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Purpose: To investigate the role of the CXCR4/CXCL12 axis in chemotherapy resistance in

refractory/relapsed (R/R) ALL patients.

Methods: CXCR4 expression on ALL cells from newly diagnosed or R/R ALL patients

were detected using flow cytometry. The CXCR4/CXCL12 signaling pathway was blocked

by the CXCR4 inhibitor AMD3100 in a co-culture model of primary drug-resistant ALL

cells and umbilical cord mesenchymal stem cells (UCMSCs). Surface CXCR4 expression,

apoptosis rate, and apoptosis-related protein expression in primary ALL cells under various

treatments were detected.

Results: Of the 37 ALL patients examined, CXCR4 expression was higher in R/R patients

than that in those with newly diagnosed disease. Similarly, in in vitro co-cultures of drug-

resistant ALL cells with UCMSCs, the expression of CXCR4 was increased in the presence

of vincristine (VCR), but reduced when VCR was combined with the CXCR4 antagonist

AMD3100. Additionally, the supernatants of ALL-UCMSC co-cultures contained high

CXCL12 concentrations, which were upregulated by VCR and significantly decreased by

the combination of VCR plus AMD3100. Furthermore, the apoptosis rate of ALL cells

significantly decreased, Bax expression was downregulated, and Bcl-2 was upregulated when

ALL was co-cultured with UCMSCs compared with ALL cells alone. With the addition of

VCR, the apoptosis rate mildly increased, Bax was upregulated, and Bcl-2 was down-

regulated. Nevertheless, the above results were further intensified, particularly Bax expres-

sion, when VCR was combined with AMD3100.

Conclusion: The CXCR4 antagonist could effectively reverse MSC-mediated drug resis-

tance by blocking the CXCR4/CXCL12 axis and sensitizing leukemic cells from R/R ALL

patients to chemotherapy drugs.

Keywords: acute lymphoblastic leukemia, relapsed/refractory, CXCR4/CXCL12 signaling,

bone marrow microenvironment, drug resistance

Introduction
Although therapeutic regimens for acute lymphoblastic leukemia (ALL) have improved,

only 30–40% of adult ALL patients can achieve long-term disease-free survival (DFS)

when compared with 80% of children with ALL.1,2 Relapse and treatment failure in

leukemia is mainly attributed to the presence of minimal residual diseases (MRD) and

multidrug resistance (MDR). Patients with relapsed/refractory (R/R) ALL have poor

prognosis, with a median overall survival (OS) ranging from 4.5 to 8.4 months.3

It has been found that interactions between ALL cells and the bone marrow

microenvironment constitutively generate growth-promoting and anti-apoptotic
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signals, which are essential for drug resistance and

relapse.4,5 CXC chemokine receptor-4 (CXCR4) is widely

expressed on hematopoietic cells, and in the clinic, high

CXCR4 expression has been linked to inferior outcome for

B-ALL patients.6,7 The chemokine CXCL12, previously

called stromal cell-derived factor-1 (SDF-1), is constitu-

tively secreted by bone marrow stromal cells (BMSCs)

and regulates the retention and migration of hematopoietic

progenitor cells, mature hematopoietic cells, and various

cancer cells, including B-ALL cells, and induces

resistance.8 In addition to bone marrow derived stem

cells (BMSC), there are also umbilical cord and placenta

sourced MSCs. In this research, we chose umbilical cord

mesenchymal stem cells (UC-MSCs), compared with

BMSCs, UC-MSCs not only have convenience in collec-

tion, but also low risk of contamination and good prolif-

eration ability. Most importantly, they having similar

biological characteristics, and no significant differences

in the ability of CXCL12 secretion.9 Moreover, CXCL12

has pro-survival and growth-promoting effects in normal

and malignant B-cells. Once CXCL12 binds to CXCR4,

the resulting activation of CXCR4/CXCL12 plays a key

role in homing, survival, proliferation, and the extrame-

dullary infiltration of ALL cells.10

Disrupting interactions between malignant hematopoie-

tic cells and the bone marrow microenvironment is a

promising therapeutic strategy that has attracted consider-

able attention. Various targets aiming at the interactions

between these cells and the bone marrow microenviron-

ment are currently being investigated.11,12 After blocking

these interactions, leukemia cells can be mobilized from

the protective niche in the bone marrow into peripheral

blood (PB), as a result, which may enhance the efficacy of

chemotherapy and reduce the occurrence of MDR and

MRD.13,15 Many preclinical and clinical studies have

revealed the potential clinical utility of targeting the

CXCR4/CXCL12 axis in leukemia using CXCR4 antago-

nists, including small molecules, peptides, and monoclonal

antibodies.16 AMD3100 (plerixafor) is a reversible small

molecule inhibitor of CXCR4. It is currently used in

combination with granulocyte colony-stimulating factor

(G-CSF) as an HSC mobilizing agent and has been

shown to effectively mobilize hematopoietic stem cells in

patients with non-Hodgkin’s lymphoma in the clinic.17

Both preclinical18 and clinical studies19 have suggested

that AMD3100 can effectively enhance sensitivity to

anti-leukemia therapies and blast mobilization.

In this study, focus was given to the CXCR4/CXCL12

axis and interactions between leukemia blast cells and

bone marrow stromal cells. Human primary relapsed/

refractory B-ALL cells and UCMSCs were co-cultured to

imitate the bone marrow microenvironment. Then,

changes in the surface CXCR4 expression, the apoptosis

rate of leukemic blast cells, and expression of apoptosis-

related proteins were detected under various treatment

conditions, including UCMSCs, chemotherapy drugs, and

CXCR4 antagonists.

Patients and Methods
Clinical Sample Collection
All the patients enrolled were informed with the study and

signed the informed consent form before the study. In

accordance with the Declaration of Helsinki for protocols

reviewed and approved by the Institutional Review Board

of the Affiliated Cancer Hospital of Zhengzhou University,

bone marrow samples were obtained from patients that

fulfilled the clinical and immunophenotypic criteria for

B-cell ALL in the Hematology Department. Bone marrow

mononuclear cells (BMMCs) were isolated by density

gradient centrifugation over Ficoll-Paque (GE

Healthcare) and used fresh for flow cytometry detection

or culture, or they were viably frozen in fetal bovine serum

(FBS; Gibco, Thermo Fisher Scientific) plus 10%

dimethylsulfoxide (DMSO, Sigma-Aldrich) in liquid

nitrogen.

Co-Culture System
As mentioned above, the bone marrow samples of relapsed

and refractory B-ALL patients (peripheral blood leukocyte

number is more than 50 ×109/L at diagnosis, and the

proportion of ALL cells in bone marrow were ≥95%)

were collected and detected for next cell culture. Then,

the isolated ALL cells were cultured in RPMI 1640 med-

ium containing 20% FBS for less than 24 hours. The

UCMSCs were purchased from Shandong Cell Tissue

Bank and cultured in DMEM/F12 (1:1) medium contain-

ing 10% FBS. The medium was changed every 48–72

hours. When the cells grew and became dense, they were

digested with trypsin containing 0.25% EDTA and pas-

saged. Passages less than five generations were used in

experiments.

To investigate the protective role of the bone marrow

microenvironment on ALL cells, UCMSCs were co-cul-

tured directly with ALL cells to mimic the ALL bone
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marrow microenvironment. Briefly, 1 × 105 of UCMSCs

were seeded into each well of a 6-well culture plate where

they were cultured for approximately 24 hours, and the

unattached cells were washed away. Then, 1 × 106 B-ALL

cells per well were added to create the co-culture system.

The groups were set as follows: primary ALL cells alone;

primary ALL cells plus UCMSC co-culture; primary ALL

cells plus UCMSCs plus 5 μg/mL AMD3100 (plerixafor);

primary ALL cells plus UCMSC co-culture plus 1 μmol/L

VCR; primary ALL cells plus UCMSC co-culture plus 1

μmol/L VCR and 10μmol/L (5 μg/mL) AMD3100. We

chose VCR because it is most commonly used and has a

high efficacy against ALL in the clinic. The concentrations

of AMD310020 and VCR21 were determined according to

the literature.

Detection of Surface CXCR4 Expression

on Primary ALL Cells by Flow Cytometry
Surface CXCR4 expression was determined by flow cyto-

metry after gating on CD45+CD19+cells. Briefly, mono-

nuclear cells isolated from bone marrow samples or cells

from each group cultured for 24 hours were stained with a

saturating concentration of anti-CD45-perCP, anti-

CXCR4-PE, and anti-CD19-APC, and respective isotype

control antibodies for 30 minutes in the dark at room

temperature. After staining, the cells were washed twice

with RPMI 1640 containing 0.5% bovine serum albumin

(BSA) and measured using a FACScan flow cytometer

(BD Biosciences) followed by analysis with FCS Express

4 Plus Research Edition. Monoclonal antibodies (mAbs),

including CD45-PerCP-Cy, CD19-APC, and CD184-PE

(CXC chemokine receptor CXCR4) and relevant isotype

control mAbs, were purchased from BD Biosciences. The

expression of CXCR4 was shown as mean fluorescence

intensity, ie, the fluorescence intensity of CXCR4 was

divided by the fluorescence intensity of its isotype control.

Detection of CXCL12 in Supernatant by

Enzyme-Linked Immunosorbent Assay

(ELISA)
Supernatants from each group were collected, and the

concentration of CXCL12 was detected using a human

CXCL12 ELISA kit (R&D Systems), and the CXCL12

level in the supernatant was measured using a Quantikine

kit within 30 minutes according to the manufacturer’s

instructions (R&D Systems). High intra-assay and inter-

assay precision was established by the manufacturer. The

absorbance was recorded using a microplate reader

(ELx808, Bio-Tek Instruments), and the data collection

and analysis were performed using Gen5 software

Version 1.08 (Bio-Tek Instruments).

Apoptosis Detection of Primary ALL

Cells Using Annexin V-FITC/PI Double

Staining
Cell viability was analyzed by Annexin V-FITC and pro-

pidium iodide (PI) staining. Briefly, at least 5 × 105 ALL

cells were collected and processed according to the proto-

col, followed by flow cytometry analysis (FACS Calibur,

BD Biosciences, San Jose, CA, USA) within 1 hour. The

annexin V (-) PI (-) double negative area revealed living

cells, the annexin V (+) PI (+) double-positive area

revealed late apoptotic and dead cells, and the annexin V

(+) PI (-) area revealed early apoptotic cells. The apoptotic

rate was the sum of cells in the region to the right.

Detection of Apoptosis-Related Protein

Expression in Primary ALL Cells by

Immunoblotting
Protein extracts were obtained, and protein content was

determined using a detergent-compatible protein assay kit

according to the manufacturer’s instructions (Bio-Rad).

Equivalent amounts of total cell protein were boiled with

NuPAGE LDS sample buffer (Invitrogen). This mixture was

then loaded in 4–12% gradient SDS-polyacrylamide gels

(Invitrogen) and transferred onto nitrocellulose membranes

(GE Osmonics Labstore). Then, Western blot analysis was

conducted for Bcl-2 and Bax, and glyceraldehyde 3-phos-

phate dehydrogenase (GAPDH) was used as a control house-

keeping protein. All antibodies were purchased from Cell

Signaling Technology. The blots were incubated with spe-

cies-specific HRP-conjugated secondary antibody (1:5000)

for one hour at room temperature followed by incubation

with the Super Signal West Pico Chemiluminescent

Substrate (Thermo Scientific) for 1 or 2 minutes.

Statistical Analysis
All statistical analyses were performed using GraphPad

Prism version 6.00 for Mac (GraphPad Software, La Jolla,

CA, 2013) and SPSS software version 24.0 (SPSS, Chicago,

IL, USA). The clinical information of the patients was

expressed as the mean ± standard error of the mean (SEM)

or median and range as appropriate. For in vitro experiments,

results are presented as the mean ± standard deviation (SD)
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of at least four independent experiments. For Western blot-

ting, the data shown are representative of three independent

experiments. Flow cytometry data were analyzed using FCS

Express 4 Plus software. Comparisons of proportions and

variables between different groups were performed using the

Mann–Whitney or unpaired t-test as appropriate. P ≤ 0.05

was considered statistically significant.

Results
Surface CXCR4 Expression Significantly

Increases with Disease Recurrence
CXCR4 and its ligand CXCL12 have emerged as key

cellular and molecular players in the cross talk between

hematopoietic malignancies and their microenvironment.

To explore the relationship between CXCR4 expression

and drug resistance, CXCR4 expression was detected

before treatment and at various time points during treat-

ment in newly diagnosed patients and before treatment in

R/R patients. The BM samples were collected from a total

of 37 patients with ALL, including 20 newly diagnosed

patients and 17 R/R patients. The patient characteristics

are summarized in Table 1. There were no statistically

significant differences between the two groups in terms

of age, gender, BM primary cells, peripheral blood leuko-

cytes, hemoglobin, and thrombocytes. The MFI for

CXCR4 in the R/R group was 588.54 ± 248.71, which

was significantly higher than the 317.06 ± 165.32 in the

untreated group (P = 0.0003). Furthermore, of the 20

untreated patients, 4 progressed from newly-diagnosed to

the R/R stage, and it was found that the expression of

CXCR4 increased with R/R disease (Figure 1A and B).

The majority of patients achieved complete remission, and

only six patients underwent a second CXCR4 expression

test at two weeks of induction. Interestingly, CXCR4

levels decreased at two weeks of treatment compared

with pretreatment in untreated patients (Figure 1C).

Changes in the CXCL12 Concentration

in Supernatants Under Different

Treatment Conditions
Marrow stromal cells (MSCs) constitutively secrete the che-

mokine CXCL12, which is involved in the formation of

complicated cytokine networks and mediates cross talk

between ALL cells and the bone marrow microenvironment.

UCMSCs also constitutively secrete the chemokine

CXCL12, similar to MSCs. To investigate the protective

role of the bone marrow microenvironment on ALL cells,

UCMSCswere co-culturedwith ALL cells to mimic the bone

marrow microenvironment. It was found that supernatant

from ALL-UCMSC co-cultures contained a high CXCL12

concentration after 24 hours (0.698 ± 0.088 ng), while the

CXCL12 level was undetectable in the ALL alone group. In

the co-cultured cells, there was no difference in CXCL12

secretion after the addition of AMD3100 (P = 0.532), but

the CXCL12 concentration significantly increased when the

culture was treated with VCR (1.351 ± 0.044 ng, P = 0.0079).

However, the CXCL12 concentration was decreased when

VCR was combined with AMD3100 compared with VCR

alone (1.108 ± 0.041 ng, P = 0.0079, Figure 2A).

Changes in CXCR4 Expression on

Primary ALL Cells Under Different

Treatment Conditions
To understand the interaction between CXCR4 and the

CXCL12 secreted by UCMSCs in the co-culture system,

the MFI of CXCR4 on primary R/R B-ALL cells cultured

with or without UCMSCs was examined (Figure 2B). The

Table 1 Clinical Characteristics of ALL Patients (n = 37)

Characteristics N (Frequency %)

Sex

Female 19 (51.4)

Male 18 (48.6)

Bcr-abl status

Ph+ 7 (18.9)

Ph- 30 (81.1)

Survival status

Alive 30 (81.1)

Dead 7 (18.9)

Disease status

Newly diagnosed 20 (54.1)

Relapsed/refractory 17 (45.9)

Hematopoietic stem cell transplantation

Yes 6 (19.4)

No 31 (80.6)

Characteristics Median (range)

Age (year) 31 (14–61)

Time to follow up (month) 13 (1–27.5)

BM blast percentage 89.6 (6.8–99)

CXCR4 MFI 420.8 (98.1–899.1)

WBC (×109/L) 21.4 (1.8–427)

HGB (g/L) 68 (20–176)

PLT (×1012/L) 53 (11–366)
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MFI of CXCR4 mildly decreased under co-culture condi-

tions (261.87 ± 91.07) compared with ALL cells alone

(335.20 ± 12.85; P = 0.0809), and it was significantly

decreased after the addition of AMD3100 (134.71 ± 21.78)

compared with the co-culture (P = 0.0174). Nevertheless, the

CXCR4 level significantly increased when the cells were

treated with VCR (426.00 ± 13.66; P = 0.0059).

Interestingly, CXCR4 expression was significantly reduced

again when AMD3100 was combined with VCR compared

with VCR alone (275.78 ± 54.20; P = 0.0009) (Figure 2C).

UCMSC Co-Culture Overcomes the

Drug-Induced Apoptosis of Primary

B-ALL Cells and the CXCR4 Antagonist

Reverses This Effect
To clarify the effects of UCMSCs on ALL cell drug resis-

tance, the apoptosis rate of ALL cells was measured under

different treatment conditions (Figure 3A).We found that the

apoptosis rate of ALL cells decreased from 64.76 ± 2.37% in

the ALL cell alone group to 57.06 ± 3.41% in the ALL-

UCMSC co-culture group (P = 0.0079). The addition of

AMD3100 or VCR resulted in similar increases in the apop-

tosis rate during co-culture (both P = 0.0079). Nevertheless,

the apoptosis rate increased to 83.47 ± 2.43% when

AMD3100 was combined with VCR (P < 0.0001), which is

significantly higher than that found for VCR alone (74.60 ±

2.93) % (P = 0.0079, Figure 3B).

UCMSCs Reduce ALL Apoptosis by

Upregulating Bcl-2 and the CXCR4

Antagonist AMD3100 Sensitizes Cells to

VCR by Upregulating Bax
To further understand the changes in apoptosis-related

protein expression in primary ALL cells under different

Figure 1 The increased surface CXCR4 expression is closely associated with recurrence in ALL patients. (A) One patient whose surface CXCR4 expression increased with

disease recurrence. (B) The MFI of CXCR4 in the R/R group was significantly higher than that in untreated groups. (C) Surface CXCR4 levels decreased after two weeks of

induction compared with pretreatment in untreated patients (***P < 0.001).
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treatment conditions, the levels of the Bax and Bcl-2

proteins were detected. Bax was downregulated, and Bcl-

2 was upregulated when ALL cells were co-cultured with

UCMSCs. In contrast, Bax was upregulated, and Bcl-2

was downregulated after treatment with VCR.

Furthermore, Bax continued to increase when AMD3100

was combined with VCR; however, the Bcl-2 level did not

significantly change (Figure 3C). These results are repre-

sentative of three independent experiments.

Discussion
There is compelling evidence for cross talk between ALL

cells and stromal cells in the bone marrow microenviron-

ment, which probably is one of the main causes for drug-

resistance and recurrence in adult ALL patients. Disrupting

this cross talk is an attractive therapeutic strategy.

Nevertheless, the underlying mechanisms have not been

fully characterized in R/R ALL. In this study, it was

found that MSCs could protect primary ALL cells from

apoptosis and VCR-induced cell death by downregulating

CXCR4 and Bax expression and upregulating BCL-2.

Furthermore, the CXCR4 antagonist AMD3100 inhibited

the cross talk between chemo-resistant ALL cells and the

microenvironment by blocking the CXCR4/CXCL12 axis,

thereby reversing the protective effects of MSCs and sensi-

tizing to VCR by upregulating Bax expression.

The CXCR4/CXCL12 axis plays a key role in homing

hematopoietic stem cells and leukemic cells to the bone

marrow microenvironment.8 Overexpression of CXCR4

grants leukemic blasts a higher capacity to seed into BM

Figure 2 Surface CXCR4 expression and CXCL12 levels are increased by VCR, then are reversed by the CXCR4 antagonist. (A) CXCL12 concentration increased when

the co-cultured cells were treated with VCR, then decreased when VCR was combined with AMD3100. (B) Showed one representative of experiment depicting the change

of surface CXCR4 expression under different treatment conditions. (C) Surface CXCR4 level increased when the cells were treated with VCR, then decreased when VCR

was combined with AMD3100 (Co: co-culture; V: VCR alone; AMD+V: the combination of AMD3100 and VCR) (*P < 0.05, **P < 0.01, ***P < 0.001).

Abbreviation: ns, not significant.
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niches, thereby protecting leukemic cells from chemother-

apy-induced apoptosis.22 It has been verified that CXCR4

overexpression on the surface of hematological tumors is

strictly related to disease progression and poor prognosis.-
6,22,24 In addition, high expression of CXCR4 and phos-

phorylated CXCR4 is prone to extramedullary infiltration

in ALL patients.7 In this study, we found that high CXCR4

expression is closely associated with recurrence in ALL

patients, again confirming that it is a poor prognostic

factor.

Of note, surface CXCR4 expression was induced to

further increase on chemo-resistant leukemic cells by

VCR, which is consistent with the increase of CXCR4

expression in the R/R ALL patients in this study and

ALL cell lines reported in another study.25 In contrast,

CXCR4 expression could be reduced on sensitive cells

from untreated patients in accordance with a previous

report in an ALL mouse model.25 More studies are needed

to fully understand these phenomena. Simultaneously, the

level of CXCL12 secreted by UCMSCs increased signifi-

cantly when the drug-resistant cells were co-cultured with

UCMSCs by VCR intervention. Furthermore, our data

showed an interesting result that there is a bit difference

between the AMD3100 and AMD3100+VCR in co-culture

groups, we did not perform further experiments to eluci-

date this remaining question, but we assume that this may

due to the strong effect of VCR. These findings confirm

that activation of the CXCR4/CXCL12 axis is induced by

VCR by increasing the CXCR4 and CXCL12 levels,

which is then involved in ALL drug resistance.26 As

shown in the ALL cells apoptosis, UCMSCs show direct

protection to ALL cells apoptosis as well as VCR-induced

cell death, which further demonstrates the protective

effects of UCMSCs on ALL cells.

Curiously, we also found that the surface expression of

CXCR4 showed a decreasing trend when ALL cells were

Figure 3 UCMSC co-culture overcomes the drug-induced apoptosis of primary B-ALL cells and the CXCR4 antagonist reverses this effect. (A) The dot plots showed a

representative of experiment depicting change of the apoptosis rate of primary ALL cells under various treatment conditions. (B) The apoptosis rate of ALL cells decreased

in ALL-UCMSC co-cultures, then increased with the addition of AMD3100 or VCR agent, and continued to increase when AMD3100 was combined with VCR. (C)

UCMSCs reduce ALL apoptosis by upregulating Bcl-2 and downregulating Bax, and the CXCR4 antagonist sensitizes cells to VCR by upregulating Bax (Co: co-culture; V:

VCR alone; AMD+V: the combination of AMD3100 and VCR) (**P < 0.01, ****P < 0.0001).

Abbreviation: ns, not significant.
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co-cultured with UCMSCs while the cell viability

improved. These are seemingly contradictory results,

which may be actually attributed to the increase in

CXCL12 secreted by UCMSCs and then internalization

of CXCR4 due to the binding of its ligand CXCL12.

Nevertheless, subsequent activation of the intracellular

signaling cascades induced by binding could maintain

cell survival by downregulating the pro-apoptotic protein

Bax and upregulating the anti-apoptotic protein Bcl-2,

thereby significantly resisting VCR-induced apoptosis.

As previously reported, the small molecule CXCR4

antagonist AMD3100 (plerixafor) could mobilize AML

cells from the protective BM microenvironment by blocking

CXCL12 binding to CXCR4, resulting in susceptibility to

chemotherapy.27,30 In this study, we found that the increased

surface CXCR4 expression and CXCL12 secretion induced

by VCR were downregulated due to the intervention of

AMD3100. More importantly, as expected, AMD3100

could reverse the protective effects of UCMSCs and further

improve the sensitivity of ALL cells to VCR to some degree

by upregulating Bax, which is in concert with the literature

where it was shown to significantly enhance the anti-leuke-

mia effects of cytarabine,19 which more effectively impairs

the protective effects of higher CXCR4 expression.25

Nevertheless, further experiments are needed to verify

whether disturbing the CXCR4/CXCL12 axis will sensitize

chemotherapy drugs in ALL xenograft models.

Conclusions
Together, these results confirmed that the bone marrow

microenvironment did provided protections to the ALL

cells through the CXCR4/CXCL12 axis, and they play an

important role in drug resistance by activating the CXCR4/

CXCL12 axis. Besides, these interactions can be cut off

effectively, blocking CXCR4 by AMD3100 reverses its pro-

tective effects and sensitizes cells to chemotherapeutic drugs

by downregulating CXCR4 and Bcl-2 and upregulating Bax.

These findings provide experimental data for the clinical

development of small molecule inhibitors in ALL patients.
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