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chemotactic responsiveness to CCL21 and CCL25 upon stim-
ulation with IFN- � , IL-3 and GM-CSF. In addition, the cyto-
kine-stimulated dEoL-1 cells expressed costimulatory mole-
cules, including CD40, CD80, CD86 and HLA-DR, and also 
expressed a tolerogenic and Th2-polarizing enzyme, in-
doleamine 2,3-dioxygenase.  Conclusions:  These in vitro ob-
servations raise the possibility that eosinophils may utilize 
lymphoid chemokines to enter LNs and serve antigen-pre-
senting functions in the LN under certain inflammatory con-
ditions.  Copyright © 2008 S. Karger AG, Basel 

 Introduction 

 Eosinophils are multifunctional leukocytes that have 
been implicated in the pathogenesis of numerous inflam-
matory processes, including helminth infections and al-
lergic diseases. Although eosinophils have been consid-
ered as terminally differentiated cells that mainly act as 
the first-line defense against parasites in the tissues in 
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 Abstract 

  Background:  Eosinophils are multifunctional leukocytes. 
Under physiological conditions, they circulate in the blood 
and through the tissues to serve their functions. In certain 
inflammatory states, they enter the T-cell areas of lymph 
nodes (LNs) that drain the inflamed tissue and communicate 
with T cells in LNs, but the underlying mechanism that regu-
lates their trafficking to LNs is not yet fully explored. Here, 
we report that a human eosinophilic leukemia cell line, EoL-1, 
and human peripheral blood (PB) eosinophils become reac-
tive to the lymphoid chemokines CCL21 and CCL25 upon 
stimulation.  Methods:  EoL-1 cells were differentiated with 
dibutyryl cyclic AMP (dEoL-1) and subsequently pulsed with 
IFN- � , IL-3 and GM-CSF. The eosinophil fraction was purified 
from normal human adult PB and incubated for 1 day with 
the same cytokine combination.  Results:  Upon cytokine 
stimulation, dEoL-1 cells expressed chemokine receptors 
CCR7, CCR9 and CCR3 and developed chemotactic respon-
siveness to CCL21, CCL25 and CCL11, which bind to the 
 respective receptors. Human PB eosinophils also showed 
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which they reside  [1] , it has been suggested that eosino-
phils are recruited from the circulation to inflammatory 
foci, where they modulate immune responses to diverse 
stimuli  [2] .

  Recent reports have shown that eosinophils are also 
involved in numerous homeostatic processes in the thy-
mus, mammary gland, uterus and gastrointestinal tract 
 [2] . In addition, several lines of evidence indicate that 
they may exhibit characteristics seen in antigen-present-
ing cells (APCs) in certain states  [3] . It has also been dem-
onstrated that eosinophils migrate and accumulate in 
draining lymph nodes (LNs) of the lungs in case of an in-
tranasal antigen challenge in sensitized mice  [4] . The an-
tigen presentation and allergen-induced recruitment of 
eosinophils to lung tissue have been suggested as evi-
dence of their interaction with T lymphocytes  [5] . More 
specifically, interferon- �  (IFN- � )-treated eosinophils are 
known to interact with T cells and promote Th2 polariza-
tion through the expression of functionally active indole-
amine 2,3-dioxygenase (IDO) in lymphoid tissue  [6] . In 
regard to eosinophil chemotaxis, CCL11-CCR3 is the 
most selective eosinophil chemoattractant axis to be 
identified thus far  [7, 8] . The molecular mechanisms un-
derlying the migration of eosinophils to LNs, however, 
are not fully understood, and lymphoid chemokines 
could be the source of trafficking for those cells. 

  Although considerable progress has been made, eo-
sinophil research has been hindered by the small number 
of cells that can be obtained from the peripheral blood 
(PB) of healthy donors and the inability to expand eo-
sinophils in vitro  [9] . A human eosinophilic cell line, 
EoL-1, has been established, which is considered to be a 
useful in vitro model with which to study human eosino-
phils  [10, 11] . It has been demonstrated that EoL-1 cells 
can be induced to become eosinophilic granule-contain-
ing cells by a number of stimuli, including butyric acid 
 [12]  and dibutyryl cyclic AMP (dbcAMP)  [13] . 

  Here, we report that when EoL-1 cells were first dif-
ferentiated with dbcAMP (dEoL-1) and then stimulated 
with a combination of IFN- � , interleukin (IL)-3 and 
granulocyte macrophage-colony stimulating factor (GM-
CSF), they responded to certain lymphoid chemokines 
such as CCL21 and CCL25 by expressing the respective 
cognate receptors, i.e. CCR7 and CCR9. Responsiveness 
to the lymphoid chemokines was also observed in cyto-
kine-stimulated PB eosinophils. In addition, the cyto-
kine-stimulated dEoL-1 cells expressed a few of the co-
stimulatory molecules as well as a tolerogenic enzyme, 
IDO, which raised the possibility that eosinophils may 
modulate the nature of the T cell response.

  Materials and Methods 

 Cell Culture  
 EoL-1 and HL-60 cells were maintained in RPMI 1640 (Gibco, 

Grand Island, N.Y., USA) supplemented with 10% fetal bovine 
serum (Gibco) in 5% CO 2  at 37   °   C. EoL-1 cells were induced to 
differentiate by the addition of 0.1 m M  dbcAMP (Sigma, St. Lou-
is, Mo., USA) for 9 days  [13] . The cell concentration was adjusted 
to 5  !  10 5  cells/ml every 3 days. Then the cells were further stim-
ulated for another day with IFN- � , IL-3 and GM-CSF, and the 
concentration of each of the three cytokines was 10 ng/ml. HL-60 
cells were differentiated with 0.8% dimethylformamide (Sigma) 
for 4 days (dHL-60)  [14] . 

  Isolation of PB Eosinophils  
 The eosinophil fraction was purified from normal adult hu-

man PB. In brief, venous blood anticoagulated with 10 U/ml hep-
arin (Choongwae, Seoul, Republic of Korea) was diluted with 
Hanks’ balanced salt solution (HBSS, pH 7.4; Gibco) at a 1:   2 ratio. 
Diluted blood was overlayed with Histopaque (density 1.083 g/ml; 
Sigma) and centrifuged at 400  g  at room temperature for 30 min. 
After removal of supernatant and mononuclear cells at the inter-
face, the pellet was resuspended in HBSS. Six percent dextran 500 
(Amersham Biosciences, Piscataway, N.J., USA) in 0.9% NaCl was 
added to yield a final concentration of 1%, and the cell suspension 
was allowed to stand at room temperature to let red blood cells 
settle. After 1 h, the supernatant was harvested and the remaining 
cells were washed with HBSS by centrifugation at 600  g  for 10 min. 
Red blood cells were lysed by incubation in 0.17  M  Tris-NH 4 Cl for 
2 min at 37   °  C. The remaining granulocyte fraction was incubated 
with mouse anti-human CD16 monoclonal antibody conjugated 
with magnetic particles (Miltenyi Biotech, Auburn, Calif., USA) 
for 30 min on ice, and were loaded onto the separation column 
(Miltenyi Biotech) positioned in the superparamagnetic field. 
Cells were eluted with phosphate-buffered saline (pH 7.4) with
2 m M  EDTA and 0.5% bovine serum albumin. The purity of the 
CD16– fraction was determined by flow cytometry (Becton Dick-
inson Bioscience, San Jose, Calif., USA) and was consistently 
 1 97%. The purity was also determined by morphologic observa-
tion, and isolated cells showed characteristics of eosinophils, such 
as deep-purple-colored cytoplasmic granules and a bilobed nu-
cleus following staining with Diff-Quik solution (Sysmex, Kobe, 
Japan). The purified cells were used immediately or incubated for 
1 day with IFN- � , IL-3 and GM-CSF (all were 10 ng/ml) for the 
chemotactic assay. 

  Morphological Analysis  
 For morphological analysis, cultured EoL-1 cells were spun at 

500 rpm for 5 min on glass slides (Cytospin 3, Shandon, Pitts-
burgh, Pa., USA). The slides were air-dried, stained with Diff-
Quik solution and observed under a light microscope .  

  Electron-Microscopic Examination  
 For electron-microscopic studies, cultured EoL-1 cells were 

prefixed with 2.5% glutaraldehyde in 0.1  M  phosphate buffer. The 
cells were then post-fixed in 2% osmium tetroxide, dehydrated 
and embedded in epoxy resin. Ultrathin 60- to 70-nm sections 
were cut by a Reichert-Jung ultramicrotome (Leica Microsystems, 
Heidelberg, Germany). The thin sections were stained with 1–2% 
aqueous uranyl acetate, followed by 1% lead citrate, and were ob-
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served and photographed with an H-7650 transmission electron 
microscope (Hitachi, Tokyo, Japan) at an accelerating voltage of 
75 kV.

  Flow Cytometry  
 Aliquots of EoL-1 cells, before and after stimulation with 

 dbcAMP and IFN- � , IL-3 and GM-CSF, were stained with a pan-
el of monoclonal antibodies for 30 min at 4   °   C: phycoerythrin 
(PE)-anti CD11c, fluorescein isothiocyanate (FITC) anti-CD40, 
PE anti-HLA-DR, PE anti-CD80, FITC anti-CD86 (BD Biosci-
ences), PE anti-CCR3, PE anti-CCR7 and FITC anti-CCR9 (R & 
D, Minneapolis, Minn., USA). The level of expression was com-
pared with that of unstimulated cells. The cells were fixed with 
1% paraformaldehyde solution and analyzed with a FACSCalibur 
(BD Bioscience).

  Reverse Transcription-Polymerase Chain Reaction  
 Total mRNA was extracted from the cultured cells. One mi-

crogram of mRNA was reverse-transcribed using a reverse tran-
scription system (Promega, Madison, Wisc., USA), and the com-
plementary DNA was amplified with  Taq  DNA polymerase (Ta-
kara, Shiga, Japan) as follows: an initial denaturation step (at 94   °   C 
for 3 min), 35 cycles of PCR (95   °   C for 30 s, 55   °   C for 30 s and 72   °   C 
for 15 s) and 72   °   C for 10 min using the GeneAmp PCR system 
9600 (Perkin Elmer, Norwalk, Conn., USA). The following prim-

ers were used for amplification: human glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH), 5 � -GTCTTCTCCACCATGGA-
G AAGGCT-3 �  and 5 � -CATGCCAGTGAGCTTCCCGTTCA-3 � ; 
CCR7, 5 � -TCCTTCTCATCAGCAAGCTGTC-3 �  and 5 � -GAGG-
CAGCCCAGGTCCTTGAAG-3 � ; CCR3, 5 � -ATGCTGGTGACA-
GAGGTGAT-3 �  and 5-AGGTGA GTGTGGAAGGCTTA-3 � , and 
CCR9, 5 � -TTCCTCCCAC CCTTGTACTG-3 � , 5 � -AAGCCTTT-
TCTCCCTCCAAG-3 � . The amplified DNA products were elec-
trophoresed on 1% agarose gels and then stained with 0.5  � g/ml 
of ethidium bromide. 

  Chemotaxis Assay Using a Time-Lapse Videomicroscopy  
 In vitro chemotactic activities of the cells were analyzed by a 

time-lapse videomicroscopic technique using special equipment 
(EZ-TAXIScan TM ; Effector Cell Institute, Tokyo, Japan)  [15] . The 
chemokines, recombinant human CCL11, CCL25 and CCL21, 
were purchased from R & D Systems. Six microchannels (depth, 
6  � m) were created between a 10% FBS-coated coverslip and a 
silicon chip according to the instructions of the manufacturer. 
One microliter of cell suspension that had been resuspended at
1  !  10 6  cells/ml in RPMI 1640 with 0.5% endotoxin-free BSA was 
injected into each well at one end of the microchannel, and 1  � l 
of chemokine (100  � g/ml) was injected into the well at the other 
end. Before application, the cells were sometimes pretreated with 
pertussis toxin (100 ng/ml; Calbiochem, San Diego, Calif., USA) 

a b

c d

  Fig. 1.  Morphological differentiation ob-
served in stimulated EoL-1 cells. EoL-1 
cells ( a ) were treated with dbcAMP for 9 
days (dEoL-1,  b ) and stimulated for an ad-
ditional day with IFN- � , IL-3 and GM-
CSF ( c ,  d ). Diff-Quik staining of the un-
stimulated EoL-1 cells shows a high nucle-
ar/cytoplasmic ratio and a lack of nuclear 
lobulation. dEoL-1 as well as cytokine-
stimulated dEoL-1 show nuclear lobula-
tion, formation of cytoplasmic vacuoles, 
and increased cellular aggregation. Al-
though crystalloid inclusion had not yet 
developed, uniformly dense or round-
shaped internal structures were frequently 
observed in the large granules (red arrow-
heads) in electron-microscopic examina-
tion ( d ). Scale bars = 10 ( a–c ) and 0.4  � m 
( d ). 
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for 1 h at 37   °   C. After the addition of chemokines in the opposite 
compartment, the assay was allowed to proceed for 90–180 min 
at 37   °   C, and the migratory behavior of the cells was recorded by 
a CCD camera every 30 s. After the assay, the digital images were 
converted into movies for analysis, and the number of cells mov-
ing into the assay field was also analyzed using software (TAXI-
Scan Analyzer) provided by the manufacturer. 

  Results 

 Eosinophilic Precursor EoL-1 Cells Expressed 
Lymphoid Chemokine Receptors CCR7 and CCR9 
following Cytokine-Induced Differentiation  
 The EoL-1 cells represent the undifferentiated promy-

elocytic phase of eosinophils bearing a large nucleus 
with fine chromatin and prominent nucleoli ( fig. 1 a). 
After treatment with dbcAMP and stimulation with 
IFN- �  ,  IL-3 and GM-CSF, EoL-1 cells displayed mor-
phological signs of differentiation; they showed nuclear 
lobulation, distinct vacuoles ( fig. 1 b, c) and large gran-
ules in the cytoplasm ( fig. 1 d), although the crystalloid 
inclusion typical of mature eosinophils had not yet de-
veloped in the granules. Consistent with these morpho-
logical observations, the cytokine-stimulated dEoL-1 
cells strongly expressed CCR3, the receptor for the eo-
sinophil-directing chemokine CCL11 ( fig. 2 a). Interest-

ingly, the stimulated dEoL-1 cells also expressed CCR7 
and CCR9, the receptors for the lymphoid chemokines 
CCL21 and CCL25, respectively ( fig. 2 a). In contrast, 
neither unstimulated EoL-1 nor unstimulated or stimu-
lated promyelocytic HL-60 cells that can also be induced 
to differentiate to eosinophils  [16, 17]  expressed CCR7 or 
CCR9. Flow-cytometric analysis confirmed the expres-
sion of CCR3, CCR7 and CCR9 in the cytokine-stimu-
lated dEoL-1 cells ( fig. 2 b).

  Cytokine-Stimulated dEoL-1 Cells Showed Directional 
Migration to the Lymphoid Chemokines 
 Next, we examined the functional abilities of the che-

mokine receptors induced on the cytokine-stimulated 
dEoL-1 cells using a time-lapse videomicroscopic che-
motaxis assay  [15] . dEoL-1 cells   stimulated with IFN- � , 
IL-3 and GM-CSF migrated directionally in response to 
CCL11, CCL21 or CCL25 ( fig. 3 a; online suppl. movie 
1–3, www.karger.com/doi/10.1159/000115891), whereas 
neither undifferentiated EoL-1 cells nor those treated 
with dbcAMP alone showed this type of migration
(data not shown). Furthermore, the PB eosinophils stim-
ulated with the cytokines for 1 day also migrated
directionally in response to CCL11, CCL21 or CCL25 
( fig. 3 b; online suppl. movie 4–6, www.karger.com/doi/
10.1159/000115891), whereas unstimulated eosinophils 
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  Fig. 2.  The chemokine receptors CCR3, CCR7 and CCR9 were 
expressed only after stimulation with IFN- � , IL-3 and GM-CSF 
in the dbcAMP-treated EoL-1 cells.  a  Expression of chemokine 
receptor mRNA. cDNAs were prepared from total RNAs obtained 
from undifferentiated HL-60 and EoL-1 cells, dHL-60, dEoL-1 

and cytokine-stimulated dEoL-1.  b  Expression of chemokine re-
ceptor proteins on the cell surface. The expression levels are 
shown as the ratio of the mean fluorescence intensity of cytokine-
stimulated dEoL-1 to the fluorescence intensity of undifferenti-
ated cells. Error bar indicates SEM. 
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  Fig. 3.  Kinetic analysis of the migrating cells showed the chemo-
tactic response to CCL21 and CCL25, as well as to CCL11, in the 
cytokine-stimulated dEoL-1 cells (   a ) and PB eosinophils ( b ). Cells 
migrating toward the chemokines in the assay field were auto-
matically counted using software (TAXIScan analyzer). Note that 

significant fractions of the cytokine-stimulated dEoL-1 cells and 
PB eosinophils had begun migrating after the additions of CCL11, 
CCL21 and CCL25. Pretreatment of cells with pertussis toxin 
(PTX) almost completely abolished the migratory response of 
both the stimulated dEoL-1 cells and the PB eosinophils.  



 Jung   /Woo   /Jang   /Miyasaka   /Ryu   /Park   /
Seoh   

Int Arch Allergy Immunol 2008;146:227–234232

showed directional migration in response to only CCL11, 
but not to CCL21 or CCL25 (data not shown). The pro-
portion of the migrating cells was high, in the order of 
CCL21, CCL11 and CCL25, in both stimulated dEoL-1 
cells and PB eosinophils, and the  initiation of migration 
was faster in eosinophils than in EoL-1 cells ( fig. 3 ). Pre-
treatment with pertussis toxin almost completely abol-
ished the directional migration of the cytokine-stimu-
lated dEoL-1 cells and eosinophils, demonstrating G �  i -
mediated signaling processes ( fig. 3 ). 

  Cytokine-Stimulated dEoL-1 Cells Showed Surface 
Expression of APC-Related Costimulatory Molecules 
as well as IDO 
 Because it has previously been reported that eosino-

phils may function as APCs upon activation  [5] , we ex-
amined the expression of costimulatory molecules that 
are essential for antigen presentation in the cytokine-
stimulated dEoL-1 cells. As shown in  figure 4 a, the cyto-
kine-stimulated dEoL-1 cells showed a marked increase 
in the expression of HLA-DR. They also showed upregu-
lated expression of CD80, CD86 and CD40. In addition, 
they showed prominent expression of a Th2-inducing 
 enzyme, IDO, at the mRNA level, which was not seen
in unstimulated EoL-1 cells or unstimulated HL-60 cells 
or HL-60 cells stimulated with dimethylformamide 
( fig. 4 b).

  Discussion 

 During the inflammatory response, eosinophils can 
present antigens to and communicate with T cells, and 
are recruited to regional LNs  [18] . However, the manner 
in which they migrate to the area where APCs and T cells 
come together has not yet been elucidated. In the present 
study, we demonstrated that IFN- � -, IL-3- and GM-CSF-
stimulated dEoL-1 cells and PB eosinophils are capable of 
responding to the lymphoid chemokines that recruit na-
ïve T cells and dendritic cells to LNs. In addition, upon 
cytokine stimulation, the dEoL-1 cells showed expression 
of various costimulatory molecules and IDO. 

  Because eosinophils comprise only 1–4% of circulat-
ing leukocytes in normal humans and have a short life 
span   in vitro, it has been difficult to study the mechanism 
underlying their migration to tissues in detail. The hu-
man eosinophilic leukemia cell line EoL-1 can be induced 
to differentiate into eosinophilic granule-containing cells 
and die by apoptosis when differentiated by dbcAMP  [13, 
19] . For this reason, EoL-1 cells have been used as models 
of eosinophil function in various studies, including those 
investigating chemotaxis, receptor expression, mediator 
release and apoptosis induction  [12, 20, 21] .

  In this study, cytokine-stimulated eosinophils and 
dEoL-1 cells demonstrated chemotactic responsiveness
to the lymphoid chemokines, CCL21 and CCL25
( fig. 3 ; online suppl. movie 2, 3, 5, 6, www.karger.com/
doi/10.1159/000115891). The locomotive pattern of the 
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  Fig. 4.     a  Antigen-presenting and costimulatory molecules were 
increased by treatment with dbcAMP and cytokines in EoL-1 
cells. Antigen-presenting (HLA-DR) and costimulatory (CD80, 
CD86 and CD40) molecule expression was analyzed by flow cy-
tometry. The expression levels are shown as the ratio of the mean 

fluorescence intensity of cytokine-stimulated dEoL-1 to the fluo-
rescence intensity of undifferentiated cells.  b  IDO was expressed 
at the mRNA level only after stimulation with IFN- � , IL-3 and 
GM-CSF in the dbcAMP-treated EoL-1 cells. 
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stimulated dEoL-1 cells was slightly different from that of 
stimulated eosinophils. Kinetic analysis showed an earlier 
start of migration toward the chemokines in stimulated 
PB eosinophils compared to that in cytokine-stimulated 
dEoL-1 cells ( fig. 3 ). Although we currently cannot fully 
explain this observation, the later responsiveness of stim-
ulated dEoL-1 cells may in part originate from the hetero-
geneity of the cell line in terms of the capacity to differen-
tiate within the population  [22] . The heterogeneity of dif-
ferentiation of the cytokine-stimulated dEoL-1 could be 

estimated by  examining the phenotype of the migrating 
cells. We found that the cytokine-stimulated dEoL-1 cells 
migrated 3–4 times more efficiently than unstimulated 
EoL-1 or dEoL-1 cells (online suppl. fig. S1A, www.karger.
com/doi/10.1159/000115891) and that the cytokine-stim-
ulated dEoL-1 cells, which migrated in response to CCL11, 
contained 11% of CCR3-expressing cells (online suppl. 
fig. S1B, www.karger.com/doi/10.1159/000115891).

  CCL21 was first known to serve a homing function for 
T lymphocytes and also to direct mature dendritic cells 
into T-cell zones of LNs  [23, 24] . CCL21 is expressed at 
high levels in the paracortical areas of LNs  [25] . Findings 
of this study may provide a clue as to how eosinophils are 
recruited to regional LNs under inflammatory condi-
tions, but further in vivo studies are needed. 

  Eosinophils are mainly tissue-dwelling cells that are 
preferentially distributed in the thymus and gastrointes-
tinal tract under steady state conditions  [2] . The tissue 
levels of eosinophils are orchestrated by chemokines; 
CCL11, in particular, is the most selective eosinophil che-
moattractant to be identified so far  [8, 9] . In CCL11-defi-
cient mice, eosinophils in the jejunum are substantially 
reduced, but are not completely absent  [26] , which indi-
cates that CCL11 is important, but it is not the sole che-
mokine that critically regulates the intestinal distribu-
tion of eosinophils. In addition, the widespread distribu-
tion of CCL11 in various tissues, including the skin, heart, 

skeletal muscle, lung and intestine  [27] , does not explain 
the selective tissue distribution of eosinophils under 
steady-state conditions. In contrast, the expression of 
CCL25 is restricted only to the thymus and gastrointes-
tinal tract, exactly coinciding with the tissue distribution 
of eosinophils. In the present study, the videomicroscop-
ic assay demonstrated that both the eosinophils and the 
cytokine-stimulated dEoL-1 cells are capable of respond-
ing to CCL25 ( fig. 3 ). This finding may provide evidence 
to support that CCL25 is involved in the selective tissue 
distribution of eosinophils in steady-state conditions, 
and this issue warrants further in vivo studies for confir-
mation.

  Upon stimulation with dbcAMP and IFN- � , IL-3 and 
GM-CSF, the dEoL-1 cells were capable of expressing 
APC-related molecules ( fig. 4 a). Collectively, these find-
ings are consistent with the finding that eosinophils may 
function as APCs in inflammatory conditions in vivo 
 [28, 29] . Furthermore, IDO, one of the key enzymes of 
eosinophils that are involved in the polarization of the 
Th2 response, has also been demonstrated to be expressed 
in stimulated dEoL-1 cells ( fig. 4 b).

  Taken together, these findings allow us to speculate 
that tissue eosinophils, in a certain microenvironment 
where cytokines such as IFN- � , IL-3 and GM-CSF are 
present, may traffic to the places where CCL21 is ex-
pressed. During the migration, they may functionally 
mature to express the APC-related molecules. Consider-
ing that eosinophils are armed with various kinds of me-
diators, including both Th1- and Th2-type cytokines, the 
pattern of the eosinophil response may play a pivotal role 
in the following adaptive immune response  [2] . 

  Therefore, the results of this study suggest that eosin-
ophils, in a certain situation, may migrate to the sites 
where CCL21 and CCL25 are distributed, and may also 
be involved in the crosstalk with APCs and/or T cells.
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