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Background
Interactions with the microenvironment, such as bone marrow mesenchymal stromal cells and
nurse-like cells, protect chronic lymphocytic leukemia cells from spontaneous and drug-induced
apoptosis. This protection is partially mediated by the chemokine SDF-1α (CXCL12) and its
receptor CXCR4 (CD184) present on the chronic lymphocytic leukemia cell surface. 

Design and Methods
Here, we investigated the ability of AMD3100, a CXCR4 antagonist, to sensitize chronic lym-
phocytic leukemia cells to chemotherapy in a chronic lymphocytic leukemia/mesenchymal
stromal cell based or nurse-like cell based microenvironment co-culture model.

Results
AMD3100 decreased CXCR4 expression signal (n=15, P=0.0078) and inhibited actin polymer-
ization/migration in response to SDF-1α (n=8, P<0.01) and pseudoemperipolesis (n=10,
P=0.0010), suggesting that AMD3100 interferes with chronic lymphocytic leukemia cell traf-
ficking. AMD3100 did not have a direct effect on apoptosis when chronic lymphocytic
leukemia cells were cultured alone (n=10, P=0.8812). However, when they were cultured with
SDF-1α, mesenchymal stromal cells or nurse-like cells (protecting them from apoptosis,
P<0.001), chronic lymphocytic leukemia cell pre-treatment with AMD3100 significantly inhib-
ited these protective effects (n=8, P<0.01) and decreased the expression of the anti-apoptotic
proteins MCL-1 and FLIP. Furthermore, combining AMD3100 with various drugs (fludarabine,
cladribine, valproïc acid, bortezomib, flavopiridol, methylprednisolone) in our mesenchymal
stromal cell co-culture model enhanced drug-induced apoptosis (n=8, P<0.05) indicating that
AMD3100 could mobilize chronic lymphocytic leukemia cells away from their protective
microenvironment, making them more accessible to conventional therapies.

Conclusions
Taken together, these data demonstrate that interfering with the SDF-1α/CXCR4 axis by using
AMD3100 inhibited chronic lymphocytic leukemia cell trafficking and microenvironment-
mediated protective effects. Combining AMD3100 with other drugs may, therefore, represent
a promising therapeutic approach to kill chronic lymphocytic leukemia cells.

Key words: AMD3100, chronic lymphocytic leukemia, microenvironment, mesenchymal stro-
mal cells, nurse-like cells, apoptosis.
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ABSTRACT



Introduction

Chronic lymphocytic leukemia (CLL), the most com-
mon leukemia in Western countries, is characterized by
the accumulation of mature CD19, CD5, CD23 positive
(CD19+CD5+CD23+) B cells which present a weak prolif-
eration index compared with normal B cells1 and a defect
in apoptosis.2 However, these cells rapidly undergo spon-
taneous apoptosis when they are cultured in vitro,3 sug-
gesting that in vivo factors contribute to their prolonged
survival, and reinforcing the importance of the microenvi-
ronment in this context.4-6 Indeed, microenvironments in
the bone marrow, lymph nodes and other secondary lym-
phoid organs have been shown to inhibit spontaneous
CLL cell apoptosis and enhance chemoresistance.5 In
1998, our group showed that bone marrow stromal cells
could rescue CLL cells (but not normal B cells) from apop-
tosis,7 and in 2000, Burger et al. observed that nurse-like
cells (NLC) derived from CD14+ cells of CLL patient blood
could also protect CLL cells from apoptosis.8 These pro-
survival effects are largely dependent on microenviron-
ment/CLL cell contact but also on chemokines released in
the milieu.
One such chemokine is stromal-derived factor-1α (SDF-

1α, also known as chemokine (C-X-C motif) ligand 12 -
CXCL12), which is produced by mesenchymal stromal
cells (MSC)9 and NLC.8 This chemokine and its receptor
(chemokine (C-X-C motif) receptor 4, CXCR4), which is
present on the CLL cell surface, play a crucial role in CLL
cell trafficking and survival. Furthermore, Burger et al.
demonstrated that SDF-1α not only attracts CLL cells to
the supportive microenvironment but also directly stimu-
lates CLL cell survival.8 Several studies have shown that
CLL cells can interact with their microenvironment
through the CXCR4/SDF-1α axis.9-10 CLL cells express high
levels of CXCR4 surface receptors compared to normal B
cells, making them more sensitive to this signal.10 For these
reasons, the CXCR4/SDF-1α axis has been considered as a
potential target for new therapeutic strategies.11
AMD3100 (also known as Plerixafor or Mozobil®) is a

bicyclam molecule and a specific antagonist to the
CXCR4 receptor, preventing the binding of SDF-1α.12
AMD3100 was initially studied for its capacity to inhibit
HIV virus entry12 and is currently used as a hematopoietic
stem cell mobilization agent.13 In the present study, we
hypothesized that AMD3100 could disrupt the MSC-
based and NLC-based microenvironment/CLL cell cross-
talk by interfering with the adhesion and homing of CLL
cells via inhibition of the SDF-1α/CXCR4 axis. The aim of
this study was to demonstrate that AMD3100 could
increase CLL cell sensitivity to different currently used
drugs (such as fludarabine, cladribine, etc.) or others (val-
proic acid, flavopiridol, etc.) under investigation in CLL
treatment and could, therefore, be considered as a poten-
tial novel adjuvant therapy.

Design and Methods

Patients, reagent and antibodies
This study was approved by the Bordet Institute Ethics

Committee and was conducted using peripheral blood samples
obtained with written informed consent from 20 CLL patients
who presented with a typical CD19+CD5+CD23+ phenotype.
Patients were either untreated or had received no treatment for

at least six months before the study. A summary of patients’
characteristics is presented in the Online Supplementary Table S1.
Cytoplasmic ZAP70 expression was determined by 3-color flow
cytometry (CD3/ZAP70/CD19) and confirmed by quantitative
real-time PCR.14 CD38 expression analysis, standard karyotype
analysis and interphase FISH screening for the most common
genetic aberrations and the IGHV gene mutation were per-
formed as previously described.15 In the present patient popula-
tion, the mean percentage of CD19+/CD5+ was 97.40±0.71%
(range 91.25-99.97) and the normal B-cell (CD19+/CD5-) popula-
tion was considered to be negligible. All reagents (source and
excipient) and antibodies (epitope and reference) used in this
work are detailed in the Online Supplementary Appendix.

Cell culture, AMD3100 treatment, MSC 
and NLC establishment, and phenotypic analysis
Mononuclear cells (MNC) were isolated from peripheral

blood samples using density gradient centrifugation (Linfosep,
Biomedics, Spain). The bone marrow stromal layer and NLC
were prepared as previously described.8,16 AMD3100 was added
to the MNC from CLL patient suspension (2×106 cells/mL) 30
min before each experiment. Details of the culture conditions
and phenotypic analysis of the MSC and NLC are presented in
the Online Supplementary Appendix. “Myeloid cell leukemia
sequence 1” (MCL-1) and “CASP8 and FADD-like apoptosis reg-
ulator” (CFLAR or FLIP) protein staining was performed on
CD19-labeled cells, using the Fix and Perm Permeabilization kit
according to the manufacturer’s recommendations.

MSC layer establishment
Bone marrow samples were collected from healthy donors

after obtaining written informed consent. MNC isolated from
normal subjects were plated in Dulbeco’s Modified Eagle
Medium – low glucose (DMEM-LG) (Lonza Europe) supple-
mented with 15% FCS (Sigma-Aldrich) to obtain a stromal layer
composed of mesenchymal stromal cells (MSC), as previously
described.16

NLC generation and co-culture
The NLC generation protocol was adapted from the protocol

previously published by Burger et al.8 MNC of CLL patients were
suspended in 500 mL of complete medium (as described above)
to a final concentration of 2×107 cells/mL. After 14 days of cul-
ture, the non-adherent MNC from CLL patients were harvested
by vigorously pipetting the content of the well and subsequently
rinsing the plates with complete RPMI medium. Harvested cells
were washed, and residual NLC were removed by a positive
purification procedure using a CD14 magnetic bead system
(MidiMACS, Miltenyi Biotec, Bergish Gladbash, Germany)
according to the manufacturer’s instructions. Mean CD19 purity
was thereafter over 98%. MNC from CLL patients were then
suspended at a concentration of 2×106 cells/mL in complete
medium and pre-treated or not with AMD3100 for 30 min; 200
mL of these cell suspensions (with or without AMD3100) were
then cultured in a 24-well plate alone or with the previously gen-
erated NLC. Viability and apoptosis were evaluated after 48 h.

Viability and apoptosis assays
Cell viability was determined by 3,3′-dihexyloxacarbocyanine

iodide (DiOC6)/propidium iodide (PI) staining after gating on
lymphoid population based on forward and side scatter, as pre-
viously described.17 Apoptosis was measured with Annexin-V/
7-Aminoactinomycin D (7-AAD) and PE-conjugated CD19 mon-
oclonal (MoAb) antibodies, using the protocol described in the
ApoTarget Kit (Biosource, Nivelles, Belgium).
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Measure of CXCR4 expression on MNC from CLL
patients
Untreated or AMD3100-treated MNC from CLL patients were

incubated for 30 min with a fluorescein isothiocyanate (FITC)-
conjugated anti-CD19 MoAb and phycoerythrin (PE)-conjugated
anti-CXCR4 (epitope 12G5, BD Biosciences Pharmigen, San
Diego, CA, USA). CXCR4 expression on the CD19+ population
was then evaluated by a comparison with cells incubated with an
isotype control antibody.

Actin polymerization assay
Actin polymerization was tested as previously described.18

Briefly, 1.25×106/mL were suspended in RPMI-1640 medium with
0.5% BSA at 37°C and incubated with 100 ng/mL SDF-1α
between 0 and 240 sec. To determine the rate of actin polymeriza-
tion in MNC from CLL patients after AMD3100 treatment (30 min
at 5 mg/mL), MNC from CLL patients were relabeled with an allo-
phycocyanin (APC)-conjugated anti-CD19 MoAb (Miltenyi
Biotec). Pertussis toxin (200 ng/mL), which prevents G proteins
from interacting with G protein-coupled receptors, was used as a
control. At the indicated time points, 400 mL of the cell suspension
was added to 100 mL of a solution containing 4×10-7 mol/L FITC-
labeled phalloidin, 0.5 mg/mL 1-α-lysophosphatidylcholine (both
from Sigma), and 18% formaldehyde in phosphate-buffered saline
(PBS). The fixed cells were analyzed by flow cytometry, and all
time points were plotted relative to the mean fluorescence of the
sample before addition of the chemokine.

Migration in response to SDF-1α
These assays were performed using 5-mm diameter pore filters.

To examine cell migration towards SDF-1α, 100 ng/mL of SDF-1α
in RPMI was added to the lower chamber of the transmigration
chamber (24-well, Corning Inc., New York, USA). Cells were pre-
treated or not with AMD3100 (5 mg/mL) for 30 min. Untreated or
AMD3100-treated MNC from CLL patients (5×105) were added to
the upper chamber and incubated for 3 h under culture conditions.
The cells in the lower chamber were then collected, labeled with
an APC-conjugated CD19 MoAb (Miltenyi Biotec), and 100 mL of
the cell suspension was counted with the MACSQUANT® flow
cytometer, using the absolute volumetric cell counting function.
The absolute number of CD19+ cells was then determined.
Migration index was calculated as the number of cells transmigrat-
ing in the presence of the chemoattractant divided by the number
of transmigrating cells in the absence of the chemoattractant. 

In vitro migration of MNC from CLL patients into
a stromal layer (pseudoemperipolesis)
We suspended 5×106 untreated or AMD3100-treated cells in 1

mL RPMI and these were then added to stromal layers that were
established from normal subjects. After a 3-h incubation, non-
adherent cells in suspension in the medium were removed. The
stromal layer containing cells that had migrated was carefully
washed twice with PBS in order to remove adherent cells.
Transmigrated MNC from CLL patients were harvested using
Tryple Select treatment (Gibco, Invitrogen, Merelbeke, Belgium),
labeled with an APC-conjugated CD19 MoAb (Miltenyi Biotec)
and 100 mL of the cell suspension was counted with the MAC-
SQUANT® flow cytometer, using the absolute volumetric cell
counting function. The absolute number of CD19+ cells was then
determined.

CLL/MSC-based microenvironment co-culture model
and drug treatment
After a pre-treatment with AMD3100 for 30 min, MNC from

CLL patients (2×106/mL) were plated alone or with SDF-1α, MSC

or NLC, and viability and apoptosis were evaluated after 48 h. To
evaluate the potential of AMD3100 to sensitize MNC from CLL
patients to drug-induced apoptosis and death, we performed the
same experiment in a CLL/MSC co-culture model with or without
various drugs at concentrations adapted from our previous study
or the literature: fludarabine (3 mM),19 cladribine (0.5 mM),20

methylprednisolone (10 mM),21 valproic acid (1 mM),22 bortezomib
(5 nM)22 and flavopiridol (50 nM).22 Viability and apoptosis were
then evaluated after 48 h.

Statistical analysis
Wilcoxon’s signed ranks test was used to analyze the statistical

significance of the experimental results. All tests were two-sided.
P<0.05 was considered statistically significant, and all analyzes
were performed with GraphPad Prism 5.0 software. For normal-
ized data, the P values presented in this paper were obtained from
primary data (before normalization) because P cannot be calculat-
ed for data with the same rank.

Results

AMD3100 interferes with 12G5 antibody for binding
membrane CXCR4

In order to interfere efficiently with the SDF-1α/CXCR4 axis in
MNC from CLL patients, we first determined the optimal dose of
AMD3100 to use in vitro. To monitor the binding of AMD3100 to
CXCR4 on the MNC from CLL patients’ cell surface, cells were
incubated with increasing concentrations of AMD3100 (0-10
mg/mL), and the CXCR4 expression signal was measured by flow
cytometry. As the CXCR4 antibody used and AMD3100 bind to
the same epitope (12G5), this competitive effect could be used to
monitor AMD3100 binding. An AMD3100 concentration of 5
mg/mL in a suspension of 2×106 cells/mL decreased the percentage
of CXCR4+ cells from 88.7±2.3% to 13.5±2.8% (n=15, P<0.0001)
(Figure 1A), and the mean fluorescence intensity ratio (MFIR) rep-
resenting CXCR4 signal over isotypic signal was also decreased
from 16.0±1.7 to 6.2±0.4 (n=15, P<0.0001) (Figure 1B and C). We
therefore decided to use a dose of 5 mg/mL AMD3100 for the sub-
sequent experiments. We also confirmed that MNC from CLL
patients have a higher MFIR than normal B cells (n=8, P=0.0003),
but there was no significant difference in the percentage of
CD19+/CXCR4+ cells (n=8, P=0.5870).

AMD3100 reduces actin polymerization and migration
of MNC from CLL patients in response to SDF-1α
and beneath a stromal layer
Knowing that SDF1-α/CXCR4 axis plays an important

role in CLL cell trafficking, we first investigated its inhibi-
tion on cytoskeletal rearrangement and particularly on
actin polymerization. In response to 100 ng/mL SDF-1α,
MNC from CLL patients were cultured without any drug,
with AMD3100 (30 min at 5 mg/mL) or with pertussis
toxin (3 h at 200 ng/mL). We detected a transient increase
in filamentous actin levels a few seconds after the addition
of the chemokine and a maximal increase after 20 sec.
This increase was completely abolished with AMD3100
exposure (n=8, P<0.01) as well as pertussis toxin treat-
ment, which was used as a control (Figure 2A). We next
evaluated the effect of AMD3100 on MNC from CLL
patient chemotaxis in response to SDF-1α (n=8). As
shown in Figure 2B, AMD3100 strongly decreased the cell
migration index in response to SDF-1α: 2.8±0.4 without
AMD3100 vs. 0.9±0.2 with AMD3100 (P=0.0078). These
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results correspond to an inhibition of 69.7±3.7% com-
pared with the control cell migration. Moreover, we com-
pared the migration of untreated or AMD3100-treated
MNC from CLL patients (n=10) into a bone marrow stro-
mal layer established from normal subjects; of the input
MNC from CLL patients (5×106), an average of 12.1

AMD3100 disrupts CLL/MSC and CLL/NLC interactions
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Figure 1. AMD3100 decreases CXCR4 expression signal. MNC isolat-
ed from CLL patients were incubated with AMD3100 for 30 min and
then incubated with anti-CXCR4 antibody and analyzed by flow
cytometry. Percentage of CXCR4+ cells (A) and mean fluorescence
intensity ratio (MFIR representing the CXCR4 signal/isotypic signal)
(B) for normal B cells (n=8) or CLL cells (n=15) treated with increas-
ing concentrations of AMD3100. (C) Representative histogram
showing the decrease in CXCR4 expression signal after AMD3100
treatment. Each bar represents the mean ± SEM of 8-15 experi-
ments.

Figure 2. AMD3100 interferes with CLL cell trafficking. (A)
Intracellular F-Actin was measured using FITC-labeled phalloidin in
CD19-pre-labeled CLL cells after the addition of SDF-1α (100
ng/mL) at different time points without any drugs, in the presence
of AMD3100 (5 mg/mL) or in the presence of pertussis toxin (200
ng/mL) as control. All time points are plotted relative to the mean
fluorescence of the sample before addition of the chemokine. (B)
CLL cells were pre-treated or not with AMD3100 for 30 min before
being plated onto 5-mm Transwell microporous membranes for the
migration assay. Results are expressed as the mean ± SEM migra-
tion index of 8 experiments. Migration index was calculated as the
number of cells transmigrating in the presence of the chemoattrac-
tant divided by the number of transmigrating cells in the absence of
the chemoattractant. (C) 5×106 untreated or AMD3100-treated cells
were added to stromal layers, and after a 3-h incubation, cells that
had migrated to the stromal layer were counted as described in the
Online Supplementary Appendix.

A

A

B

B

C

C

P=0.5870
P<0.001
P<0.0001
(n=15)

(P<0.01, n=8)

P=n.s

P=0.0078

P=0.5781

inhibition of
69.7±3.7%

inhibition of
68.1±7.4%

12.1±2.1% of
migration into
stromal layer

4.5±2.0% of
migration into
stromal layer

(n=8)

(n=10)

SDF-1α AMD3100 Pertuss. Tox.

control with AMD3100

control
with AMD3100
with pertussis toxin

0 40 80 120 160 200 240
Time after SDF-1α exposure (seconds)

normal B cells
B-CLL cells

normal B cells
B-CLL cells

AMD3100 concentration (mg/mL)

0 0
0.0
00
5

0.0
05

0.0
5 0.5 5 10

AMD3100 concentration (mg/mL)

0 0
0.0
00
5

0.0
05

0.0
5 0.5 5 10

CX
CR
4 
po
si
tiv
e 
ce
lls
 (%

)

Ac
tin
 p
ol
ym
er
iza
tio
n 
(%
)

M
ig
ra
tio
n 
In
de
x

%
 o
f p
se
ud
oe
m
pe
rip
ol
es
is

100

80

60

40

20

0

170

160

150

140

130

120

110

100

90

4

3

2

1

0

100

50

0

CX
CR
4 
M
FI
R

20

15

10

5

0

**
**

**

**

**

**

**
** ***

***

*** ***

***
**

P<0.001
P<0.0001
(n=15)

P=0.0003
***
**

n=8

n=8



±2.1% migrated into the stromal layer. Compared with
the untreated control samples, 30 min of 5 mg/mL
AMD3100 treatment reduced the number of migrating
cells to only 4.5±2.0%, corresponding to an inhibition of
68.18±7.4% (n =10, P=0.0020) compared with the control
cell pseudoemperipolesis (Figure 2C).
Altogether, these results demonstrated that AMD3100,

by interfering with SDF1-α, is a strong inhibitor of CLL
cell cytoskeleton rearrangement and blocks the chemo-
taxis and migration of the leukemia cells. 

AMD3100 reduces viability and restores apoptosis 
in MNC from CLL patients cultured with SDF-1α, 
MSC or NLC 
To better analyze the role of AMD3100 on MNC from

CLL patients in various cellular microenvironments, we
decided to co-culture them with the MSC and NLC,
which were previously characterized (see Online
Supplementary Appendix for results). MNC from CLL
patients were pre-treated or not with AMD3100 and cul-
tured in the presence or absence of SDF-1α (Figure 3A and
D), an MSC layer (Figure 3B and E) or NLC (Figure 3C and
F). After a 48-h incubation, apoptosis (% annexin positive
cells including early and late apoptosis) and cell viability
(% viable cells) were evaluated. Our results showed that
spontaneous apoptosis was significantly reduced, and cell
viability was improved with SDF-1α or in the presence of
both cellular microenvironments (n=8, P<0.0001).
Moreover, when MNC from CLL patients were cultured
alone, AMD3100 did not have a significant effect on apop-
tosis or viability (n=8-10, P>0.7422). In contrast, when
MNC from CLL patients were cultured with SDF-1α or an
MSC-based or NLC-based microenvironment, apoptosis
was significantly increased and viability decreased after
AMD3100 treatment (n=8-10, P<0.01) (Figure 3). A repre-
sentative annexin V/PI staining image is presented in the
Online Supplementary Appendix. Interestingly, AMD3100
did not have an effect on the expression of two anti-apop-
totic proteins (MCL-1 and FLIP) when MNC from CLL
patients were cultured alone but clearly decreased the
expression of these two proteins in a CLL/NLC co-culture
(n=4). A representative case is shown in Figure 3G.
Taken together, these results suggest that interfering

with the SDF1α/CXCX4 axis using AMD3100 antago-
nizes the protective effect of MSC-based or NLC-based
microenvironment on MNC from CLL patients that
become more sensitive to apoptosis.

AMD3100 sensitizes MNC from CLL patients to 
drug-induced apoptosis in a CLL/MSC co-culture model
As suggested previously by Kurtova et al., a co-culture

model with a protective microenvironment seems to be
very important for studying drug-induced apoptosis of
CLL cells.17 Therefore, we measured the viability and
apoptosis of MNC from CLL patients cultured with or
without an MSC layer without any drug, with or without
AMD3100 (5 mg/mL), and with fludarabine (3 mM),
cladribine (0.5 mM), methylprednisolone (10 mM), valproic
acid (1 mM), bortezomib (5 nM) and flavopiridol (50 nM).
After subtracting the spontaneous apoptosis, we observed
that only in the presence of an MSC microenvironment,
AMD3100 increased the degree of apoptosis induced by
each drug (n=10, P<0.05), while viability (after normaliza-
tion to cells plated alone without AMD3100 or any drugs)
was statistically decreased (n=10, P<0.05) (Figure 4). A

representative annexin V/PI staining image is presented in
the Online Supplementary Appendix. These results demon-
strated that antagonizing the SDF-1α/CXCR4 axis leads to
higher drug-induced apoptosis in MNC from CLL patients
when they are in a bone marrow stromal environment.  

Discussion 

This last decade, increasing attention has been focused
on the tumoral microenvironment and its contribution to
the survival of malignant cells.23 Our group was among the
first to observe the survival advantage conferred by an in
vitro MSC microenvironment to CLL cells.4,7 In addition,
Burger et al. showed that NLC and SDF-1α played a crucial
role in the migration, homing and survival of CLL cells,
and that this survival protection was mediated through
the SDF-1α/CXCR4 axis.8 In the present work, we inter-
fered with the SDF-1α/CXCR4 axis using AMD3100, a
well-known and tolerated drug. AMD3100 has been used
in humans for more than ten years24 and clinical phases
have shown that AMD3100 has modest and tolerable side
effects.25-26 Here, we observed that AMD3100 could inter-
fere with CLL cell trafficking by inhibiting actin polymer-
ization and cell migration in response to SDF-1α and pseu-
doemperipolesis. Results are in line with those observed
by Burger et al.27
When CLL cells are cultured in vitro, they rapidly under-

go spontaneous apoptosis; but this can be prevented by
culturing them with SDF-1α, MSC or NLC.7-8 Here, we
show that AMD3100 treatment leads to a higher rate of
spontaneous apoptosis and decreased viability in each of
these 3 situations. However, AMD3100 could only partial-
ly restore apoptosis levels compared with the single cul-
ture system, probably because of other unknown mecha-
nisms, such as cytokines and other interactions likely
involved in the survival of CLL cells. This phenomenon
was previously observed by Burger et al. who did not
detect a significant degree of apoptosis inhibition with
another CXCR4 antagonist (T140 analog).8 In our study,
we also found some cases in which cell apoptosis was
only increased by about 5-10% after AMD3100 treatment.
However, in each experiment, we show a partial restora-
tion of apoptosis, making our data significant. These data
were strengthened by the reduced expression of impor-
tant anti-apoptotic proteins, such as MCL-1 or FLIP, when
we cultured MNC from CLL patients with NLC, indicat-
ing again that AMD3100 was able to partially restore
apoptosis.
In 2009, Kurtova et al. proposed a co-culture model

based on diverse bone marrow stromal cell types to study
in vitro the effect of drugs in a more reliable and repro-
ducible manner.17 Therefore, we investigated the effect of
a combination of different drugs that are currently being
investigated or used for hematologic malignancies, with or
without AMD3100, and in the presence/absence of an
MSC stromal layer, mimicking CLL cell/MSC interactions
that occur in the bone marrow. For all drugs tested, we
demonstrate that AMD3100 increased the degree of drug-
induced apoptosis and decreased cell viability. As for our
previous experiments, the restoration of apoptosis was
not complete due to the reasons discussed above, but the
effect was clearly significant. Burger et al. obtained similar
results with fludarabine and another CXCR4 antagonist
(T140 analog).27 In the present study, we show that the
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adjuvant effect of a CXCR4 antagonist such as AMD3100
could be observed not only with fludarabine but also with
other drugs (cladribine, methylprednisolone, valproic acid,
bortezomib and flavopiridol) currently used or under
investigation for CLL treatment. This is also particularly
important in the context of lymph node (LN) niches;23
indeed, the LN microenvironment (including NLC) may
provide a safe haven from cytotoxic anticancer drugs thus
serving as a tumor reservoir from which relapse occurs,
and where CLL cells could proliferate and accumulate
genetic mutations that favor disease progression. Since
AMD3100 disrupts the cross-talk between MNC of CLL

patients and NLC, we can expect that it will also mobilize
CLL cells from protective LN niches.
As mentioned previously, different CXCR4 antagonists

are available.11 Several interesting studies have been per-
formed with the T140 analogs, small peptide inhibitors of
CXCR4 receptors.27-28 However, T140 analogs have not yet
been approved by the Food and Drug Administration
(FDA). In contrast, AMD3100 has been FDA-approved
since 2009; it has been investigated in clinical trials and
displays moderate and tolerable side effects.25-26 For all
these reasons, we decided to investigate AMD3100
instead of other CXCR4 antagonists such as T140 analogs.
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Figure 3. AMD3100
restores apoptosis and
decreases the viability of
CLL cells in the presence
of an MSC-based or NLC-
based microenvironment
or SDF-1α. MNC isolated
from CLL patients were
treated or not with
AMD3100 and then cul-
tured alone or with SDF-
1α (A, D), MSC (B, E) or
NLC (C, F), and apoptosis
and cell viability were
measured after 48 h.
The rates in the figure
include early and late
apoptosis. Viability rates
were obtained after nor-
malizing the results to
those for untreated cells.
Each bar represents the
mean ± SEM of 8-10
experiments. (G) MCL1
and FLIP expression
were evaluated by flow
cytometry in 4 patients
in different conditions
(with/without AMD3100;
with/without NLC) and
MFIR representing MCL1
or FLIP expression over
isotypic signal were plot-
ted for each case. A rep-
resentative case of intra-
cellular staining for MCL-
1 and FLIP protein on
CD19+ cells is provided
for the different situa-
tions.
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In addition, a currently ongoing clinical phase I/II trial
combining AMD3100 with rituximab in CLL patients mir-
rors our choice of CXCR4 inhibitor. Indeed, the prelimi-
nary results of this study presented at the American
Society of Hematology 2010 meeting indicate that this
combination is safe, well tolerated and could potentially

provide interesting results.
In conclusion, we suggest the potential benefit of CXCR4

antagonist therapies using AMD3100 in CLL. AMD3100
inhibits CLL cell trafficking, mobilizes CLL cells from tis-
sues, thereby disrupting the cell/MSC-based or NLC-based
microenvironment interactions and partially blocking sur-
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Figure 4. AMD3100
sensitizes CLL cells to
drug-induced apoptosis
in a CLL/MSC co-cul-
ture model. MNC isolat-
ed from CLL patients
were treated or not
with AMD3100 and
then cultured with or
without various drugs.
Apoptosis and cell via-
bility were measured
after 48 h, as described
in the Design and
Methods section. The
rates in the figure
include early and late
apoptosis. The drug-
induced apoptosis
rates were obtained
after subtracting the
spontaneous apoptosis,
while the viability rates
were obtained after
normalization to
untreated cells. Each
bar represents the
mean ± SEM of 8
experiments.
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vival stimuli, and also interferes with the survival signal
provided by SDF-1α. Through these mechanisms,
AMD3100 enhanced the sensitivity of CLL cells to all test-
ed drugs. Taken together, these data demonstrate that using
AMD3100 to interfere with the SDF-1α/CXCR4 axis could
represent a new therapeutic modality, and that combining
AMD3100 with other conventional agents may thus be a
promising therapeutic approach for killing CLL cells.
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