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Introduction

Summary

Asthma is a common disease with an increasing prevalence worldwide. Up to
10% of these patients have asthma that is refractory to current therapy. This
group have a disproportionate use of health care resources attributed to
asthma, have significant morbidity and mortality and therefore represent an
unmet clinical need. Asthma is a complex heterogeneous condition that is
characterized by typical symptoms and disordered airway physiology set
against a background of airway inflammation and remodelling. The inflam-
matory process underlying asthma is co-ordinated by a cytokine network.
Modulating this network with biological therapy presents a new paradigm for
asthma treatment. Clinical trials undertaken to date have underscored the
complexity of the inflammatory profile and its relationship to the clinical
features of the disease and have raised the importance of safety considerations
related to these novel therapies. T helper type 2 cytokine blockade remains
the most promising strategy, with anti-interleukin-5 reducing asthma
exacerbations. Although anti-cytokine therapy is not yet ready for the clinic,
the long-awaited possibility of new treatments for severe asthma is moving
ever closer.

Keywords: airway hyperresponsiveness, anti-IL-5, anti-TNF-¢, asthma,

cytokines, exacerbations

Asthma (GINA) treatment steps IV and V, i.e. treatment with
high-dose inhaled corticosteroid therapy and other add-on

Asthma affects 300 million people worldwide [1]. Its preva-
lence is 15-20% in children and 5-10% in adults, and con-
tinues to rise. In the majority of cases the disease can be well
controlled with inhaled corticosteroid therapy either alone
or in combination with long-acting beta-agonists and or
leukotrine receptor inhibitors as per international manage-
ment guidelines [2,3]. However, up to 10% of the asthma
sufferers remain poorly controlled in spite of optimal stan-
dard therapy. Although these patients represent the minority
of people with asthma, they have the greatest morbidity, are
at risk of asthma-related death and are responsible for more
than 50% of the health care utilization attributed to asthma.
Therefore, there is a significant unmet need in this group [4].

Severe asthma can be subdivided further into ‘difficult-to-
treat’ or ‘treatment-resistant’ (refractory) asthma. ‘Difficult-
to-treat’ asthma is usually a consequence of poor adherence
with therapy, co-factors such as co-morbidities including
psychosocial factors or persistent exposure to triggers such
as smoking. Severe ‘treatment-resistant’ asthma includes
patients that remain poorly controlled at Global Initiative for

therapies after aspects of the disease making it ‘difficult-to-
treat’ have been managed as completely as possible. This
review will not address ‘difficult-to-treat’ asthma further;
suffice to say that these issues, where possible, need to be
addressed in the management of severe asthma. The Ameri-
can Thoracic Society (ATS) workshop definition of refrac-
tory asthma [5] is summarized in Table 1.

There is increasing recognition that asthma, and in par-
ticular treatment-resistant severe asthma, is a heterogeneous
condition [6]. The clinical, physiological and immunopatho-
logical domains of the disease often co-exist, but are not
necessarily related (summarized in Fig. 1). Novel statistical
approaches applied to clinical data sets using data reduction
tools such as factor and cluster analysis may assist in the
identification of important phenotypes of severe asthma.
This approach has found that eosinophilic airway inflamma-
tion and symptoms can be closely associated ‘concordant’
disease or dissociated ‘concordant’ disease. There is now a
need to dissect the mechanisms that are important in the
interplay between the domains of asthma and to unravel the
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Table 1. Typical clinical features of refractory asthma (adapted from
(5]).

Major criteria

Treatment with at least one of the following:

* Oral corticosteroids > 50% of the time

* High-dose inhaled corticosteroids (> 1200 ug beclomethasone
equivalent)

Minor criteria

+ Requirement for daily treatment with long-acting
beta-agonists, theophylline or leukotrine antagonists

+ Daily asthma symptoms requiring rescue medication

+ Persistent airway obstruction (FEV; < 80% predicted); diurnal
PEF variability > 20%

+ One or more urgent care visits for asthma per year

+ Three or more oral steroid bursts per year

+ Prompt deterioration with > 25% reduction in oral or inhaled
corticosteroid dose

+ Near fatal asthma event in the past

FEV), forced expiratory volume in 1 s; PEF, peak expiratory flow.

underlying pathobiology of novel phenotypes. This, in turn,
will enable us to develop biomarkers and novel therapies.
Indeed, biomarkers have been used to direct current therapy
[7,8]. This is exemplified by the application of the sputum
eosinophil count to target corticosteroid therapy. This strat-
egy leads to a reduction in severe exacerbations in severe
disease without an overall increase in corticosteroid therapy
across patients, as treatment is appropriately up- and down-
titrated. Recent post-hoc analysis of this study has revealed
that the success of this approach was due to targeted therapy
in the ‘discordant’ phenotypes [6]. This novel management
strategy has now become adopted by the British Thoracic
Society/Scottish Intercollegiate Guidelines Network (BTS/
SIGN) as the ‘gold’ standard in the management of severe
asthma. This allows for optimization of current therapy, but
fails to address fully the unmet need of severe asthma and
new therapies are required urgently.

Biological therapy has enjoyed great success in some
disease areas, most notably anti-tumour necrosis factor
(TNF)-0. therapy in rheumatoid arthritis [9]. In severe
asthma anti-immunoglobulin (Ig)E (Xolair) has provided a
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Fig. 1. Asthma, a multi-dimensional disease.

Cytokines in asthma

new class of treatment and has been demonstrated to
improve symptoms, reduce the burden of inhaled corticos-
teroids and reduce exacerbation frequency [10,11]. For these
reasons, anti-IgE is licensed for severe asthmatics with evi-
dence of atopy to a perennial aeroallergen, a serum total IgE
within range for therapy and poor asthma control, in spite of
optimal standard therapy. In England and Wales, additional
criteria related to frequent hospital admissions are included.
Anti-IgE has therefore set a new paradigm for the manage-
ment of severe asthma and has positioned biological therapy
at the forefront of drug discovery for this disease area. Not all
severe asthmatics have atopy, and in those where this is a
major component of their disease, not all respond. There-
fore, in the wake of the success of anti-IgE there is consider-
able enthusiasm to identify new biological therapy for severe
asthma. With much of the research into asthma focused
upon the role of inflammation in asthma, and in particular
the importance of the T helper type 1 (Thl) versus Th2
balance, cytokines as a therapeutic target has become central
in the development of biologics.

In this review we shall summarize briefly the role of cytok-
ines in the biology of severe asthma and describe the current
successes and failures of anti-cytokine therapies in the clinic.

Cytokines and their role in asthma

Asthma is characterized by the presence of typical
day-to-day symptoms of breathlessness, cough and wheeze,
punctuated with acute exacerbations together with
evidence of variable airflow obstruction and airway
hyperresponsiveness. These typical symptoms and disor-
dered airway function occur against a background of airway
inflammation and remodelling.

Airway inflammation in asthma is a multi-cellular process
involving eosinophils, CD4* T cells, mast cells and neutro-
phils [12-17]. This inflammation is restricted largely to the
large conducting airways in mild-moderate disease, but in
severe asthma the smaller airways are often involved [18].
Asthma is associated commonly with atopy, although asthma
does occur in the absence of allergic disease. A key feature of
allergic asthma is the recognition of allergens and the sub-
sequent sensitization that leads to a Th2 cytokine response.
Dendritic cells in the airway epithelium and submucosa
take up and process allergens and present them to T cells
in association with important co-stimulatory molecules
(reviewed in [19]). Subsequent T cell polarization towards a
Thl or Th2 phenotype is, in part, under the influence of
dendritic cell-derived interleukin (IL)-12. Increased IL-12
drives the inflammatory response towards a Thl bias,
whereas in allergic asthma the Th2 phenotype predominates.
Once sensitized, T cells are able to home back to sites of
allergic inflammation under the control of chemokines via
activation of the receptors CCR3, 4, 7 and 8 (reviewed in
[20]). The Th2 cells produce Th2 cytokines, the majority of
which are produced on the long arm of chromosome 5,
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namely IL-3, 4, 5, 9 and 13, and granulocyte—macrophage
colony-stimulating factor (GM—CSF) (reviewed in [21]). In
asthma expression of these cytokines are increased, particu-
larly in severe disease [22-29]. Animal models have posi-
tioned these cytokines as critical in allergic sensitization and
the development of disease [30-32]. Importantly, in severe
disease the inflammatory response is complex and also
involves Th1 T cells. These cells secrete TNF-o. and inter-
feron (IFN)-y, among other important mediators. TNF-o
expression is also increased in the airway in asthma [33-35]
and the TNF-o axis is up-regulated with increased
membrane-bound TNF-o on peripheral monocytes [36].

The role of the dendritic cell-T cell axis in allergic sen-
sitization is clear, but there is increasing recognition that
other cells are likely to be as, if not more, important in
severe asthma. Mast cell numbers are increased in the
airway epithelium and in the airway smooth muscle bundle
[37-43]. This microlocalization with the airway smooth
muscle is a consistent finding and is related closely to the
degree of airway hyperresponsiveness [37,41]. In the asth-
matic airway mast cells are in an activated state and are an
important source of cytokines, chemokines, autocoid
mediators, proteases and histamine [15,25,42,43]. Impor-
tantly, these cells can be activated via both IgE and non-
IgE mechanisms and have been shown to affect airway
smooth contractility directly [44-46] and indirectly by
up-regulation of airway smooth muscle transforming
growth factor (TGF)-B, which in turn drives the airway
smooth muscle into a more contractile phenotype via an
autocrine activation [47].

In severe disease neutrophils are also increased [16,48,49],
and have been implicated in disease [49,50], but whether
they play a key role in disease progression or are a conse-
quence of corticosteroid therapy is unclear. Structural cells
within the airway, including epithelial cells, fibroblasts, myo-
fibrobalsts, fibrocytes and airway smooth muscle, are also
important sources of chemokines and growth factors and
indeed are likely to play a role in the inflammatory response.
Importantly, these structural cells are increased in number in
severe disease and contribute to the remodelling process,
which leads onto progressive disease and persistent airflow
obstruction [51].

Corticosteroids are the mainstay of therapy for asthma
and attenuate the inflammatory response. However, in
refractory asthma by definition this effect is inadequate;
therefore, alternative strategies are required. Cytokine or
anti-cytokine therapy presents an important alternative or
adjunct to current therapy. Whether or not the success of
modulating the cytokine milieu in animal models can be
translated in human disease is challenging, due to the com-
plexity of severe asthma and the potential for redundancy
when targeting single cytokines. In spite of these concerns,
there remains the possibility that single cytokines play domi-
nant roles in the development of specific features of disease
within subgroups of asthmatics.

Clinical trials of anti-cytokine therapy

To date, clinical trials of anti-cytokine therapies in asthma
have, in the majority, targeted the Th1 versus Th2 balance.
Following the success of anti-TNF-o therapy in rheumatoid
disease and inflammatory bowel disease, together with evi-
dence supporting a role for TNF-o,, particularly in severe
asthma, has led to a number of trials targeting this axis
(Tables 2 and 3).

IL-5

Two humanized, human-IL-5-specific monoclonal antibod-
ies (mAbs), Sch- 55, 700 and mepolizumab (SB-240, 563),
and an IL-5R-specific mAb (MEDI-563) have been devel-
oped for the treatment of asthma. In a small double-blind
trial, mepolizumab resulted in a rapid dose-dependent
reduction in the number of circulating and sputum eosino-
phils but, surprisingly, this had no effect on either the late
asthmatic response or on airway hyperresponsiveness [52]. A
further study using mepolizumab confirmed the persistent
suppression of eosinophilia in blood, bone marrow and
airway lavage, but in airway biopsies there was only a 55%
reduction in the number of tissue eosinophils [53]. In a
group of 24 patients with severe persistent asthma, treatment
with Sch- 55700 resulted in a decrease in the number of
blood eosinophils, but over the course of 10 weeks it had no
effect on symptoms or physiological outcomes [54]. This
observation has been confirmed in a dose-ranging trial of
324 severe asthmatics with mepolizumab [55]. Interestingly,
in this study there was a trend towards reduced risk of
moderate/severe exacerbations in the high-dose mepoli-
zumab arm by about 50%. However, this study was not
powered sufficiently to show a difference in exacerbations.

Most recently, Haldar [56] and colleagues have studied 61
subjects with eosinophilic refractory asthma in a random-
ized double-blinded placebo-controlled study of mepoli-
zumab for 1 year. The primary outcome measure was the
number of severe exacerbations per subject, and secondary
outcomes included eosinophil counts in blood and sputum,
airway hyperresponsiveness, lung function, health status and
symptoms. The study demonstrated significant reductions in
severe asthma exacerbations (2-0 mepolizumab versus 3-4
placebo) (Fig. 2) and reductions in both blood and sputum
eosinophilia. This reiterates findings from previous studies
that mepolizumab has no significant effect on airways hyper-
responsivemess (AHR), lung function or symptoms, while
ameliorating eosinophilic inflammation. This beneficial
effect of mepolizumab was also observed in a prednisolone
withdrawal study in severe eosinophilic asthma [57]. In
addition to its role in asthma exacerbations anti-IL-5 therapy
may also attenuate airway remodelling as airway wall area
[56], and immunostaining for tenascin, lumican and procol-
lagen IIT in the bronchial mucosal subepithelial basal lamina
[58] was reduced.
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Fig. 2. Severe asthma exacerbations were reduced in subjects treated
with anti-interleukin-5 in a 1-year placebo-controlled parallel group
study (adapted from [56]).

These more recent studies have rekindled enthusiasm for
anti-IL-5 in asthma, and suggest that although eosinophilic
inflammation and airway hyperresponsiveness are dissoci-
ated that the eosinophil does play a role in exacerbations and
airway remodelling. To date, the side effect profile of anti-IL-5
has been favourable, and therefore further studies are under
way to determine the efficacy of this therapy in severe asthma.

IL-4/IL-13

A small trial of nebulized inhaled altrakincept (soluble,
recombinant human IL-4 receptor) for 12 weeks in patients
with mild to moderate asthma indicated efficacy by allowing
withdrawal from treatment with inhaled corticosteroids
without relapse [59], and this result was confirmed subse-
quently in a larger trial [60]. However, a Phase III trial failed
to confirm the efficacy of altrakincept for the treatment of
asthma, although there were concerns over the bioavailabil-
ity of altrakincept in this study. Further Phase II studies are
in progress using humanized IL-4-specific and IL-4Ro.-
blocking antibodies such as pascolizumab (SB240, 683) [61].

Two recent placebo-controlled allergen challenge studies
showed that an IL-4 variant (pitrakinra) administered sub-
cutaneously or nebulized can inhibit the binding of IL-4
and IL-13 to the alpha subunit of the IL-4 receptor. Pitrak-
inra reduced the allergen-induced late-phase response and
the need for rescue medication in asthmatic patients [62].
Trials are now under way using an inhaled preparation
[63]. Similarly, a humanized IL-13 mAb, IMA-638, inhib-
ited both the early and late allergen challenge response,
but did not affect allergen-induced hyperresponsiveness to
methacholine [64]. Several other mAbs against IL-13 have
completed early safety trials in humans, including CAT-354
[65] and AMG 317 [66], and are undergoing clinical trials
for asthma.

IL-9

Two phase I dose-escalation studies of an IL-9-specific mAb
(MEDI- 528) in healthy volunteers have been completed

Cytokines in asthma

[67]. Phase II trials are in progress for treating symptomatic,
moderate—severe, persistent asthma.

Interferons

Subcutaneous administration of recombinant human IFN-y
in asthma has been disappointing [68]. By contrast, two
small trials have shown that systemic administration of
IFN-o. for 18 months is effective for the treatment of severe
corticosteroid refractory asthma, with one study showing
reversal of the Th2-cell cytokine profile in blood mono-
nuclear cells after treatment of patients with severe asthma
[69,70]. These preliminary observations warrant further
investigations in larger trials.

IL-12

Injection of recombinant human IL-12 in patients with mild
asthma decreased the number of circulating blood eosino-
phils after allergen challenge (but not sputum eosinophilia,
the late-phase response or airway hyperresponsiveness)
[71] and this was accompanied by flu-like symptoms, abnor-
mal liver-function tests and, most worryingly, cardiac
arrhythmias.

IL-10

Administration of IL-10 to normal volunteers decreases the
numbers of circulating CD4" and CD8" T cells [72]. Recom-
binant human IL-10 has been developed and is currently
being tested in rheumatoid arthritis, inflammatory bowel
disease, psoriasis, organ transplantation and chronic hepati-
tis C, but its effect in asthma has yet to be studied.

TNF-o

A number of strategies to block the TNF-o. axis are available,
including infliximab (a chimeric mouse/humanized mAb),
etanercept (a soluble fusion protein combining two p75 TNF
receptors with an Fc fragment of human IgGl), and fully
human mAbs adalimumab and golimumab [9].
Enthusiasm for anti-TNF-o in severe asthma was first
derived from an uncontrolled study of etanercept for 12
weeks in patients with severe asthma. Howarth ef al. [35]
reported a significant improvement in airway hyperrespon-
siveness, lung function and quality of life. These findings
were replicated in another small randomized, placebo-
controlled cross-over study [36]. One of the most striking
aspects of this study was that the clinical response correlated
closely with the expression of mTNF-o and TNF-o receptor
1 on monocytes. This suggests that measurement of
TNF-0. expression in monocytes might be a useful biomar-
ker of responsiveness, but also suggests that anti-TNF-o
approaches will be effective in only a subgroup of asthmatic
patients. Another interesting aspect of the study was that

© 2009 British Society for Immunology, Clinical and Experimental Immunology, 158: 10-19 15



D. Desai and C. Brightling

there was no effect of etanercept therapy on the number of
sputum eosinophils or neutrophils, but there was a reduc-
tion in sputum histamine concentration. One intriguing
possible explanation for this apparent lack of effect on
airway inflammation by anti-TNF-a in contrast to a marked
effect on AHR is that TNF-o derived from mast cells within
the airway smooth muscle (ASM) bundle might play a criti-
cal role in the development of AHR. Similar beneficial
effects, albeit less profound, have been reported in patients
with moderate asthma. Erin ef al. [73] performed a random-
ized placebo-controlled study with infliximab in patients
with moderate asthma. No improvement in morning peak
flow occurred with infliximab, but there was an improve-
ment in peak flow variability and a 50% reduction in the
number of mild exacerbations encountered. Importantly,
two further studies of etanercept in moderate—severe
asthma, one unpublished, have failed to demonstrate efficacy
[74].

Most recently, Wenzel and colleagues [75] published their
study using golimumab. This is the largest published study to
date on patients with severe asthma, with 309 subjects
assigned to either placebo arm or three different dose arms
of golimumab injections, monthly for 1 year in a random-
ized, double-blinded fashion. The primary end-points were
an improvement from baseline forced expiratory volume
in 1s (FEV,) and also the number of severe asthma
exacerbations. Secondary end-points were change from
baseline in Asthma Quality of Life Questionnaire AQLQ)
score, peak expiratory flow (PEF) and rescue medication use.
The study was terminated early at 24 weeks due to a large
number of serious adverse events in the golimumab arm and
no demonstrable efficacy. Of greatest concern was the high
number of serious adverse effects in all the golimumab arms.
Pneumonia, sepsis, reactivation of tuberculosis (TB),
increased rate of malignancy and one death were reported. A
similar unfavourable safety profile for anti-TNF-o. therapy
has been reported in chronic obstructive pulmonary disease
(COPD) [76]. Therefore, even if subgroups can be identified
in which anti-TNF-o has efficacy, this will need to be
achieved with a substantial reduction in treatment-related
adverse outcomes.

Other potential cytokines

Several other cytokines have been implicated in severe
asthma for which treatments are in development. Much
interest has surrounded the identification of Th17 cells [77].
The expression of IL-17A and F has been reported recently to
be elevated in severe asthma [78]. Modulation of these
cytokines may affect neutrophil recruitment. Th2 responses
are augmented by IL-25 (IL-17E), IL-31 and IL-33, thereby
positioning these cytokines as potential targets [79,80]. It is
likely that as our understanding of the cytokine networks in
severe asthma develop, so the number of potential targets
will increase.

Conclusion

Anti-cytokine therapy in severe asthma has underscored
the importance to consider the heterogeneity of the disease
and the relationship between airway inflammation, dys-
function and clinical expression of disease. Anti-IL-5
treatment demonstrates that eosinophilic inflammation is
dissociated with airway responsiveness, but plays a central
role in exacerbations. Whether the amelioration of eosino-
philic inflammation in response to anti-IL-5 removes the
cause of an exacerbation or reduces the risk of an exacer-
bation event in response to another trigger such as an
infection is unknown. In contrast, TNF-o. may be impor-
tant in the development of airway hyperresponsiveness.
Therefore, future clinical trials need to be cognizant of the
most appropriate outcome measures for different cytokine
therapies, or at least not to dismiss novel therapies without
considering the impact upon several outcomes. Anti-
TNEF-o treatments have highlighted the importance of the
risk—benefit ratio and how safety concerns need to be at the
forefront in drug development. To date, the poor safety
profile for anti-TNF-o. in obstructive airways disease has
undermined any potential efficacy that has been observed.
It is likely that the development and validation of biomar-
kers will enable researchers to choose more accurately the
most appropriate patients for these highly specific biologi-
cal therapies. We are now moving towards a paradigm of
targeted patient-specific therapy and the possibility for the
need to treat patients with combination biological therapy.
The increasing number of biological therapies in early
clinical trials means that shortly we shall begin to unravel
the complexity of severe asthma and are likely to have novel
therapies for our patients. To date, as a consequence of our
naive application of anti-cytokine therapy in asthma, or
due perhaps to biological redundancy when targeting single
cytokines, anti-cytokine therapy for severe asthma has
promised much but delivered little. We are now at the
threshold of understanding the value of biological therapy
in severe asthma; the next few years promise to be exciting
times for asthma research and may make cytokine and
anti-cytokine therapy in the clinic a reality.
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