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                                                                                                                        Abstract

                                                            Background Residual chronic myeloid leukemia disease following imatinib treatment has been attributed to the presence of quiescent leukemic stem cells intrinsically resistant to imatinib. Mesenchymal stromal cells in the bone marrow may favor the persistence and progression of leukemia by preserving the proliferation and self-renewal capacities of the malignant progenitor cells.Design and Methods BV173 or primary chronic myeloid leukemia cells were co-cultured with human mesenchymal stromal cells and imatinib-induced cell death was then measured. The roles of pro-and anti-apoptotic proteins and chemokine CXCL12 in this context were evaluated. We also studied the ability of BV173 cells to repopulate NOD/SCID mice following in vitro exposure to imatinib and mesenchymal stromal cells.Results Whilst imatinib induced dose-dependent apoptosis of BV173 cells and primary chronic myeloid leukemia cells, co-culture with mesenchymal stromal cells protected both types of chronic myeloid leukemia cells. Molecular analysis indicated that mesenchymal stromal cells reduced caspase-3 activation and modulated the expression of the anti-apoptotic protein Bcl-XL. Furthermore, chronic myeloid leukemia cells exposed to imatinib in the presence of mesenchymal stromal cells retained the ability to engraft into NOD/SCID mice. We observed that chronic myeloid leukemia cells and mesenchymal stromal cells express functional levels of CXCR4 and CXCL12, respectively. Finally, the CXCR4 antagonist, AMD3100 restored apoptosis by imatinib and the susceptibility of the SCID leukemia repopulating cells to the tyrosine kinase inhibitor.Conclusions Human mesenchymal stromal cells mediate protection of chronic myeloid leukemia cells from imatinib-induced apoptosis. Disruption of the CXCL12/CXCR4 axis restores, at least in part, the leukemic cells’ sensitivity to imatinib. The combination of anti-CXCR4 antagonists with tyrosine kinase inhibitors may represent a powerful approach to the treatment of chronic myeloid leukemia.
                                                            
                                                            Introduction
Mesenchymal stromal cells (MSC) of bone marrow origin contain a large proportion of self-renewing cells capable of differentiating into tissues of mesodermal origin. For this reason they are often referred to as mesenchymal stem cells. A unique feature of MSC is their ability to produce anti-proliferative and anti-apoptotic effects, which non-specifically suppress immune responses in a non-cognate-dependent fashion. We have recently shown that MSC-mediated immunosuppression is the result of cyclin D2 inhibition and leads to cell cycle arrest at the G0/G1 phase.1
The anti-proliferative effect of MSC is not confined to immune cells but is also extended to target cells of different tissue origin, including hematopoietic stem cells. In the bone marrow “niche” MSC play a crucial role in supporting hematopoiesis by providing hematopoietic progenitor cells the necessary cytokine and cell contact-mediated signals to self-renew and differentiate.2 Malignant hematopoiesis appears to be similarly affected by the presence of MSC, which confer tumor cells a better survival by preserving their proliferative capacity and self-renewal ability. There is evidence that leukemic cells grow and accumulate in close association with bone marrow MSC which might regulate their differentiation.3 In the case of acute lymphoblastic leukemia, MSC have been shown to regulate response to cytotoxic agents by directly interfering with their mechanisms of action.4
Chronic myeloid leukemia (CML) is caused by the malignant transformation of a hematopoietic stem cell and is characterized by the Philadelphia chromosome (Ph1), a reciprocal translocation of chromosomes 9 and 22, which generates the BCR/ABL fusion gene encoding a constitutively active tyrosine kinase. Imatinib, an ATP-competitive inhibitor of BCR/ABL kinase, has transformed the therapy of CML because the drug induces durable responses in a high proportion of patients.5 However, most patients continue to have low levels of residual disease independently of the presence of BCR/ABL mutations responsible for drug resistance. The inherent difficulty in eradicating the disease appears to be related to the inability of imatinib to target the CML stem cell. A quiescent population of BCR-ABL leukemic stem cells in primary LinCD34CD38 CML stem cells can be detected at diagnosis.6 This cell fraction is particularly resistant to apoptosis induced by a wide range of pro-apoptotic stimuli, including tyrosine kinase inhibitors6–9 and persists following imatinib treatment in vivo. In contrast, leukemic CD34 cells that are actively cycling die when exposed to imatinib in vitro.
Here we studied the effect of MSC on the intrinsic resistance of leukemic cells to imatinib, and also investigated an antagonist of the CXCR4/CXCL12 axis.
Design and Methods
Generation of mesenchymal stromal cells
Three milliliters of bone marrow cells were obtained from normal donors aged between 20 and 50 years old. All samples were obtained with written, informed consent in accordance with the Hammersmith Hospital and Queen Charlotte’s Hospital ethical committee requirements. To isolate MSC, bone marrow mononuclear cells separated by Ficoll-Paque (Amersham-Pharmacia, Piscataway, NJ, USA) were plated in 75 cm flasks (Costar, Cambridge, MA, USA) at a concentration of 50,000 mononuclear cells/cm in alpha modified Eagle’s medium (αMEM), with high glucose concentration (Gibco, UK), 10% fetal bovine serum (FBS, Lonza, UK), and 1% penicillin - streptomycin – amphotericin (Gibco BRL). After 72 h incubation at 37°C in a 5% CO2 atmosphere, non-adherent cells were removed. When 70–80% confluent, adherent cells were trypsinised and expanded for 3–5 weeks. Before their use in the experiments, MSC were checked for positivity of CD105, CD106, CD73, HLA-class I, and the lack of expression of CD45.
Mice
Non-obese diabetic – severe combined immunodeficient (NOD/SCID) mice used for the in vivo studies were obtained from Harlan-Olac Ltd. (Bicester, UK) and bred and maintained in a pathogen-free environment at Hammersmith Centre for Biological Services. The mice were between 6 and 10 weeks of age and all procedures were carried out in accordance with the Home Office Animal (Scientific Procedures) Act of 1986. Mice received 250 cGy total body irradiation from a Cs radiation source (0.57 Gy/min) before being intravenously injected with the cells in a total volume of 0.1 mL sterile phosphate-buffered saline (PBS). After 6 weeks, the mice were sacrificed by CO2 asphyxiation; bone marrow and spleen were collected and processed for FACS analysis.
Chronic myeloid leukemia cells and cell lines
The BV173 cell line is derived from a patient with lymphoid blast crisis of CML. Apheresis products of peripheral blood from four patients with chronic-phase CML were obtained after informed consent in accordance with institutional guidelines and the Declaration of Helsinki. In some experiments, CD34 cells were separated using a magnetic cell sorting system (miniMACS; Miltenyi Biotec, Bergisch Gladbach, Germany) in accordance with the manufacturer’s recommendations. All cells were grown in Roswell’s Park Memorial Institute (RPMI) medium (Gibco, BRL) supplemented with 10% FBS and antibiotic/antimycotic solution. Cells were incubated at 37°C in 5% CO2 in a humidified cell culture incubator and fed every 2 days.
Treatment of cells
To study the effect of bone marrow stroma on CML cells, BV173 or primary CML cells were cultured at a density of 5×10 cells/well with and without an underlying confluent layer of MSC in 48-well plates for 48 h. Co-cultured leukemia cells were separated from the MSC monolayer by careful pipetting with ice-cold PBS (repeated twice), preserving the MSC monolayers. MSC contamination, assessed by FACS as the fraction of CD19-negative cells, was always less than 1%.
To study the effects of the imatinib and/or the CXCR4 antagonist, AMD3100, BV173 or CML cells were plated in 48-well plates containing subconfluent MSC (10:1 ratio). After 48 h, each single drug or their combination was added to cultures for a further 48 h.
To evaluate the role of soluble factors, BV173 or primary CML cells were cultured for 48 h physically separated from MSC using a transwell system (24-well plate, 3 mM pore filter, Corning, VWR International Ltd., Leicestershire, UK) and imatinib was then added for another 48 h.
For in vivo experiments, BV173 cells (8×10) were co-cultured with MSC in 25 cm flasks. Imatinib (1 μM) with or without AMD3100 (5 μM) was added after 48 h and cells incubated for an additional 48 h. BV173 cells were then harvested as described above, incubated for 4 h to remove any adherent cells, washed and then resuspended in PBS for intravenous injection. This method minimized contamination of BV173 cells by MSC (the fraction of CD19-negative cells before injection was always less than 0.1%, as quantified by FACS).
Flow cytometry analysis of CXCR4 expression
Monoclonal antibodies against human CD19-PE (BD PharMingen), and CXCR4-PE (clone 12G5, BD PharMingen, DAKO Cytomation) were used for flow cytometry analysis. PE-conjugated IgG1 and IgG2a control monoclonal antibodies were from BD Biosciences. Cell death was quantified by double staining with propidium iodide and annexin V (BD PharMingen).
Transmigration assays
For quantitative transmigration assays, BV173 cells (5×10 cells) were placed in the upper chamber of a transwell system (24-well plate, 5 μM-pore filter, Corning) in a total volume of 150 μL DMEM medium. Six hundred microliters of supernatants concentrated 10-fold, undiluted or diluted in DMEM containing 0.5% FCS, were placed in the lower chamber of the transwell. Further control wells assessed the chemotactic activity of recombinant CXCL12 at concentrations from 10 ng/mL to 1 μg/mL. Cells were harvested from the lower chamber after 3 h, and counted using a hemocytometer.
Western blotting
Western blotting was performed on whole cell extracts prepared by lysing cells in Nonidet P-40 lysis buffer (1% Nonidet P-40, 100 mM NaCl and 20 mM Tris-HCl, pH 7.4) or 200 mM NaCl, 50 mM Tris-HCl, pH 7.4, 2mM EDTA, 1% Triton X-100, 10% glycerol both with the addition of 10 mM NaF, 1 mM sodium orthovanadate, 30 mM Na β-glycerophosphate, and protease inhibitors (“Complete” protease inhibitor mixture, as instructed by the manufacturer, Roche Applied Science, Lewes, UK) on ice for 15 min. Insoluble material was removed by centrifugation, and protein concentration was determined by the Bio-Rad Dc protein assay (Bio-Rad, Hemel Hempstead, UK). Twenty micrograms of protein were size-fractionated using sodium dodecylsulfate poly-acrylamide gele electrophoresis, and electro-transferred onto Protran nitrocellulose membranes (Schliecher and Schuell, Dassel, Germany). Membranes were blocked in 5% BSA or 5% milk in Tris-buffered saline plus 0.5% Tween for 30 min at room temperature and then incubated with specific antibodies. Antibodies used were Bcl-XL, Bad, Bax, CXCL12 (BD Biosciences, Oxford), Caspase-3, Bim, Akt (New England Biolabs, Hitchin), and CXCR4 (Millipore Chemicon, Watford). Total Akt expression was assessed to confirm the equivalent loading of all samples.
Results
Mesenchymal stromal cells reduce imatinib-induced apoptosis of BV173 and primary chronic myeloid leukemia cells
We previously observed that when BV173 cells are cultured in the presence of MSC, they predominantly accumulate in the G0–G1 phase of the cell cycle and are protected from starvation-induced cell death.10 To assess whether MSC could also protect the cells from imatinib-induced apoptosis, BV173 cells were exposed to serial concentrations of imatinib in the presence or absence of MSC and after 48 h were analyzed using annexin-V antibody and propidium iodide staining (Figure 1A). While exposure of BV173 cells to imatinib for 48 h in control cultures induced cell death in a dose-dependent fashion (31±8.4 and 55±9.9% of annexin/propidium iodide cells, for imatinib 1 and 5 μM, respectively; Figure 1A–B), the proportion of dying BV173 cells in the presence of MSC was significantly reduced (8.2±3 and 29.6±10.6%, for imatinib 1 and 5 μM, respectively; P=0.013 and P=0.004, BV173 versus BV173+MSC with 1 and 5 μM imatinib, respectively) (Figure 1A, B).
Sensitivity to imatinib in the presence of MSC was also studied in primary cells from four patients with CML in chronic phase. Clinical and laboratory data are shown in Online Supplementary Table S1.
As shown in Figure 1C, the protective effect of MSC was also observed on primary CML cells obtained from patients’ peripheral blood. In fact, the proportion of apoptotic CML cells was reduced in presence of MSC from 47.2±15 to 16±6.7% and from 59±11.5 to 25.6±5% (imatinib 1 μM and 5 μM, respectively; P=0.029 and P=0.011). No significant protection was observed when CML cells were cultured and treated on a monolayer of endothelial cells (data not shown).
Mesenchymal stromal cells mediate the protection of all CD34+ chronic myeloid leukemia progenitors from imatinib
Only a small subpopulation of CML cells in the patients’ peripheral blood is formed of hematopoietic precursors and it has been proposed that it is the CD34 fraction, which contains the leukemic stem cells resistant to imatinib.6 We, therefore, evaluated the sensitivity of the CD34 population isolated from the peripheral blood of CML patients to imatinib in the presence or absence of MSC. A significant proportion of CD34 progenitors from CML patients underwent apoptosis in a dose-dependent fashion in response to imatinib. As observed with unfractionated CML peripheral blood mononuclear cells, when CD34 CML cells were exposed to imatinib in the presence of MSC, they showed a significant reduction in cell death compared to the cultures in which CD34 were treated with imatinib without MSC (from 43.4±4.5 to 26.9±6.1 at imatinib 1 μM, P=0.0058; from 76.8±6.3 to 56.5±5 at imatinib 5 μM, P=0.004; Online Supplementary Figure S1).
Apoptotic pathways in chronic myeloid leukemia cells cultivated with mesenchymal stromal cells
Pro- and anti-apoptotic proteins of the Bcl-2 family play a pivotal role in the regulation of apoptotic cell death in mammalian cells. Modulation of proteins such as Bax and Bcl-XL can cause permeabilization of the mitochondrial outer membrane and hence the release of soluble molecules responsible for activation of the caspase cascade.11 To assess their role in the MSC-mediated protection from imatinib, we analyzed BV173 cells following treatment with imatinib. As shown in Figure 2, imatinib-induced death of CML cells was associated with strong activation of caspase-3, which was significantly inhibited when CML cells were treated in the presence of MSC. Interestingly, MSC were also effective in triggering the expression of Bcl-XL, thus reversing the inhibitory effect of imatinib on this anti-apoptotic protein.
It has been shown that imatinib can modulate the chemokine receptor CXCR4 on CML cells, thus increasing interactions with the stroma.12 As illustrated in Figure 2 AB, BV173 cells showed significantly higher expression of CXCR4 when co-cultured with MSC, whereas this modulation was not noted in the presence of imatinib. To further define the role of the CXCL12/CXCR4 interaction in MSC/CML cross-talk, we analyzed the effect of the CXCR4 antagonist, AMD3100, on the pattern of expression of apoptotic proteins. Consistently with our FACS data, incubation of CML/MSC cells with AMD3100 was effective in restoring a higher level of expression of caspase 3 (Figure 2A). However, AMD3100 did not significantly affect Bcl-XL expression induced by MSC (Figure 2A) and there were no significant changes in the expression of Bax (Figure 2A–B) or in Bim and Bad (data not shown).
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Figure 1.MSC protect imatinib-induced cell death of BV173 cells. BV173 cells were cultured alone or in the presence of MSC. After 48 h imatinib was added at different concentrations and apoptosis was quantified after a further 48 h by annexin-V and propidium iodide staining. A representative FACS plot for propidium iodide-gated annexin-positive cells (A) and histograms representing the mean of three or four individual experiments (B–C) are shown. (BV173 treated with imatinib 1 or 5 μM, with or without MSC: P=0.042 and P=0.025, respectively; CML treated with imatinib 0.1, 1 or 5 μM: P=0.012, P=0.036 and P=0.029, respectively).
These data indicate that MSC protect CML cells from caspase-3-dependent cell death through a CXCR4-mediated mechanism. MSC protection of CML cells is also associated with Bcl-XL expression but in a CXCR4-independent manner.
Mesenchymal stromal cell-mediated protection of chronic myeloid leukemia cells from imatinib-induced cell death requires cell contact
It has been shown that the immunosuppressive effect of human MSC does not require cell contact and is mediated by several soluble factors. To investigate this issue in the protection of tumor cells from imatinib we used a transwell system in which BV173 or CML cells were physically separated from MSC and exposed to imatinib. In these conditions, the spontaneous cell death of BV173 cells was not reduced in the presence of MSC (BV173 alone 26±4%, BV173/MSC 23±3.6%; P=0.56, data not shown). The differences in the proportion of apoptotic BV173 cells produced by imatinib in the presence or absence of MSC, in the trans well system, were negligible (BV173/MSC, 46±8 and 69±7.5 at imatinib 1 and 5 μM, respectively as compared to BV173 cells treated alone, 48±6.5 % and 66±6 % at imatinib 1 and 5 μM, respectively) and the comparisons were not statistically significant (BV173 versus BV173/MSC, P=0.18 and P=0.09 at imatinib 1 and 5 μM, respectively). The transwell system was also used to assess protection of primary CML cells by MSC. Again, in absence of physical contact, MSC failed to protect primary CML cells from imatinib-induced cell death as the rate of cell death did not differ significantly between MSC/CML co-cultures (50.5±10.6 and 72.6±9.7 at imatinib 1 and 5 μM, respectively) as compared to CML cells treated alone (47.2±8.2% and 70±9.1 % at imatinib 1 and 5 μM, respectively; not shown). AMD3100 added to BV173 or primary CML co-cultured with MSC in transwells did not significantly change the rate of cell death induced by imatinib (data not shown). MSC must, therefore, be in physical contact with leukemic cells to protect them from imatinib-mediated cell death.
Mesenchymal stromal cells produce functional CXCL12
As a consequence of the evidence that the MSC-mediated protective effect requires cell contact, we focused on the CXCR4/CXCL12 axis because it is one of the central regulators of cell survival in solid tumors.13 BV173 and primary CML cells were first evaluated for CXCR4 expression by FACS analysis. To compare expression between the samples exactly, we defined the mean channel fluorescence ratio as the ratio between mean channel fluorescence for CXCR4 and the respective negative control. In agreement with previous studies,14 CXCR4 expression was demonstrated in BV173 cells (ratio 9.25±3.7) and, at lower levels, in peripheral blood CML cells (ratio from 2.2 to 4, mean ratio 3.1±0.73) as well as in CD34 progenitors from all four patients (ratio from 1.4 to 3.3, mean ratio 1.9±0.9) (Figure 3A; Online Supplementary Table S1).
[image: ]

Figure 2.Changes in signal transduction pathways induced by MSC. Protein cell lysates were prepared from BV173 cell cultures after treatment with 1 or 5 μM imatinib for 72 h, in the presence or absence or MSC. Protein expression of Bcl-XL, Bax, CXCR4, caspase-3 and Akt was measured by western blot analysis (A). Densitometric data (B) are expressed as mean fold change from three independent experiments. All densitometric data were normalized for total Akt signals.
The production of CXCL12 by MSC was analyzed in MSC supernatants and detected by western blot analysis (Figure 3B). To test whether the CXCL12/CXCR4 axis exhibited functional activity, we investigated the chemotactic properties of MSC on BV173 cells in a transmigration assay. The BV173 cells migrated towards a CXCL12 gradient, demonstrating that CXCR4 was fully functional. As shown in Figure 3C, MSC supernatant exhibited potent chemoattractive activity on BV173 cells as 10.7 ± 3.2% of BV173 cells migrated towards undiluted supernatant compared to 0.8±0.06% of cells which migrated in the presence of media (P=0.028). Migration was also concentration-dependent as diluted supernatants were less chemoattractive (2.7±0.6% migration at a 1:10 dilution of the supernatant). To formally evaluate the role of CXCL12 in directing the transmigration of BV173 cells, the experiment was repeated in the presence of the CXCR4 antagonist AMD3100. The blockade of CXCR4 significantly reduced the fraction of BV173 cells (3.4±0.8%) migrating in response to MSC as well as the control chemokine CXCL12 (P=0.034; Figure 3C). All these data indicate the presence of a functional CXCR4/CXCL12 axis between CML cells and MSC and that this axis is prominent in driving migration.
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Figure 3.BV173 cells express the functional CXCL12 receptor, CXCR4 and migrate toward conditioned medium from MSC. (A) FACS plot of CXCR4 expression in BV173 cells, peripheral blood CML, and CD34+ CML cells. (B) Detection of CXCL12 in concentrated supernatant from MSC by immunoblot. MSC were cultured in 75 cm2 flasks until confluent. After 24 h culture in low-serum media, supernatants were harvested and concentrated by ultrafiltration. 1: MSC supernatant; 2: BV173 cell supernatant; 3: rCXCL12 50 ng; 4: rCXCL12 10 ng. (C) Migration of BV173 cells toward supernatant collected from MSC culture or toward rCXCL12 in a transwell system. 5x104 BV173 cells were added to the upper chamber of each well in a total volume of 150 mL DMEM 0.5% FBS. Undiluted or diluted supernatants from MSC were added in the lower chamber of the transwell. Cells that had migrated into the lower chamber after 3 h were collected and quantified using a hemocytometer. As a control, the chemotactic activity of rCXCL12 at different concentrations was tested. CM= supernatant from MSC cultures.
The CXCR4 antagonist AMD 3100 restores sensitivity of chronic myeloid leukemia cells to imatinib in vitro
Having found that imatinib-induced apoptosis of CML cells was severely impaired in the presence of MSC, we tested the hypothesis that blocking CXCR4 could restore the effect of imatinib on CML cells. We did this by using the specific non-peptide CXCR4 antagonist, AMD3100. AMD3100 was added to co-cultures of BV173 or primary CML cells and MSC that were then exposed to imatinib. The addition of AMD3100 to primary CML cells (Figure 4A–B) or BV173 cells (Figure 4C) co-cultured in the presence of MSC significantly reduced the viability of leukemic cells treated with increasing concentrations of imatinib as compared to the cultures in which leukemic cells were exposed to imatinib in the presence of MSC but no AMD3100 (P=0.013, P=0.043, P=0.036 for BV173/MSC treated with imatinib in the presence or absence of AMD3100; P=0.047, P=0.009, P=0.042 for CML/MSC treated with imatinib in the presence or absence of AMD3100; Figure 4B–C). Disruption of the CXCR4/CXCL12 axis by AMD3100 was effective also when CD34 CML progenitors were evaluated (Figure 5A). In fact, sensitivity to imatinib was significantly restored when the CXCR4 antagonist AMD3100 was added to CD34 CML/MSC co-cultures (P=0.018 and P=0.025, imatinib 1 and 5 μM, respectively; Figure 5B).
These data demonstrate that, by interfering with the CXCR4/CXCL12, AMD3100 is able to restore the sensitivity of leukemic cells, cultivated with MSC, to imatinib.
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Figure 4.The CXCR4 antagonist, AMD3100 potentiates imatinib-induced cell death in BV173 and primary CML cell-MSC co-cultures: 5x104 primary CML (A and B) or BV173 (C) cells were cultured in 48-well plates alone or in the presence of a MSC monolayer. After 48 h, imatinib was added at different concentrations. Where indicated, AMD3100 (5 μg/mL) was added after the first 2 h of imatinib treatment. Apoptosis was quantified after a further 48 h incubation by annexin-V and propidium iodide staining. Histograms represent the mean of three independent experiments.
Mesenchymal stromal cells protect SCID leukemia-repopulating cells from imatinib via the CXCR4/CXCL12 axis
The data obtained thus far indicate that MSC protect leukemic cells from imatinib-induced apoptosis. To refine the target of their activity, we evaluated the effect of MSC on repopulating cells and tested this in a NOD/SCID model.15 BV173 cells were exposed to imatinib in the presence or absence of MSC and, after 48 h, harvested and injected into sublethally irradiated (250 cGy) NOD/SCID mice. Leukemic engraftment was monitored every week by enumerating human CD19 cells in the peripheral blood of the recipients. After 6 weeks, mice were sacrificed and bone marrow and spleen analyzed for leukemic cells. The proportion of CD19 cells in both the bone marrow and spleen of mice was significantly increased after 6 weeks when BV173 cells were treated with imatinib in the presence of MSC (BV173 + imatinib, 3±0.8%; BV173 + MSC + imatinib 13.3±4.07%; P=0.017; Figure 6A–B). These data support the notion that MSC may protect leukemia-repopulating cells from the effect of imatinib.
Since our in vitro findings advocate that the CXCR4/CXCL12 interaction may be responsible for protecting CML cells from imatinib, BV173 cells, co-cultivated with MSC, were incubated with AMD3100 before being exposed to imatinib. After 48 h, BV173 cells were harvested from the cultures and injected into irradiated NOD/SCID recipients. The pretreatment with AMD3100 was associated with significant reductions in the percentages of human CD19 cells engrafting in bone marrow and spleen (6.01±2.1%; P=0.016 BV173 + MSC + imatinib versus BV173 + MSC + imatinib + AMD3100; Figure 6 A–B), thus indicating that the CXCR4 antagonist was able to restore the sensitivity of leukemia-repopulating cells to imatinib. When BV173 cells were pretreated with AMD3100 in the absence of MSC, the fraction of CD19 cells in the bone marrow and spleen of mice did not differ significantly from that in the untreated controls (Figure 6 A–B).
Discussion
The contribution of the stromal microenvironment to the development of a wide variety of tumors is supported by extensive clinical evidence and the use of experimental mouse models of cancer pathogenesis.16–19 It has been shown that tumor cells actively recruit stromal cells, including inflammatory cells, vascular cells, and MSC into the tumor, and that this recruitment is essential for the generation of a microenvironment that actively fosters tumor growth.20–22 In contrast to solid tumors that invade the bone marrow, leukemia originates in the marrow in which it is in close contact with stromal cells that provide growth and survival signals. We have previously shown that human MSC preserve the proliferative capacity and self-renewal ability of tumor cells by inhibiting cell cycling and protecting the tumor cells from apoptosis.10 The concept of MSC interactions is of particular importance in CML. Although a small population of non-cycling CD34 cells appears to be intrinsically resistant to imatinib, most of the remaining CD34 CML progenitors seem susceptible to the drug.6 However, the role of MSC in the response of CML cells to imatinib has not been clearly dissected.
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Figure 5.CXCR4 blockade restores sensitivity of CD34+ CML progenitors to imatinib overcoming MSC protection: 5x104 CD34+ CML cells were cultured alone or in the presence of MSC. After 48 h imatinib was added at different concentrations and the fraction of annexin-V-positive cells was quantified by FACS after a further 48 h. A representative dot plot for annexin-positive cells (A) and average histograms from three individual experiments (B) are shown.
In this study we provide evidence that a cell-contact-mediated interaction between MSC and CML cells effectively protects leukemia progenitors from imatinib-induced cell death. When CML cells are exposed to imatinib while in contact with MSC, their ability to engraft NOD/SCID mice is preserved, thus indicating that MSC protect SCID leukemia-repopulating cells – and probably CML progenitor cells – from the effect of imatinib. Protection from imatinib-induced cell death by MSC involves caspase-3 activation in a CXCR4-dependent manner. We found that the interaction between MSC and CML cells triggered the expression of Bcl-XL, although the role of this anti-apoptotic protein in the protection from imatinib-induced cell death has not been fully clarified. In fact, Bcl-XL did not correlate with the restored sensitivity to imatinib following CXCR4 blockade by AMD3100. It is possible that CXCR4 may affect the expression of other BCL family members, although this remains speculative.
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Figure 6.Bone marrow and spleen and SP engraftment of BV173 cells in NOD/SCID mice: 8x106 BV173 cells alone or with a monolayer of confluent MSC were cultured for 48 h before imatinib treatment (1 μM) for an additional 48 h. In some co-cultures, AMD3100 (5 μg/mL) was added after the first 24 h of culture. At the end of incubation, cells were gently harvested by pipetting with cold PBS and intravenously injected into mice (n=3–4 in each group). Bone marrow and spleens were harvested after 6 weeks. A representative FACS plot of CD19+ cells in the bone marrow and spleen (A) and cumulative number of CD19+ cells in bone marrow (B) quantified by FACS are shown.
We previously demonstrated that the reduction of spontaneous tumor cell apoptosis by MSC is associated with inhibition of cyclin D2 expression and upregulation of p27.1,10 In this study, we add further insights into MSC-mediated protection of CML cells by showing that a physical interaction between MSC and CML cells protects the tumor cells from drug-induced cell death in a CXCR4/CXCL12-dependent manner.
In fact, although imatinib has the ability to induce the apoptosis of a large proportion of leukemic cells – whether primary cells or a cell line – this effect is clearly impaired if the leukemic cells are in contact with MSC. This notion has fundamental implications in vivo, because it suggests that the persistence of leukemia following imatinib treatment may not be exclusively accounted for by the presence of an intrinsically resistance stem cell population but also by other leukemia stem cells that reside in the hematopoietic stem cell niche.
We found that the leukemia-stroma interaction and the consequences on tumor survival following exposure to imatinib involve the CXCR4-CXCL12 axis. The CXCR4 inhibitor, AMD3100, reduced the migration of CML cells in response to SDF-1 as well as to MSC, thus suggesting a role for SDF-1 in inducing CML cell migration to bone marrow MSC. More importantly, AMD3100 restored CML cell sensitivity to imatinib treatment in vitro and their content in SCID leukemia-repopulating cells.
The role of CXCL12/SDF-1 and its receptor CXCR4 has previously been investigated in other hematologic malignancies23 and, in accordance with our findings, AMD3100 disrupts the interaction of multiple myeloma cells with bone marrow stroma in vitro and in vivo, thus enhancing their sensitivity to bortezomib.24 Stroma has also been reported to play a role in the survival of other leukemias. Recently, Mishra et al. provided evidence that CXCL12 produced by stromal cells is responsible for protecting Bcr/Abl lymphoblasts from imatinib-induced cell death.25 In contrast to our findings, they found that the protective effect is mediated by soluble CXCL12 produced by MSC and independent of direct contact of lymphoma cells with stroma. However, biological differences between lymphoblasts and CML progenitors may account for this discrepancy as protection mediated by cell contact between stroma and other leukemias has been previously reported.26
Our and previous findings suggest that agents targeting this axis may be able to mobilize CML cells from their protective microenvironment and increase the therapeutic efficacy of imatinib.
The potential benefit of CXCR4 antagonist therapy in CML is supported by the observation that exposure of CML cells in stroma-free cultures to granulocyte colony-stimulating factor (G-CSF) enhances the effect of imatinib by increasing the proportion of cells in cell cycle.27 The recently reported failure of a clinical trial employing G-CSF to eradicate minimal residual disease following imatinib therapy28 may be related to a selective resistance of leukemic cells to be mobilized by G-CSF and/or to a regimen ineffective at doing so. It is well known that AMD3100 is more potent than G-CSF at inducing normal hematopoietic stem cell mobilization. The observed up-regulation of CXCR4 on CML cells induced by imatinib12 highlights the importance of concentrating on this axis with a view to interfering also with the migration of CML cells to the bone marrow mesenchymal niche.12,19 Our in vitro data demonstrate that migration of BV173 cells towards a CXCL12 gradient is impaired when CXCR4 is blocked by AMD3100. However, since the engraftment of BV173 cells pretreated with AMD3100 did not differ from that of controls, our data are more consistent with an effect of AMD3100 in disrupting CXCR4-mediated protection from the cytotoxic effect of imatinib.
Our data support the case for clinical trials aimed at mobilizing leukemic cells by disrupting the CXCR4-CXCL12 axis. Further investigations in pre-clinical models are warranted to identify the best administration schedule to maximize the sensitivity to imatinib.
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