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INTRODUCTION

Asthma, which is characterized by airway inflammation and 
hyperresponsiveness, is a major public health problem in chil-
dren worldwide, with an increased incidence over the past few 
decades.1,2 Despite significant research into the pathogenesis of 
asthma, specific pathways underlying its development remain 
controversial. IL-13, a Th2-type cytokine, has been reported to 
play a pivotal role in the pathogenesis of asthma. Increased lev-
els of IL-13 are correlated with allergic diseases, such as allergic 
rhinitis, dermatitis, atopy, and asthma.3-6 IL-13 has also been 
shown to participate in the regulation of airway inflammation, 
mucosal secretions, airway hyperresponsiveness, and broncho-
constriction.7-9 

The bronchial smooth muscle (BSM), an important tissue in 
the bronchial tree, is involved in the regulation of airway caliber 
and bronchomotor tone.10 Traditionally viewed as a passive 
contractile tissue, BSM cells has been shown to be active partic-
ipants in modulating inflammation and hyperresponsiveness 
in asthma.9 Evidence suggests that IL-13 may directly interact 
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with the airway smooth muscle (ASM) to produce the deleteri-
ous effects of asthma. 

Many proteins involved in smooth muscle function have been 
linked to IL-13. These include the smooth muscle actin alpha 
chain (α-SMA) and smooth muscle myosin heavy chain 
(SmMHC), both of which are vital for smooth muscle contrac-
tion.11 Calreticulin, a calcium regulating protein, has important 
roles in the homeostatic control of calcium levels in the cytosol 
and sarcoplasmic reticulum.12 The high-affinity receptor for IgE 
(FcεRI) participates in the IgE-dependent signaling pathway; 
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the activation of FcεRI is involved in airway inflammation/hy-
perresponsiveness and intracellular calcium mobilization.13 
Eotaxin is a chemoattractant for eosinophils, basophils, and Th2-
like lymphocytes. The recruitment of these immune cells to the 
airways by eotaxin results in airway hyperresponsiveness and 
local inflammation.14 

IL-13 has been reported to stimulate eotaxin release, regulate 
smooth muscle contractile protein expression, and increase 
calcium signaling and contractile responses in ASM.7,15,16 It also 
participates in multiple signaling pathways in cultured ASM 
cells through the phosphorylation of signal transducer and ac-
tivator of transcription 6 (STAT-6), extracellular signal-regulat-
ed kinase (ERK) as well as mitogen-activated protein kinases 
(MAPKs), and through the activation of NF-κB.8,17,18

The naturally occurring IL-13 polymorphism R110Q leads to 
amino acid changes from arginine to glutamine at residue 
110.19,20 The IL-13 R110Q variant is strongly associated with in-
creased total serum IgE levels and asthma,4,19 and functional 
studies have revealed different biochemical properties and al-
tered functions in comparison with wild-type (WT) IL-13.21,22 
There have been few reports on the effects of IL-13 R110Q on 
human ASM/BSM. Thus, we aimed to address whether the IL-
13 R110Q variant would display different biochemical proper-
ties or altered functions from WT IL-13 in cultured human 
bronchial smooth muscle cells (hBSMCs). 

MATERIALS AND METHODS

Cell culture 
Commercially available primary hBSMCs (Sciencell, Carls-

bad, CA, USA) were maintained in smooth muscle cell medi-
um (SMCM; Science Cell) containing 2% fetal bovine serum 
(FBS), 0.5 ng/mL human epidermal growth factor, 5 μg/mL in-
sulin, 2 μg/mL human fibroblast growth factor-basic, 50 μg/mL 
gentamicin, and 50 ng/mL amphotericin B, as recommended 
by the supplier. The cells were grown at 37°C in a humidified at-
mosphere with 5% CO2. The medium was completely changed 
every 2 days and cells were passaged when reaching 90%-95% 
confluence. For the treatment experiments, hBSMCs (passages 
6-8) were seeded in 6-cm culture plates (Coming Glass Works, 
Corning, NY, USA) at a density of 1×104 cells/cm. Cells at 80%-
85% confluence were incubated in serum-free medium for 24 h 
before stimulation with recombinant human IL-13 or IL-13 
R110Q (PeproTech Inc., Rocky Hill, NJ, USA) at 1, 10, 50, and 100 
ng/mL for 24 h. The concentration range and incubation time 
were chosen based on previous reports.23-25 Following the treat-
ment, culture supernatants and cell proteins were collected for 
enzyme-linked immunosorbent assays (ELISAs) and Western 
blot analyses, respectively.

Western blot analysis
To determine the effect of IL-13 and the IL-13 R110Q variant 

on the expression of hBSMC contractile proteins, Western blot 
analysis was performed. Briefly, ice-cold lysis buffer (50 mM 
Tris [pH 7.5], 150 mM NaCl, 1% Triton X-100, 2.5 mM sodium 
pyrophosphate, 1 mM EDTA, 1% Na3VO4, 0.5 μg/mL leupeptin, 
and 1 mM phenylmethanesulfonyl fluoride (Beyotime Institute 
of Biotechnology, Jiangsu, China) was added directly to the cul-
tured cells. The lysates were clarified by centrifugation at 
12,000×g for 5 min, and protein yields were determined using 
a protein assay kit (Beyotime Institute of Biotechnology). Equal 
amounts of proteins were separated by 10% sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis and electro-
transferred to PVDF membranes. The membranes were blocked 
with 5% non-fat dry milk in Tris-buffered saline containing 
Tween 20 (TBST; 25 mM Tris-HCl [pH 7.5], 150 mM NaCl, and 
0.05% (v/v) Tween 20) at room temperature for 1 h and then in-
cubated with primary antibodies diluted in TBST containing 5% 
non-fat dry milk at 4°C overnight. The primary antibodies used 
for immunoblotting were monoclonal anti-α-SMA (1:1,000; Ab-
cam, Cambridge, MA, USA), anti-calreticulin (1:1,000; Epito-
mics, Cambridge, MA, USA), anti-SmMHC (1:500; Merck Milli-
pore, Merck KGaA, Darmstadt, Germany), and anti-GAPDH 
(1:5,000; Epitomics), which was used as a loading control. Fol-
lowing three 10-min washes in PBS, the immunoblots were in-
cubated with HRP-conjugated IgG secondary antibody (1:5,000; 
Epitomics) diluted in TBST containing 5% non-fat dry milk at 
room temperature for 2 h. Immunoreactivity was detected us-
ing an ECL Detection kit (Pierce Biotechnology, Rockford, IL, 
USA). The optical densities of the corresponding bands were 
measured using Image-Pro (Media Cybernetics, Bethesda, MD, 
USA). Each experiment was repeated at least 3 times.

ELISA
To measure the eotaxin concentration in culture supernatants, 

a Quantikine Human Eotaxin Immunoassay ELISA Kit (R&D 
Systems, Minneapolis, MN, USA) was used according to the 
manufacturer’s instructions. Briefly, 100 μL of the assay diluent 
RD1W and 50 μL of the standard or sample were added to the 
wells of a 96-well plate and incubated at room temperature for 
2 h. The content of each well was aspirated, the wells were 
washed 3 times with wash buffer and 200 μL of eotaxin conju-
gate was added to each well. After incubation at room tempera-
ture for 1 h, the wells were again washed 3 times with wash buf-
fer. Substrate solution was added to each well, the plate was in-
cubated at room temperature for 30 min in the dark, and the re-
action was stopped with the addition of stop solution. Within 
30 min, the optical density of each well was measured at 450 
nm using a microplate reader (Bio-Tek Instruments, Winooski, 
VT, US). 

Statistical analysis
All values are expressed as means±SD. Independent sample 

t-tests and one-way analysis of variance (ANOVA) were per-
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formed to analyze the data. A P value of <0.05 was considered 
statistically significant.

RESULTS

The IL-13 R110Q variant is more potent than WT IL-13 in 
promoting eotaxin release from cultured hBSMCs

The regulation of the chemoattractant eotaxin is poorly un-
derstood. Eotaxin release into the culture medium by hBSMCs 
following treatment with WT IL-13 and IL-13 R110Q was mea-
sured by ELISA. In the concentration range of 0-100 ng/mL, 
both IL-13 and IL-13 R110Q promoted eotaxin release in a con-
centration-dependent manner. The release of eotaxin was great-
er with IL-13 R110Q than with WT IL-13 at each concentration 
tested and was significantly greater at and higher concentra-
tions of 10 ng/mL (P<0.05); the greatest difference in eotaxin 
release occurred at 50 ng/mL (P<0.01; Fig. 1). These results in-
dicate that compared with WT IL-13, the IL-13 R110Q variant 
enhances eotaxin release from hBSMCs.

The IL-13 R110Q variant is more potent than WT IL-13 in 
upregulating contractile protein expression in cultured 
hBSMCs

Changes in the ASM phenotype, which involves alterations in 
the expression levels of contractile proteins, such as α-SMA, 
desmin, and MHC, play a fundamental role in the pathogenesis 
of asthma.11,26 The expression levels of the phenotypic markers, 
SmMHC and α-SMA, in cultured hBSMCs treated with IL-13 
and the IL-13 R110Q variant were investigated by Western blot 
analysis. Cells treated with IL-13 R110Q showed modest but 
significant increases the expression levels of α-SMA and SmMHC 
compared with the levels in cells treated with WT IL-13 (P<0.05; 
Fig. 2A and B), suggesting that the IL-13 R110Q polymorphism 
is associated with the increased expressions of phenotypic ASM 
markers.

The IL-13 R110Q variant is more potent than WT IL-13 in 
inducing FcεRI and calreticulin expression in cultured hBSMCs

The modulation of FcεRI and calreticulin expression in ASM 
represents a potentially important mechanism in asthma. 
Western blot analysis of the cultured hBSMCs revealed that 
treatment with the IL-13 R110Q variant induced modest but 
significant increases in the expression levels of FcεRI α-chain 
(P<0.05; Fig. 3A) and calreticulin (P<0.05; Fig. 3B) compared 
with the respective expression levels after treatment with WT 
IL-13. 

DISCUSSION 

Asthma is a complicated disease resulting from complex in-
teractions among genetic factors, an environmental allergens, 
and irritants.27,28 Many genetic loci conferring susceptibility to 
asthma and atopy have been described and polymorphisms in 
these genes are involved in the development and severity of 
asthma.19,27,29

IL-13, an immunoregulatory cytokine, appears to play a cen-
tral role in the pathogenesis of asthma. IL-13 variants have been 
shown to display biochemical properties and functions that dif-

Fig. 1. hBSMCs were treated with the indicated concentrations of WT IL-13 or 
the IL-13 variant (1, 10, 50, and 100 ng/mL) for 24 h. Following treatment, cul-
ture supernatants were collected, and the eotaxin concentration was measured 
by ELISA. Data are presented as means±SD from three or more samples.

Eo
ta

xin
 (p

g/
m

L)

1 ng/mL 10 ng/mL 50 ng/mL 100 ng/mL

180

160

140

120

100

80

60

40

20

0

IL-13 IL-13 Variant

*

**
*

Fig. 3. Cellular proteins were collected from hBSMCs treated with WT IL-13 or 
the IL-13 R110Q variant (50 ng/mL each) for 24 h and used for Western blot 
analysis of (A) FcεRI α-chain and (B) calreticulin proteins. Data are presented as 
means±SD from three or more samples.
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Fig. 2. Cellular proteins were obtained from hBSMCs treated with WT IL-13 or 
the IL-13 R110Q variant (50 ng/mL each) for 24 h and used for Western blot anal-
ysis of (A) α-SMC and (B) SmMHC proteins. Data are presented as means±SD 
from three or more samples.
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fer in some respects from those of WT IL-13.21,22 Polymorphisms 
generally enhance the functional activities of IL-13 variants, in-
cluding the induction of increased STAT6 phosphorylation and 
CD23 expression in monocytes and B cells,30 increased eosino-
philic inflammation in the upper and lower airways of aspirin-
intolerant asthma patients,31 and increased receptor activity 
and airway hyperresponsiveness.32 However, no differences 
have been noted in the expression of “pro-asthmatic” genes be-
tween cells exposed to WT IL-13 and IL-13 R130Q.24

IL-13 concentrations in the range of 1-100 ng/mL have been 
used to stimulate cultured hBSMCs.23-25 In the present study, 4 
different concentrations of IL-13 and the IL-13 R110Q variant 
(1, 10, 50, and 100 ng/mL) were used to stimulate eotaxin re-
lease from hBSMCs. The difference in eotaxin release from hB-
SMCs treated with WT IL-13 versus from hBSMCs treated with 
the IL-13 R110Q variant was greatest at a concentration of 50 
ng/mL (Fig. 1), in agreement with the results of previous stud-
ies.23-25 Thus, this concentration was used for IL-13 stimulation 
of hBSMCs in all subsequent experiments in the present study.

In addition to its enhanced effect on eotaxin release, the IL-13 
R110Q variant also promoted increased expression levels of 
calreticulin, α-SMA, SmMHC, and FcεRI α-chain compared 
with the levels induced by WT IL-13. This data demonstrates 
that a single amino acid substitution in IL-13 can have signifi-
cant biological effects on cultured hBSMCs. However, the mech-
anism accounting for this enhanced functional activity is not 
clear. 

The receptor complex through which IL-13 mediates its ef-
fects contains the subunit IL-13Rα1, which binds to IL-13. This 
then forms a complex with the IL-4 receptor subunit IL-4Rα to 
initiate downstream signal transduction. A closely related IL-13 
receptor subunit, IL-13Rα2, is a high-affinity receptor with a 
short cytoplasmic tail; it does not induce signal transduction, 
but may be responsible primarily for local sequestration of IL-
13.21,32

No significant difference was found between the binding of 
R110Q or WT IL-13 to IL-13Rα.21 However, a lower affinity of IL-
13Rα2 for IL-13 R110Q, enhanced plasma stability, and aug-
mented local levels of IL-13 have been observed. Previous stud-
ies have shown that a soluble form of the IL-13Rα2-Fc chimera 
was unable to neutralize IL-13 R110Q as efficiently as WT IL-
13.21,30 Andrew et al.33 also demonstrated a lower affinity of IL-
13 R110Q for IL-13Rα2, but not for IL-13Rα1. Their research fur-
ther demonstrated that the level of IL-13Rα2 regulates IL-13 
R110Q-mediated responses; low levels of IL-13Rα2 significant-
ly increase IL-13 R110Q-induced eotaxin release and STAT6 
phosphorylation compared with WT IL-13-induced activities. 
In contrast, high levels of IL-13Rα2 or addition of an IL-13Rα2-
neutralizing antibody, completely abolished the observed dif-
ferences between the WT and the variant.33 The IL-13 R110Q 
variant was also found to increase functional activity through 
IL-13Rα1.32 Consequently, we hypothesize that the lower affini-

ty of IL-13Rα2 for IL-13 R110Q leads to an increased local con-
centration of IL-13, resulting in increased signal transduction 
via IL-13Rα1. 

A structural change conferred by the R110Q polymorphism is 
believed to be the cause of altered IL-13 function. Previous mu-
tational analysis has shown that the mutation site is not directly 
involved in binding to IL-13Rα1 or IL-13Rα2. Instead, the D he-
lix of the IL-13 molecule has been identified as an important re-
gion for the binding of IL-13 to IL-13Rα1 and IL-13Rα2.34 Re-
cent site-directed mutagenesis experiments suggest that the 
substitution of glutamine for arginine at position 110 may 
change the conformation of the IL-13 molecule rather than dis-
rupt a direct binding interaction with IL-13R.35 Using NMR re-
laxation analysis, Yoshida et al.36 confirmed that the internal 
motion of helix D was increased in IL-13 R110Q compared with 
that of WT IL-13, which may affect the binding affinity.37 Oshi-
ma et al.38 demonstrated that the substitution of an arginine 
residue with the negatively charged aspartic acid at residue 112 
results in a 5-fold increase in affinity. Therefore, the increased 
internal motion on helix D in IL-13 R110Q may be involved in 
the lower affinity of IL-13Rα2 for IL-13 R110Q, which would in-
crease the level of available IL-13 R110Q and possibly account 
for its enhanced functional activity.

IL-13 has been linked to all of the biochemical markers stud-
ied in the present work. Recent studies have identified RhoA as 
a critical positive regulator of smooth muscle cell contraction, 
which involves SmMHC, α-SMA, tropomyosin, and calponin.11 

IL-13 has been shown to upregulate RhoA and to markedly en-
hance the contractility of cultured hBSMCs.18 Exogenous ad-
ministration of IL-13 or transgenic overexpression of IL-13 in 
mouse lungs results in increased pulmonary expression of eo-
taxin, a chemoattractant for immune cells.39,40 In vivo animal 
models and in vitro cell culture studies also support a role of IL-
13 in eotaxin release and eosinophil recruitment.14,23 The mod-
ulation of FcεRI expression in ASM is a potentially important 
mechanism in asthma,13,41 and IgE has been shown to upregu-
late FcεRI expression in human mast cells and ASM cells.13,42 
Both WT IL-13 and the IL-13 R110Q variant were strongly asso-
ciated with increased total serum IgE content and could there-
by indirectly modulate FcεRI expression.4,19,43 Calreticulin con-
trols Ca2+ homeostasis in the cytosol and sarcoplasmic reticu-
lum and is affected by continuous fluctuations in the Ca2+ con-
centration in the sarcoplasmic reticulum.12,44 IL-13 has been re-
ported to increase calreticulin expression, promote intracellu-
lar Ca2+ release, and increase cytosolic calcium levels in cultured 
ASM cells.7,17,45 

CONCLUSIONS

The data presented here support the hypothesis that compared 
with WT IL-13, the IL-13 R110Q variant would enhance func-
tional activity. The lower affinity of IL-13Rα2 for IL-13 R110Q 
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could increase IL-13 signal transduction via IL-13Rα1, and this 
may be the primary mechanism mediating the enhanced func-
tional activity of IL-13R110Q. The targeting of IL-13 and its as-
sociated receptors can be use as a potential therapeutic ap-
proach to asthma and allergies.
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