al. 2001; Hatfield et al. 2005).

Primary AML cells show constitutive release of several additional proangiogenic

mediators, although there are both qualitative and quantitative differences between

individual patients (Bruserud et al. 2007; Lee et al. 2007a). Among these proangio-

genic nonchemokine mediators are angiopoietin-1 (Ang-1), Ang-2, hepatocyte

growth factor (HGF), vascular endothelial growth factor (VEGF), platelet-derived

growth factor (PDGF), interleukin-6 (IL-6), matrix metalloproteases (MMPs), and

IL-1. The AML cells also show constitutive release of antiangiogenic molecules,

including CXCL9–11, IL-12, and thrombospondin (Bruserud et al. 2004;
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Hatfield et al. 2005). However, the constitutive release of antiangiogenic CXCL9–

11 is lower than the CXCL8 release (Bruserud et al. 2007), showing that at least for

the angioregulatory chemokines the balance is in favor of angiogenesis.

2.2.5 Cellular Immune Responses

Leukemia-directed T cell reactivity is important for the antileukemic effect of

allogeneic stem cell transplantation (Ersvaer et al. 2007a, b; Paczesny et al. 2010;

Engelhardt and Crowe 2010; Kittan and Hildebrandt 2010; Löffler et al. 2010), and

antileukemic immune effects may also be important in patients receiving conven-

tional chemotherapy (Ersvær et al. 2007b). IFN-g is released at high levels by

activated T cells derived from healthy individuals (Bruserud et al. 1993), patients

receiving allogeneic (Bruserud et al. 1993) and autologous (Wendelbo et al. 2004a)

stem cell transplantation, and patients with severe chemotherapy-induced cytopenia

(Wendelbo et al. 2004b); IFN-g reduces the constitutive release of proangiogenic

CXCL8 and increases antiangiogenic CXCL9–11 by primary human AML cells

(Ersvaer et al. 2007a). Antiangiogenic effects may thereby become a part of

antileukemic T cell reactivity.

3 Chemokine Receptors on Primary Human AML Cells

We previously examined CCR1–5 and CXCR1–4 expression at the protein level by

primary human AML cells (Bruserud et al. 2007). These nine receptors can bind 18

CCL (CCL2–5, 7, 8, 11–17, 22–24, 26, 28) and 11 CXCL chemokines (CXCL1–

3,5–12) (Bendall 2005; Tanaka et al. 2005; Balkwill 2004; Rosenkilde and

Schwartz 2004; Allavena et al. 2005). When comparing the expression for the

total AML cell populations, the chemokine receptor expression varied consider-

ably: (1) CCR3 and CXCR1 showed low levels for all patients; (2) CCR5, CXCR2,

and CXCR3A generally showed intermediate expression; and (3) CCR1, CCR2,

CCR4, and CXCR4 showed relatively high expression (Bruserud et al. 2007).

We have now analyzed the associations among the expression of these nine

chemokine receptors, genetic abnormalities, and differentiation status for the patients

included in our previous study (Bruserud et al. 2007). No clustering of receptor

expression was observed similar to the chemokine release. Surprisingly, these addi-

tional studies demonstrated that Flt3-internal tandem duplication (ITD) was asso-

ciated with decreased CCR1 and CXCR4 expression in these relatively old patients

with severe leukemization (Fig. 1). Furthermore, high CCR1 and CCR2 expression

among total AML cells was also associated with morphological signs of monocytic

differentiation (Fig. 1), and the expression of these two receptors was also inversely

correlated with expression of the CD34 stem cell marker (data not shown).

The chemokine receptor expression varies within the AML cell population in

each patient (Bruserud et al. 2007). We observed increased expression of several
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receptors by the leukemic CD34+ subset (often only a minority) compared with the

CD34� cell subset in the same patient (Bruserud et al. 2007). This was most clearly

seen for CCR5 and CXCR3A and also for CCR1, CCR2, and CCR4, and this

difference was not altered by in vitro exposure to hematopoietic growth factors.

Our previous studies have demonstrated that primary human AML cells show

constitutive release of several chemokines, and as described earlier, the leukemic

cells also express the receptors for these chemokines. Even though autocrine

circuits are formed thereby, this receptor/ligand expression is not associated with

autocrine proliferation. Furthermore, for most patients exogenous chemokines do

not affect spontaneous or cytokine-dependent AML cell proliferation either,

although altered proliferation is observed for a minority of patients, with growth

enhancement being most common. For these exceptional patients, altered prolifer-

ation was observed also for the more immature clonogenic cells. Thus, most

chemokines have only minor direct effects on growth regulation in the AML cells.

Fig. 1 Chemokine receptor

expression by primary human

AML cells (Bruserud et al.

2007). Receptor expression

was analyzed by flow

cytometry and the results are

presented as the percentage of

positive cells. Morphological

signs of differentiation was

classified according to the

French–American–British

classification, and monocytic

differentiation is then

classified as M4/M5. The

figure shows that primary

AML cells with

morphological signs of

monocytic differentiation

have an increased expression

of CCR1 (Mann-Whitney,

U-test, p = 0.03) and CCR2

(p = 0.023) (upper part).
Furthermore, Flt3-ITD, which

is a genetic abnormality

associated with adverse

prognosis, is associated with

decreased expression of

CCR1 (p = 0.048) and

CXCR4 (p = 0.047)

(lower part)
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4 The CXCL12/CXCR4 System in Human AML

4.1 CXCR4 and CXCL12 Expression in AML Bone Marrow

CXCR4 expression is detectable at the mRNA level for the large majority of

patients (Cignetti et al. 2003), and studies at the protein level have confirmed this

(Bruserud et al. 2007; Möhle et al. 1998) with an average percentage of CXCR4+

cells comparable to normal CD34+ hematopoietic cells (Möhle et al. 1998). How-

ever, the variation between patients is much wider than the variation between

normal CD34+ cells from healthy individuals (Möhle et al. 1998). Some studies

suggest that CXCR4 expression is strongest for AML cells with a monocytic

phenotype and in APL (Löffler et al. 2010; Cignetti et al. 2003; Möhle et al.

2000); in case of monocytic differentiation, the increased CXCR4 expression

seems to be a part of a more complex phenotype with increased expression of

other chemokine receptors (CCR1, CCR2), costimulatory molecules (CD40,

CD86), death receptors (TNFR1, TNFR2, Fas), and several adhesion molecules

(Burger and Kipps 2006; Brouwer et al. 2001).

Detectable release of CXCL12, the only CXCR4 ligand, by primary human

AML cells is seen only for a minority of patients (Bruserud et al. 2007; Cignetti

et al. 2003). Less than half of the patients show detectable mRNA expression

(Cignetti et al. 2003), and when investigating CXCL12 release by in vitro cultured

AML cells, low but detectable levels were seen only for ten out of 68 patients

(Table 1) (Bruserud et al. 2007). Thus, autocrine CXCR4/CXCL12 loops are

probably uncommon in human AML. The major source of CXCL12 in AML

bone marrow seems to be the constitutive release by various stromal cells (Brouwer

et al. 2001), including osteoblasts in endosteal stem cell niches and endothelial cells

in vascular niches. At these sites, CXCL12 may facilitate survival, self-renewal,

and localization of normal stem cells and possibly also leukemic cells (Broxmeyer

2008).

4.2 Biological Effects of CXCR4-Initiated Signaling in AML

CXCR4 cooperates with the very late antigen (VLA)-4 and other integrins, the

hyaluronan receptor CD44, and possibly also the surface sialomucin podocalyxin in

the regulation of AML cell adhesion and migration (Burger 2009; Burger and

Bürkle 2007; Burger et al. 2003; Riccioni et al. 2006; Voermans et al. 2002; Jin

et al. 2006; Tavernier-Tardy et al. 2009). Both CXCR4 and VLA-4 seem to mediate

resistance to cytarabine-induced apoptosis through these interactions (Burger et al.

2003). CXCR4 is thereby a part of a larger functional entity that seems important

for anchoring AML cells to the bone marrow and for possibly facilitating their

migration to stem cell niches, with the maintenance of their immature phenotype

(Rombouts et al. 2004). Finally, the hypoxic bone marrow microenvironment
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causes upregulation of CXCR4 expression, failure to internalize CXCR4 in

response to CXCL12 ligation, and altered shedding of soluble CXCR4 (Fiegl

et al. 2009). Thus, CXCR4 is not only important for migration and differentiation

but also for the adaption to the hypoxic microenvironment.

Cellular microparticles are submicron vesicles that are shed from the plasma

membrane, and CXCR4+ microparticles are detected both in the peripheral

blood and bone marrow plasma of healthy individuals as well as AML patients

(Kalinkovich et al. 2006). CXCR4+ microparticles are increased in AML and

express CD45, whereas most microparticles in healthy individuals express CD41.

In vitro studies have demonstrated that these microparticles can transfer biologi-

cally active CXCL12 to AML cells.

Whether CXCR4 is important for AML cell migration outside the human bone

marrow remains controversial. One study described an association between the

CXCR4 G801A gene polymorphism and extramedullary disease (Dommange et al.

2006), but this association was not observed in another study (Ponziani et al. 2008).

Other chemokines may also influence extramedullary AML cell trafficking since

another study described a correlation between extramedullary AML and coexpres-

sion of CCL2/CCR2 (Cignetti et al. 2003). Finally, two relatively small studies

including only 11 and 21 patients, respectively, showed conflicting results with

regard to whether CXCR4 is important for engraftment of human AML cells in

NOD/SCID mice (Tavor et al. 2004; Monaco et al. 2004a, b).

4.3 CXCR4/CXCL12 Has a Prognostic Impact in Human AML

CXCR4 expression is significantly increased in AML cells derived from patients

with Flt3-ITD (Rombouts et al. 2004) (Fig. 1). Therefore, to investigate the

prognostic impact of CXCR4 expression independent of the Flt3-ITD effect,

Konoplev et al. (Konoplev et al. 2007) analysed survival after chemotherapy for

patients with normal karyotype and no Flt3-ITD. CXCR4 was expressed by the

AML cells for 70% of the patients. The initial complete remission rate did not

differ, but patients with CXCR4+ leukemic cells had decreased event-free and

overall long-term survival. This was later confirmed by others (Spoo et al. 2007).

Taken together, these results suggest that high CXCR4 expression has an adverse

prognostic impact independent of Flt3-ITD.

A small study investigated the prognostic impact of CXCR4, VLA-4, and focal

adhesion kinase (FAK) in AML (Tavernier-Tardy et al. 2009). CXCR4 cooperates

with VLA-4 in AML cell migration (Burger et al. 2003), and FAK is also important

in cell adhesion by regulating multiple signal-transduction pathways (Sieg et al.

2000). The expression of each single molecule was associated with decreased

overall survival, but the strongest impact was observed for patients showing

combined expression of at least two or all three markers. These observations

suggest that the adverse prognosis associated with CXCR4 reflects the impact of

a more complex phenotype.
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4.4 CXCR4 as a Possible Therapeutic Target in Human AML

Several CXCR4 inhibitors have been developed (Zeng et al. 2006, 2009; Tavor

et al. 2008; Liesveld et al. 2007; Nervi et al. 2009; Li et al. 2008), and clinical

studies have demonstrated that CXCR4 inhibition can be used for mobilization of

peripheral blood stem cells (Calandra et al. 2010). However, the use of CXCR4

inhibitors in AML therapy is also supported by several experimental observations:

– CXCR4 inhibitors decrease chemotaxis of human AML cell lines against

CXCL12 or bone marrow stromal cells (Zeng et al. 2009; Tavor et al. 2008;

Li et al. 2008) and inhibit transmigration of AML cells through stromal and

endothelial cell monolayers (Liesveld et al. 2007)

– Bone marrow stromal cells have a protective effect against chemotherapy-

induced apoptosis in primary human AML cells, and CXCR4-antagonists

decrease this protection and enhance the proapoptotic effects of the cytotoxic

drug cytarabine (Zeng et al. 2009; Tavor et al. 2008). This effect is possibly

mediated through inhibition of CXCL12-mediated activation of ERK and AKT

(Zeng et al. 2009; Tavor et al. 2008). The chemosensitizing effect has also been

detected in vivo in murine AML models (Nervi et al. 2009)

– Flt3-ITD activates CXCR4 signaling, and CXCR4 inhibition then increases the

sensitivity of Flt3-ITD+ leukemic cells to proapoptotic Flt3 inhibitors (Zeng

et al. 2009)

– CXCR4 inhibition induces differentiation and proliferation arrest in U937 AML

cells, possibly through inhibition of CXCL12-dependent elastase that is consti-

tutively expressed (Tavor et al. 2008)

– Studies in murine models have shown that CXCR4 inhibitors decrease bone

marrow homing and thereby mobilize both normal and leukemic cells from the

bone marrow to the blood (Zeng et al. 2009; Nervi et al. 2009)

These effects were observed with the inhibitory polypeptide RCP168 or the

second-generation small molecule reversible CXCR4 inhibitors AMD3465 or

AMD3100. Similar effects can also be induced by berberine, an isoquinoline

derivative that inhibits stromal cell release of CXCL12 (Li et al. 2008).

5 Leukemogenesis Through Transcriptional Regulation

in the Chemokine System

MEIS1 is a HOX cofactor that contributes to leukemogenesis in AML (Bruserud

et al. 2006). Results from an animal AML model demonstrated that MEIS1

upregulated Flt3 and occupied regulatory sequences of the Flt3 as well as the

CCL3, CCL4, and CXCL4 genes (Argiropoulos et al. 2008). CCL3 was then

important for the marrow-repopulating activity of AML cells, suggesting that

altered chemokine expression is involved in leukemogenesis.

The Chemokine Network in Acute Myelogenous Leukemia 159



The NF-kB transcription factor is another regulator of chemokine expression in

AML cells (Bruserud et al. 2007), and it is also regarded as important in leukemo-

genesis (Olsnes et al. 2009; Reikvam et al. 2009). Furthermore, the histone acetyl-

transferase Monocyte zinc finger (MOZ) increases CXCL8 release through a direct

interaction with the p65 subunit of the NF-kB complex; MOZ can also be rear-

ranged in human AML, and the fusion protein formed with the coactivator CREB

binding protein (CBP) is then important in leukemogenesis (Bruserud et al. 2006).

Thus, AML-associated genetic abnormalities that are regarded as important con-

tributors in leukemogenesis may mediate their leukemogenic effects through the

chemokine regulator NF-kB and thereby increase expression of CXCL8 and possi-

bly also other NF-kB regulated chemokines (Bruserud et al. 2007). The same

mechanism may be operative for translocations involving the RUNX1 or AML-1

transcription factor because MOZ also interacts with this transcription factor and

thereby increase CCL3 expression (Mrózek et al. 2004; Bristow and Shore 2003),

another member of the CCL2–4/CXCL1/8 release cluster (see Sect. 2.1).

Even though themolecular details behind transcriptional regulation of chemokine

expression in primary human AML cells are largely unknown, the regulation seems

to involve several transcription factors (NF-kB,MOZ, RUNX1) that can be involved

in AML-associated genetic abnormalities. These results suggest that several chemo-

kines and not only CXCL12/CXCR4 may contribute in leukemogenesis.

6 Chemokine Serum Levels in AML

Even though AML cells show constitutive release of several chemokines, there is

no general increase in the serum levels of these mediators in untreated patients.

However, increased CXCL8 serum levels are detected for patients with untreated

disease and especially for patients with monocyte AML variants (Hsu et al. 2002;

Liu et al. 1999; Negaard et al. 2009). These levels normalize when patients achieve

complete hematological remission (Hsu et al. 2002), but increased levels can later

be detected as a part of the acute phase reaction during febrile neutropenia and

especially in patients with septicemia or septic shock (Ostermann et al. 1994;

Bruserud et al. 1996; Schönbohn et al. 1995). Furthermore, increased levels of

CCL2, CXCL10 (only younger patients), and CXCL12 have also been detected in

patients with untreated disease (Kalinkovich et al. 2006; Mazur et al. 2007; Olsnes

et al. 2006). The increased levels of total CXCL12 are then accompanied by

decreased levels of the functional noncleaved form (Kalinkovich et al. 2006).

Neither CCL2 nor CXCL10 levels are affected by chemotherapy (Mazur et al.

2007; Olsnes et al. 2006), and increased CXCL10 levels persist even after induction

of hematological remission (Olsnes et al. 2006). Finally, CCL17 levels are

decreased and CCL18 levels are not altered in patients with untreated disease,

and CCL17 levels will decrease further following intensive chemotherapy and

during febrile neutropenia (Olsnes et al. 2006; Struyf et al. 2003). We therefore
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conclude that systemic chemokine levels in patients with untreated AML are

determined by several factors and not only by the constitutive AML cell release.

7 Chemotaxis of Immunocompetent Cells in Human AML

7.1 T Cell Chemotaxis

Experimental studies have demonstrated that T cells are able to migrate towards

primary AML cells, but the T cell chemotaxis varies between patients and is

decreased for those patients who do not show constitutive chemokine release (see

Sect. 2.1) (Bruserud et al. 2007). CCL5 and CXCL10 contribute to the chemotaxis

but it is likely that other chemokines are also involved because AML cells often

show constitutive release of several T cell chemotactic chemokines, including

CCL1–5/7/11/13/17/20–22 and CXCL6/8–12 (Bruserud et al. 2007; Olsnes et al.

2006). Especially, CXCL8 is usually released at high levels for most patients and

normal CD4+ as well as CD8+ T cells migrate after stimulation with CXCL8 (Ward

et al. 1998). However, the T cell population in untreated AML patients is abnormal

with increased numbers of circulating T cells, cytotoxic CD3+56+ T cells are

frequently oligoclonal and in a higher state of activation with abnormal gene

expression profiles, and these T cells are unable to form effective immune synapses

with autologous AML cells (Le Dieu et al. 2009). The T cell population normalizes

after remission induction, but it is not known whether chemotaxis towards AML

cells is abnormal in untreated AML or after achievement of complete hematological

remission.

7.2 Chemotaxis of Regulatory T Cells

T lymphocytes generally express several chemokine receptors (Ward et al. 1998;

Campbell et al. 2003; Muller et al. 2002), and regulatory T (Treg) cells show a

distinct expression profile and seem to be highly attracted by CCR4 ligation

(CCL17, CCL22) and by ligation of CCR8 (CCL1) that seems to be more selec-

tively expressed on Treg cells (Engelhardt and Crowe 2010; Iellem et al. 2001).

Primary AML cells can be induced to differentiate towards AML-dendritic cells

with high release of CCL17 and CCL22 (Olsnes et al. 2008; Köhler et al. 2000), and

several normal immunocompetent T cell subsets (CD4+ and CD8+ T cells, Treg

cells) show increased migration towards such cells (Olsnes et al. 2008). However,

even in the presence of CCL17/CCL22-neutralizing antibodies, the number of

migrating cells was higher than for primary AML cells, an observation clearly

demonstrating that other chemokines are also involved.
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Treg cells seem to have a stronger migration towards dendritic AML cells than

other T cell subsets (Olsnes et al. 2008). Animal studies suggest that circulating

Treg cells express CXCR4, CCR2, CCR5, CCR6, and CCR9 in addition to CCR 4

and CCR8 (see above) (Lee et al. 2007b; Yi et al. 2006). This expression profile

shows that Treg chemotaxis will depend on the overall local chemokine network,

although it is known that certain chemokines may have a predominant role in

certain clinical situations (Haas et al. 2007; Olkhanud et al. 2009).

The frequency of circulating Treg cells is increased in patients with untreated

AML (Szczepansky et al. 2009). The increased levels persist after remission

induction, an observation suggesting that this is a disease-induced and chemoresis-

tant immunomodulation with a biological impact even after achievement of disease

control. The constitutive AML cell release of several Treg-recruiting chemokines

may lead to colocalization of leukemic and Treg cells. This may explain the adverse

prognostic impact of high pretherapy levels of circulating Treg cells (Szczepansky

et al. 2009).

7.3 Chemotaxis of Monocytes

Previous in vitro studies have shown that the migration of normal monocytes

towards primary human AML cells differs between patients (Legdeur et al. 1997,

2001). For a minority of patients this migration is low, but for most patients a high

degree of migration is observed and CCL2 (a ligand of the CCR2 receptor) is the

most important single chemotactic chemokine. These observations are also consis-

tent with the studies of constitutive chemokine release by primary human AML

cells (see Sect. 2.1); CCL2 is released at relatively high levels for most patients but

often together with other CCR2 ligands or monocyte-chemotactic chemokines

(Bruserud et al. 2007). The high monocyte migration towards AML cells is there-

fore expected. Furthermore, CD40 ligation of AML cells will increase the release of

chemotactic chemokines, including CCL5 and CXCL8, and thereby increase mono-

cyte as well as T and NK cell chemotaxis (Costello et al. 2000). The recruited

monocytes may then have cytotoxic effects against AML cells, but the CCL2 effect

is limited to monocyte migration without any effect on the antileukemic cytotoxi-

city of the recruited cells (Legdeur et al. 1997, 2001). Alternatively, the recruited

monocytes may represent an AML-stimulating mechanism through their release of

proangiogenic mediators (Dimberg 2010).

7.4 Chemotaxis of Natural Killer Cells

Natural killer (NK) cells can also mediate antileukemic activity, and they express

several chemokine receptors (ligands given in parenthesis), including CCR1

(CCL2/3/5/7/14–16/23), CCR4 (CCL17/22), CCR6 (CCL20), CCR7 (CCL19/21)

162 A.O. Kittang et al.



CXCR1 (CXCL6/7/8), CXCR3 (CXCL9–11), CXCR4 (CXCL12), CXCR6

(CXCL16), and CX3CR1 (CX3CL1) (Maghasachi 2010). The expression of the

individual receptors may differ between various NK cell subsets and may also be

dependent on the activation status of the cells, as described in detail by Maghasachi

(Maghasachi 2010). However, it can be seen that many of these ligands are

constitutively released by AML cells (see Table 1 and Sect. 2.1), including the

chemokines within the CCL2–4/CXCL1/8 cluster that are released for most

patients. One would therefore expect NK cells to migrate towards primary human

AML cells.

8 Chemokine-Mediated Suppression of Normal Hematopoiesis

AML is a bone marrow disease, and leukemia-induced bone marrow failure is an

important clinical characteristic (Estey and Döhner 2006). Previous experimental

studies have shown that several chemokines have direct or indirect effects on

normal hematopoiesis. First, several chemokines seem to directly inhibit normal

hematopoiesis, including CCL3, CXCL4, CXCL5, and CXCL8 (Dimberg 2010;

Lambert et al. 2007). For CCL chemokines, the suppression seems to be linked to a

specific molecular motif that was identified in the inhibitory CCL3 but not in the

noninhibitory CCL5 (Ottersbach et al. 2006). Residues within this region probably

contribute to the binding of other inhibitory chemokines to their receptors (Bondue

et al. 2002; Lecomte-Raclet et al. 2000), and based on the comparison of CCL3 and

CCL5, the inhibition is probably mediated through the formation of a helical turn

preceding the first b-strand in CCL3 (Ottersbach et al. 2006). Second, CCL18 and

CCL2 seem to stimulate hematopoiesis (Broxmeyer 2008), but this is probably an

indirect effect mediated through growth factor release from neighboring monocytes

(Wimmer et al. 2006). Finally, injection of chemokines into mice has demonstrated

that several of these mediators affect normal hematopoiesis, but it is not known

whether direct or indirect effects are most important. Dose-dependent in vivo
suppression has then been demonstrated for CCL2, CCL3, CCL19, CCL20,

CXCL4, CXCL5, CXCL8, CXCL9, and XCL1 (Broxmeyer et al. 2006). Several

chemokine combinations showed synergistic inhibitory effects, and suppression of

hematopoiesis was associated with accelerated recovery in response to the toxic

effects of cytarabine.

Taken together, these observations demonstrate that chemokine-induced sup-

pression of hematopoiesis seems more common than stimulation, and Table 1

shows that several of the suppressing chemokines are constitutively released at

high levels by primary human AML cells, especially the cluster I chemokines

CCL2–4/CXCL5/8. Constitutive chemokine release may thereby contribute to the

disease-associated bone marrow failure in AML. Chemokine effects on normal

hematopoiesis thus differ from leukemic hematopoiesis where most chemokines

either have no or weak enhancing effects on AML cell proliferation (see Sect. 3).

Finally, enhancement of chemokine-mediated myelosuppression may represent a
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possible therapeutic strategy for myeloprotection in patients receiving intensive

anticancer therapy, and this may be achieved through pharmacological inhibition of

the chemokine-degrading decoy receptors (Bonecchi et al. 2010).

9 Concluding Remarks

Hanahan et al. (Hanahan and Weinberg 2000) suggested that malignant diseases

have six fundamental hallmarks, and Mantovani et al. (Mantovani 2009) later

suggested that cancer-associated inflammation is a seventh hallmark. The local

chemokine network can affect all these hallmarks in human AML (discussed in

detail earlier):

– The three characteristics associated with cancer cell proliferation are limitless

replicative potential, self-sufficiency in growth signals, and insensitivity to

antigrowth signals. Chemokines can affect the growth of primary human

AML cells directly, but in our available in vitro models, this is observed only

for a minority of patients (Bruserud et al. 2007) and paracrine mechanisms are

more likely to be involved. The importance of paracrine circuits is also sup-

ported by experimental studies describing expression of several chemokine

receptors, by bone marrow stromal cells, including CCR1, CCR7, CCR9,

CXCR4–6 (Honczarenko et al. 2006). Among these receptors, CCR1 binds at

least three of the chemokines secreted by AML cells, namely CCL3, CCL5, and

CCL13. When cultured in serum-free medium, the stromal cells release several

chemokines that can bind to receptors expressed by the AML cells, including

CCL2, CCL4, CCL5, CCL20, CXCL8, CXCL12, and CXC3L1 (Honczarenko

et al. 2006).

– Evading apoptosis. Inhibition of chemokine signaling (i.e., CXCR4 antagonists)

potentiates proapoptotic chemotherapy effects (Fig. 2).

– Sustained angiogenesis. Several proangiogenic chemokines are constitutively

released by the AML cells at high levels for almost all patients, while anti-

angiogenic chemokines are released at lower levels (Bruserud et al. 2007;

Dimberg 2010).

– Tissue evasion and metastasis. The CXCL12/CXCR4 system and CCL2/CCR2

are important for AML cell migration and thereby for bone marrow infiltration.

– Inflammatory microenvironment. The clinical importance of an inflammatory

microenvironment in AML is generally accepted only for patients receiving

allogeneic stem cell transplantation, and for these patients chemokine-targeting

therapy is now considered as an immunomodulatory treatment. However, the

balance between various immunocompetent cells may then be of particular

importance (Szczepansky et al. 2009), especially in patients treated with alloge-

neic stem cell transplantation where this balance is essential for induction of

antileukemic T cell reactivity vs. the risk of GVHD due to excess proinflamma-

tory reactivity towards host antigens (Kittan and Hildebrandt 2010).
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Fig. 2 Pharmacological targeting of the chemokine system, a general overview of possible

strategies (for additional references see (Bruserud et al. 2007; Olsnes et al. 2009; Zebisch et al.

2007; Hatfield et al. 2005; Tavor et al. 2008; Calandra et al. 2010)). First, specific inhibition can be

achieved through specific targeting of chemokines or chemokine receptors. Monoclonal antibodies

can then be used either to neutralize chemokines or to inhibit chemokine receptors. Small molecule

inhibitors can also effectively target specific chemokine receptors, and nonfunctional chemokines

can inhibit chemokine oligomerization or interfere with the binding of chemokines to the extra-

cellular matrix or cell surfaces. Second, chemokine-induced signaling downstream of the chemo-

kine receptors can be altered by specific inhibitors; this last strategy will not be specific for

chemokine-initiated signaling because other receptors may also affect the same pathways. Various

pathways can then be involved in the intracellular signaling downstream of the receptor, and these

are coupled to heterotrimeric G-proteins (subunits a, b, and g, only the two last functional units

being presented in the figure). Specific inhibitors have been developed against several of these

mediators, as indicated in the figure, including protein kinase inhibitors, farnesyl transferase

inhibitors, and proteasome inhibitors. Here we show only two of the possible signaling pathways

that can be activated after receptor ligation and activation of the functional G-protein unit (the bg-
dimer). These inhibitors represent experimental tools, but several of them are also used in clinical

therapy, for example, bortezomib and farnesyl transferase inhibitors. (bg, the bg subunit of the

heterotrimeric G-protein; PI3K, phosphoinositide 3-kinase; Akt, serine/threonine-specific protein

kinase and also known as protein kinase B; NF-kB, nuclear factor-kB; Ras, small GTPase; MEK,

MAPK/ERK kinase and also known as MAPK kinase; ERK, extracellular-signal regulated kinase

and also known as mitogen-activated protein kinase or MAPK)
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Thus, therapeutic targeting of the chemokine system would interfere with

fundamental cancer cell characteristics or important paracrine mechanisms. This

therapeutic targeting of the chemokine system can include specific agents directed

against the chemokines or their receptors (Fig. 2). However, downstream intracel-

lular signaling involves several pathways, and specific inhibitors of intracellular

mediators are now considered for cancer treatment and would then be expected to

modulate chemokine effects on the malignant cells. Modulation of the chemokine

network may also become useful in patients receiving allogeneic stem cell trans-

plantation and possibly also when immunotherapy is tried in combination with

conventional chemotherapy. Finally, analysis of AML-associated chemokine

mRNA expression in bone marrow may become useful in monitoring of treatment

responses and detection of minimal residual disease. A recent study described that

mRNA expression of CCL23 together with six other disease markers could be used

for early detection of AML relapse (Steinbach et al. 2006). Thus, a better under-

standing of the chemokine system in human AML will probably lead to the

development of new diagnostic tools as well as new therapeutic strategies.
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Köhler T, Plettig R, Wetzstein W, Schmitz M, Ritter M, Mohr B, Schaekel U, Ehninger G,
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