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Summary
Patients with severe asthma have asthma symptoms which are difficult to control, require
high dosages of medication, and continue to experience persistent symptoms, asthma
exacerbations or airflow obstruction. Epidemiological and clinical evidences point to the
fact that severe asthma is not a single phenotype. Cluster analyses have identified sub-
classes of severe asthma using parameters such as patient characteristics, and cytokine
profiles have also been useful in classifying moderate and severe asthma. The IL-4/IL-13
signalling pathway accounts for the symptoms experienced by a subset of severe asthmat-
ics with allergen-associated symptoms and high serum immunoglobulin E (IgE) levels,
and these patients are generally responsive to anti-IgE treatment. The IL-5/IL-33 signal-
ling pathway is likely to play a key role in the disease pathogenesis of those who are
resistant to high doses of inhaled corticosteroid but responsive to systemic corticosteroids
and anti-IL5 therapy. The IL-17 signalling pathway is thought to contribute to ‘neutro-
philic asthma’. Although traditionally viewed as players in the defence mechanism against
viral and intracellular bacterial infection, mounting evidence supports a role for Th1 cyto-
kines such as IL-18 and IFN-c in severe asthma pathogenesis. Furthermore, these cytokine
signalling pathways interact to contribute to the spectrum of clinical pathological out-
comes in severe asthma. To date, glucocorticoids are the most effective anti-asthma drugs
available, yet severe asthma patients are typically resistant to the effects of glucocortic-
oids. Glucocorticoid receptor dysfunction and histone deacetylase activity reduction are
likely to contribute to glucocorticoid resistance in severe asthma patients. This review
discusses recent development in different cytokine signalling pathways, their interactions
and steroid resistance, in the context of severe asthma pathogenesis.
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Introduction

It is increasingly clear that severe asthma is not a single
phenotype. This has prompted attempts to subtype
severe asthma using a variety of clinical parameters
and mathematical tools. One such tool is cluster analy-
sis, which groups observations into subsets based on
likeness. Studies using cluster analysis to identify sub-
classes of ‘severe asthma’ have demonstrated that
patient characteristics such as pulmonary function,
reversibility of airway obstruction, age of onset,
co-morbidities and prior hospitalization for asthma can
be used as parameters to further subdivide severe
asthma [1, 2]. In addition, cytokine profiles can be used

to classify moderate and severe asthma [3, 4]. In this
review, we will discuss recent developments in the
pathogenesis of severe asthma in the context of these
recent reports and speculatively link specific cytokine
signalling pathways to subclasses of severe asthma.

Asthma is traditionally viewed as an eosinophilic air-
way inflammatory disorder associated with bronchial
hyperresponsiveness (BHR) [5, 6]. Indeed, the number of
eosinophils in the lung is associated with disease sever-
ity [5, 7] and has been used to assign clinical pheno-
types and to guide therapy in severe asthma [7, 8].
Patients with severe asthma have asthma symptoms
which are difficult to control, require high dosages of
medication, and continue to experience persistent



symptoms, asthma exacerbations or airflow obstruction
even with aggressive therapy. It has become apparent
that severe asthma is a different disease than mild and
moderate asthma. Dysregulation of the Th1/Th2 cyto-
kines production in severe asthma have been shown to
differ from mild asthma [9–12]. Steroid treatment is
effective in reducing the number of cells which
expressed Th2 cytokines and increased those which
expressed Th1 cytokine (IFN-c) in steroid sensitive
asthma, yet it fails to do so for the more severe steroid
resistant asthma [9, 10]. Eosinophils do not appear to
be the only important effector cells in severe asthma,
however, as increases in neutrophils have also been
found in patients with severe, persistent asthma
[13–17]. Moreover, in some patients, mast cells are
associated with disease severity [18–20]. Pathologically,
hallmarks of asthma severity are inflammation and in
particular airway remodelling [21] (Fig. 1). The focus
on eosinophilia in part reflects a view of asthma as
being associated with an immune response biased
towards that associated with type 2 helper T cells (Th2),
which are characterized by their production and secre-
tion of Th2 cytokines such as interleukin (IL)-4, 5, 9, 13
and 33. These cytokines in turn drive eosinophilic
inflammation and tissue damage, leading to BHR and
additional mediator release. However, immune regula-
tion in severe asthma is different from mild and moder-
ate asthma. Increased expression of other cytokines
including IFN-c, IL-8, IL-18 and IL-17 has been
found in bronchial biopsies of severe asthmatics
[22–25] and genetic studies have found non-Th2 genes
to be associated with severe asthma [26–28]. This paper
will explore the contributions of different cytokine

signalling pathways, their interactions and the phenom-
enon of steroid resistance to the pathogenesis of severe
asthma.

Cytokine signalling pathways

IL-4/IL-13 pathway

The IL-4/IL-13 signalling system is very important in
severe asthma [29], as has recently been reviewed [30].
In particular, the IL-4/IL-13 signalling pathway
accounts for the symptoms experienced by a subset of
severe asthmatics with allergen-associated symptoms,
eosinophilic and high serum IgE levels, and who gener-
ally benefit from anti-IgE treatment in terms of reduc-
ing symptoms and IgE levels [2, 31]. In this pathway,
IL-4 binds to receptor IL-4Ra, followed by heterodimer-
ization with a second receptor chain, either IL-2R
gamma component (IL-2R cc) or IL-13-bound IL-13
receptor alpha 1 (IL-13Ra1) chain [32]. Both IL-4–IL-
4Ra–IL-2Rcc and IL-4–IL-4Ra–IL-13R–IL-13Ra1 com-
plex lead to eventual activation of signal transducer
and activator of transcription 6 (STAT6), as summarized
elsewhere [29]. Activated STAT6 binds to a special DNA
element of target genes and modulates their expression
[33–35]. IL-13 binds to either IL-13Ra1 or the decoy
receptor IL-13Ra2 [36]. Unlike IL-4Ra, IL-2Rcc and IL-
13Ra1 are not ubiquitously expressed allowing for IL-4
and IL-13 cell-specific downstream effects. The best
evidence suggests that IL-13 is more closely related to
manifestations of asthma, while IL-4 is involved in dif-
ferentiation and stimulation of Th2 cells, synthesis of
immunoglobulin E (IgE) and activation of macrophages
[37]. This may relate to the effects of IL-13 on struc-
tural cells such as airway smooth muscle (ASM); IL-13
enhances the contractility of this tissue [38, 39].

Various lines of evidence demonstrate the importance
of IL-4 and IL-13 in allergic asthma [29, 40]. In ani-
mals, a chronic house dust mite (HDM) exposure model
demonstrated elevated IL-4, IL-13 and TGFb1 levels in
bronchoalveolar lavage (BAL), accompanied by goblet
cell hyperplasia, subepithelial fibrosis and increased
ASM area [41]. In another HDM model, IL-4 deficient
mice failed to exhibit airway remodelling despite the
presence of airways inflammation [42]. Of note, with
chronic exposure to ovalbumin (OVA) rather than HDM,
IL-4 deficient mice were similar to wild-type mice in
regard to airway inflammation, epithelial hyperplasia,
subepithelial fibrosis and airway hyperreactivity, sug-
gesting that the development of airway remodelling
may be dependent on antigen type [43]. Mice deficient
in IL-13 shows decreased STAT6 phosphorylation
and TGFb activity after chronic OVA exposure [44] as
well as attenuated BHR, ASM hyperplasia and IgE syn-
thesis [45]. In contrast, over-expression of IL-13 leads

Fig. 1. Bronchial airway remodelling in severe asthma. Bronchial

biopsy tissue from a severe asthma subject. Severe airway remodelling

is evident by the presence of subepithelial fibrosis (white arrow),

mucus gland hyperplasia (open arrow) and increased airway smooth

muscle mass (black arrows).
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to increased recruitment of pulmonary neutrophils,
lymphocytes and eosinophils, increased mucus produc-
ing goblet cells, BHR and resistance to glucocorticoid
treatment [46]. Similarly, suppression of IL-13 by anti-
IL-13 antibody reduced airway hyperresponsiveness,
eosinophil infiltration and mucus production [47].

In humans, genetic, immunohistochemical and clinical
studies provide strong support for the importance of IL-
4/IL-13 signalling pathway in severe asthma per se. In a
genome-wide association study, variants in the region of
IL-4 and IL-13 were associated with susceptibility to
severe asthma [26]. Genetic variants in this region were
also associated with asthma severity, lung function and
total IgE [26, 48, 49]. Severe asthmatics expressed
increased numbers of IL-13 mRNA positive cells in the
large airways [10] and greater numbers of IL-13 protein
positive cells in the ASM bundles compared with mild
and moderate asthmatics. The number of IL-13 express-
ing cells roughly correlated with sputum and submucosal
eosinophil counts [10]. Sputum IL-13 protein has been
reported to be elevated in severe asthma [50], although
this was not seen in another, smaller study [51]. In a
study aimed at classifying severe asthma based on cyto-
kines in BAL, IL-4 level, when combined with nine other
mediators, discriminated one subclass from three others,
each with distinct clinical and cellular characteristics [3].
IL-13 was not analysed since it was not usually detect-
able in BAL [3]. Other evidence comes from clinical trials.
A phase II clinical trial of lebrikizumab, an anti-IL-13
monoclonal antibody for the treatment of severe asthma
reported improved lung function particularly in those
with high IL-13 activity as suggested by high levels of
periostin [52], an epithelial product responsive to IL-13.
In contrast, AMG317, an anti-IL-4Ra monoclonal anti-
body, failed to improve symptom scores overall; how-
ever, in a subgroup of severe asthma patients with the
highest baseline Asthma Control Questionaire (ACQ)
scores, improvements were achieved, suggesting that IL-
4/IL-13 antagonism was most effective in the most severe
patients [53].

Tumour necrosis factor receptor super family member
6 (TNFRS6), chitinase and periostin are downstream
mediators of the IL-4/IL-13 signalling pathway with
potential importance in asthma [54–56]. TNFRS6 is
also known as apoptosis stimulating fragment ligand
(FasL) and is associated with programmed cell death
[57, 58]. In allergic mice, stimulation of TNFRS6 by
anti-Fas antibody resulted in epithelial shedding,
increased mucus producing cells, mucus plug forma-
tion and neutrophilia [59]. In human epithelial cells,
incubation with IL-13, IL-4 and IL-9 increased the
expression of matrix metalloprotinease 7 (MMP7) and
FasL release. Moreover, the expression of MMP7 was
increased in primary epithelial cells from severe
asthmatics [55].

Chitin, the main component of arthropod exoskel-
etons, plays an important role in protecting invading
pathogens against harsh conditions inside the host
[60]. The host uses the enzyme chitinase to degrade
chitin as part of its antiparasite response [61]. The
expression of acidic mammalian chitinase (AMCase)
and chitinase 3-like protein 1 (CHI3L1) proteins are
elevated in asthmatic lungs [54, 62]. Serum CHI3L1
level correlates with airway remodelling and asthma
severity [62]. Genetic variants of the CHI3L1 gene are
associated with asthma risk and lung function [63].
In children, joint genetic effects were reported for
AMCase, IL-4, IL-13 and toll-like receptor 10 (TLR
10) in asthma risk [64].

Lastly, periostin, an extracellular matrix protein asso-
ciated with subepithelial fibrosis in asthma [56, 65] has
been shown to induce epithelial to mesenchymal transi-
tion (EMT). During EMT, epithelial cells become inva-
sive and migrate away from the basement membrane
[66]. As noted above, anti-IL-13 antibody has been
reported to improve FEV1, particularly in those with
high serum periostin [52].

At this point the association of the IL-4/IL-13 signal-
ling pathway with allergic, eosinophilic asthma is
mostly supported by animal studies. In the majority of
human studies on severe asthma, subject enrolment
procedures emphasized on asthma severity but
overlooked severe asthma subtypes.

IL-5/IL-33 pathway

Some asthmatic patients fail to exhibit allergen-associ-
ated symptoms. Typically they are non-atopic asthmat-
ics with late onset disease often associated with chronic
sinusitis and nasal polyps. They have severe exacerba-
tions associated with eosinophilia and high levels of
cysteinyl leukotrienes and are resistant to high doses of
inhaled corticosteroid but responsive to systemic corti-
costeroids and anti-IL-5 therapy [2]. Speculatively, the
IL-5/IL-33 signalling pathway may contribute to the
pathogenesis of this subgroup of ‘non-atopic late onset
eosinophilic severe asthma’.

The IL-5 signalling pathway has been reviewed else-
where [67, 68]. Briefly, IL-5 binds to its receptor,
IL-5Ra, leading to recruitment of the bc chain to form
the IL-5–IL-5Ra–bc complex. Through at least three dif-
ferent signalling pathways IL-5 alters gene expression,
notably inducing genes involved in the growth, survival
and activation of eosinophils [67]. In a chronic allergen
exposure model, IL-5 deficient mice demonstrated
reduced intraepithelial eosinophils, airway inflamma-
tory cells and BHR, but epithelial hypertrophy and sub-
epithelial fibrosis were similar to wild-type mice [43].
In another chronic exposure model, BAL eosinophils
were undetectable, and BAL TGF-b1 levels, collagen
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content and fibrotic changes were all decreased in
IL-5Ra deficient mice [69]. Similar changes in wild-type
mice were observed after anti-IL-5 antibody administra-
tion. Conversely, over-expression of IL-5 resulted in
greater BAL eosinophils, BAL TGF-b1, higher collagen
content and more fibrotic changes [69]. Therefore, it
appears that eosinophils may drive certain aspects of
airway remodelling that may contribute to the severity
of disease, a view supported by observations from
human asthmatic biopsy specimens [70].

In humans, sputum IL-5 protein levels correlate with
frequent asthma exacerbations [71, 72]. Anti-IL-5 treat-
ment reduced blood and sputum eosinophil levels,
asthma exacerbation frequency and airway wall area
[7, 73]. The IL-5 gene resides in the same region as IL-4
and IL-13, hence the associations described above
between genetic variants in the region with severe
asthma and asthma severity may reflect a contribution
by IL-5 [26, 48, 49]. Furthermore, the association of
IL-5 level with chronic sinusitis and with nasal polyps
further supports a role of IL-5 in the pathogenesis of
this subset of severe asthma [74].

The prominence of IL-5 in the pathogenesis of ‘non-
atopic late onset eosinophilic severe asthma’ suggests
the possibility of an IL-4 independent Th2 response
[75], suggesting IL-33 involvement. IL-33 is able to
direct naı̈ve T cells to develop into Th2 cells that pro-
duce mainly IL-5 [75]. IL-33 appears to have a role in
the enhancement of chronic inflammation and airway
remodelling [76], mediating its effects both through
receptor- and non-receptor mediated mechanisms.
When IL-33 binds to its receptor, interleukin 1 receptor
like-1 (IL-1RL1), followed by recruitment of a co-recep-
tor, the interleukin-1 receptor accessory protein
(IL-1RAcP) to form the IL-33–IL-1RL1–IL-1RAcP com-
plex [77], gene expression is altered through at least
two different pathways. Alternatively, IL-33 translocates
to the nucleus and modulates gene expression through
chromatin binding [78, 79], regulating Th2-associated
cytokine genes such as IL-4, IL-5 and IL-13 [80]. In
addition, mast cells, basophils, eosinophils, macrophages,
natural killer cells and T cells are all targets of IL-33
[81, 82].

In a murine model of repeated IL-33 administration,
blood eosinophilia and high serum levels of IgE and
IgA were associated with Th2 cytokines production
(IL-4, IL-5 and IL-13) without a change in Th1 cyto-
kines [80]. The airway epithelial lining of these mice
was hypertrophied and contained large amounts of
mucus [80]. In humans, three large-scale genome-wide
association studies detected genetic variants at the
IL-33 and IL-1RL1 gene regions to be associated with
asthma and/or blood eosinophil count [83–85]. IL-33
protein was increased in the BAL of moderate asthmat-
ics compared to mild and normal subjects [76] and

increased airway epithelial IL-33 protein expression was
found in severe asthma [76]. In human lungs, IL-33
leads to increase production of IL-6, IL-8, IL-13 and
monocyte chemotactic protein 1 (MCP-1) in a cell-spe-
cific manner [86]. Furthermore, IL-33 induces contrac-
tion of human fibroblast and ASM cells [87]. These
findings suggest that IL-33 may contribute to airway
remodelling by inducing Th2 cytokine production, by
promoting morphological changes in asthma relevant
cells and by inducing chemoattractant production
(e.g. IL-8 and MCP-1).

Here, we speculate the association between the IL-5/
IL-33 signalling pathway and non-atopic late onset
severe asthma based on disease history, symptoms, the
effectiveness of anti-IL-5 treatment and the upregula-
tion of IL-5 production by IL-33. Further studies enroll-
ing specifically non-atopic late onset severe asthma
subjects are warranted to substantiate the association
claimed here.

IL-17

Some severe asthma patients exhibit sputum neutro-
philia without eosinophilia, suggesting the possible
involvement of IL-17 [22, 23, 88–90]. This subset of
patients often have variable airflow obstruction, resis-
tant to corticosteroid and are responsive to macrolide
antibiotics, as reviewed recently [91, 92]. A separate
CD4+ T cell lineage, Th17 cells are driven by IL-6 and
maintained by IL-23. They are the main source of IL-17
production [93–96]. Within the IL-17 family [97–100],
IL-17A and IL-17F are most closely associated with
asthma severity and pulmonary neutrophil recruitment
[22, 23, 88, 90]. Forming homodimers and heterodimers
(IL-17A/A, IL-17F/F and IL-17A/F), these cytokines bind
to their receptors, IL-17RA and IL-17RC [101], trigger-
ing intracellular signalling that can modulate gene
expression by directly initiating transcription or by pro-
moting mRNA stability of target genes [101, 102].
Among the target genes are chemokines (e.g. IL-8) and
transcription factors associated with inflammatory gene
expression [103].

Support for a role of IL-17 in neutrophilia [104–108]
comes from a series of murine experiments. In a
chronic allergen exposure model, the lungs of mice
exposed to OVA had increased BAL neutrophils and
IL-17 mRNA, in addition to Th2 cytokines (IL-4, IL-5,
IL-10 and IL-13) [104]. In OVA exposed mice [104],
prolonged anti-IL-17 monoclonal antibody treatment
decreased neutrophil count in BAL, bone marrow and
blood, increased eosinophil count in BAL and blood,
and elevated IL-5 protein level, without effect on BHR
[104]. In another chronic OVA exposure model, OVA
exposed mice had increased BAL IL-17 and more pul-
monary Th17 cells [109], which correlated with the
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duration of OVA exposure and airway remodelling
[109].

Various studies have reported elevated level of IL-17
mRNA and protein in the lung tissues of severe asthma
patients compared to milder patients or healthy subjects
[22, 23, 88, 90, 110]. Correlations in sputum between
IL-17A and IL-8 mRNA level, IL-17A and IL-5 mRNA
level, IL-17A mRNA level and neutrophil count, and IL-
8 mRNA level and neutrophil count have been reported
[90]. These associations are consistent with in vitro
findings that IL-17A can promote neutrophil migration
through IL-8 stimulation by facilitating neutrophil
transmigration [89, 111]. Various studies have identified
genetic variants of IL-17A and IL-17F to be associated
with asthma risk but none has dealt with severe asthma
[112–115]. Hence, IL-17 signalling pathway may be
associated with a subset of patients characterized as
having ‘neutrophilic’ asthma.

IL-18/IFN-c

There is mounting evidence supporting a role for Th1
cells in some severe asthma patients. Th1 cells are dif-
ferentiated from Th0 in the presence of IL-12, IL-18
and IFN-c, and secrete the signature cytokine IFN-c
[116, 117]. After binding to its receptors, IFN-c receptor
1 (IFNGR1) and IFNGR2 [118, 119], IFN-c induces
phosphorylation and dimerization of the signal trans-
ducer and activator of transcription 1 (STAT1) protein,
leading to modulation of target gene transcription
[120, 121]. Although IFN-c has been traditionally
associated with defence against viral and intracellular
bacteria, studies in humans and mice have implicated
IFN-c in the pathogenesis of severe asthma. In a
chronic OVA exposure model, mice deficient in IFN-c
and IFN-c receptor 1 (IFN-cR1) showed diminished BAL
leukocytosis and failed to develop increased airway
resistance [122]. The chronic effects of IFN-c deficiency
contrast with findings in acute models [123]. Similarly,
the transfer of IFN-c producing Th1 cells to unsensi-
tized mice induced BHR and neutrophilia in BAL after
acute challenge by lipopolysaccharide (LPS) and OVA
[124]. Neither LPS nor OVA alone induced BHR and
neutrophilia, and depletion of IFN-c by antibody abol-
ished BHR but not neutrophilia [124]. In humans, a
greater number of IFN-c expressing cells have been
found in the subepithelium of severe asthma patients
compared to moderate asthma patients [25]. Further-
more, the percentage of stimulated IFN-c producing
CD8+ T cells from blood of asthmatic subjects is corre-
lated with asthma severity, eosinophil counts and BHR
[125, 126]. Nevertheless, despite a strong association
with asthma phenotype, no genetic association of IFN-c
with severe asthma or asthma severity has yet been
found.

IFN-c can be induced by IL-18, known as interferon-
gamma inducing factor. Expressed by a wide range of
immune and non-immune cells, IL-18 is up-regulated
by LPS [127, 128]. After binding to its receptors
(IL-18Ra and IL-18Rb) on Th1 cells, IL-18 activates
transcription factors such as NF-jB, subsequently
inducing production of both Th1 and Th2 cytokines by
Th1 cells [129]. IL-18 deficient mice chronically
exposed to OVA had lower IFN-c, TGF-b1 and IL-13
level in BAL, less airway inflammation and less airway
remodelling [130]. In another study, exposure to IL-18
and OVA in naı̈ve mice to which Th1 memory cells had
been adoptively transferred, induced changes in BAL
and airways similar to those seen in their Th2 counter-
parts exposed to OVA or OVA and IL-18 but not either
OVA or IL-18 alone [131, 132]. Given that LPS and
IL-18 are potent drivers of Th1 cell differentiation,
these findings underscore a role in asthma for the Th1
response, via IFN-c. Interestingly, poorly controlled
asthma is associated with higher serum IL-18 levels
[133], and in a Japanese population, a genetic variant
of IL-18 with greater transcriptional activity was found
to be associated with asthma severity [134]. Further-
more, variants of IL-18Ra and IL-18Rb have been
found to be associated with severity of BHR, total
serum IgE and serum eosinophils [135]. Hence, the
IL-18/IFN-c signalling pathway appears to be associated
with disease severity instead of any subsets of severe
asthma.

Steroid resistance

To date, glucocorticoids are the most effective anti-
asthma drugs available, yet severe asthma patients are
typically resistant to the effects of glucocorticoids
[2, 136]. Glucocorticoids act by binding to glucocorti-
coid receptors (GR) in the cytoplasm and translocate to
the nucleus, where their receptors dimerize. The result-
ing complex binds to DNA, suppressing inflammation
by regulating the expression of several immune genes
[137]. Two forms of GR exist, GRa and GRb [138]. GRb
binds to DNA but not glucocorticoid; hence, GRb inhib-
its GRa-mediated gene expression by forming transcrip-
tionally inactive GRa/b heterodimers in the nucleus
[139–141].

Steroid resistance in asthma largely relates to GR
dysfunction either through altered GR-binding affinity
or GRb overexpression [142–149]. Steroid resistant
asthma patients have elevated IL-2 and IL-4 in BAL [9],
and a combination of IL-2 and IL-4 has been shown to
reduce GR-binding affinity in the nucleus of T cell
without affecting cytosolic GR [143, 147], similar to the
affinity reduction observed in severe asthmatics [147].
The administration of IFN-c was able to restore the glu-
cocorticoid effects in reducing T cell proliferation. Fur-
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thermore, the removal of IL-2 and IL-4 from the growth
medium augmented the GR-binding affinity in T cells
from steroid resistant asthmatics to a comparable level
to that of normal subjects [143].

GRb expression is elevated in individuals with severe
asthma, fatal asthma and glucocorticoid-insensitive
asthma compared to those with moderate asthma, mild
asthma and glucocorticoid-sensitive asthma, respec-
tively [144–146, 148]. In steroid resistant asthma
patients with elevated BAL IL-2 and IL-4, corticoster-
oids failed to reduce the expression of these cytokines
or to augment IFN-c expression [9]. IL-2, IL-4 and
IL-17 have been shown to increase GRb expression in
epithelial cells and peripheral blood mononuclear cells
(PBMCs) from steroid resistant asthmatic subjects
[148, 150]. Furthermore, animal studies have demon-
strated Th17 cells to be resistant to corticosteroid
treatment, with no effect on IL-17 and chemokine
reduction, neutrophil influx and BHR [151].

Histone acetylation and deacetylation abnormalities

Another major mechanism of steroid resistance relates
to reduction in histone deacetylase (HDAC) activity.
Nuclear DNA is wrapped around core histones. Inflam-
matory signals lead to their acetylation, followed by the
opening up of the DNA for chromatin remodelling,
RNA polymerase II association and initiation of gene
transcription [152]. Binding of glucocorticoid to GR
leads to acetylation of the glucocorticoid-GR complex
by histone acetyltransferases (HAT), and subsequent
translocation to the nucleus where it forms dimers at its
target genes and modulates gene expression. Alterna-
tively, HDAC deacetylates the glucocorticoid-GR com-
plex to repress gene transcription by interacting with
HAT and transcription factors such as NF-jB [137].

Several lines of evidence support a pivotal role for
histone acetylation and deacetylation in steroid resis-
tance in severe asthma. Deletion of the HDAC1 gene in
T cells resulted in an increased Th2 associated inflam-
matory response in OVA exposed mice [153]. Compared
to wild-type T cells, HDAC1 deficient Th2 cells pro-
duced higher levels of IL-4, IL-10 and IL-13, and
HDAC1 deficient Th1 cells produce higher IFN-c and
lower levels of IL-13 [153]. Furthermore, HDAC1 has
been reported to interact with DNA at the IL-4 locus
[153], directly interfering with IL-4 gene expression and
suppressing Th2 response. Additionally, HAT and HDAC
activities in PBMCs are reported to be lower in severe
asthma [154]. HAT activity was correlated with various
LPS-induced pro-inflammatory cytokines, while HDAC
activity was negatively correlated with inflammatory
cytokines such as granulocyte-macrophage–colony
stimulating factor (GM-CSF) and IFN-c [154]. While
glucocorticoid increased HDAC protein expression and

activity in PBMCs from mild asthmatics, no effect was
detected in severe asthmatics [155]. Similarly, glucocor-
ticoid had no effect in increasing HDAC1 and HDAC2
protein expression in the epithelium and submucosa of
moderate and severe asthmatics [144]. There is increas-
ing evidence suggesting that oxidative stress contrib-
utes to HDAC activity reduction and glucocorticoid
insensitivity in severe asthma [156, 157]. Oxidative
stress reduced HDAC2 activity in human bronchial epi-
thelial cells [158] and reduced the potency of steroid
and HDAC activity in alveolar macrophages [159].
Although no polymorphisms of the GR or HDAC genes
have been reported to be associated with glucocorticoid
insensitivity in adult severe asthmatics, there is genetic
support for the notion that glucocorticoid insensitivity
in severe asthma resides in their target genes [160].

Recently, a genome-wide association study has iden-
tified a variant in the glucocorticoid-induced transcript
1 gene (GLCCI1) to be associated with reduced lung
function in response to inhaled glucocorticoid [161].
Improvement in FEV1 after inhaled glucocorticoid treat-
ment was the lowest for individuals who carried two
copies mutant allele when compared to those with two
copies of the common allele, accompanied by a higher
risk of poor response. In the same study the mutant
allele has been shown to have a weaker promoter activ-
ity compared to the common allele. The encoded pro-
tein is involved in glucocorticoid signalling and has
been suggested as a marker of glucocorticoid-induced
apoptosis [162].

Cytokine signalling pathway interactions

Interactions of signalling pathways further complicate
the understanding and treatment of severe asthma and
contribute to a spectrum of clinical and pathological
outcomes observed. The cytokine production pattern by
Th cells is malleable and is influenced by the surround-
ing cytokine milieu. For example, Th-17 cells express
the signature cytokines IL-17 and IL-22, but can exhibit
either Th1 or Th2 characteristics under the influence of
other cytokines [163, 164]. Similarly, Th1 cells can also
be conditioned to express Th2 cytokines (IL-4, IL-9,
IL-13 and GM-CSF), in addition to IFN-c [131, 132].
Figure 2 schematically illustrates the malleability of
cytokine productions by various lineages of T cells and
their downstream effects on the pathologies of severe
asthma.

Th17 cells express their signature cytokines IL-17
and IL-22 in a pro-Th17 environment (e.g. in the pres-
ence of IL-6 and IL-23), however, they can also be con-
ditioned to exhibit either Th1 or Th2 characteristics. In
mice, Th0 cells polarized to Th17 expressed IL-4/IL-13
complex receptors (IL-4Ra, common-c-chain and
IL-13Ra1) [163]. After stimulation of Th17 cells with
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IL-13, the mRNA expression of IL-13Ra1 and GATA-
binding protein 3 (GATA3) was increased and the
number of IL-17A producing Th17 cells was decreased,
compared to unstimulated Th0 cells [163].

In Th17 cells, GATA3 is critical to the development
of non-Th17 characteristics. Acting as a master switch
for Th2 differentiation [165], GATA3 binds to the DNA
sequence ‘GATA’ to modulate expression of target
genes [166] including IL-4, IL-5, IL-13 and IFN-c
[165, 167]. GATA3 expression can be induced via IL-4,
IL-33 and other mediators, underscoring the ability of
GATA3 to promoteTh2 responses even in the absence of
allergen mediated IL-4 exposure [168]. In mice, over-
expression of GATA3 resulted in Th17 cells exhibiting
Th2 characteristics with the production of IL-4, IL-5
and IL-13 and decreased IL-17 [169]. The production of
IL-4 and IL-13 by Th17 cells further induced expression
of GATA3 in Th17 cells [163]. In contrast, in the
absence of GATA3 over-expression, Th17 cells produce
IL-17 rather than Th2 cytokines [169]. Similarly, in the
presence of IFN-c, Th17 cells can exhibit a Th1 pheno-
type. In mice, the majority of Th17 cells found in the

spleen do not express a functional IL-12 receptor
(IL-12Rb2); however, in ex vivo isolated Th17 cells,
IFN-c induced the expression of the IL-12Rb2 gene
[164], rendering these Th17 cells responsive to IL-12
and to upregulation of IFN-c [164]. Likewise, as noted
above, Th1 cells can be conditioned to express Th2
cytokines (IL-4, IL-9, IL-13 and GM-CSF), in addition to
IFN-c [131, 132]. Therefore, Th1 memory cells can
manifest Th2-associated pathologies under the influence
of IL-18 and allergen exposure.

The close proximity of cytokine and cytokine recep-
tor genes introduces another level of interactions. The
Th2 cytokine genes of IL-4, IL-5 and IL-13 located side
by side on chromosome 5q31 and the interleukin-1
receptor genes [IL-1R1, IL-1R2, IL-1RL1 (also known as
IL-33R), IL-1RL2, IL-18R1 and IL-18RAP] reside on
chromosome 2q12 [170, 171]. The proximity of these
genes suggests the possibility of coordinated gene mod-
ulations [172, 173].

Conclusions

There are substantial differences in cytokine production
between severe asthma and mild to moderate disease,
particularly with regard to the importance of Th1 and
Th17 cells. The cytokine expression patterns of these
cells activate a variety of downstream signalling path-
ways, triggering interactions among pathways and
effects like glucocorticoid resistance. This complexity
often leads to inconsistent conclusions from animal and
human studies using different models and populations
underscoring the complexity of severe asthma. Further
work is necessary to sort out the mechanisms by which
cytokine networks lead to severe asthma in some
individuals.
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