
Regulation of eotaxin-3/CCL26 expression in human monocytic cells

Introduction

The eotaxin subfamily of CC chemokines consists of eo-

taxin/CCL11, eotaxin-2/CCL24 and eotaxin-3/CCL26.1–3

Although they only share 34–39% protein homology, all

eotaxins activate cells via CC chemokine receptor 3

(CCR3), which is expressed on several different cell types

including eosinophils, basophils, dendritic cells, smooth

muscle cells, epithelial cells and fibroblasts (reviewed in

Ref. 4). CCL11 and CCL24 are expressed by haematopoi-

etic and non-haematopoietic cells.5–7 By contrast, CCL26

expression has only been described in non-haematopoietic

cells.3,6,8,9 Interleukin-4 (IL-4) is the principal stimulus

for CCL26 expression,10 whereas CCL11 and CCL24 are

upregulated by IL-4 and pro-inflammatory cytokines such

as interleukin-1b (IL-1b) and tumour necrosis factor-a
(TNF-a).11

CCL26 acts predominately as a CCR3 agonist,3 yet it also

acts as an antagonist for CCR1, CCR2 and CCR5.12,13 This

has led to the speculation that CCL26 may have a
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Summary

Eotaxin-3/CCL26 is an agonist for chemokine receptor 3 (CCR3) and a

natural antagonist for CCR1, CCR2 and CCR5. CCL26 expression by

non-haematopoietic cells has been well documented; however, no studies

to date have demonstrated CCL26 expression by leucocytes. In this study,

we investigated the ability of human monocytic cells to produce CCL26 in

response to cytokines. We found that interleukin-4 (IL-4) increased the

expression of CCL26 messenger RNA (mRNA) and protein in U937 cells,

in human monocytes and in human monocyte-derived macrophages.

Tumour necrosis factor-a (TNF-a) and interleukin-1b (IL-1b) alone did

not induce CCL26 expression, yet these pro-inflammatory cytokines syn-

ergized with IL-4 to increase CCL26 protein expression. Signal transducer

and activator of transcription 6 (STAT6) was not affected by costimula-

tion with TNF-a, suggesting that the synergy between IL-4 and TNF-a

occurs at a step downstream of STAT6 activation. Co-incubation of inter-

feron-c (IFN-c) with IL-4 had no effect on CCL26 protein release. By

contrast, pretreatment with IFN-c decreased total STAT6 protein, blocked

IL-4-mediated STAT6 phosphorylation and decreased IL-4-mediated

CCL26 mRNA expression and protein release. These data show that IL-4

and pro-inflammatory cytokines such as TNF-a, IL-1b and IFN-c regulate

CCL26 synthesis in human monocytic cells, which may be important in

regulating monocyte inflammatory responses.

Keywords: chemokine; eotaxin-3; interleukin-4; monocyte/macrophage;

signalling

Abbreviations: CCR3, CC-chemokine receptor 3; cDNA, complementary DNA; ELISA, enzyme-linked immunosorbent assay;
FBS, fetal bovine serum; HBSS, Hanks’ balanced salt solution;IFN-c, interferon-c; IL-1b, interleukin-1b; IL-4, interleukin-4;
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modulatory role in inflammation. CCR2, in particular, is a

major pro-inflammatory chemokine receptor expressed by

monocytes and macrophages, and CCL26 has been shown

to block monocyte responses to monocyte chemotactic

protein-1 (MCP-1), a major ligand for CCR2.12

The purpose of this study was to determine if mono-

cytic cells could synthesize and express CCL26, because

this could provide an autoregulatory mechanism during

inflammation. We examined the ability of human periph-

eral blood monocytes, monocyte-derived macrophages

(MDMs) and the monocytic cell line U937 to express

CCL26 messenger RNA (mRNA) and protein. We showed

that monocytic cells express CCL26 in response to IL-4

and that TNF-a, IL-1b and interferon-c (IFN-c) modulate

IL-4-mediated CCL26 synthesis and expression.

Materials and methods

Reagents

Human recombinant TNF-a, IL-1b, IFN-c, IL-4 and

mouse non-immune immunoglobulin G1 (IgG1) were

purchased from R&D Systems, Inc. (Minneapolis, MN).

Lymphoprep was from BioLynx Inc. (Brockville, ON,

Canada) Advanced RPMI-1640, penicillin–streptomycin–

glutamine (PSG), TRIzol reagent, Superscript II and

NeutrAvidin were from Invitrogen Life Technologies

(Carlsbad, CA). Fetal bovine serum (FBS) was from

Hyclone (Logan, UT). Hanks’ balanced salt solution

(HBSS), 3,30,5,50 tetramethyl benzidine liquid substrate

(TMB), Tween-20 and Triton X-100 were purchased from

Sigma Chemicals (Oakville, Canada). Affinity purified

goat anti-(human eotaxin-3) sera and biotinylated anti-

(human eotaxin-3) Ig were purchased from PeproTech

(Rocky Hill, NJ). Supersignal West Pico chemilumines-

cent reagent was from Pierce (Rockford, IL). TaqMAN

PCR master mix for use in standard polymerase chain

reaction (PCR) was from Qiagen (Mississauga, Canada).

TaqMAN universal PCR master mix for use in real-time

PCR and the 18S primer/probe kit were from Applied

Biosystems (Warrington, UK). Rabbit anti-[human signal

transducer and activation of transcription 6 (STAT6)],

rabbit anti-(human phospho-STAT6) and rabbit anti-

(human b-actin) Igs were purchased from New England

Biolabs Ltd (Pickering, Canada). All other reagents were

from VWR International (Edmonton, Canada).

Cell culture and isolation

Human promonocytic U937 cells were obtained from the

American Type Culture Collection (Manassas, VA) and

maintained as recommended. Whole blood was obtained

from healthy volunteers, as approved by the Ethics Com-

mittee at the University of Calgary. Platelet-rich plasma

was removed from heparinized whole blood following

centrifugation at 250 g for 20 min. The remaining leuco-

cytes and red blood cells were diluted in HBSS, carefully

layered onto Lymphoprep and centrifuged at 400 g for

30 min. The mononuclear cells were harvested and

washed with HBSS, and 8 · 106 cells/well were allowed to

adhere onto six-well tissue culture plates for 2 hr at 37�
in serum-free RPMI-1640. Non-adherent cells and con-

taminating platelets were carefully removed from the plate

by multiple wash steps using HBSS. The purity of cells

remaining on the plate after 2 hr of adhesion was > 90%

monocytes, with contaminating cells being platelets and

lymphocytes. The remaining adherent cells were cultured

overnight in RPMI-1640 containing 5% FBS. For studies

using monocytes, adherent cells were washed and incu-

bated in serum-free RPMI-1640 in the presence or

absence of cytokines for 24 hr. In control experiments,

purified lymphocytes or platelets were stimulated with

IL-4 for 24 hr and the expression of CCL26 was deter-

mined. Neither cell type showed an increase in CCL26

(data not shown). For MDM cultures, fresh RPMI-1640

containing 5% FBS and 5% human serum was added to

the monocyte cultures after the overnight incubation. The

cells were cultured for an additional 7 days to allow their

differentiation into macrophages. Human serum, which

contains monocyte colony-stimulating factor, was used to

differentiate monocytes into macrophages as opposed to

exogenous cytokines, as previously described by our

group.14 Differentiation was determined morphologically,

by flow cytometry, showing expression of CD14, but not

CD83 (a dendritic cell marker), and by immunohisto-

chemistry examining CD14 and CD83 (data not shown).

Western blotting for STAT6 in whole-cell lysates

Following stimulation, U937 cells were lysed with hot 2 ·
Laemelli buffer. Proteins were separated by sodium

dodecyl sulphate–polyacrylamide gel electrophoresis

(SDS–PAGE), and Western blotting was performed using

phospho-specific STAT6, total STAT6 or b-actin anti-

bodies. Immunoblots were visualized using a Fluor-S

MAX� MultiImager and analysed using QUANTITY ONE

software (Bio-Rad Laboratories, Hercules, CA).

RNA extraction, reverse transcription–PCR and real-time
PCR

Total RNA was extracted from cells, and first-strand

complementary DNA (cDNA) was synthesized using

Superscript II, as described in the manufacturer’s instruc-

tions. cDNA was amplified by PCR using either Taq

polymerase or TaqMAN Universal master mix. Primer

sequences for standard PCR amplification were as follows.

CCL26 forward primer: 50-AGTCACAATTGTTTCGGAGTT-30

reverse primer: 50-AGTCTCCACCTTGGAACTG-30
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b-actin forward primer: 50-CATGGATGATGATATCGCCG-30

reverse primer: 50-ACAGCCTGGATAGCAACGTA-30

Primer sequences for real-time PCR were as follows.

CCL26 forward primer: 50-ACACGTGGGAGTGACATATCCA-30

reverse primer: 50-GACTTTCTTGCCTCTTTTGGTAGTG-30

probe: TACAGCCACAAGCCCCTTCCCTGG.

A commercially purchased primer and probe were used for

18S ribosomal RNA (rRNA). The amount of CCL26 mRNA

in each sample was calculated using the )delta delta Ct

()ddCt) method.

CCL26 detection by enzyme-linked immunosorbent assay

Following stimulation, supernatants were harvested and

stored at )20�. A goat anti-(human CCL26) capture Ig

and a biotinylated anti-(human CCL26) detection Ig were

used in an enzyme-linked immunosorbent assay (ELISA)

to measure CCL26 protein. The detection limit for the

ELISA was 12�5 pg/ml.

Statistics

All experiments were performed at least three times. Data

are presented as mean ± standard error of the mean

(SEM). Statistical differences between groups were deter-

mined using either one-way or two-way analysis of vari-

ance (ANOVA) with the appropriate post-test comparison.

P-values of less than 0�05 were considered statistically

significant.

Results

CCL26 mRNA is expressed in monocytic cells
following IL-4 stimulation

We investigated both constitutive and cytokine-induced

expression of CCL26 mRNA in the monocytic cell line,

U937, and in primary human MDMs and monocytes. Cells

were stimulated for 24 hr in the presence or absence of

10 ng/ml of IL-4, TNF-a, IL-1b or IFN-c. This concentra-

tion of the respective cytokines has been shown to increase

the expression of CCL11 and/or CCL24 in other cell

types.6,7,11 We previously showed that 10 ng/ml of IL-4

induced robust expression of CCL26 in human endothelial

cells.15 RNA was harvested and CCL26 mRNA was detected

by RT-PCR. With the exception of U937 cells, there was no

constitutive expression of CCL26 by monocytic cells

(Fig. 1a–c). Treatment with IL-4 led to increased expression

of CCL26 mRNA in U937, MDMs and monocytes, whereas

the other cytokines tested had little to no effect on CCL26

mRNA expression (Fig. 1a–c). Neither increasing the

CCL26
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Figure 1. CCL26 messenger RNA (mRNA) is expressed in monocytic cells following stimulation with interleukin (IL)-4. (a and d) U937 cells,

(b and e) monocyte-derived macrophages (MDMs), or (c and f) monocytes were cultured for 24 hr in medium alone (Con) or in mediim con-

taining 10 ng/ml of IL-4, tumour necrosis factor-a (TNF-a), IL-1b or interferon-c (IFN-c). RNA was isolated from the cells using TRIzol. (a–c)

The expression of mRNA for CCL26 and b-actin was evaluated using the reverse transcription–polymerase chain reaction (RT-PCR), and the

PCR products were visualized by gel electrophoresis in the presence of ethidium bromide. Data are representative of results obtained from at least

three independent experiments. (d–f) The expression of mRNA for CCL26 was evaluated using real-time PCR and data were normalized using

18S ribosomal RNA (rRNA) expression. Values for cytokine-stimulated cells were compared with values for control cells and data were then

expressed as the mean ± standard error of the mean (SEM) of )delta delta Ct ()ddCt) from at least three independent experiments. **P < 0�01

indicates statistical significance compared with the control.
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concentration of TNF-a, IL-1b or IFN-c nor increasing the

time to 48 hr resulted in CCL26 expression in U937 cells

(data not shown). Treatment of other leucocyte subclasses,

including neutrophils, lymphocytes or platelets, with IL-4

did not induce CCL26 expression (data not shown). We

used real-time PCR and quantified these results by means of

the )ddCt method, using the housekeeping gene 18S rRNA

to normalize the data and using control cells as the calibra-

tor (Fig. 1d–f). A value equal to the control will be 0. The

results showed that treatment with IL-4 resulted in a signifi-

cant increase in CCL26 over control values (U937 cells:

5�30 ± 0�43, n = 6, P < 0�01; MDMs: 13�83 ± 0�51, n = 3,

P < 0�01; monocytes: 10�32 ± 1�43, n = 3, P < 0�01).

IL-4-induced CCL26 mRNA expression in monocytic
cells is concentration-dependent and time-dependent

To further examine CCL26 gene expression in U937 cells

and MDMs, cells were incubated with a range of concen-

trations of IL-4 for 24 hr. CCL26 mRNA levels were ana-

lyzed using real-time PCR. As shown in Fig. 2a,c, the

increased levels of CCL26 mRNA correlated with increas-

ing concentrations of IL-4, with a plateau at 10 ng/ml in

both U937 cells and MDMs. To determine the kinetics of

CCL26 gene expression, U937 cells and MDMs were stim-

ulated with 10 ng/ml of IL-4 for 1–72 hr. IL-4 induced a

very rapid (within 1 hr) and robust increase in CCL26

gene expression in both U937 cells (4�5 ± 0�5, n = 5,

P < 0�01) (Fig. 2b) and MDMs (8�0 ± 1�2, n = 4,

P < 0�01) (Fig. 2d). Expression in U937 cells began early

at 1 hr, followed by a prolonged increase that continued

to 24 hr. The levels of CCL26 then showed a decrease at

48 and 72 hr, although they were still elevated over con-

trol values (48 hr: 4�2 ± 1�0, n = 4, P < 0�01; 72 hr:

3�8 ± 0�78, n = 4, P < 0�01) (Fig. 2c). Unlike U937 cells,

in MDMs early expression of CCL26 was sustained for as

long as 72 hr following stimulation (Fig. 2d).

IL-4 induces CCL26 protein release from U937 cells
and MDMs

To investigate whether U937 cells secrete CCL26, the

cells were incubated with a range of concentrations of

IL-4 for 24 and 48 hr. The supernatants were harvested

and then assayed for CCL26 using an ELISA. No

CCL26 was detected in the supernatants from U937

cells treated with medium alone, suggesting that U937

cells do not constitutively release CCL26 protein

(Fig. 3a,b). IL-4 induced robust CCL26 release from

U937 cells, with maximal levels detected using 10 ng/ml

of IL-4 for 48 hr (692�83 ± 57�44 pg/ml, n = 6,

P < 0�01 compared with the control). Similarly to U937

cells, no detectable levels of CCL26 were measured in

supernatants from MDMs treated with medium alone

(Fig. 3c). Stimulation with 10 ng/ml of IL-4 induced

the release of CCL26 protein at 24 and 48 hr (control:

0�12 ± 0�12 pg/ml, n = 8; 24 hr: 28�00 ± 7�2 pg/ml n =

8, not significant; 48 hr: 90�25 ± 22�91 pg/mL n = 8,

P < 0�001) (Fig. 3c). Consistent with mRNA data, no

CCL26 protein was detected following stimulation of

either U937 or MDMs with TNF-a, IL-1b or IFN-c
(data not shown). Notably, we found a high degree of
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t)Figure 2. Interleukin (IL)-4-induced CCL26

messenger RNA (mRNA) expression in mono-

cytic cells is concentration-dependent and time-

dependent. (a) U937 cells and (c) monocyte-

derived macrophages (MDMs) were cultured

for 24 hr in medium alone or in medium con-

taining increasing amounts of IL-4 (0�1–50 ng/

ml). (b) U937 cells and (d) MDMs were cul-

tured in medium alone, or in medium contain-

ing 10 ng/ml of IL-4, for 1–72 hr. RNA was

extracted from the cells using TRIzol. The

expression of mRNA for CCL26 was evaluated

by real-time polymerase chain reaction (PCR)

and the data were normalized using 18S ribo-

somal RNA (rRNA) expression. Values for cyto-

kine-stimulated cells were compared with those

of control cells and data were then expressed as

the mean ± standard error of the mean (SEM)

of )delta delta Ct ()ddCt) from at least four

independent experiments. **P < 0�01 indicates

statistical significance compared with the con-

trol; and ns is not significant.
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donor-to-donor variation in the levels of CCL26

released from MDMs when the cells from eight differ-

ent individuals were used. Owing to the variability in

the levels of CCL26 released from MDMs, U937 cells

were used in subsequent experiments.

TNF-a and IL-1b synergize with IL-4 to induce
enhanced expression of CCL26 protein

TNF-a or IL-1b synergize with IL-4 in A549 airway epi-

thelial cells to enhance CCL26 expression and release.8 To

investigate whether pro-inflammatory cytokines could

synergize with IL-4 to enhance CCL26 mRNA and protein

release in U937 cells, cells were treated with IL-4, either
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cells. U937 cells were cultured for 48 hr in medium alone (Control) or

in medium containing 10 ng/ml of IL-4, TNF-a, IL-1b or IFN-c,

alone, or in combination with IL-4. (a) RNA was extracted from the

cells using TRIzol. The expression of CCL26 mRNA was evaluated by

real-time polymerase chain reaction (PCR) and data were normalized

using 18S ribosomal RNA (rRNA) expression. Values for cytokine-

stimulated cells were compared with those for control cells and data

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

of )delta delta Ct ()ddCt) from at least three independent experiments.

(b) Supernatants were collected and CCL26 protein was measured

using enzyme-linked immunosorbent assay (ELISA). Data are expres-

sed as mean ± standard error of the mean (SEM) of at least three

independent experiments. *P < 0�05; **P < 0�01 and ***P < 0�001

compared to stimulation with IL-4 alone. U937 cells were stimulated

with (c) IL-4 or (d) IL-4 and TNF-a for 1–360 min. Cell lysates were

harvested in 2 · Laemelli sample buffer and analysed by Western blot-

ting for phosphorylated signal transducer and activator of tran-

scription 6 (p-STAT6) and Total STAT6. The blots shown are

representative of the results obtained in more than three independent

experiments. Densitometry was performed, the ratio of the signal in

P-STAT6 to total STAT6 was determined and the value is shown.
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alone or with TNF-a, IL-1b or IFN-c, for 48 hr. U937

cells treated with IL-4, together with TNF-a or IL-1b,

demonstrated a slight, but significant, increase in CCL26

mRNA expression when compared with the CCL26

mRNA levels obtained from U937 cells treated with IL-4

alone (Fig. 4a). CCL26 protein release was substantially

enhanced in supernatants harvested from U937 cells stim-

ulated with a combination of IL-4/TNF-a and IL-4/IL-1b
when compared to U937 cells stimulated with IL-4 alone

(IL-4 alone: 474 ± 89 pg/ml, n = 5; IL-4 + TNF-a:

2004 ± 99�27 pg/ml, n = 5, P < 0�001 compared to stim-

ulation with IL-4 alone; IL-4 + IL-1b: 1069 ± 172 pg/ml,

n = 5, P < 0�01 compared to stimulation with IL-4 alone)

(Fig. 4b). The levels of CCL26 protein detected were

greater than the sum of the release induced by the cyto-

kines on their own, clearly demonstrating synergy

between IL-4 and either TNF-a or IL-1b. Costimulation

with IFN-c led to a significant increase in CCL26 mRNA,

but had no effect on IL-4-mediated CCL26 protein release

(Fig. 4).

Levels of total and phosphorylated STAT6 in IL-4-
stimulated U937 cells

Several investigators have suggested that the synergistic

effects observed following cytokine costimulation occur as

a result of cytokine-enhanced expression of the IL-4

receptor a subunit (IL-4Ra). We investigated the change

in expression of IL-4Ra mRNA under these conditions

using real-time PCR and were unable to detect any signif-

icant alteration in the expression of this receptor subunit

under any of the conditions tested (data not shown). We

next examined STAT6 phosphorylation to determine if

there were changes in the extent or kinetics of activation.

U937 cells were stimulated with IL-4 or TNF-a, alone or

in combination, for 1–360 min. Whole-cell lysates were

immediately harvested and assayed, by Western blotting,

for phosphorylated and total STAT6 expression. As

expected, IL-4 induced a time-dependent phosphorylation

of STAT6 (Fig. 4c). A similar pattern of STAT6 phos-

phorylation was seen following stimulation of U937 cells

with the combination of IL-4 and TNF-a (Fig. 4d), sug-

gesting that the phosphorylation of STAT6 was neither

prolonged nor enhanced by combined cytokine treatment.

The levels of total STAT6 varied slightly, and thus densi-

tometry was performed and the ratio of P-STAT6 to total

STAT6 was determined. This showed that TNF did not

alter the extent or the kinetics of STAT6 phosphorylation

induced by IL-4 (Fig. 4c,d).

Pretreatment of U937 cells with IFN-c decreases IL-4-
induced CCL26 gene expression and CCL26 release

Yamamoto et al.16 showed that a 48-hr pretreatment of

bronchial epithelial cells with IFN-c enhanced CCL26

gene expression and protein production induced by

IL-4. To determine whether this was also observed in

monocytic cells, U937 cells were pretreated with IFN-c
for 48 hr and then stimulated with IL-4. Surprisingly,

this resulted in a substantial decrease in expression of

CCL26 mRNA (Fig. 5a), suggesting that monocytic cells

regulate CCL26 differently than epithelial cells. We next

measured the levels of CCL26 protein release and found

that pretreatment with IFN-c led to a reduction in

IL-4-induced CCL26 release (10 ng/ml of IL-4 alone:

404 ± 32 pg/ml, n = 5; IL-4 + 10 ng/ml of IFN-c:

36 ± 7 pg/ml, n = 5; P < 0�001) (Fig. 5b). The influence

of IFN-c pretreatment was concentration-dependent,

with maximal reductions seen following pretreatment

of the U937 cells with 10 and 100 ng/ml of IFN-c
(Fig. 5b).
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Figure 5. Treatment with interferon-c (IFN-c) prevents subsequent

interleukin (IL)-4-induced CCL26 messenger RNA (mRNA) and

protein expression in U937 cells. U937 cells were cultured for 48 hr

in medium alone (0) or in medium containing 0�1–100 ng/ml of

IFN-c. The U937 cells were then washed and incubated with fresh

serum-free medium, either alone or containing IL-4 (1 or 10 ng/ml),

for 24 hr. (a) RNA was isolated from the cells using TRIzol. The

expression of mRNAs for CCL26 and b-actin was evaluated using

the reverse transcription–polymerase chain reaction (RT-PCR). PCR

products were visualized by gel electrophoresis in the presence of

ethidium bromide. Data are representative of the results obtained

from at least three independent experiments. (b) Supernatants were

collected and CCL26 protein was measured using enzyme-linked

immunosorbent assay (ELISA). Data are expressed as mean ± stan-

dard error of the mean (SEM) of at least three independent experi-

ments. ***P < 0�001 compared to the Control (0) with no IL-4; ns,

not significant.
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Pretreatment with IFN-c decreases total STAT6
expression levels in U937 cells

To determine whether the IFN-c pretreatment affected

IL-4-induced STAT6 phosphorylation in monocytic cells,

U937 cells were cultured in the presence of medium

alone, or in medium containing IFN-c, for 24 and 48 hr.

The cells were then stimulated with IL-4, either alone or

with IFN-c, for 10 min. Whole-cell lysates were immedi-

ately harvested and Western blotted for phosphorylated

STAT6, total STAT6 and b-actin. As expected, IL-4 alone

induced robust phosphorylation of STAT6 (Fig. 6a).

Pretreatment of U937 cells with IFN-c for 48 hr before

stimulation with IL-4 blocked phosphorylation of STAT6

(Fig. 6a). A 24-hour pretreatment with IFN-c also

decreased IL-4-induced STAT6 phosphorylation, but to a

lesser extent (Fig. 6a). When total STAT6 levels were

examined, we found that total STAT6 was decreased

following IFN-c pretreatments (Fig. 6a). This decline in

total STAT6 was not caused by global changes in protein

levels, because b-actin expression was not significantly

affected by IFN-c pretreatment (Fig. 6a). Densitometry

revealed a significant decrease in total STAT6 protein lev-

els following 24 and 48 hr of treatment with IFN-c
(Fig. 6b). The decrease in total STAT6 mirrored the

decrease we observed in phosphorylated STAT6, suggest-

ing that the reduction in phosphorylated STAT6 was, in

part, related to a decrease in total STAT6 protein. These

data suggest that pretreatment with IFN-c decreases

STAT6 protein levels, thus inhibiting IL-4-induced CCL26

expression in U937 cells.

Discussion

CCL26 may play an important role in several human dis-

eases including eosinophilic oesophagitis, atopic dermati-

tis and asthma.17–20 Furthermore, single nucleotide

polymorphism (SNP) analysis has revealed that polymor-

phisms in CCL26 are associated with increased suscepti-

bility to these diseases as well as to rhinitis and

rheumatoid arthritis.19–23 Also, low CCL26 levels in the

peripheral blood have been shown be an independent

indicator of future mortality and morbidity in patients

with established coronary artery disease.24 These chronic

diseases are often associated with monocyte and/or mac-

rophage activation; thus, understanding the mechanisms

that regulate CCL26 expression and function in mono-

cytic cells may provide new insights into these conditions.

The results of this study showed that human periph-

eral blood monocytes, MDMs and U937 cells are capa-

ble of expressing CCL26 mRNA and protein following

stimulation with the T helper 2 (Th2) cytokine, IL-4.

The studies that originally characterized CCL26 stated

that CCL26 mRNA was not detected in peripheral

blood leucocytes.3,25 Our data are consistent with these

studies, as CCL26 mRNA was only detected in primary

human monocytic cells following stimulation with IL-4.

CCL26 mRNA expression was rapidly upregulated in

U937 cells, monocytes and MDMs following stimulation

with IL-4. This time course is consistent with the

reported kinetics of IL-4-induced CCL26 mRNA expres-

sion in other cell types, such as lung and intestinal

epithelial cells,26,27 where mRNA is detected early and

is sustained for at least 48 hr. U937 cells, monocytes

and MDMs also expressed significant amounts of

CCL26 protein. Our findings are further supported by

a recent study examining the effects of hypoxia on

immature dentritic cells. In this study, peripheral blood

monocytes were treated with IL-4 and granulocyte–

macrophage colony-stimulating factor (GM-CSF) for

72 hr to induce an immature dentritic cell phenotype.

Under these conditions, CCL26 mRNA and protein lev-

els were elevated to levels similar to this study.28
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Figure 6. Treatment with interferon-c (IFN-c) decreases total signal

transducer and activator of transcription 6 (STAT6) protein and sub-

sequent interleukin (IL)-4-induced STAT6 phosphorylation in U937

cells. (a) U937 cells were cultured for 24 or 48 hr in medium alone

(none) or in medium containing 100 ng/ml of IFN-c. U937 cells

were then washed and incubated with fresh serum-free medium

alone or with medium containing IL-4 (10 ng/ml) or IL-4 and IFN-c
for 10 min (co-inc). Cell lysates were harvested in 2 · Laemelli sam-

ple buffer and analysed by Western blotting for phosphorylated

STAT6 (P-STAT6), total STAT6 (T-STAT6) and b-actin. (a) The

blots shown are representative of the results obtained in three inde-

pendent experiments. (b) Densitometry was used to measure the lev-

els of total STAT6 and b-actin, and the values were expressed as a

percentage of the density levels of each respective protein present in

U937 cells cultured for 48 hr in the presence of medium alone

(none) ± standard error of the mean (SEM) from four independent

experiments. **P < 0�01 compared to cells cultured for 24 hr in the

presence of medium alone.
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Pro-inflammatory cytokines, such as TNF-a, IL-1b and

IFN-c, are released in the early stages of allergic inflam-

mation. The CCL11 promoter contains binding sites

for many transcription factors, including specificity pro-

tein-1 (SP1), nuclear factor-jB (NF-jB), activator pro-

tein 1 (AP-1), CCAAT/enhancer binding protein and

STAT6.11,29 As a result, CCL11 expression can be regu-

lated by TNF-a via NF-jB and by IL-4 via STAT6.30 In

contrast, the CCL26 promoter only contains a single

STAT6-binding motif located upstream of the transcrip-

tion initiation site;10 hence, as shown in Figs 1 and 2, nei-

ther TNF-a nor IL-1b alone were able to induce

significant gene expression or protein synthesis of CCL26

in monocytic cells. Furthermore, TNF-a did not alter

IL-4-mediated STAT6 activation. Despite this, TNF-a and

IL-1b synergized with IL-4 to increase CCL26 protein

expression in U937 cells (Fig. 4b). This occurred with

only a modest increase in CCL26 mRNA, suggesting that

the synergistic effect could have occurred following

transcription. There is precedent for this in the eotaxin

family, as shown by data in human epithelial cells where

TNF-a and IL-4 regulate CCL11 expression both at the

level of transcription as well as during translation by

increasing mRNA stability.31 The time course for CCL26

expression also suggests that CCL26 may be regulated at

the level of translation. Peak mRNA transcription

occurred as early as 1 hr following stimulation, yet pro-

tein levels did not reach maximal levels until 48 hr.

Future studies will explore the role of translational regula-

tion in CCL26 expression in monocytic cells.

Modulation of CCL26 expression by IFN-c was very

different from that observed with TNF-a and IL-1b.

IFN-c had no effect on CCL26 expression when intro-

duced simultaneously with IL-4, but had a profound

effect on both mRNA and protein levels if cells were

pre-exposed to IFN-c before stimulation with IL-4. This

is in part because of decreased expression and phosphory-

lation of STAT6. Previous studies of the effect of IFN-c
on IL-4/STAT6 signal transduction in human monocytes

suggested that there are several possible mechanisms by

which IFN-c could inhibit the IL-4-activated STAT6

pathway, such as the downregulation of IL-4R receptors

on the cell surface, inhibition of Janus kinase (JAK),

induction of phosphatases and the degradation of STAT

proteins.32–34 Our data show that pretreatment with

IFN-c for 48 hr decreased the expression of CCL26

mRNA, and had an even more pronounced effect on pro-

tein expression. This correlates with the results of Heller

et al.,35 who showed that IL-4-induced CCL26 protein

production in epithelial cells is fivefold more sensitive to

IFN-c pretreatment than mRNA expression. The decrease

in CCL26 protein and gene expression in U937 cells pre-

treated for 48 hr with IFN-c before IL-4 stimulation

(Fig. 5) correlated with a reduction in both phosphory-

lated and total STAT6 protein (Fig. 6). This differs in part

from the mechanism used by IFN-c in epithelial cells

where IFN-c decreased phosphorylated STAT6, but did

not affect total cytoplasmic STAT6 levels.35 These results

suggest that there is a complex communication between

the Th2 cytokine, IL-4, and pro-inflammatory cytokines

such as TNF-a, IL-1b and IFN-c in the regulation of

CCL26 synthesis in monocytic cells.
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