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Objective: Transforming growth factor-β-associated kinase 1 (TAK1) mediates non-canonical TGF-β signalling by promoting 
adhesive, migratory, proliferative and contractile responses of fibroblasts to TGF-β1. However, TAK1 expression status in asthmatic 
patients with or without fixed airway obstruction (FAO) is unknown.
Patients and Methods: A total of 60 adult asthmatics with FAO were recruited and compared to 43 those without FAO (nFAO). 
TGF-β1 concentrations, and total TAK1 and phosphorylated TAK1 (p-TAK1) levels were determined in sputum supernatants, cytospin, 
and whole cell lysate by ELISA, immunocytochemistry, and Western blot analysis, respectively, in asthmatics with and without FAO.
Results: Asthmatic patients with FAO had much greater sputum TGF-β1 concentrations than those without FAO. This was 
independent of airway eosinophilia as there was no significant difference in TGF-β1 levels between high and low eosinophil counts 
within FAO and nFAO groups. In contrast, patients with FAO in the presence of sputum eosinophilia had greater expression of TAK1 
and p-TAK1 than those without sputum eosinophilia (P=0.0032 and P=0.0061, respectively). The Western Blot data of total TAK1 and 
p-TAK1 were consistent with the immunocytochemistry, showing upregulation in all sputum cell types (neutrophils, eosinophils, 
macrophages, lymphocytes and airway epithelial cells). In addition, total TAK1 expression negatively correlated with pre- and post- 
bronchodilator FEV1/FVC ratio.
Conclusion: TAK1 may play a key role in asthmatic patients with fixed airway obstruction, which was independent of eosinophilic 
airway inflammation. The interruption of TAK1 might have favourable clinical impact.
Keywords: transforming growth factor-β-associated kinase 1, fixed airway obstruction, asthma

Introduction
Asthma, a chronic respiratory disease characterized by typically reversible airway obstruction and airway inflammation, 
while causes variable and recurrent episodes of wheezing, breathlessness, and cough.1 Airway inflammation in asthma is 
usually effectively suppressed by inhaled corticosteroids (ICS) with low dose, which provides approximately 80–90% of 
the maximum achievable therapeutic benefit across the spectrum of severity.2 However, there is considerable individual 
variability in the response to ICS in adult asthma depending on clinical characteristics, such as type 2 inflammation.2 If 
this is the case, subsequent dose titration has been implicated in clinical practice.2 Asthma phenotypes and particularly 
inflammatory endotypes determine which patients will be the most likely to respond to ICS or who will benefit from the 
treatment with biologics.3,4 However, the underlying pathologies of asthma that are independent of the asthma phenotype 
and endotype are chronic airway inflammation and airway remodeling.3 In asthma, airway remodeling of the conducting 
airway walls leads to structural changes including loss of epithelial integrity, goblet cell and submucosal gland 
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enlargement, basement membrane thickening, subepithelial fibrosis, increased smooth muscle mass, angiogenesis, and 
decreased cartilage integrity.5–7 Airway remodeling features have been documented for all stages of asthma severity, are 
associated with the greater use of asthma medications, and result in fixed airflow obstruction (FAO).3,8,9 Despite 
treatment with inhaled corticosteroids and long-acting bronchodilators, it has been shown longitudinally that they have 
no significant effects in improving fixed airflow obstruction over time if present in childhood.3 The hypothesis was 
previously mooted that Th2 inflammation-mediated chronic cycle of injury resulted in airway remodeling over the 
lifetime of an individual with asthma.3,10 However, recent studies have now demonstrated that pathological features of 
airway remodeling commence, often before allergic airway inflammation is observed or a clinical diagnosis of asthma is 
made.3,11 In addition, results from a systematic review of 39 studies analysing the relationship between inflammation and 
airway remodeling failed to prove the hypothesis that inflammation causes these changes, which could not be prevented 
by early ICS treatment but may be modestly improved by biologics.3,12,13 This is also supported by the evidence from 
a large cohort of adult asthmatics with active asthma or a history of asthma, that independent of asthma status and 
medication use, the extent of airway remodeling and fixed airflow obstruction did not alter over a 3-year time period.14 

All above data, in addition to the fact that none of the drugs used for asthma therapy provides any suppressive effects on 
airway wall remodeling,5 suggest that there are additional mechanisms driving airway remodelling in chronic asthma. 
Intercepting these mechanisms may provide effective prevention and treatment of FAO and may enhance anti-remodeling 
effects of biologics in asthmatics.

Several studies of airway remodelling in asthma have focused on the role of different cytokines, chemokines, and 
growth factors. Several mediators of remodelling have been identified, including transforming growth factor-β (TGF-β), 
IL-4, IL-9, IL-13, IL-17, and vascular-endothelial growth factor (VEGF).15 TGF-β is of particular importance because it 
induces multiple effects in multiple cell types, depending on local microenvironmental and cellular conditions. 
Abundancy of TGF-β1 is associated with high eosinophilic infiltration and higher severity of asthma.16–18 Eosinophils 
are the major source of TGF-β in asthma that acts on eosinophils themselves in an autocrine fashion.19 Epithelial cells 
and macrophages also release TGF-β, which further triggers fibroblast proliferation and tissue remodelling.15,20 TGF-β 
signalling was conventionally emphasized on canonical Smad-dependent cascades to promote airway remodelling 
pathways in asthma.21–23 Much less attention has been paid to the non-canonical TGF-β-activated kinase 1 (TAK1), 
a serine/threonine kinase that becomes active after phosphorylation. This led us to hypothesize that the level of activated 
TAK1 in asthmatics with FAO was higher than those without FAO.

The present study investigated whether TGF-β1-induced non-canonical TAK1 activation played a possible role in 
asthmatics with FAO and there was a significant difference in TAK1 expression and cellular localization in airway 
inflammatory cells between asthmatic patients with FAO and those without FAO using induced sputum.

Materials and Methods
Study Design
This was cross-sectional, non-interventional, real-life study of adult non-smokers with asthma, with and without fixed 
airflow obstruction (FAO), which was conducted between 2015 and 2016. The conduct of this study complies with the 
Declaration of Helsinki. Written informed consent was obtained from each patient, and this study was approved by Siriraj 
IRB on the 23th of September 2015 (Si 527/2015). There is no conflict of interest of the authors related to the present 
study.

Inclusion and Exclusion Criteria
Patients had to meet the following inclusion criteria for the study: non-smoker participants (≤5 pack-years) aged over 40 
years, have a current physician-diagnosed asthma and were prescribed at least 12 months of moderate-to high-dose 
inhaled corticosteroids (ICS) or fixed-dose combination ICS and long-acting β2 agonist therapy (ie, regular prescriptions 
of GINA Step 3 or 4) without adjustment of ICS dose in the year before study entry. Patients were excluded if they had 
a history of other lung diseases likely to influence lung function, or they developed an asthma exacerbation within 6 
months or they had received oral corticosteroids and/or antibiotics for a lower respiratory condition or their asthma 
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medications were adjusted within the 12 weeks before study entry, or they had received maintenance systemic therapy 
(ie, biologics and immunosuppressive agents) for asthma or other systemic diseases.

Asthma was defined according to the American Thoracic Society criteria.24 The subjects previously demonstrated the 
reversibility of FEV1 after therapy with nebulized albuterol (2.5 mg) of ≥12% and a provocative concentration of 
methacholine causing a 20% fall in FEV1 (PC20) of ≤4 mg/mL. However, some patients with asthma may not improve 
their FEV1, in response to bronchodilators during episodes of severe airways obstruction,24 and therefore, current 
bronchodilator reversibility was not included in inclusion criteria for studies of fixed airway obstruction in patients 
with asthma.25–27 In other words, those studies recruited asthmatic patients with FAO regardless of bronchodilator 
reversibility status.

Data Collection
Data, including patient demographics, medical history, and current asthma management, are collected from the asthma 
clinics of the Division of Respiratory Disease in Faculty of Medicine Siriraj Hospital at enrollment via an electronic case 
record form. At screening, previous pulmonary function data performed at least 3 months prior to study entry were used 
to review fixed airway obstruction (FAO) of individual participants and LLN values were calculated and utilized for 
classifying FAO and non-FAO (nFAO) groups using lung function data during enrolment period. Enrolled patients were 
requested to undergo asthma control assessment using asthma control test (ACT), pulmonary function testing for 
confirmation of FAO and used for the present study, fractional exhaled nitric oxide measurement, sputum induction, 
and complete blood count and total IgE.

Assessments of Fixed Airway Obstruction
The presence of fixed airway obstruction (FAO) was defined as postbronchodilator FEV1/FVC < LLN with the first lung 
function result at least 3 months before study entry and was confirmed the persistence with the second pulmonary 
function testing at study enrolment, and the absence of FAO (nFAO) was defined as FEV1/FVC ≥LLN using the Global 
Initiative Lung all-age reference equations for spirometry.28,29 FAO status was assigned based on whether FEV1/FVC 
was <LLN or ≥ LLN (FAO and nFAO, respectively) approximately 15–30 minutes after nebulized albuterol (2.5 mg).

Sputum Induction and Processing
Sputum induction was performed as previously described.30 The supernatants were kept frozen at –70°C until further 
analysis. For immunocytochemistry, cytospins were fixed with 4% paraformaldehyde (BDH Ltd., Poole, UK) and stored 
at –20°C. Total cell counts were recorded with a hemocytometer, using Kimura stain. Cell viability was determined by 
Trypan blue exclusion before cytospins were undertaken. The slides were stained with May-Grunwald-Giemsa stain, and 
differential cell counts were made by a blinded observer. Four hundred inflammatory cells were counted on two slides for 
each sample in a blinded manner. Differential cell counts are expressed as the percentages of total inflammatory cells. 
Samples with cell viability of greater than 70% and less than 30% squamous cell contamination were considered 
adequate for analysis.

Alkaline Phosphatase Immunostaining
Sputum cells were immunostained with the alkaline phosphatase-anti-alkaline phosphatase (APAAP) method using 
a commercial kit (Vectastain Laboratories, Burlingame, CA). Cells were permeabilized for 10 min with 0.5% Nonidet 
P-40 (NP-40, Sigma Chemicals, St Louis, MO) and blocked in 20% normal swine nonimmune serum (Vector 
Laboratories, Burlingame, CA) for 30 min at room temperature. Polyclonal anti-rabbit antibody to phosphorylated 
TAK1 (p-TAK1) (Cell Signaling, Beverly, MA) and TAK1 (Santa Cruz, CA) were used for immunocytochemistry 
staining. After incubating with the secondary biotinylated goat anti-rabbit or anti-mouse antibody, the immunoreaction 
was detected using the APAAP system to produce red positive staining. Slides were counterstained with hematoxylin for 
cellular identification and examined under light microscopy. All immunoreactive cells expressing targeted proteins, 
which were identified by red signals on sputum cytospins, were counted by an experienced observer blinded to the 
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clinical characteristics of the subjects. The total immunoreactive cells were counted among 400 cells and expressed as 
a percentage of each cell type.

Enzyme-Linked Immunosorbent Assay (ELISA) for Transforming Growth Factor-b1
For detection of human TGF-β1 sandwich ELISA was performed according to the manufacturer’s instructions (R&D 
Systems, Minneapolis, MN) with a sensitivity was 4.61 pg/mL. Cytokine output was normalized to the concentration of 
protein.

Western Blot Analysis
Whole cell lysates were prepared in NP-40 lysis buffer (0.5% Nonidet P-40, 20 mM Tris-HCl [pH 7.5], 150 mM NaCl) in 
the presence of complete protease cocktail inhibitor. Lysates were centrifuged at 4°C for 10 min at 12,000 rpm in an 
Eppendorf microcentrifuge to remove cellular debris. Western blot analysis was performed as previously described,31 

using anti-p-TAK1 (Cell Signaling Technology) and anti-TAK1 (Santa Cruz). Immunoreactive proteins were detected 
using an enhanced chemiluminescence ECL kit (Amersham Biosciences).

Statistical Analysis
The data are expressed as the mean ± the SD. Demographic data were described by number and percentage of patients for 
categorical variables and median (IQR) for continuous variables. Comparisons of demographic data and the differences 
in the expression of signaling molecules between the groups were performed by the Mann–Whitney U-test and unpaired 
t-test as appropriate. Chi-square test for trend test was used to analyse categorical data for differences and Chi-square test 
for linear by linear association used for previous exacerbation numbers. The median was calculated if the distribution of 
the variables was not normal. The r value was determined for the correlation of p-TAK1 with other indicated parameters 
within the FAO groups using Spearman’s rank correlation test. All statistical tests were two-tailed and significance was 
accepted at the level of 95% and P<0.05 using PASW statistics 28 (SPSS, IBM, Chicago).

Results
Patient Characteristics
Table 1 summarizes the patients’ demographic data. Of 190 screened patients, 103 were included in this study. Patients 
excluded from the analysis were those without complete spirometry and demographic data, and those with inadequate 
induced sputum and incomplete clinical and laboratory data. Patients in fixed airway obstruction (FAO) group were 
significantly older (64.5±10.3 vs 54.6±10.9, P<0.001) with longer asthma duration (31.5±17.1 vs 24.6±13.9, P=0.039) 
and more comorbidities, particularly HT and dyslipidemia but not allergic rhinitis and CRSwNP and less GERD 
(P=0.048), and required higher intensity of treatment with ICS/LABA and LAMA than those without fixed airway 
obstruction (non-FAO) group (88.3% vs 74.4%, P=0.04; 21.7% vs 4.7%, P=0.01, respectively), whereas there was no 
significant differences in ACT score, atopy, total IgE, BMI, white blood cell and differential counts between groups, 
except the absolute monocyte number that was markedly higher in FAO group (median [IQR], 0.5 [0.4 to 0.6]×103/μL vs 
0.44 [0.4 to 0.5] ×103/μL, P=0.009). There was much lower pre-and post-bronchodilator (BD) FEV1 values with 
markedly greater BD reversibility in FAO compared to non-FAO group (1.21±0.4L vs 1.75±0.5L and 1.41±0.42L vs 
1.92±0.45L for absolute pre- and post-BD FEV1; 60.4%±19.1% vs 82.7±19.3% and 69.9%±17.7% vs 90.5% vs 16.7% 
for pre- and post-BD FEV1% of predicted, P<0.001 for all, respectively; 18.8%±16.4% vs 10.9%±9.7% for airway 
reversibility, P=0.0037). However, both groups showed no significant difference in the degree of airway inflammation in 
which no predominated inflammatory cell type was detected. In addition, despite lower FeNO levels in FAO group than 
non-FAO group, there was no statistically significant difference (31.5±17.1 ppb vs 40.5±35.6 ppb, P=0.23). Despite the 
presence of eosinophilic airway inflammation and elevated FENO levels, it suggested that persistent airflow obstruction 
was possibly unrelated to the severity and persistence of airway inflammation and might be driven by other underlying 
mechanisms.
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Table 1 Patient Characteristics and Sputum Cytology

Variables All Participants 

(n=103)

nFAO  

(n=43)

FAO  

(n=60)

P-value*

Mean age (yr) ±SD 60.3 ± 11.5 54.6 ±10.9 64.5 ±10.3 < 0.001a

Sex, (%)

Male 33 13.9 46.7 0.35b

Female 67 86.1 53.3 0.11b

Duration of asthma, y 28.6 ± 16.2 24.6 ± 13.9 31.5 ± 17.1 0.039a

Number of 10-y exacerbations 0 [0.0–1.0] 0 [0.0–1.0] 0 [0.0–1.75] 0.15d

Atopy (%) 39 (37.9) 13 (30.2) 26 (43.3) 0.17b

Body mass index 25.1 ± 4.7 24.6 ± 4.4 25.4 ± 4.8 0.46a

Comorbidities

Allergic rhinitis (%) 65 72 60.0 0.204b

CRSwNP (%) 4.9 4.7 5.0 1.0b

GERD (%) 10.7 18.6 5.0 0.048b

HT and dyslipidemia (%) 56.3 30.2 75.0 <0.0001b

Serum total IgE (IU/mL) 165 [68.9–540.5] 157 [70.0–1005] 165 [94.2–476.8] 0.81c

Post-BD FEV1/FVC (%) 66.2 ± 12.7 77.2 ± 5.1 56.6 ± 8.9 <0.001c

% Reversibility 15.5 ± 14.5 10.9 ± 9.7 18.8 ± 16.4 0.0037c

Pre-BD FEV1, (L) 1.4 ± 0.5 1.75 ± 0.5 1.21 ± 0.4 <0.001c

FEV1% predicted 69.7 ± 22.0 82.7 ±19.3 60.4 ± 19.1 <0.001c

Post-BD FEV1, (L) 1.62 ± 0.49 1.92 ± 0.45 1.41 ± 0.42 <0.001c

FEV1% predicted 78.5 ± 20.0 90.5 ± 16.7 69.9 ± 17.7 <0.001c

Pre-BD FVC, (L) 2.3 ± 0.6 2.4 ± 0.6 2.24 ± 0.63 0.11c

Post-BD FVC, (L) 2.5 ± 0.59 2.5 ± 0.6 2.5 ± 0.62 1.0c

FeNO, (ppb) 34.9 ± 29.3 40.5 ± 35.6 31.5 ± 17.1 0.23c

ACT score (SD) 20.6 ± 4.1 20.2 ± 4.7 20.8 ± 3.7 0.7c

Median equivalent beclomethasone daily dose (μg) (IQR) 500 [320–640] 500 [320–640] 640 [400–990] 0.06c

ICS+LABA (%) 64.1 74.4 88.3 0.04b

LAMA (%) 9.7 4.7 21.7 0.01b

LTRA (%) 39.8 60.5 60.0 0.93b

Total sputum cells (×106) 0.96 [0.84–1.08] 0.98 [0.86–1.08] 0.92 [0.84–1.15] 0.66c

Sputum neutrophil number (×106) 0.38 [0.28–0.5] 0.4 [0.27–0.46] 0.35 [0.27–0.52] 0.71c

Sputum neutrophils (%) 36.8 [30.9–52.3] 38.5 [30.9–50.7] 36.0 [30.1–52.7] 0.94c

Sputum eosinophil number (×106) 0.02 [0.0–0.06] 0.02 [0.0–0.06] 0.02 [0.0–0.06] 0.8c

Sputum eosinophils (%) 2.0 [0.0–6.6] 2.0 [0.0–6.7] 2.0 [0.0–6.1] 0.8c

Sputum macrophage number (×106) 0.53 [0.4–0.7] 0.53 [0.4–0.6] 0.53 [0.4–0.6] 0.75c

Sputum macrophages (%) 58.5 [43.8–65.3] 58.0 [45.6–63.4] 58.4 [43.2–67.0] 0.98c

Sputum lymphocyte number (×106) 0.0 [0.0–0.0] 0.0 [0.0–0.0] 0.0 [0.0–0.0] 0.38c

Sputum lymphocytes (%) 0.0 [0.0–0.0] 0.0 [0.0–0.0] 0.0 [0.0–0.0] 0.46c

Sputum airway epithelial cell number (×106) 0.005 [0.0–0.2] 0.01 [0.0–0.02] 0.005 [0.0–0.02] 0.82c

Sputum airway epithelial cells (%) 0.74 [0.0–1.9] 0.74 [0.0–2.0] 0.73 [0.0–1.9] 0.63c

White blood cell count (×103/μL) 7.4 [5.8–8.7] 7.3 [5.6–8.5] 7.4 [6.0–9.1] 0.66c

Neutrophils (%) 57.0 [48.9–63.5] 58.9 [50.3–63.1] 55.5 [48.2–64.0] 0.85c

Lymphocytes (%) 32.0 [24.3–39.1] 32.2 [25.4–38.0] 31.7 [22.8–39.2] 0.94c

Monocytes (%) 6.9 [5.4–8.1] 6.3 [5.3–7.5] 7.2 [5.6–9.1] 0.06c

Eosinophils (%) 3.3 [2.0–5.5] 3.6 [1.8–5.7] 3.2 [2.1–5.2] 0.81c

Basophils (%) 0.6 [0.4–0.8] 0.6 [0.4–0.7] 0.6 [0.5–0.8] 0.83c

Neutrophils (×103/μL) 4.0 [2.8–5.4] 3.9 [2.9–5.2] 4.2 [2.6–5.4] 0.63c

Lymphocytes (×103/μL) 2.1 [1.8–2.5] 2.1 [1.7–2.7] 2.1 [1.8–2.4] 0.91c

Monocytes (×103/μL) 0.5 [0.39–0.57] 0.44 [0.4–0.5] 0.5 [0.4–0.6] 0.009c

Eosinophils (×103/μL) 0.23 [0.1–0.4] 0.19 [0.1–0.5] 0.24 [0.2–0.3] 0.7c

Basophils (×103/μL) 0.04 [0.03–0.06] 0.04 [0.02–0.06] 0.04 [0.03–0.05] 0.51c

Notes: Data are presented as median [IQR] or otherwise indicated. FAO was defined as postbronchodilator FEV1/FVC < LLN with the first lung function data at 
least 3 months before study entry and confirmed the persistence with the second pulmonary function testing at study enrolment as demonstrated in the table 
p value* nFAO versus FAO. ap value from unpaired t-test. bp value from chi-square test for trend test. cp value from Mann–Whitney test. dp value from chi-square 
test for linear by linear association. 
Abbreviations: ACT, asthma control test; BD, bronchodilator; FAO, fixed airway obstruction; nFAO, no fixed airway obstruction; FeNO, fractional exhaled nitric 
oxide; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; ICS, inhaled corticosteroid; LABA, long-acting β2 agonist; LAMA, long-acting muscarinic 
antagonist; LTRA, leukotriene receptor antagonist.
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TGF-β1 Production in Asthmatics with Fixed Airway Obstruction (FAO) Was Greater 
Than Those Without FAO
Table 2 demonstrates asthmatic patients with FAO had greater TGF-β1 concentrations than those without FAO (nFAO) 
(49.6 ± 6.7 pg/mL vs 7.7 ± 3.6 pg/mL, P<0.001) and Figure 1 shows that there was significantly higher level of TGF-β1 

in FAO asthmatics with and without airway eosinophilia than nFAO counterpart (50.2±7.0 pg/mL vs 7.3±3.4 pg/mL; 49.1 
±6.6 pg/mL vs 7.8±3.7 pg/mL, P<0.001 for both). However, we could not detect any significant difference in TGF-β1 

levels in FAO-inflicted asthmatics with or without airway eosinophilia (sputum eosinophils ≥3% and <3%) (mean 
concentrations 50.2±7.0 pg/mL vs 49.1±6.6 pg/mL, P=0.8) and this was also the case for nFAO groups (7.3±3.4 pg/mL 
vs 7.8±3.7 pg/mL, P=0.39).

Markedly Higher Levels of Total TAK1 in Asthmatics with FAO Than Those Without 
FAO
Table 2 shows that the FAO group had markedly higher total TAK1 immunoreactive sputum cells than the non-FAO (nFAO) 
group (P< 0.0001), which was consistent with higher TAK1 protein level in Western blot analysis (Figure 2). Specifically, the 
high immunopositivity for TAK1 was detected in sputum neutrophils, eosinophils, macrophages, airway epithelial cells and 
lymphocytes from FAO group (P < 0.001 for the first four cell types, except lymphocytes which had P = 0.035).

Correlation Between Total TAK1 Level and the Degree of Airway Obstruction in 
Asthmatics with FAO
Figure 3 shows that the percentage of total TAK1 immunopositive sputum cells negatively correlated with the degree of 
airway obstruction as assessed by pre- and post-bronchodilator FEV1/FVC (r = −0.75, P < 0.0001 and r = −0.7, P < 
0.0001, respectively) in asthmatics with FAO.

Table 2 Sputum Signaling Molecules

Variables All Participants (n=103) nFAO (n=43) FAO (n=60) P-value* 95% CI of Difference

TGF-β1 (pg/mL) 32.1 ± 21.5 7.7 ± 3.6 49.6 ± 6.7 <0.001 39.0 to 42.7a

Total TAK1 (%) 55.2 ± 28.1 23.8 ± 5.4 77.6 ± 10.7 <0.001 52.3 to 59.6 a

Neutrophil TAK1 (%) 15.5 ± 10.3 9.6 ± 2.8 19.7 ± 11.5 <0.001 5.1 to 10.9a

Eosinophil TAK1 (%) 3.7 ± 3.1 1.3 ± 1.0 5.5 ± 2.8 <0.001 3.0 to 4.9a

Macrophage TAK1 (%) 34.2 ± 21.1 11.9 ± 3.2 50.2 ± 11.8 <0.001 36.3 to 43.8b

Lymphocyte TAK1 (%) 0.28 ± 0.7 0.15 ± 0.6 0.37 ± 0.7 0.035 0.0 to 0.0a

Epithelial TAK1 (%) 1.5 ± 1.3 0.9 ± 1.1 1.8 ± 1.3 <0.001 0.5 to 1.4a

Total p-TAK1 (%) 52.7 ± 27.9 21.5 ± 5.2 75.1 ± 10.7 <0.001 52.7 to 59.3a

Neutrophil p-TAK1 (%) 14.6 ± 10.2 8.6 ± 2.7 18.9 ± 11.4 <0.001 5.1 to 11.0a

Eosinophil p-TAK1 (%) 3.3 ± 2.7 1.0 ± 0.8 4.9 ± 2.4 <0.001 2.7 to 4.4a

Macrophage p-TAK1 (%) 33.2 ± 20.9 11.0 ± 3.1 49.1 ± 11.7 0.0037 36.1 to 43.9b

Lymphocyte p-TAK1 (%) 0.2 ± 0.6 0.1 ± 0.5 0.3 ± 0.6 0.039 0.0 to 0.0a

Epithelial p-TAK1 (%) 1.2 ± 1.1 0.7 ± 0.9 1.5 ± 1.1 <0.001 0.5 to 1.2a

Notes: Data are presented as mean ± SD. FAO was defined as postbronchodilator FEV1/FVC < LLN with the first lung function data at least 3 months before study entry 
and confirmed the persistence with the second pulmonary function testing at study enrolment as demonstrated in the table p value* nFAO versus FAO. ap value from Mann– 
Whitney test. bp value from unpaired t-test. 
Abbreviations: FAO, fixed airway obstruction; nFAO, no fixed airway obstruction; TAK1, transforming growth factor-β-associated kinase 1; p-TAK1, phosphorylated TAK1; 
TGF-β1, transforming growth factor-β1.
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Comparison of Phosphorylated TAK1 Level in Asthmatics with and without FAO
Table 2 shows significantly higher p-TAK1 level in total sputum cells from asthmatics with FAO than those with non-FAO 
(nFAO) (P<0.001) as demonstrated by Western blot analysis (Figure 2) and immunocytochemistry which demonstrated p-TAK1 
localization in neutrophils, eosinophils, epithelial cells, macrophages, and lymphocytes (P<0.001 for the first three cell types, 
except macrophages and lymphocytes which had P=0.0037 and P=0.039, respectively). In addition, FAO asthmatics with airway 
eosinophilia had greater total TAK1 and p-TAK1 levels than those without airway eosinophilia (median [IQR], 84.8% [74.5% to 
87.5%] and 81.1% [72.8% to 84.5%] vs 78.3% [65.3% to 83.7%] and 75.4% [61.3% to 80.9%], P=0.0032 and P=0.0061, 

Figure 1 TGF-β1 levels of asthmatics with FAO and non-FAO (nFAO) in the presence or absence of airway eosinophilia as indicated. TGF-β1 was quantified by ELISA in 
sputum fluid of FAO and nFAO asthmatic patients with sputum eosinophilia and without sputum eosinophilia. Results are depicted as bar column, with median values, 25th 
and 75th quartile and the range of values. Mann–Whitney U-test was used for the statistical analysis, and there was no statistical significance within group and associated 
P values between groups are indicated. ***P < 0.001.

Figure 2 The levels of TAK1 and p-TAK1 in total sputum cells was analyzed by Western blot analysis of whole cell lysate from asthmatics with FAO and without FAO (non- 
FAO). GAPDH served as the standard.
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respectively) (Figure 4). In addition, patients in FAO group, regardless of eosinophilia status exhibited higher expression of total 
TAK1 and p-TAK1 in sputum cells than nFAO counterpart (24.4% [18.1% to 27.4%] and 21.7 [15.5% to 24.1%] for nFAO with 
airway eosinophilia, 22.8% [19.8% to 26.9%] and 20.9% [17.9% to 24.7%] for nFAO without eosinophilia, respectively, 
P<0.001 for all) (Figure 4).

Discussion
Our results suggest that protein levels of total TAK1, phosphorylated TAK1 and its cellular localization in differential 
sputum cell types as well as TGF-β1 release were significantly increased in asthmatics with FAO over those without FAO. 
Moreover, the upregulation of TAK1 directly correlated with the degree of FAO. Despite no discernible differences in the 
cellular contribution to such up-regulation of these signaling molecules, the eosinophilic airway inflammation contrasted 
sharply with the levels of these proteins in patients with FAO over those with less sputum eosinophil counts. However, 
although, asthmatic patients with FAO and the absence of airway eosinophilia had total TAK1 and p-TAK1 expression to 
a lesser extent than those with sputum eosinophilia, they exhibited marked increase in these cellular signaling proteins 
compared with patients in the absence of FAO regardless of eosinophilic status.

Figure 3 Correlations between total TAK1 immunopositive cells in sputum of asthmatics with FAO, expressed as percentage, and the pulmonary function tests, including 
pre-bronchodilator (A) and post-bronchodilator FEV1/FVC ratios (B). Spearman rank correlation has shown significant negative correlations between TAK1 levels and FEV1 

/FVC ratios.

Figure 4 TAK1 and p-TAK1 immunopositive cells (%) in sputum of asthmatics with FAO and without FAO (nFAO) in the presence or absence of airway eosinophilia as 
indicated. (A) The difference in TAK1 immunopositive cell numbers within and between groups. (B) The difference in p-TAK1 immunopositive cell numbers between 
patients with and without airway eosinophilia. Results are depicted as bar, column, with median values, 25th and 75th quartile and the range of values. Mann–Whitney U-test 
and associated P-values are indicated. ***P < 0.001 for comparison with FAO with eosinophilia. ψ for comparison with FAO without eosinophilia (P < 0.001).
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TGF-β1 is a potent fibrogenic growth factor. TGF-β1-mediated signaling involves both canonical (Smad-dependent) 
and non-canonical (Smad-independent) pathways.32 The canonical ALK5/Smad3 pathway mediates pro-fibrotic 
responses to TGF-β1 in a variety of fibroblasts.33,34 One of the non-canonical TGF-β pathways is mediated by TGF-β- 
associated kinase 1 (TAK1), a mitogen-activated kinase (MAP3K), that can activate downstream kinases including p38 
and JNK MAPK.35 In human adult dermal fibroblasts, TAK1 pathway selectively mediates adhesive, migratory, 
proliferative and contractile responses to TGF-β1.36,37 However, the role of TAK1 in asthma with FAO is largely 
unknown. In the present study, we demonstrated that rising TGF-β1 was associated with TAK1 activation as reflected 
by significantly increased phosphorylation of TAK1 in sputum macrophages and eosinophils of asthmatics with FAO. 
This indicated that TAK1 responses in the context of its level and activation status may imply its role in asthmatics with 
FAO. Future investigation for the underlying mechanisms of TAK1 in regulating airway remodeling in asthma is 
warranted.

TAK1 is essential for the development of Th17 cells. It reprograms inducible regulatory T cells into IL-17+ effector 
T cells.38 Although Th17-polarizing effect of TAK1 could drive neutrophilic airway inflammation and possibly airway 
remodeling, we were unable to demonstrate any significant correlation between TAK1 activation with neutrophilic 
inflammation or fixed airway obstruction as there was no significant difference in neutrophil numbers between the FAO 
and nFAO groups (data not shown). Similarly, this was also the case with eosinophilic inflammation, making it unlikely 
that remodeling effects of TAK1 is directly mediated through inflammation. We found greater TGF-β1 level and 
increased TAK1 activation in asthmatics who had FAO with longer duration of asthma than those without this clinical 
feature. However, in agreement with other studies, we found no correlation between TGF-β1 and the duration of 
asthma.39–41

Circulating monocytes and airway macrophages play an important role in the development of airway fibrosis in 
asthma and pulmonary fibrosis.42,43 Circulating blood monocytes are rapidly recruited to the airway and differentiate into 
macrophages during asthmatic inflammation; these macrophages are defined as monocyte-derived macrophages.44 In 
certain polarizing milieu, they differentiate into M1 and M2 subsets with different phenotypic and functional 
characteristics.45 Along with Th2 cells, M2 macrophages are a major source of type 2 cytokines that potentiate asthmatic 
inflammation and airway remodeling that can be attenuated by inhibition of monocytes/macrophages axis.42 Therefore, 
higher circulating monocytes in FAO than nFAO group may suggest more recruitment into the airway and differentiation 
into monocyte-derived macrophages despite the fact that we failed to demonstrate increased sputum macrophage 
numbers in asthmatics with FAO to a greater extent than nFAO counterpart. However, FAO asthmatics had higher 
percentage and absolute numbers of airway macrophages with increased airway remodeling activity as demonstrated by 
TAK1 and p-TAK1 expression than those without FAO. In addition to monocytes/macrophages, there were significantly 
increased numbers of other inflammatory cell types with activated TAK1 expression (neutrophils, eosinophils, lympho-
cytes and airway epithelial cells), suggesting their roles in regulating airway remodeling through TAK1-associated 
mechanisms in FAO individuals. However, we could not exclude the possibility of airway basophils involved in 
eosinophilic asthma to mediate airway remodeling via TAK1 other than known IgE-related mechanisms, primarily 
involving mast cells, in asthma despite no report in TAK1 expression in this cell type.46–48

Although patients with FAO required more ICS and LABA for asthma control than the non-FAO group, there was no 
significant difference in previous asthma exacerbation numbers, sputum eosinophil percent and FeNO levels. In addition, 
there was significant upregulation of TAK1 and p-TAK1 expression and increase in TGF-β1 levels in patients with FAO 
in the presence of airway eosinophilia compared to non-FAO individuals with airway eosinophilia. This may suggest that 
the occurrence of FAO with underlying airway remodeling was independent on airway inflammation and frequent 
exacerbations, which was in contrast to previous studies showing the association between childhood and adolescent 
asthmatics with FAO and frequent exacerbations.49 This may result from differences in our study population comprising 
more advanced age, adult-onset asthma and longer disease duration being risk factors associated with FAO.49–51 

Asthmatics treated with moderate ICS in FAO group had similar FeNO levels and sputum eosinophil percent to those 
of unselected asthmatics and those of well-controlled asthmatics,52–54 whereas both biomarkers were lower than those of 
uncontrolled asthmatics.55,56 We did not find the association between both biomarkers and FAO status and the relation-
ship of eosinophil activation with FAO status as demonstrated by others.57 However, our results confirmed earlier studies 
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that aging was associated with FAO and lower FeNO concentrations as demonstrated by the evidence that asthmatics 
with FAO were significantly older and tended to have lower FeNO levels, albeit statistically insignificant, than asthmatics 
with nFAO.58

Previous studies reported that non atopy, asthma duration, and BMI before antiasthma treatment are important factors 
related to airway remodeling in patients with asthma,59 which was consistent with the present data showing that there 
was no significant difference in atopic status and serum total IgE levels between groups and FAO individuals had 
significantly longer disease duration than nFAO counterpart despite no BMI association. Our study also confirmed prior 
studies that there was no association between asthmatics with concurrent allergic rhinitis and FAO.60 In addition, 
significantly greater numbers of FAO asthmatics with comorbid dyslipidemia than nFAO group may suggest the clinical 
relevance of dyslipidemia in specific asthma phenotypes, particularly those with asthma with fixed airflow limitation.61

The present study has demonstrated the involvement of TGF-β1 and TAK1 in airway remodeling, both of which were 
upregulated in the airways with extensive expression among sputum inflammatory cell types including airway epithelial 
cells, in asthmatic patients with FAO being on controller therapy. This with disease duration-dependent manner indicated 
the importance of early diagnosis and early treatment that is necessary for preventing airway remodeling and TAK1- 
mediated fixed airway obstruction still occurred in asthmatics even currently receiving proper treatment with ICS and 
ICS/LABA. However, there was some limitations of this study to be addressed. This study was cross-sectional and 
therefore spatial relationship between the commencement of TGF-β1 /TAK1 activation and the occurrence of fixed 
airway obstruction. The degree of airway inflammation that is directly or indirectly involved in TAK1-mediated airway 
remodeling and the appropriate timing of therapeutic intervention remain unknown. Finally, due to technical limitation in 
detection, we did not find the potential role of airway basophils, particularly eosinophilic phenotype, in the development 
of fixed airway obstruction in asthma.

Abbreviations
FEV1, forced expiratory volume in one second; FAO, fixed airway obstruction; FVC, forced vital capacity; ICS, inhaled 
corticosteroids; IQR, interquartile range; LABA, long-acting agonist; LLN, lower limit of normal; TAK1, transforming 
growth factor-β-associated kinase 1; p-TAK1, phosphorylated TAK1; TGF-β1, transforming growth factor 1.
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