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Abstract
AML blasts transmigrate in response to SDF-1α. AMD3100, a novel bicyclam molecule which
inhibits SDF-1α/CXCR4 interactions, inhibited the transmigration of AML blasts and inhibited
outgrowth of leukemia colony forming units. AMD3100 did not abrogate stroma- mediated
protection from cytarabine mediated apoptosis, except in the case of one promyelocytic leukemic
sample tested, and it did not influence adhesion of blasts to endothelial monolayers. When AML
blasts were pretreated with AMD3100, the positive effects of SDF-1α on NOD-SCID engraftment
were diminished. This work confirms that AML is influenced by the SDF-1α/CXCR4 axis and
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demonstrates that disruption of this axis by the bicyclam AMD3100 can influence AML
microenvironmental interactions.

Introduction
Acute myelogenous leukemia blasts and progenitors grow in close contact with a permissive
and inductive microenvironment [1]. There is increasing evidence that the stromal-derived
factor (SDF)-1α (CXCL12)/CXCR4 axis influences homing and retention of normal stem cells
and leukemia cells in the marrow [2]. Furthermore, SDF-1α plays a role in retention and
metastasis of brain tumors [3], glioblastoma [4], and breast carcinoma [5] in addition to other
tumor types [6]. SDF-CXCR4 interactions are involved in the metastasis of progenitor cells to
hypoxic tissue, and SDF-1α gene expression in ischemic tissue is dependent on oxygen tension
[7]. This observation has also led to examination of the role that this chemokine receptor axis
plays in mediation of cardiac injury after ischemia [8]. Mice which lack CXCR4 and SDF-1
have impaired B-lymphopoiesis, myelopoiesis, and cerebellar neuron migration [9]. Also,
tissue-specific muscle, neural and liver stem/progenitor cells reside in the marrow, respond to
an SDF-1 gradient and are mobilized into peripheral blood during stress and tissue injury
[10]. In this work, we have examined the effect of disruption of the SDF-1α/CXCR4 axis on
acute myelogenous leukemia (AML) cells in vitro and upon their engraftment in NOD-SCID
mice through exposure to the CXCR4 antagonist, AMD3100.

It has previously been shown that the migratory behavior of leukemic cells is stimulated by
SDF-1α [11]. Leukemic cells expressing CD34, CD38, and HLA-DR migrated preferentially,
whereas cells with CD14 and CD36 showed diminished migration. Bone marrow derived cells
migrated more than blood CD34+ cells. A lower percentage of circulating leukemic blasts was
observed in patients with a relatively high level of SDF-1α induced migration, suggesting that
SDF-1α is instrumental in retention of AML blasts in the marrow (12).

Furthermore, all AML cells express internal CXCR4 and SDF-1α. Culture of AML cells with
SDF-1α promoted their survival, whereas addition of CXCR4 antibodies decreased survival
[12]. Pretreatment of primary human AML cells with neutralizing CXCR4 antibodies blocked
their homing into the marrow and spleen of transplanted NOD/SCID/β2m mice. Weekly
administration dramatically decreased the levels of human AML cells in marrow, blood, and
spleen, suggesting that CXCR4 neutralization may be a potential treatment for AML [12].

AMD3100 is a selective antagonist of SDF-1α/CXCL12 which binds to CXCR4, the sole
receptor for SDF-1α [13,14]. AMD3100 has been shown to mobilize CD34+ cells and
hematopoietic progenitor cells in humans [15], and it enhances G-CSF-induced mobilization
of CD34+ cells in humans [16]. It effectively neutralizes CXCL12 function, and in this work
its effects on AML blasts and progenitors have been further explored in order to ascertain
whether disruption of the CXCL12/CXCR4 axis by this unique bicyclam molecule might result
in anti-leukemic effects.

Materials and Methods
Source of AML cell lines and primary cells

All cell lines utilized were purchased form the ATCC (Rockville, MD). Primary AML samples
were obtained from patients with AML after informed consent was obtained in accordance
with University of Rochester Research Subjects Review Board policies. Samples were
subjected to ficoll hypaque density gradient centrifugation. Only samples with high
percentages of blast cells were utilized (>70%). Cells were cultured in RPMI plus 10% fetal
bovine serum.
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Culture of human umbilical vein endothelial cells (HUVECs), marrow endothelial cells
(BMECs), and stromal cells

HUVECs were obtained from human term umbilical cords and cultured as previously described
[17]. BMECs were isolated from marrow aspirates obtained from normal donors who gave
informed consent in accordance with University of Rochester Research Subjects Review Board
policies. They were obtained from light density marrow cells using the MiniMACS magnetic
bead cell separation device with CD34 and CD105 coated microbeads. Cells were used at early
passages (p3–p5).

Stromal cells were grown from the adherent cells persisting after light density marrow
populations were plated in long term culture medium (Cell Technologies, Vancouver, BC).
Nonadherent cells were demi-populated twice per week. The M210B4 stromal line was
obtained from the ATCC (Rockville, MD).

Sources of reagents
AMD3100 was obtained from AnorMED, Inc. through a Materials Transfer Agreement with
the University of Rochester. It was provided as freebase with molecular weight 502. It was
formulated in 10% HCl and water to pH 6.9. This was stored as a 10 mg/ml solution at −20°
C until use. SDF-1α, monocyte chemotactic protein (MCP-1), regulated on activation, normal
T expressed and secreted (RANTES), macrophage inflammatory protein-1 alpha (MIP-1α),
SDF-1β, interferon inducible protein-10 (IP10), fractalkine, granulocyte colony stimulating
factor (G-CSF), interleukin-8 (IL-8), anti-CD45, and anti-CXCR4 were all purchased from
R&D Systems, Minneapolis, MN. Staurosporine and cytochalasin B were obtained from
Sigma-Aldrich Chemical, St. Louis, MO. Cytarabine (ARA-C) was purchased from Pharmacia
Upjohn Co, (Kalamazoo, MI). Fetal bovine serum (FBS) was from Hyclone (Logan, UT) or
Atlanta Biologicals (Lawrenceville, GA). All adhesion receptor antibodies were from Becton-
Dickinson, and the anti-CD34 antibody was obtained from Caltag (Burlingame, CA).

Transmigration assays
Endothelial or stromal monolayers were grown to confluence on a 3 micron microporous
membrane insert and placed in a 24 well tissue culture plate. Normal CD34+ cells or AML
cells were placed above the insert at 1 × 105 cells in 300 μl, and various chemoattractants were
added to the lower chamber in serum free conditions. After a 24 hour incubation, inserts were
removed and cells were counted using a hemacytometer. The percentage of cells migrating
was determined. In certain conditions, the plated cells were exposed to AMD3100 at various
concentrations 1 hour before plating. The AMD3100 was present during the transmigration
assay.

Cell proliferation and cell cycle assays
Cell viability was determined by Trypan blue exclusion, and cell counts were determined by
hemacytometer counts or by MTT assay (R&D Systems). For specific determination of
apoptosis, staining for Annexin V (R&D Systems) was performed. Simultaneous determination
of propidium iodide (PI) staining allowed for determination of apoptosis vs. necrosis. To
determine cell cycle status, cells were fixed in 70% EtOH and lysed with 1% Nonidet P-40
and incubated with 10 μg/ml RNase for 30 minutes at 37°C. Nuclear DNA was stained with
100 ug/ml propidium iodide (Sigma). Samples were allowed to equilibrate for at least 1 hour
in the dark before analysis. Fluorescence analysis of individual nuclei was performed with a
FACSCalibur flow cytometer equipped with an argon-ion laser at 488 and 250 mW light output.
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CFU-GM, BFU-E. and CFU-L Assays
Five × 104 normal light density cells for granulocyte-macrophage colony forming units (CFU-
GM) or erythroid burst forming units (BFU-E) were plated in 0.9% methylcellulose, 30% FCS,
2 mmol/L L-glutamine, and 10−4 mol/L β-mercaptoethanol, and 1% BSA with 3U/ml human
erythropoietin, 10 ng/ml GM-CSF, 10 ng/ml IL-3, and 50 ng/ml stem cell factor (SCF) (c-kit
ligand).. For leukemia colony forming units (CFU-Ls), the plating mixture was comparable
with the exception that the cytokines utilized were 4U/ml erythropoietin, 10 ng/ml GM-CSF,
10 ng/ml IL-3, 100 ng/ml c-kit ligand, and 100 ng/ml Flt3 ligand. The methylcellulose mixture
and associated reagents were purchased from Stem Cell Technologies (Vancouver, BC).
Colonies were scored at Day 14 and were defined as >20 grouped cells.

Assessment of AKT Phosphorylation
To assess AKT phosphorylation, leukemic blasts isolated as described above were harvested
and lysed after Ficoll-Hypaque density gradient centrifugation, lysed with buffer containing
50 nM Tris, pH 8.0, 120 mM NaCl, 0.5% Nonidet P-40, and protease inhibitor cocktail (Roche).
The protein concentration of the lysate was determined by using the Bradford method (Bio-
rad, Hercules, CA). Equal amounts of protein were separated on a 4%–20% Tris-Glycine gel
(Invitrogen) and transferred to a BioTrace PVDF membrane. Blots were probed with primary
antibody to Akt or Phospho-AKT (Cell Signaling). After washing and incubating with
secondary antibody, immunoreactive proteins were visualized by using the ECL Plus detection
system (Amersham Biosciences).

Endothelial or stromal co-culture assays
Cell lines or AML blasts were suspended in RPMI plus 10% FBS and plated onto tissue culture
plastic control surfaces or over confluent HUVEC, BMEC, or stromal layers. Adherent and
nonadherent cells were collected using collagenase to maintain an intact endothelial cell layer.
Cells were sampled at 24 and 48 hours of co-culture, and cell count, cell viability and apoptosis
rates were determined as described above.

NOD-SCID Assays
Animal experiments were approved by the University of Rochester Animal Care and Ethics
Committee. Female NOD/SCID (NOD/LtSz-scid/scid) mice aged 6 to 8 weeks were purchased
from the Jackson Laboratories or the National Cancer Institute. They were housed in a specific
pathogen-free environment for at least 1 week prior to inoculation with human leukemia cells.
Mice were supplied with sterile food and water ad libitum. On the day prior to inoculation,
mice received 375 cGy total body irradiation from a cesium source (University of Rochester).
Immediately prior to inoculation, mice were warmed by an infrared lamp and then inoculated
by tail-vein injection with 107 leukemia cells in a maximum volume of 100 μL PBS. Mice were
monitored for general well-being on a daily basis.

At 24 hours and 6 weeks following inoculation, mice were euthanized by CO2 intoxication
followed by cervical dislocation. Cell suspensions of spleen and liver were prepared by mincing
through cell strainers. Bone marrow was collected by flushing femurs with PBS containing
heparin, and blood was collected by cardiac puncture. Mononuclear cells were purified by
density gradient centrifugation. Cells were washed twice and stained with anti-human CD45-
FITC for 45 minutes in the presence of 10% human AB serum. Cells were washed in PBS and
fixed in 400 μL of 1% paraformaldehyde at 4°C until analyzed on a Becton Dickinson FACS.

Adhesion assays and flow cytometric quantitation of adhesion receptors
Endothelial or stromal cells were plated in 24 well plates and used at 80–90% confluence.
Layers were treated with growth factors or media for 24 hours prior to the adhesion assay which

Liesveld et al. Page 4

Leuk Res. Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was performed in RPMI with 10% FBS. AML cells were labeled with carboxy-fluorescein
diacetate, succinimidyl ester (CFDA SE) (Molecular Probes Inc, Eugene OR) at 2 μM. AML
light density cells (5 × 105) were plated over the endothelial or stromal monolayer. In those
conditions with AMD3100, cells were exposed at designated concentrations for 1 hour prior
to plating over the monolayer for 2 hours. Thereafter, the layers were washed twice with PBS
and adherent cells were removed with Trypsin-EDTA and then washed and fixed with 1%
paraformaldehyde. Cell counts were determined by hemacytometer, and percentage of
adherence was calculated. Blast gating was achieved through analysis of forward vs. side
scatter.

To determine whether exposure of endothelial layers to AMD3100 altered expression of
adhesion receptors, endothelial cells were trypsinized and stained with monoclonal antibodies
to CD31, CD41a, CD42b, CD49d, CD54, CD61, CD62P, CD62L, CD106, CD117, CD154,
CD164, and CXCR4. Expression was determined utilizing a FACSCalibur flow cytometer,
and isotype specific control staining was performed for each antibody on the whole ungated
population.

Statistical considerations
T-tests (two-tailed) or paired t-tests were employed to determine significance of differences
between experimental conditions and control conditions. A p-value of <0.05 was required for
the determination of statistical significance. In all figures, n refers to the number of experiments
performed using distinct samples.

Results
AML blasts transmigrate endothelial monolayers in response to SDF-1α

As shown in Figure 1, AML blasts transmigrate endothelial cells in response to SDF-1α to a
greater extent than to other chemokines or cytokines, although all are more effective in
stimulating transmigration as compared to control conditions (p<0.05 for all cytokines and
chemokines shown vs. control conditions). The concentrations of attractants utilized were
optimal as determined by dose response experiments. The transmigration with SDF-1 was
inhibited by pertussis toxin (Figure 2a), cytochalasin B (Figure 2b), and staurosporine (Figure
2c). (n=3).

AMD3100 inhibits endothelial transmigration of normal CD34+ cells and AML blasts
AMD3100 at concentrations from 0.1 mg/ml to 1 mg/ml was capable of inhibiting SDF-1
stimulated transmigration of CD34+ cells through HUVEC monolayers (Figure 3) or through
bone marrow endothelial cells (BMECs) (not shown). It did not significantly increase
transmigration above that of control conditions at concentrations from 0.01 mg/ml to 1.0 mg/
ml. It did not reverse increased migration toward G-CSF at comparable concentrations (not
shown). Likewise, with AML blasts, SDF-1α stimulation of transmigration through HUVECs
was abrogated by 0.1 mg/ml AMD3100. AMD3100 did not alter baseline transmigration at
concentrations up to 1.0 mg/ml (Figure 4A). While the degree of transmigration through
marrow stromal layers was not as great as through endothelial monolayers, SDF-1α
transmigration through stromal monolayers was also abrogated by AMD3100 (Figure 4A).
When AML cells were pretreated with AMD3100 and then placed in the transmigration
chamber, no incremental transmigration was noted with SDF-1α stimulation. The
transmigration of AML cells in response to the CXC chemokine, IL-8 (20 ng/ml) was also
inhibited by AMD3100 (Figure 4b). While this inhibition was nearly complete, the initial
stimulation of transmigration was not as great with IL-8 as with SDF-1α.
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AMD3100 did not affect proliferation or survival or AML blasts in liquid culture but did
decrease outgrowth of CFU-Ls

At concentrations from 0.1 to 1.0 mg/ml, AMD3100 did not affect proliferation or viability of
AML blasts (Figure 5; n=4). All AML cases utilized in these experiments expressed CXCR4
(>25% blasts positive by flow cytometry). Also, when AML blasts were pre-exposed to SDF-1
alpha at 100 ng/ml, AMD3100 had no influence on AML blast proliferation (Figure 5b). This
was also found to be the case in various leukemic cell lines expressing CXCR4 such as the
MV411 line. Cell cycle status of AML cells was also not affected by AMD3100 exposure (not
shown). AMD3100 inhibited CFU-L outgrowth of AML cells when plated into a semi-solid
medium. Inhibition was statistically significantat 0.05 mg/ml and higher (Figure 6A). When
light density marrow from normal donors was plated in the presence of AMD3100, mild
depression of CFU-GM was noted but there was a significant decrease in BFU-Es at
concentrations ≥ 0.01 mg/ml (Figure 6B). SDF is known to signal through the AKT pathway,
but AMD3100 of itself did not inhibit AKT activation in AML blasts (Figure 7A). It had only
a minimal effect on inhibiting activated AKT expression in the presence of SDF-1 which was
not statistically significant (Figure 7B). In all samples utilized here, baseline AKT activation
was present.

Effects of AMD3100 on Stromal and Leukemic Cell Interactions
AMD3100 did not affect binding of AML light density cells or AML blasts to endothelial
monolayers (Figure 8A). Likewise, AMD3100 at concentrations from 0.1 mg/ml to 1 mg/ml
did not influence the adhesion of CD34+ cells to HUVEC or BMEC monolayers. (Figure 8B).
Despite the lack of influence on adhesion in a static functional assay, AMD3100 did result in
a decrease in CD106 (VCAM), CD164 (Mucin-like receptor), and CD61 (beta 3 integrin
receptor) expression on BMEC layers, although only the change in CD164 reached statistical
significance (Table 1). Effects on other receptors involved in stem cell/stromal cell adhesion
were not significantly affected by AMD3100 exposure.

In the presence of a stromal monolayer, AMD3100 did not abrogate the positive effects of
stromal cells on non-M3 AML survival (51±17% viable vs. 50± 16% viable with AMD3100
0.5 mg/ml at 7 days; n=3). In one case of acute promyelocytic leukemia available for study,
the presence of AMD3100 abrogated the protective effect of stomal monolayers on ARA-C
induced apoptosis at 2 and 7 days of culture. This abrogation of apoptosis protection against
ARA-C toxicity was not seen consistently with other AML cases tested (n=5; not shown).

Effect of AMD3100 exposure on engraftment in NOD/SCID mice
When AML cells (whole mononuclear populations with >80% blasts) were treated with
SDF-1α, 100 ng//ml or AMD3100, 1.0 mg/ml for 24 hours and then injected into sublethally
irradiated NOD/SCID mice, at 24 hours, less than 0.5% of marrow cells were CD45+ under
any conditions. Less than 1% of spleen and liver cells were CD45 positive at 24 hours. At 6
weeks, the percentage of CD45+ cells in marrow did not differ depending upon whether the
cells had been exposed to AMD3100 or to a combination of the both SCF-1α and AMD3100
(Figure 9). Cells pre-exposed to SDF-1α engrafted in higher numbers (p< 0.05). Engraftment
in the liver was not affected by exposure to SDF-1α or AMD3100, and only minimal cells were
present in the spleen.

Discussion
SDF-1α/CXCL12 and its receptor, CXCR4 are implicated in chemotaxis, homing, and survival/
apoptosis of hematopoietic stem cells and progenitor cells [18]. All AML cells express CXCR4
and SDF-1α, sometimes intracellularly. [19]. In normal progenitors, AMD3100, a bicyclam
which specifically and reversibly blocks SDF-1/CXCL12 binding to and signaling through

Liesveld et al. Page 6

Leuk Res. Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CXCR4, results in progenitor and SCID-reconstituting cell mobilization 6 hours after exposure
[16]. When humans are given a subcutaneous injection of AMD3100, a rapid generalized
leukocytosis with increased CD34+ cells and CFU-Cs occurs [20], and this has led to its
utilization in protocols for stem cell mobilization for autologous stem cell reconstitution
purposes [16,21]. These clinical observations correspond well to the observation that
mobilization of hematopoietic progenitor cells by G-CSF coincides in vivo with the cleavage
of the N-terminus of the chemokine receptor CXCR4 on progenitors resident in the marrow
and mobilized into the peripheral blood. This cleavage results in the loss of chemotaxis in
response to SDF-1/CXCL12 [22].

In this work, we have attempted to begin exploration of the effects of AMD3100 on AML
blasts and progenitors in ex vivo experiments. AMD3100 was able to inhibit the SDF-1α
stimulated transmigration of AML cells through endothelial and stromal cell monolayers, and
it was able to partially inhibit IL-3 induced transmigration of endothelial cells, possibly by
inhibiting SDF-1 enhancement of IL-8 chemotactic effects [23]. It did not have a direct effect
on AML blast proliferation or apoptosis in liquid culture systems, but it did decrease the
outgrowth of leukemia colony forming units in a short-term semi-solid methylcellulose assay.
In normal CD34+ progenitors, overexpression of CXCR4 via a lentiviral gene transfer
technique has been reported to increase chemotaxis and actin polymerization, proliferation,
migration, and NOD/SCID repopulation [24]. Also, SDF-1 regulates primitive hematopoiesis
by suppressing apoptosis and facilitating cell cycle transition in normal CD34+ cells. In AML
cells, CXCR4 expression has been associated with poor prognosis in terms of both overall
patient survival and relapse probability [25]. Nonetheless, exposure to AMD3100 did not affect
survival or alter the cell cycle composition of AML blast cells but did result in decreased output
of leukemic progenitors in an assay dependent on a semi-solid medium where multiple
cytokines are present. Interestingly, when normal progenitors were plated in these assays,
exposure to AMD3100 also affected CFU-GM proliferation and inhibited erythroid colony
growth substantially. This is consistent with reports that the CXCR4 gene is upregulated by
erythroid sensitive cytokines such as erythropoietin and stem cell factor, suggesting that
inhibition of this upregulated expression might have bearing on in vitro erythropoieisis where
cell-cell contact is important [26].

In mobilization studies with AMD3100, the percentage of CD34+ cells which express CD62L
and the level of CD62L expression were lower in the G-CSF plus AMD3100 mobilized cells
as compared with G-CSF mobilized cells [16]. Also, SDF-1α has been found to rapidly increase
the adhesion of CD34 (hi) marrow cells to the CS-1 domain of fibronectin, to VCAM-1, and
to marrow stromal cells. This increase was only transient, however, and was inhibited by
pertussis toxin and cytochalasin D [27]. No differences in the ability of AML cells to adhere
to endothelial or stromal monolayers in the presence of AMD3100 were detected in the work
reported here. This was also the case when the monolayers were activated with IL-1α or TNF-
α, both of which increase stromal layer and HUVEC expression of integrins [17]. When
BMECs were exposed to AMD3100, the expression of VCAM-1 (CD106) and the mucin like
receptor (CD164) was decreased but no statistically significant alteration in other adhesion
receptors was noted. This is consistent with the role that CD106 has been found to play in G-
CSF induced mobilization [28]. CD44 and hyaluronic acid have also been reported to cooperate
with SDF-1 in CD34+ trafficking [29,30], but whether these play a role in AML mobilization
induced by SDF-1 has not been examined [31].

The process of stem cell mobilization and presumably of leukemic blast and leukemic
progenitor mobilization is a complex one. It involves cytoskeletal elements, integrins,
chemokines such as SDF-1α and IL-8, and proteolytic enzymes such as elastase, cathepsin G,
hyaluronic acid and matrix metalloproteases (MMPs) [32–35]. AMD3100 appears to have
impact on AML transmigration, and presumably by disruption of the CXCR4-SDF-1α axis,
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would have impact on the retention of AML blasts and progenitors in the marrow. Since it
inhibits transmigration of these cells through stromal and endothelial monolayers, its final
effects on AML migration and survival would probably be dependent on existent gradients of
SDF-1α which in turn would be dependent on marrow activation by cytokines and other
chemokines.

Co-culture of AML blasts with stromal cell layers is known to enhance their survival and to
protect blasts from the cytotoxicity of cytarabine through prevention of apoptosis induction
[36–39]. When AML blasts were cultured for up to 7 days over stromal monolayers, viability
was enhanced in the present of stromal layers, but the presence of AMD-3100 did not
consistently affect survival nor did it reverse the effects of cytarabine at 0.1 μM or 1.0 μM. In
liquid culture systems, the presence of AMD3100 did not affect the ability of cytarabine to kill
AML cells in either a positive or negative direction. In one case of acute promyelocytic
leukemia which we were able to study, AMD3100 did appear to restore cytarabine apoptosis
induction in the presence of stromal monolayers. This is consistent with other reports of
AMD3100 effects in a murine model of human APML [40].

Engraftment of AML in NOD-SCID mice is independent of CXCR4 expression (41) yet
predicts poor patient survival. Anti-CXCR4 antibody failed to block the engraftment of AML
cells into NOD/SCID mice [41]. In contrast, with normal CD34+ cells, treatment with
antibodies to CXCR4 prevented engraftment in NOD/SCID mice, and in vitro CXCR4
dependent migration to SDF-1 of CD34+/CD38− cells correlated with in vivo engraftment
[42,43]. AMD3100 did inhibit the ability of SDF-1 to induce engraftment of AML cells,
however we did not detect a difference in AMD3100 exposed AML cells vs. controls in ability
to home to marrow and survive to 6 weeks in a leukemic NOD-SCID reconstitution assay in
the absence of exogenous SDF exposure. It remains to be determined whether this would also
be the case if AMD3100 were present continuously during circulation, homing, engraftment,
and retention phases of the leukemic cell homing process in the NOD-SCID model.

Retention of AML progenitors in the marrow is thought to contribute to their survival, so it is
possible that interference with blast retention in marrow and other tissues might interfere with
survival and proliferation of those progenitors. Furthermore, circulating blasts and progenitor
cells in the blood of leukemic patients are also supported by cytokines such as SDF-1α and
vascular endothelial growth factor, the levels of which are found to be increased in mobilized
stem cell blood products vs. baseline serum [44]. Interfering with this axis which is important
to leukemic progenitor cell retention in marrow and extramedullary tissues could play a part
in increasing apoptosis or reducing proliferation of those progenitors. It might therefore have
a role as an adjunct to chemotherapy to enhance destruction of those progenitors without
compromising the re-mergence of normal stem cells which appear to have the ability to return
to marrow once mobilized. In fact, in vitro migratory capacity of CD34+ cells is related to
hematopoeitic recovery after autologous stem cell transplantation [45]. Effects of AMD3100
on long term progenitor outgrowth after cytoreductive AML chemotherapy would therefore
need to be explored.

In the case of ALL, SDF-1α has been found to activate precursor B cell ALL [46], and CXCR4
expression mediates marrow adhesion and engraftment [47]. Furthermore, inhibitors of
CXCR4 inhibit ALL cells in vitro [48]. In this work, we have found that AML cells are also
influenced by inhibition of the SDF-1α/CXCR4 axis. This would suggest that antagonists such
as AMD3100 might have a therapeutic role in AML through modulation of SDF-1α effects on
AML progenitors both in marrow and in the circulation and extramedullary tissues. As AML
is a heterogeneous disease, it is likely that final effects of AMD3100 on leukemic progenitors
in vivo will be a summation of the diverse effects on migratory capacity, retention capacity,
and proliferation.
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Figure 1.
Transmigration of AML blasts through endothelial monolayers in response to various
chemokines. Shown is the percentage ± SE of plated cells which transmigrate a human
umbilical endothelial monolayer in 24 hours in response to optimal concentrations of
chemokines or cytokines shown. Significant transmigration occurred in response to SDF-1
alpha and all other conditions shown; (p<0.00001 for SDF-1α (n=16) and p <0.05 for all other
conditions compared to control condition).
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Figure 2.
Effect of pertussis toxin, cytochalasin B, and staurosporine on the ability of AML blasts to
transmigrate endothelial cells. Shown is the concentration effect of pertussis toxin (A),
cytochalasin B (B), and staurosporine (C) on the 24 hour transmigration of AML blasts through
HUVEC monolayers in response to optimal concentrations of SDF-1α, interleukin-8 (IL-8),
or RANTES (n=3). Data shown are Means ± SE.
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Figure 3.
Effect of AMD3100 on Transmigration of CD34+ cells through HUVEC monolayers.
AMD3100 inhibited CD34+ cells isolated from a Miltenyi column from transmigrating
HUVEC monolayers in response to 100 ng/ml SDF1-α. AMD3100 by itself did not
significantly influence transmigration as compared to control conditions. Data shown is Mean
± SD. P<0.05 for all conditions with AMD3100 plus SDF-1α as compared with SDF-1α alone
conditions (n=5).
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Figure 4.
AMD3100 inhibited SDF-1α induced transmigration of AML blasts through A) HUVEC
monolayers and marrow stromal layers (n=3), and B) was also able to inhibit the transmigration
stimulated by IL-8 (n=3). AMD3100 itself did not alter migration of AML blasts significantly
from control conditions. A different set of AML blasts was utilized for each of these figures
(A and B).
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Figure 5.
Effects of AMD3100 on AML blast proliferation and viability. When AML blasts were exposed
to AMD3100, 0 to 1.0 mg/ml, the viable cell count was not changed significantly for up to 3
days of incubation as compared with control cultures (A) (n=4). Data shown is Mean ± SD.
Viability (percentage of cells non-apoptotic) was determined by Annexin V staining. Likewise,
AMD3100 had no effects on viable blast counts in AML cells exposed to SDF-1 over a 3 days
period (B) (n=3) (p>0.05 for all conditions with SDF-1α).
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Figure 6.
Effect of AMD3100 on CFU-L outgrowth. When AML cells were exposed to AMD3100 in a
CFU-L assay, outgrowth of colonies was significantly inhibited (p<0.01 for all conditions ≥
0.05 mg/ml). Data shown is normalized to colony numbers observed under control conditions
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(Figure 6A; n=4). When light density marrow was plated for CFU-GM or BFU-E outgrowth,
AMD3100 significantly inhibited BFU-Es (p < 0.02 for all AMD concentrations ≥ 0.01 as
compared with control). CFU-GMs were only inhibited significantly at 1 mg/ml (p=0.02) as
compared to control conditions (Figure 6B; n=3). All data are shown as Mean ± SEM.
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Figure 7.
Effect of AMD3100 on activated AKT expression. Incubation of AML blasts with AMD3100
at the indicated concentrations for 24 or 48 hours did not affect expression of activated AKT
(A) (shown is a Western blot for 1 of 3 AML samples tested wherein the leukemia had baseline
expression of phosphorylated AKT). When AML blasts were incubated with 100 ng/ml
SDF-1α, the minimal increase in AKT activation was not significantly inhibited by AMD3100
(p>0.05 for all conditions compared to control) (B). Only leukemia cases with baseline
activation of AKT were studied.
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Figure 8.
Effect of AMD3100 on adhesion of CD34+ cells and AML blasts to marrow endothelial
monolayers. AMD3100 at concentrations up to 1.0 mg/ml did not significantly affect adhesion
of AML cells to HUVECs (A). This was also the case in the presence of Interleukin-1 and
Tumor necrosis factor-alpha, both of which upmodulate stromal cell expression of VLA-4
(CD49d) and other integrins. Likewise, adhesion of normal CD34+ cells was not affected by
presence of AMD3100 when BMECs were utilized as the substratum (B). N=3. Data shown
is Mean ± SD.
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Figure 9.
Effect of AMD3100 exposure on AML engraftment in NOD/SCID mice. Shown is the
percentage engraftment of AML cells expressing CXCR4 in NOD-SCID mice when cells were
preincubated in media alone (AML), SDF-1 alpha, AMD3100, or the combination of both
(AMD/SDF). Only cells exposed to SDF engrafted at higher levels (p<0.05) as compared to
control cells. n=10 mice; two AML samples with high CXCR4 expression were utilized in
these studies. Data shown is Mean ± SEM.
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TABLE 1
EFFECTS OF AMD3100 ON ENDOTHELIAL CELL ADHESION RECEPTOR EXPRESSION

Antigen Name CD Designation No AMD 1.0 mg/ml AMD p-value

ICAM-1 CD54 7.6±3 5.8±1.3 NS
VCAM-1 CD106 19.3±6 13±2.5 p=.10
Mucin like CD164 15.1±1.2 7±.3 p<0.02
B3 integrin CD61 22±9.1 9.9±3.2 NS

Shown is the Mean ± SEM percentage of cells positive for the indicated antigen. n=4. NS=not significant.
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