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ABSTRACT  

All-trans retinoic acid (ATRA) can induce acute respiratory distress syndrome in 

patients with acute promyelocytic leukemia (APL). We investigated the role of 

monocyte chemoattractant protein-1 (MCP-1) in the chemotactic transmigration of 

ATRA-treated NB4 (ATRA-NB4) APL cells toward A549 alveolar epithelial cells.   

 NB4 and A549 cells were separately cultured with ATRA and/or dexamethasone . 

ATRA-NB4 cells were then placed in an upper insert and co-incubated with A549 cells 

or their conditioned medium (CM) located in a lower plate to test their transmigration 

activity.  

ATRA stimulated NB4 cells to transmigrate toward the A549 cells. The secretion 

of MCP-1 was enhanced by ATRA treatment in both A549 and NB4 cells. The binding 

assay demonstrated that ATRA-NB4 cells bound MCP-1. Both pretreatment of 

CM-A549 cells with antibodies against MCP-1 and pretreatment of ATRA-NB4 cells 

with antibodies against MCP-1 receptors reduced ATRA-NB4 cell transmigration. 

Dexamethasone did not suppress MCP-1 secretion and transmigration in ATRA-NB4 

cells, but when applied to A549 cells, MCP-1 secretion was suppressed and 

ATRA-NB4 cell transmigration was attenuated.  

MCP-1 secreted from alveolar epithelial cells plays an important role in the 

cell-cell interaction involved in the chemotactic transmigration of ATRA-treated APL 

cells toward alveolar epithelial cells. 

Key Words: acute respiratory distress syndrome; all trans retinoic acid; chemokine; 

monocyte chemoattractant protein-1; leukocyte infiltration; retinoid acid syndrome. 
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INTRODUCTION  

Acute promyelocytic leukemia (APL) is characterized by a t(15;17) translocation 

leading to an inhibition of terminal granulocytic differentiation.1 All-trans retinoic acid 

(ATRA) has been demonstrated to induce differentiation of leukemia cells into mature 

granulocytes via a differentiation mechanism.1 Although this differentiation therapy 

dramatically improves the outcome of APL, 25-31% of APL patients develop retinoic 

acid (RA) syndrome during initial ATRA treatment.1,2  RA syndrome has been shown 

to have clinical symptoms similar to acute respiratory distress syndrome (ARDS) 

including massive infiltration of APL cells found in the alveolar spaces in patients and 

animals with the RA syndrome.2,3 Our previous study has demonstrated that 

interleukin-8 (IL-8) and growth-regulated oncogene-α (GRO-α) secreted from alveolar 

epithelial cells play as important chemokines for the transmigration of ATRA-treated 

APL cells toward alveolar epithelial cells.4  However, pretreatment with antibodies 

directly against IL-8 and GRO-α receptors cannot completely block the transmigration 

of ATRA treated NB4 cells suggesting the involvement of other chemokines. 

 The monocyte chemoattractant protein-1 (MCP-1; CCL2) and its receptor CCR2 

are critical determinants for recruitment of leukocytes to inflamed lungs.5-7  Previous 
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studies have demonstrated that both lung epithelial cells and leukocytes can secret 

MCP-1 and express its receptors CCR2.8-10  Similarly, ATRA has been reported to 

increase gene expression or secretion of MCP-1 and CCR2 in APL cells, neutrophils 

and lung epithelial cells.8,10,11  Therefore, the goal of this study is to investigate the role 

of MCP-1/CCR2 axis in the cell-cell interaction essential for the chemotactic 

transmigration of ATRA-treated NB4 APL cells toward A549 alveolar epithelial cells 

using a co-culture model.  

 

MATERIALS AND METHODS 

APL cells and alveolar epithelial cells 

NB4 cells (human APL cell line; a gift from Dr. M. Lanotte) were cultured in 

RPMI-1640 medium supplemented with 10% fetal calf serum (GIBCO, Grand Island, 

NY) at a concentration of 1x105 cells/ml and incubated at 37°C in a humidified 

incubator with 5% C02. These cells were incubated with or without ATRA (1 µM) or 

dexamethasone (1 µM) for three days before placed in the upper inserts of the 

transmigration assay. 

A549 cell (ATCC, Manassas, VA) is a human alveolar epithelial type II cell line 

derived from an individual with alveolar carcinoma. A549 cells retained many 
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characteristics of normal alveolar type II cells and have been extensively used to assess 

type II alveolar cell function.12  They were incubated in tissue flasks in a humidified 

incubator with 5% CO2 at 37 °C with Hams’ F12K medium (Sigma, St. Louis, MO) 

supplemented with 10% fetal calf serum, streptomycin (50 µg/ml, GIBCO) and 

penicillin (50 U/ml, GIBCO).  A549 cells were grown in adhesion on the plate as 

monolayers, cells were then harvested using trypsin (0.25%) and 

ethylenediaminetetraacetic acid (EDTA; 0.1%) in phosphate-buffered saline, 

centrifuged at low speed (250xg, 5 minutes), and resuspended in fresh medium at the 

concentration of 4×105 cells/ml.   Cells were re-incubated on the 24-well plate with or 

without ATRA (1 µM) or dexamethasone (1 µM) for 1-3 days. These cells were also 

grown into monolayers and used as the lower plate in the co-culture system during the 

transmigration assay. 

Preparation of Conditioned Medium (CM) 

  Either NB4 cells (1×105 cells/ml) or A549 cells (4×105 cells/ml) were cultured in 

the flask for 1-3 days with or without one or two of the following drugs: ATRA (1 µM) 

and dexamethasone (1 µM). The supernatants were harvested, centrifuged at 1500 rpm 

for 5 minutes to remove cellular components and stored as aliquots at -20°C. 

Chemotaxic cell-transmigration assay 
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 The chemotaxic cell-transmigration assay was performed in a co-culture system 

using an upper cell culture insert (BD FalconTM, San Jose, CA) with polyethylene 

terephthalate membrane (8 µm pore size, 1×105 pores/cm2) and a companion 24-well 

plate in the bottom (Figure 1). Briefly, NB4 cells pretreated with or without ATRA 

were centrifuged at a low speed (1000 rpm, 5 min), re-suspended in fresh medium 

(1×105 cells/ml), placed in the upper inserts, and incubated with or without antibodies 

specific for MCP-1 receptors (anti-CCR2) and/or IL-8 receptors (anti-CXCR1 & 

anti-CXCR2) (R&D Systems, Minneapolis, MN) for 2 hours at 37°C. The lower plate 

was either pre-coated with a A549 cell-monolayer as mentioned above or filled with 

various types of CM, F12K medium alone or F12K medium with defined 

concentrations of exogenous MCP-1(Figure 1). The upper insert and lower plate were 

assembled and incubated in 100% humidity and 5% CO2 at 37oC for 2 hours. After 

incubation, NB4 cells in the upper insert were removed by scraping. The membrane 

was then removed from the upper insert, placed on a slide and stained with Wright 

stain. The number of transmigration of NB4 cells was represented by the sum of the 

cells transmigrated in the 9 fixed fields over each insert membrane under a light 

microscope at x200 magnification, as described previously.4 
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Assay for chemokines determination 

The levels of MCP-1 in the CM from different cell culture conditions were 

determined by an enzyme-linked immunosorbent assay (ELISA) kit following the 

manufacturer protocols (R&D Systems).   

Statistical analysis 

Data were evaluated by ANOVA test and Wilcoxon signed rank test using SPSS 

software. A value of p < 0.05 was considered significant. All data are presented as mean 

± SD. 

 

RESULTS 

Transmigration of ATRA-treated NB4 cells by A549 cell co-incubation 

After culturing separately for three days, ATRA-treated NB4 cells were 

co-cultured with ATRA-untreated or ATRA-treated A549 cells to determine their 

transmigration activity. Our previous study has demonstrated the chemotactic activity 

in the CM from A549 cell cultures.4  Co-incubation of ATRA-treated NB4 cells with 

the CM from either untreated A549 cells or ATRA-treated A549 cells produced a 

progressive increase in cell transmigration in a time dependent manner.4   Figure 2 

shows that ATRA-treated NB4 cells migrated toward untreated-A549 cells, and this 
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cell transmigration was significantly enhanced when A549 cells were pretreated with 

ATRA.   

Secretion of MCP-1 from A549 cells and NB4 cells  

We subsequently measured the concentrations of MCP-1 in the various CM 

obtained from either A549 or NB4 cell cultures. The concentration of MCP-1 in the CM 

was increased over time when untreated-A549 cells (CM-A549) were cultured for 1-3 

days (data not shown). ATRA treatment significantly enhanced the secretion of MCP-1 

from A549 cells into the CM (CM-A549+ATRA) compared to CM-A549 (Figure 3A; p 

< 0.005). In contrast, only minimal amount of MCP-1 was secreted in the CM over time 

in untreated-NB4 cell (CM-NB4) cultures. Nevertheless, ATRA treatment markedly 

enhanced the secretion of MCP-1 from NB4 cells into the CM (CM- NB4+ATRA) 

(Figure 3B; p<0.0001).   

Role of MCP-1 in the transmigration of ATRA-treated NB4 cells 

To assess the role of MCP-1 in the CM in the transmigration of ATRA-treated 

NB4 cells, we neutralized the MCP-1 in the CM by pre-treating the CM-A549 with 

anti-MCP-1 antibody for 2 hours prior to co-incubation with ATRA-treated NB4 cells.  

Figure 4 shows that the level of the transmigration of ATRA-treated NB4 cells was 
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reduced when MCP-1 in the CM of A549 cells was neutralized by its specific antibody 

(p =0.063).   

Role of MCP-1 receptors (CCR2) in the transmigration of ATRA-treated NB4 

cells 

We determined the binding of MCP-1 to both untreated and ATRA-treated NB4 

cells after culturing for 3 days.  Figure 5A shows that only a minimal amount of 

MCP-1 binding was detected in untreated NB4 cells as demonstrated by flow cytometry 

analysis.  Binding of MCP-1 was slightly increased in NB4 cells after treatment with 

ATRA for 1 day (Figure 5B), but was not increased after ATRA treatment for 3 days.   

Subsequently, we blocked CCR2 on ATRA-treated NB4 cells with a specific 

antibody to assess its role in the cell transmigration activity.  We pretreated these cells 

with anti-CCR2 antibody for 2 hour prior to co-incubation with the CM of A549 cells. 

Figure 6 shows that the level of the transmigration of ATRA-treated NB4 cells was 

reduced when CCR2 was blocked by its specific antibody (p<0.05).  

Effect of dexamethasone on the secretion of MCP-1 from A549 and NB4 cells 

Our previous study has demonstrated that dexamethasone had no effect on the 

transmigration of ATRA-treated NB4 cells by itself,4  but can significantly reduced the 
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transmigration of ATRA-treated NB4 cells toward A549 cells when the latter cells were 

treated with dexamethasone as shown in Figure 2. 

We further collected the CM from A549 cells or NB4 cells after culturing with or 

without dexamethasone for three days. Dexamethasone reduced the secretion of MCP-1 

in both untreated- and ATRA-treated A549 cells (Figure 3A) yet did not affect the 

secretion of MCP-1 in both untreated- and ATRA-treated NB4 cells (Figure 3B).  

Cooperation of MCP-1 and IL-8 in the transmigration of ATRA-treated NB4 cells 

 Our previous study has demonstrated that IL-8 secreted from alveolar 

epithelial cells is also an important chemokine for the transmigration of ATRA-treated 

APL cells toward alveolar epithelial cells.4  To investigate the relative role of both 

MCP-1 and IL-8 on the ATRA-treated NB4 cell transmigration, we added exogenous 

MCP-1 and IL-8, either alone or in combination, into the original culture medium and 

allowed the co-incubation of untreated or ATRA-treated NB4 cells with these 

exogenous chemokines for 2 hours.  The level of transmigration of ATRA-treated 

NB4 cells was increased when co-incubating with either exogenous MCP-1 or IL-8 

alone,4 which can be further promoted when the cells were co-incubating with both 

exogenous chemokines at the same time (data not shown).  We further confirmed the 

synergistic effect of MCP-1 and IL-8 in promoting the transmigration activity of 
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ATRA-treated NB4 cells by blocking their surface receptors with specific antibodies. 

We pretreated ATRA-treated NB4 cells with anti-CCR2 (MCP-1 receptor antibody) 

and/or anti-CXCR1+anti-CXCR2 (IL-8 receptor antibody) for 2 hours prior to 

co-incubation with the CM of A549 cells. Figure 6 shows that the level of the 

transmigration of ATRA-treated NB4 cells was attenuated when either MCP-1 

receptors or IL-8 receptors were blocked by their specific antibodies (p<0.05 & 

p<0.005, respectively).4  However, the transmigration of ATRA-treated NB4 cells can 

be further suppressed when receptors of both chemokines were blocked in the same 

time (p<0.01; Figure 6).  

DISCUSSION 

 The results of the present study demonstrate that ATRA stimulated NB4 cells to 

transmigrate toward the A549 cells and this promotion of NB4 cell transmigration was 

mediated through chemoattractants secreted from A549 cells. Our results reveal that 

MCP-1 secreted from A549 cells was an important chemoattractant to account for the 

chemotactic transmigration of ATRA-treated NB4 cells. Measurements of the 

chemokine levels in CM revealed that A549 cells constitutively secrete MCP-1 (Figure 

3A). The important role of MCP-1 in ATRA-treated NB4 cell transmigration is 

strongly supported by the findings that (1) exogenous administration of MCP-1 can 
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bind to the ATRA-treated NB4 cells and increase their transmigration activity; (2) 

pretreatment of ATRA-treated NB4 cells with antibodies against MCP-1 receptors can 

largely reduce their transmigration activity and (3) transmigration of ATRA-treated 

NB4 cells toward CM of A549 cells was reduced when MCP-1 in the latter CM was 

neutralized with its specific antibody (Figure 3-6). Collectively, our results suggest that 

A549 cells have profound chemotactic influences on the promotion of transmigration 

of ATRA-treated NB4 cells and this cell-cell interaction is mediated through the 

secretion and function of MCP-1. 

 We further found that untreated-NB4 cells only secrete minimal amount of 

MCP-1, and ATRA treatment markedly enhances the secretion of MCP-1 (Figure 3B) 

resulting in increased difficulty to evaluate the dose effect of exogenous MCP-1 on the 

ATRA-treated NB4 cells (data not shown).  Our results are in consistent with previous 

report that the expression of gene and protein of MCP-1 can be expressed in the 

ATRA-treated APL cells as well as in activated neutrophils.8  Previous studies have 

reported that binding of MCP-1 to its specific receptors can further downregulate the 

expression of their surface receptors (CCR2).13 This can explain why binding of 

MCP-1 to NB4 cells was only transiently increased during the early phase of ATRA 

treatment, but not in later phase (Figure 5).  Furthermore, expression of CCR2 is also 
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downregulated by other cytokines secreted by ATRA-treated NB4 cells, such as IL-1 

and TNF-α.14  Accordingly, ATRA treatment in the APL cells induces granulocytic 

differentiation as well as induces underlying mechanism responsible for activation 

events in the mature neutrophils.1,2    These indicate that MCP-1 plays as an important 

role for enhancing migration activity in the differentiated APL cells during ATRA 

treatment.  

  It has been suggested that chemokines produced by extravascular cells can be 

transported to the luminal surfaces of endothelium, where they are presented to 

leukocytes.15,16  It is also known that MCP-1 can prime and activate leukocytes.8 

Accordingly, MCP-1 secreted from lung epithelial cells, serving as chemotactic 

mediators, may act on ATRA-treated APL cells and promote their transmigration.10 

Moreover, the increased secretion of MCP-1 and increased binding of CCR2 in the 

ATRA-treated APL cells function in priming these differentiated APL cells for 

transmigration mobility.8  In such way, MCP-1 produced by both A549 cells and APL 

cells plays an important role in the chemokine network in orchestrating the trafficking 

of ATRA-treated APL cells to the alveolar spaces in patients with the RA syndrome. 

 Dexamethasone has been used successfully to prevent or treat the RA syndrome.2 

Our data demonstrated that when dexamethasone was applied to A549 cells, it 
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suppressed their MCP-1 secretion and attenuated the transmigration of ATRA-treated 

NB4 cells toward these cells (Figure 2 & 3). Conversely, when dexamethasone was 

applied to ATRA-treated NB4 cells, it had no effect on their MCP-1 secretions (Figure 

2B) and transmigration activity.7  These data further support the notions that (1) 

MCP-1 secreted by alveolar epithelial cells is important in the regulation of 

transmigration of differentiated APL cells into the alveolar spaces; (2) the therapeutic 

effect of dexamethasone on the transmigration of ATRA-treated APL cells is actually 

mediated in part through its inhibitory action on MCP-1 secretion in A549 cells, but not 

in APL cells; (3) lung epithelial cells are also susceptible to ATRA and dexamethasone 

treatment.  The inhibitory effect of dexamethasone on the MCP-1 secretion from the 

alveolar epithelial cells has been reported,17 and its underlying mechanism is likely 

mediated by glucocorticoid receptor through a novel mechanism in which the 

glucocorticoid receptor binds directly to MCP-1 mRNA and facilitates its 

degradation.18,19 However, glucocorticoid binding and cellular glucocorticoid receptor 

levels were not changed in the APL cells during the process of ATRA-induced 

granulocytic differentiation.20  This may explain why dexamethasone has different 

effects between ATRA-treated A549 cells and ATRA-treated NB4 cells.  
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 Regarding the pathogenesis of the RA syndrome, previous investigations have 

focused on the functional activation of ATRA-treated APL cells for the promotion of 

the adherence, leukoaggregation, transendothelial migration, and the traverse of 

extracellular matrix.20-25  It is known that the propagation of inflammatory signals from 

the airspace to the vascular space is pivotal in lung inflammation.26 We have adopted a 

co-culture model to elucidate the chemokine mechanisms underlying the chemotactic 

transmigration of ATRA-treated APL cells toward alveolar epithelial cells.4  In 

addition to IL-8 and GRO-α reported previously, we demonstrate in this study that 

MCP-1 also plays an important role in the chemokine network in orchestrating the 

trafficking of ATRA-treated APL cells to the alveolar space. Furthermore, we 

demonstrate that MCP-1 and IL-8 work synergistically in promoting  

transmigration of ATRA-treated APL cells toward alveolar epithelial cells (Figure 6).  

This indicates that these two chemokines are interdependent in mediating the 

transmigration of ATRA-treated APL cells into the alveolar space.4  In ARDS induced 

by other pathogens, MCP-1 plays as an important chemokine during the transition 

phase from the early to late phase of transmigration of leukocytes into the alveolar 

space.7,27  MCP-1 can also induce the transmigration of circulating monocytes into the 

alveolar space during acute lung injuries.28 These recruited monocytes can drastically 
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amplify the further transmigration of neutrophils and exacerbate the inflammatory 

reactions.29  In animal studies employing CCR2-knockout mice or blocking CCR2 

function by an antibody also demonstrated that suppressed alveolar monocyte 

recruitment markedly decreased the alveolar neutrophils accumulation, vascular 

permeability and inflammatory reactions.6  The amount of circulating normal 

monocytes is decreased in most APL patients because their normal hematopoiesis has 

been suppressed by the massive leukemic APL cells in the bone marrow, which can 

subsequently cause impaired monocyte recruitment into the alveolar spaces in APL 

patients. The amount of monocytes recruited into alveolar space has not been 

determined in patients with RA syndrome.  Further study is needed to determine the 

role of circulating normal monocytes in the development of RA syndrome in the APL 

patients under ATRA treatment.   

 We conclude that MCP-1 secreted from alveolar epithelial cells plays an important 

role in the cell-cell interaction essential for the chemotactic transmigration of 

ATRA-treated APL cells toward alveolar epithelial cells. Understanding the 

mechanism underlying MCP-1 expression and function, therefore, will provide a new 

target and strategy for therapeutic intervention to treat lung inflammation in the 

RA syndrome. 
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Figure legends: 

Figure 1. Diagram of co-culture and transmigration assay. 

Figure 2. Effects of treating A549 cells with ATRA and/or dexamethasone on the 

transmigration of ATRA-treated NB4 cells. NB4 cells in the upper insert were 

pre-cultured with ATRA (1 µM) for three days. Conditioned medium (CM) of A549 

cells in the lower plates were pre-treated with or without ATRA (1 µM) and/or 

dexamethasone(1 µM) for three days. The upper insert and lower plate were then 

assembled and incubated for two hours before calculating the number of transmigrated 

NB4 cells. Data, presented as mean ± SD, were from 5 independent experiments and 

were analyzed by ANOVA test. 

 

Figure 3. Secretion of MCP-1 by A549 cells and NB4 cells. Conditioned mediums 

(CM) of A549 cells(A) and NB4 cells(B) were harvested from cell culture after 

treatment with ATRA (1 µM), dexamathasone (Dex, 1 µM) or both for three days. 

MCP-1 concentrations were determined by an enzyme-linked immunosorbent assay. 

Data, presented as mean ± SD, were from 5 independent experiments and were 

analyzed by ANOVA test. 
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Figure 4. Suppression of transmigration of ATRA-treated NB4 cells by neutralizing 

MCP-1 in the conditioning medium of A549 cells with its specific antibodies. Upper 

insert: ATRA-treated NB4 cells; lower plate: CM of A549 cells that was pretreated 

without or with anti-MCP-1 (1 µg/ml) for two hours.  The upper insert and lower plate 

were then assembled and incubated for two hours. Data, presented as mean ± SD, were 

from 6 independent experiments and were analyzed with Wilcoxon signed rank test. 

Figure 5. Effects of ATRA on the binding of MCP-1 to NB4 cells.  Untreated (A) and 

ATRA-treated (B; 1 µM for 1 day) NB4 cells were incubated with biotinylated MCP-1 

for one hour before analysis with flow cytometry.  The specificity of MCP-1 is 

demonstrated by blocking their binding with specific antibodies.  The histogram is a 

representative of 4 independent experiments.  

Figure 6. Suppression of transmigration of ATRA-treated NB4 cells by blocking their 

surface receptors for MCP-1 (CCR2) and/or IL-8 (CXCR1 & CXCR2) with specific 

antibodies. Upper insert: ATRA-treated NB4 cells were previously incubated without 

or with specific antibodies for MCP-1 receptors (anti-CCR2; 1 µg/ml) and/or IL-8 

receptors (anti-CXCR1+anti-CXCR2; both 10 µg/ml) for two hours before use; lower 

plate: conditioned medium of A549 cells that were previously cultured for three days. 

The upper insert and lower plate were then assembled and incubated for two hours. 
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Data, presented as mean ± SD, were from 7 independent experiments and were 

analyzed by Wilcoxon signed rank test.  
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Figure 3A 
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Figure 3B  
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Figure 4.  
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Figure 5:  
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Figure 6.  
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