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There is growing evidence that crosstalk between mantle cell 
lymphoma (MCL) cells and stromal microenvironments, such 
as bone marrow and secondary lymphoid tissues, promotes 
tumor progression by enhancing survival and growth as well 
as drug resistance of MCL cells. Recent advances in the un-
derstanding of lymphoma microenvironment have led to the 
identification of crucial factors involved in the crosstalk and 
subsequent generation of their targeted agents. In the pres-
ent study, we evaluated the combinatory effect of blocking 
antibodies (Ab) targeting CXCR4 and VLA-4, both of which 
were known to play significant roles in the induction of envi-
ronment-mediated drug resistance (EMDR) in MCL cell line, 
Jeko-1. Simultaneous treatment with anti-CXCR4 and an-
ti-VLA-4 Ab not only reduced the migration of Jeko-1 cells in-
to the protective stromal cells, but also enhanced sensitivity 
of Jeko-1 to a chemotherapeutic agent to a greater degree 
than with either Ab alone. These combinatorial effects were 
associated with decreased phosphorylation of ERK1/2, AKT 
and NF-κB. Importantly, drug resistance could not be over-
come once the adhesion of Jeko-1 to the stromal occurred 
despite the combined use of Abs, suggesting that the efforts 
to mitigate migration of MCLs should be attempted as much 
as possible. Our results provide a basis for a future develop-
ment of therapeutic strategies targeting both CXCR4 and 
VLA-4, such as Ab combinations or bispecific antibodies, to 
improve treatment outcomes of MCL with grave prognosis.
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INTRODUCTION

Mantle cell lymphoma (MCL) is an aggressive and distinct 

subtype of non-Hodgkin’s lymphoma (NHL) that accounts for 

only 6% of its cases and known to be derived from naïve 

CD5
＋

 B cells originating from the mantle zone surrounding 

reactive germinal centers (1). Despite substantial efforts to im-

prove clinical outcomes over the past few decades, long-term 

disease-free survival rate of MCL remains low primarily due 

to the persistence of minimal residual disease (MRD) that 

causes the relapse of MCL and subsequent treatment failure. 

Cells that constitute MRD have capacity to find refuge in pro-

tective microenvironments and the selective pressure of che-

motherapy leads to the development of acquired resistance 

in these surviving cells and eventually promotes the out-

growth of MRD. A previous report also proposed that envi-

ronment-mediated drug resistance (EMDR) contributes sub-

stantially to MRD by transiently protecting tumor cells from 

cell death induced by chemotherapy or radiation (2). Increas-
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ing evidence suggests that the interactions between MCL cells 

and stromal microenvironment, including lymphatic tissues, 

are critical for the induction of drug resistance in MCL to che-

motherapy (3,4).

  CXCR4, a chemokine receptor for CXCL12, is highly ex-

pressed on the surface of cells in various hematologic malig-

nancies (5-10). CXCL12 is constitutively secreted by stromal 

cells and induces trafficking and homing of the cancer cells 

to the supportive microenvironment, where stromal cells pro-

vide growth as well as drug resistance signals to cancer cells 

staying in close contact. Accordingly, the CXCR4/CXCL12 axis 

has been considered as a major contributor to EMDR and tar-

geted agents against CXCR4 has been emerging as potential 

treatment modality for various types of malignancies (11,12). 

VLA-4, also known as α4β1 integrin, is a cell surface re-

ceptor that interacts with extracellular matrix (ECM) proteins, 

such as fibronectin and vascular cell adhesion molecule-1 

(VCAM-1), expressed by stromal cells (13). Cell adhesion 

mediated by VLA-4 confers protection against drug-induced 

apoptosis in various types of cancers and this phenomenon 

is commonly described as cell-adhesion mediated drug resist-

ance (CAM-DR) (14). CXCL12 has been reported to induce 

firm adhesion and migration by inducing activation of VLA-4 

on hematopoietic stem cells (15). Conversely, adhesion mole-

cules may trigger signals for both enhanced CXCR4 ex-

pression and increased function (16). Additionally, the 

CXCR4/CXCL12 axis interacts with VLA-4 to regulate migra-

tion and adhesion of malignant cells in the bone marrow mi-

croenvironment (17). MCL cells express high levels of both 

CXCR4 and VLA-4, and adhere and spontaneously migrate be-

neath marrow stromal cells (MSCs) in a CXCR4- and VLA-4- 

dependent fashion (3). Taken together, the interactions be-

tween CXCR4 and VLA-4 constitute a 2-way pathway where 

both receptors work cooperatively. Therefore, it is expected 

that the combined blockade of both CXCR4 and VLA-4 is 

more effective in overcoming EMDR than solely blocking the 

respective receptor. Few studies today have investigated the 

effect of combined inhibition of both receptors by using spe-

cific antibodies (Abs). Here, the combined use of specific Abs 

for both receptors was tested to see whether there is an addi-

tive or combinatorial effect to overcome EMDR. These results 

may provide a basis for future development of therapeutic 

tools targeting both CXCR4 and VLA-4 such as bispecific anti-

body (Ab), for instance, to improve the treatment outcome 

of MCL which has a grave prognosis.

MATERIALS AND METHODS

Cell culture
Mantle cell lymphoma cell line Jeko-1 was purchased from 

ATCC (Manassas, VA, USA) and maintained in RPMI-1640 

containing 20% fetal bovine serum (FBS; Gibco by Life 

Technologies, Carlsbad, CA, USA) and 1% penicillin-strepto-

mycin (Gibco by Life Technologies). Cultures were main-

tained by the addition of fresh replacement medium every 2 

to 3 days. The murine stromal cell line M2-10B4 was pur-

chased from ATCC (Manassas, VA, USA). Cells were main-

tained in RPMI-1640 containing 10% FBS and 1% pen-

icillin-streptomycin. Cultures were maintained by removing 

medium, rinsing with 0.25% Trypsin- EDTA solution (Gibco 

by Life Technologies) followed by the addition of a fresh cul-

ture medium every 2 to 3 days.

Chemokines, antibodies, and flow cytometry
Recombinant human CXCL12 (SDF-1α) was purchased (R&D 

Systems, Minneapolis, MN, USA). The following monoclonal 

Abs specific for human surface antigens were used: Purified 

NA/LE mouse anti-human CD184, FITC anti-human CD49d 

and FITC mouse anti-human CD45 (BD Pharmingen, San 

Jose, CA, USA). For inhibition experiments, anti-CXCR4 Ab 

(Ab) and anti-integrin alpha 4 Ab [P1H4] azide free for VLA-4 

were purchased (abcam, Cambridge, UK).

  For flow cytometry, the cells were adjusted to a concen-

tration 1×10
6
 cell/ml in HBSS with 2% FBS (FACS buffer). 

The cells were stained with saturating Ab concentration for 

30 minutes at 4oC, washed and analyzed on a FACSCaliburTM 

(BD Bioscience, San Jose, CA, USA).

Chemotaxis and migration inhibition assay
5×10

5
 Jeko-1 was added to a volume of 100μl RPMI-1640 

with 0.5% BSA in the upper chamber and SDF-1α in the low-

er chamber of transwell insert. After the incubation, the upper 

chambers were placed onto the lower chamber at 37
o
C for 

2 hours where migrated cells in lower chamber were sus-

pended and divided into aliquots. This was used to count 

with FACSCalibur. Among the concentration of SDF-1α, We 

used only the concentration that induced maximal migration 

of Jeko-1 for the subsequent experiments.

  For the migration inhibition assay, Jeko-1 (5×10
5
 cells in 

a volume of 100μl RPMI-1640 with 0.5% BSA) treated with 

varying concentrations of the anti-CXCR4 Ab were added to 

the upper chamber of 6.5-mm diameter Transwell inserts 
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(Corning Life Sciences, Acton, MA, USA) with a 5μm pore 

size and incubated at 37
o
C for 30 minutes. The upper cham-

bers were transferred to the wells containing a medium in 

1% antibiotics-containing RPMI-1640 with 100 ng/ml SDF-1α. 

The chambers were incubated 2 hours at 37
o
C in 5% CO2. 

After the incubation, the cells in the lower chamber were sus-

pended and stained with FITC anti-human CD45. The per-

centage of transmigrated cells in the lower chamber was ana-

lyzed using FACSCalibur. Among the concentration of an-

ti-CXCR4 in the upper chamber, only the concentration that 

induced minimum migration of Jeko-1 was used for the sub-

sequent experiments.

  To test effects of combined use of Abs on the migration, 

MCL cell line was preincubated with anti-CXCR4, anti-VLA-4 

or both Abs in the upper chamber at 37oC for 30 minutes, 

after which the cells were analyzed for migration to the lower 

chamber in response to 100 ng/ml SDF-1α after incubation 

for 2 hrs in 5% CO2.

In vitro migration assay of MCL cells beneath 
marrow stromal cells (pseudoemperipolesis)
M2-10B4 stromal cells were seeded onto gelatin (Sigma 

Aldrich, St Louis, MO)-coated 12-well plates at a concen-

tration of 1.5×105 cells per well in RPMI-1640 with 1% 

antibiotics. After overnight incubation, MCL cell lines were 

added onto the confluent stromal cell layers to a final concen-

tration of 1.0×106 cells per well. For inhibition experiments, 

MCL cells were preincubated for 1 hour with 2.5μg/ml, 5μg/ 

ml and 10μg/ml of anti-VLA4 Ab, respectively. The plates 

were then incubated for 6 hours at 37oC in 5% CO2. After 

the removal of non-migrated cells by vigorously washing the 

plate, stromal cell layers containing transmigrated cells were 

photographed with an inverted microscope.

Treatment of MCL cells with chemotherapeutic agent 
(cytosine arabinoside) in vitro
In 24-well plates, MCL cell lines were cocultured with MSCs 

to investigate the roles of M2-10B4 cells. MCL cell lines were 

treated by anti-CXCR4 and anti-VLA-4 Ab and incubated for 

30 minutes at 37
o
C. Then, 40 ng/ml cytosine arabinoside 

(Ara-C; kindly provided by JW pharmaceutical, Seoul, South 

Korea) was added to wells. The cells were rinsed with 0.25% 

trypsin, suspended with FACS buffer and MCL cell apoptosis 

and death were assessed by flow cytometry using Annexin 

V Apoptosis Detection Kit APC (eBioscience, San Diego, CA, 

USA) and Propidium Idodide Staining Solution (BD Pharmin-

gen) after electronic gating on CD45
＋

 (for MCL cell lines).

Comparison of effect of adherence to MSCs and 
pseudoemperipolesis on drug resistance
To test the actual effect of migration on drug resistance, we 

had the cells migrate through Transwell insert and compared 

the degree of apoptosis between the cells in two com-

partments. The Abs were added onto the upper chamber and 

preincubated for 30 minutes. Inserts were then transferred to 

the wells containing MSC and incubated for 2 hrs at 37
o
C in 

5% CO2. After this migration, 40 ng/ml of Ara-C was added 

to the upper and lower chamber, respectively. The cells were 

then incubated for 48 hours at 37
o
C. Cells from the upper 

chamber were analyzed for apoptosis and cell death by using 

flow cytometry. In the lower chamber, the cells were gated 

on CD45 to distinguish MCL cells from MSCs after they were 

rinsed, washed and suspended with FACS buffer. Then, these 

cells were analyzed for apoptosis and cell death.

Intracellular immunostaining and flow cytometric 
analysis
After coculture of cells with MSCs in 24-well plates in the 

presence of the Abs, the cells were incubated with Ara-C for 

48 hrs to check the status of downstream effector proteins. 

After this incubation, the cells suspended with FACS buffer 

were stained with anti-human CD45 FITC (eBioscience), fixed 

with IC fixation buffer (eBioscience), then permeabilized with 

100%methanol and then added anti-Hu/Mo pERK1/2 (T204/ 

Y202) APC, anti-human pNF-κB p65 (S529) eFlour
Ⓡ

 660 and 

Alexa FlourⓇ647 mouse anti-AKT (pS473) (eBioscience). The 

stained cells were re-suspended in 300μl FACS buffer and 

detected using FACSCalibur
TM

.

Statistical analysis
Results are expressed as the mean and all experiments were 

performed in triplicate. Differences between groups were as-

sessed using a 2-independent-sample t-test. Multiple compar-

isons were done with chi-square tests of crosstabs. The differ-

ences were considered statistically significant when p-values

＜0.05. SPSS software version ver. 16.0 (SPSS, Chicago, IL, 

USA) was used analyze data throughout the study.

RESULTS

Expression of CXCR4 and VLA-4 on MCL cell line
We characterized the surface expression of CXCR4 and VLA-4 
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Figure 2. Chemotaxis in MCL cell line in response to SDF-1αand 
anti-CXCR4 Ab. (A) Migration of Jeko-1 cells increased in response 
to SDF-1α, peaked at 100 ng/ml, but without statistical significance. 
(B) SDF-1α-induced chemotaxis was inhibited by pretreatment with 
anti-CXCR4 Ab.

Figure 1. Expression of CXCR4 and VLA-4. Surface expression of 
CXCR4 (A) and VLA-4 (B) was determined by FlowJo analysis. Most 
of Jeko-1 expressed CXCR4 and VLA-4.

on Jeko-1. Strong expression of CXCR4 and VLA-4 were ob-

served (99.0% for CXCR4, Fig. 1A and 95.0% for VLA-4, Fig. 

1B, respectively). Mean fluorescent intensity ratio for CXCR4 

and VLA-4 was 165.6 and 40.3, respectively.

Inhibition of migration depends on the concentra-
tion of the anti-CXCR4 Ab in the presence of SDF-1α
Fig. 2A displays the chemotactic response of MCL cell line 

Jeko-1 to varying concentrations of SDF-1α. SDF-1α elicited 

maximum migration at a concentration of 100 ng/ml; more 

than 80% of input cells migrated through the micro pore fil-

ters, whereas stimulation with 200 ng/ml and 300 ng/ml 

SDF-1α resulted in less migration compared to the concen-

tration of 100 ng/ml. We have used 100 ng/ml of SDF-1α 

for the subsequent experiments.

  Chemotaxis of MCL cells was significantly inhibited by pre-

incubation with anti-CXCR4 Ab at a concentration of 7.5μg/ 

ml in the presence of 100 ng/ml SDF-1α (p=0.005, Fig. 2B). 

We have used this concentration anti-CXCR4 Ab for the sub-

sequent experiments.

Migration beneath stromal cells (pseudo-emperipole-
sis) in the presence of the anti-VLA-4 antibody
Coculture of MCL cell lines with M2-10B4 stromal cells re-

sulted in spontaneous migration of MCL cell lines beneath 

stromal cell layer. During this in vitro phenomenon known 

as pseudo-emperipolesis, because migrated cells are localized 

within the same focal plane as the stromal cells, the cells ac-

quire dark appearance. On the contrary, non-migrated cells 

remain refractile by inverted microscopy (Fig. 3B). Pseudo- 

emperipolesis of Jeko-1 pre-treated with anti-VLA4 Ab was 

markedly reduced (Fig. 3C). However, there were little differ-

ences in inhibiting pseudoemperipolesis based on the con-

centration of VLA-4 Ab (data not shown). Therefore, we have 

used 2.5μg/ml of SDF-1α for the subsequent experiment, 

which is the lowest concentration tested.

Combined use of antibodies reduces MCL cell 
migration in a synergistic manner
Migration of MCL cell line was significantly reduced by 6.3% 

and 16.7% with anti-CXCR4 and anti-VLA-4 Ab, respectively, 

in terms of absolute value in percentage of input compared 
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Figure 4. Effects of combined blockage by anti-CXCR4 and VLA-4 
antibody. The migration was inhibited by preincubation of 
anti-CXCR4 (7.5μg/ml) and VLA-4 Ab (2.5μg/ml). *denotes statistical 
significance at p＜0.05, compared with control sample.

Figure 3. Pseudo-emperipolesis of MCL cell. (A) Control, with marrow 
stromal cells only. (B) Stromal cells with MCL cells. Migrated cells 
are characterized by a dark appearance, whereas non-migrated cells 
remain bright. (C) Stromal cells and MCL cells with anti-VLA-4 Ab. 
Reduced migration beneath marrow stromal cells (pseudo-emperi-
polesis) was observed in the presence of anti-VLA-4 Ab. Original 
magnification ×20.

with control. Combined treatment with both Abs markedly in-

hibited the migration of MCL cell lines by 24.9% (p=0.009, 

Fig. 4).

Blocking antibodies can reverse the protective 
effect of marrow stromal cells on MCL cells from 
cytotoxic chemotherapy
We tested the protective effect of MSCs on Jeko-1 treated with 

Ara-C to investigate whether MCL cell lines exhibit CAM-DR 

in the stromal microenvironment. We observed definite pro-

tective effect of MSCs on the survival of MCL cell lines. 

Marked decrease in apoptosis (Fig. 5B) and apoptosis + cell 

death (Fig. 5D) was observed in the presence of MSCs in 

comparison to in the absence of MSCs (Fig. 5A and C). 53.6% 

of MCL cell lines grown without MSCs were apoptotic, where-

as only 15.9% of MCL cell lines cocultured with MSCs were 

apoptotic (Table I). The administration of anti-CXCR4 or an-

ti-VLA-4 Ab increased apoptosis and apoptosis＋cell death re-

gardless of the existence of MSCs (p=0.004, respectively). 

These effects were most prominent when both Abs were used 

simultaneously, demonstrating a synergistic effect on inducing 

apoptosis and apoptosis＋cell death (See differences between 

pre- and post-Ab treatment value, Table I).

Anti-CXCR4 and anti-VLA4 antibodies resulted in 
decreased phosphorylation of downstream signaling 
proteins regardless of MSCs
In the presence of MSCs, increased phosphorylation of MCL 

cell lines was observed when compared to the absence of 

MSCs; the phosphorylation increased approximately twice 

(Table II). The addition of the Abs resulted in decreased 

phosphorylation of the proteins regardless of MSC and the 

reduction was most prominent when the cells were treated 

with both Abs simultaneously (Fig. 6). The degree of reduc-

tion in phosphorylation was more striking in the presence of 

MSCs demonstrating combinatorial reduction. Differences in 

phosphorylation for ERK1/2 (the values with Ab - the value 

of the control) were −1.9, −1.9 and −4.9, respectively with 

anti-CXCR4, anti-VLA-4 and both Abs. For AKT, the values 

were −1.9, −4.5 and −7.2, respectively. For NF-κB, the 

values were −2.1, −3.9 and −5.0, respectively. Although 
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Figure 5. Effects of blocking anti-
bodies on the protective effect of 
MSCs. In 24 well plate, MCL cells 
were cultured in the absence or 
presence of MSCs with Ara-C (A 
and C, MCL cells without MSC: B 
and D, MCL with MSC). Results are 
percentages of cells of apoptosis 
and apoptosis and cell death. 
**denotes statistical significance at 
p＜0.01, compared with the control 
sample.

Table I. Protective effect of MSCs and the reversal of the effect by blocking antibodies

Without MSCs With MSCs

Control α-CXCR4 α-VLA-4 Combined p* Control α-CXCR4 α-VLA-4 Combined p*

Apoptosis (%) 53.4 57.3 61.8 66.4 0.004 15.9 21.8 22.1 28.6 0.004
Δ - 3.9 8.4 13.0 - - 5.9 6.2 12.7 -

Apoptosis＋cell death (%) 53.7 57.5 62.0 66.6 0.004 16.0 21.9 22.1 28.7 0.004
Δ - 3.8 8.3 12.9 - - 5.9 6.1 12.7 -

Δ: difference in phosphorylation, expressed as % of phosphorylation=values (%) with each antibody−values (%) in the control. 
*Compared among α-CXCR4, α-VLA-4 and α-CXCR4＋α-VLA-4.
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Table II. Phosphorylation of downstream signaling proteins in response to chemotherapy according to MSCs existence

Phosphorylation, %

Without MSCs With MSCs

Control α-CXCR4 α-VLA-4 Combined p† Control α-CXCR4 α-VLA-4 Combined P*

ERK1/2 (Δ) 5.3 4.3 (−1.0) 4.3 (−1.0) 3.6 (−1.7) 0.05 10.5 8.7 (−1.9) 8.6 (−1.9) 5.6 (−4.9) 0.028
AKT (Δ) 6.2 5.2 (−1.0) 4.6 (−1.7) 3.4 (−2.9) 0.05 11.5 9.5 (−1.9) 7.0 (−4.5) 4.3 (−7.2) 0.010
NF-κB (Δ) 3.4 2.2 (−1.2) 1.9 (−1.5) 1.3 (−2.1) 0.05 8.6 6.5 (−2.1) 4.7 (−3.9) 3.6 (−5.0) 0.012

α- denotes anti. Δ: difference in phosphorylation, expressed as % of phosphorylation=values (%) with each antibody−values (%) in 
the control. *Compared among α-CXCR4, α-VLA-4 and α-CXCR4＋α-VLA-4. †compared the values with the control.

Figure 6. Phosphorylation of signaling pathways in MCL cells in response to chemotherapy Ara-C. MCL cells pre-treated with antibodies in the 
absence (A, B, and C) or presence (D, E, and F) of MSCs with Ara-C in a 24 well plate for 48 hours. Phosphorylation of ERK1/2, AKT and 
NF-κB was examined by flow cytometry. Phosphorylation of each signaling protein was markedly suppressed with the addition of antibodies, 
especially in the presence of both antibodies. *denotes statistical significance at p＜0.05, compared with control sample.
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Figure 7. Effects of migration of 
MCL cells on apoptosis and cell 
death. MCL cells pretreated with 
Abs in the upper chamber were 
analyzed by annexin V (A) and PI 
(B) flow cytometry and compared 
with the cells migrated to the lower 
chamber. Results are expressed as 
percentages of apoptotic, necrotic 
and dead MCL cells. *denotes 
statistical significance at p＜0.05, 
compared with control sample.

Table III. Apoptosis according to the adherence to the stromal cells and pseudo-emperipolesis

Upper chamber (non-migrated cells) Lower chamber (cells with 
adherence＋pseudo-emperipolesis)

Control α-CXCR4 α-VLA-4 Combined p* Control α-CXCR4 α-VLA-4 Combined p*

Apoptosis (%) 58.6 64.7 67.2 76.5 0.01 5.1     4.7 5.1 5.3 0.605
Δ -   6.1   8.6 17.9 - - −0.4 0 0.2 -

Apoptosis＋cell death (%) 65.6 73.5 80.3 83.4 0.006 5.7     4.7 6.0 6.0 0.515
Δ -   7.9 14.7 17.8 - −1.0 0.3 0.3

α-denotes anti. Δ: difference in phosphorylation, expressed as % of phosphorylation=values (%) with each antibody−values (%) in
the control. *Compared among α-CXCR4, α-VLA-4 and α-CXCR4＋α-VLA-4.

reductions of the phosphorylation were observed in the ab-

sence of MSCs (p=0.05, respectively), the differences were 

not prominent as in the presence of MSCs. The decrease in 

phosphorylation was combinatorial only for AKT; the others 

were less than additive.

Migrated cells exhibited cell-adhesion mediated 
drug resistance
After exposure of the MCL cells to Abs, we have the cells 

migrate from upper chamber of Transwell insert to the lower 

chamber and compared the drug resistance of the cells in 

each chamber to see the influence of migration on the 

resistance. The remained cells in the upper chamber after ex-

posure to anti-CXCR4 or anti-VLA-4 Ab showed increased 

apoptosis and apoptosis＋cell death, and the increment was 

most prominent in the presence of both Abs (p=0.01, Fig. 

7A and B). This finding demonstrates that combined use of 

the Abs induces a combinatorial increase in the degree of 

apoptosis (upper chamber, Table III). Meanwhile, the mi-

grated cells in the lower chamber, and in turn, adhered to 

MSCs or underwent pseudoemperipolesis demonstrated 

marked decrease in apoptosis, regardless of Ab treatment, 

compared to cells in the upper chamber (lower chamber, 

Table II). There was no statistical difference in the level of 

apoptosis according to the addition of Abs. Similar results 

were seen in apoptosis＋cell death (Fig. 7B and Table II).

DISCUSSION

In this study, we could reconfirm a few findings from the pre-

vious works. First, MCL cell line Jeko-1 highly expresses both 

CXCR4 and VLA-4 on their surface. Secondly, chemokine 

CXCL12 enhances migration of the MCL cell lines and the mi-

gration can be inhibited by blocking Abs. Thirdly, MCL cells 

migrate beneath MSCs spontaneously (pseudo-emperipolesis) 

and this phenomenon can be inhibited by anti-VLA-4 Ab. 

Fourthly, MSCs protect MCL cell lines from cytotoxic agents 

indicating stromal microenvironment plays an important role 

in EMDR.

  EMDR is one form of de novo drug resistance where tumor 
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cells evade apoptosis transiently through triggers such as che-

motherapy, radiotherapy or receptor-mediated cell death 

(18,19). Drug resistance can be subdivided into two catego-

ries: soluble factor mediated drug resistance (SFM-DR) and 

cell adhesion-mediated drug resistance (CAM-DR). The 

CXCR4/CXCL12 axis and VLA-4/ECM or stromal fibroblasts 

axis are known to be major components of SFM-DR and 

CAM-DR, respectively. Therefore, blocking these major com-

ponents of EMDR simultaneously may be an attractive strat-

egy to cure some type of cancers. There have been many 

reports that the blockade of CXCR4 and VLA-4, respectively, 

abrogate migration and/or adhesion, which could lead to 

overcoming drug resistance to chemotherapeutic agents 

(3,17,20). However, few papers investigated the effect of si-

multaneous blockade of both receptors on migration and 

drug resistance as far as we know. In our study, we found 

that on the chemotaxis assay, anti-CXCR4 alone and an-

ti-VLA-4 Ab alone could reduce migration of MCL cell lines 

and the combinatorial effect in the reduction was observed 

when both Abs were used simultaneously. The combinatorial 

effect of combined use of Abs may have originated from the 

findings that CXCR4 and VLA-4 constitutes a 2-way pathway 

and both receptors work cooperatively in homing and adhe-

sion to the stromal microenvironment; VLA-4 interacts with 

SDF-1α directly (17) and, SDF-1α induces activation of VLA-4 

(15). Influences of SDF-1α on VLA-4 may be blocked by 

combining treatment with both Abs. Otherwise, the continued 

activation by SDF-1α sustains inducing the migration of the 

cells. We think this finding has an important clinical im-

plication because the less hematologic malignancy cells mi-

grate to the stromal microenvironment conferring drug resist-

ance to chemotherapeutic agents, the higher the probability 

of overcoming EMDR will be. In animal studies, we expect 

the addition of antagonists for integrin such as VLA-4 to 

CXCR4 antagonist to be more effective in inhibiting migration 

because of the vascular endothelial cells, which are the first 

barrier of transmigration of tumor cell to the stromal micro-

environment, also express integrin. This prediction should be 

verified in the future experiments.

  In the presence of MSCs, apoptosis was markedly sup-

pressed, but the addition of Abs enhanced apoptosis and/or 

cell death, specifically when Abs were combined, resulting 

in a combinatorial increase. This finding suggests that even 

under the protective influence of MSCs, combined use of Abs 

can overcome EMDR more effectively. One of the mecha-

nisms of MSCs to induce drug resistance has been known to 

be the activation of downstream signaling pathways. In our 

study, combined use of both Abs induced maximal apoptosis 

and apoptosis＋cell death as well as the lowest phosphor-

ylation indicating the maximal apoptosis is associated with 

decreased phosphorylation. This finding suggests that the 

mechanism of overcoming drug resistance by the blocking 

Abs is through the suppression of downstream pathways. We 

also found that combined use of Abs produced a combinato-

rial effect on the suppression of phosphorylation, especially 

in the presence of MSCs, which implies that simultaneous 

treatment with both Abs can overcome EMDR more 

effectively. Since downstream pathways including PI3K/AKT/ 

mTOR and NF-κB are known to be activated in MCL (21,22), 

combined treatment of blocking Abs that suppresses these 

pathways seems to be a reasonable and potential therapeutic 

tool.

  Finally, drug resistance according to migration of MCL cells 

was investigated. Although Ab treatment could enhance 

apoptosis of MCL cells after exposure to Abs (the cells re-

mained in the upper chamber of Transwell insert), migrated 

cells (escaped from such blockade and, in turn adhered to 

MSCs or migrated beneath the MSCs) showed markedly re-

duced apoptosis regardless of Ab combination. This suggests 

that combined Ab treatment could not reverse drug resistance 

once the cancer cells migrated and adhered to MSCs. Efforts 

to reduce migration and hence block CAM-DR as much as 

possible should be attempted to reduce DR, which may be 

able to be accomplished maximally by the combined use.

  Inhibiting of chemokine receptors and/or integrins may be 

of concern as it may have a detrimental outcome such as im-

mune deficiency because these molecules play an important 

role in lymphocyte development (23,24). Despite having nu-

merous genetic lesions, some cancers cells rely on one single 

dominant oncogene for growth and survival, so that inhibition 

of this gene is sufficient to halt cancer growth. This concept 

is called ‘oncogene addiction’ and considerable evidence, 

both from basic and clinical research, has shown that this 

concept is valid (25). Whether normal lymphocyte develop-

ment is less damaged by antagonizing CXCR4 and/or VLA-4 

due to the tendency of cancer cells to be dependent on one 

or two pathways preferentially (oncologic addiction) should 

be clarified in the future studies.

  The combined blockade of CXCR4 and VLA-4, which are 

major components of SFM-DR and CAM-DR, respectively, re-

sulted in synergistic effects in reducing migration and induc-

ing apoptosis of MCL cells. These findings are associated with 
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reduced phosphorylation of downstream signaling proteins. 

The result of our study may provide a basis for future devel-

opment of therapeutic tools targeting both CXCR4 and VLA-4 

such as bispecific antibody, for instance, to improve treatment 

outcome of MCL with a grave prognosis.
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