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ABSTRACT The landscape of asthma has considerably changed after 40 years of inhaled corticosteroid
development and nearly 20 years since the first monoclonal antibodies (mAbs) were approved. New
members of pharmacological families and more effective drug-delivery devices have been designed but the
proportion of uncontrolled patients, unfortunately, remains stable. The most promising treatments now
rely on targeted therapies that encourage the improvement of the characterisation of our patients. These
clinical (phenotype) or new biological (endotype) tools lead to palpable personalised medicine. This
review examines not only the future of mAbs and other new ways of treating asthma but also describes
futuristic views based on the paradigm shifts that are ready to occur.

@ERSpublications
Future treatment for asthma: easier, safer, personalised http://ow.ly/V7b4h

Introduction
Imagining the future of asthma is a valuable exercise. Now is the time to combine the efforts of clinicians,
researchers, patients and industry. The therapeutic management of asthma is particularly fascinating when
exploring the patient’s point of view. “Asthma” as a keyword in any web search engine offers more than
76 million answers and, after official websites, incredibly inventive alternatives appear. Since supply rarely
exceeds demand, this illustrates how searchers strongly support the development of alternative ways of
management. Moreover, disappointing reports have described quite stable proportions of uncontrolled
patients in the general population [1, 2], reminding us of the relative gap between what medicine offers
and communicates, and what our expectations are. Scientific peer-reviewed publications on asthma exceed
150000 articles, with nearly 6% reporting the results of randomised controlled trials. Surprisingly, despite
all these therapeutic trials and the availability of the strategy document published by the Global Initiative
for Asthma [3], routine options to treat asthma remain limited, and the breadth of the drug panel is quite
narrow and strongly dominated by steroids [4].
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New paradigms in asthma management have mostly emerged from real-life studies; disease modifiers are
seen as the Holy Grail [5–10] and immunotherapies are still forthcoming [11]. Behavioural modifications
and their impact, mainly involving the microbiome [12–15], offer a great illustration of gene–environment
interactions and suggest attractive opportunities. Environmental control is a challenging concern now
embraced by physicians.

Improving what already exists is a valuable option when considering the efficacy and efficiency of
currently available options. Improvement of drug delivery, better devices and new members of
pharmacological families are subject to continuous and thorough development, but in the near future,
treatment will certainly rely on the improvement of patient characterisation. Personalised medicine
involves seeking the best ratio between efficacy and feasibility using clinical characteristics (called
“phenotypes”) or guided by biomarkers (called “endotypes”) relevant to the underlying pathogenesis of
asthma [16–19].

In the future, patients’ insights may determine important gaps between research and expectations.
Difficulty arises from disease heterogeneity. Addressing issues related to the most serious forms of asthma
(e.g. severe asthma, eosinophilic granulomatosis with polyangiitis (EGPA) and allergic bronchopulmonary
aspergillosis (ABPA)) is a priority and a dedicated plan similar to that developed for rare diseases may be
beneficial. Ultimately, basic science will offer a better understanding of the pivotal mechanisms to achieve
the challenges of: 1) controlling severe asthma; and 2) curing mild asthma.

Disease modifiers: changing risk
Behavioural modifications
Avoiding asthma onset is probably the best preventive strategy to develop. To achieve this, identifying
people at risk, especially newborns and children, and adopting different behavioural advice are the first
steps. A score, the modified Asthma Predictive Index (mAPI), has been developed and thoroughly analysed
[20]. In a high-risk cohort, a positive mAPI correlated with the probability of future asthma (table 1).

Measuring airway obstruction very early in life may also be appropriate [21], as it suggests inheritance of
bronchial airway hyperresponsiveness far earlier than immune system maturation. BISGAARD et al. [21]
showed that children developing asthma by age 7 years had a lung function deficit and increased bronchial
responsiveness as neonates. Biological understanding of heredity in asthma highlighted impaired priming
of the immune system through imbalanced antigen presentation predisposing to a T-helper cell (Th) type
2-oriented response, especially early in life [22, 23]. Subsequently, in line with the Hygiene Hypothesis, it
was suggested that a broader diversity of the antigen repertoire would be sufficient for correct maturation
of the immune system. Thus, diversity of the microbiome is supposed to be protective and all
interventions affecting it, such as diet or antibiotic regimens administered early in life, will increase the
likelihood of asthma onset [24, 25]. Of course, some limitations may preclude the success of these
methods. Notably, antibiotics can save lives during early childhood, so these data should not be
over-interpreted but imply a need for more accurate diagnosis of infection. A growing body of evidence
has also highlighted the beneficial impact of interventions sharing similar objectives, such as restricting
caesarean delivery to unavoidable cases [26, 27], avoiding maternal and environmental smoke exposure
[28–30], and promoting breastfeeding [31, 32]. Moreover, some authors reported advantages of decreasing
the “hyper-hygienic” environment and exaggerated exposure restrictions. Regarding the Hygiene
Hypothesis, we need to address the question of what is a critical microbial exposure. The A20 protein may
be part of the answer to this question. A20 (tumour necrosis factor-α-induced protein 3) is known to
regulate interactions between dendritic cells and the airway epithelium. An A20 single-nucleotide
polymorphism increases the risk of asthma and allergy in children who grew up on farms, and A20
modulations in different models critically modified asthma signature [33].

Environmental modifications
Politics may play a role in asthma prevention by adoption of the best environmental policies to improve
respiratory health by lowering the risks from pollution. Recently, scientific societies have issued strong
statements regarding air pollution. Other initiatives are supported by evidence but interventions could not
be perfectly analysed in terms of reducing asthma risks. These include issues related to proximity between
schools and major traffic areas [34], limiting environmental allergens, assessing and reducing indoor/
outdoor air pollution [35], and of course, adapting occupational exposure [36].

The future
The real hopes rely on the ability of any given intervention to significantly affect the natural history of the
disease, but demonstrating primary prevention efficacy is rather complex. It largely depends on the
long-term incidence of any event related to the disease in a control group. Although specific immunotherapy
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TABLE 1 Modified Asthma Predictive Index sensitivity, specificity, positive likelihood ratio (LR+), negative likelihood ratio (LR−) and post-test probabilities of asthma in
unselected and high-risk populations at years 1, 2 and 3 from ages 6, 8 and 11 years

Sensitivity %
(95% CI)

Specificity %
(95% CI)

LR+

(95% CI)
LR−

(95% CI)
Unselected# High risk¶

Positive post-test
probability %

Negative post-test
probability %

Positive post-test
probability %

Negative post-test
probability %

Age 6 years asthma
diagnosis
Year 1 11 (4.2–19) 98 (96–100) 6.1 (1.8–21) 0.90 (0.83–0.98) 43 10 73 28
Year 2 12 (4.2–19) 99 (98–100) 14 (2.6–80) 0.89 (0.82–0.97) 64 10 86 28
Year 3 17 (8.4–25) 99 (98–100) 21 (4.0–112) 0.84 (0.75–0.93) 72 9 90 2

Age 8 years asthma
diagnosis
Year 1 8.2 (2.2–14) 98 (97–100) 5.3 (1.3–22) 0.93 (0.87–1.0) 40 10 69 29
Year 2 11 (3.9–18) 99 (98–100) 12 (2.1–64) 0.90 (0.83–0.97) 59 10 83 28
Year 3 19 (8.8–25) 100 (99–100) 55 (3.3–913) 0.83 (0.75–0.92) 87 9 96 26

Age 11 years
asthma diagnosis
Year 1 11 (3.6–18) 98 (95–100) 4.9 (1.4–17) 0.91 (0.83–1.0) 38 10 68 28
Year 2 11 (3.6–19) 98 (96–100) 6.8 (1.7–28) 0.90 (0.83–0.98) 46 10 75 28
Year 3 19 (9.3–28) 99 (97–100) 19 (3.6–100) 0.82 (0.73–0.92) 70 9 89 26

#: 11% theoretical unselected population pre-test probability of asthma; ¶: 30% high-risk Childhood Origins of Asthma population pre-test probability of asthma. Reproduced and modified
from [20] with permission from the publisher.
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successfully counteracts the progression of allergy by reducing the extent of sensitisation [37, 38], definitive
evidence demonstrating a reduced risk of asthma development is still required. Inhaled corticosteroids (ICS)
fail to achieve this goal even when administered very early in life [39]. Prediction of asthma onset is once
again critical and strategies based upon genetic profiling may potentially achieved this aim [40, 41].
Nonetheless, limitation of other risk factors should be implemented but their comprehensive analysis is still
limited. Vaccines are thought to ideally restore an adapted imbalance between T-cell subsets but to unclear
extents [42, 43]. Epigenetic modifications are now regarded as the next step to encompassing evidence of the
sustained impaired cross-talk within the airways between structural (epithelium, smooth muscle and
fibroblasts) and inflammatory cells. Whether therapeutic interventions may successfully correct critical
epigenetic modifications is a fascinating research question [44–48]. Answering it requires an understanding
of which epigenetic modifications are responsible for asthma risk, their implications for asthma onset and
maintenance, and the associated risks of such treatment. In this setting, microRNA studies, especially the use
of antagomirs as potential therapeutic tools, are of great interest [44].

Bronchial thermoplasty was proposed 10 years ago as an interventional technique to reduce airway
stiffness and excessive narrowing [49]. Even though the beneficial mechanism of action has not definitely
been elucidated, sustained evidence of asthma improvement has been reported in well-designed trials but
with a limited number of patients [50–52]. Larger trials are ongoing. Time will tell to what extent this
technique affects the natural history of the disease and whether the best responders can be identified.

Therapeutic options
Improving what already exists
New ICS
For 40 years ICS have been used in asthma; today, their dominance is hard to contest and their achievement
difficult to challenge from a scientific point of view. Reduced risk of asthma death is not their only
achievement [53]: since the global pattern of asthma has changed worldwide, hospital admissions for asthma
are becoming rare events [54]. However, ICS’ side-effects cannot be ignored since they are now well
documented: adrenal insufficiency, diabetes, skin bruising, oral mycosis, reduced bone density and reduced
growth in children. Although rare, these events are nonetheless significant, but their incidence rates are
insufficient to reverse the very positive benefit/risk balance associated with regular use of ICS in asthma [55, 56].
Notably, patients are more interested in these pitfalls than the benefits of ICS, and poor levels of adherence
are potentially related to patients, and sometimes doctors, sharing a mistrust of ICS. Developing new ICS with
a better pharmacological profile may potentially address most of these issues. Keeping the good effects and
removing the bad requires a perfect understanding of mechanisms of action of ICS. In particular,
nongenomic activities and/or selectivity for transactivating genomic properties are often seen as culprits, and
some interesting attempts to counter these were proposed recently with modified analogues [57].

Improving drug half-life may also be of interest with a view to improving adherence. Prior experience with
long-release intramuscular triamcinolone administration revealed the benefit of addressing adherence
issues, but no one should ignore the unacceptable side-effect profile [58].

Other routes of administration have been tested and the concept of unified airways was reinforced by a
successful attempt where nasal administration was significantly efficacious in improving airway
inflammation [59–62].

New long-acting β-agonists and long-acting muscarinic agonists
New long-acting β-agonists (LABA) have been developed for chronic obstructive pulmonary disease
(COPD) and, a priori, these might also reasonably be expected to be effective against asthma. The recently
developed once-daily, very long-acting LABA (indacaterol, vilanterol, olodaterol and others [62–66])
potentially offer better bronchodilation patterns relevant to treating severe asthma with persistent airflow
obstruction. Whether these drugs will also synergistically improve asthma control and reduce exacerbation
rates is unknown at present.

Long-acting muscarinic antagonists initially developed for COPD are now widely used in asthma and
tiotropium was recently approved for this indication [67]. Cholinergic pathway inhibition at the epithelial level
may partly explain their ability to decrease the exacerbation rate when used as an add-on therapy [68, 69].

As for ICS, improving adherence would rely on improvements in device engineering [70] and
pharmacological development to increase release duration and limit side-effects through higher selectivity.

Personalising medicine
The heterogeneity of asthma has been widely reported [18, 71–73]. Until 2000, hypothesis-driven studies,
in which each opinion leader promoted their clinical observations and feelings, dominated the literature.
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Unfortunately, none of these approaches really led to targeted therapies. Atopic status split the asthma
world for decades. If gastro-oesophageal reflux disease associated with asthma and premenstrual worsening
of asthma were related to different pathophysiological pathways, dedicated therapies should have been
beneficial. Later, nocturnal asthma was considered as a specific entity [74] before being integrated as a
major item of asthma control. Subsequently, unbiased clustering analysis aimed to identify homogeneous
phenotypes of asthma [18]. To date, these attempts have failed to identify the different physiopathology
and outcomes underlying each cluster, and at present, there is no ongoing clinical trial stratifying
therapeutic strategy according to these clusters.

The Gaining Optimum Asthma Control study was pivotal to asthma understanding [75]. This study
demonstrated the ability of ICS to gain asthma control in nearly 70% of patients, although total control
achievement required the highest therapeutic pressure. Unfortunately, due to the design of the study, there
were no data concerning the relevance of a therapeutic “stepping down”. Moreover, the beneficial effect of
combination therapy versus fluticasone propionate alone was hardly convincing, as few clinically relevant
differences were observed between the two groups. Subsequently, even though clinical heterogeneity is
evident through different triggering and precipitating factors, the therapeutic consequences remain
homogeneous for most patients, mostly consisting of ICS/LABA. Interestingly, this critical observation
raised demands for a rigorous clinical pathway dedicated to distinguishing uncontrolled from severe
asthma; in other words, to consider insufficiency of or resistance to ICS as a critical step [76]. Thus, the
current strategy promoted by most researchers relies on the biological mechanisms related to the
insufficient clinical response to the best standard of care; in practice, high doses of ICS, LABA and a third
controller. These biological pathways forming the basis of endotypes of asthma are mainly based on the
current Th2/non-Th2 paradigm (figure 1), but identification of the Th2 endotype is not simple.
Transcriptomic analysis of sputum samples showed consistency and revealed the feasibility of this
identification [77, 78], and some applicability in routine practice [79]. Blood eosinophil count probably
represents an excellent compromise between specificity and availability [80]. These results should be
considered promising but require confirmation since the number of patients included in the study was very
limited. The challenge is now to find the best companion assay identifying the potential responders to any
given targeted therapy. Blood eosinophils are easy to measure at low cost with a test that is rapidly available,
reproducible throughout the world and shows good consistency in terms of predictive ability. Whether
other combined tests will enter routine practice to optimise drug prescription is a matter of great debate.

Important overlaps probably exist between these phenotypes. Because most of the drugs currently being
developed target Th2 cytokines, mapping of this expected overlap is required by policy makers and
clinicians (figure 1).

Phenotyping severe asthma

Th2

low

Neutrophilic

Reversibility

  Anti-IL-17

A priori
hypothesis

Obesity

  Bariatric surgery

<3 exacerbations per year

  Smooth muscle thermoplasty

Th2
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Atopic

Total IgE

Omalizumab

Mepolizumab

Dupilumab

Benralizumab

Reslizumab

Anti-CRTH2

Lebrikizumab

Anti-TSLP

GATA3 DNAzyme

Eos >300 per mm3
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ILC2?

Periostin

high

Viral exacerbation

  IFN-β
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Clinical
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Azithromycin

Anti-CXCR2
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FIGURE 1 Severe asthma: from characteristics to phenotypes and to endotypes. IL: interleukin; IFN: interferon; Th: T-helper cell; TSLP: thymic
stromal lymphopoietin; GATA3: GATA-binding protein 3; Eos: eosinophils; ILC: innate lymphoid cell; CRTH2: prostaglandin D2 receptor 2.

DOI: 10.1183/16000617.0069-2015 81

ASTHMA | J. CHARRIOT ET AL.



Endotype-based strategies: Th2 versus non-Th2
Th2 cytokines and their receptors and Th2 cells have more or less all been targeted (interleukin (IL)-4,
IL-5, IL-9, IL-13, IL-23, IL-25, IL-33, IgE and thymic stromal lymphopoietin (TSLP)), and probably, others
will be targeted in the future. Targeting of the Th2 subset through Th1 promotion [81–83] or through
specific inhibition (GATA3-specific DNAzyme) [84] have been proposed, while the discovery of innate
lymphoid cell (ILC)2 allowed their targeting with CRTH2 antagonists, which were rapidly transferred from
bench to bedside [85–89]. The ability of each molecule to inhibit the late asthmatic response [57, 84, 90] is
now considered an essential avenue of research, even though direct comparisons are difficult.

Th2-orientated therapies
Interleukin-5
The IL-5 story has evolved in two waves and has already been extensively reviewed (more reviews than
original contributions are available, as summarised in table 2). Focusing on patients with an eosinophilic
inflammation pattern came late in the development of IL-5-targeting agents. The important question at
the time of writing is how to understand which threshold should be used for prediction of efficacy and
which method should be preferred (blood eosinophils, sputum induction or even exhaled nitric oxide
fraction). Potentially, not only will IL-5 targeting be promising in all situations where eosinophils play a
debilitating role (EGPA, ABPA and nasal polyposis) but also other nonrespiratory diseases will be
considered for such treatment and ongoing clinical trials will be actively surveyed.

Areas of uncertainty will probably be similar to those encountered during the development of
omalizumab: the ideal phenotype for introduction, the best dose and frequency of administration, the ideal
outcome to follow and the maximal time of exposure in responders, and potential persistent effects. An
interesting clustering analysis applied to the randomised trials testing mepolizumab identified body mass
index and airway reversibility as significant predictors of efficacy [98].

Interleukin-13
For a decade, IL-13 has been considered a major Th2 cytokine involved in many biological processes
relevant to asthma physiopathology and the abundance of data from mouse models is impressive [99–101].
IL-13 receptor is a complex assembly of both IL-4 and IL-13 receptor subunits, allowing for redundancy.
Blocking IL-13 signalling is achievable through direct cytokine binding and many monoclonal antibodies
(mAbs) have been developed following various clinical strategies [102–105]. Notably, periostin is a
downstream IL-13-induced protein that offers a chance to assess the IL-13 signature in the serum.
Lebrikizumab has been shown to selectively improve lung function in asthmatics with high levels of
circulating periostin [105]. Whether a combination therapy will be further developed and accepted by
regulatory agencies is an interesting possibility for the future of asthma. Other IL-13-blocking mAbs failed
to achieve significant clinical successes and their development was halted (table 3).

Dupilumab targets both IL-13 and IL-4 [106]: it binds to the α-subunit of the IL-4 receptor and through
this blockade, modulates signalling of both the IL-4 and IL-13 pathways. While the targeted population had
lower asthmaseverity than those involved in the studies testing the previously described mAbs (patients
with moderate asthma were included), this drug allowed a great asthma improvement while tapering the
ICS dose until weaning. This trial design may illustrate one possibility for the future treatment of asthma if
the cost remains acceptable: subcutaneous administrations of an “as free as possible from side-effects” drug
at “as spaced as possible” intervals, liberating people from the constraints of daily treatment.

Other Th2 initiatives
TSLP neutralisation has been proposed as a necessary step to establish definitively the pivotal role of this
cytokine in the impaired epithelial–inflammatory crosstalk that is supposed to resume the pathogenesis of
Th2-driven asthma. In a recent report, inhibition of the late asthmatic response by this molecule reached
45.9% at day 84 in mild allergic asthmatics [90]. Whether longer-term benefits will be confirmed in this
population and in more diverse populations is of great interest.

GATA3 is an important transcription factor for T-cell development. It is involved in Th2 cell activation
and signalling [107]. A very original approach opens the possibility of using new specific inhibitors of
RNA transcription, DNAzymes, which are short DNA sequences able to cleave specifically recognised
RNA molecules. They are very cheap and easy to administer. A German team has presented promising
results showing a great reduction in the late asthmatic response, especially in patients with high blood
eosinophil levels [84].

Other members of the Th2 family are potentially interesting to target. IL-33 and its receptor ST-2 are
receiving particular attention [108]. Whether a companion biomarker can be used to improve
identification of the best responders is critical to whether these targets will be used.
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TABLE 2 Anti-interleukin-5 treatment for patients with severe asthma

Administration Dose Patients Study design Subjects n Primary end-point Secondary end-point Safety Ref.

Reslizumab Intravenously once
every 4 weeks over

52 weeks

3 mg·kg−1 Hypereosinophilic
(induced sputum
eosinophils >3%),
high-dose ICS,

ACQ >1.5, no OCS use

Phase III,
double-blind RCT

106 Change in ACQ score
from baseline to week
15: reslizumab, 0.7;
placebo, 0.3 (p=0.054)

Number of
exacerbations: OR
0.33 (95% CI 0.10–
1.15; p=0.0833)

[91]

Mepolizumab Intravenously once
every 4 weeks over

12 weeks

250 or
750 mg

ICS <1000 μg per day
BDP equivalent

Double-blind RCT 362 Change from baseline
in morning PEF: no

significant differences

Rate of exacerbations:
no significant
differences

SAEs: No significant
differences with

placebo

[92]

Intravenously once
every 4 weeks over

52 weeks

750 mg Hypereosinophilic,
recurrent severe
exacerbations

Double-blind RCT,
2-week course of
prednisolone

61 Relative risk of severe
exacerbations during
50 weeks: 0.57 (95% CI

0.32–0.92; p=0.02)

Change in AQLQ:
mean difference

between groups +0.35
(95% CI 0.08–0.62;

p=0.02) in
mepolizumab versus

placebo group

[93]

Intravenously once
every 4 weeks over

52 weeks

75, 250 or
750 mg

Hypereosinophilic,
recurrent severe
exacerbations

Double-blind RCT 621 Reduction of severe
exacerbations during 52

weeks:
75 mg, 48% (95% CI
31–61%; p<0.0001);
250 mg, 39% (95% CI
19–54%; p=0.0005);
750 mg, 52% (95% CI
36–64%; p<0.0001)

Difference from
placebo in change in
ACQ from baseline:

75 mg, −0.16
(95% CI −0.39–0.07);

250 mg, −0.27
(95% CI −0.51–0·04);

750 mg, −0.20
(95% CI −0.43–0.03)

SAEs: no significant
differences with

placebo

[94]

Intravenously or
subcutaneously

once every 4 weeks
over 32 weeks

75 mg i.v.
or 100 mg

s.c.

Hypereosinophilic,
recurrent

exacerbations;
high-dose ICS for one

group

Double-blind,
double-dummy

RCT

576 Reduction of
exacerbations during
32 weeks: 75 mg i.v.,
47% (95% CI 29–61%;
p<0.001); 100 mg s.c.,
53% (95% CI 37–65%;

p<0.001)

Improvement from
baseline in SGRQ:
75 mg i.v., +6.4;
100 mg s.c., 7.0

(p<0.001)
Improvement from
baseline in ACQ-5:

75 mg i.v.,
0.42; 100 mg s.c., 0.44

(p<0.001)

SAEs: no significant
differences with

placebo

[95]

Subcutaneously
once every 4 weeks

over 24 weeks

100 mg Hypereosinophilic (>300
per mm3), OCS use

>6 months

Double-blind RCT;
phase of

optimisation of
OCS regimen

135 Reduction in daily OCS
dose: OR 2.39 (95% CI
1.25–4.56; p=0.008)

Proportion of patients
with >50% reduction
of OCS dose: OR 2.26
(95% CI 1.10–4.65;

p=0.03)

SAEs: no significant
differences with

placebo

[96]

Benralizumab Subcutaneously
once every 4 weeks
then every 8 weeks

over 52 weeks

2, 20 or
100 mg

Medium/high-dose ICS
use, 2–6 exacerbations
per year, stratification
by eosinophilic status

Phase IIb,
double-blind,
dose-ranging
study; placebo
controlled

324 eosinophilic
285

noneosinophilic

Annual exacerbation
rate in eosinophilic
individuals: 100 mg,
41% (95% CI 11–60%;
p=0.096; 95% CI 80%);

no significant
differences in 2- or

20-mg group

SAEs: no significant
differences; AEs:
significantly more

nasopharyngitis and
injection site
reactions

[97]

ICS: inhaled corticosteroids; ACQ: Asthma Control Questionnaire; OCS: oral corticosteroids; BDP: beclomethasone dipropionate; RCT: randomised controlled trial; PEF: peak expiratory
flow; AQLQ: Asthma Quality of Life Questionnaire; SGRQ: St George’s Respiratory Questionnaire; SAE: serious adverse event; AE: adverse event.
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TABLE 3 Anti-interleukin-13 treatment for patients with severe asthma

Drug Administration Dose Patients Study design Subjects n Primary end-point Secondary end-point Safety Ref.

Lebrikizumab Subcutaneously,
once-monthly over

6 months

250 mg Severe
asthma, ICS
dose between

200 and
1000 μg

fluticasone
propionate
equivalent

Phase III,
double-blind RCT;
placebo controlled,

dose ranging

219 Mean±SEM change in
FEV1 from baseline at

week 12:
lebrikizumab

+9.8±1.9% versus
placebo +4.3±1.5%
(p=0.02); relative
increase higher in
high-periostin

subgroup (14±3.1%
versus 5.8±2.1%)

No significant results
concerning rates of
exacerbations and

change in ACQ-5 from
baseline at week 12

SAEs: no significant
differences; more
musculoskeletal

events in
lebrikizumab group
(13.2% versus 5.4%,

p=0.045)

[105]

Tralokinumab Subcutaneously,
once every
2 weeks over
13 weeks

150, 300 or
600 mg

Moderate to
severe asthma

Phase II,
double-blind RCT;
placebo controlled

194 Mean±SD change in
ACQ-6 score from

baseline at week 13:
tralokinumab

−0.76±1.04, placebo
−0.61±0.90 (p=0.375)

Mean±SD change from
baseline in FEV1
tralokinumab 0.21

±0.38 L versus placebo
0.06±0.48 L (p=0.072)
Decrease in β2-agonist
use (puffs per day):
tralokinumab 0.68

±1.45 versus placebo
0.10±1.49 (p=0.020)

SAEs: no significant
differences with

placebo

[102]

Lebrikizumab Subcutaneously
once-monthly over

12 weeks

125, 250 or
500 mg

Stable asthma
with no ICS

use

Phase II,
double-blind RCT;
placebo-controlled

212 Median (range)
relative change in

FEV1 from baseline at
week 12: 125 mg,
+3.5 (−1.1–8.1)

(p=0.13); −250 mg,
+4.8% (−0.1–9.7)
(p=0.05); −500 mg,
2.3% (−2.6–7.3)

(p=0.35)

No significant relative
change in FEV1 in
high-periostin

subgroup
Time to treatment

failure: all groups, HR
0.21 (95% CI 0.09–0.47,
p<0.001) No significant
change in morning
PEF or rescue
medication use

SAEs: no significant
differences with

placebo

[103]

GSK67958 Intravenously
once-monthly over

12 weeks

10 mg·kg−1 Severe
asthma,

high-dose ICS

Phase III,
double-blind RCT;
placebo controlled

198 Adjusted least
squares mean change
in ACQ-7 score from
baseline at week 12
(values): GSK67958,
−0.31; placebo, −0.17

(p=0.058)

Adjusted least squares
mean change from
baseline in FEV1:
GSK67958 −0.01

versus placebo 0.03
(p=0.276); similar

results in patients with
increased serum IgE

levels or blood
eosinophil counts

SAEs: no significant
differences with

placebo

[104]

ICS: inhaled corticosteroids; RCT: randomised control trial; FEV1: forced expiratory volume in 1 s; ACQ: Asthma Control Questionnaire; HR: hazard ratio; PEF: peak expiratory flow; SAE:
serious adverse event.
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Non-Th2-dedicated drugs
Unfortunately, this endotype is far less well understood and very few attempts to treat it are ongoing. The
overlap of this endotype with the neutrophilic pattern is usually accepted. Endotype–phenotype translations
are not clear at all. Moreover, confusion with ICS and/or oral corticosteroid side-effects is frequently reported
and subsequently, targeting neutrophils may potentially be inadequate. CXCR2 neutralisation was nonetheless
shown to be safe and potentially relevant in patients with high neutrophil levels in their sputum [109].
CXCR2 is the main IL-8 receptor expressed by neutrophils, so its neutralisation makes them “deaf” to their
main activating signal not only at the site of inflammation but also at the bone marrow level.

Low-dose azithromycin regimens have been shown to reduce neutrophilic inflammation in the airways of
patients suffering from various chronic diseases, mainly cystic fibrosis (CF) and non-CF bronchiectasis [110].
In an investigator-led trial, it was shown to decrease the exacerbation rate in the neutrophilic subgroup of
asthmatic patients [111]. Prospective trials are ongoing.

Phenotype-based strategies
It seems that a certain level of disconnection exists between hypothesised phenotypes and therapeutic
trials. Very few biological drugs specifically target clinical characteristics of asthma. Of course, treatment of
asthma is not restricted to the development of new drugs and the interesting proposition of specific
management has been raised.

Atopic status
Atopy is probably the first phenotypic trait identified in order to personalise asthma treatment. Avoidance
and immunotherapy are the two cornerstones of its management [25, 38]. When asthma control remains
insufficient even with the help of antiasthma drugs, omalizumab can be used as a rescue add-on therapy.
Abundant evidence of its effectiveness is available [112–115]. New outlooks on anti-IgE blockade offer
perspectives on improving IgE binding efficacy, decreasing immunisation risks and, potentially,
understanding whether atopic status is mandatory [116]. The optimal frequency of administration,
duration of treatment (for example, before worsening seasons), etc., of quilizumab are worthwhile issues
for both current and future IgE-blocking mAbs [117].

Reversibility: IL-17
High reversibility (over 12% change in forced expiratory volume in 1 s (FEV1) after bronchodilator
inhalation) is uncommon and its clinical meaning is controversial. Blocking IL-17 initially appeared to be
relevant in neutrophilic asthma but further and more in-depth analysis of animal models revealed an
unexpected and direct bronchoconstriction effect [118]. Subgroup analysis of the phase II clinical trial of
brodalumab, a mAb directed against IL-17, showed efficacy in patients with a high level of airway
reversibility to short-acting β2-agonists [119]. A new trial was subsequently designed within this particular
phenotype of asthma but it was terminated early due to a lack of observed efficacy at the pre-specified
interim analysis; the decision was not related to safety concerns.

Cough/sputum
Chronic cough and mucus production are disabling symptoms frequently reported by patients. Even
though the dedicated tools to describe these symptoms remain poor, some authors have described this
phenotypic marker with dedicated targeted therapies for so-called cough-variant asthma [120–122]. Goblet
cell hyperplasia is now regarded as a consequence of the remodelling process, mainly through an
IL-13-dependent phenomenon [99], but this was not addressed in anti-IL13 trials. Muc5AC knockout mice
are more sensitive to viral infections [123], and other pneumoproteins released into the airway lumen also
offer interesting defensive activities against inhaled toxicants and microorganisms. Other known triggers
involved in goblet cell hyperplasia (NOTCH, SPDEF and others) may represent new therapeutic avenues,
but basic science studies are needed. Of note, GRAINGE et al. [124] completely challenged commonly
accepted paradigms. In short, they showed that goblet cell hyperplasia could be induced by a provocation
challenge with allergen but also with the nonspecific and noninflammatory methacholine, and could be
prevented by inhaled bronchodilators irrespective of the level of airway inflammation.

Chronic airway obstruction
Addressing chronic airflow obstruction in asthma is different than in COPD. The underlying remodelling
process is less well understood in asthma; moreover, evidence of it can be seen very early in life. Small
airway obstruction is a critical step in COPD progression (in terms of FEV1 decline) but is less clear in
asthma. Autopsy studies identified airway remodelling through mucus plugging of the small airways and
smooth muscle enlargement as major determinants of chronic airflow obstruction. Smooth muscle
hyperplasia is a potential determinant of thermoplasty benefits [52] and the area occupied by the smooth
muscle in the bronchial biopsy became an inclusion criterion in an ongoing clinical trial.
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Aspirin sensitivity
Interfering with the eicosanoid metabolism appears logical in patients reporting aspirin and other
nonsteroidal anti-inflammatory drugs as significant asthma triggers. Leukotriene receptor antagonists were
reported as good candidates for this [125, 126]. More recently, the benefit of aspirin tolerance induction
on overall asthma control was suggested [127] and dedicated trials are ongoing. Potentially, this phenotype
could become a better defined or broader entity.

Obesity
Overweight and obesity are serious conditions by themselves but they become challenging when combined
with asthma. The parallel epidemics of asthma and obesity suggest some related pathogenesis but, to date,
no common pharmaceutical strategy has emerged. Adipokines may be involved [128, 129]. Steroids are
often seen as culprits for weight gain even though this is not always clear. A vicious circle may arise
between uncontrolled asthma symptoms, increased steroid use and obesity. Small airway abnormalities
have been shown to play an important role in obese people with asthma [130] but the exact nature of the
problem is not well understood. Controversial studies have reported benefits from bariatric surgery on
asthma outcomes, notably on the level of bronchial hyperresponsiveness [131, 132]; however, bariatric
surgery is not always possible. Diagnostic consolidation, a real issue to address in this context, and
identification of common biological disturbances are important paths to follow.

Two causes for concern
Allergic bronchopulmonary aspergillosis
ABPA is an incompletely understood phenotype of asthma. Overlapping forms of this disease exist both
from the mildest and the most severe sides. It can occur alone or in other contexts such as CF. Depending
on the chosen definition, it may appear quite frequent or very rare. Two axes of development can be
expected. With regard to antimycotic therapy, nebulised formulations of liposomal amphotericin B can be
tried in order to reduce the risks of side-effects including medication interactions [133]. This is quite
promising in the field if the risk does not outweigh the benefits. Conversely, targeting IgE and/or
eosinophilia is potentially achievable through IgE neutralisation by mAbs [134] or dialysis, or IL-5
pathway blockade. The best time for intervention and a better understanding of how the very particular
mucus plugging of the proximal airways leads to irreversible bronchiectasis are unmet needs in ABPA.

Eosinophilic granulomatosis with polyangiitis
Since EGPA has been renamed and its boundaries better described, important efforts have been made to
identify coherent, evidence-based therapeutic advice for its treatment. Notably, anti-neutrophil cytoplasmic
antibody positivity has allowed for better diagnostic accuracy in many unclear clinical situations.
Rituximab was recently shown to be a serious alternative to azathioprine after cyclophosphamide pulses [135].
Omalizumab and mepolizumab were successfully tested as maintenance treatment allowing for tapering of
the daily oral steroid dose [136]. A large randomised controlled trial is ongoing in EGPA using monthly
subcutaneous administration of mepolizumab [137].

New schemes
Resolution
Severe asthma, whatever the phenotyping definition, is characterised by excessive chronic airway
inflammation. The most widely used class of anti-inflammatory and immunosuppressive drugs is the
glucocorticoids, which represent the first successful exploitation of an endogenous anti-inflammatory
mediator, cortisol.

In response to acute inflammation, a protective host response occurs in order to return to tissue homeostasis,
which is called resolution. Lipid mediators, including eicosanoids, prostaglandins and leukotrienes, stimulate
blood flow changes, oedema and neutrophil influx to tissues in order to resolve inflammation. Moreover,
novel compounds have been identified as active pro-resolving mediators such as lipoxins, protectins,
resolvins and maresins (collectively termed specialised pro-resolving mediators (SPMs)).

In severe asthma, which is characterised by asthma instability despite adequate treatment, the generation of
lipoxin A4 is reduced [138], leading to the hypothesis that the reduction in pro-resolving activity may be the
cause of asthma persistence. Recent findings have shown that the soluble epoxide hydrolase inhibitors would
be of interest because they lead to the activation of endogenous pro-resolving mediators such as lipoxin A4
and epoxyeicosatrienoic acids, while at the same time inhibiting pro-inflammatory pathways [139].

Protectin D1 has been documented in condensates of exhaled breath from healthy human subjects [140].
Protectin D1 is the dominant docosadexaenoic acid (DHA)-derived SPM biosynthesised in human
eosinophils. In addition, protectin D1 itself negatively regulates the function of eosinophils by inhibiting
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their chemotaxis and the expression of adhesion molecules. MIYATA et al. [141] described an impairment
of this negative feedback system mediated by protectin D1 in eosinophils of patients with severe asthma.

Resolvins D1 and E1, which are endogenously generated from the essential fatty acids DHA and
eicosapentaenoic acid, promote the resolution of allergic airway inflammation via shared and distinct
molecular counter-regulatory pathways. They inhibit aberrant neutrophil trafficking and activation, stimulate
efferocytosis of apoptotic neutrophils, and promote antiangiogenic, antifibrotic and anti-infective actions.

Analysis of lipid mediators in murine lungs by metabololipidomics identified increased levels of
DHA-derived maresin 1 (MaR1) during the resolution phase of self-limited allergic inflammation.
Exogenous MaR1 potently regulated ILC2s and lung inflammation, in part by de novo generation of
regulatory T-cells that inhibited ILC2s in a transforming growth factor-β-dependent manner during cell–
cell interactions [142]. For these last twp SPMs, no data are available in humans.

Are there potential new therapeutic pathways using these SPMs’ action? Benzo-lipoxin A4 is currently under
phase I/II study in the treatment of gingivitis. The synthetic resolvin analogue RX-10001 (resolvin E1) is
currently in phase II for dry eye syndrome, and RX-10045 is in phase I in asthma, inflammatory bowel disease,
rheumatoid arthritis and cardiovascular diseases (both Resolvyx Pharmaceuticals, Cambridge, MA, USA).

Interferon-β: only with symptoms
Another view of asthma management in the future would rely on identification of viral-triggered asthma
exacerbations. Rhinoviruses are by far the most common cause of exacerbation. A great deal of research
has hypothesised that this increased asthma susceptibility is related to an impaired interferon (IFN)
response to infection [143]. Supplementing this IFN defect is an appealing strategy as exacerbations are
considered the primary outcome of asthma. These observations required an original trial design where the
study began at symptom onset. Intranasal administration of IFN-β starting with symptom onset failed to
significantly decrease the severity of exacerbation except in severe asthma patients [144]. Treating asthma
“as needed” is another strategy that is currently followed, again with the potential advantage of
overcoming the constraints of adherence.

Insight from psychology
“When patients and caregivers are both in trouble, we can reasonably assume that it is the relationship
that is difficult” [145]. These words recently written on the subject of difficult-to-treat asthma are relevant
because in the age of the internet, a new relationship, possibly a difficult one, is emerging between patients
and their physicians. Consultations are sometimes complex and tense, with “expert” patients who are more
curious, more anxious, more sceptical, or who self-diagnose. But still, the content of this relationship is
clear: a dialogue, just as before, with face-to-face exchanges.

In the recent past, doctors interested in the adherence of their asthma patients placed microchips in
medical devices, without their knowledge or consent. Today, caregivers use new technologies to question
their patients remotely through an application aiming for early detection of exacerbations. What is
concerning here in the relationship could be the desire to control the health behaviour of another, but not
so concerning: again, the content and form of this relationship are almost clear to the doctor, the patient
and any healthcare provider.

By contrast, what about the use of social networks: patients who are “friends” with their doctor on Facebook
or who “follow” them on Twitter? This is an unclear relationship on which the French National Council of
the Medical Association clearly ruled in 2011 and warned practitioners against. But what if a virtual
closeness, like that in good practice between asthma centres and asthmatic patients, became effective via
Facebook? Might this be a way forward? Would asthma be better controlled? And who would control that?

Concluding remarks
Probably not all of the future treatments for asthma described in this article will enter clinical practice;
however, they reinforce the essential idea of personalised medicine. Indeed, the challenge is now for physicians
not to get lost in the large variety of clinical studies but to succeed in making the connection between one
particular patient and the appropriate evidence-based management. After that, great initiatives for improving
the natural history of the disease, from diagnosis to prevention, will probably lead to identifying disease
modifiers. This challenge requires better understanding in all areas ranging from biology to social sciences.
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