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KEY POINTS 

•  Inhaled corticosteroids (ICS) have led to considerably improved asthma control and reduced asthma mortality 

in the Western world over the last 2 decades, particularly in combating T-helper type 2-driven inflammation 

featuring mast cell and eosinophilic airway infiltration. 

•  Their effect on innate immunity-driven neutrophilic inflammation is rather poor and their ability to prevent 

airway remodeling and accelerated lung decline is highly controversial. 

•  Although ICS remain pivotal drugs in asthma management, research is needed to find drugs complementary to 

the combination ICS/long-acting β2-agonist in refractory asthma and perhaps a new class of drugs as a first-line 

treatment in mild to moderate noneosinophilic asthma. 

KEYWORDS : Eosinophilic asthma ; Corticosteroids ; Inflammation ; Mast cells ; Asthma phenotypes 

 

INTRODUCTION 

There was a time when asthmatics had their symptoms treated with a regular short-acting bronchodilator and 

theophylline, while reserving the use of systemic corticosteroids for severe exacerbations and for chronic 

maintenance treatment of the most severe patients. The emergence of corticosteroids suitable for the inhaled 

route in the 1970s followed by convincing clinical trials during the late 1980s has dramatically changed the 

picture of asthma treatment. The class of inhaled corticosteroids (ICS) has rapidly demonstrated its superiority 

over other classes of drugs used in asthma.
1
 The first Global Initiative for Asthma consensus in the early 1990s 

further highlighted the importance of the role of ICS in asthma treatment.
2
 There is no doubt that the reduced 

mortality and morbidity of asthma observed since the 1990s is, in a large part, related to the regular use of ICS as 

the mainstay of asthma treatment. Yet some studies have pointed out the variability of the response to ICS in 

patients with asthma, suggesting that ICS administered alone might not be the best drug for all patients.
3
 

FROM EARLY PROMISE TO THE TIME OF CERTITUDE 

The first studies using inhaled hydrocortisone and prednisone in asthma were disappointing. It became apparent 

that this was because of the inappropriate chemical structure of prednisone, which has first to be metabolized to 

become pharmacologically effective, and the lack of topical activity of these corticosteroids. The chemical 

transformation of prednisone to increase both lipophilicity and interaction with glucocorticosteroid receptor 

made it possible to find compounds that were suitable for the inhaled route. Early studies in the 1970s used 

inhaled beclomethasone dipropionate and triamcinolone acetate in moderate to severe asthma and showed that 

these drugs were effective in improving lung function and reducing symptoms despite tapering oral 

corticosteroids.
4-6

 The introduction of ICS dramatically and effectively changed the conventional approach to 

asthma therapy. The institution of ICS made it possible to replace, in most of the patients, the chronic use of oral 

corticosteroids, thereby avoiding side effects that were often severe and debilitating.
7
 Furthermore, it soon 

seemed to be an inverse relationship between the rate of hospitalization for acute asthma exacerbation and the 

sales of ICS. In a cohort study of more than 13,000 patients with asthma, ICS were shown to be more effective 

than theophylline in reducing the hospitalization rate as long as they were taken regularly.
8
 In a population-based 

epidemiologic study it was found that the regular use of low-dose ICS was associated with a reduced risk of 

death from asthma.
9
 

The interest of ICS in the milder form of the disease was established later. Thefirst pivotal study proving the 

superiority of ICS over β2-agonists as a maintenance treatment dates back to 1991. Haahtela and colleagues
10
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demonstrated that the regular use of inhaled budesonide at the dosage of 1200 µg/d was by far superior to the 

regular use of terbutaline in improving the day-to-day peak expiratory flow rate and reducing asthma symptoms 

and as-needed relief bronchodilator usage. It is also by this time that the fundamental inflammatory nature of 

asthma was recognized even in the mildest form of the disease.
11

 Asthma has then been regarded as a chronic 

airway inflammatory disease featuring eosinophil and mast cell airway wall infiltration as a consequence of a T-

helper type 2 (Th2)-driven inflammatory process. The role of cytokines, such as interleukin 4 (IL-4) and IL-5, 

were highlighted as key cytokine in immunoglobulin E (IgE) synthesis from B cells and eosinophil survival 

respectively.
12

 The role of chemokines for eosinophils, like eotaxin, was also demonstrated in asthma.
13

 Regular 

treatment with ICS was shown to reduce the number of T-lymphocytes, eosinophils, and mast cells
14

 and restore 

epithelial integrity
15

 in bronchial biopsies. Numerous studies showed that regular treatment with ICS sharply and 

quickly reduces the percentage of eosinophils contained in the sputum from patients with asthma.
16-20

 Therefore, 

corticosteroids were thought to be effective in asthma treatment because of their ability to repress the release of 

Th2 cytokine from lymphocytes
21

 and eotaxin from epithelial cells,
22

 thereby depleting airways from eosinophils 

and mast cells. More recently, it has been shown that corticosteroids are highly effective in inhibiting the 

transcription factor GATA3, which drives Th2 cells and the release of Th2 cytokines.
23

 Therefore, ICS have 

been regarded as the perfect treatment of asthma leading to control for the peculiar airway inflammation while 

minimizing the systemic side effects because of their local action. Even in the mildest form of the disease, severe 

exacerbations may occur and ICS were shown to be extremely effective in preventing  them.
24

  This  important 

property of ICS can lead us to think of this drug class as a disease-modifying drug in asthma. However, it soon 

appeared that ICS, even administrated at high doses, might not treat all facets of asthma or control all patients 

with asthma. 

CORTICOSTEROIDS AND LOSS OF LUNG FUNCTION 

Accelerated lung decline is a well-known feature of chronic obstructive pulmonary disease (COPD) and it is 

generally accepted that ICS fails to prevent it when patients continue to smoke.
25 

The recognition that patients 

with asthma also have an accelerated lung function decline regardless of smoking
26,27

 and despite regular 

treatment with ICS
24,28

 has questioned the role of this class of drugs as a disease-modifying agent in asthma. In 

contrast to what has been shown for airway inflammation, it has been extremely difficult to convincingly 

demonstrate an effect of corticosteroids on airway remodeling. These effects require higher doses and sustained 

administration to show small changes in airway structure.
29,30

 On the other hand, it has been demonstrated that in 

some young children, there is intense airway remodeling without any inflammation.
31

'
32

 These observations led 

to the concept that airway inflammation and airway remodeling may be largely independent processes and, 

consequently, governed by different cytokine and growth factor networks, with corticoids being essentially 

active against the Th2 inflammatory component.
33

 The recent observation that bronchoconstriction by itself may 

be a trigger for airway remodeling is of great importance because it may have potential significant implications 

for a treatment strategy to prevent lung function decrease.
34

 In this view, it would seem logical to combine 

corticoids and long-acting-β2-agonist (LAESA) at the early stages of asthmatic disease to maximize the 

bronchopro-tecting effect and reduce the chance to evolve toward airway remodeling. 

THE RECOGNITION OF REFRACTORY ASTHMA 

The Gaining Optimal Asthma Control study showed that most patients with asthma can become largely 

asymptomatic when regularly treated by a combination ICS/LABA.
35

 This therapeutic strategy also proved to be 

efficient in preventing asthma exacerbation in most patients. Yet a small fraction of patients with asthma, called 

patients with refractory or severe asthma, escape to that treatment. Severe or refractory asthma is generally 

thought to affect 1 % to 5% of all patients with asthma and accounts for most asthma costs.
35-39

 This phenotype is 

defined by inadequate asthma control despite a high dose of inhaled corticosteroids or the need for oral 

corticosteroids, often associated with other controller medication, such as LABA, leukotriene receptor 

antagonist, or theophylline.
40,41

 By itself, this phenotype clearly points out the inability of corticosteroids to 

control disease expression in some patients with asthma. Early studies showed that these patients had consistent 

persistent eosinophilic or neutrophilic airway inflammation despite regular antiinflammatory treatment,
42-46

 

indicating that corticosteroids were unable to control the underlying airway inflammation. These studies have 

certainly contributed to the emergence of the concept of an eosinophilic versus neutrophilic asthma phenotype, a 

concept that has extended beyond the sole group of refractory asthma (see later discussion). In severe asthma, 

this concept has proved to be useful in asthma management. It was clearly demonstrated that persistent 

eosinophilic inflammation may still be responsive to an increase in the dose of inhaled or systemic 

corticosteroids in terms of lung function and symptom improvement
47

 and chiefly in terms of the reduction of 

exacerbation.
48,49

 These important studies point to a reduced sensitivity rather than to a real resistance to 

eosinophilic inflammation to corticosteroids. Reduced eosinophil apoptosis in induced sputum despite a high 
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dose of inhaled corticosteroids was shown to be related to disease severity.
50 

The molecular reason why severe 

eosinophilic inflammation may persist despite heavy treatment with corticosteroids remains unknown, but there 

are several molecular mechanisms for corticosteroid resistance in asthma.
51

 

THE MOLECULAR CONCEPT OF CORTICOSTEROID RESISTANCE 

It has been well demonstrated that corticosteroids have a positive interaction with β2-agonists at the molecular 

level. Indeed, corticosteroids increase the transcription of the β2-agonist receptor, resulting in increased 

expression of the receptor at the cell surface.
52,53

 On the other hand, there is growing evidence to show that β2-

agonists enhance the action of corticosteroids, particularly through enhancing the translocation of glucocorticoid 

receptor (GR), therefore, increasing the binding of GR to the glucocorticoid response element at the gene level.
54

 

However, patients with severe asthma have a poor response to corticosteroids, even when combined to β2-

agonists, which necessitates the need for high doses and a few patients are completely resistant. Patients with 

asthma who smoke are also relatively corticosteroid resistant and require increased doses of corticosteroids for 

asthma control.
55

 Several molecular mechanisms have now been identified to account for corticosteroid 

resistance in severe asthma.
51

 In smoking patients with asthma and patients with severe asthma, there is a 

reduction in activity and expression of the critical nuclear enzyme histone deacetylase-2, which prevents 

corticosteroids from switching off activated inflammatory genes.
56-58

 In steroid-resistant asthma, other 

mechanisms may also contribute to corticosteroid insensitivity, including the reduced translocation of GR as a 

result of phosphorylation by p38 mitogen-activated protein (MAP) kinase
59

 and abnormal histone acetylation 

patterns.
60

 A proposed mechanism is an increase in GR-β, which prevents GR binding to DNA,
61

 but there is 

little evidence that this would be sufficient to account for corticosteroid insensitivity because the amounts of GR-

β are too low.
62

 Th17 cells may be involved in driving neutrophilic inflammation in some patients with severe 

asthma and these cells seem to be largely corticosteroid resistant.
63,64

 

COMPLEMENTARY TREATMENT TO CORTICOSTEROIDS IN REFRACTORY ASTHMA 

Although abundantly used in COPD, tiotropium has been poorly validated in asthma treatment. A recent study 

conducted in patients with uncontrolled asthma, despite a moderate dose of inhaled beclomethasone, showed that 

tiotropium was at least equivalent to salmeterol in improving asthma lung function and symptoms.
65

 Further 

studies focusing on patients with more severe asthma and looking at exacerbations as the major outcome are now 

warranted to validate the use of a long-acting anticholinergic in refractory asthma. 

In those patients with refractory asthma, with moderately elevated total serum IgE and sensitization to a 

perennial allergen, omalizumab, a humanized monoclonal antibody against IgE, has proved to be effective in 

reducing the exacerbation rate and improving quality of life,
66,67

 although part of the effect seen in clinical 

practice in quality-of life-improvement is likely to be caused by a placebo effect and a careful follow-up of 

patients inherent in the mode of drug administration.
68

 Like for corticosteroids, the clinical benefit of 

omalizumab might be partly explained by a reduction of eosinophilic inflammation.
69,70

 The major drawback of 

this currently available treatment is the high cost, which weakens the cost-effectiveness relationship.
71 

Cost-

effectiveness, however, depends on how hospitalization for exacerbation may be prevented; a drug that may 

reduce the hospitalization rate in high-risk patient is likely to be cost-effective. 

Some studies indicate a continuous synthesis and release of Th2 cytokines, such as IL-4 and IL-5, both at a 

systemic
72

 and airway level
73 

despite the regular treatment with inhaled corticoids. Yet there is no sign of 

reduced activity of corticosteroids in vitro to inhibit cytokine release from circulating leukocytes in those 

patients with refractory asthma.
72

 The importance of IL-5 in driving the persistent systemic and airway 

eosinophilic inflammation has recently been demonstrated by the efficacy of mepolizumab, an anti-IL-5 

monoclonal antibody, to further decrease eosinophilic inflammation in those patients with refractory asthma 

despite a high dose of corticosteroids.
74,75

 The clinical relevance of the persistent eosinophilic inflammation is 

demonstrated by the reduction in the exacerbation rate and the improvement in quality of life observed in those 

patients receiving mepolizumab,
74

 even if no effect is observed on airway caliber and bronchial 

hyperresponsiveness,
74 

which is confirmatory of earlier studies with other anti-IL-5 antibodies.
76,77

 Importantly, 

mepolizumab made it possible to taper and sometimes suppress the use of oral corticosteroids.
75

 A recent 16-

week study using reslizumab, a new monoclonal antibody against IL-5, has shown a significant improvement in 

forced expiratory volume in the first second of expiration in patients with moderate to severe eosinophilic 

asthma displaying prominent reversibility to a β2-agonist.
78

 

Anti-tumor necrosis factor (TNF)-α is an established treatment in chronic inflammatory diseases, like Crohn 

disease or rheumatoid arthritis. Despite early promising pilot studies,
79-82

 treatments that target TNF-α have 
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generally proved to be disappointing in improving asthma control in patients with refractory asthma. This 

finding has been demonstrated with drugs, such as golimumab
83 

and etanercept.
84

 

The studies focusing on neutrophilic inflammation in refractory asthma have been limited so far. One study 

using clarithromycin has shown a significant reduction of sputum neutrophil count and sputum elastase together 

with an improved quality of life.
85

 However, there was no improvement in asthma control or airway caliber. On 

the other hand, targeting neutrophils may theoretically prove to be a dangerous strategy in patients with 

refractory asthma by increasing their susceptibility to infections.
86

 A recent study in COPD, another disease with 

prominent neutrophilic inflammation,
87,88

 has shown a reduction of the exacerbation rate by regular treatment 

with azithromycin.
89 

The mechanisms by which macrolide antibiotics might be effective remain elusive. Whether 

it is through antiinflammatory activity or by limiting airway colonization with typical or atypical bacterial 

pathogens remains to be investigated.
90

 Clearly, in refractory asthma, further studies conducted on a longer-term 

period are needed to investigate the impact of macrolides on asthma exacerbation rate. Other treatments in 

development, mainly for COPD, also target neutrophilic inflammation, including antagonists against the 

chemokine receptor CXCR2, phosphodiesterase-4 inhibitors, and p38 MAP kinase inhibitors.
91

 

Bronchial thermoplasty (BT) is an innovative non-pharmacologic treatment approach to reduce the 

bronchoconstrictor response in asthma. Although technically demanding, BT has been shown to improve asthma 

control and quality of life and to be safe in patients with moderate to severe asthma.
92-94

 A recent multicenter 

study confirmed the ability of BT to improve control and quality of life in patients with refractory asthma and 

showed that BT resulted in a reduced severe exacerbation rate in the posttreatment period.
95

 

EMERGENCE OF THE CONCEPT OF ASTHMA PHENOTYPE IN MILD TO MODERATE ASTHMA 

The development of the technique of induced sputum has been a key step in the appearance of the concept of 

inflammatory phenotype in asthma. Although it confirmed the eosinophilic inflammation as a prominent feature 

of asthma,
96

 which relates to disease severity,
43,50,72

 it also showed that up to 50% of patients with asthma failed 

to exhibit this eosinophilic phenotype.
97,98

 Almost half of them are characterized by intense neutrophilic 

inflammation
99

 but the other half fails to show any abnormal granulocytic inflammation despite excessive lung 

function variability. The importance of these phenotypes is that the underlying molecular mechanisms are 

different. Although the eosinophilic phenotype is likely to reflect ongoing adaptive immunity in response to an 

allergen with Th2 cytokine IL-4, IL-5, and IL-13 playing a key role, the neutrophilic phenotype is thought to 

reflect innate immune system activation in response to pollutants or infectious agents.
100,101

 Therefore, it is 

conceivable that the 2 phenotypes actually require different therapeutic molecular approaches. 

Exhaled nitrous oxide (NO) is increased in patients with asthma
102

 and particularly in those with eosinophilic 

inflammation.
103

 A large-scale study conducted in routine has shown that a fractional exhaled NO threshold of 

around 40 ppb (measured at an exhaled flow of 50 mL/s) is predictive of eosinophilic inflammation in patients 

with asthma even though this threshold may be decreased by smoking and a high dose of ICS. The threshold was 

27 ppb in smoking asthmatics and 28 ppb in those receiving at least 1000 µg/d of fluticasone (considered as high 

dose ICS). Moreover the threshold can be as low as 15 ppb in a non atopic smoking patient receiving high dose 

of ICS.
104

 However, we lack an equivalent noninvasive marker for neutrophilic inflammation. The development 

of breath print by chromatography and mass spectrometry is a promising tool to approach these cellular 

phenotypes. 

PREDICTING FACTORS OF CLINICAL RESPONSE TO CORTICOSTEROIDS 

The results of large, randomized controlled clinical trials have perhaps masked for too long the fact that the 

response of ICS is variable in patients with asthma.
105

 As pointed out earlier, the response to ICS is characterized 

by a high intraindividual repeatability and a high interindividual variability, with up to 40% of patients showing 

no short-term response to the treatment.
3
 The presence of a persistent airway eosinophilic inflammation seems to 

be a good predicting factor for a short-term response to ICS 105-109 Alternatively, a high exhaled NO level (>47 

ppb according to the studies) is predictive of a good response to ICS in patients with chronic respiratory 

symptoms regardless of the disease label.
110

 Furthermore, the presence of a Th2 cytokine profile in the airways 

seems to be needed to have rapid lung function improvement with ICS.
111 

Even if a convincing response may be 

sometimes observed
112

 in those with high exhaled NO (>33 ppb),
107

 noneosinophilic asthma generally exhibits a 

limited response to ICS
113

 and the response seems to be particularly poor in those patients exhibiting intense 

airway neutrophilic inflammation,
99 

which is reminiscent of the inability of ICS to control airway inflammation 

in COPD.
114,115

 A recent study has highlighted the importance of the genetic background in the improvement of 

lung function following chronic treatment with ICS. A functional variant of glucocorticosteroid transcript 1 gene 
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was found to be associated with a decreased response to ICS in several randomized clinical trials.
116

 In the 

studies published so far, the corticosteroid response has been assessed either by lung function or quality-of-life 

improvement over a short-term period (a few weeks). There is, however, a lack of evidence to support that 

denying treatment with ICS over a long-term period in some patients does not place them at risk of severe 

exacerbation. Clearly, new long-term prospective studies with asthma exacerbation as the main outcome are 

needed to clarify this important point. 

CORTICOSTEROIDS IN CLINICAL PRACTICE 

Like in many chronic diseases, poor compliance to maintenance treatment has been shown to be a major issue in 

asthma.
117

 Poor inhalation technique is a further impediment in achieving a successful treatment with inhaled 

therapies in patients with asthma.
117

 Because corticosteroids do not bring acute relief for asthma symptoms, it is 

likely to play a role in poor compliance. Although ICS have clearly demonstrated superior efficacy to leukotriene 

receptor antagonists with respect to most clinical outcomes in randomized controlled trials, a recent field study 

conducted in the United Kingdom has not confirmed this superiority in terms of asthma control.
118

 The 

emergence of the SMART concept (Symbicort as a maintenance and relief therapy) has been an interesting 

paradigm that allows patients to inhale a dose of corticosteroids whenever he or she feels the need to use a rapid-

acting bronchodilator. The concept that has been extensively validated in randomized controlled clinical trials
119

 

has also been shown to be valid in daily clinical practice.
120

 The SMART approach has been shown to be 

particularly efficient in reducing the rate of severe asthma exacerbation. 

NEW CLASS DRUG IN DEVELOPMENT 

There are several new drugs for asthma currently in development that may be suited more for patients who do 

not respond well to corticosteroids.
91 

Several cytokines are involved in the pathophysiology of asthma, including 

Th2 cytokines. Anti-IL-5 antibodies (mepolizumab, reslizumab) are currently in clinical trials for severe 

eosinophilic asthma that is resistant to corticosteroids, as discussed earlier. IL-13 is increased in severe asthma 

and causes corticosteroid resistance, so it is a logical target. Currently, anti-IL-13 antibodies, such as lebrikizu-

mab, have been disappointing with little physiologic effect and no effect on symptoms or exacerbations.
121

 

Blocking antibodies to other cytokines, including IL-9, IL-25, IL-33, and thymus stromal lymphopoietin, are also 

in development for asthma. Small molecule antagonists of inflammatory mediators have been disappointing in 

asthma, but there has recently been great interest in blocking prostaglandin (PG) D2, which is released from mast 

cells and attracts Th2 cells and eosinophils via the receptor chemoattractant homologous receptor expressed on 

Th2 cells (CRTH2) (or DP2 receptors). PGD2 seems to be increased in patients with severe asthma who are not 

controlled on inhaled therapy.
122 

Several oral CRTH2 antagonists are now in development and have shown some 

clinical benefit.
123

 As discussed earlier, there are several broad-spectrum antiinflammatory treatments that target 

neutrophilic inflammation, so they may be effective in patients with severe asthma who do not respond well to 

corticosteroid therapy.
124

 Mast-cell activation is found in patients with severe asthma, suggesting that mast-cell 

inhibitors may be useful in these patients. As discussed earlier, omalizumab is useful in some patients with 

severe asthma and reduces exacerbations
66,67

 but cannot be used in patients with high circulating IgE 

concentrations, so antibodies with a higher affinity are now in development. Other drugs that target mast cells 

include c-kit and Syk inhibitors. 

SUMMARY 

There is no doubt that ICS have led to considerably improved asthma control and reduced asthma mortality in 

the Western world over the last 2 decades. ICS are particularly effective in combating Th2-driven inflammation 

featuring mast-cell and eosinophilic airway infiltration. Their effect   on   innate   immunity-driven   neutrophilic 

inflammation is poor and their ability to prevent airway remodeling and accelerated lung decline is highly 

controversial. Although ICS remain pivotal drugs in asthma management, research is needed to find drugs 

complementary to the combination ICS/LABA in refractory asthma and perhaps a new class of drugs as a first-

line treatment in mild to moderate noneosinophilic asthma (Fig. 1). 
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Fig. 1. Proposed strategy for asthma mainstay treatment according to the degree of severity and the sputum 

inflammatory phenotype. CRTH2, chemoattractant homologous receptor expressed on Th2 cells, also known as 

DP2 receptor, a receptor for PGD2; ICS, inhaled corticosteroids; LABA, long-acting β2-agonists; LTRA, 

leukotriene receptor antagonist; PDE4, phosphodiesterase 4 inhibitor. 

 

 

 

ACKNOWLEDGMENTS 

The work was supported by federal grant PAI P7/30 Aireway II. We also thank Anne Chevremont for excellent 

technical assistance. 

REFERENCES 

1. Barnes PJ. Will it be steroids for ever? Clin Exp Allergy 2005;35:843-5. 

2. Global strategy for asthma management and prevention: NHLBI/WHO workshop report March 1993. National Institutes of Health; 2002. 

Publication number 95-36-59 issued January 1995. 

3. Drazen JM, Silverman EK, Lee TH. Heterogeneity of therapeutic responses in asthma. Br Med Bull 2000;56:1054-70. 

4. Brown HM, Storey G, George WH. Beclomethasone dipropionate: a new steroid aerosol for the treatment of allergic asthma. Br Med J 

1972;1: 585-90. 

5. Gaddie J, Petrie GR, Reid IW, et al. Aerosol beclomethasone dipropionate: a dose-response study in chronic bronchial asthma. Lancet 

1973;2:280-1. 



Published in: Clinics in Chest Medicine (2012), vol. 33, pp. 531-541. 

Status: Postprint (Author’s version) 

 

 

6. Kriz RJ, Chmelik F, doPico G, et al. A short-term double-blind trial of aerosol triamcinolone aceto-nide in steroid-dependent patients with 

severe asthma. Chest 1976;69:455-60. 

7. Gerdtham UG, Hertzman P, Jonsson B, et al. Impact of inhaled corticosteroids on acute asthma hospitalization in Sweden 1978 to 1991. 
Med Care 1996;34:1188-98. 

8. Biais L, Ernst P, Boivin JF, et al. Inhaled corticosteroids and the prevention of readmission to hospital for asthma. Am J Respir Crit Care 

Med 1998;158:126-32. 

9. Suissa S, Ernst P, Benayoun S, et al. Low-dose inhaled corticosteroids and the prevention of death from asthma. N Engl J Med 

2000;343:332-6. 

10. Haahtela T, Jarvinen M, Kava T, et al. Comparison of a beta 2-agonist, terbutaline, with an inhaled corticosteroid, budesonide, in newly 
detected asthma. N Engl J Med 1991;325:388-92. 

11. Djukanovic R, Roche WR, Wilson JW, et al. Mucosal inflammation in asthma. Am Rev Respir Dis 1990; 142:434-57. 

12. Kay AB. Allergy and allergic diseases. First of two parts. N Engl J Med 2001 ;344:30-7. 

13. Corrigan C. The eotaxins in asthma and allergic inflammation: implications for therapy. Curr Opin Investig Drugs 2000;1:321-8. 

14. Djukanovic R, Wilson JW, Britten KM, et al. Effect of an inhaled corticosteroid on airway inflammation and symptoms in asthma. Am 

Rev Respir Dis 1992;145:669-74. 

15. Laitinen LA, Laitinen A, Haahtela T. A comparative study of the effects of an inhaled corticosteroid, budesonide, and a beta 2-agonist, 

terbutaline, on airway inflammation in newly diagnosed asthma: a randomized, double-blind, parallel-group controlled trial. J Allergy Clin 

Immunol 1992;90:32-42. 

16. Aldridge RE, Hancox RJ, Robin TD, et al. Effects of terbutaline and budesonide on sputum cells and bronchial hyperresponsiveness in 

asthma. Am J Respir Crit Care Med 2000;161:1459-64. 

17. Fahy JV, Boushey HA. Effect of low-dose beclome-thasone dipropionate on asthma control and airway inflammation. Eur Respir J 
1998;11:1240-7. 

18. Jatakanon A, Lim S, Chung KF, et al. An inhaled steroid improves markers of airway inflammation in patients with mild asthma. Eur 

Respir J 1998;12:1084-8. 

19. van Rensen EL, Straathof KC, Veselic-Charvat MA, et al. Effect of inhaled steroids on airway hyperresponsiveness, sputum eosinophils, 

and exhaled nitric oxide levels in patients with asthma. Thorax 1999;54:403-8. 

20. Meijer RJ, Kerstjens HA, Arends LR, et al. Effects of inhaled fluticasone and oral prednisolone on clinical and inflammatory parameters 
in patients with asthma. Thorax 1999;54:894-9. 

21. Corrigan CJ, Haczku A, Gemou-Engesaeth V, et al. CD4 T-lymphocyte activation in asthma is accompanied by increased serum 

concentrations of interleukin-5. Effect of glucocorticoid therapy. Am Rev Respir Dis 1993;147:540-7. 

22. Lilly CM, Nakamura H, Kesselman H, et al. Expression of eotaxin by human lung epithelial cells: induction by cytokines and inhibition 

by glucocorticoids. J Clin Invest 1997;99:1767-73. 

23. Maneechotesuwan K, Yao X, Ito K, et al. Suppression of GATA-3 nuclear import and phosphorylation: a novel mechanism of 
corticosteroid action in allergic disease. PLoS Med 2009;6:e1000076. 

24. Pauwels RA, Pedersen S, Busse WW, et al. Early intervention with budesonide in mild persistent asthma: a randomised, double-blind 

trial. Lancet 2003;361:1071-6. 

25. Pauwels RA, Lofdahl CG, Laitinen LA, et al. Longterm treatment with inhaled budesonide in persons with mild chronic obstructive 

pulmonary disease who continue smoking. European Respiratory Society Study on Chronic Obstructive Pulmonary Disease. N Engl J Med 

1999;340:1948-53. 

26. James AL, Palmer LJ, Kicic E, et al. Decline in lung function in the Busselton Health Study: the effects of asthma and cigarette smoking. 

Am J Respir Crit Care Med 2005;171:109-14. 

27. Lange P, Parner J, Vestbo J, et al. 15-year follow-up study of ventilatory function in adults with asthma. N Engl J Med 1998;339:1194-

200. 

28. O'Byrne PM, Pedersen S, Busse WW, et al. Effects of early intervention with inhaled budesonide on lung function in newly diagnosed 

asthma. Chest 2006;129:1478-85. 

29. Sont JK, Willems LN, Bel EH, et al. Clinical control and histopathologic outcome of asthma when using airway hyperresponsiveness as 



Published in: Clinics in Chest Medicine (2012), vol. 33, pp. 531-541. 

Status: Postprint (Author’s version) 

 

 

an additional guide to long-term treatment. The AMPUL Study Group. Am J Respir Crit Care Med 1999;159:1043-51. 

30. Ward C, Pais M, Bish R, et al. Airway inflammation, basement membrane thickening and bronchial hyperresponsiveness in asthma. 

Thorax 2002;57: 309-16. 

31. Cokugras H, Akcakaya N, Seckin I, et al. Ultrastructural examination of bronchial biopsy specimens from children with moderate 

asthma. Thorax 2001 ;56:25-9. 

32. Jenkins HA, Cool C, Szefler SJ, et al. Histopathology of severe childhood asthma: a case series. Chest 2003;124:32-41. 

33. Davies DE, Wicks J, Powell RM, et al. Airway remodeling in asthma: new insights. J Allergy Clin Immunol 2003;111:215-25. 

34. Grainge CL, Lau LC, Ward JA, et al. Effect of bronchoconstriction on airway remodeling in asthma. N Engl J Med 2011;364:2006-15. 

35. Bateman ED, Boushey HA, Bousquet J, et al. Can guideline-defined asthma control be achieved? The Gaining Optimal Asthma Control 
study. Am J Respir Crit Care Med 2004;170:836-44. 

36. Antonicelli L, Bucca C, Neri M, et al. Asthma severity and medical resource utilisation. Eur Respir J 2004;23:723-9. 

37. Barnes PJ, Jonsson B, Klim JB. The costs of asthma. Eur Respir J 1996;9:636-42. 

38. Godard P, Chanez P, Siraudin L, et al. Costs of asthma are correlated with severity: a 1-yr prospective study. Eur Respir J 2002;19:61-7. 

39. Serra-Batlles J, Plaza V, Morejon E, et al. Costs of asthma according to the degree of severity. Eur Respir J 1998;12:1322-6. 

40. Proceedings of the ATS workshop on refractory asthma: current understanding, recommendations, and unanswered questions. American 
Thoracic Society. Am J Respir Crit Care Med 2000; 162: 2341-51. 

41. Chanez P, Wenzel SE, Anderson GP, et al. Severe asthma in adults: what are the important questions? J Allergy Clin Immunol 2007;119: 

1337-48. 

42. Jatakanon A, Uasuf C, MaziakW, et al. Neutrophilic inflammation in severe persistent asthma. Am J Respir Crit Care Med 

1999;160:1532-9. 

43. Louis R, Lau LC, Bron AO, et al. The relationship between airways inflammation and asthma severity. Am J Respir Crit Care Med 2000; 
161:9-16. 

44. Wenzel SE, Schwartz LB, Langmack EL, et al. Evidence that severe asthma can be divided pathologically into two inflammatory 

subtypes with distinct physiologic and clinical characteristics. Am J Respir Crit Care Med 1999;160:1001-8. 

45. ten Brinke A, Grootendorst DC, Schmidt JT, et al. Chronic sinusitis in severe asthma is related to sputum eosinophilia. J Allergy Clin 

Immunol 2002; 109:621-6. 

46. The ENFUMOSA cross-sectional European multicentre study of the clinical phenotype of chronic severe asthma. European Network for 
Understanding Mechanisms of Severe Asthma. Eur Respir J 2003;22:470-7. 

47. ten Brinke A, Zwinderman AH, Sterk PJ, et al. "Refractory" eosinophilic airway inflammation in severe asthma: effect of parenteral 

corticosteroids. Am J Respir Crit Care Med 2004;170:601-5. 

48. Green RH, Brightling CE, McKenna S, et al. Asthma exacerbations and sputum eosinophil counts: a randomised controlled trial. Lancet 

2002;360:1715-21. 

49. Jayaram L, Pizzichini MM, Cook RJ, et al. Determining asthma treatment by monitoring sputum cell counts: effect on exacerbations. Eur 
Respir J 2006;27:483-94. 

50. Duncan CJ, Lawrie A, Blaylock MG, et al. Reduced eosinophil apoptosis in induced sputum correlates with asthma severity. Eur Respir J 

2003;22:484-90. 

51. Barnes PJ, Adcock IM. Glucocorticoid resistance in inflammatory diseases. Lancet 2009;373:1905-17. 

52. Baraniuk JN, Ali M, Brody D, et al. Glucocorticoids induce beta2-adrenergic receptor function in human nasal mucosa. Am J Respir Crit 

Care Med 1997;155:704-10. 

53. Mak JC, Nishikawa M, Barnes PJ. Glucocorticosteroids increase beta 2-adrenergic receptor transcription in human lung. Am J Physiol 

1995;268: L41-6. 

54. Roth M, Johnson PR, Rudiger JJ, et al. Interaction between glucocorticoids and beta2 agonists on bronchial airway smooth muscle cells 

through synchronised cellular signalling. Lancet 2002;360: 1293-9. 



Published in: Clinics in Chest Medicine (2012), vol. 33, pp. 531-541. 

Status: Postprint (Author’s version) 

 

 

55.  Thomson NC, Spears M. The influence of smoking on the treatment response in patients with asthma. Curr Opin Allergy Clin Immunol 

2005;5:57-63. 

56. Barnes PJ. Reduced histone deacetylase in COPD: clinical implications. Chest 2006;129:151-5. 

57. Hew M, Bhavsar P, Torrego A, et al. Relative corticosteroid insensitivity of peripheral blood mononuclear cells in severe asthma. Am J 

Respir Crit Care Med 2006;174:134-41. 

58. Ito K, Ito M, Elliott WM, et al. Decreased histone deacetylase activity in chronic obstructive pulmonary disease. N Engl J Med 
2005;352:1967-76. 

59. Irusen E, Matthews JG, Takahashi A, et al. p38 mitogen-activated protein kinase-induced glucocorticoid receptor phosphorylation 

reduces its activity: role in steroid-insensitive asthma. J Allergy Clin Immunol 2002;109:649-57. 

60. Matthews JG, Ito K, Barnes PJ, et al. Defective glucocorticoid receptor nuclear translocation and altered histone acetylation patterns in 

glucocorticoid-resistant patients. J Allergy Clin Immunol 2004;113:1100-8. 

61. Goleva E, Li LB, Eves PT, et al. Increased glucocorticoid receptor beta alters steroid response in glucocorticoid-insensitive asthma. Am J 
Respir Crit Care Med 2006;173:607-16. 

62. Pujols L, Mullol J, Picado C. Alpha and beta glucocorticoid receptors: relevance in airway diseases. Curr Allergy Asthma Rep 

2007;7:93-9. 

63. Alcorn JF, Crowe CR, Kolls JK. TH17 cells in asthma and COPD. Annu Rev Physiol 2010;72: 495-516. 

64. McKinley L, Alcorn JF, Peterson A, et al. TH17 cells mediate steroid-resistant airway inflammation and airway hyperresponsiveness in 

mice. J Immunol 2008;181:4089-97. 

65. Peters SP, Kunselman SJ, Icitovic N, et al. Tiotropium bromide step-up therapy for adults with uncontrolled asthma. N Engl J Med 

2010;363: 1715-26. 

66. Hanania NA, Alpan O, Hamilos DL, et al. Omalizu-mab in severe allergic asthma inadequately controlled with standard therapy: a 
randomized trial. Ann Intern Med 2011;154:573-82. 

67. Humbert M, Beasley R, Ayres J, et al. Benefits of omalizumab as add-on therapy in patients with severe persistent asthma who are 

inadequately controlled despite best available therapy (GINA 2002 step 4 treatment): INNOVATE. Allergy 2005; 60:309-16. 

68. Louis R. Anti-lgE: a significant breakthrough in the treatment of airway allergic diseases. Allergy 2004; 59:698-700. 

69. Djukanovic R, Wilson SJ, Kraft M, et al. Effects of treatment with anti-immunoglobulin E antibody omalizumab on airway inflammation 

in allergic asthma. Am J Respir Crit Care Med 2004;170: 583-93. 

70. van Rensen EL, Evertse CE, van Schadewijk WA, et al. Eosinophils in bronchial mucosa of asthmatics after allergen challenge: effect of 

anti-IgE treatment. Allergy 2009;64:72-80. 

71. Wu AC, Paltiel AD, Kuntz KM, et al. Cost-effectiveness of omalizumab in adults with severe asthma: results from the Asthma Policy 
Model. J Allergy Clin Immunol 2007;120:1146-52. 

72. Manise M, Schleich F, Gusbin N, et al. Cytokine production from sputum cells and blood leukocytes in asthmatics according to disease 

severity. Allergy 2010;65:889-96. 

73. Cho SH, Stanciu LA, Holgate ST, et al. Increased interleukin-4, interleukin-5, and interferon-gamma in airway CD4+ and CD8+ Tcells in 

atopic asthma. Am J Respir Crit Care Med 2005; 171:224-30. 

74. Haldar P, Brightling CE, Hargadon B, et al. Mepolizumab and exacerbations of refractory eosinophilic asthma. N Engl J Med 
2009;360:973-84. 

75. Nair P, Pizzichini MM, Kjarsgaard M, et al. Mepolizumab for prednisone-dependent asthma with sputum eosinophilia. N Engl J Med 

2009;360:985-93. 

76. Kips JC, O'Connor BJ, Langley SJ, et al. Effect of SCH55700, a humanized anti-human interleukin-5 antibody, in severe persistent 

asthma: a pilot study. Am J Respir Crit Care Med 2003;167:1655-9. 

77. Leckie MJ, ten Brinke A, Khan J, et al. Effects of an interleukin-5   blocking   monoclonal   antibody   on eosinophils, airway hyper-

responsiveness, and the late asthmatic response. Lancet 2000;356:2144-8. 

78. Castro M, Mathur S, Hargreave F, et al. Reslizumab for poorly controlled, eosinophilic asthma: a randomized, placebo-controlled study. 
Am J Respir Crit Care Med 2011;184:1125-32. 



Published in: Clinics in Chest Medicine (2012), vol. 33, pp. 531-541. 

Status: Postprint (Author’s version) 

 

 

79. Berry MA, Hargadon B, Shelley M, et al. Evidence of a role of tumor necrosis factor alpha in refractory asthma. N Engl J Med 

2006;354:697-708. 

80. Howarth PH, Babu KS, Arshad HS, et al. Tumour necrosis factor (TNF alpha) as a novel therapeutic target in symptomatic corticosteroid 
dependent asthma. Thorax 2005;60:1012-8. 

81. Morjaria JB, Chauhan AJ, Babu KS, et al. The role of a soluble TNF alpha receptor fusion protein (etanercept) in corticosteroid 

refractory asthma: a double blind, randomised, placebo controlled trial. Thorax 2008;63:584-91. 

82. Erin EM, Leaker BR, Nicholson GC, et al. The effects of a monoclonal antibody directed against tumor necrosis factor-alpha in asthma. 

Am J Respir Crit Care Med 2006;174:753-62. 

83. Wenzel SE, Barnes PJ, Bleecker ER, et al. A randomized, double-blind, placebo-controlled study of tumor necrosis factor-alpha blockade 
in severe persistent asthma. Am J Respir Crit Care Med 2009;179:549-58. 

84. Holgate ST, Noonan M, Chanez P, et al. Efficacy and safety of etanercept in moderate-to-severe asthma: a randomised, controlled trial. 

Eur Respir J 2011;37:1352-9. 

85. Simpson JL, Powell H, Boyle MJ, et al. Clarithromycin targets neutrophilic airway inflammation in refractory asthma. Am J Respir Crit 

Care Med 2008;177:148-55. 

86. Louis R, Djukanovic R. Is the neutrophil a worthy target in severe asthma and chronic obstructive pulmonary disease? Clin Exp Allergy 
2006;36: 563-7. 

87. Keatings VM, Barnes PJ. Granulocyte activation markers in induced sputum: comparison between chronic obstructive pulmonary 

disease, asthma, and normal subjects. Am J Respir Crit Care Med 1997;155:449-53. 

88. Moermans C, Heinen V, Nguyen M, et al. Local and systemic cellular inflammation and cytokine release in chronic obstructive 

pulmonary disease. Cytokine 2011;56:298-304. 

89. Albert RK, Connett J, Bailey WC, et al. Azithromycin for prevention of exacerbations of COPD. N Engl J Med 2011;365:689-98. 

90. Martinez FJ, Curtis JL, Albert R. Role of macrolide therapy in chronic obstructive pulmonary disease. Int J Chron Obstruct Pulmon Dis 

2008;3:331-50. 

91. Barnes PJ. New therapies for asthma: is there any progress? Trends Pharmacol Sci 2010;31: 335-43. 

92. Cox G, Thomson NC, Rubin AS, et al. Asthma control during the year after bronchial thermoplasty. N Engl J Med 2007;356:1327-37. 

93. Cox G. Bronchial thermoplasty for severe asthma. Curr Opin Pulm Med 2011;17:34-8. 

94. Pavord ID, Cox G, Thomson NC, et al. Safety and efficacy of bronchial thermoplasty in symptomatic, severe asthma. Am J Respir Crit 
Care Med 2007; 176:1185-91. 

95. Castro M, Rubin AS, Laviolette M, et al. Effectiveness and safety of bronchial thermoplasty in the treatment of severe asthma: a 

multicenter, randomized, double-blind, sham-controlled clinical trial. Am J Respir Crit Care Med 2010;181:116-24. 

96. Louis R, Sele J, Henket M, et al. Sputum eosinophil count in a large population of patients with mild to moderate steroid-naive asthma: 

distribution and relationship with methacholine bronchial hyperres-ponsiveness. Allergy 2002;57:907-12. 

97. Gibson PG, Simpson JL, Saltos N. Heterogeneity of airway inflammation in persistent asthma: evidence of neutrophilic inflammation and 
increased sputum interleukin-8. Chest 2001;119: 1329-36. 

98. Simpson JL, Scott R, Boyle MJ, et al. Inflammatory subtypes in asthma: assessment and identification using induced sputum. 

Respirology 2006;11: 54-61. 

99. Green RH, Brightling CE, Woltmann G, et al. Analysis of induced sputum in adults with asthma: identification of subgroup with isolated 

sputum neutrophilia and poor response to inhaled corticosteroids. Thorax 2002;57:875-9. 

100. Anderson GP. Endotyping asthma: new insights into key pathogenic mechanisms in a complex, heterogeneous disease. Lancet 
2008;372:1107-19. 

101. Douwes J, Gibson P, Pekkanen J, et al. Non-eosin-ophilic asthma: importance and possible mechanisms. Thorax 2002;57:643-8. 

102. Kharitonov SA, Yates D, Robbins RA, et al. Increased nitric oxide in exhaled air of asthmatic patients. Lancet 1994;343:133-5. 

103. Berry MA, Shaw DE, Green RH, et al. The use of exhaled nitric oxide concentration to identify eosinophilic airway inflammation: an 

observational study in adults with asthma. Clin Exp Allergy 2005;35: 1175-9. 



Published in: Clinics in Chest Medicine (2012), vol. 33, pp. 531-541. 

Status: Postprint (Author’s version) 

 

 

104. Schleich FN, Seidel L, Sele J, et al. Exhaled nitric oxide thresholds associated with a sputum eosinophil count >3% in a cohort of 

unselected patients with asthma. Thorax 2010;65:1039-44. 

105. Szefler SJ, Martin RJ, King TS, et al. Significant variability in response to inhaled corticosteroids for persistent asthma. J Allergy Clin 
Immunol 2002;109:410-8. 

106. Berry M, Morgan A, Shaw DE, et al. Pathological features and inhaled corticosteroid response of eosinophilic and non-eosinophilic 

asthma. Thorax 2007;62:1043-9. 

107. Cowan DC, Cowan JO, Palmay R, et al. Effects of steroid therapy on inflammatory cell subtypes in asthma. Thorax 2010;65:384-90. 

108. Meijer RJ, Postma DS, Kauffman HF, et al. Accuracy of eosinophils and eosinophil cationic protein to predict steroid improvement in 

asthma. Clin Exp Allergy 2002;32:1096-103. 

109. Pavord ID, Brightling CE, Woltmann G, et al. Non-eosinophilic corticosteroid unresponsive asthma. Lancet 1999;353:2213-4. 

110. Smith AD, Cowan JO, Brassett KP, et al. Exhaled nitric oxide: a predictor of steroid response. Am J Respir Crit Care Med 

2005;172:453-9. 

111. Woodruff PG, Modrek B, Choy DF, et al. T-helper type 2-driven inflammation defines major subphenotypes of asthma. Am J Respir 

Crit Care Med 2009;180:388-95. 

112. Godon P, Boulet LP, Malo JL, et al. Assessment and evaluation of symptomatic steroid-naive asthmatics without sputum eosinophilia 
and their response to inhaled corticosteroids. Eur Respir J 2002;20: 1364-9. 

113. Bacci E, Cianchetti S, Bartoli M, et al. Low sputum eosinophils predict the lack of response to beclomethasone in symptomatic 

asthmatic patients. Chest 2006;129:565-72. 

114. Culpitt SV, Maziak W, Loukidis S, et al. Effect of high dose inhaled steroid on cells, cytokines, and proteases in induced sputum in 

chronic obstructive pulmonary disease. Am J Respir Crit Care Med 1999;160:1635-9. 

115. Keatings VM, Jatakanon A, Worsdell YM, et al. Effects of inhaled and oral glucocorticoids on inflammatory indices in asthma and 
COPD. Am J Respir Crit Care Med 1997;155:542-8. 

116. Tantisira KG, Lasky-Su J, Harada M, et al. Genome-wide association between GLCCI1 and response to glucocorticoid therapy in 

asthma. N Engl J Med 2011;365:1173-83. 

117. Cochrane MG, Bala MV, Downs KE, et al. Inhaled corticosteroids for asthma therapy: patient compliance, devices, and inhalation 

technique. Chest 2000;117:542-50. 

118. Price D, Musgrave SD, Shepstone L, et al. Leukotriene antagonists as first-line or add-on asthma-controller therapy. N Engl J Med 
2011;364: 1695-707. 

119. Barnes PJ. Scientific rationale for using a single inhaler for asthma control. Eur Respir J 2007;29: 587-95. 

120. Louis R, Joos G, Michils A, et al. A comparison of budesonide/formoterol maintenance and reliever therapy vs. conventional best 
practice in asthma management. Int J Clin Pract 2009; 63:1479-88. 

121. Corren J, Lemanske RF, Hanania NA, et al. Lebrikizumab treatment in adults with asthma. N Engl J Med 2011;365:1088-98. 

122. Balzar S, Fajt ML, Comhair SA, et al. Mast cell phenotype, location, and activation in severe asthma. Data from the Severe Asthma 
Research Program. Am J Respir Crit Care Med 2011 ; 183:299-309. 

123. Pettipher R, Hansel TT, Armer R. Antagonism of the prostaglandin D2 receptors DP1 and CRTH2 as an approach to treat allergic 

diseases. Nat Rev Drug Discov 2007;6:313-25. 

124. Barnes PJ. New molecular targets for the treatment of neutrophilic diseases. J Allergy Clin Immunol 2007;119:1055-62. 


