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Chapter I

General introduction

“Nea Ɔnnim no sua a, Ɔhu” (He who does not know can know from learning)
Adinkra symbol of knowledge, life-long education and continued quest for knowledge
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DEFINITION AND EPIDEMIOLOGY OF ASTHMA AND COPD

The chronic inlammatory lung diseases asthma and chronic obstructive pulmonary disease (COPD) 

impose an enormous world-wide public health burden, with an estimated 300 million asthmatics1 

and 10% of the population over 40 years of age having moderate COPD2. The estimated global 

prevalence of COPD has grown over the last 30 years from 227.3 million people in 1990 to 384 

million people in 20103,4. The major risk factor for COPD is the inhalation of noxious gases, including 

cigarette smoke. The increased incidence of COPD has been associated with a rise in cigarette 

smoking, exposure to biomass fuels in non-developed countries and aging of the population2. The 

global prevalence of asthma is expected to increase to approximately 400 million people by 20251. 

This increasing prevalence is due to the fact that asthma symptoms are now more common in many 

low-and middle-income countries, with the prevalence of asthma remaining constant in high-

income countries5. The factors responsible for increasing asthma rates in low-and middle-income 

countries, are not fully understood, but environment and life style changes are thought to play a 

key role6.  The World Health Organization has estimated that asthma represents a 1.8% of the total 

global burden of disease with 346,000 deaths worldwide attributed to asthma each year7, while  the 

mortality rates of COPD are approximately 5% per year3. 

Both diseases are deined as chronic inlammatory diseases, where the inlammatory reaction 

contributes to airway obstruction. Speciically, the Global Initiative for Obstructive lung disease 

(GOLD) deines COPD as “a common preventable and treatable disease, characterized by airlow 

limitation and persistent respiratory symptoms resulting from abnormalities in the airway and alveoli, 

caused by exposure to noxious particles and gases”2. Asthma is deined by the Global Initiative for 

Asthma (GINA) as “a heterogeneous disease that is mainly characterized by chronic inlammation of 

the airways deined by a variable history of respiratory symptoms including dyspnea, cough, chest 

tightness and wheeze accompanied by a variable airlow obstruction”1.

DIAGNOSIS OF ASTHMA AND COPD 

Patients with asthma and COPD experience similar symptoms including shortness of breath, 

chest tightness, increased sputum production and chronic cough2,5,8.  In the clinic, the functional 

abnormality used to diagnose asthma and COPD is the reduction in the ability of an individual to 

empty the lungs during a forced expiratory maneuver measured using spirometry. This emptying 

defect is measured by a reduction in the volume of air that can be forcibly expired in 1 second (FEV
1
) 

and its ratio to the forced vital capacity (FVC), the total volume of gas that can be forcibly expired 

when no time limit is applied. 

COPD Diagnosis

Based on these physiological measurements, COPD is diagnosed when the FEV
1
/FVC ratio falls below 

0.7 following the administration of a bronchodilator2. COPD is further staged into 4 categories of 

increasing severity in the GOLD guidelines based on the predicted value of FEV
1
. Whereby, COPD 

patients with mild disease (GOLD stage 1) have an FEV
1
 ≥ 80%, patients with moderate COPD (GOLD 

stage 2) have an FEV
1
 between 50 to 80%, patients with severe COPD (GOLD stage 3) have an FEV

1
  

between 30 to 50%, and very severe COPD patients (GOLD stage 4) have an FEV
1
 below 30%2,9. 

Although this is a widely used and accepted criterion for COPD diagnosis, some studies have shown 
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that these guidelines may lead to a 5% false positive diagnosis in the elderly due to the natural 

decline in lung function and under diagnosis in individuals younger than 45 years, and therefore an 

additional equation to calculate the lower limit of normal (LLN) can be used 10.

Asthma Diagnosis

As per the GINA guidelines asthma is diagnosed by an increase in FEV
1
 equal to or greater than 

12% after the administration of a bronchodilator1. In addition, a change of more than 20% in the 

peak expiratory low (PEF) which is the maximum expiration speed as measured by a peak low 

meter can also be used as a diagnosis of asthma. In asthma, the reduction in FEV
1
/FVC is caused by 

airway hyperresponsiveness of the smooth muscle and airway remodeling, which both contribute 

to airway narrowing and airlow obstruction1. In cases where variability of airlow obstruction 

cannot be readily conirmed with spirometry, a bronchial provocation procedure may also be used 

to assess asthma11. In this case inhalation of the choline ester methacholine, which activates speciic 

muscarinic receptors in the airways, is used to evaluate the level of airway hyperresponsiveness 

(AHR). A positive test for AHR is conirmed when the concentration of methacholine needed to 

decrease an individual’s FEV
1 
by 20%, referred to as the provocative concentration (PC

20
), is less than 

4mg/mL11. In the absence of metacholine, an inhaled histamine or mannitol test may also be used, 

although systemic side efects due to excess inlammation have been associated with the histamine 

challenge12. In addition, to allergic asthma, a diagnosis of exercise-induced bronchoconstriction is 

established when there is a 15% reduction in FEV
1 

after exercising1,13. For this test, patients exercise 

for six to eight minutes till a target ventilation or heart rate is reached (usually by the fourth minute)13.

PATHOPHYSIOLOGY OF ASTHMA AND COPD

Both asthma and COPD are characterized by heterogeneous chronic airway inlammation and 

airlow obstruction14. As part of the pathophysiology of both diseases, genetic susceptibilities has 

been shown to exist that make certain individuals more vulnerable to the disease pathogenesis15. 

However, the importance of various genetic association studies has yet to be fully translated into 

understanding the genetic elements and how they interact with environmental triggers to cause 

both asthma and COPD15. In both of these conditions, airway inlammation afects the conducting 

and peripheral airways. However, diferent inlammatory cells are recruited and diferent mediators 

are produced due to abnormal responses to diferent environmental stimuli16. Consequently, asthma 

and COPD patients have diferent responses to therapy16. In COPD, direct smoking or second-

hand (cigarette) smoke exposure is the major risk factor for the development of the disease in the 

western world. In fact, chronic exposure to any noxious particles and fumes from the combustion 

of biomass fuels or industrial agents has been shown to cause COPD in vulnerable individuals9. 

In allergic asthma, the cause of chronic airway inlammation is the exposure to allergens such as 

house dust mite or grasses17. Below, we review briely the pathophysiology of asthma that results in 

primarily intermittent, and reversible airway obstruction, and the pathophysiology of COPD, which 

is associated with progressive and largely irreversible airway obstruction.
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Chronic airway inlammation in asthma 

In allergic asthma, exposure of the airways to various allergens in pollen, house dust mite, animal 

dander etc. leads to chronic airway inlammation18. When inhaled, allergens irst encounter the 

airway epithelium, and trigger an inlammatory response that causes damage with disruption of cell-

cell contacts19. In allergic asthmatics, epithelial disruption leads to the release a variety of cytokines 

and damage associated molecular patterns (DAMPs), including thymic stromal lipoprotein (TSLP) 

that conditions dendritic cells (DCs) to recognize antigens from various allergens and present these 

to naïve T cells leading to T helper 2 (T
H
2) diferentiation20. The disruption of the epithelial barrier 

also facilitates sampling of antigens in the airway lumen by DCs20. In addition to DCs, macrophages 

may also play a role as antigen presenting cells in asthma21. The release of chemokines including 

CC-chemokine ligand 11 (CCL11) or eotaxin-1 and granulocyte-monocyte colony stimulating factor 

(GM-CSF), after allergen encounter with DCs is vital for eosinophil inlux and maintenance in the 

airways22. There is also the release of CCL17 (TARC) and CCL22 (MDC) from the airway epithelium22 

which causes the inlux of T
H
2-type cells in the airways17,23. T

H
2 cells produce a variety of cytokines, 

including interleukin (IL)-4, IL-9, IL-13 and GM-CSF, that drive immunoglobulin (Ig) E  switching 

from B cells as well as IL-5 that is a chemo-attractant for eosinophils23. IL-4 and IL-13 also act on 

the epithelial layer to induce goblet cell hyperplasia17. In addition, mast cells in the airway mucosa 

maintained by epithelium-derived stem cell factor (SCF) are activated through antigen-speciic 

IgE cross-linking of surface Fc receptors. This encounter and complexing of mast cell receptors by 

allergens leads to degranulation and the release of various potent bronchoconstrictors such as 

histamine, prostaglandin D
2
, and leukotrienes C

4
, D

4
 and E

4
14,24,25. Recruited basophils which may 

also be precursors of mast cells, have been shown to release histamine through IgE cross-linking26. 

Normally, tolerance towards allergens is induced, in which a T cell subset called regulatory T (Treg) 

cell plays a role. Tregs control Th1 and T
H
2 responses, e.g. by suppressing cytokine production27. 

However, the development of this T cell subset may be impaired in asthma, as reduced Treg numbers 

have been observed in broncho-alveolar lavage (BAL) luid in asthmatic children compared to 

controls, and reduced Treg numbers correlated positively with poor lung function28 (igure 1). 

Chronic airway inlammation in COPD

Traditionally, the underlying chronic airway inlammation in COPD has been shown to include 

neutrophilic inlux driven by the airway epithelium, which produces chemoattractants for 

neutrophils, such as CXCL8 (IL-8). At present it is clear that COPD involves a complex inlammatory 

response with the involvement of macrophages and CD8 T cells in the airway wall and neutrophils 

acting at the epithelial surface and in the airway lumen23,29,30.

Speciically in subjects susceptible to develop COPD, inhaled, noxious particles cause damage 

to the airway epithelium, which forms the irst line of the innate immune defense in the lungs,10, 

leading to the release of DAMPs31 and innate immune cytokines (tumor necrosis factor α, IL-1, IL-6 

and IL-8/CXCL8)32. These factors induce the recruitment of innate immune cells, i.e. neutrophils, 

and macrophages33,34. Macrophages release CXCL11, CXCL9 and CXCL10 which in concert with 

antigen-presenting DCs cause an inlux of T
H
1 and T

C
1 cells to activate the adaptive immunity35. 

In the parenchyma, the release of proteases (e.g. metalloproteases (MMPs), elastase) and reactive 

oxidative species (ROS) from recruited neutrophils and macrophages alters the protease, anti-
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protease balance in favor of proteases leading to tissue destruction resulting in emphysema10,36. 

It is well established that a deiciency in the α1-antitrypsin enzyme, which neutralizes neutrophil 

elastase, is responsible for causing emphysematous disease in a subset of COPD patients37. This 

deiciency leads to difuse parenchymal tissue destruction referred to as pan-lobular emphysema, 

as compared to centrilobular emphysema caused by cigarette smoke exposure38. 

Chronic airway inlammation is perpetuated by activation of the adaptive immune defense in 

the airway. The adaptive immune response is activated upon the priming of naive T cells by dendritic 

cells (DC), presenting antigens from inhaled foreign particles and damaged cells9. Activated antigen-

speciic CD4 and CD8 positive T cells as well as antibody-producing plasma cells have been found 

Figure 1 Mechanism of chronic airway inlammation in asthma. The airway epithelium is damaged with goblet cell hyperplasia 

and chronic mucus hypersecretion. When damaged the airway epithelium releases cytokines such as TSLP that conditions dendritic 

cells (DCs). DCs then prime naïve T cells into T
H
2 cells through the release of cytokines such as CCL17 and CCL22. T

H
2 cells release 

a variety of cytokines including IL-4 and IL-13 that cause IgE production from B cells. IL-5 also causes eosinophilic iniltration. The 

damaged epithelium is also a source of chemokines and growth factors such as CCL11 or Eotaxin-1 that causes eosinophil inlux. 

In non-allergic asthma, non-speciic triggers lead to mast IgE cross-linking on mast cells as well as basophils and the release of 

bronchochonstrictors such as prostaglandins and leukotrienes. Mast cells are maintained in the airways by epithelial-derived SCF. T
H
2 

cells also release IL-9 that stimulates the proliferation of mast cells. Treg cells control T
H
2 responses by lowering cytokine production. 

Further, the airway epithelium is a source of ibrogenic factors such as TGF-β, PDGF, and FGF that stimulates ibroblasts to produce ECM 

proteins in excess that leads to airway remodeling14.
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in lymphoid aggregates around the small airways and in parenchymal lung tissue and add to the 

repetitive inlammatory cycle that is propagated even years after smoke cessation9,39 (igure 2).

EXACERBATIONS IN ASTHMA AND COPD

In addition to the chronic inlammation present with disease, acute episodes that aggravate the 

inlammatory conditions, termed exacerbations, can occur in asthma and COPD patients40. An 

exacerbation of COPD is deined as an event in the natural course of the disease characterized by 

a change in the patient's baseline dyspnea, cough, and/or sputum that is beyond normal day-to-

day variations; is acute in onset; and may warrant a change in regular medication40. Exacerbations 

Figure 2 Mechanism of chronic airway inlammation in COPD. Inhaled cigarette smoke particles cause damage to the airway 

epithelium leading to the release of damage associated molecular patterns (DAMPs) and innate immune cytokines including; 

interleukin (IL)-1, tumor necrosis factor (TNF)-α, IL-6 and IL-8/ CXCL8. These factors induce the recruitment of neutrophils, and 

macrophages. Neutrophils add to small airway disease and emphysema by producing reactive oxygen species and proteases such as 

neutrophil elastase and matrix metalloproteinase (MMP) 9. Macrophages produce CXCL11, CXCL9 and CXCL10 which together with 

dendritic cells that present inhaled antigenic smoke particles, cause an inlux of T
H
1 and T

C
1 cells to orchestrate the adaptive immunity. 

Increased release of elastase and MMPs cause parenchymal tissue destruction that leads to emphysema. Activated antigen-speciic 

CD4 and CD8 positive T cells in the small airways add to the repetitive inlammatory cycle that is propagated even years after smoke 

cessation. The increased production of mucus as a result of chronic mucus hypersecretion causes mucus plugs that occlude the small 

airways. The airway epithelium is also a potent source of ibrogenic growth factors such as TGF-β and FGF that acts on ibroblasts to 

cause the deposition of excess ECM proteins and cause ibrosis of the small airways14. 
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are often triggered by respiratory infections and are associated with increased inlammation in 

the lower airways41. Several studies have shown that frequent severe exacerbations are associated 

with increased morbidity and mortality, poor health status, and a faster decline in lung function in 

both asthma and COPD42. Therefore, prevention and optimal treatment of exacerbations is a global 

priority.

Airlow Obstruction

The movement of gas in and out of the lung involves 1) bulk transport of air along a pressure 

gradient developed through the action of respiratory muscles and 2) difusion of gases due to a 

concentration gradient due to the uptake of oxygen and difusion of carbon dioxide within the 

alveoli43. Airway obstruction based on spirometric values of FEV
1
/FVC can result from bronchospasm, 

mucosal edema and inlammation, mucus hypersecretion and the formation of mucus plugs, as 

well as structural changes that can lead to ibrosis (airway remodeling) or loss of elastic recoil by 

tissue destruction (emphysema)9,17.  Histopathological studies of patients with asthma and COPD 

have established that airway inlammation and remodeling occurs in parallel both in the proximal 

airways (>2 mm in diameter), and distal airways (<2 mm in diameter)43,44. Below we describe the 

speciic pathological features that lead to airlow obstruction in COPD and asthma. 

Airlow obstruction in asthma

Airway hyperresponsiveness (AHR) describes the ability of the airways to narrow following exposure 

to a bronchoconstrictor agonist. The initial observation that bronchoconstriction occurs more 

frequently in asthmatic patients compared to non-asthmatic patients was made in 192145. AHR is 

a prominent feature of almost all symptomatic asthma patients and correlates with the severity 

of asthma45. Asthma used to be considered an entirely reversible disease in terms of airway 

hyperresponsiveness. However, a number of longitudinal cohort studies have demonstrated that 

asthmatics, as a group, experience an accelerated rate of respiratory functional deterioration46-49. 

It is therefore now well understood that patients with severe asthma also present with persistent 

airlow limitation, which has been attributed to structural changes within the airways termed airway 

remodeling44,50,51. These structural changes have been studied in bronchial biopsies, which have 

shown that asthmatic airways are remodeled with the following features: epithelial metaplasia and 

damage, thickening of the basement membrane (laminar reticularis), hypertrophy and hyperplasia 

of airway smooth muscle, mucus-gland hyperplasia, angiogenesis and ibrosis with an altered 

deposition and composition of the extracellular matrix17 (igure 3). Importantly, investigations of the 

airways of asthmatic children have shown that airway remodeling can occur even prior to the onset 

of symptoms and diagnosis50-52. These indings highlight the signiicance of airway remodeling in 

asthma, and suggest that it may occur concurrently or prior to inlammation44.

Airlow obstruction in COPD

The diagnostic hallmark of COPD is irreversible expiratory airlow limitation caused by a combination 

of large and small airways disease and emphysema. The precise role of each of these pathological 

features remains poorly understood, especially in the mild to moderate stages of COPD43. It has 

been known since 1968 that the small conducting airways <2mm in internal diameter become the 
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major site of airlow obstruction in COPD53-55. Airlow obstruction, which leads to an irreversible 

decline in lung function, partly results from chronic airway remodeling that involves chronic mucus 

hypersecretion43 and activation of ibroblasts with the production of excess ECM proteins, leading 

to thickening of the small wall (igure 4). In addition to ixed airlow obstruction, most patients 

with COPD have been shown to also present with AHR when studied over long periods which 

demonstrates an over-lap with the pathogenesis of asthma8. Using micro-CT in 2011, McDonough 

et al, demonstrated that in end-stage disease there can be up to 72% and 89% reduction in the 

number of last generation of conducting airways, the terminal bronchioles, in very severe panlobular 

and centrilobular emphysema patients respectively56. In addition, this study also showed that loss of 

terminal bronchioles can occur in regions of lung where there was no emphysema detected using 

micro-CT to measure the airspace size (mean linear intercept (Lm)), suggesting that bronchiolar 

obliteration may be independent from and/or precede emphysematous tissue destruction56. 

Emphysema is deined pathologically as the presence of permanent enlargement of the airspaces 

distal to the terminal bronchioles, accompanied by destruction of their walls and capillary networks 

without obvious ibrosis, resulting in non-functional airspaces57. This results in the reduction of 

driving pressure and obstructive collapse of the peripheral airways causing a reduction in FEV
1
57,58. 

Acinar wall destruction can be characterized as two speciic types. In centrilobular emphysema, by 

far the most common form associated with smoke exposure, tissue destruction is limited to the 

central part of the acinar lobule. In contrast, panacinar emphysema is characterized by widespread 

destruction of the entire lobule, and is associated with alpha-1-anti-trypsin deiciency59. 

Figure 3 Features of airway remodeling in the large airways in asthma. Airway sections from formalin-ixed parain embedded 

tissue stained with Masson’s trichrome stain for collagen (blue-green), cytoplasm and intercellular space (light purple) and keratin 

and muscle (red)  of a) A large airway from a normal control individual with no observable remodeling of the airways and b) An age 

and gender matched large airway of an asthmatic individual with arrows showing airway remodeling including i; increased smooth 

muscle mass, ii; damaged airway epithelium, iii; basement membrane thickening, iv; chronic mucus hyperscretion to occlude the 

airway lumen and v; ibrosis in the sub-epithelial space. Image by kind courtesy of F. Shaheen and T.L Hackett (Vancouver, Canada)
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ASTHMA AND COPD-OVERLAP SYNDROME

As described above, there are fundamental diferences in the presentation and pathogenesis of 

asthma and COPD. Asthma is primarily an allergic disease associated with AHR that often develops 

in childhood, while COPD is associated with progressive, irreversible lung function decline that is 

typically linked to smoke exposure and usually presents later in life, >40 years of age42. However, it 

has become more apparent through several epidemiological studies that asthma and COPD may 

coexist, or at least one condition may evolve into the other mostly after smoke exposure, which has 

led to the term Asthma and COPD Overlap Syndrome (ACOS)42,60. As an example, AHR is present in 

almost all patients with asthma, at least when they are experiencing symptoms, and in up to two 

thirds of patients with COPD, especially when reassessed overtime61. In asthma, the presence of AHR 

and neutrophilia is associated with a decreased lung function and enhanced mucus hypersecretion 

in the airways8. Further, the patterns of airway inlammation associated with asthma and COPD 

Figure 4 Features of small airway remodeling COPD. Airway sections from formalin-ixed parain embedded tissue stained with a 

haemtoxylin and eosin for the cell nuclei (purple) and cytoplasm (pink) counter-stained with alcian blue for acidic mucopolysacharides 

(blue) a) An airway from a normal control individual with no occlusion or obstruction for comparison, b) A bland mucus plug 

occluding a small airway due to mucus hyper-secretion, c) A small airway occluded with inlammatory exudates showing an active 

inlammatory process, d) A narrowed small airway due to airway remodeling resulting from excess extracellular matrix deposition in 

the peribronchiolar space. Image taken from9 Hogg and Timens, 2009, Annu. Rev. Pathol. Mech. Dis. 4:435-59 
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are heterogeneous, although signiicant overlap can be present. For example eosinophilic airway 

inlammation has been observed in some COPD patients, and has been associated with greater 

reversibility of airlow obstruction when treated with steroids14. Further, neutrophilic inlammation 

has been shown to occur in a subset of severe asthma patients, and has been hypothesized to confer 

resistance to steroids42. Therefore the overlap between asthma and COPD should be considered 

especially in smokers and elderly people and careful history taking is important to detect asthmatic 

features in earlier life42. 

MANAGEMENT STRATEGIES FOR COPD AND ASTHMA

The current treatment strategies deined by GOLD and GINA for both COPD and asthma are outlined 

below. The problem is that these treatment strategies only serve to manage symptoms of both 

diseases and do not alter the course of airway remodeling6,62-67. Due to the common mechanisms 

and presentations of airway inlammation and airlow limitation in both diseases, there is signiicant 

overlap in the types of therapies used for disease management. 

COPD treatment 

Smoking cessation as well as the avoidance of polluting agents has been shown to reduce FEV
1
 

decline
 
by almost 35 mL per year although it cannot completely halt disease progression in COPD 

patients63,68. The irst line of therapy is therefore the use of nicotine replacement products to increase 

long-term smoking abstinence rates69.  The use of anti-depressants bupropion, nortriptyline and 

varenicline have been shown to have long-term eicacy for maintained smoking cessation as 

part of an intervention program involving nicotine replacement and or counseling programs70-72. 

While many smokers are using E-cigarettes, these products are not regulated and it is currently not 

understood if these products also cause harm71,72. 

In COPD, the aim of pharmacotherapy is to reduce symptoms, exacerbation rates, prevent 

further lung damage and enhance exercise tolerance of patients2. For all COPD patients (GOLD 1-4), 

it is recommended to be vaccinated each year to prevent seasonal infections with inluenza and 

pneumococcal viruses, and this preventative measure is associated with reduced exacerbations and 

mortality rates73,74. Proper education on the use of inhaler devices, proper recognition and attention 

to symptoms as well as strict adherence to self-management and integrated care programs 

have shown a lot of beneits in the management of COPD2. COPD patients are also prescribed a 

short acting inhaled bronchodilator including β
2
-adrenergic receptor agonists (SABA) and short-

acting muscarinic antagonists (SAMA) to be taken when required to ofer relief in acute attacks of 

symptoms75. These drugs are efective for <12 hours and help to reduce symptoms, improve FEV
1
 

and reduce dynamic hyperinlation at rest and during daily activities76. In addition to the SABA and 

SAMA combination therapy, GOLD stage 2 to 4 patients are provided a regular treatment of long 

acting bronchodilator therapy including long acting β
2
-agonists (LABA) and long-acting muscarinic 

antagonists (LAMA). These drugs act between 12 and 24 hours to ofer lasting relief from chronic 

inlammatory symptoms77. In severe and very-severe (GOLD 3 to 4) GOLD patients with frequent 

exacerbations the use of inhaled corticosteroids (ICS) in combination with LABA and/or LAMA 

therapy has been reported to greatly improve lung function and reduce exacerbation rates2. The 

combination therapy of LABA/LAMA/ICS is essential in individuals with severe disease since COPD 
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patients do not respond as well to corticosteroids as asthmatics8,78,79. 

When patients with moderate to severe COPD experience acute exacerbations the administration 

of antibiotics such as azithromycin and moxiloxacin as well as antioxidants and mucolytic agents 

have been shown to reduce exacerbation rates80,81. In severe and very severe COPD patients, 

phosphodiesterase-4 inhibitors such as Rolumilast can be used to control severe exacerbations 

when all other combinations of therapies have been used82,83. The efects of other medications 

such as leukotriene modiiers, inliximab which is an anti-TNF-α antibody and simvastatin are still 

being investigated2. Augmenting α-1 antitrypsin in COPD patients with this deiciency has been 

shown to present lung function improvements with preservation of lung parenchyma84-86. For 

patients with severe disease and respiratory failure, oxygen therapy and ventilator support can be 

provided. In addition surgical interventions including lung volume reduction surgery, bullectomy 

or bronchoscopic procedures to decrease hyperinlation can be used but these surgeries are now 

less common87-89.  For very-severe COPD disease lung transplantation is often the only option90, 

but new surgical procedures such as the one-way endobronchial valve therapy91, trans-bronchial 

airway bypass92 nitinol coil treatment93 and parasympathetic lung denervation93 among others 

have shown promising efects on lung function and quality of life scores.  

Asthma treatment 

In asthma, it is essential to control exposure to environmental triggers6. Reduction in the rate of 

exposure of asthmatic children to indoor allergens has been shown to reduce adverse outcome 

associated with asthma94. However, in asthmatic adults where allergen-avoidance measures such as 

the removal of causative allergen in occupational asthma were instituted, desirable outcomes were 

seen in only a third of subjects95. This suggests allergen-avoidance measures alone are not efective 

in all patients and therefore adhering to pharmacological therapy is required to control disease 

symptoms96. In step 1 of asthma disease management, the GINA guidelines recommend SABAs 

such as albuterol, levalbuterol and pirbuterol be prescribed and used as needed to relax constricted 

airway smooth muscles and provide a quick relief from disease symptoms1,6. In addition to SABA, a 

regular low dose ICS is recommended to help lower the risk of exacerbations and improve quality of 

life97,98. In patients with increasing rates of exacerbations, therapy can be increased to step 2 which 

recommends the use of combination low dose LABA with ICS therapy, in addition to regular SABA 

use97. As disease symptoms increase, step 3 includes a ixed combination of low dose ICS and LABA 

together with the use of SABA when needed99. The dose of ICS/LABA being administered is increased 

in step 4 to a medium dose in patients whose treatment options are still not efective. In step 4, the 

addition of LAMA to the ICS/LABA combination can also be considered in addition to regular SABA 

usage100. In patients who are unresponsive to either ICS or LABA treatments, cysteinyl leukotriene-

receptor antagonist therapy with pranlukast, montelukast and zairlukast may be helpful6. This 

causes bronchodilation within the irst few hours of administration and can last multiple days by 

blocking leukotriene C
4
, D

4
 and E

4
 which are major bronchoconstrictors in asthma101. Montelukast 

treatment has been considered a safe and side efect-free alternative to ICS, and recommended for 

use in infants as young as 1 year old6. Although leukotriene modiiers are generally used in patients 

unresponsive to ICS, the addition of this medication to low dose ICS has proven helpful102,103. In 

severe refractory asthma where there is no response to ICS, LABA or leukotriene modiiers, 
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Omalizumab, an anti-IgE monoclonal antibody is used as an add-on therapy104. Omalizumab binds 

to the high ainity FcεR1 receptor on basophil and mast cell surfaces and prevents IgE cross-linking 

and subsequent degranulation104,105. Circulating levels of IgE are reduced to less than 95% after 

subcutaneous administration of this drug and has been shown to decrease exacerbation frequency 

in severe asthmatics105. The use of antibodies against IL-4 and IL-5 as add-on therapies to LABA/ICS 

combinations have shown some beneit to sub-groups of patients1,6. After asthma symptoms are 

adequately controlled in a 3 to 6 month period, a step down management is recommended where 

therapy is reduced from high to lower doses to help minimize adverse side-efects6. 

The need for new therapeutic targets in asthma and COPD

Taken together, current therapy for both asthma and COPD targets the chronic inlammatory 

processes and the bronchoconstriction that have been implicated in the pathogenesis of both 

diseases. Although these treatments can help alleviate symptoms and improve the quality of life 

of some patients, there is still no cure for both asthma and COPD and the structural changes in the 

airways are unafected22,44. Hence, a closer look at the underlying mechanisms of airway remodeling 

is essential. In line with this, it has been proposed that an abnormal interaction of the epithelium 

and ibroblasts in the lung epithelial-mesenchymal trophic unit (EMTU) acts in concert with chronic 

inlammatory processes and leads to aberrant ECM repair and remodeling that drives airlow 

obstruction106. Thus, a closer look at this aberrant communication may provide new therapeutic 

targets for both asthma and COPD.  

ROLE OF EPITHELIAL-MESENCHYMAL TROPHIC UNIT IN LUNG REPAIR

The role of the lungs in gas exchange places them in direct contact with the inhaled external 

environment which contains airborne allergens, particles and pathogens107. The irst chemical, 

structural, and immunological barrier to the inhaled environment is the airway epithelium, which 

normally via the mucocilliary elevator and secreted airway/alveolar-lining-luid, removes inhaled-

foreign bodies from the lung108. Within the lung, the large conducting airways are lined with a 

pseudostratiied epithelium consisting of ciliated, basal and goblet cells, which transitions to a 

more simple columnar epithelium in the small conducting airways, and lastly to a simple squamous 

alveolar epithelium for gas exchange109. The airway epithelium forms a tightly regulated barrier, 

which is held together by the formation of cell-cell contacts adherens (comprised of e.g. E-cadherin) 

and tight junctions (comprised of e.g. the interacting molecules zona occludens (ZO)-1, claudins, 

and occludins) that is attached to the basement membrane by desmosome junctions110. However, 

when damaged, the airway epithelium becomes immunologically activated to protect and 

maintain tissue homeostasis. The result is an acute inlammatory response followed by epithelial 

repair, which involves induction of cell migration to form a temporary barrier in response to growth 

factors (e.g. transforming growth factor (TGF)-β, ibroblast growth factor (FGF)) released into the 

underlying mesenchyme to form a provisional secreted ibrin extracellular matrix108. Furthermore, 

the injured epithelium releases ibroproliferative and ibrogenic growth factors (e.g.  ibroblast 

growth factor (FGF)2, and platelet derived growth factor (PDGF)), which stimulate the underlying 

mesenchymal to proliferation and secrete ECM111. Such communication between the epithelium 

and underlying mesenchyme is reminiscent of the processes that drive branching morphogenesis 
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during lung development, where the endoderm and mesoderm act as a trophic unit112. Speciically, 

as the lung develops, the reciprocal interactions between the endoderm and mesoderm occur in 

a temporal, spatial and cell-type speciic manner through the expression of intrinsic factors, such 

as transcription factors (e.g. thyroid transcription factor (TTF)1/ NKx2.1), signaling molecules (e.g. 

FGF, bone morphogenetic protein (BMP)-4) and extracellular matrix proteins (proteoglycans and 

various collagens)113. Plopper and Evans irst introduced the concept of the epithelial-mesenchymal 

trophic unit (EMTU) in 1999, and its role in lung development, repair and homeostasis114. Since then 

re-activation of the EMTU in response to chronic mucosal injury has been proposed to play a role in 

airway inlammation and remodeling44,106 (igure 5).

Figure 5 The activation of the EMTU in lung disease. After damage to the airway epithelium as a result of epithelial fragility, the 

exposure to allergens and noxious particles as in asthma and COPD, the airway epithelium releases are variety of inlammatory 

mediators such as interleukin-1 (IL-1), tumour necrosis factor (TNF)-α, IL-8 and IL-6. These cytokines act on airway ibroblasts in the 

epithelial-mesenchymal trophic unit to cause the release of inlammatory mediators such as IL-8 and IL-6 that for example, can cause 

inlammation through neutrophil chemotaxis. The epithelium is also a source of ibrogenic factors such as TGF-β, PDGF, FGF and VEGF 

that act on ibroblasts to induce ECM deposition and remodeling. In addition to this, ibroblasts can also produce growth factors such 

as EGF and TGF-α that act on the airway epithelium to cause airway remodeling in a feedback cycle in the lung EMTU.
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ALTERATIONS IN THE EMTU IN ASTHMA AND COPD

In both allergic asthma and COPD, repetitive insult of the lung by environmental triggers is thought 

to cause chronic activation and aberrant regulation of the repair processes within the EMTU 

described above. An impaired capacity of the lung epithelium to repair itself has been closely linked 

to asthma and COPD disease progression115,116. Below we describe the alterations in the airway 

epithelium and mesenchymal cells that have been reported both in asthma and COPD, with speciic 

focus on the alterations in the intrinsic factors, transcription factors, growth factors and ECM that are 

important in repair of the EMTU.

Alterations in the airway epithelium in asthma and COPD

In COPD, muco-ciliary clearance has been shown to decline along with chronic mucus hypersecretion, 

due to goblet cell hyperplasia as well as disturbed ciliary movement, and squamous metaplasia of 

the epithelium. This together, with an increased production of a more viscous mucus altogether 

leads to increased airlow obstruction after cigarette smoking39,117. The airway epithelium from 

COPD patients has been shown to display lower expression of junctional proteins118 and loss of cell-

cell contacts with a disrupted expression of ZO-1 compared to non-COPD patients119-121. Further, 

exposure of the airway epithelium to cigarette smoke extract has been shown to disrupt airway 

epithelial cell-cell contacts due to an efect on epidermal growth factor receptor (EGFR)-dependent 

formation of tight junctions, which delays epithelial recovery upon wounding119. The 4700 chemicals 

found in a single inhalation of cigarette smoke have been shown to produce close to 1014 reactive 

oxygen species122. The resultant high oxidant concentration leads to cellular damage, apoptosis and 

necrosis of the airway epithelium, leading to the release of DAMPs that bind to various pattern 

recognition receptors (PRR) to initiate an innate immune response.31,122. Whereby, DAMPs can induce 

pro-inlammatory responses in neighboring epithelial cells and ibroblasts, and also directly act on 

innate immune cells to cause their recruitment31,122. Cigarette smoke exposure has also been shown 

to directly induce the release of various cytokines and growth factors from the airway epithelium 

thought to play a role in COPD. Speciically, cigarette smoke induces robust release of TNF-α, IL-1, 

CXCL8 (IL-8)123 and chemokines ligand 2 (CCL2) or MCP-1 (monocyte chemoattractant)124. Further, 

upon exposure to various noxious particles, the airway epithelium is also a source of growth factors 

such as TGF-β, vascular endothelial growth factor (VEGF) and PDGF, which are pivotal in causing 

the ibrotic lesions seen in COPD9. An increased TGF-β expression in the lungs of COPD patients has 

been associated with myoibroblast transformation from resident ibroblasts and an increased ECM 

production125. The expression of growth factor receptors, such as epidermal growth factor receptor 

(EGFR), have been shown to be upregulated in response to cigarette smoke and is thought to cause 

the increase in MUC5AC expression leading to the chronic mucus hypersecretion in COPD126. 

In asthma, abnormal airway epithelial barrier function has also been shown to be an 

integral part of disease progression. It has been shown in several studies that there is goblet cell 

hyperplasia127-129 as well as airway epithelial fragility with decreased expression of adherens and 

tight junctions in asthma130-135. Furthermore, the asthmatic epithelium has been shown to express 

features of aberrant repair, with increased expansion potential of the basal cell population130,132 and 

increased expression of repair markers p21WAF, TGF-β and EGFR136,137. In addition, the fragile airway 

epithelium in asthmatics has been shown to be a robust source of SCF and TSLP, which are vital 
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for mast recruitment and maintenance as well as T
H
2 polarization in the airways respectively23. 

In line with this, airway epithelial knockdown of E-cadherin expression using siRNA resulted in 

increased expression of TSLP and T
H
2 attracting chemokine CCL17138. Other important cytokines 

released after damage to the airway epithelium due to allergen exposure include IL-1, IL-6, CXCL8 

(IL-8), CCL5, IL-5, CCL22, granulocyte macrophage colony-stimulating factor (GM-CSF) and TGF-α, 

which all contribute to eosinophilia, mesenchymal cell activation, T
H
2 cell chemotaxis and/or Th2 

cell polarization23,139-141. The airway epithelium in asthmatics has been shown to have an increased 

production of growth factors TGF-β2, PGE
2
142-144, EGF, FGF, amphiregulin and heparin-binding EGF-

like growth factor, which have all been shown to be of importance to the remodeling seen in the 

airways145. These growth factors are important for airway hyper-responsiveness and myoibroblast 

proliferation22,44. In addition, the deposition of various ECM proteins and proteoglycans (e.g. 

collagen I, III, and IV, ibronectin, versican and lumican) from ibroblasts after exposure to these pro-

ibrotic factors released from the airway epithelium has been documented and has been proposed 

to be responsible for the increased airway wall thickness in asthma146,147. 

In both asthma and COPD, it has been suggested that the epithelium may contribute to aberrant 

repair and ibrosis in the airway wall through the process of epithelial-to-mesenchymal transition 

(EMT), a process involved in tissue repair and remodeling148-150. Disruption of epithelial junctions is 

an important hallmark of EMT, where loss of epithelial characteristics is accompanied by transition 

into a more mesenchymal phenotype and expression of remodeling markers. While the down-

regulation of epithelial junctional proteins and expression of mesenchymal markers has been 

described in airway epithelium of both asthma and COPD patients120,121, the role of this epithelial 

plasticity and EMT in pathogenesis and disease progression is still in dispute150,151.

Alterations in lung ibroblasts in asthma and COPD

The various cells found in the lung mesenchyme including ibroblasts, ibrocytes, and smooth 

muscle cells which are essential structural cells involved in the maintenance of tissue homeostasis152. 

Of these cells, ibroblasts in particular are the producers of the rich glycoprotein and proteoglycan 

ECM proteins152, which provide cells with the structural and biochemical support essential for cell 

type determination and maintenance153. Under normal repair conditions, ibroblasts are activated 

to diferentiate into α-smooth muscle actin (SMA) expressing myoibroblasts, which are highly 

contractile and producers of new ECM proteins154. Once tissue repair is complete, myoibroblasts 

undergo apoptosis and are cleared by immune cells154,155. However, under disease conditions, 

these cells persist and cause ibrotic lesions due to the damaged and activated epithelium, causing 

attraction and activation of immune cells. Aside from their role in ECM production, mesenchymal 

cells have been shown to be a source of pro-inlammatory cytokines such as CXCL8 (IL-8), TNF-α 

and IL-6 as well as pro-ibrotic mediators, including TGF-β and MMPs that interact to promote the 

further release of more growth factors and chemokines to perpetuate remodeling and inlammatory 

processes156.  

The ibrotic lesions that result in the narrowing of small airways in COPD have been shown to 

be associated with dysfunctional activity of ibroblasts. α-SMA, vimentin and tenascin- C expressing 

myoibroblasts increase and cluster in the bronchi of smokers compared to controls, which correlates 

with lung function decline in COPD patients157. Parenchymal lung ibroblasts from severe (GOLD 
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4) COPD patients produced higher levels of collagen I in vitro and lower levels of decorin upon 

stimulation with TGF-β1 and FGF compared to mild (GOLD 1) patients158. This may have implications 

for small airway disease, because decorin is an important proteoglycan involved in the cross-linking 

and spacing of collagen ibrils158. Hence, decreased decorin by parenchymal lung ibroblasts points 

to loosening of collagen and surrounding alveolar attachments that is implicated in loss of elastic 

recoil and collapsibility of the airways9,158. In addition to increased ECM production, ibroblasts 

derived from COPD patients have been shown to be more senescent, proliferate slower and secrete 

increased levels of the pro-inlammatory cytokines IL-6, CXCL8 (IL-8) and PGE2 as well as ibrogenic 

cytokines such as TGF-β1. This inlammatory phenotype of COPD-derived ibroblasts was shown to 

correlate with a poor lung function in severe COPD patients compared to mild (GOLD 1) patients 

or non-COPD controls159,160. TGF-β1 as well as EGF and IL-1β induce higher expression of WNT-

5B and WNT ligand receptors frizzled-6 (FZD6) and frizzled-8 (FZD8) in COPD-derived ibroblasts 

compared to controls125,161. Since WNT signaling is an essential part of EMTU in lung morphogenesis, 

this suggests a reactivation of the EMTU in COPD. The increase in WNT5B and receptors may 

cause higher production of ECM proteins, MMPs, growth factors, enzymes and pro-inlammatory 

cytokines involved in small airway remodelling and chronic bronchitis in COPD125,161. Interestingly, an 

increased expression of the FZD8 receptor on COPD-derived ibroblasts is associated with a single 

nucleotide polymorphism (SNP) rs663700 that may contribute to chronic mucus hyper-secretion in 

COPD. Since this increased expression of FZD8 is also involved in the release of pro-inlammatory 

cytokines, this points to an important role of ibroblast function in COPD pathogenesis162.

In asthma, the enhanced proliferation and hypercontractility of the ASM in the airway has 

been implicated in AHR and the pathogenesis of asthma, and is a main target of current drug 

therapy. However, the fact that chronic remodeling in the airways is not afected by most asthma 

medication calls for a closer look at the role of other mesenchymal cells in the pathogenesis of 

the disease106. Although the source of activated ibroblasts in asthma is unclear at the moment163, 

it has been suggested that this could be due to an increased proliferation of resident ibroblasts 

and chemotaxis of circulating ibrocytes156. Of interest, an increased ECM deposition by these 

ibroblasts apposing to the reticular basement membrane of the asthmatic airway is a hallmark of 

asthma164. In line with this, the increased mesenchymal cell population in asthmatics may be due 

to increased production of growth factors in the airways of asthmatic patients, such as TGF-β, PDGF 

(pro-ibrotic cytokines) and trans-retinoic acid165. Further, the chronic inlammatory milieu in which 

mesenchymal cells reside within the asthmatic airways has been shown to provide a source of a 

variety of mediators that serve to promote excessive repair and remodeling processes156. Increased 

levels of inlammatory mediators such as the T
H
2 cytokine IL-13,166, IL-4  (mast cell cytokine)167 as well 

as IL-6 and IL-23 (Th17 diferentiation cytokines) have been found, and these cytokines can  interact 

with TGF-β and MMP activity to increase the expression of ECM proteins as well as the potential 

migration and invasiveness of ibroblasts from asthmatics compared to controls as shown in vitro168. 

In line with the interaction between inlammatory mediators and MMPs, an imbalance between the 

production of tissue inhibitor of metalloproteinases (TIMP)-1 and MMP-1 activity correlates with an 

increased procollagen synthesis in ibroblasts in the asthmatic airway169. In addition to a higher rate 

of collagen synthesis, there is increased production of the proteoglycans versican and biglycan in 

asthma-derived airway ibroblasts170. This imbalance has been proposed to lead to ibrotic lesions in 
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the airways of asthmatic patients170. 

Taken together, these studies demonstrate important alterations in the epithelium and 

mesenchymal cells in the airways of both asthmatic and COPD patients. What is unclear at this time 

is how these alterations afect the EMTU and what their role in disease pathogenesis is. 

Aberrant epithelial-ibroblast communication in asthma and COPD

In vivo data related to the EMTU in asthma and COPD has been primarily focused on imaging the 

structure of airway biopsies. In asthma, thickening of the basement membrane in remodeled 

airways has long been proposed to result in disturbed communication between epithelial cells and 

ibroblasts, leading to aberrant activation of the EMTU106. Using transmission electron microscopy 

Behzad et al, demonstrated that the cytoplasmic extensions between alveolar epithelial cells and 

parenchymal ibroblasts are signiicantly reduced in COPD patients compared to smokers without 

COPD, due to excessive collagen deposition171. On the other hand, biopsies of the conducting airways 

from current smokers and COPD patients compared to controls have been shown to have reticular 

basement membrane fragmentation (RBM), which may cause an increased exposure of resident 

ibroblasts to the release of mediators from the epithelium seen during cigarette smoke exposure172. 

This may indicate that the communication between cells within the EMTU in the conducting airways 

and parenchymal tissue may be afected in diferent ways.

Due to the complexity of cellular cross-talk in vivo, in vitro co-culture systems have primarily 

been used to study cellular communication within the EMTU. From early work on the normal EMTU, 

it was shown in a co-culture model that proliferation and diferentiation of the airway epithelium 

is afected by ibroblast mediator release, while in turn the proliferative capacity of ibroblast was 

regulated by the airway epithelium173. A later study of the airway EMTU by Thompson and colleagues 

in 2006 showed that the release of active TGF-β2 following airway epithelial damage caused by 

a scrape wound elevated the expression of α-smooth muscle actin and tenascin-C, and increased 

the expression of ibrillar collagen in lung ibroblasts when embedded in collagen I gels174. Further, 

mechanical stress comparable to those generated during broncho-constriction, applied to the 

airway epithelium was found to induce increased concentrations of Endothelin 1 and 2 as well as 

TGF-β2 which causes ibroblast activation and proibrotic changes175.  

With regard to COPD, Sun and colleagues found by the use of a co-culture model that involved 

cigarette smoke extract (CSE) exposure that an increased release of the LL-37, a member of the 

human cathelicidin anti-microbial peptide family from the bronchial epithelium, upregulated 

collagen production in human lung ibroblasts176. This efect was mediated by the formyl peptide 

receptor-like 1 (FPRL)-dependent extracellular signal-regulated kinase (ERK) pathway and was due 

to an aberrant epithelial-ibroblast interaction, since direct stimulation of lung ibroblasts with CSE 

did not afect the expression of collagen176. In terms of alterations in inlammatory mediators within 

the COPD EMTU, Suwara and colleagues showed that epithelial damage via thapsigargin to simulate 

endoplasmic reticulum (ER) stress and H
2
O

2
 to induce reactive oxidative species (ROS) caused an 

increased release of the alarmin IL-1α. Exposing lung ibroblasts to conditioned medium from these 

damaged bronchial epithelial cells induced IL-1α-dependent release of pro-inlammatory mediators 

CXCL8 (IL-8) and IL-6177. The use of polycytidylic acid (poly I:C) as a viral mimic has also been shown 

to amplify bronchial epithelial-derived IL-1α-mediated release of CXCL8 (IL-8) and IL-6 from lung 
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ibroblasts, indicating that multiple stimuli can alter EMTU communication177. 

To assess the contribution of epithelial-ibroblast interaction in the pathogenesis of asthma, 

Reeves and colleagues used diferentiated airway epithelium and lung ibroblast co-cultures178. 

Here, they demonstrated that the airway epithelium suppresses the production of ECM proteins 

and proibrotic mediators such as collagen Iα1, collagen 3α1 and hyaluron synthase 2 by lung 

ibroblasts. Asthma-derived airway epithelium was less able to suppress the expression of 

these pro-ibrotic molecules178. It was further shown that this defect may be due to a decreased 

expression of prostaglandin E2 synthase in parallel with a higher TGF-β2 release in the asthma-

derived airway epithelium178. In line with this, Hostettler et al, used conditioned medium to show 

that airway epithelial cell-derived PGE2 acting in synergy with TGF-β reduced the proliferation of 

ibroblasts by almost 50%179. Further to this, Reeves et al, again used co-cultures to demonstrate 

that compared to controls the airway epithelium from asthmatic children is less able to suppress 

the expression of ibroblast to myoibroblast transition (FMT) markers, such as α-smooth muscle 

actin and tropomysin-I in lung ibroblasts180. This defect in epithelial regulation was again due to 

an increased production of TGF-β2, which emphasizes the importance of the TGF-β family in the 

aberrant communication that drives airway remodeling in the asthmatic EMTU180. TGF-β has also 

been shown to interact with other pro-inlammatory mediators181. A cytokine implicated in this 

interaction is IL-1, which is a master regulator with both inlammatory and ibrogenic efects181,182.

IL-1 SIGNALING AND ROLE IN ASTHMA AND COPD

The role of various mediators in driving aberrant repair and remodelling processes in the lung 

EMTU has been studied in various models as described above. One important regulatory cytokine 

that has been shown to have important roles in asthma and COPD inlammation and remodeling 

is interleukin (IL)-1183-189. In the lungs, IL-1 plays an essential role in the normal immune defense 

against inhaled particles and infections190. There is great overlap in the activation of the IL-1 pathway 

after IL-1/IL-1 receptor (IL-1R) coupling and the lipopolysaccharide (LPS)/Toll-like receptor (TLR) 4 

signaling pathway, which is important for immune defense against infections in the lung191. The 

airway epithelium constitutively produces and stores IL-1α at the plasma membrane, primarily as a 

membrane-associated form190,192. However, when stimulated IL-1α can be rapidly shuttled into the 

nucleus of the cell where it binds strongly to DNA182. In apoptotic conditions, IL-1α in the cytosol 

moves into the nucleus and remains bound to chromatin. In necrotic conditions, however, IL-1α 

is released after being made available in the cytosol to act as a bona ide ‘alarmin’, which induces 

sterile inlammation by activating the synthesis and release of a wide variety of chemokines and 

growth factors191. The receptors for IL-1 can be found on most immune and structural cells in the 

lung and acts in concert with other innate cytokines such as TNF-α to activate NF-kB which has been 

shown to be critical also for the activation of the adaptive immunity. 

While mesenchymal cells such as lung ibroblast may not be the major source of IL-1 in the 

EMTU, IL-1 acts on these cells in a robust way to afect airway inlammation and remodeling in both 

asthma and COPD. Indeed, IL-1 stimulates ibroblasts in the mesenchyme to secrete cytokines such 

as CXCL8 (IL-8), TGF-β, PDGF and MCP-1, which directly afects ECM production and repair in the 

lungs193. IL-1β has been demonstrated as a major inducer of cyclooxygenase-2 (COX-2) and PGE2 

in human lung ibroblasts, which can stimulate or inhibit the proliferation of ibroblasts at speciic 
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concentrations, demonstrating a biphasic role of IL-1β-induced PGE2 release from ibroblasts194. The 

efects of IL-1 have also been demonstrated to be important for the regulation of wound repair 

and ibrosis by interacting with TGF-β, which is a hallmark growth-factor in ibrosis and airway 

remodeling. Here, TGF-β has been shown to increase the survival of myoibroblasts by inhibiting IL-

1β induced apoptosis155 while IL-1β also inhibits TGF-β1 -dependent myoibroblast transformation181. 

This point to an important balance between IL-1 and TGF-β signaling in the lungs during repair 

processes which could be dysregulated in diseases such COPD and asthma. In asthma, an increased 

production of IL-1 has been associated with airway hyperresponsiveness, smooth muscle hyper-

contractility and T
H
2 activation187-189. In COPD an increased release of IL-1 is involved in the release of 

chemo-attractants that drives neutrophilic inlammation and small airway disease183-186. 

 

IL-1 signaling 

The IL1 gene cluster is found in a loci on chromosome 2q12-13 spanning a 360 kb region195. There 

are currently 11 known members of the IL-1 superfamily which include 7 agonists; IL-1α, IL-1β, 

IL-18, IL-33, IL-36α, IL-36β and IL-36γ, 3 receptor antagonists; IL-1 receptor antagonist (IL-1Ra), IL-

36Ra and IL-38 and IL-37 which is an anti-inlammatory cytokine. IL-1 family members exert their 

biological functions by binding to a variety of IL-1 (R) receptors including IL-1R1, the decoy IL-1R2, 

IL-1R accessory protein (IL-1RAcP), ST2 (IL-1R4), IL-1R5, IL-1R6, IL-1R7, single Ig IL-1-related receptor 

(SIGIRR) also referred to as IL-R8, IL-R9 and IL-1R10182. 

Although both IL-1α and IL-1β are distinctly encoded by diferent genes, IL1A and IL1B, both 

activate the same pathway by binding to IL-1R1 and are synthesized as 31-kDa precursor molecules 

missing leader sequences192. Pro-IL-1α is biologically active but can undergo cleavage by calpain, a 

cysteine protease activated by calcium to generate an 18KDa mature form which is also biologically 

active. On the other hand, pro-IL-1β requires cleavage by caspase-1 (also termed IL-1β converting 

enzyme) which is derived after processing by the NLRP3- inlammasome complex to generate the 

mature 17kDa biologically active IL-1β192. Of the other IL-1 family members important to asthma 

and COPD pathogenesis, IL-33 is synthesized as a 30kDa protein which is constitutively expressed 

in several structural cells including the airway epithelium and signals through the ST2 receptor 

found on structural cells such as ibroblasts and immune cells such as mast cells, basophils and 

T cells182. IL-33 partly resides in the nucleus but can be released during necrosis and cell damage 

to act as an alarmin196. Another IL-1 family member, IL-18, is also expressed in its pro-form in most 

mesenchymal cells. IL-18 is membrane-associated in monocytes and signals through the IL-18R196. 

With regard to biological signaling of IL-1 and its family members, 4 receptor complexes are formed; 

IL-1R (IL-1R1/IL-1RAcp), IL-33 receptor (ST2/IL-1RAc), IL-18 receptor complex (IL-18Rα/IL-18Rβ) and 

IL-36 receptor complex (IL-36R/IL-1RAcp). These receptor complexes signal through a similar IL-1 

pathway involving intracellular toll interleukin receptor (TIR) domains and the recruitment of the 

adaptor MyD88196.

Speciically for classical IL-1 signaling through IL-1R, a conformational change in IL-1R after 

it binds to IL-1 allows for a heterodimer complex with the IL-1 receptor accessory protein (IL-

1RAcP)197. This leads to the accumulation of TIR domains adjacent to the complex that causes the 

recruitment of adaptor proteins including MyD88, IL-1R associated kinase (IRAK)-1 and tumour 

necrosis factor (TNF) receptor associated factor (TRAF)-6. Activated signal transduction pathways 
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leads to the nuclear translocation of transcription factors such as p38 mitogen-associated protein 

kinase (MAPK), c-Jun N-terminal kinase (JNK), activator protein (AP)-1 and nuclear factor (NF)-kB 

that promotes the transcription of a wide variety of inlammatory cytokines and growth factors198,199 

(igure 6). Interestingly, IL-1α can also act as a transcription factor itself and has been labeled as “dual 

function cytokine”182,200. Another mediator also found to belong to this dual function family is fellow 

IL-1-family member IL-33200.  

Figure 6 Classical IL-1 signaling. IL-1α and IL-1β both share the same receptor IL-1 receptor (IL-1R)-1. IL-33 binds to the ST2 receptor 

while IL-18 binds to the IL-18 receptor (IL-18R)-β. The binding of these receptors by their respective ligands cause a formation of receptor 

complexes with the IL-1R accessory protein (IL-1RAcp). The formation of these receptor complexes leads to the recruitment of the 

adaptor Myeloid diferentiation primary response gene 88 (MYD88) which leads to the further recruitment of IL-1R associated kinase 

(IRAK)-1 and tumour necrosis factor (TNF) receptor associated factor (TRAF)-6. This leads to the phosphorylation of inhibitory-k B 

kinase (IKK) -α, IKK-β and IKK-γ that leads to the degradation of inhibitory-k B kinase, the translocation of the nuclear factor-k (NF-k) B 

subnits p65 and p60 into the nucleus and the transcription of various inlammatory genes. Other nuclear transcription factors that may 

be activated include activator protein-1 (AP-1), c-June N-terminal kinase (JNK) and p38 mitogen-associated protein kinase (MAPK).

Regulation of IL-1 signaling

The signaling and activity of the IL-1 family members is regulated at various levels by other 

family members and receptors as well as by other epigenetic factors (igure 7). In line with this, 

the discovery of IL-1 receptor (IL-1R) 2 as a decoy biologically inert receptor which binds to and 

prevents IL-1α and IL-1β signaling was a shift in the classical deinition of a receptor put forward by 

John N. Langley in 1906182,201. Likewise, the IL-18 binding protein (IL-18BP) is similar in structure and 

function to the IL-1R2 which inhibits the activity of IL-1 family member, IL-18 which is important for 

the production of IFN-γ182. Again, the inlammatory efects of IL-1 family member IL-33, is controlled 
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by the soluble ST2 (sST2) and IL-1RAcP (sIL-1RAcP) as well as Toll/IL-1R domain (TIR) 8 that bind to 

and inhibits the activity of IL-33202. The IL-1 family also has 2 receptor antagonists that compete for 

binding and regulate the biological function of family members. Here, the IL-1 receptor antagonist 

(IL-1) Ra further regulates IL-1 signaling by competing with IL-1 for the IL-1R1 binding site. IL-1Ra 

binds to IL-1R1 with comparable avidity as IL-1 and prevents activation of the signaling pathway192. 

The IL-36 receptor antagonist (IL-36) Ra is the other receptor antagonist in the IL-1 family which has 

been shown to bind to the IL-1Rrp2 and inhibits the efects of IL-36203,204. 

In addition to self regulation by IL-1 family members, the function of IL-1 can also be regulated 

by various epigenetic factors. Here, it has been shown that methylation of speciic CpG sites on the 

IL-1β promoter leads to a suppression of its transcription in some mesenchymal cells205. Further, an 

increased methylation of the IL1R2 gene loci in asthma has been associated with a lower expression 

of IL-1R2 which may add to increased IL-1 activity in patients206. As part of other epigenetic regulatory 

mechanisms, IL-1 expression and production has also been shown to be a target of various miRNAs, 

including miR-149 and miR-146a in chronic inlammatory diseases including COPD207,208. These 

miRNAs have been shown to down-regulate the expression and induction of IL-1 and have been 

suggested as possible targets for new therapy to control aberrant IL-1 signaling in disease.

Figure 7 Regulation of IL-1 signaling. The regulation of IL-1 signaling includes anti-inlammatory family members and epigenetic 

mechanisms such as miRNA regulation. The IL-1 receptor antagonist (IL-1RA) competes with IL-1α and IL-1β and binds to the IL-1R1 

receptor to prevent IL-1 signaling. The decoy IL-1 receptor (IL-1R) II which can be membrane bound or in a soluble form also binds 

IL-1α and IL-1β but lacks a cytoplasmic domain that can initiate signaling. The soluble ST2 receptor binds to IL-33 and prevents the 

stimulation of the membrane bound ST2 receptor while the IL-18 binding protein (IL-18Bp) binds and prevents IL-18 from binding to 

IL-18Rβ. IL-1 signaling can also be controlled by epigenetic mechanisms such as the increased expression of miR-146a which binds and 

down-regulates IRAK-1 and TRAF-6 to prevent biological signaling.
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MIRNAS IN ASTHMA AND COPD

MiRNAs are part of an endogenous mechanism that controls various aspects of cellular behavior 

including cellular interaction209. They are small non-coding RNA molecules that range from 21 to 

23 nucleotides in length and form part of the epigenetic regulation in cells209. MiRNAs regulate 

target genes through post-transcriptional modiication by binding to the 3’ untranslated region 

(UTR) of mRNA and causing degradation through the RNA-Induced Silencing Complex (RISC) as well 

as inhibition of protein translation210. A dysregulation of various miRNAs has been suggested to be 

involved in the pathogenesis of both asthma and COPD. In various asthma models miRNAs have 

been shown to be involved in disease pathogenesis. As an example, there is a decreased expression 

of miR-570-3p in asthmatics compared to controls which correlate with lung function decline211 

while there is lower induction of let 7g in the airway epithelium of HDM sensitized mice212. Further, 

increasing the expression of let 7g in the lung epithelium led to an attenuation of the HDM-induced 

increased in α-SMA expression in the lung mesenchyme, demonstrating the importance of let-7g 

in airway remodeling in asthma212. On the other hand there was an elevated expression miR-146a, 

miR-146b, miR-150, miR-181a and miR-155 in CD4+ T cells213 in an OVA-sensitized mouse model of 

asthma compared to controls. Taken together, this indicates a possible role of miRNA regulation in 

the pathogenesis of asthma. 

As in asthma, a dysregulated miRNA control has been shown to also contribute to various aspects 

of COPD pathogenesis including the role in driving cigarette responses, chronic inlammation, 

emphysema and airway remodeling. As we focused on understanding the involvement of miRNAs 

in the cross-talk between the airway epithelium and ibroblasts in COPD, we have reviewed relevant 

literature in this ield in Chapter 2. 

 

SCOPE OF THESIS

An aberrant epithelial-ibroblast communication has been suggested to drive the chronic 

inlammation and remodeling seen in both asthma and COPD. However, over the years studies have 

focused on the individual roles of epithelial and ibroblast dysregulation in disease pathogenesis 

rather than understanding how these defects within the lung EMTU will afect epithelial-ibroblast 

communication and how this could contribute to disease pathogenesis. Thus in this thesis we 

hypothesize that a “dysregulated epithelial-ibroblast cross-talk, drives chronic inlammation and 

airway remodeling in the lung EMTU and contributes to the pathogenesis of asthma and COPD”. 

As part of the possible factors that could have great impact on epithelial-ibroblast 

communication in a chronic inlammatory disease such as COPD, microRNAs could serve as major 

player in regulating the activity of various cytokines. Hence in chapter 2, we provide a detailed 

assessment of the role of miRNAs in COPD pathogenesis and link the expression of miRNAs to 

various features of the disease.

In chapter 3 we developed a co-culture model of airway epithelial cells and lung ibroblasts to 

assess the speciic mediators through which the cells communicate in the normal lung EMTU and 

found epithelial-derived IL-1α drives ibroblast responses. We assessed the efect of the release of 

epithelial-derived IL-1α on ibroblast-derived inlammation and the expression of ECM molecules. 

Next we determined the efect of cigarette smoke exposure, the major risk factor of COPD on this 

communication to determine the relevance for disease pathogenesis of COPD.
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A failure of regulatory mechanisms of the IL-1 pathway has been implicated in the increased 

activity of IL-1 in some chronic inlammatory diseases such as COPD. In chapter 4 we assessed the 

efect of miR-146a-5p a known epigenetic regulator of the IL-1 pathway, on the aberrant epithelial-

ibroblast crosstalk in COPD. We assessed the expression of miR-146a-5p in lung ibroblasts in 

response to epithelium derived IL-1α and through functional assays, determined the mechanism of 

regulation of ibroblast-derived inlammation comparing COPD to control individuals. 

In chapter 5 we assessed the possible efect of airway epithelial repair on the release of IL-1 

family members in the lung EMTU of asthmatics. Further, we examined the possible role of IL-1 

in driving an abnormal repair phenotype of airway ibroblasts in asthma compared to control 

individuals. This was assessed by the use of functional collagen contraction assays as well as high 

powered multimodal non-linear optical microscopy (NLOM) imaging.

 In chapter 6, we then examined the role of dysregulated collagen iber repair by airway ibroblasts 

in driving excessive remodeling in the lung EMTU of asthma patients. We used high powered 

multimodal non-linear optical microscopy (NLOM) imaging which allows for visualization of ibrillar 

collagen (second harmonic generation) and elastic (two-photon excited auto luorescence) ibers to 

study for the irst time, the morphological changes in iber organization and repair in the EMTU of 

asthmatics compared to normal individuals. We further used functional collagen contraction assays 

to assess the potential contribution of ibroblasts to this defective repair and remodeling processes 

in asthma.

In chapter 7 a general discussion, summary and implications of indings in chapter 3  to 

chapter 6 together with future perspectives are provided. These data provide new dimensions for 

understanding of pathogenesis and possible future targets for therapeutic research in asthma and 

COPD.
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