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Abstract: Severe asthma is a chronic airway disease characterized by the Th2/Th17-polarized inflammation along 
with permanent airway remodeling. Despite past extensive studies, the exact role for Th2 and Th17 cytokines in 
asthmatic pathoetiology, particularly in the pathogenesis of bronchial epithelial-mesenchymal transition (EMT), is 
yet to be fully addressed. We herein conducted studies in 16-HBE cells and demonstrated that Th2-derived IL-4 and 
Th17-derived IL-17A provide a chronic inflammatory milieu that favors TGF-β1 to induce bronchial EMT. A synergic 
action was noted between TGF-β1, IL-4 and IL-17A in terms of induction of EMT. IL-4 and IL-17A synergized with TGF-β1 
to induce epithelial cells re-entering cell cycle, and to promote epithelial to mesenchymal morphological transis-
tion, and by which they enhanced the capacity of TGF-β1 to suppress E-cadherin expression, and to induce a-SMA 
expression in epithelial cells. Mechanistic studies revealed that this synergic action is coordinated by the regulation 
of ERK1/2 activity. Our results not only provide a novel insight into the understanding of the mechanisms underly-
ing airway remodeling in asthmatic condition, but also have the potential for developing more effective therapeutic 
strategies against severe asthmatics in clinical settings.
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Introduction

Severe asthma is a chronic airway disease 
characterized by the Th2/Th17-polarized 
inflammation along with permanent structural 
changes termed airway remodeling [1-5]. The 
pathological changes of airway structural cells 
during airway remodeling include epithelial fra-
gility and plasticity, increased number of acti-
vated fibroblasts/myofibroblasts, thickened 
basement membrane, airway smooth muscle 
hyperplasia/hypertrophy, and angiogenesis [6]. 
Previously, airway remodeling in asthma is con-
sidered to be an abnormal repair response sec-
ondary to persistent inflammation [7, 8]. Recent 

investigations, however, have changed this con-
cept from an outcome to a consequence of per-
sistent inflammation, in which both inflamma-
tory components and airway structural cells are 
involved equally and actively [9-11]. 

Given that the bronchial epithelial cells (BECs) 
undergo an abnormal proliferation in response 
to some noxious stimuli along with a phenotypic 
conversion from epithelial into mesenchymal 
morphology by a process termed epithelial-
mesenchymal transition (EMT) [10, 12-14], their 
role in airway remodeling receives much more 
attentions recently. Indeed, it was found that 
altered proliferation of bronchial epithelial cells 
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is associated with a thickened epithelium and 
lamina reticularis in the airways of severe asth-
matic subjects [12]. During the process of EMT, 
the bronchial epithelial cells are manifested by 
the removed cellular polarity and disrupted 
cell-cell contacts. Specifically, markers for 
polarized epithelial cells such as E-cadherin 
and cytokeratins are downregulated, while 
markers specific for mesenchymal cells such 
as a-SMA and vimentin are upregulated [15, 
16]. As a result, EMT is associated with 
increased cell motility and excessive deposi-
tion of extracellular matrix including collagen I, 
III, and fibronectin [17]. Once EMT occurs in the 
bronchial epithelium, the asthmatic subject is 
refractory to corticosteroids, the first line medi-
cation for treatment of asthma [18].

In subjects with severe asthma, the bronchial 
epithelium is exposed to a chronic and complex 
inflammatory environment enriched with Th2 
and Th17 cytokines along with high levels of 
TGF-β1 [19-21], and particularly, TGF-β1 has 
been recognized as a key factor to induce EMT 
in multiple organs including the lung [22-26]. 
Indeed, studies in animals revealed that 
approximately 30% of the fibroblasts/myofibro-
blasts during the course of airway remodeling 
are actually derived from EMT [27]. However, 
there is also evidence indicating that the bron-
chial epithelial cells are much less sensitive to 
TGF-β1 in terms of EMT induction [23, 27-29]. 
For example, the bronchial epithelial cells iso-
lated from asthmatic subjects failed to acquire 
characteristic markers of mesenchymal cells 
such as a-SMA and vimentin following TGF-β1 
stimulation [23]. Together, these observations 
support that additional factors other than TGF-
β1 are necessary for the induction of EMT in 
asthma. Given the role of IL-4 and IL-17A played 
in disease severity and airway remodeling [4, 
30], we thus hypothesized that IL-4 and IL-17A 
provide a Th2/Th17-polarized inflammatory 
milieu that favors TGF-β1 to induce EMT during 
the process of airway remodeling in severe 
asthma. To test this hypothesis, we performed 
studies in 16HBE cells, an immortalized but 
nontransformed cell line derived from ciliated 
human bronchial epithelial cells that line the 
airway of the lung. Our data demonstrate that 
IL-4 and IL-17A synergize with TGF-β1 to induce 
16HBE cell proliferation and morphological 
change along with the expression of mesenchy-
mal markers. These results are not only impor-

tant for better understanding the mechanisms 
underlying bronchial EMT, but also useful for 
developing novel therapeutic strategies for pre-
vention and treatment of EMT in the setting of 
severe asthma.

Materials and methods

Cells and reagents

Human bronchial epithelial cell line 16HBE-14o 
(16-HBE) was kindly provided by Dr. Bing Li of 
Guangzhou Medical University. Minimal 
Essential Medium (MEM) and fetal bovine 
serum (FCS) were from Invitrogen (Carlsbad, 
CA, USA). Recombinant human TGF-β1, IL-4, 
and IL-17A were purchased from Peprotech 
(Rocky Hill, USA). The highly selective inhibitor 
for ERK1/2, U0126, was from Sigma (Sigma, 
St. Louis, MO). Antibodies against human 
E-cadherin, EGFR and phosphorylated EGFR 
(pEGFR) were from Santa Cruz Biotechnology 
(Santa Cruz, CA). Antibodies for ERK1/2, phos-
phorylated ERK1/2 (pERK1/2), Smad3, and 
phosphorylated Smad3 (pSmad3) were 
obtained from Cell Signaling Technology 
(Danvers, MA). Antibodies against a-SMA and 
β-actin were purchased from Sigma (St. Louis, 
MO).

Cell culture 

The culture and stimulation of 16HBE cells 
were performed as reported [27]. In brief, the 
cells were plated in MEM supplemented with 
10% FCS in a humidified incubator at 37°C with 
a 5% CO2 atmosphere. Once the cells reached 
confluence, they were transferred into low 
serum medium (1% FCS) for 24 h for synchroni-
zation. The synchronized cells were subse-
quently treated with indicated cytokines for 24 
h, or 48 h or 72 h, respectively. Treatment of 
cells with 0.1% DMSO was served as a control. 
For blockade of ERK1/2 activity, 20 µM of 
U0126 were added into the culture 1 h before 
cytokine stimulation.

Cell proliferation assay

Analysis of 16-HBE cell proliferation was car-
ried out using a cell counting kit-8 (CCK-8) from 
Beyotime (Shanghai, China) as instructed. The 
Cells (1×104 cells/well) were seeded in 96-well 
plates and incubated overnight in the serum-
free medium. TGF-β1 (10 ng/ml), or IL-4 (10 ng/
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ml), or IL-17A (10 ng/ml), or TGF-β1 (10 ng/ml) 
along with IL-4 (10 ng/ml) and IL-17A (10 ng/ml) 
(cocktail) were then added into the culture. The 
cells cultured with 10% FCS were served as a 
positive control, while cells cultured with 1% 
FCS were used as a negative control. After cul-
turing the cells for another 24 h, 10 µl of cell 
counting kit-8 were added into each well. The 
cells were next subjected to fluorescence 
counting after 3 h of incubation. Cell prolifera-
tion was determined by measuring the absor-
bance of CCK-8 at 450 nm wavelength. Each 
assay included 3 replicates, and the experi-
ments were repeated by 3 times.

RNA extraction and real-time RT-PCR 

After 24 h of cytokine treatment, 16-HBE cells 
were harvested for RNA extraction using the 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions. 
cDNA synthesis was then carried out using 2 µg 
of total RNA with a RevertAidTM First Strand 
cDNA Synthesis Kit (Shanghai, China). Equal 
quantities of cDNA (equivalent to 25 ng of total 
RNA) from each sample were used for real-time 
PCR analysis of E-cadherin and α-SMA. Real-
time PCR analysis was carried out using a 
StepOne™ Real-Time PCR System (Applied 
Biosystems, Foster, CA) and a SYBR® Premix 
Ex Taq™ II kit (TakaRa, Shanghai) [31]. PCR 
amplifications were conducted in a 20 μl vol-
ume at 95°C for 10 min followed by 40 cycles 
of 95°C for 30 sec, 95°C for 5 sec, 60°C for 34 
sec. The primers for each target gene are as 
follows: E-cadherin (forward, 5′-gag tgc caa ctg 
gac cat tca gta-3′; reverse, 5′-agt cac cca cct 
cta agg cca tc-3′), α-SMA (forward, 5′-gac aat 
ggc tct ggg ctc tgt aa-3′, reverse, 5′-ctg tgc ttc 
gtc acc cac gta-3′), and GAPDH (D379014, 
TakaRa, Shanghai). Relative expressions for 
each target were normalized by GAPDH and cal-
culated as 2-ΔΔCt {2-ΔΔCt=2-[(Ct treated sam-
ple-Ct internal control)-(Ct untreated sample-Ct 
internal control)]}. PCR specificity was verified 
by melting curve analysis and agarose gel 
electrophoresis.

Western blot analysis 

Whole cell lysates were prepared after 72 h of 
cytokine treatment from 16-HBE cells using 
RIPA lysis buffer with protease inhibitors 
(Beyotime, China). Total protein concentrations 
were determined by the BCA Protein Assay kit 

(Wellbiology, USA) as instructed. The loaded 
proteins (20 µg) were separated by 10% SDS-
polyacrylamide gel electrophoresis (SDS-
PAGE), and then transferred onto PVDF mem-
branes. After blocking with 5% milk, the 
membranes were probed with antibodies 
against β-actin, α-SMA, E-cadherin, EGFR, 
pEGFR, SMAD3, pSMAD3, ERK1/2 and 
pERK1/2, followed by incubation with a sec-
ondary antibody, respectively. The blots were 
developed using the ECL Plus reagents (Thermo 
pierce, USA) as previously reported [32]. The 
relative amount of each target protein was 
determined by the ratio with β-actin.

ELISA analysis of collagen I propeptides 

Culture supernatants of 16HBE cells after 72 h 
of cytokine treatment were collected for ELISA 
analysis of amino-terminal propeptide of type I 
procollagen (PINP), a marker for collagen syn-
thesis using a commercial kit (Uscn, Shanghai) 
using the established technique within the lab 
[33].

Statistical analysis

Results are expressed as mean ± SD and ana-
lyzed using SPSS 16.0 software. One-way 
ANOVA followed by the Student-Newman-Keuls 
multiple analysis was used to determine the 
significance of differences in multiple compari-
sons. For comparison of two groups, data were 
analyzed by the non-parametric Mann-Whitney 
U tests. For all analyses, p < 0.05 was consid-
ered with statistical significance.

Results

TGF-β1 induces 16-HBE cell proliferation in the 
presence of IL-4 and Il-17A

To assess the impact of TGF-β1, IL-4 and IL-17A 
stimulation on 16-HBE cell proliferation, the 
cells were first cultured in serum free medium 
overnight, and then stimulated with TGF-β1 (10 
ng/ml), or IL-4 (10 ng/ml), or IL-17A (10 ng/ml), 
or TGF-β1 (10 ng/ml) combined with IL-4 (10 ng/
ml) and IL-17A (10 ng/ml) in 1% FCS medium for 
24 h. Cells cultured in 10% FCS medium were 
served as a positive control, while cells cultured 
in 1% FCS medium were used as a negative 
control. As shown in Figure 1, although TGF-β1, 
IL-4 and IL-17A alone showed certain feasibility 
to induce 16-HBE cell proliferation, but the 
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results were not statistically significant. 
However, TGF-β1 displayed much higher poten-
cy to induce 16-HBE cell proliferation once it 
combined with IL-4 and IL-17A as compared 
with that of negative control cells (140 ± 16.7% 
vs. 100 ± 13.2%, p < 0.05). Together, our data 
suggest that the potency for TGF-β1 alone is 
relatively low in terms of induction of 16-HBE 
cells re-entering the cell cycle (removal of cel-
lular polarity), but it becomes much more 
potent in the presence of IL-4 and IL-17A.

The impact of TGF-β1 on the morphological 
changes of bronchial epithelial cells

Next, we intended to examine the impact of 
cytokine stimulation on the induction of mor-
phological changes in bronchial epithelial cells. 
Under physiological condition, 16-HBE cells 
maintained a classic cobble-stone shape. 
Interestingly, unlike their impact on epithelial 
proliferation, IL-4 or IL-17A alone failed to 
induce a perceptible change for the 16-HBE 
cell morphology. In sharp contrast, after 72 h of 
10 ng/ml TGF-β1 stimulation, a proportion of 

16-HBE cells displayed a spindle-shape, fibro-
blast-like morphology with reduced cell-cell 
contact (Figure 2). Furthermore, much more 
cells showed a similar morphological change 
when they stimulated with combination of TGF-
β1, IL-4 and IL-17A (Figure 2), suggesting that 
the presence of IL-4 and IL-17A enhanced the 
capacity of TGF-β1 to induce 16-HBE cells 
undergoing morphological change.

IL-4 and IL-17A synergize with TGF-β1 to in-
duce bronchial EMT

The above results prompted us to examine the 
impact of TGF-β1, IL-4 and IL-17A on the induc-
tion of EMT, an event commonly implicated in 
airway remodeling in severe asthma. We first 
performed real-time PCR analysis of EMT mark-
ers, E-cadherin and α-SMA, after 72 h of cyto-
kine stimulation. It was noted that IL-4 stimula-
tion did not show a perceptible impact on 
E-cadherin mRNA levels, but it slightly induced 
α-SMA expression in 16-HBE cells. On the 
contrary, IL-17A slightly decreased the levels of 
E-cadherin mRNA, but it did not induce a dis-

Figure 1. The impact of 
TGF-β1, IL-4, and IL-17A on 
16-HBE proliferation. The 
cells were cultured over-
night in serum-free medium 
for synchronization and 
then stimulated with TGF-β1 
(10 ng/ml), or IL-4 (10 ng/
ml), or IL-17A (10 ng/ml), 
or combined TGF-β1 (10 
ng/ml), IL-4(10 ng/ml) and 
IL-17A (10 ng/ml) for 24 h. 
Cells cultured with 10% FCS 
were served as a positive 
control, while cells cultured 
in 1% FCS medium were 
used as a negative control.

Figure 2. TGF-β1, IL-4 and IL-17A stimulation induces 16-HBE cells undergoing an epithelial to mesenchymal mor-
phological transition. The 16-HBE cells were serum-starved overnight and then stimulated with TGF-β1 (10 ng/ml), 
or IL-4 (10 ng/ml), or IL-17A (10 ng/ml), or TGF-β1 (10 ng/ml) combined with IL-4 (10 ng/ml) and IL-17A (10 ng/ml) 
for 72 h, followed by morphological analysis under a light microscope.
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cenable change for α-SMA mRNA. In sharp con-
trast, TGF-β1 showed low potency to suppress 
E-cadherin mRNA levels and to induce α-SMA 
expression in 16-HBE cells (data not shown). 
Next, we treated 16-HBE cells with combined 
TGF-β1, IL-4 and IL-17A, and then analyzed 
E-cadherin and α-SMA mRNA after 24 h, 48 h 
and 72 h of stimulation. Remarkably, a time-
dependent decrease of E-cadherin and 
increase of α-SMA expression were noted in 
16-HBE cells following combined TGF-β1, IL-4 

and IL-17A stimulation. Specifically, the expres-
sion of E-cadherin was suppressed by 4 fold 72 
h after stimulation, while a 6.9 fold increase for 
α-SMA mRNA was noted at the same time point 
(Figure 3). 

To confirm the above results, we next per-
formed Western blot analysis of 16-HBE cell 
lysates 72 h after cytokine stimulation. As 
shown in Figure 4, IL-4 alone did not result in a 
significant change for the expressions of both 

Figure 3. Real-time PCR analysis of E-cadherin and α-SMA expression following TGF-β1, IL-4 and IL-17A stimulation. 
The 16-HBE cells were serum-starved overnight and then stimulated with combined TGF-β1, IL-4 and IL-17A cocktail 
(10 ng/ml for each) for 24, 48 and 72 h, respectively. The cells were next harvested for analysis of mRNA levels for 
E-cadherin and α-SMA by Real-time RT-PCR as described. NAPDH was used for normalization. A. Relative expression 
levels for E-cadherin. B. Relative expression levels for α-SMA. The relative expression levels of target gene in the 
stimulated cells were presented as a ratio over control cells.

Figure 4. Western blot analysis of EMT markers E-cadherin and α-SMA after TGF-β1, IL-4 and IL-17A stimulation. The 
16-HBE cells were serum-starved overnight and then stimulated with 10 ng/ml of TGF-β1, IL-4 and IL-17A alone or in 
combination for 72 h. The cells were next harvested for Western blot analysis of E-cadherin and α-SMA. β-actin was 
used for normalization, and the relative protein levels were presented as a ratio with control cells. The experiments 
were conducted with 3 replications. 
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E-cadherin and α-SMA. Similarly, a 30% 
decrease of E-cadherin was noted after IL-17A 
stimulation, but it did not show a perceptible 
impact on α-SMA protein levels. Of note, TGF-β1 
combined with either IL-4 or IL-17A did not show 
a significant impact on E-cadherin expression 
as compared with that of TGF-β1 alone. However, 
a slight increase of α-SMA protein levels was 
noticed in cells treated with either TGF-β1/
IL-17A or TGF-β1/IL-4. In shrap contrast, com-
bined TGF-β1, IL-4 and IL-17A stimulation result-
ed in a 1.1 fold decrease of E-cadherin expres-
sion, while the expression of α-SMA increased 
by 2.4 fold. Taken all results together, our data 
suggest that IL-4 and IL-17A synergize with TGF-
β1 to promote bronchia EMT. 

Given that secretion of amino-terminal propep-
tide of type I procollagen (PINP) by activated 
epithelial cells is another characteristic feature 
of bronchia epithelial cells undergoing EMT, we 
thus examined PINP levels in the 16-HBE cul-
ture supernatants after 72 h of cytokine stimu-
lation. As shown in Figure 5, TGF-β1 displayed 
high potency to induce 16-HBE cells secretion 
of PINP as manifested by a 3.2 fold increase of 
PINP levels following a 72 h TGF-β1 stimulation. 
Unexpectedly, we failed to observe a synergic 
effect for the combined TGF-β1, IL-4 and IL-17A 
stimulation on PINP secretion. Also, stimulation 
of 16-HBE cells with TGF-β1/IL-4 or TGF-β1/
IL-17A or IL-4/IL-17A did not further enhance 

PINP secretion, rather, 
addition of IL-4 and/or 
IL-17A along with TGF-β1 
significantly suppressed 
PINP secretion as com-
pared with that of TGF-β1 
alone.

IL-4 and IL-17A synergize 
with TGF-β1 to enhance 
ERK1/2 signaling

To dissect the mecha-
nisms by which IL-4 and 
IL-17A synergize with 
TGF-β1 to promote 16- 
HBE cells undergoing 
EMT, we first exmined 
EGFR signaling, as EGFR 
signaling has been sug-
gested to be a shared 
pathway for those cyto-
kines [13, 34-36]. For 

Figure 5. ELISA results for PINP secretion in 16-HBE cells. The 16-HBE cells were 
serum-starved overnight followed by stimulation with TGF-β1, IL-4 and IL-17A cock-
tail (10 ng/ml for each) for 72 h. Culture supernatants were next collected for 
ELISA analysis of PINP secretion as described.

this purpose, 16-HBE cells were treated with 
indicated cytokines for 5 or 60 min and then 
harvested for Western blot analysis. Unexpe- 
ctedly, TGF-β1, IL-4 and IL-17A alone or in combi-
nation failed to induce EGFR expression or acti-
vation as manifested by the similar levels for 
both EFGR and pEGFR after stimulation (Figure 
6A).

Given the central role Smad3 played in TGF-β1-
mediated EMT [37], we next examined the 
impact of TGF-β1, IL-4 and IL-17A stimulation on 
Smad3 activity. As expected, TGF-β1 did not 
enhance Smad3 expression, but a marked 
increase of pSmad3 was detected in 16-HBE 
cells following TGF-β1 stimulation. However, IL-4 
and IL-17A alone or in combination failed to 
show a discernable effect on Smad3 expres-
sion or activation. Unexpectedly, the stimulato-
ry effect for TGF-β1 on Smad3 activity disap-
peared once it combined with IL-4 and IL-17A 
(Figure 6B). This result prompted us to embark 
on the ERK1/2 signaling, a alternative pathway 
recently recognized in TGF-β1-mediated EMT 
[38]. Surprisingly, TGF-β1 alone did not dispaly a 
significant impact on ERK1/2 activity as mani-
fested by the very mild increase of pERK1/2 
after 5 or 60 min of TGF-β1 stimulation. In con-
trast, the potency was much higher for either 
IL-4 or IL-17A in terms of inducing ERK1/2 acti-
vation as compared with that of TGF-β1. It is 
worthy of note that a synergic action was noted 
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when 16HBE cells stimulated with combined 
TGF-β1, IL-4 and IL-17A, in which 16HBE cells 
showed much higher ERK1/2 activity (pERK1/2) 
as compared with that of TGF-β1 or IL-4 or IL-17A 
alone (Figure 6C). 

To further confirm the above results, we next 
treated 16HBE cells with U0126, an ERK1/2 
specific inhibitor, before combined TGF-β1, IL-4 
and IL-17A (cocktail) stimulation. We first dem-
onstrated that U0126 indeed almost complete-
ly abolished cocktail induced ERK1/2 activa-
tion (Figure 7A). We then examined the impact 
of U0126 on cocktail induced expression 
changes for E-cadherin and a-SMA in 16-HBE 
cells. In line with our expectation, addition of 
U0126 almost completely abrogated cocktail 
induced desrease of E-cadherin expression 
(Figure 7B), and similarly, U0126 significantly 
attenuated cocktail induced a-SMA expression 
in 16-HBE cells (Figure 7C). All together, our 
data support that IL-4 and IL-17A synergize with 
TGF-β1 to enhance ERK1/2 activation, and by 
which they promote 16-HBE cells undergoing 
EMT.

Discussion

There is mounting evidence that the bronchial 
epithelium acts as a key player in coordinating 

airway remodeling. In normal individuals, the 
intact airway epithelium forms a physical, 
chemical and immunological barrier between 
the external environment and the internal 
milieu against environmental stimuli through 
cell-cell adhesion proteins such as E-cadherin, 
α-catenin, and β-catenin. In asthmatic sub-
jects, the bronchial epithelium is exposed to 
the inhaled allergens, which would alter the 
properties for the epitehlial barrier. Interestingly, 
recent studies suggest that the bronchial epi-
thelium displays heterogeneity in mild versus 
severe asthma. In mild asthma, the epithelium 
is featured by the disrupted barrier, while 
severe asthma is manifested by the thickened 
epithelium. It is believed that the inflammatory 
microenvironment in the airway is altered in 
severe asthma as compared with that in mild 
asthma [12, 39]. Indeed, a Th2-polarized 
inflammatory response is assumed to be pre-
dominantly involved in mild asthma, whereas 
both Th2 and Th17-polarized responses are 
believed to be implicated in severe asthma 
[40].

Given that the bronchial epithelium in severe 
asthmatics is directly exposed to a complex 
and chronic inflammatory environment, Th2 
and Th17 derived cytokines could synergize 
with TGF-β1 to promote airway remodeling. To 

Figure 6. IL-4 and IL-17A 
synergize with TGF-β1 to 
promote ERK1/2 activation. 
The 16-HBE cells were first 
stimulated with indicated 
cytokines for 5 or 60 min, 
and then harvested for anal-
ysis of EGFR, Smad3 and 
ERK1/2 activation by West-
ern blot analysis. A. TGF-β1, 
IL-4 and IL-17A failed to show 
a perceptible impact on 
EGFR activity. B. TGF-β1 was 
potent to stimulate Smad3 
activation as manifested by 
the higher levels of pSmad3, 
while IL-4 and IL-17A failed 
to induce Smad3 activation. 
C. A synergic action was ob-
served between TGF-β1, IL-4 
and IL-17A on ERK1/2 ac-
tivity, in which much higher 
levels of pERK1/2 were de-
tected in cocktail stimulated 
cells as compared with that 
of cells stimulated with each 
cytokine alone.
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address this assumption, we conducted stud-
ies in 16-HBE cells to assess the impact of IL-4 
and IL-17A on TGF-β1 induced bronchial EMT. It 
was noted that TGF-β1 or IL-4 or IL-17A alone did 
not induce 16-HBE cells undergoing a signifi-
cant proliferation, which is consistent with the 
studies conducted in primary bronchial epithe-
lial cells [39, 41]. However, combined TGF-β1, 
IL-4 and IL-17A showed potency to induce the 
removal of epithelial cellular polarity as mani-
fested by the higher proliferation rate (Figure 
1), demonstrating that IL-4 and IL-17 could pro-
vide a chronic inflammatory milieu that favors 
TGF-β1 to induce bronchia EMT. Indeed, Th2 
and Th17 derived cytokines had been found to 
play a critical role in airway remodeling by stim-
ulating the growth of bronchial epithelial cells 
[12, 42]. In contrast to our findings, Semlali et 
al observed an inadequate proliferative 
response of epithelial cells isolated from sub-
jects with asthma compared with that of nor-

mal subjects [39]. It is likely that this discrep-
ancy is caused by the differences of disease 
states and severity.

Myofibroblasts are considered to be one of the 
important cellular elements in the ongoing air-
way remodeling process [43, 44]. In line with 
this notion, the number of myofibroblasts in the 
layer of asthmatics has been found to be 
increased. However, the origin of these myofi-
broblasts in the airway layer is not entirely clear. 
Recently, a number of studies have demon-
strated that the bronchial epithelial cells can 
contribute to myofibroblast pool by EMT, which 
provided an example of communication 
between bronchial epithelial cells and the 
underlying mesenchymal cells. During this pro-
cess, downregulation of E-cadherin and acqui-
sition of mesenchymal marker a-SMA are 
important components of EMT. In the present 
report, we demonstrated evidence indicating 

Figure 7. Blockade of ERK1/2 signaling almost completely abrogates the synergic action of TGF-β1, IL-4 and IL-17A 
on the induction of bronchial EMT. The 16-HBE cells were serum-starved overnight and then stimulated with indicat-
ed cytokine or cytokine cocktail in the presence or absence of U0126 for 60 min, followed by Western blot analysis 
of EMT markers. A. U0126 was potent to attenuate cytokine cocktail induced ERK1/2 activation. B. Pre-treatment of 
16-HBE cells almost completely abrogated cytokine cocktail induced decrease of E-cadherin expression. C. U0126 
potently attenuated cytokine cocktail induced α-SMA expression in 16-HBE cells. 
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that 16-HBE cells undergo a typical morpho-
logical change from the classic cobble-stone 
shape to the spindle-shape, fibroblast-like mor-
phology after 72 h of TGF-β1 stimulation (Figure 
2). Interestingly, although IL-4 and IL-17A alone 
failed to stimulate a morphological change for 
16-HBE cells, but they have significantly 
enhanced the capacity of TGF-β1 to induce such 
a morphological switch, which further supports 
the existence of a synergic action between TGF-
β1, IL-4 and IL-17A in terms of induction of bron-
chial EMT. The most striking evidence is proba-
bly come from the following studies, in which 
both IL-4 and IL-17A alone or in combination 
failed to induce an obvious downregulation of 
E-cadherin or upregulation of α-SMA in 16-HBE 
cells. Remarkably, once IL-4 and IL-17A formed 
a cocktail with TGF-β1, this cytokine cocktail 
displayed high potency to suppress E-cadherin 
expression and to induce α-SMA expression in 
16-HBE cells (Figures 3 and 4). Suppression of 
E-cadherin in epithelial cells would result in the 
reduction of cell-cell contact, the increase of 
cellular permeability to allergens, and the 
enhancement of susceptibility to injury. In con-
trast, induction of α-SMA expression in epithe-
lial cells would provide a source of increased 
smooth muscle mass in the asthmatic airway 
[45]. These events are typical features of bron-
chial EMT, which would be in favor of airway 
remodeling associated with disease progres-
sion and severity. Given that TGF-β1 alone dis-
played much lower potency as compared with 
that of the above cytokine cocktail, our data 
further support that IL-4 and IL-17A may provide 
a chronic inflammatory milieu to favor TGF-β1 
induction of bronchia EMT. Of note, the mRNA 
changes following stimulation were much more 
significantly than that of protein levels, this dis-
crepancy is likely caused by the fact that EMT is 
a chronic and dynamic process, and a single 
time point may not reflect the entire disease 
process. 

Interestingly, we failed to detect a synergic 
action between TGF-β1 and IL-4/IL-17A on PINP 
secretion as manifested by that TGF-β1 com-
bined with either IL-4 or IL-17A or both did not 
further enhance 16-HBE cells secretion of 
PINP. In contrast, the presence of IL-4 and/or 
IL-17A significantly impaired TGF-β1 induction of 
PINP secretion. The reason for this unexpected 
observation is currently unknown. Given that 
subjects with severe asthma do not display an 

obvious fibrosis in the airway, our data suggest 
that procollagen deposition may not serve as a 
predominant risk factor prediposing to airway 
remodelng in severe asthma.

We also conducted studies to explore the 
mechanisms underlying the synergic action of 
TGF-β1, IL-4 and IL-17A cocktail in the induction 
of bronchial EMT. It has been noted that EGFR 
signaling stimulates breast cancer cells under-
going a transition from an epithelial to a spin-
dle-like mesenchymal morphology, which is 
accompanied by the reduced expression of 
E-cadherin and increased expression of the 
mesenchymal proteins vimentin and TWIST 
[46]. Indeed, upon autocrine or paracrine 
ligand-mediated activation, EGFR induces EMT 
to promote cancer metastasis [47]. 
Unexpectedly, we failed to detect a discernable 
impact for TGF-β1, IL-4 and IL-17A alone or in 
combination on EGFR activity (Figure 6A). This 
discrepancy is probably due to the differences 
of disease etiology between cancer and asth-
ma, in which cancer is manifested by the nonre-
solving inflammation. Given the role of Smad3 
played in transducing signals for TGF-β1, we 
next assumed that IL-4 and IL-17A may coordi-
nate with TGF-β1 to promote bronchial EMT. In 
contrast to our assumption, addition of IL-4 
and/or IL-17 into the 16-HBE culture did not fur-
ther enhance TGF-β1 induction of Smad3 activ-
ity (Figure 6B). We, therefore, next embarked 
on ERK1/2 as their activity has been consid-
ered to be a prerequisite for TGF-β1 induction of 
EMT [48]. Unlike EGFR and Smad3, enhanced 
ERK1/2 activity can be consistently detected in 
16-HBE cells after IL-4 or IL-17A or TGF-β1 stim-
ulation. As a result, the IL-4, IL-17A and TGF-β1 
cocktail showed a synergic action in ERK1/2 
activity (Figure 6C). Furthermore, treatment of 
16-HBE cells with U0126, an ERK1/2 inhibitor, 
almost completely abolished IL-4, IL-17A and 
TGF-β1 cocktail induced epithelial to mesenchy-
mal transition (Figure 7). Together, our data 
support that IL-4 and IL-17A synergize with TGF-
β1 to enhance ERK1/2 activity, and by which 
they promote bronchia EMT during the course 
of severe asthma. 

In summary, we provided the first evidence sup-
porting that Th2 and Th17 derived cytokines, 
IL-4 and IL-17A, synergize with TGF-β1 to pro-
mote airway remodeling during the course of 
severe asthma, in which IL-4 and IL-17A provide 
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a chronic inflammatory milieu that favors TGF-
β1 to induce bronchial EMT. This synergic action 
is coordinated by the regulation of ERK1/2 
activity. Our results not only provide novel infor-
mation for better understanding of the mecha-
nisms underlying airway remodeling in asth-
matic condition, but also have the potential for 
developing more effective therapeutic strate-
gies against severe asthmatics in clinical 
settings.
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