
REVIEW ARTICLE

Transforming growth factor-beta 1 pathways in
inflammatory airway diseases
Y. Yang1, N. Zhang2,3, F. Lan2,3, K. Van Crombruggen2,3, L. Fang1, G. Hu1, S. Hong1 &
C. Bachert 2,3

1Department of Oto-Rhino-Laryngology, The First Affiliated Hospital, Chongqing Medical University, Chongqing, China; 2Upper Airway

Research Laboratory, Department of Oto-Rhino-Laryngology, Ghent University, Ghent, Belgium; 3Division of Nose, Throat and Ear Diseases,

Clintec, Karolinska Institute, Stockholm, Sweden

To cite this article: Yang Y, Zhang N, Lan F, Van Crombruggen K, Fang L, Hu G, Hong S, Bachert C. Transforming growth factor-beta 1 pathways in inflammatory

airway diseases. Allergy 2014; 69: 699–707.

Keywords

airway diseases; influencing factors; oxida-

tive stress; smoking; transforming growth

factor-beta.

Correspondence

Yucheng Yang, Department of Oto-Rhino-

Laryngology, The First Affiliated Hospital,

Chongqing Medical University, Youyi Road

1, Yuzhong District, 400016 Chongqing,

China.

Tel.: +86 23 89012981

Fax: +86 23 89012981

E-mail: yychxh@163.com

Accepted for publication 26 February 2014

DOI:10.1111/all.12403

Edited by: Douglas Robinson

Abstract

Transforming growth factor-beta 1 (TGF-b1) has been reported being involved in

the remodeling and immunosuppression processes of inflammatory airway dis-

eases; understanding the regulation of TGF-b1 is therefore a key to unravel the

pathomechanisms of these diseases. This review briefly summarizes the current

knowledge on the influencing factors for driving TGF-b1 and its regulatory path-

ways in inflammatory airway diseases and discusses possible therapeutic

approaches to TGF-b1 control. The factors include smoking and oxidative stress,

prostaglandins (PGs), leukotrienes (LTs), bradykinin (BK), and microRNAs

(miRs). Based on the summary, new innovative treatment strategies may be devel-

oped for inflammatory airway diseases with an impaired expression of TGF-b1.

The transforming growth factor-beta (TGF-b) superfamily is

critically involved in embryonic development, organogenesis,

and tissue homeostasis. It acts as multifunctional regulators

of cell growth and differentiation and consists of more than

40 members, mainly including TGF-bs, bone morphogenetic

proteins (BMPs), growth and differentiation factors (GDFs),

activins, and inhibins. Between these superfamily members,

there is a complex network of regulatory mechanisms (1, 2).

Possessing immunomodulatory and fibrogenic characteristics,

TGF-b1 is a pleiotropic and multifunctional cytokine

secreted from various types of cells, such as endothelial, epi-

thelial and smooth muscle cells, as well as fibroblasts and

most immune system cells.

Transforming growth factor-beta 1 regulation is unique

because it is targeted to the extracellular matrix as a biologi-

cally inactive complex, which consists of a mature 25-kDa

polypeptide dimer (TGF-b), a latency-associated protein

(LAP), and a latent TGF-b-binding protein (LTBP). Active

TGF-b is released from the latent complex that was activated

via cleavage by proteases and other molecules. The activated

TGF-b then becomes a ligand for TGF-b type I and II recep-

tors, leading to receptor Smad (R-Smad) phosphorylation,

which subsequently binds to the common-partner Smad

(co-Smad), and becoming Smad complexes. The Smad

complexes translocate into the nucleus and combine with sev-

eral transcription factors, thereby becoming a transcriptional

active complex that activates target genes transcription. In
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contrast, inhibitory Smads (I-Smad) Smad 6 and Smad 7

compete with R-Smads for receptor binding, thereby block-

ing signal transductions. Non-Smad TGF-b1 signal transduc-

ers are thought to serve as nodes for cross-talk with other

major signaling pathways and quantitatively regulate Smad

signaling pathways (1). In immunology, TGF-b1 regulates

cellular proliferation, differentiation, and other cellular func-

tions for a variety of cell types, especially regulatory T (Treg)

cells. Transforming growth factor-beta 1 is required for CD 4

(+) CD 25 (+) Treg in vivo expansion and suppressive capac-

ity (3, 4). Moreover, TGF-b1 has profound regulatory effects

on many developmental and physiological processes. These

important effects have been demonstrated by TGF-b1-defi-
cient mice which died of a multiorgan autoimmune inflam-

matory disease a few weeks after birth (5). In general,

TGF-b1 could be physiologically understood as a counter-

regulatory cytokine to relieve inflammation and initiate repair

processes and fibrosis formation.

Transforming growth factor-beta 1 is characterized by con-

trol of inflammation, mucus hypersecretion, and excessive

fibrosis of airway tissues in chronic airway diseases, such as

chronic rhinosinusitis (CRS), asthma, and chronic obstructive

pulmonary disease (COPD; 6–8).
With persistent inflammation and remodeling of nasal and

paranasal mucosa, CRS is currently classified into two major

subgroups: CRS with nasal polyps (CRSwNP) and CRS

without nasal polyps (CRSsNP; 9). One of our previous stud-

ies indicated that there were high TGF-b1 protein levels,

increased TGF-b receptor I expression, a large number of

phosphorylated Smad2 (pSmad2)-positive cells, and excessive

collagen production in CRSsNP, whereas low TGF-b1 pro-

tein concentrations, decreased expression of TGF-b receptor

II, small number of pSmad2-positive cells, and lack of colla-

gen were determined in CRSwNP. Enhanced TGF-b1 signal-

ing in CRSsNP and decreased TGF-b1 signaling in CRSwNP

reflected different remodeling patterns, fibrosis, and edema,

thereby indicating that TGF-b1 was significantly involved in

the upper airway remodeling process (8, 10).

Asthma is a chronic inflammatory disease involving many

inflammatory cells and inflammatory mediators, which leads

to persistent chronic airway inflammation and remodeling

(11). With pathological development, TGF-b1 is implicated

in most of the cellular processes toward airway remodeling,

subepithelial fibrosis, airway smooth muscle remodeling, epi-

thelial changes, and microvascular changes in asthmatic

patients (7, 12).

Chronic obstructive pulmonary disease is the fourth lead-

ing cause of death in developed countries and is character-

ized by irreversible expiratory airflow limitation due to the

small airway disease and emphysema, including airway

inflammation with increased mucus production, airway wall

remodeling, peribronchiolar fibrosis, and destruction of the

alveolar architecture (13). Studies revealed that increased

TGF-b1 expression was found in COPD lungs and primary

cells, such as epithelial cells, macrophages, or fibroblasts

isolated from COPD specimens, suggesting great impact

of TGF-b1 signaling on the COPD development and

progression (2).

Transforming growth factor-beta 1-induced signaling path-

ways in airway diseases are constantly implicated in complex

pathomechanisms and may provide potential therapeutic tar-

gets for their treatment (2, 14–16). To date, several reviews

have mainly focused on TGF-b1 activation and receptor sig-

naling in airway diseases (7, 8, 14, 17). This review aims to

provide the key pathways by which the external environment

or microenvironment impacts on the activation/expression of

TGF-b1 in inflammatory airway diseases.

Pathways driving TGF-b1

Tobacco smoking and oxidative stress

Oxidative stress is a result of imbalance between toxicant-

induced reactive oxygen species (ROS) or reactive nitrogen

species (RNS) and the antioxidant defense system. Oxidative

stress may initiate and augment airway inflammation and

may also be resulted from airway inflammation in a positive

feedback loop (18), which has been reported to play a causa-

tive role in airway inflammation, such as nasal polyps (NPs),

asthma, and COPD (19–21).
In our living environment, any air pollutant or toxicant

interfering with the airway can most likely trigger symptoms

of airway, in which the role of oxidative stress is gaining

increasing scientific attention, especially regarding antioxi-

dant therapies (21). Until now, environmental tobacco smoke

has been confirmed as one of the strongest exogenous toxi-

cants for initiating airway diseases and as a leading cause of

preventable death in the United States and worldwide, espe-

cially leading to airway diseases such as COPD, asthma, lung

cancer, and laryngeal cancer (22, 23).

Evidence of a close link between smoking and TGF-b1
expression in airways has emerged from studies, as tobacco

smoking induced the release of various inflammatory media-

tors and growth factors, including TGF-b1, epidermal

growth factor receptor (EGFR), IL-1, IL-8, and granulocyte

colony-stimulating factor (G-CSF), through the oxidative

stress pathway. Transforming growth factor-beta 1 influenc-

ing factors related to tobacco smoking and oxidative stress is

shown in Fig. 1.

Studies have shown that ROS could activate TGF-b1
either directly or indirectly by activating proteases (24). In

the meantime, TGF-b1 induces ROS production as part of

its signal transduction pathway through the superoxide free

radical-producing nicotinamide adenine dinucleotide phos-

phate (NADPH) oxidase catalytic subunit NOX4 (25). Com-

pared with the control nasal mucosa, the oxidative stress

marker malondialdehyde, NOX1, and NOX4 increase,

whereas the antioxidant superoxide dismutase and nitric

oxide (NO) decrease in CRSwNP tissues (26). A recent GA

(2) LEN network research in 19 European centers with postal

questionnaires has shown that CRS is more common in

smokers than in nonsmokers (OR 1.7: 95% CI 1.6–1.9), sug-
gesting that smoking cessation may be an important thera-

peutic option for CRS patients (27). Another study has

analyzed the effects of cigarette smoke (CS) on upper and

lower airways in mice exposed to mainstream CS and
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revealed that the expression of forkhead box P3 (FoxP3),

RAR-related orphan receptor C (RORc), and interleukin-17

(IL-17) in nose and lungs is changed, with lower TGF-b1 lev-

els at 24 weeks in noses but higher TGF-b1 levels at 4 weeks

in lungs. The results indicate that CS-induced inflammation

may be differently regulated in the upper and lower airways

in mice; the role of TGF-b1 in upper airways remains to be

elucidated (28).

In addition, studies on lung tissues of cigarette smokers

have consistently demonstrated the existence of TGF-b1 in

small airway epithelial cells and airway wall cells via the

assessment of the mRNA levels or protein expression. Also

in cultured small airway epithelial cells, the mRNA levels of

TGF-b1 have been found significantly higher in the cells

derived from the smoking group and patients with COPD

than in those obtained from nonsmokers, indicating a posi-

tive correlation between the smoking history (pack-years)

and the degree of small airway obstruction in smokers and

patients with COPD (29). The inhibitory factors Smad6 and

Smad7 were significantly down-regulated in COPD patients

by cigarette smoke and decreased in airway epithelial cells,

which may partially explain the TGF-b1-mediated effect on

COPD (30).

Simultaneously, a significant increase in several markers of

oxidant burden and signs for disturbed antioxidant/oxidant

balance has been reported in lung fibrosis models of patients

and animals. Smoke releases active TGF-b1 from recombi-

nant latent TGF-b1 using an oxidant, suggesting that small

airway remodeling (SAR) in cigarette smokers may be caused

by direct, smoke-mediated, and oxidant-driven induction of

growth factor signaling in the airway wall and that SAR does

not necessarily require exogenous inflammatory cells (31). In

some tests, CS- or antigen-stimulated ROS leads to oxidative

damage in bronchial epithelial cells, and prolonged repair

responses cause airway remodeling and irreversible airflow

limitation. Thioredoxin (TRX) is a redox protein that scav-

enges ROS, and TRX-overexpressing bronchial epithelial

cells attenuate TGF-b1 and activate matrix metallopeptidase

9 (MMP9) expression, preventing airway remodeling from

house dust mite (HDM)- or CS-induced inflammation (32).

Moreover, chronic co-exposure to tobacco smoke in an asth-

matic mice model significantly up-regulated chemokine

expression to the airway, such as eotaxin-1 in the airway

epithelium with resultant recruitment of cells expressing

TGF-b1, which further enhanced airway remodeling (33).

4-Hydroxy-2-nonenal (4-HNE) is a key mediator of oxidant-

induced cell signaling and apoptosis, and its modified protein

level has been increased in lung tissues of patients with

COPD when compared with those of patients without

COPD, and a positive correlation has been reported between

the 4-HNE adducts and TGF-b1 protein and the mRNA lev-

els in the airway and alveolar epithelium. Using the murine

macrophage line J774-A1, 4-HNE can stimulate the binding

of AP-1 to DNA and induce TGF-b1 expression, conse-

quently contributing to fibrosis (34).

Additionally, antioxidants have been shown to mitigate

airway inflammation or fibrosis by preventing oxidative stress

and regulating TGF-b1 in some studies. In an experimental

asthma model, treatment with antioxidants like vitamin E,

L-arginine, or esculetin (a plant-derived coumarin and immu-

nomodulator) downgrades airway hyper-responsiveness

(AHR), Th2 response, OVA-specific IgE, eotaxin, TGF-b1,
airway inflammation, and asthmatic features (35–37). In mice

with bleomycin-induced pulmonary fibrosis, increased gluta-

thione expression and decreased TGF-b1 expression have

been detected in the lungs of the early hemin (HO-1 inducer)

Figure 1 Scheme of tobacco smoking and oxidative stress path-

ways driving transforming growth factor-beta 1 (TGF-b1). The num-

bers beside the arrows indicate corresponding references. 4-HNE,

4-hydroxy-2-nonenal; CTGF, connective tissue growth factor; HO-1,

heme oxygenase-1; Nrf2, NF-E2-related factor 2; TGF-b1, transform-

ing growth factor-beta 1.
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intervention group compared to the control, showing that

HO-1 can prevent oxidative stress and pulmonary fibrosis at

an early stage (38). Recent studies have suggested that tran-

scriptional induction of several antioxidant genes requires a

functional antioxidant response element (ARE) and NF-E2-

related factor 2 (Nrf2) plays a crucial role in the induction of

these ARE-mediated transcriptional responses. In the lungs

of bleomycin-treated Nrf2 �/� mice, increased TGF-b1 lev-

els have been determined, suggesting that Nrf2 confers pro-

tection against oxidant-induced fibrosis, at least partially

because of its modulation of TGF-mediated effects (39).

Arachidonic acid metabolites

Arachidonic acid metabolites mainly include prostaglandins

(PGs; e.g., PGD2, PGE2), leukotrienes (LTs), especially cys-

teinyl leukotrienes (CysLTs), lipoxins, and thromboxanes

(TXAs). These metabolites have regulatory and homeostatic

functions and participate in the complicated inflammatory

processes of airway eosinophilia, edema, hypersecretion of

mucus, remodeling, and AHR observed in patients with air-

way diseases (40, 41).

Upper airway diseases are linked to the changes in the ara-

chidonic acid cascade. Decreased PGE2 levels, along with

increased CysLTs, LTC4 synthase, and 5-lipoxygenase (5-LO)

levels, have been detected in CRSwNP tissues from patients

especially with aspirin sensitivity (42). Other studies have

reported that anti-IgE or Staphylococcus aureus protein A

stimulation is able to increase histamine, LTC4/D4/E4, and

PGD2 release. It has also been reported that enterotoxin B

stimulation induces a significant increase in IL-1b, tumor

necrosis factor-alpha (TNF-a), interferon-gamma (IFN-

gamma), IL-5, IL-10, and IL-13 in NPs and inferior turbin-

ates. The increase is significantly higher in the former tissue

than in the latter, but TGF-b1 is not induced and its expres-

sion only decreased in NP tissues. However, the relationship

between Staphylococcus aureus, PGs, LTs, and TGF-b1 in

NP tissues needs to be further investigated (43–45).
In lower airways, there are several mechanisms participat-

ing in airway inflammation, especially via cytokines such as

TGF-b1, IL-10, IL-1b 1, PGs (e.g., PGE2), LTs, and NO,

which are interacting with each other (46). In vitro experi-

ments indicated that recombinant IL-10 up-regulated TGF-

b1 expression in alveolar macrophages, and in contrast, it

down-regulated PGE2 production in both lung fibroblasts

and macrophages (47). As an antifibrotic PG, PGE2 has been

shown to play a beneficial role in fibrotic lung diseases with

an increased cyclic adenosine 30,50-monophosphate (cAMP),

which in turn can inhibit TGF-b-induced myofibroblast dif-

ferentiation and limit collagen secretion by a Smad-indepen-

dent signaling (48). This effect of PGE2 could be potentiated

by phosphodiesterase 4 (PDE4) inhibitors (49) and restricted

by knockdown of PDE4B and PDE4D subtypes (50). In

summary, these data suggested that PGE2 signaling might be

beneficial in limiting airway fibrosis.

CysLTs and TGF-b1 are both increased in asthmatic airways

and may influence the pathophysiology of the airway disease.

However, the influence of CysLTs on TGF-b1 has rarely been

discussed so far. In human fetal lung (HFL) fibroblasts, TGF-

b1 in combination with LTD4 stimulated collagen production

and up-regulated CysLT1R expression, and they could further

increase collagen expression that was solely induced by TGF-

b1. These data revealed that LTD4 increased collagen produc-

tion via up-regulating the CysLT1R activity, which was

induced by TGF-b1. Similarly in eosinophils, TGF-b1 expres-

sion was synergistically induced by a combination of LTD4

and IL-5 or granulocyte/macrophage colony-stimulating factor

(GM-CSF), although no induction occurred with each single

factor. The results suggested that CysLTs stimulated eosinoph-

ils to induce TGF-b1 production in allergic inflammation where

IL-5 and GM-CSF were abundant and might be involved in the

pathogenesis of airway remodeling. Moreover, in HEK293,

A549, and NHBE cells transfected with CysLT1R, LTD4

induced TGF-b1 mRNA production in a time- and

concentration-dependent manner via a CysLT1-dependent

mechanism, indicating that increased expression of CysLTs in

asthmatic airways might contribute to AHR in a paracrine loop

involving TGF-b1 production in airway epithelial cells (51).

Additionally, in animal models, LT receptor antagonists

(e.g., montelukast, pranlukast) could also affect TGF-b1.
The TGF-b1 protein levels in lung tissues or bronchoalveolar

lavage (BAL) fluids were significantly increased after 7 days

of OVA inhalation compared with in control mice, and the

TGF-b1 increases were significantly reduced by the adminis-

tration of montelukast, pranlukast, and anti-IL-11 antibod-

ies. These results implied that CysLT1R antagonists might

enhance the features of allergic airway diseases by regulating

IL-11 and TGF-b1 expression (52). Furthermore, the mont-

elukast treatment decreased the mRNA levels of IL-6, IL-10,

IL-13, and TGF-b1, all of which were increased in bleomy-

cin-induced fibrotic lungs, and modulated the homeostatic

balance between CysLT1R and CysLT2R by improving the

recovery of CysLT2R mRNA levels (53). In GATA-3-overex-

pressing mice, montelukast significantly decreased the CysLT

and TGF-b levels in lungs and inhibited GATA-3-overex-

pression-related airway remodeling. Similarly, ONO-4057, an

LTB4 receptor antagonist, hindered the development of bleo-

mycin-induced pulmonary fibrosis in mice by decreasing

inflammation and altering the TGF-b1, IL-6, IL-13, and

IFN-gamma expression (54).

Moreover, some other LTs were found to regulate and

interact with TGF-b1. In macrophages and dendritic cells

(DCs), TGF-b1 up-regulated LTA4 hydrolase as well as

increased LTB4 formation in the exosomes. IL-13 could

induce pulmonary fibrosis partly due to its ability to induce

and activate TGF-b1, while this activation was partly 5-LO

dependent (55). As TGF-b1 signaling induced LTC4 synthase

and led to enhanced LTC4 expression (56), newly formed

LTC4 acted as an inducer for p38/MAPK-mediated activat-

ing transcription factor 2 (ATF2) transcription of TGF-b1
via CysLT1R (57). Taken together, the cross-talk might be a

positive feedback loop via IL-13-triggered TGF-b1 activa-

tion. TGF-b1 heightened the LTC4 level, enhanced the LTC4

activity, and augmented TGF-b1 expression in an amplifica-

tion cycle (Fig. 2). However, additional experiments are

required to verify this hypothetical scheme.
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Other pathways

Bradykinin (BK) is a potent inflammatory mediator and its

functions are mediated by specific cell surface receptors,

which are bradykinin receptor 1 (BR1) and BR2. BK gener-

ated in airway secretions is also involved in inflammatory air-

way diseases.

In upper airways, BK can increase vascular permeability

and stimulate glandular secretion and sensory nerves to pro-

duce symptoms of rhinorrhea, nasal obstruction, in addition

to nasal and throat irritation. These symptoms appear to be

mediated by BR2 because BR2 rather than BR1 antagonists

abolish rhinorrhea and nasal obstruction (58). An immuno-

histochemical study of human turbinate mucosa revealed that

both BR1 and BR2 were expressed in epithelial cells, submu-

cosal glands, fibroblasts, vascular smooth muscles, vascular

endothelial cells, and macrophages. In addition, BR2 expres-

sion was demonstrated in peripheral nerve fibers, whereas

BR1 expression was not observed in nerves (59). The mRNA

expression of BR1 and BR2 in eosinophilic CRSwNP was

significantly higher than in normal mucosa (60), suggesting

the role of BK and its receptors in the etiology of NPs,

where a low expression of TGF-b1 was also detected (61).

However, further study is needed to determine whether there

is a cross-talk.

In lower airways, BK effectively induced edema and caused

bronchoconstriction, and the protein expression of BR1 and

BR2 in eosinophils of asthmatic patients was significantly

enhanced compared with that of nonasthmatic subjects (62).

In cultured human airway smooth muscle (ASM) cells, TGF-

b1 increased the mRNA and protein expression of BR2 in a

dose (0.5–10 ng/ml)- and time (2–24 h)-dependent manner

(63). Additionally, in human lung fibroblasts (HLFs) and

A549 cells, BK significantly increased inflammatory cytokines

such as TGF-b1, IL-8, G-CSF, monocyte chemotactic pro-

tein-1 (MCP-1), and GM-CSF in a time-dependent manner.

Moreover, in lung fibroblasts, BK greatly increased alpha-

smooth muscle actin at the cellular and molecular levels,

which had been entirely blocked by BR2 antagonists. These

findings indicated that BK was able to induce fibroblast pro-

liferation and collagen production and BR2 was the responsi-

ble receptor for this effect (64). However, in a murine asthma

model, the significantly increased airway levels of TGF-b1
and vascular endothelial growth factor (VEGF) did not fur-

ther rise with the application of the BR2 antagonist (HOE

140) but with that of the BR1 antagonist (R954), which had

an inhibitory effect on eosinophils in selected compartments

(65). Further study is also required to investigate the counter-

actions between BK and TGF-b1 in lower airways, as in

upper airways.

There are definitely some other factors driving TGF-b1 in

airway diseases. Mepacrine is a synthetic antimalarial drug

and can reduce arginase and TGF-b1, thereby decreasing the

development of subepithelial fibrosis in an OVA-induced

asthma mice model (66). Chemokine (CC motif) ligand

2/monocyte chemotactic protein-1 (CCL2/MCP-1) is involved

in inflammatory lung disorders and can recruit leukocytes,

stimulate histamine or leukotriene release from mast cells or

basophils, and induce the fibroblast production of TGF-b1
and procollagen, with enhanced Th2 polarization (67).

Hyaluronidases (HYALs) comprise a group of enzymes that

degrade hyaluronic acid (HA), and with the HYAL treat-

ment, TGF-b1 production and collagen deposition are

decreased in bleomycin-induced lung injury while fibrosis is

potently blocked (68). In airway epithelial, Src homology 2

protein tyrosine phosphatase (SHP2), a modulator of TGF-

b1 production, appears to modulate the TGF-b1 activity and

in turn regulate allergic airway remodeling after allergen

provocation in mouse models (69). In summary, there are a

large number of factors influencing the TGF-b1 activity, as

shown in Fig. 3.

Figure 2 Hypothetical scheme of transforming growth factor-beta

1 (TGF-b1) signaling. After IL-13-induced 5-LO mediated TGF-b1

expression (55), a cycle was triggered in which TGF-b1 induced

LTC4 synthase (56) with concomitant LTC4 secretion, followed by

up-regulation of TGF-b1 via p38/MAPK/ATF signaling after LTC4

receptor binding (57). ATF, activating transcription factor; CysLT1R,

cysteinyl-leukotriene receptor 1; IL-13, interleukin-13; LTC4, leuko-

triene C4; p38/MAPK, protein 38/mitogen-activated protein kinase;

TGF-b1: transforming growth factor-beta 1.

Figure 3 Scheme of transforming growth factor-beta 1 driving fac-

tors. The numbers beside the arrows indicate corresponding refer-

ences. BMP, bone morphogenetic protein; CCL2/MCP-1,

chemokine (CC motif) ligand 2/monocyte chemotactic protein-1;

HYALs, hyaluronidases; miR, microRNA; SHP2, Src homology 2

protein tyrosine phosphatase.
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TGF-b1-related microRNAs

MicroRNAs (miRs) are a class of noncoding RNAs for

prompt, endogenous, and post-transcriptional regulation of

gene expression and have an emerging role in diverse physio-

logical and pathological processes including inflammatory

responses (70). Experimentally validated results suggested

that miRs influenced the TGF-b pathway at multiple levels,

and moreover, TGF-b signaling itself enhanced the matura-

tion of miRs, resulting in a bidirectional cross-talk (71). A

direct action of miRs on the protein synthesis of TGF-b1
was extensive post-transcriptional regulation via its 50- and

30-UTRs, leading to the repression of TGF-b1 synthesis by

miR-744 (72) and miR-663 (73).

In a bleomycin-induced mouse model of pulmonary fibro-

sis, dysregulation of several miRs including miR-21, miR-29,

and miR-200 was identified (74). MiR-21 was postulated to

target the inhibitory Smad7, thus enhancing TGF-b1 signal-

ing by reducing its suppression and increasing promoted

miR-21 levels, silenced miR-21 levels attenuated TGF-b1
expression in primary pulmonary fibroblasts, and in vivo

antagonism of miR-21 decreased the severity of experimental

fibrosis in mice (75). Among up-regulated miRs in human

idiopathic pulmonary fibrosis (IPF) were miR-21, miR-154

(76), and miR-155 (77), while miR-29 and miR-200 were

down-regulated via TGF-b1/Smad3 signaling, correlating

with changes in extracellular matrix deposition and remodel-

ing (78, 79). MiR-31 inhibited the profibrotic activity of

TGF-b1 in normal lung fibroblasts and diminished the

fibrogenic, contractile, and migratory activities of IPF fibro-

blasts (80).

Apart from lung fibrosis, specific miR profiles have also

been identified in allergic inflammatory diseases, such as

asthma, allergic rhinitis (AR), and eosinophilic CRSwNP,

focusing on the activation of T cells (e.g., miR-21 and miR-

146) and regulation of eosinophil development (e.g., miR-21

and miR-223; 81). Subjects with current AR symptoms had

increased the levels of miR-155, miR-205, and miR-498, but

reduced the levels of let-7e in nasal mucosa (82), and

miR-125b was specifically up-regulated in eosinophilic

CRSwNP (83). However, their roles and cross-talk with

TGF-b1 in regulating key pathogenic mechanisms in allergic

inflammation are currently not understood and warrant

future study.

Through regulation of TGF-b1 signaling, miRs may be

potential targets for the development of novel pathological

fibrotic disorder therapies, including pulmonary fibrosis, such

as antisense oligonucleotides for antagonizing miRs and use

of viral expression systems to overexpress miRs. However,

therapeutic miRs are in their infancy, and more research is

required to understand the mechanisms of action and roles in

pathology (71, 74).

Therapeutic approaches to TGF-b1

Transforming growth factor-beta 1 is generally a key for

understanding inflammation and remodeling in inflammatory

airway diseases and may provide potential therapeutic targets

for their treatment (15). Therapeutic approaches may involve

regulation of the TGF-b signaling pathway or its influencing

factors. Experimental therapies that aim at the TGF-b1 gene

utilize the antisense DNA, DNAzyme, or RNA interference

(RNAi), especially in cancer cells (84). Several therapeutic

agents including monoclonal antibodies, soluble TGF-b
receptors, antisense oligonucleotides, and inhibitors of ALK5

(TGF-b RI) are under investigation. Recent reviews have

summarized the current status of anti-TGF-b therapies in

clinical trials (85, 86), and further information can be

obtained from the website of National Institutes of Health

(NIH) http://clinicaltrials.gov.

In addition, more attention should be paid to the driving

pathways, such as ceasing smoking and maintaining the bal-

ance of oxidative stress and arachidonic acid metabolites.

However, further research is necessary to evaluate the thera-

peutic value of the treatment with the TGF-b1 activity modi-

fied for airway diseases.

Conclusions

Transforming growth factor-beta 1 is implicated in remodel-

ing processes and immunosuppression in inflammatory air-

way diseases; its regulation by other influencing factors is

shown to play crucial roles in the development of pathogenic

airway tissues. Meanwhile, a constant cross-talk between

TGF-b1 and pro- or anti-inflammatory cytokines, such as

IFN-c, IL-17A, IL-10, IL-13, IL-1b, together with other fac-

tors produced in the tissue micromilieu, such as activin A,

microRNAs, or members of signaling pathways, plays an

important role in inflammation regulation and outcome of

immune responses (87). To obtain more details about these

mechanisms, further analysis is required.

Transforming growth factor-beta 1 might also be consid-

ered as a double-edged sword in inflammatory airway dis-

eases like in cancer (18). On the one hand, TGF-b1 is

responsible for persistent epithelial activation and structural

remodeling; on the other hand, it exerts an immunomodula-

tory role by inhibiting T-cell activation and down-regulating

inflammatory responses. It is perhaps the balance between

these two facets, which finally determine the outcome.

Unraveling the roles of TGF-b1 driving factors and their sig-

nal pathways as well as gaining knowledge about the mainte-

nance of their balance obviously requires a considerable

amount of work and will undoubtedly represent a significant

challenge in the future.
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