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CCL26-Targeted siRNA Treatment of Alveolar Type II Cells 
Decreases Expression of CCR3-Binding Chemokines 

and Reduces Eosinophil Migration: 
Implications in Asthma Therapy

Younes J. Errahali, Equar Taka, Barack O. Abonyo, and Ann S. Heiman

The underlying infl ammation present in chronic airway diseases is orchestrated by increased expression of CC 
chemokines that selectively recruit leukocyte populations into the pulmonary system. Human CCL26 signals 
through CC chemokine receptor 3 (CCR3), is dramatically upregulated in challenged asthmatics, and stimulates 
recruitment of eosinophils (EOSs) and other leukocytes. CCL26 participates in regulation of its receptor CCR3 
and modulates expression of a variety of chemokines in alveolar type II cells. Utilizing the A549 alveolar type II 
epithelial cell culture model, we carried out studies to test the hypothesis that CCL26-siRNA treatment of these 
cells would ameliorate Th2-driven release of the eotaxins and other CCR3 ligands that would, in turn, decrease 
recruitment and activation of EOSs. Results demonstrate that CCL26-siRNA treatments decreased interleukin-
4-induced CCL26 and CCL24 expression by > 70%. CCL26-directed small-interfering RNA (siRNA) treatments 
signifi cantly decreased release of CCL5 (RANTES), CCL15 (MIP-1δ), CCL8 (MCP-2), and CCL13 (MCP-4). In bio-
activity assays it was shown that EOS migration and activation were reduced up to 80% and 90%, respectively, 
when exposed to supernatants of CCL26-siRNA-treated cells. These results provide evidence that CCL26 may be 
an appropriate target for development of new therapeutic agents designed to alleviate the underlying infl amma-
tion associated with chronic diseases of the airways.

Introduction

Chemokines are a superfamily of over 50 small secreted 
proteins named for their precise orchestration of leu-

kocyte traffi cking in both homeostatic and disease states. 
Within the recently devised systematic nomenclature, 
chemokines are divided into four groups based on the 
arrangement of their amino-terminal cysteine residues. The 
largest groups are designated CC and CXC for their adjacent 
cysteine amino acids or cysteine residues separated by a sin-
gle amino acid moiety, respectively (Bacon and others 2002). 
Chemokine effects are mediated through over 20 G protein–
coupled receptors also grouped as CC chemokine receptors 
(CCRs) that generally bind with the CC chemokines and 
CXCRs that generally limit their binding to CXC ligands 
(Murphy 2002; Pease and Williams 2006). Bioactivities and 
functions of the chemokines extend well beyond their ini-
tially identifi ed chemotaxis properties. In addition to their 
integral roles in both the innate and adaptive arms of the 

immune system, chemokines are implicated in the path-
ogenesis of diseases including rheumatoid arthritis, ath-
erosclerosis, multiple sclerosis, infl ammatory diseases of 
the skin and lung, chronic obstructive pulmonary disease 
(COPD), allergic rhinitis and asthma (Charo and Ransohoff 
2006). In addition to their specifi cally defi ned pathologies, 
one pulmonary problem common to emphysema, chronic 
bronchitis, COPD, and asthma is underlying and complex 
lower airway infl ammation regulated by chemokine recep-
tor/ligand signaling. Airway structural or constituent cells 
that include fi broblasts, myofi broblasts, endothelial cells, 
smooth muscle cells, and airway epithelial cells are impor-
tant sources of cytokines and chemokines that play pivotal 
roles in the perpetuation of the underlying airway infl am-
matory responses.

Studies with asthmatics have shown a strong corre-
lation between eosinophil (EOS) numbers in bronchoal-
veolar lavage, endobronchial biopsies and sputum, and 
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(Kobayashi and others 2004). Collectively, these results sug-
gest that CCL26 may indeed be playing central and differ-
ential roles in the persistence of eosinophilic pulmonary 
infl ammation in humans.

The expression of the eotaxin CCR3 receptor on airway 
epithelial cells suggests that CCR3–ligand interactions may 
modulate epithelial cell function and gene expression. To 
date, there are more chemokines capable of binding and 
transducing signals through CCR3 than any of the other 
CCRs (Pease and Williams 2006). Other agonists that bind 
CCR3 with varying potency and effi cacy include RANTES 
(CCL5), MEC (CCL28), MCP-2 (CCL8), MCP-3 (CCL7), MCP-4 
(CCL13), and MIP-1δ (CCL15) (Fan and others 2005). There 
is a remarkable overlap between this CCR3 agonist list and 
the increased expression of CC chemokines implicated 
in recruitment of leukocyte populations into the pulmo-
nary system. Indeed, biopsies from asthmatic lungs have 
confi rmed increased levels of Th2 cytokines (IL-4, IL-13), 
CCR3 and several of its ligands (Komiya and others 2003; 
Zimmermann and others 2003; Kobayashi and others 2004). 
Interleukin-4 is known to upregulate CCR3 and expression 
and release of CCL24 and CCL26 in both bronchial and alve-
olar type II cell culture systems (Stellato and others 2001; 
Heiman and others 2005). Presence of both the receptor and 
its high-affi nity ligands in the pulmonary epithelium pro-
vide conditions for autoregulatory mechanisms. Using the 
alveolar type II cell system, we have previously shown that 
transfection of the A549 cells with CCR3-siRNAs followed 
by IL-4 stimulation resulted in concomitant reductions 
in CCR3 and CCL26 release (Taka and others 2008). Thus, 
with respect to CCL26, results imply that multiple receptor/
ligand pathways are involved in its signaling and modula-
tion, CCL26 release from activated cells is robust and sus-
tained, and that CCL26 may signal leukocyte traffi cking in 
an organized and coordinated manner to elicit specifi c dis-
ease stage–specifi c bioactivities.

In this regard, we hypothesized that post-transcrip-
tional silencing of CCL26 in Th2 cytokine–stimulated 
alveolar type II cells would also downregulate CCL24 and 
other CC chemokines that bind with CCR3 and this would 
favorably decrease migration and activation of EOSs. The 
data presented here demonstrate that CCL26-directed 
small-interfering RNAs (siRNAs) specifi cally and signif-
icantly suppress CCL26 mRNA and protein expression 
in IL-4-stimulated A549 alveolar type II cells. Using the 
CCL26-siRNA-treated A549 alveolar type II cell system, 
we demonstrate for the fi rst time that siRNA-induced inhi-
bition of CCL26 signifi cantly suppresses IL-4-stimulated 
release of CCL24 by >80%. Six additional chemokines 
capable of binding to CCR3 were then assessed. Of these, 
increased release in response to IL-4 treatment of alveolar 
type II cells was noted for CCL5 (RANTES), CCL15 (MIP-1δ), 
CCL8 (MCP-2), and CCL13 (MCP-4). CCL26-directed siRNA 
treatments signifi cantly decreased release of CCL5, CCL15, 
CCL8, and CCL13. Interestingly, levels of the known CCR3 
antagonists MIG (CXCL9) and I-TAC (CXCL11) were also 
suppressed in cells treated with CCL26-targeted siRNAs. 
In bioactivity assays it was shown that silencing of CCL26 
decreased both migration and activation of EOSs exposed to 
alveolar type II cell supernatants. These results provide evi-
dence that CCL26 may be an appropriate target for curtail-
ing the underlying infl ammation associated with chronic 
diseases of the airways.

 hyper-responsiveness of the airways (Green and others 
2002). This characteristic traffi cking of EOS is directed, in 
part, by EOS-selective chemokines and their receptors, most 
notably the three eotaxins CCL11, CCL24, and CCL26. They 
exert EOS bioactivities by signaling predominantly through 
the CC receptor three (CCR3) which is highly expressed on 
human EOSs but also found on basophils, mast cells, sub-
population of Th2 cells, and dendritic cells (Ponath and 
others 1996; Phillips and others 2003; Garcia and others 
2005). CCL11 was the fi rst highly EOS-selective chemokine 
discovered by protein purifi cation and peptide sequencing 
of bronchoalveolar lavage fl uid. CCL24 was then identifi ed 
followed shortly by discovery of CCL26 during a system-
atic search of the CCL24 genomic region (Kitauri and others 
1999). Work with animal models has delineated the impor-
tance of CCR3-CCL11 and CCR3-CCL24 receptor–ligand 
signaling in airway disease (Humbles and others 2004; Lee 
and others 2004). Hallmark features of asthma confi rmed 
were: the importance of CCR3 and eotaxins on EOS recruit-
ment, a regulatory role of EOSs in Th2 cytokine produc-
tion, diminished airway mononuclear cell accumulation, 
reduced mucus production and the EOS/CCR3–ligand 
dependence of allergen-induced overexpressed gene tran-
scripts (Fulkerson and others 2006).

CCL26, however, is a human chemokine, therefore under-
standing its signaling, functions, and bioactivities must be 
gathered through clinical, ex vivo and in vitro experimenta-
tion. The following is a synopsis of recent studies focusing 
on the presence, regulation, and function of the CCL26-CCR3 
system in the human pulmonary system. These fi ndings 
underpin the rationale for the present investigations. With 
respect to chronic airway diseases, several resident cell types 
selectively produce eotaxins and express CCR3 including 
bronchial and alveolar type II epithelial cells (Stellato and 
others 2001; Abonyo and others 2005), fi broblasts (Puxeddu 
and others 2005), monocytes, dendritic cells (Moon and oth-
ers 2007; Regamey and others 2007), smooth muscle cells 
(Joubert and others 2005; Odaka and others 2007), and endo-
thelial cells (Shinkai and others 1999; De Lucca 2006). In an 
in vitro transepithelial chemotaxis system, it was found that 
CCL26 was the only eotaxin that remained bound to the cell 
surface, an association critical for EOS transepithelial migra-
tion (Yuan and others 2006). In comparative clinical studies 
of asthmatics it was found that the elevated prechallenge 
CCL11 and CCL24 messenger RNA (mRNA) levels did not 
increase following allergen challenge. In contrast, CCL26 
expression was dramatically upregulated (to 100-fold) in 
asthmatics 24 h following allergen exposure (Berkman and 
others 2001). Numbers of biopsy cells expressing CCL26 
and CCL24, but not CCL11, correlated signifi cantly with 
the magnitude of the late asthmatic response (Ravensberg 
and others 2005). Th2-type cytokines induce release of sig-
nifi cant amounts of the eotaxins from both bronchial and 
alveolar type II cells (Komiya and others 2003; Yamamoto 
and others 2004; Heiman and others 2005). In contrast to the 
other eotaxins, CCL26 mRNA is reportedly not present in 
unstimulated lung epithelial cells. Its comparative time- and 
concentration-dependent induction by interleukin-4 (IL-4) 
support the conclusion that CCL26 expression is modu-
lated differently than CCL11 or CCL24 (Nakamura and oth-
ers 2001; Banwell and others 2002). Differential regulation 
is also noted by inclusion of NF-κB inhibitors that abrogate 
CCL11 mRNA induction but stimulate CCL26 expression 
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CCL26 SILENCING IN ALVEOLAR TYPE II CELLS 229

above. Cell suspensions were centrifuged at 80g, superna-
tants aspirated and cell pellets resuspended in lysis buffer 
(20 mM Tris (pH 7.4), 2 mM EDTA, 150 mM NaCl, 0.5% Triton 
X-100, and one tablet/10 mL of protease inhibitor cocktail) 
(Sigma-Aldrich Chemical Co., St. Louis, MO). Samples were 
incubated in ice for 30 min, sonicated for 3 s, centrifuged 
(5 min, 4ºC at 16,000g), supernatants collected for total pro-
tein content. Lysate protein concentrations were quanti-
fi ed with a Power WaveX340-I microplate reader equipped 
with KC4 v3.0 PowerReports software (Bio-Tek Instruments, 
Winooski, VT, USA). To detect CCR3, 10 μg lysate proteins 
in 200–500 μL water were introduced into a 96-well fi ltra-
tion/incubation manifold I system (Schleichter and Schuell, 
Germany) under vacuum. Nitrocellulose membranes were 
blocked in 3% bovine serum albumin (BSA) in PBS contain-
ing 0.05% Tween-20 (PBS-T) overnight at 4ºC with agitation 
then washed three times with PBS-T followed by incubation 
for 1 h at room temperature with 0.6 μg/mL rabbit antihu-
man CCR3 antibody (Imgenex, San Diego, CA). Following 
three washes, membranes were incubated with 1:2000 goat 
anti-IgG-horseradish peroxidase (Santa Cruz Biotechnology, 
Santa Cruz, CA) in PBS-T containing 0.5% BSA. After the 
fi nal four washes, membranes were incubated for 5 min 
with SuperSignal Pierce western substrate working solu-
tion and immunoblot images obtained with a Fluor-S Max 
MultiImaging system. Blot densities were assessed with 
Quantity One 1-D Analysis Software Version 4.6.0.

Chemokine and cytokine detection by specifi c ELISA

Synthesized and secreted CCL24 and CCL26 proteins 
were detected using specifi c enzyme-linked immunosorbent 
assays (ELISAs) (R&D Systems, Minneapolis, Minnesota). 
The secreted chemokines IL-8 (CXCL8), RANTES (CCL5), 
MCP-1(CCL2), and MCP-2 (CCL8) were also quantifi ed by 
specifi c ELISA (Ray Biotech, Norcross, Georgia). ELISA 
results were analyzed with the Power WaveX340-I microplate 
reader equipped with KC4 v3.0 PowerReports software.

RNA extraction and PCR

A549 airway epithelial cells were plated (0.2 × 106 cells/2 
mL) in 6-well plates, allowed to attach overnight and trans-
fected for 48 h as described above. Treated cell monolayers 
were washed, then treated with or without IL-4 (100 ng/mL) 
in fresh serum-free medium for 24 h. Total RNA was isolated 
using an Easy-spinTM (DNA free) total RNA extraction kit fol-
lowing the manufacturer’s protocol (iNtRON Biotechnology, 
distributed by Boca Scientifi c Inc., Boca Raton, FL). First-
strand complementary DNA (cDNA) was synthesized from 
5 μg of total RNA in a 100 μL reaction volume using an 
iScript cDNA synthesis kit as recommended by the manufac-
turer (Bio-Rad Laboratories). The cDNA synthesis thermal-
cycling program included three steps: 25°C for 5 min, 42°C 
for 30 min, then 85°C for 5 min. Polymerase chain reaction 
(PCR) amplifi cation with GAPDH (R&D Systems) serving 
as the internal control was performed as follows. From each 
sample, 2.5 μL cDNA was amplifi ed in 50 μL PCR reaction 
mixture (10× iTaq buffer, 50 mM MnCl2), 10 mM dNTP, 5 U/
μL iTaq DNA polymerase) containing 0.3 μM CCL26 primers 
(forward primer: GCC TGA TTT GCA GCA TCA TGA TGG 
and reverse primer: CGG ATG ACA ATT CAG CTG AGT 
CAC). The PCR thermal-cycling programs consisted of fi rst 

Materials and Methods

Cell culture

Human A549 alveolar type II epithelial-like cells 
[American Type Culture Collection (ATCC Manassas, VA) 
CCL-185] were grown in RPMI-1640/F-12K (50:50 vol/vol) 
supplemented with 10% fetal calf serum, penicillin (100 U/
mL), and streptomycin (100 μg/mL) in a humidifi ed atmo-
sphere of 5% carbon dioxide at 37°C. Trypsin/EDTA- or 
phosphate-buffered saline (PBS)/EDTA-dispersed cells 
were suspended in fresh medium in fl asks or wells at 0.1 × 
106 cells/mL (Abonyo and others 2005). Clone 15 HL-60 EOSs 
(ATCC CRL-1964) were cultured in RPMI 1640 (Cellgro by 
Mediatech, Inc., Herndon, VA, USA) supplemented with 10% 
fetal calf serum, 10 ng/mL IL-5 (Atlanta Biologicals, Atlanta, 
GA, USA), penicillin (100 U/mL) and streptomycin (100 μg/
mL) in a humidifi ed atmosphere as described above. Final 
differentiation was carried out for 7 days in supplemented 
RPMI-1640 containing 0.5 mM n-butyric acid (Badewa and 
Heiman 2003). Viability of cells harvested for experiments 
was assessed by trypan blue exclusion, and only populations 
of cells with viability >95% were used for experiments.

A549 alveolar type II epithelial cell 
CCL26-siRNA treatment protocol

Trypsin-dispersed A549 cells were washed, resuspended 
in antibiotic free medium supplemented with 2.5% fetal 
calf serum, seeded at 1.0 × 105 cells/mL in 12-well cluster 
plates (1 mL/well), incubated and allowed to attach over-
night. Dharmacon (Lafayette, CO) transfection reagent 
DharmaFECT 1 and ON-TARGETplus SMARTpool designed 
siRNAs (product #L-007838, human CCL26, NM_006072) 
consisting of duplexes 5, 6, 7, and 8 alone and equal amounts 
of the duplexes combined as the SMARTpool were used 
to inhibit CCL26. Dharmacon siCONTROL Nontargeting 
siRNA pool was used as the control. Sequences of the 
CCL26-targeted duplex sense sequences provided by 
Dharmacon are as follows: duplex 5 - G.A.A.A.G.U.C.U.G.U.
A.C.C.C.A.U.C.C.A.U.U, duplex 6 - G.C.U.A.U.G.A.A.U.U.C.A
.C.C.A.G.U.A.A.U.U, duplex 7 - C.C.G.A.A.A.C.A.A.U.U.G.U
.G.A.C.U.C.A.U.U, duplex 8 - G.A.U.A.U.U.C.A.C.U.A.C.C.A.
A.A.A.G.A.U.U. Antisense sequences for the duplexes are: 
duplex 5 - 5′-P.U.G.G.A.U.G.G.G.U.A.C.A.G.A.C.U.U.U.C.U.U, 
duplex 6 - 5′-P.U.U.A.C.U.G.G.U.G.A.A.U.U.C.A.U.A.G.C.U.U,
duplex 7 - 5′-P.U.G.A.G.U.C.A.C.A.A.U.U.G.U.U.U.C.G.G.U.U, 
and duplex 8 - 5′-P.U.C.U.U.U.U.G.G.U.A.G.U.G.A.A.U.A.U.
C.U.U. DharmaFECT 1 and siRNA products were prepared 
according to the manufacturer’s instructions. In a series of 
preliminary studies it was determined that maximal siRNA 
effects on CCL26 protein were seen at 72 h after transfec-
tion with 120 nM siRNAs. Transfection effi ciency was qual-
itatively assessed at >95% following treatment of cells with 
120 nM siCONTROL Tox for 48 h. Following transfection 
with CCL26 siRNAs,  monolayers were washed, then treated 
with or without IL-4 (100 ng/mL) in serum-free medium for 
24 h. Cell culture medium was collected, cells detached with 
PBS/EDTA, pelleted and cell lysates prepared.

Detection of CCR3 by dot immunoblotting

To assess effects of CCL26-siRNA treatments on CCR3, 
A549 airway epithelial cells were treated as described 
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Results

CCL26-targeted siRNA duplexes decrease 
CCL26 mRNA and protein expression in 
A549 alveolar type II cells

Experiments were carried out to verify that the CCL26-
targeted siRNA duplexes were blocking IL-4 stimulated 
CCL26 mRNA and protein expression. In preliminary PCR 
investigations it was found that treatment of A549 alveolar 
type II cells with ON-TARGETplus CCL26-siRNA duplexes 6 
and 8 resulted in greater suppression of CCL26 mRNA than 
duplexes 5, 7 or the combination of equal amounts of the four 
duplexes (SMARTpool). Specifi city of CCL26 mRNA inhibi-
tion was then studied with reverse transcriptase PCR using 
RNA purifi ed from A549 cells treated with siRNA duplexes 6 
and 8 and a resulting typical gel image is shown in Figure 1A 
along with densitometric analyses of several gels. Results 
demonstrate that CCL26-targeted siRNA duplexes 6 and 8 
signifi cantly decreased IL-4-stimulated CCL26 mRNA by 94 
and 100%, respectively. To demonstrate effects of the siRNA 
treatments on CCL26 protein expression, cells were treated 
with a nontargeting siRNA control, ON-TARGETplus siRNA 
duplexes or the combined duplexes (SMARTpool). Interleukin-
4-stimulated CCL26 was quantifi ed by ELISAs and results 
depicted in Figure 1B. Consistent with previous work (Abonyo 
and others 2005), negligible CCL26 was released from unstim-
ulated cells while IL-4 stimulated cells released 790 pg/mL 
CCL26. Treatment of A549 cells with CCL26-targeted siRNAs 
signifi cantly reduced IL-4-stimulated CCL26 release for all 
duplexes and the combined SMARTpool. While duplexes 5 or 
7 reduced CCL26 release by 73 and 84%, respectively, a com-
plete suppression of CCL26 release was measured following 
treatments with duplexes 6 and 8. Results indicate that the 
CCL26-directed siRNAs specifi cally and signifi cantly sup-
pressed CCL26 mRNA and protein expression in IL-4 stimu-
lated A549 alveolar type II cells.

CCL26-siRNA treatments decrease CCR3 
expression and CCL24 release in A549 cells

Having shown that CCL26 suppression was feasible, it 
was of interest to explore its effects on the CCR3–ligand sys-
tem in alveolar type II cells. In our previous work, we dem-
onstrated that IL-4 upregulated CCR3 receptors, CCL26, and 
CCL24, and that treatment of A549 cells with CCL26 plus 
IL-4 suppressed CCR3 and CCL26 but not CCL24 expression 
(Abonyo and others 2005). Thus, in the fi rst series of experi-
ments, the effect of CCL26-targeted siRNA treatments on 
the eotaxin CCR3 receptor was investigated. CCR3 dot blot 
analyses on total cell lysates prepared from CCL26-siRNA-
treated A549 airway epithelial cells were carried out and a 
typical image is shown in Figure 2. Results indicate constitu-
tive presence of CCR3, its upregulation following IL-4 stimu-
lation and suppression by CCL26-targeted siRNA duplexes. 
Results also indicate that treatment with a nontargeting 
siRNA and IL-4 did not alter CCR3 receptor to GAPDH ratios. 
Pixel density analyses of 3 experiments are also shown in 
Figure 2, where inhibitory effects of the siRNA treatments 
on CCR3 protein expression are compared to the nontar-
geting siRNA/IL-4 treatment group. In contrast to duplex 
7, which exerted no signifi cant suppression, treatment with 
the remaining siRNA duplexes resulted in the following 

predenaturation at 94°C for 4 min, followed by 34 cycles at 
94°C for 45 s, 55°C for 45 s, 72°C for 45 s, and fi nally exten-
sion at 72°C for 10 min. Aliquots of the PCR products (20 μL) 
were visualized with ethidium bromide staining after sepa-
ration by electrophoresis in a 1.2% agarose gel in Tris borate 
ethylenediamine tetra-acetic acid buffer pH 8.3 at 100V for 
2 h. Images were captured by a Fluor-S Max MultiImaging 
system and band densities were assessed with Quantity One 
1-D Analysis Software Version 4.6.0.

Cytokine antibody array

Supernatants (300 μL) of CCL26-siRNA-treated cells were 
assayed for the presence of cytokines using the RayBio® 
Human Cytokine Antibody Array C series 1000 according to 
the manufacturer’s instructions (Ray Biotech, Norcross, GA). 
Images were obtained with a Flour-s Max Multi-Imaging 
system. Densities of cytokine protein spots were quantifi ed 
with Quantity One 1-D Analysis Software Version 4.6.0.

Clone 15 HL-60 eosinophilic cell migration 
and superoxide generation

Migration was assessed in BD Falcon HTS FluoroBlokTM 
96-well insert systems with 3.0-μm pore fl uorescence block-
ing PET membranes. Differentiated cells were centrifuged 
(80g, 10 min) washed two times in Hank’s balanced salts solu-
tion containing 0.1% BSA (HBSS) and 3 × 106 cells/mL incu-
bated in RPMI-1640 containing 0.1% BSA and 5 μM calcein 
AM for 30 min. Labeled cells were washed, resuspended in 
RPMI-1640 with 0.1% BSA at 2 × 106 cells/mL and 50 μL added 
to inserts. Supernatants (120 μL) collected from treated A549 
airway epithelial cells were delivered to the bottom wells 
and plates incubated for 3 h in a humidifi ed atmosphere of 
5% carbon dioxide at 37°C. Migration of EOSs was assessed 
with an FLx800TBI fl uorescence microplate reader (Bio-Tek 
Instrument, Inc, Winooski, VT. USA) reading with the bot-
tom probe (excitation 494 nm and emission 517 nm). A stan-
dard curve of 0–5 × 104 calcein-loaded EOS was included to 
quantify numbers of EOSs migrating in each experiment and 
KC4 v3.0 PowerReports software used to analyze data.

Superoxide anion generation was assessed in microtiter 
plates with 1 × 105 cells/well in a total volume of 0.1 mL 
Hank’s balanced salts solution containing 0.2% BSA, 80 μg 
ferricytochrome C with and without 30 μg superoxide dis-
mutase and 70 μL A549-treated cell culture supernatants. 
Microtiter plates were incubated at 35°C in an atmosphere 
of 5% CO2 for 2 h, and absorbances read at 550 nm to deter-
mine superoxide dismutase–inhibitable reduction of ferricy-
tochrome C.

Data handling and analysis

All experiments were conducted in duplicate or tripli-
cate as indicated in fi gure legends and repeated on at least 
three to four separate occasions. Unless otherwise stated, all 
data are expressed as the mean ± SEM with the mean of 
triplicates from one experiment serving as one observation. 
When indicated, one-way analysis of variance (ANOVA) 
followed by either the Bonferroni multiple comparisons or 
Dunnett’s post-test, as appropriate, was applied to experi-
mental results to determine statistical signifi cance (P < 0.05) 
between indicated groups.
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CCL26 SILENCING IN ALVEOLAR TYPE II CELLS 231

suppression of CCR3 protein expression: duplexes 5, 6, and 
8—72%–75% and the SMARTpool combination—67%.

Following stimulation with Th2-type cytokines such 
as IL-4, alveolar type II cells increase release of CCL24 
which also signals through the CCR3 receptor. It was of 
 interest to determine the effect of CCL26 knockdown on 
 IL-4-stimulated release of CCL24. ELISA results, depicted in 
Figure 3, indicate signifi cant suppression of CCL24 release 
from IL-4 stimulated cells. Taken together, these results sug-
gest that treatment of alveolar type II epithelial cells with 
CCL26-targeted siRNA does signifi cantly suppress its own 
expression and that of CCL24 when cells are exposed to the 
Th2 cytokine IL-4.

CCL26-targeted siRNA treatments alter levels 
of other CCR3 agonist/antagonist cytokines 
and chemokines released from A549 
airway epithelial cells

Chemokines typically bind to receptors in their sub-
classes; that is, the 28 known CC chemokines bind to one or 
more of the 10 known CC receptors. Activities of the individ-
ual chemokines at their receptors have an order delineated 
by their affi nity, potency, and effi cacy. Within this context, 
it was of interest to explore the effects of inhibition of the 
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FIG. 1. CCL26-siRNA individual duplexes and the 
SMARTpool combination decrease CCL26 mRNA expres-
sion and protein in IL-4–stimulated A549 airway epithelial 
cells. A549 airway epithelial cells were treated with indi-
cated CCL26-siRNA (120 nM) duplexes or the SMARTpool 
combination of equal amounts of the duplexes (120 nM) in 
the presence of 3 μl DharmaFECT 1 transfection reagent 
then stimulated with IL-4 (100 ng/mL) for 24 h. (A) Treated 
cells were washed, lysed, and RNA extracted. First-strand 
cDNA was synthesized from total RNA by reverse tran-
scription (RT) and cDNA amplifi ed by PCR using human 
CCR3 and GAPDH primers. PCR products were separated 
by electrophoresis in 1.2% agarose gels, stained with ethid-
ium bromide, and mRNA expression captured by a Fluor-S 
Max MultiImager. Data (mean ± SD) from experiments are 
expressed as the relative density of CCL26-mRNA/GAPDH 
ratios. Treatments that differed signifi cantly (P < 0.05) 
from IL-4–stimulated cells are indicated by an asterisk. (B) 
Specifi c sandwich ELISA was used to quantify CCL26 in 
culture supernatants of siRNA-treated and IL-4 stimulated 
cells. Data are the mean ± SEM of 3 experiments each per-
formed in duplicate. Asterisks indicate the treatments that 
differed signifi cantly from the nontargeting siRNA control 
with P < 0.05.
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FIG. 2. CCL26-targeted siRNA treatments downregulate 
CCR3 expression in A549 airway epithelial cells. Cells were 
cultured, treated with indicated siRNA duplexes, then stim-
ulated with IL-4 (100 ng/mL) as described in Figure 1. A 
typical dot blot image using 10 μg/well of total cell lysate 
proteins to probe for human CCR3 and GAPDH is shown 
above indicated treatment CCR3/GAPDH ratios calculated 
from 3 separate dot blot experiments with Quantity One 1-D 
Analysis Software Version 4.6.0. Ratios are expressed as the 
mean ± SEM. Asterisks indicate those treatments that dif-
fered signifi cantly (P < 0.05) from cells treated with nontar-
geting siRNA followed by stimulation with IL-4.
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siRNAs and the CCL26-targeted duplex 6 siRNA signifi -
cantly reduced amounts of CCL2 released from A549 alveo-
lar type II epithelial cells. The signifi cant increases in CCL2 
release from cells pretreated with duplex 8 remain unex-
plained. In Figure 6C results for similar experiments with 
assessment of released CXCL8 indicate signifi cant reduc-
tions from cells treated with SMARTpool and the CCL26-
targeted duplex 6 siRNA preparations. These results suggest 
that post-transcriptional silencing of CCL26 downregulates 
several chemokines capable of signaling as agonists or 
antagonists through the CCR3 receptor. In addition, post-
transcriptional suppression of CCL26 decreased release of 
CCL2 that signals through the CCR2 receptor and CXCL8 
that uses CXCR1 to initiate bioactivities.

CCL26-targeted siRNA treatment of A549 airway 
epithelial cells decreases EOS migration and 
activation

Infi ltration of EOS is one hallmark of allergic and infl am-
matory airway diseases such as asthma. Because EOS migra-
tion and activation is guided by CCR3-agonist pathways, the 
next experiments were designed to test whether treatment of 
the A549 airway epithelial cells with CCL26-targeted siRNA 
would alter EOS migration. In the fi rst series of experiments, 
human clone 15 HL-60 EOSs were tested for their ability to 
migrate toward human recombinant CCL26. Results shown 
in Figure 7A indicate that CCL26 in the range of 0.3–30 ng/
mL, stimulates EOS migration in a concentration-depen-
dent manner. To demonstrate that migration was due to a 
CCR3-CCL26 pathway, EOSs were pretreated with human 
anti-CCR3-neutralizing antibody. Inhibition of migra-
tion indicates that the EOSs were using the CCR3-CCL26-
signaling pathway. In the next investigations, we explored 
the effects of CCL26-targeted siRNA treatment followed by 
IL-4 stimulation on EOS migration. Supernatants were used 
as the chemoattractant in quantitative assays of EOS migra-
tion and results are depicted in Figure 7B. IL-4 stimulation 
of the siRNA controls, treated with a nontargeting siRNA, 
resulted in a total migration of 28,000 EOSs. The results of 
ELISAs indicated nontargeting siRNA plus IL-4-treated cells 
released 1.44 ± 0.15 ng/mL CCL26 that did not differ sig-
nifi cantly from the 1.13 ± 0.14 ng/mL CCL26 released from 
cells treated with IL-4 alone. It was similarly determined 
that supernatants collected from SMARTpool, duplex 6–, or 
duplex 8–treated cells after stimulation with IL-4 contained 
averages of 128, 26, and 16 pg/mL CCL26, respectively. 
Inhibition of CCL26 release paralleled signifi cant reductions 
in EOS migration of 40%, 55%, and 80%, respectively.

Infl ammatory processes generate toxic levels of reac-
tive oxygen species (ROS) including superoxide (O2•−) by 
activated EOSs, alveolar macrophages, and neutrophils. 
Stimulated A549 cells release CCL26 that activates EOSs 
and further compounds infl ammation. Therefore, EOSs 
were exposed to medium of IL-4-stimulated and CCL26-
siRNA-treated airway epithelial cells and O2•− genera-
tion by EOSs assessed. Results with supernatants from 
CCL26-targeted siRNA-treated A549 cells are depicted in 
Figure 8. Eosinophils generated 3.59 ± 0.33 and 4.89 ± 1.13 
nmol O2•−/106 cells when incubated in medium with added 
recombinant CCL26 or CCL24 at 100 ng/mL, respectively. 
Nontargeting siRNA-treated cell supernatant results did not 

high-affi nity ligand CCL26 on the other known CC chemok-
ines that bind to CCR3. Human antibody membrane arrays 
were used to determine chemokine changes in supernatants 
from CCL26-targeted siRNA–treated and IL-4 stimulated 
A549 airway epithelial cells. Results of CC chemokines, 
including the three eotaxins, capable of binding to CCR3 are 
depicted in Figure 4. Results with CCL24 and CCL26 corrob-
orate CCL26-targeted-siRNA effects demonstrated in previ-
ous fi gures and thus validate the cytokine array results. In 
addition to CCL24 and CCL26, four additional chemokines 
capable of binding to CCR3 were signifi cantly increased by 
IL-4 and include CCL5 (RANTES), MIP-1δ (CCL15), CCL8 
(MCP-2), and CCL13 (MCP-4). Pretreatment of A549 cells 
with CCL26-siRNA duplexes 6 or 8 signifi cantly decreased 
release of CCL5, CCL15, CCL8, and CCL13. Low levels of the 
CCR3 agonists eotaxin (CCL11), MEC (CCL28), and MCP-3 
(CCL7) were also noted but changes were not statistically 
signifi cant. MIG (CXCL9) and I-TAC (CXCL11) members of 
the CXC chemokine subgroup are known CCR3 antagonists 
and were also assessed. Results, shown in Figure 5, indi-
cate that levels of both antagonists were suppressed in cells 
treated with CCL26-targeted siRNAs while only CXCL9 was 
signifi cantly increased by IL-4 treatment.

We also quantifi ed three cytokines that are constitutively 
released from both primary alveolar type II cells and A549 
cells. Results are shown in Figure 6A and include MCP-1 
(CCL2), IL-8 (CXCL8), and GRO-α (CXCL1). Interestingly, 
CCL26-siRNA treatment with duplex 6 was particularly 
effective at suppressing these chemokines in IL-4 stimulated 
cells. To further explore the effects of CCL26-targeted siRNA 
treatments on CCL2 and CXCL8, A549 cells were treated, 
stimulated with IL-4, and resultant supernatants assayed by 
specifi c ELISAs. Results for CCL2 are depicted in Figure 6B 
and demonstrate that the SMARTpool combination of four 
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FIG. 3. CCL26-targeted siRNA treatments signifi cantly 
decrease CCL24 release from IL-4–stimulated A549 airway 
epithelial cells. Cells were cultured and treated as described 
in Figure 1. CCL24 was assessed in cell culture supernatants 
by specifi c ELISA. Data are the mean ± SEM of 3 experi-
ments, each performed in duplicate. Asterisks indicate those 
treatments that differed signifi cantly from the nontarget-
ing siRNA control as assessed by Dunnett’s post-test, with 
P < 0.05.
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CCL26 SILENCING IN ALVEOLAR TYPE II CELLS 233

differ from those of cells treated only with IL-4. Untreated 
A549 cells constitutively released products that stimulated 
EOSs to generate 1.56 nmol O2•−/106. Signifi cant reductions 
in stimulation of O2•− by EOSs were noted for all CCL26-
targeted treatments and ranged from 60% to 95% inhibi-
tion. Together these data demonstrate that treating airway 
epithelial cells with CCL26-targeted siRNA has a favorable 
inhibitory effect on EOS migration and activation.

Discussion

Mitigation of the underlying infl ammation present in air-
way diseases including asthma, chronic bronchitis, COPD, 
and emphysema requires an understanding of the complex 
chemokine ligand/receptor–mediated signaling between 
resident lung cells and emigrating leukocytes. Compelling 
evidence suggests that bronchial and alveolar type II epithe-
lial cells have impressive potentials to orchestrate leukocyte 
recruitment, priming, and activation at sites of allergy and/
or infl ammation. In these present investigations we have 
focused on the alveolar epithelium and the most recently 
discovered human eotaxin, CCL26. In the results presented 
and discussed herein, we demonstrate for the fi rst time that 
in alveolar type II cells, CCL26-directed siRNA treatments 
signifi cantly inhibit CCL26 and CCL24 expression. Of the 
other agonist agents capable of binding to CCR3, suppression 
of IL-4-induced release was noted for CCL5, CCL15, CCL8, 
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FIG. 4. CCL26-siRNA treatments of A549 alveolar type II cells modulate additional chemokines that bind to CCR3. A549 
cells were treated with nontargeting or SMARTpool CCR3 siRNA followed by IL-4 (100 ng/mL). Supernatants were assayed 
for the presence of cytokines using the RayBio Human Cytokine Antibody Array C series 1000. Images were obtained 
with a Flour-s Max MultiImager and densities of cytokine protein spots were quantifi ed with Quantity One 1-D Analysis 
Software Version 4.6.0. Cytokine nomenclature: eotaxin (CCL11), eotaxin-2 (CCL24), eotaxin-3 (CCL26), RANTES (CCL5), 
MEC (CCL28), MIP-1δ (CCL15), MCP-2 (CCL8), MCP-3 (CCL7), and MCP-4 (CCL13). Data were normalized to the membrane 
positive control and are expressed as relative pixel densities of the mean ± SD of 2 experiments, each done in duplicate. 
Nontargeting (NT) siRNA ± IL-4 served as the unstimulated and Th2-stimulated controls, respectively. Asterisks (*) indi-
cate treatments that differed signifi cantly (P < 0.05) from nontargeting (NT) + IL-4 siRNA control. The symbol Θ was used 
to indicate signifi cant differences between NT and NT+IL-4, with P < 0.05.
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FIG. 5. CCL26-siRNA treatments of A549 alveolar type 
II cells modulate additional chemokines including CCR3 
antagonists. Experiments were carried out and data ana-
lyzed as described in Figure 4. Cytokine nomenclature 
of CCR3 antagonists: MIG (CXCL9) and I-TAC (CXCL11). 
Nontargeting (NT) siRNA ± IL-4 served as the unstimu-
lated and Th2-stimulated controls, respectively. Asterisks 
(*) indicate treatments that differed signifi cantly (P < 0.05) 
from nontargeting (NT) + IL-4 siRNA control. The symbol 
Θ was used to indicate signifi cant differences between NT 
and NT+IL-4, with P < 0.05.
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eotaxins-CCR3 system. The bronchial epithelium responds 
to IL-4 stimulation by upregulation of CCR3 and release of 
CCL11 and CCL26. In contrast, alveolar type II cells respond 
to IL-4 by upregulation of CCR3 and concomitant release of 
CCL24 and CCL26 with similar kinetics (Komiya and oth-
ers 2003; Heiman and others 2005). Blocking the A549 cell 
surface CCR3 with neutralizing antibody or small molecule 
nonpeptide antagonists before IL-4 stimulation signifi cantly 
decreased CCL24 release and CCL26 expression and secre-
tion (Abonyo and others 2005). Using the A549 alveolar type 
II cell/IL-4 experimental paradigm in the present investi-
gations, we have now shown that CCL26-targeted siRNA 
treatment very signifi cantly decreased both CCL26 mRNA 
and protein expression. Concomitant decreases in CCR3 
protein and CCL24 release were also observed. In recently 
reported results, we have shown that transfection of A549 
cells with CCR3-targeted siRNA resulted in suppression of 
the targeted mRNA and protein as well as signifi cant sup-
pression of IL-4-stimulated CCL26 release and constitutive 
release of CCL24 (Taka and others 2008). Together these 
data suggest that condition-specifi c cytokine stimulation of 
the airway epithelium results in predictable upregulation 

and CCL13. The two chemokine members of the CXC fam-
ily, CXCL9 and CXCL11, which exert antagonist effects fol-
lowing binding to CCR3, were also suppressed. In addition, 
post-transcriptional silencing of CCL26 decreased release 
of CCL2 and CXCL8 that signal through chemokine recep-
tors CCR2 and CXCR1, respectively. Because an active role 
for the alveolar epithelium in eosinophilic recruitment and 
activation has been supported, in vitro migration and assess-
ment of O2•− generation were studied in EOSs exposed to 
supernatants of CCL26-targeted siRNA–treated alveolar 
type II cells. Signifi cant suppression of both EOS migration 
and activation was noted. These studies suggest that CCL26-
targeted siRNA treatment of the airway epithelium may be 
a novel approach to reduce levels of Th2-responsive chemok-
ines and leukocyte chemoattraction that are critical events in 
the perpetuation of underlying pulmonary infl ammation.

The eotaxin(s)-CCR3-receptor system is expressed and 
functional as sites of allergy, sites of eosinophilic infl am-
mation, and in specifi c tissue development and repair (Beck 
and others 2006; Haley and others 2008). In airway disease 
dominated by Th2 cytokines such as IL-4 and IL-13, the 
airway epithelium is also a major site for expression of the 
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FIG. 6. CCL26-siRNA treatments decrease release of CCL2 and CXCL8 from IL-4-stimulated A549 alveolar type II cells. 
CCL26-siRNA treatments were carried out as described in Figure 1. (A) supernatants were subjected to antibody array 
membranes as described in Figure 4. Cytokine nomenclature: MCP-1 (CCL2), IL-8 (CXCL8), and GRO-α (CXCL1). Asterisks 
(*) indicate treatments that differed signifi cantly (P < 0.05) from nontargeting (NT) + IL-4 siRNA control. (B and C) Specifi c 
sandwich ELISA was used to quantify CCL2 and CXCL8 in culture supernatants of siRNA-treated and IL-4-stimulated cells. 
Data are the mean ± SEM of three experiments each performed in duplicate. Asterisks indicate those treatments which dif-
fered signifi cantly from the nontargeting siRNA control, with P < 0.05.
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T-cell chemoattractant CCL28 is constitutively expressed at 
low levels with increased expression following IL-1β and 
tumor necrosis factor-α (TNF-α) stimulation (John and oth-
ers 2005). The present results corroborate these fi ndings by 
demonstrating low constitutive levels of CCL28 and no sig-
nifi cant increases following stimulation with the Th2 cyto-
kine IL-4. Decreasing CCR3 levels by treatment of A549 
cells with CCL26-targeted siRNA did not signifi cantly alter 
CCL28 levels thus supporting its regulation by a Th1-type 
environment. The lower affi nity CCR3 ligands CCL5, CCL7, 
and CCL13 have also been demonstrated in airway biop-
sies of atopic individuals (Elsner and others 2005). Herein, 
treatments of A549 cells with CCL26-siRNA duplexes signif-
icantly decreased release of CCL5 and CCL13. Low levels of 
CCL7 were observed and though there were reductions in 
release of CCL26-siRNA-treated cells, these were not signifi -
cant. The data implies a CCR3-agonist regulatory mechanism 
because treatment with the siRNAs is known to downregu-
late CCR3. The regulation/autoregulation of CCR3 remains 
enigmatic though CCR3–ligand intercellular signaling has 
been the subject of numerous studies. However, of interest 

of the eotaxins and their predominant receptor CCR3, and 
that targeting the CCL26 overexpressed component with 
siRNA results in a favorable decrease in the eotaxins-CCR3 
 receptor–ligand-signaling system.

Human CCR3 binds multiple chemokine ligands that 
act with varying potencies and effi cacies. High-affi nity 
ligands include CCL11, CCL24, CCL26, CCL28, and CCL13 
while CCL5, CCL7, CCL8, and CCL15 may be catego-
rized as lower affi nity CCR3 ligands (Pan and others 2000; 
Morokata and others 2006). In A549 cells, the EOS and 
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FIG. 7. CCL26-siRNA treatment of A549 airway epithelial 
cells decreases eosinophil (EOS) migration. A549 airway 
epithelial cells were treated with CCL26-siRNA as described 
in Figure 1. Supernatants were used to stimulate EOS migra-
tion in BD Falcon HTS FluoroBlok 96-well insert systems. 
Eosinophils were labeled by incubation with calcein AM (5 
μM) for 30 min, washed, resuspended in RPMI-1640 with 
0.1% BSA and 0.1 × 106 cells added to the upper chambers. 
Supernatants or medium (120 μL) containing CCL26 (0.3–30 
ng/mL) were delivered to the bottom wells and migration 
allowed to proceed for 3 h in a humidifi ed atmosphere of 
5% carbon dioxide at 37°C. Migration was quantifi ed from 
an EOS standard curve using a fl uorescence microplate 
reader (excitation: 494 nm; emission: 517 nm) and KC4 v3.0 
PowerReports software. (A) Calcein-loaded EOSs were pre-
treated without or with anti-CCR3 (50 μg/mL) for 30 min. 
Data are the mean ± SEM of 3 experiments each performed 
in duplicate. Asterisks indicate the anti-CCR3 treatments 
that signifi cantly differed from their concentration-matched 
controls at P < 0.05. (B) There was no signifi cant difference 
between cells + IL-4 and nontargeting siRNA (NT) + IL-4 
groups. Data are the mean ± SEM of 3 experiments each per-
formed in duplicate. Asterisks indicate those CCL26 siRNA 
+ IL-4 treatments that differed signifi cantly from the NT + 
IL-4 controls at P < 0.05.
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FIG. 8. Superoxide anion generation is suppressed in 
clone 15 HL-60 eosinophilic cells exposed to supernatants 
from CCL26-siRNA treated A549 alveolar type II cells. A549 
alveolar type II cells were treated as described in Figure 1 
and supernatants used to stimulate EOSs. Superoxide anion 
generation was assessed in microtiter plates (1 × 105 EOSs/
well) in a total volume of 0.1 mL containing 80 μg ferricy-
tochrome C with and without 30 μg superoxide dismutase 
and 70 μL A549-treated cell culture supernatants. Microtiter 
plates were incubated at 35°C in an atmosphere of 5% CO2 

for 2 h, and absorbances read at 550 nm to determine super-
oxide dismutase–inhibitable reduction of ferricytochrome C. 
Additional controls included unstimulated EOSs in medium, 
and medium to which 100 ng/mL recombinant CCL26 or 
CCL24 had been added. There was no signifi cant difference 
between IL-4 and nontargeting (NT) siRNA + IL-4 superna-
tants. Asterisks indicate those treatments which differed sig-
nifi cantly from the nontargeting siRNA control as assessed 
by Dunnett’s post-test, with P < 0.05.
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others 2003). Data from the present investigations suggest 
that CCL26 may also modulate CCL2 levels. Further inves-
tigation is needed to delineate the mechanism by which 
CCL26 subtly regulates monocyte responses through the 
CCL2-CCR2B network.

All three eotaxins activate human EOSs with similar effi -
cacies for chemotaxis, cytoskeletal rearrangements, activa-
tion of Gi proteins and transients of [Ca2+]i but have distinct 
profi les for CCR3 binding and stimulation of reactive oxygen 
species generation (Sanders and others 1995; Sanders 1999; 
Dulkys and others 2001). Compelling evidence suggests 
that airway epithelium-derived eotaxins direct EOS migra-
tion into the airway mucosa. Eosinophils then signal to the 
airway epithelium through release of their reactive oxygen 
species and secondary granule proteins. Within this new 
paradigm, these EOS–epithelial cell interactions are con-
sidered a central regulatory mechanism modulating local 
immune responses (Jacobsen and others 2007). With respect 
to EOS activation, we have recently reported that each of 
the three eotaxins directly stimulates EOS O2•−generation 
which may be inhibited by pretreatment of cells with spe-
cifi c neutralizing antibodies or bioactivity neutralizing anti-
CCR3 antibodies (Badewa and others 2002). Investigations 
with supernatants from Th2-type cytokine–stimulated A549 
cells then indicated that released proinfl ammatory media-
tors were stimulating EOS O2•−generation that could be 
inhibited by the CCR3 antagonist SB-328437 suggesting that 
CCR3 agonists were activating the EOSs (Abonyo and others 
2005). Results of the present investigations now demonstrate 
that airway epithelial cells constitutively release products 
that stimulate EOSs. Signifi cant reductions in stimulation of 
EOSs were noted for the CCL26-targeted siRNA treatments. 
These results indicate that the CCR3-agonist pathway is cru-
cial for activation of EOSs. Results suggest that decreasing 
these signals through targeted siRNA treatment of the air-
way epithelium may reduce proinfl ammatory signaling to 
leukocytes, in particular the EOSs.

With respect to EOS recruitment, two unique features of 
CCL26 that contribute to its critical role in transepithelial 
leukocyte migration are attachment of the biologically active 
form to the epithelium (Yuan and others 2006) and its stor-
age in and rapid release from Weibel-Palade bodies. This is 
in support of the clinical data which has shown dramatic 
upregulation of CCL26 in asthmatics 24 h after challenge and 
correlation with the magnitude of the late asthmatic response 
(Berkman and others 2001; Ravensberg and others 2005). 
Results of the present investigations demonstrate that human 
EOSs migrate toward CCL26 in a concentration-dependent 
manner and that migration may be inhibited by pretreat-
ing EOSs with neutralizing anti-CCR3 antibody. Eosinophil 
migration toward supernatants from CCL26-siRNA-treated 
and IL-4-stimulated A549 cells was signifi cantly reduced. 
A complete inhibition of EOS migration was not expected 
because in addition to the eotaxins, other chemokines includ-
ing CCL5 (RANTES), CCL7 (MCP-1), and CCL13 (MCP-4) 
have been implicated in EOS recruitment and activation in 
the asthmatic airway (Holgate and others 1997). Results of 
the present investigations bear this out in that EOSs migrate 
to unstimulated airway epithelial cells. This suggests that 
other constitutively expressed cytokines/chemokines are 
also infl uencing EOS movement. In chemokine compari-
son studies, the rank order of EOS chemotaxis toward CC 
chemokines was reported as CCL26 = CCL11 = CCL24 > 

is the transcription factor lung Krüppel-like factor-2 (KLF2) 
that has recently emerged as a central transcriptional switch 
point between the quiescent and activated states of endothe-
lial cells and leukocytes. Chemokine and chemokine recep-
tor genes repressed by KLF2 include CCR3, CCR5, CCL2, and 
IL-8 (Dekker and others 2006; Sebzda and others 2008). The 
roles of lung KLF2 as a transcriptional switch point between 
homeostatic and Th2-type cytokine-driven proinfl amma-
tory phenotype of alveolar type II cells await investigation.

Chemokines directly infl uence and modify cell bioac-
tivities through very complex networks that include antag-
onist actions. Of importance to these investigations is the 
report that CCR3 functional responses are regulated by both 
CXCR3 and its high-affi nity ligands CXCL9 (MIG), CXCL10 
(IP-10), and CXCL11 (I-TAC). Although CCL11 will bind to 
CXCR3, the eotaxins are inactive at this receptor (Xanthou 
and others 2003). Conversely, the CXCR3 ligands are known 
to antagonize effects of all three eotaxins at CCR3 (Loetscher 
and others 2001; Smitt and Lukacs 2006). In these present 
investigations, signifi cant decreases in the release of both 
CXCL9 and CXCL11 were noted in CCL26-targeted siRNA 
treated A549 cells. These results imply that CXCR3 ligands 
may also be modulated by CCR3.

In a recent report, basal release chemokines upregulated 
by treatment of primary human alveolar type II cells with 
LPS and a Th1 cytokine mix [TNF-α, IL-1β, and interferon-γ 
(IFN-γ)] included IL-8 (CXCL8), MCP-1 (CCL2), RANTES 
(CCL5), MIP-1α (CCL3), and GRO-α (CXCL1) (Witherden 
and others 2004). Human cytokine antibody membrane 
array studies in these present investigations revealed basal 
release of these same chemokines from alveolar type II cells. 
Constitutive release of CXCL1 and CXCL8 serves as constant 
traffi cking signals for neutrophils which are present with 
EOSs in cases of more severe asthma. Prior to stimulation 
with either CXCL8 or CXCL1, EOSs migrate toward either 
of these chemokines when co-incubated with neutrophils 
(Kikuchi and others 2006). In the present investigations, 
results suggest that CCL26-targeted siRNA treatment of 
alveolar type II cells may favorably reduce the neutrophil-
recruiting signals by reducing both CXCL1 and CXCL8 
release. These results imply that in response to CXCL1 
and/or CXCL8, neutrophils migrate, activate, and release 
products that enhance the co-migration of EOSs and that, 
because neutrophils are refractory to anti-infl ammatory 
steroid treatment, an siRNA therapeutic approach may be 
of benefi t in ameliorating the infl ammatory component of 
chronic airway diseases such as asthma.

Functionally, CCL2-CCR2B binding stimulates mono-
nuclear cell chemotaxis (Wang and others 2007). Recent 
data suggest that pulmonary CCL2 targets recruitment of 
peripheral blood monocytes while exerting little effect on 
resident alveolar macrophages (Opalek and others 2007). 
Upregulation of CCL2 in alveolar type II cells occurs in 
response to Th1 stimuli including combinations of IL-1β, 
TNF-α, and IFN-γ (Pechkovsky and others 2005; Wang and 
others 2007). Results of the present studies with A549 cells 
corroborate these results in that no Th2-driven increases 
in CCL2 were observed. In contrast, a signifi cant suppres-
sion of CCL2 was noted for CCL26-siRNA-treated and 
IL-4-stimulated A549 cells. Interestingly, CCL26 is a known 
natural antagonist for CCR2. CCL26 promotes active move-
ment of monocytes away from a CCL26 gradient and the 
effect is synergistic in the presence of CCL2 (Ogilvie and 
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approach to reduce levels of Th2-responsive chemokines 
and leukocyte chemoattraction and activation that are crit-
ical events in the perpetuation of underlying pulmonary 
infl ammation. Regulation of CCL26 synthesis and release 
and CCR3–ligand signaling may be a viable, safe, and bene-
fi cial approach toward control of the infl ammatory compo-
nent of chronic airway diseases.
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