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Abstract
CCL11/eotaxin-1 is a potent eosinophilic CC chemokine expressed by primary human fibroblasts.
The combination of TGF-β1 and IL-13 synergistically increases CCL11 expression, but the
mechanisms behind the synergy are unclear. To address this, human airway fibroblast cultures
from normal and asthmatic subjects were exposed to IL-13 alone or TGF-β1 plus IL-13.
Transcriptional (nuclear run-on) and post-transcriptional (mRNA stability) assays confirmed that
transcriptional regulation is critical for synergistic expression of CCL11. TGF-β1 plus IL-13
synergistically increased STAT-6 phosphorylation, nuclear translocation and binding to the
CCL11 promoter as compared to IL-13 alone. STAT-6 siRNA significantly knocked down both
STAT-6 mRNA expression and phosphorylation, and inhibited CCL11 mRNA and protein
expression.

Regulation of the IL-4 receptor α (IL-4Rα) complex by TGF-β1 augmented IL-13 signaling by
dampening IL-13 receptor α2 (IL-13Rα2) expression, overcoming IL-13's autoregulation of its
pathway and enhancing the expression of CCL11. Our data suggest that TGF-β1 induced
activation of the MEK-ERK pathway reduces IL-13Rα2 expression induced by IL-13. Thus, TGF-
β1, a pleiotropic cytokine upregulated in asthmatic airways, can augment eosinophilic
inflammation by interfering with IL-13's negative feedback autoregulatory loop under MEK/ERK
dependent conditions.
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Introduction
IL-13 is a Th2-derived cytokine implicated in allergic airway responses and asthma
pathogenesis. TGF-β1, a pleiotropic cytokine, is associated with a wide range of activities
from immune function to cell differentiation, wound healing and repair (1–4). As an
immune-inhibitory cytokine, TGF-β1 reduces IL-13 production in T cells, reversing
allergen-induced airway hyperreactivity and inflammation (3). In contrast, the effects of
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TGF-β1 in fibroblasts are generally pro-fibrotic, both IL-13 and TGF-β are increased in
asthma and associated with eosinophil inflammation and fibrosis (5–7).

IL-4/-13 increase CCL11/eotaxin-1, a potent eosinophilic CC chemokine, expression in
primary human fibroblasts through IL-4 receptor α (IL-4Rα)/STAT-6 dependent
mechanisms (8–10). CCL11 can contribute to inflammation in asthma through activation of
CCR3 on eosinophils, leukocytes and mast cells (11). In animal models of pulmonary
allergic inflammation, eosinophil accumulation is controlled by CCL11 generation (12, 13).
Several cytokines, including TNF-α, IL-1β and TGF-β, synergize with IL-4/-13 to increase
CCL11 expression in airway fibroblasts (8, 10, 14), smooth muscle cells (15, 16) and
keratocytes (17). The synergies between IL-4 and TNF-α involve overlapping consensus
binding sites for NF-κB and STAT-6 in the CCL11 promoter in human airway epithelial
cells and fibroblasts (10, 18). In contrast, TGF-β does not activate NF-κB, such that the
mechanisms behind the synergistic increase in CCL11 with IL-13 are not clear (15).
However, engagement of both the IL-4Rα and the TGF-β receptor complex activate ERK/
MAPK suggesting possible synergistic pathways (19, 20). In addition, IL-13 downregulates
activation of its own receptor complex through increased expression of its decoy receptor,
IL-13Rα2 (21–23). Therefore, in addition to synergistic activation of signaling molecules,
suppression of IL-13Rα2 by TGF-β1 could play a role in the synergistic increase of CCL11.

We therefore hypothesized that the synergistic increase in CCL11 following addition of
TGF-β1 to IL-13 was transcriptionally regulated, with enhanced STAT-6 phosphorylation
due to greater and more sustained IL-4Rα activation. We further hypothesized this sustained
IL-4Rα activation was secondary to increased IL-13Rα1 in the face of decreased IL-13Rα2
expression, and that these changes in receptor balance were due to effects of TGF-β1 on the
MEK/ERK pathway.

Materials and Methods
Materials

DMEM, penicillin, streptomycin and gentamicin were purchased from Life Technologies
(Rockville, MD) and fetal bovine serum (FBS) was purchased from Gemini (Woodland,
CA); recombinant human IL-13 and TGF-β1 were purchased from R & D System Inc.
(Minneapolis, MN). Trizol was from Invitrogen Life Technologies (Carlsbad, CA). Anti-
STAT-6 antibody, anti-IL-13Rα1 and anti-IL-13Rα2 antibody and Protein G Plus-Agarose
immunoprecipitation reagent were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). p-STAT-6 antibody and PD98059 were purchased from Cell Signaling Technologies,
Inc. (Danvers, MA). DPERK and β-actin antibodies, protease inhibitor cocktail and Cell-
Lytic™ Nuclear™ extraction kit were purchased from Sigma (St. Louis, MO). Actinomycin
D (Act D) was purchased from VMW (West Chester, PA). U0126 was purchased from
Calbiochem (La Jolla, CA). Oligo primers were synthesized by Integrated DNA
Technologies (IDT, Coralville, IA). Fluorescein goat anti-rabbit IgG and rabbit anti-goat
IgG were purchased from VECTOR Laboratories Inc. (Burlingame, CA). Supersignal West
Femto Maximum sensitivity substrate and Sonic dismembrator model 100 was purchased
from Fisher Scientific (Pittsburgh, PA). The Fuji Film Image Reader LAS-3000 was used to
detect specific bands for Western blot. Geneclean kit was purchased from Qbiogene Inc.
(Morgan Ivine, CA). TransIT-siQuest™ reagent was purchased from Mirus Bio Corporation
(Madison, WI). Assay-on-Demand (AOD) and STAT-6 siRNA were purchased from
Applied Biosystems (Foster City, CA), and quantitative real-time PCR (qRT-PCR) was
performed using ABI 7900 HT Real-Time PCR system.
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Fibroblast culture
Endobronchial biopsies were obtained from normal control and asthmatic subjects. As
previously reported CCL11 production in response to IL-13 or the combination of IL-13
plus TGF-β1 did not vary between fibroblasts from asthmatics and normal controls and
therefore the cells were used interchangeably (24). Primary fibroblasts were grown in 10%
FBS DMEM and used at the 3rd or 4th passage. 80% confluent fibroblasts were serum
deprived for 24 h, then stimulated with IL-13 (30ng/ml) or TGF-β1 (5ng/ml) plus IL-13 in
the presence of specific chemical inhibitors or target siRNA according to the experimental
protocols.

Measurement of gene expression by qRT-PCR
CCL11, STAT-6, IL-13Rα1 and IL-13Rα2 mRNA expression was determined by reverse
transcription followed by qRT-PCR according to the protocol (8). Assay IDs as follows:
CCL11: Hs00237013_m1; STAT-6: Hs00598625_m1; IL-13Rα1: Hs00609817; IL-13Rα2:
Hs00152924. VIC-labeled human GAPDH primers and probe were performed as internal
control as previously described (24). All target gene mRNA expression was indexed to
GAPDH.

In vitro PCR based nuclear run-on assay
PCR based nuclear run-on experiments were performed on intact nuclei isolated from IL-13
and TGF-β1 plus IL-13 stimulated fibroblasts (24 h). Intact nuclei (suspended in 200 μl)
were equally split into 2 aliquots. To one aliquot, 0.5mM each of ATP, CTP, GTP and UTP
were added (+NTPs); same volume of H2O (no NTPs control) were added to the second
aliquot (−NTPs). Following 0.5 h incubation at 30°C in 20% glycerol, 30mM Tris-HCl, pH
8.0, 2.5mM MgCl2, 150mM KCl, 1mM DTT, and 40 units of RNasin (Promega, Madison,
WI), Trizol was added and nuclear RNA isolated. RNA samples were digested with DNase
I, reverse transcription and qRT-PCR performed according to the method described
previously (24).

CCL11 mRNA stability
Fibroblasts stimulated with IL-13 or TGF-β1 plus IL-13 for 24 h, were treated with
transcriptional inhibitor Act D (5μM) to terminate all gene transcription process. The
fibroblasts were harvested at 0, 8 and 24 h, RNA extracted and qRT-PCR performed to
quantify the remaining of CCL11 mRNA at different time period after blocking the gene
transcription.

SDS-PAGE and Western blot analysis
Fibroblasts were exposed to IL-13 or TGF-β1 plus IL-13 at various time points. The
preparation of whole cell lysates, SDS-PAGE and Western blot analysis was performed as
previously described (24). The blots were incubated overnight at 4°C with p-STAT-6,
DPERK, IL-13Rα1 or IL-13Rα2 antibody. HRP-conjugated secondary antibody (F(ab)2)
was added and specific bands semi-quantified by densitometry. Equal loading was
demonstrated by detecting total STAT-6, ERK or the housekeeping gene (β-actin or
GAPDH) and the final assessment was evaluated as ratio of target protein to total protein or
housekeeping gene. Similarly, both PD98059 and U0126 were applied to study the effects of
MEK-ERK on phosphorylation of STAT-6, and expression of IL-13Rα1, IL-13Rα2 and
CCL11.

Immunofluorescence staining of STAT-6
Fibroblasts plated on 4-well chamber were treated with IL-13 and TGF-β1 plus IL-13 for
0.25 and 15 h. The cells were fixed in 4% paraformaldehyde, blocked with appropriate
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blocking serum, then incubated overnight at 4°C with primary anti-STAT-6 antibody
(rabbit, 1:50) followed by FITC-conjugated secondary antibody (1:50) for 1 h at room
temperature. After washing with 0.5% TBS, the stained cells were mounted with DAKO
fluorescent mounting medium and viewed under microscope.

Chromatin immunoprecipitation of STAT-6
Chromatin immunoprecipitation (CHIP) experiments were performed according to the
published method (25, 26). Fibroblasts stimulated for 15 h with IL-13 or TGF-β1 plus IL-13
were fixed with 1% paraformaldehyde for 10 min at 37°C. After washing with cold PBS
containing protease inhibitor cocktail (1:200), cells were scraped and chromatin DNA
sheared using Sonic Dismembrator. The supernatants were centrifuged (13000g for 10 min
at 4°C) and a portion saved for DNA input. The supernatant was incubated with STAT-6
antibody (1:100) to determine STAT-6 binding activity while anti-IgG (1:100) served as a
negative control. After rotating overnight at 4°C, protein G plus-agarose was added to the
protein-antibody complex, rotated at 4°C for 3 h and the immunoprecipitates separated by
centrifugation (1000g for 5 min at 4°C). The pellet was washed with low salt buffer (0.1%
SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl, pH 8.1 and 150mM NaCl), high salt
buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl, pH 8.1 and 500mM
NaCl), LiCl wash buffer (0.25M LiCl, 1% NP-40, 1% Deoxycholate, 1mM EDTA and
10mM Tris-HCl, pH8.1) and finally 1XTris/EDTA buffer (10mM Tris-HCl and 1mM
EDTA, pH 8.0). The protein-antibody complex was eluted for 20 min at room temperature
with elution buffer (1% SDS, 0.1M NaHCO3 and 200mM NaCl), centrifuged at 13200rpm
for 5 min at 4°C. To reverse the cross-linking of DNA, the elutes were incubated for 4 h at
65°C, followed by treatment with proteinase K at 45°C for 1 h (same treatment for DNA
input samples). DNA was immediately recovered by Geneclean kit. The pellets were
resuspended in 40 μl of nuclease-free H2O. PCR was carried out for 48 cycles using the
specific primers (see below) for STAT-6 binding site with 3 μl of sample DNA solution, and
PCR products were separated on 1.5% agarose gels in 1x Tris-acetate/EDTA.

Sense: TTGACTTCCTAGGATCTGGA (−146 to −127)

Anti-sense: TTTGGCGTGAGAAGGTGGT (+16 to +34)

Effects of STAT-6 siRNA on CCL11 expression
Cultured human airway fibroblasts were seeded in 6 or 24 well plates and incubated
overnight in 10% DMEM to reach 50–60% confluency the following day. Medium was
removed to leave 250 μl (24 well plate) or 1250 μl (6 well plate), and cells transfected with
5nM STAT-6 siRNA in the presence of TransIT-siQUEST™ reagent according to the
protocol. After 48 h, cells were serum deprived for 24 h and stimulated with IL-13 or TGF-
β1 plus IL-13 for 0.25 and 15 h (cell lysate collection), and 24 h (RNA harvest), and 48 h
(supernatant collection). Gene knockdown of STAT-6 and its impact on CCL11 were
evaluated by qRT-PCR, Western blot and ELISA.

Supernatant CCL11 protein measurement by ELISA
Sandwich ELISAs measured CCL11 in the supernatant (8). CCL11 antibody and standard
were purchased from R&D Systems (Minneapolis, MN). Assay sensitivity ranged from 10
to 20 pg/ml.

Statistical analysis
Normally distributed data were expressed as mean ± SEM of at least 3 independent
experiments. Natural log-transformation was done for non-normally distributed data.
Graphic representation of log-transformed data was done by reconverting back to the
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original scale. Paired t-tests were used to assess the significant differences between the
paired samples. A p value of less than 0.05 was considered statistically significant.

Results
Subject characteristics

In total, fibroblasts from 35 subjects with asthma and normal control subjects were obtained.
Although the groups differed by age, asthma severity, FEV1% Predicted and inhaled/oral
corticosteroid use, CCL11 mRNA/protein did not differ by groups or correlate with any of
these parameters at baseline or with stimulation. For more details of subject characteristics,
see Table S1. Fibroblasts from different subjects were therefore used interchangeably as
previously described (24, 27). Although a total of 35 subjects took part in the study, sample
sizes and subject used varied for each experimental system. Considering the variations of the
multi-passage cultured fibroblasts, only 3rd or 4th generation fibroblasts were used in the
experiments.

Transcriptional and post-transcriptional regulation of CCL11 in the presence of TGF-β1
and IL-13

As previously reported (8), TGF-β1 plus IL-13 synergistically increased CCL11 mRNA (24
h) and protein (48 h) compared to IL-13 alone while TGF-β1 alone had no effect. To
confirm that the synergistic effects of TGF-β1 and IL-13 on CCL11 occurred at the
transcriptional level, an in vitro nuclear run-on assay was performed. Both IL-13 and TGF-
β1 plus IL-13 significantly increased the nuclear transcriptional activity of CCL11 following
addition of nucleotides. However, TGF-β1 plus IL-13 increased CCL11 mRNA 8-fold
compared to IL-13 alone (Fig. 1A).

As post-transcriptional mechanisms for CCL11 have also been identified (28), CCL11
mRNA stability was investigated by adding Act D 24 h after stimulation with IL-13 or TGF-
β1 plus IL-13. CCL11 mRNA was measured at 0, 8 and 24 h following Act D. Slightly more
CCL11 mRNA remained (~10%) at 8 h in the presence of TGF-β1 plus IL-13 compared to
IL-13 alone. This difference increased to 20% at 24 h (Fig. 1B). Thus, compared to the 8-
fold increase in transcription, a much smaller effect of mRNA stability on overall CCL11
mRNA levels was observed (Fig. 1A, 1B).

The addition of TGF-β 1 t o I L-13 induces a synergistic increase in STAT-6
phosphorylation which only occurs 6 h or more post stimulation

Both IL-13 alone and in combination with TGF-β1 were previously reported to similarly
induce STAT-6 phosphorylation at early time points (8). In contrast, using a supersignal
ECL reagent, at all later time points (6, 15 and 24 h) the combination of TGF-β1 and IL-13
synergistically increased STAT-6 phosphorylation over that of IL-13 alone, although the
signals were overall weaker than those at the earliest time point (Fig. 2A, 2B). TGF-β1
alone had no effect on STAT-6 phosphorylation (8).

STAT-6 nuclear translocation is increased in the presence of TGF-β1 plus IL-13
To determine whether increased STAT-6 phosphorylation was accompanied by enhanced
nuclear translocation, immunoflurescence studies of fibroblasts were performed. At 0.25 h,
minimal nuclear STAT-6 translocation was observed in the presence of IL-13 or TGF-β1
plus IL-13 (Figure 3A). At 15 h, unstimulated fibroblasts exhibited diffuse cytoplasmic
staining without STAT-6 nuclear translocation. Modest translocation was observed in the
presence of IL-13 alone, while TGF-β1 plus IL-13 induced marked nuclear translocation of
STAT-6 translocation (Fig. 3A). Phosphorylated STAT-6 homodimerizes before
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translocating to the nucleus suggesting there is a small delay between these two events as
has been previously reported (29).

TGF-β1 plus IL-13 enhances STAT-6-CCL11 promoter binding in vivo
To confirm enhanced binding of STAT-6 to the CCL11 promoter, CHIP was performed.
Sequential CHIPs were prepared with chromatin from fibroblasts stimulated with IL-13 or
TGF-β1 plus IL-13 for 15 h when the synergy of STAT-6 phosphorylation and translocation
was most strongly observed. These were probed with a highly specific anti-STAT-6
antibody. Control CHIPs were performed by adding anti-IgG antibody or amplifying with β-
actin primers. The chromatin used in this procedure was below 1 kb. Oligonucleotides
containing a STAT-6 fragment in the CCL11 promoter were amplified using traditional
PCR. A stronger STAT-6 binding band was observed in TGF-β1 plus IL-13 stimulated
fibroblasts, compared to IL-13 alone (Fig. 3B).

STAT-6 siRNA inhibits STAT-6 mRNA expression and phosphorylation of STAT-6 protein
while decreasing CCL11 expression

To confirm the critical nature of STAT-6 to the synergistic increase in CCL11, the effect of
STAT-6 siRNA on CCL11 expression was evaluated. STAT-6 siRNA significantly knocked
down STAT-6 mRNA, protein and phosphorylation, although the impact on phospho-
STAT-6 was greater than the effect on total STAT-6 at both 0.25 and 15 h stimulation with
either IL-13 or TGF-β1 plus IL-13 (Fig. 4A, 4B, 4C).

48 h of transient transfection with STAT-6 siRNA as compared to scramble siRNA,
followed by 24 h of stimulation with IL-13 or TGF-β1 plus IL-13 consistently inhibited
CCL11 mRNA (Fig. 4D). CCL11 mRNA expression (as percentage of the scramble siRNA)
was 44 ± 31% for IL-13 (p=0.04) and 33 ± 27% for TGF-β1 plus IL-13 (p=0.002). CCL11
protein expression was 79 ± 9% of scramble siRNA for IL-13 alone (p=0.09) and 43 ± 12%
for TGF-β1 plus IL-13 (p=0.02) (Fig. 4E). The stronger inhibition of STAT-6 siRNA on
TGF-β1 plus IL-13 induced CCL11 expression confirms that STAT-6 plays a critical role in
the synergistic expression of CCL11.

TGF-β1 plus IL-13 increases IL-13Rα1, while decreasing IL-13-induced expression of
IL-13Rα2

IL-4Rα was constitutively expressed in human airway fibroblasts in the presence of IL-13,
TGF-β1 or the combination (data not shown). The addition of TGF-β1 to IL-13 significantly
increased IL-13Rα1 mRNA and protein expression, while IL-13 alone had no effect (Fig.
5A, 5B). In contrast, IL-13 itself significantly increased IL-13Rα2 mRNA and protein
expression, while the addition of TGF-β1 downregulated IL-13-induced IL-13Rα2 mRNA
and protein expression (Fig. 5C, 5D).

MEK/ERK inhibition decreases STAT-6 phosphorylation and CCL11 mRNA/protein
expression

The MEK inhibitor PD98059 (25 μM) decreased STAT-6 phosphorylation in the presence
of TGF-β1 plus IL-13, but not IL-13 alone, although ERK phosphorylation was observed
under both conditions (Fig. 6A). CCL11 mRNA and protein were concomitantly inhibited
by PD98059 with the stronger inhibition in the presence of TGF-β1 plus IL-13. The average
inhibition of CCL11 mRNA was 35 ± 36% for IL-13 alone, and 44 ± 17% for TGF-β1 plus
IL-13; the average inhibition of CCL11 protein was 62 ± 40% for IL-13 alone, and 70 ±
29% for TGF-β1 plus IL-13 (Fig. 6B, 6C). A second MEK-ERK inhibitor (U0126, 10 μM)
duplicated those of PD98059 (Fig. S1).
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MEK/ERK inhibition increases IL-13Rα2 mRNA and protein expression
MEK/ERK inhibition had no effect on IL-13Rα1 mRNA and protein expression under all
conditions (Fig. 7A, 7B). However, MEK/ERK inhibition by PD98059 increased IL-13Rα2
mRNA and protein expression in the presence of TGF-β1 plus IL-13, but not for IL-13 alone
(Fig. 7C, 7D).

Effects of TGF-β1 on ERK phosphorylation and expression of IL-13Rα1 and 2
To further investigate the effects of TGF-β1, ERK activation and expression of IL-13Rα1
and 2 were measured in the presence of TGF-β1 alone. TGF-β1 significantly increased ERK
phosphorylation at 24 h (Fig. 8A) and decreased IL-13Rα2 mRNA and protein expression
(Fig. 8D, 8E). TGF-β1 had no obvious effect on IL-13Rα1 mRNA and protein expression
(Fig. 8B, 8C).

Discussion
Airway inflammation has long been a hallmark of asthma (30). Many studies support a role
for eosinophils in asthma, including recent clinical studies reporting benefit of a monoclonal
antibody to the Th2/eosinophilic cytokine IL-5 in eosinophil associated asthma (31, 32).
Interestingly, the response to anti-IL-5 is not complete and eosinophils remain in the tissue
(33). CCL11, a potent eosinophilic chemoattractant produced by resident airway cells
including fibroblasts, is likely to also contribute to this eosinophilic inflammation (5, 34,
35).

IL-4 and IL-13 increase CCL11 expression due to activation of STAT-6 pathways (9, 36,
37). However, various factors, including IL-1β, TNF-α and TGF-β1 in combination with
IL-4 or -13, all markedly enhance CCL11 expression over the Th2 cytokine alone (8, 10, 14,
38–40) and potentially amplify eosinophil related inflammation and remodeling (11). Yet,
the mechanisms for this synergistic production of CCL11, especially as it related to TGF-β1,
remain poorly understood.

To address the potential mechanisms, an in vitro nuclear run-on assay first confirmed the
predominant role of TGF-β1 in combination with IL-13, to enhance the transcription, as
compared to mRNA stabilization, in the synergistic increase of CCL11. STAT-6 is believed
to be the major transcriptional factor involved in the regulation of IL-13 induced CCL11
expression (9, 10, 37, 41), STAT-6 phosphorylation was only observed at early time points
in the presence of IL-13 and TGF-β1 plus IL-13, but not with TGF-β1 stimulation alone (8).
In contrast, the current data show that, at later time points, STAT-6 phosphorylation and
nuclear translocation in the presence of TGF-β1 plus IL-13 was consistently greater than
that of IL-13 alone.

CHIP further confirmed that, compared to IL-13 alone, TGF-β1 plus IL-13 generated
stronger STAT-6 binding to the CCL11 promoter using the primers based on the more
prominent proximal STAT-6 binding region (10, 42). Transient transfection of STAT-6
siRNA more strongly knocked down STAT-6 phosphorylation than total STAT-6, as well as
CCL11 mRNA and protein. From the disconnect between phospho- and total STAT-6 in the
presence of STAT-6 siRNA, we speculate that STAT-6 phosphorylation may occur more
prominently on newly formed STAT-6. These studies demonstrated that augmented STAT-6
phosphorylation, binding and transcriptional activation are all involved in the synergistic
increase in CCL11 expression.

Activation of STAT-6 by IL-13 is mediated by the type II receptor complex, including
IL-4Rα and IL-13Rα1. IL-13Rα2 is believed to be a decoy receptor induced on fibroblasts,
smooth muscle cells, keratinocytes, and other cells by IL-13, IL-4, TNF-α and IFN-γ (43–
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45). Our data confirmed that IL-13 induced IL-13Rα2 mRNA and protein. However, TGF-
β1 prevented IL-13-induced IL-13Rα2 expression, reducing the expected auto-
downregulation of IL-13 on its pathways. To further augment type II receptor activation,
TGF-β1 in combination with IL-13 also upregulated the IL-13Rα1 component of the
receptor, while IL-13 alone had no effect. Although the magnitude of the effects is small,
they are consistent and appear to have functional consequences. Thus, these results identify
a highly novel mechanism by which TGF-β1, a factor found in abundance in asthmatic
tissues, can enhance and sustain the impact of IL-13 on eosinophilic inflammation.

ERK activation is critical for CCL11 production from airway smooth muscle cells (36, 46,
47). In the current study, TGF-β1 and IL-13 enhanced ERK activation, while MEKERK
inhibition decreased STAT-6 phosphorylation and CCL11 expression. Interestingly, MEK-
ERK inhibition had a greater impact on TGF-β1 plus IL-13 induced CCL11 expression than
on that from IL-13 alone, supporting its role in the synergistic increase in CCL11.
Mechanistically, it is likely this greater effect on CCL11 expression is through TGF-β1/ERK
induced decreases in IL-13Rα2 gene expression. Taken together, these findings support a
potential role for MEK-ERK pathway in the pathogenesis and treatment of eosinophilic
asthma.

TGF-β is abundant in human asthmatic airways, being produced by inflammatory cells,
epithelial cells and the fibroblasts (6, 48). However, TGF-β1 is also commonly implicated in
Treg-mediated suppression of allergic asthma, with their anti-inflammatory properties (49).
Thus, whether TGF-β plays a positive or negative role in asthmatic inflammation has been
highly controversial. Our results would strongly support a prominent pro-Th2 inflammatory
role for TGF-β in the submucosal tissue compartment, with a unique ability of TGF-β to
overcome the autoregulation of the type II receptor complex by IL-13 itself. Autoregulation
of a cytokine pathway by the cytokine itself is well known and observed for other cytokines,
including IL-1, IL-6 and IL-10 (50–52). However, very little work has been done on factors
which may overcome this downregulation of cytokine signaling. Understanding these
counterbalancing pathways further could have significant implications in understanding the
persistence of inflammation in chronic diseases like asthma.

In conclusion, we have identified mechanisms by which TGF-β augments IL-13 induced
CCL11 expression, through TGF-β1/ERK induced effects on the type II IL-4Rα receptor
complex and IL-13Rα2 which lead to enhanced and sustained STAT-6 activation and
CCL11 transcription. Further exploration of the mechanisms by which cytokines like TGF-β
(and likely others) are able to overcome cytokine autoregulation could lead to a broader
understanding of the mechanisms leading to the persistence of inflammation in asthma and
other diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
TGF-β1 plus IL-13 synergistically increased transcriptional activity of CCL11 and modestly
stabilized CCL11 mRNA in primary human airway fibroblasts. A, In vitro PCR based
nuclear run-on assay was performed after 24 h stimulation with IL-13 or TGF-β1 plus IL-13.
Nuclei were isolated and newly synthesized CCL11 mRNA measured after incubation with
NTPs. RNA was isolated and qRT-PCR performed. Net newly synthesized CCL11 mRNA
levels are shown as mean ± SEM (n=4). * p<0.05, *** p<0.0001. B, CCL11 mRNA stability
was performed by measuring the remaining CCL11 mRNA (after 24 h transcription)
following addition of Act D (5 μM) at 0, 8 and 24 h (n=4). Results are expressed as the
percentage of each condition at the time Act D was added.
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FIGURE 2.
TGF-β1 plus IL-13 synergistically increased STAT-6 phosphorylation in primary human
airway fibroblasts. 80% confluent fibroblasts were serum-deprived, then stimulated with
IL-13 or TGF-β1 plus IL-13 at 0.25, 6, 15 and 24 h, cell lysates harvested and Western blot
performed. A, Representative Western blot of p-STAT-6 and STAT-6 (n=4). B, Quantitative
comparison of p-STAT-6 as compared with total STAT-6 in response to IL-13 alone and
TGF-β1 plus IL-13. Data are expressed as mean ± SEM from 4 different subjects. * p<0.05.
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FIGURE 3.
TGF-β1 plus IL-13 synergistically increased STAT-6 nuclear translocation and promoter
binding in primary human airway fibroblasts. A, Immunofluorescence of STAT-6 in the
presence of media alone, IL-13 and TGF-β1 plus IL-13 at 15 h. The arrows show STAT-6 in
the nucleus (n=3). B, CHIP analysis showed significant binding of STAT-6 to the CCL11
promoter in the presence of IL-13 alone and TGF-β1 plus IL-13. After stimulation for 15 h,
fibroblasts were fixed and chromatin DNA isolated, incubated with STAT-6 antibody to
form a protein-antibody complex, the cross-link reversed, protein removed and PCR
performed to measure STAT-6 binding (n=3).
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FIGURE 4.
Knock down of STAT-6 mRNA expression and phosphorylation with subsequent decrease
in CCL11 mRNA/protein in the presence of IL-13 and TGF-β1 plus IL-13. Fibroblasts were
transfected with STAT-6 siRNA for 48 h, serum deprived, stimulated for 0.25 and 15 h to
collect cell lysates to measure p-STAT-6/STAT-6, and harvested at 24 h by adding Trizol to
measure STAT-6 and CCL11 mRNA, and collect supernatant at 48 h to measure CCL11
protein. A, STAT-6 siRNA knocked down STAT-6 mRNA expression under all conditions
(n=4). * p<0.05. B and C, STAT-6 siRNA significantly decreased phospho-STAT-6 levels,
with lesser effects on total STAT-6, in the presence of IL-13 and TGF-β1 plus IL-13 at 0.25
h (B) and 15 h (C). Densitometry data are expressed as mean ± SEM (n=4). * p<0.05. D,
STAT-6 siRNA decreased CCL11 mRNA expression in the presence of IL-13 (p=0.04),
with a greater decrease in the presence of TGF-β1 plus IL-13 (p=0.002) (n=4). The
percentage of CCL11 mRNA or protein relative to scramble siRNA is shown. E, CCL11
protein expression was knocked down by STAT-6 siRNA in the presence of TGF-β1 plus
IL-13 (p=0.02), with less effect on IL-13 alone (p=0.09) (n=4).
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FIGURE 5.
TGF-β1 reduced IL-13-induced increase in IL-13Rα2 mRNA and protein expression, but
augmented IL-13Rα1 mRNA and protein expression. A & B, IL-13Rα1 mRNA (n=11) (A)
and protein expression (n=12) (B) in the presence of IL-13 and TGF-β1 plus IL-13. *
p<0.05; ** p<0.01. C & D, IL-13Rα2 mRNA (n=24) (C) and protein expression (n=12) (D)
in the presence of IL-13 and TGF-β1 plus IL-13. * p<0.05; *** p<0.001.

Zhou et al. Page 16

J Immunol. Author manuscript; available in PMC 2013 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 6.
MEK-ERK inhibitor, PD98059 (25 μM) decreased CCL11 mRNA and protein expression
through down-regulation of STAT-6 phosphorylation. Fibroblasts were serum deprived, then
pretreated for 1 h with PD98059 followed by stimulation with IL-13 and TGF-β1 plus IL-13
for 24 h to measure CCL11 mRNA and 48 h to measure CCL11 protein. A, PD98059
decreased phosphorylation of ERK and STAT-6 at 15 h, especially in the presence of TGF-
β1 plus IL-13 (n=5). Right-hand side shows the relative density of p-STAT-6/STAT-6 in the
presence of IL-13 and TGF-β1 plus IL-13, either with or without PD98059. ** p<0.01. B,
PD98059 significantly decreased CCL11 mRNA expression in the presence of IL-13 and
TGF-β1 plus IL-13 (n=9). * p<0.05; ** p<0.01. C, PD98059 significantly decreased CCL11
protein in the presence of IL-13 and TGF-β1 plus IL-13 (n=5). * p<0.05.
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FIGURE 7.
MEK/ERK inhibition reversed the TGF-β1 inhibition of IL-13-induced IL-13Rα2
expression. A, Effects of PD98059 on IL-13Rα1 mRNA expression at 24 h in the presence
of IL-13 and TGF-β1 plus IL-13 (n=8). B, Representative Western blot of IL-13Rα1 (n=4);
C, PD98059 increased IL-13Rα2 mRNA expression at 24 h in the presence of TGF-β1 plus
IL-13 (n=8). * p<0.05. D, Representative Western blot of IL-13Rα2 and the relative density
of IL-13Rα2/GAPDH (n=5). * p<0.05
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FIGURE 8.
Effects of TGF-β1 on phosphorylation of ERK and expression of IL-13Rα1 and IL-13Rα2.
Fibroblasts were serum-deprived, stimulated with TGF-β1 for 24 h, ERK phosphorylation,
IL-13Rα1/2 mRNA and protein were measured. A, Representative Western blot of DPERK
and ERK and the ratio of DPERK/ERK by densitometry (n=7). * p<0.05. Effects of TGF-β1
on IL-13Rα1 mRNA (n=10) (B) and protein (n=9) (C) expression. Effects of TGF-β1 on
IL-13Rα2 mRNA (n=16) (D) and protein (n=9) (E) expression. * p<0.05; ** p<0.01.
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