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Abstract
At present, there is no cure for asthma, and treatment typically involves therapies that prevent or reduce
asthma symptoms, without modifying the underlying disease. A “disease-modifying” treatment can be
classed as able to address the pathogenesis of a disease, preventing progression or leading to a long-term
reduction in symptoms. Such therapies have been investigated and approved in other indications, e.g.
rheumatoid arthritis and immunoglobulin E-mediated allergic disease. Asthma’s heterogeneous nature has
made the discovery of similar therapies in asthma more difficult, although novel therapies (e.g. biologics)
may have the potential to exhibit disease-modifying properties. To investigate the disease-modifying
potential of a treatment, study design considerations can be made, including: appropriate end-point
selection, length of trial, age of study population (key differences between adults/children in physiology,
pathology and drug metabolism) and comorbidities in the patient population. Potential future focus areas
for disease-modifying treatments in asthma include early assessments (e.g. to detect patterns of
remodelling) and interventions for patients genetically susceptible to asthma, interventions to prevent
virally induced asthma and therapies to promote a healthy microbiome. This review explores the
pathophysiology of asthma, the disease-modifying potential of current asthma therapies and the direction
future research may take to achieve full disease remission or prevention.

Introduction
Asthma is a chronic inflammatory respiratory condition, affecting over 350 million people worldwide [1].
Although most asthma deaths are preventable, nearly 400000 people died from asthma in 2015 [1]. At
present, there is no cure and current treatments are typically classified as “controllers” (e.g. inhaled
corticosteroids (ICS)) or “relievers” (e.g. short-acting beta-agonists), meaning they prevent or reduce
asthma symptoms without modifying the underlying disease [2].

To go further than the prevention/reduction of asthma symptoms and potentially achieve asthma remission,
a disruption of the critical pathobiological mechanisms of the disease (and the timing of such) is likely to
be important [2]. Although there is a lack of consensus on the definition of a disease-modifying therapy,
the goal is to prevent disease progression or achieve remission [3]. When considering whether disease
modification has been achieved, it is important to distinguish temporary therapeutic benefits from those
that affect the course of the disease over time [4]. It is also important to consider whether the therapy
under investigation could be prescribed in addition to existing treatments or could replace them, thus
reducing the patient’s medication burden. This is particularly important for exacerbation-prone patients
with more severe disease, who are likely to be on a greater number of controller therapies [5].

Although there are currently no approved disease-modifying therapies for asthma, disease remissions have
been successful with the treatment of other diseases [6]. For example, disease-modifying anti-rheumatic
drugs (DMARDs) are immunosuppressive and immunomodulatory agents, falling under the classifications
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of either biologic or conventional DMARDs [7]. Conventional synthetic DMARDs (e.g. methotrexate) and
biologic DMARDs (e.g. adalimumab) act on the immune system to slow the progression of rheumatoid
arthritis (RA) [8, 9]. Through the use of DMARDs, some RA patients stay symptom-free even after
treatment has stopped [10].

Another disease-modifying therapy is allergen immunotherapy (AIT), including oral immunotherapy
(OIT), as a treatment for immunoglobulin E (IgE)-mediated allergic disease [11, 12]. The therapy involves
treatment with increasing doses of a sensitising allergen, which has the capacity to reduce responsiveness
to the allergen [12]. When this effect persists, it is considered as tolerance. AIT has been implemented for
the treatment of allergic rhinitis (AR), allergic asthma, allergic rhinoconjunctivitis and stinging insect
venom allergy [11]. This method is thought to be disease modifying, as effects last beyond treatment
cessation [11]. Furthermore, patients with AR have a higher chance of developing asthma than those
without, meaning that successfully treating AR with AIT may reduce the risk of developing asthma [11, 13].
In patients with food allergy, OIT has emerged as a novel disease-modifying treatment option [12]. However,
despite appearing to be a promising modality for food allergy treatment, it is unknown at this stage whether
OIT is likely to induce permanent allergen tolerance [12].

Novel therapies for asthma, such as biologics, may have the potential to promote disease modification.
This narrative review will explore the pathophysiology of asthma, summarise the current literature on the
disease-modifying potential of current asthma therapies and describe the direction we feel future research
may take to achieve full disease remission or prevention.

Asthma pathophysiology
The pathophysiology of asthma involves a complex interplay between airway inflammation and airway
remodelling, which typically results in airway hyperresponsiveness (AHR), defined as variable and
excessive airway narrowing [14]. Asthma progression is indicated by an accelerated loss of lung function
over time [15, 16], and is partially driven by exacerbations [17]. Patients with asthma can be broadly split
into two phenotypes, based on their levels of type 2 inflammation: type 2 (T2) and non-T2 asthma [18]
(figure 1 [19–22]). T2 asthma is driven by T2 inflammation, typically characterised by high levels of
eosinophils, fractional exhaled nitric oxide (FENO), total serum IgE, and T2 inflammatory cytokines such
as interleukin (IL)-4, IL-5 and IL-13. More recently, the role of the innate immune system via innate
lymphoid cells type 2 (ILC2) has been recognised. In the absence of T2-mediated allergy, eosinophilic

Driven by T2 inflammation

Not driven by T2 inflammation

Pathways involve:

• Increased ASM mass and

   fibrosis

• Mucus hypersecretion

• Thickening of the basement

   membrane

• Loss of epithelial integrity

Prolonged bronchoconstriction

Airway remodelling

Characterised by high

levels of neutrophils

Not responsive to ICS

T2 asthma Non-T2 asthma

Responsive to ICS

Characterised by high

levels of eosinophils

Allergic comorbidities

are common

FIGURE 1 Similarities and differences in type 2 (T2) and non-T2 asthma [19–22]. ASM: airway smooth muscle;
ICS: inhaled corticosteroid; T2: type 2.
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inflammation is thought to be a result of increased ILC2, which produce T2-associated cytokines upon
stimulation with epithelial-derived cytokines (including high amounts of IL-5, which is important for
eosinophil maturation and migration) [23, 24]. Elevated eosinophils are associated with more severe
asthma, including increased exacerbation rates, AHR and airway obstruction; eosinophil count can also be
an overall predictor of severe exacerbations [22, 25, 26]. Compared with T2 asthma, the pathophysiology
of non-T2 asthma is less well understood; however, it has been linked to the activation of T-helper (Th)1
and/or Th17 cells and an imbalance of Th17/T-regulatory cells [22, 27] triggered by infections and/or
inhaled pollutants [28]. It is thought that up to 50% of adults with asthma may present with non-T2 asthma
[29]. However, there is evidence that high-dose ICS and oral corticosteroids may downregulate T2
biomarkers, making it difficult to determine the true prevalence of non-T2 disease [30, 31].

Both T2 and non-T2 asthma can result in airway remodelling (figure 1), with the extent of remodelling
usually increasing over time and with disease severity [20, 21]. Elevated eosinophils contribute greatly to
airway remodelling and AHR by causing persistent inflammation and damage to the airways [20].
Cytokines IL-4, IL-5 and IL-13, produced by activated Th2 and ILC2 cells, contribute by promoting
eosinophil recruitment, leading to AHR and airway remodelling [14]. IgE is also involved in the
pathogenesis of airway remodelling and plays a central role in the causality of asthma-related symptoms
[32]. Allergic asthma often has an early onset of symptoms [33], and more than 50% of children and
adolescents with asthma are sensitised to common allergens [34–36].

Defining disease modification
To investigate the potential disease-modifying properties of an asthma therapy, it is key to understand the
definitions of disease modification and/or remission in the context of asthma. A disease-modifying
treatment can be described as one that treats the pathogenic mechanisms of disease to prevent disease
progression, or a sustained reduction in symptoms and disease activity beyond the temporary effects of
other interventions. It is important for such declines in clinical signs/symptoms to be accompanied by
significant effects on validated biomarkers and measures that reflect key pathophysiological aspects of the
underlying disease pathophysiology [4]. As disease severity may naturally vary over a patient’s lifetime
(e.g. children with asthma may outgrow their symptoms) [3], it is important that patient history and
predisposition to disease be considered by clinicians.

In a recent Delphi study, disease remission was defined in the context of asthma: participants stated that
any definition of asthma remission should address current symptom burden, recent exacerbation incidence,
future exacerbation risk, absence of ongoing airway inflammation and the prevention of accelerated lung
function decline and airway remodelling [3]. The study outcome was a framework comprising definitions
for clinical remission and complete remission either on- or off-treatment (figure 2; further information on
definitions of remission can be found in MENZIES-GOW et al. [3]).

Asthma therapies: evidence of disease modification
ICS
The evidence of ICS effect on disease modification is varied. Evidence to date from large clinical trials
does not support a strong disease-modifying effect of ICS in preventing the development of persistent
asthma in children [37–40]. In adults with asthma, ICS has been demonstrated to decrease airway wall area
and thickness [41–43], and vascular area [42, 44] in small-scale studies; however, data reported are
variable and controversial, especially when considering the technical aspects of the measures used [45].
Data on rates of remission whilst on ICS are very sparse. Although controller medications such as ICS are
often effective at producing disease control whilst on treatment, thus meeting some definitions for disease
remission, many patients remain uncontrolled despite high-dose or long-term treatment [46, 47], particularly
those with severe disease. One 12-year study found that despite cumulative increases in ICS over time,
cases of remission in patients with adult-onset asthma were very low [47], suggesting that ICS may not be
sufficient to manage adult-onset disease or produce a disease-modifying effect in this patient group.

Bronchial thermoplasty
Bronchial thermoplasty is a device-based therapy comprising the controlled delivery of thermal energy to
the airways to target excess airway smooth muscle (ASM) and possibly affect its function [48]. Though it
has been shown to reduce ASM mass and reticular basement membrane thickness in patients with severe
asthma [48, 49], suggesting it may have an effect on airway remodelling, it is an invasive procedure and
has been used in a limited number of patients, making it unlikely to replace long-term ICS. However, it
has provided prolonged disease control in some patients with severe asthma [50]. Its mechanisms of action
remain unknown, the phenotype of asthma most responsive has not been defined, and the positioning of
bronchial thermoplasty use has not been fully established [22, 51, 52].
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Biologics
Biologic therapies target the inflammatory modulators identified as components in the pathways involved
in asthma pathogenesis, predominantly in patients with T2 inflammation [53]. Some approved biologics
have been shown to have the potential for disease modification (table 1 and figure 3 [54]).

Anti-IgE
IgE is an important mediator of allergic reactions, including allergic asthma. Omalizumab is an anti-IgE
monoclonal antibody (mAb) approved for patients aged ⩾6 years with severe allergic asthma with elevated
IgE [55]. Omalizumab binds to and reduces free IgE, which is associated with a reduction in high-affinity
IgE receptor expression in basophils, mast cells and dendritic cells [56, 57], in turn leading to decreased
markers of inflammation associated with airway remodelling (e.g. IL-4, IL-5 and IL-13) [57]. As IgE
receptors are also expressed on ASM cells [28], it is conceivable that anti-IgE therapies may have
disease-modifying potential.

Some studies have demonstrated a reduction in exacerbations with omalizumab [58, 59], and limited
studies have also shown an improvement in lung function [60, 61]. Evidence suggests that omalizumab
remains effective after discontinuation (table 1) [62, 63], implying disease-modifying potential.
Omalizumab has also been demonstrated to reduce airway wall thickness [64, 65], as well as to decrease
the levels of proteins related to airway remodelling [65]. A recent study showed that in patients with
aspirin-exacerbated respiratory disease, omalizumab led to a rapid reduction in median urinary leukotriene
E4 and suppression of leukotrienes and other inflammatory mediators, likely due to the disarming of mast
cells [66]. These findings indicate that a modified response to aspirin may have been achieved. Combined,
these results suggest that omalizumab may have disease-modifying properties; however, larger studies with
longer follow-up periods are required to fully investigate whether disease-modifying effects would be
maintained. An ongoing phase II study (PARK; NCT02570984, estimated completion November 2025) is
investigating whether 2 years of omalizumab treatment could prevent the development of childhood asthma
when administered to ∼250 high-risk children aged 2–3 years [67]. Primary outcomes are active asthma
diagnosis and asthma severity, assessed in the final 12 months during a 2-year observation period off the
study drug.

•  Sustained absence of significant asthma symptoms   

 based on validated instrument, and

•  Optimisation and stabilisation of lung function, and

•  Patient and HCP agreement regarding disease   

 remission, and

• No use of systemic corticosteroid therapy for 
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FIGURE 2 Generalised framework for remission in asthma criteria for clinical and complete remission, on and
off treatment, were identified by consensus among clinical experts. HCP: healthcare provider. Blood eosinophil
counts and fractional exhaled nitric oxide (FENO) are less relevant for non-type 2 asthma. Reproduced from [3]
with permission.

https://doi.org/10.1183/16000617.0183-2021 4

EUROPEAN RESPIRATORY REVIEW ASTHMA | W.W. BUSSE ET AL.



TABLE 1 Treatments with published evidence to suggest disease-modifying potential in asthma

Drug name Drug class Therapeutic target Key evidence to suggest disease-modifying potential

Fluticasone
propionate

ICS NA WARD et al. [41]
52-week randomised placebo-controlled trial in adults with asthma (n=35).
750 µg twice daily decreased reticular basement membrane thickness.

CHETTA et al. [42]
6-week randomised parallel-group trial in adults with mild-to-moderate
asthma (n=30).
500 µg twice daily decreased reticular basement membrane thickness, number of
vessels and vascular area.

HOSHINO et al. [43]
16-week study in adults with steroid-naïve asthma and healthy controls (n=62).
800 µg·day–1 decreased airway wall area and thickness, as well as percentage of
eosinophils and serum periostin.

Beclomethasone
dipropionate

ICS NA HOSHINO et al. [44]
6-month randomised placebo-controlled trial in adults with asthma (n=28).
800 µg·day–1 decreased vascular area and number of vessels.

Omalizumab Biologic Anti-IgE NOPP et al. [62]
3-year withdrawal follow-up study of omalizumab in adults with severe allergic
asthma (n=18).
67% patients reported improved or unchanged asthma 3 years after
discontinuation of omalizumab.

MOLIMARD et al. [63]
Observational retrospective study in children and adults with severe allergic
asthma (n=61).
44% reported no loss of asthma control after discontinuation of omalizumab
(median follow-up: 9.3 months).

HOSHINO and OHTAWA [64]
16-week study in adults with severe allergic asthma (n=30).
Add-on omalizumab treatment significantly reduced airway wall thickness versus
conventional therapy.

RICCIO et al. [65]
3-year study in patients with severe allergic asthma (n=8).
Omalizumab responders had a reduction in reticular basement membrane
thickness and decreased levels of proteins specifically related to
airway remodelling.

HAYASHI et al. [66]
Randomised, crossover, placebo-controlled, single-centre study in adults with
aspirin-exacerbated respiratory disease (n=16).
Omalizumab led to a rapid reduction in median urinary LTE4 and suppression of
leukotrienes and other inflammatory mediators. Likely due to disarming of mast
cells and potentially indicative of a modified response to aspirin.

Dupilumab Biologic Anti-IL-4R CASTRO et al. [70]
Phase III Liberty Asthma QUEST study in patients ⩾12 years with uncontrolled
asthma (n=1902).
Dupilumab reduced serum IgE levels.

CORREN et al. [71]
Post hoc analysis of patients from Liberty Asthma QUEST study classified by
allergic status (allergic n=1083, non-allergic n=819).
Dupilumab reduced serum IgE levels irrespective of allergic status.

WECHSLER et al. [73]
Open-label, 96-week extension study in patients ⩾12 years with
moderate-to-severe or OCS-dependent severe asthma from previous phase II or
III dupilumab trials (n=2282).
By week 96, dupilumab reduced IgE levels by a median of 82% from parent study.

Mepolizumab Biologic Anti-IL-5 FLOOD-PAGE et al. [78]
Study based on bronchial biopsies from adults with mild allergic asthma (n=24).
After 8 weeks of treatment, mepolizumab administered intravenously reduced
airway mucosal eosinophils, and reduced expression of markers of airway
remodelling (ECM proteins tenascin, lumican and procollagen 3) compared
with placebo.

Continued
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Anti-IL-4R
IL-4 and IL-13 play a key role in the pathophysiology of T2 asthma. Dupilumab is an mAb against the
IL-4 receptor alpha (IL-4Rα) subunit of IL-4 and IL-4/IL-13 receptor complexes. It is approved as an
add-on maintenance therapy for patients ⩾12 years with severe eosinophilic asthma [68]. Produced by
activated T2 cells and promoting eosinophilia, IL-4 and IL-13 are major contributors to AHR and airway
remodelling [14]. IL-13 facilitates ASM contraction and proliferation, goblet cell hyperplasia, AHR,
increased extracellular matrix (ECM) secretion by fibroblasts and subepithelial basal membrane thickening;
all of which are features of airway remodelling [69].

In phase II and III studies, dupilumab reduced serum IgE levels [70, 71], reduced severe exacerbation rates
and improved lung function (table 1) [70–72]. An open-label extension study found that by week 96,
dupilumab reduced IgE levels by a median of 82% from the parent study baseline [73]. As previously
discussed, anti-IgE properties may be indicative of disease modification potential [74].

TABLE 1 Continued

Drug name Drug class Therapeutic target Key evidence to suggest disease-modifying potential

Benralizumab Biologic Anti-IL-5 CHACHI et al. [83]
Computational model based on bronchial biopsies from adults with eosinophilic
asthma (n=25).
Benralizumab significantly reduced ASM mass and number of eosinophils
versus placebo.

Tezepelumab Biologic Anti-TSLP SRIDHAR et al. [89]
Phase IIb PATHWAY trial in adults with uncontrolled asthma (n=550) [156].
Tezepelumab decreased serum levels of matrix remodelling proteins (MMP-10,
periostin), and blood eosinophil and FENO levels over 52 weeks.

SVERRILD et al. [90]
Phase II UPSTREAM trial in adults with asthma and AHR to mannitol (n=40).
Proportion of patients without AHR to mannitol after 12 weeks was significantly
greater in patients receiving tezepelumab (p=0.04).
12 weeks of tezepelumab did not significantly reduce AHR to mannitol versus
placebo (p=0.06).

Montelukast Small-molecule
drug

CysLT antagonist DEBELLEIX et al. [99]
Pre-clinical study in immature and adult mouse models of AHR.
Montelukast decreased ASM mass in young developing mice, indicating the
potential to reverse (or even prevent) airway remodelling.

Fevipiprant Small-molecule
drug

PGD2 receptor 2
antagonist

GONEM et al. [101]
Single-centre, randomised, placebo-controlled phase II trial in adults with
moderate-to-severe asthma (n=61).
After 12 weeks, fevipiprant significantly increased the proportion of intact
epithelium and decreased functional residual capacity and expiratory CT
lung volume.

SAUNDERS et al. [103]
Computational model to capture airway remodelling based on bronchial biopsies
from a phase II trial in adults with moderate-to-severe asthma [101].
12 weeks of fevipiprant significantly decreased ASM mass versus placebo by
decreasing airway eosinophilia and recruitment of myofibroblasts and fibrocytes
to the ASM bundle.

Roflumilast# Small-molecule
drug

PDE4 inhibitor KIM et al. [105]
Pre-clinical study in a murine model of chronic asthma.
Roflumilast significantly decreased parameters of airway remodelling (goblet cell
hyperplasia and pulmonary fibrosis).

Dasatinib# Small-molecule
drug

TKI DA SILVA et al. [107]
Pre-clinical study in a murine model of allergic asthma.
Dasatinib attenuated alveolar collapse and contraction index and reduced
inflammatory cell influx to the airway, indicating that dasatinib could therefore
be used to reduce the remodelling process.

AHR: airway hyperresponsiveness; ASM: airway smooth muscle; COPD: chronic obstructive pulmonary disease; CT: computed tomography;
CysLT: cysteinyl leukotriene; ECM: extracellular matrix; FENO: fractional exhaled nitric oxide; ICS: inhaled corticosteroid; IgE: immunoglobulin
E; IL: interleukin; IL-4R: IL-4 receptor; LTE4: leukotriene E4; MMP: matrix metalloproteinase; NA: not applicable; OCS: oral corticosteroid;
PDE4: phosphodiesterase-4 inhibitor; PGD2: prostaglandin D2; TKI: tyrosine kinase inhibitor; TSLP: thymic stromal lymphopoietin. #: non-asthma
indication.
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The ongoing VESTIGE study (NCT04400318; estimated completion October 2022) may provide an
indication of whether dupilumab has further disease-modifying properties [75]. The primary end-point of
this study was the effect of dupilumab on lung function and related changes in airway volumes, detectable
by functional respiratory imaging. Secondary end-points include changes in airway wall thickness, airway
resistance and bronchodynamics.

Anti-IL-5/IL-5 receptor
Mepolizumab is an anti-IL-5 approved as add-on maintenance therapy in patients aged ⩾6 years with
severe eosinophilic asthma [76, 77]. Several studies have investigated the disease-modifying potential of
mepolizumab. One study found that mepolizumab treatment of patients with severe asthma led to a
reduction in airway mucosal eosinophils and expression of markers of airway remodelling (table 1) [78].
However, following the discontinuation of mepolizumab in the COMET study, patients had a reduced time
to first exacerbation, increased frequency of exacerbations, and increased blood eosinophils versus those
who continued mepolizumab, implying mepolizumab had not modified the underlying disease [79]. An
ongoing study (REMOMEPO; NCT03797404, estimated completion October 2022) is investigating the
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relationship between clinical responses to mepolizumab and airway remodelling changes after 6 and
12 months of treatment: primary outcomes are reticular membrane thickening and ASM area [80].

Benralizumab is an anti-IL-5 receptor treatment that initiates antibody-dependent cell-mediated
cytotoxicity, leading to the depletion of eosinophils [81]. Benralizumab is approved as add-on maintenance
treatment for patients ⩾12 years with severe eosinophilic asthma [82]. Using bronchial biopsies and a
computational model to simulate airway remodelling seen in severe asthma, results indicated that
benralizumab significantly reduced ASM mass (table 1) [83]. An ongoing phase IV study (CHINOOK;
NCT03953300, estimated completion September 2023) is investigating the airway remodelling effects of
benralizumab in adult patients with severe eosinophilic asthma [84]. Primary outcome measures comprise
change in eosinophil numbers in endobronchial biopsies and change in airway wall area by quantitative
computed tomography (CT) imaging.

While benralizumab, mepolizumab and omalizumab have publications reporting their effect on lung
architecture (e.g. airway wall thickness, ASM proliferation) or effects beyond cessation, there are currently
no such reports for reslizumab.

Anti-thymic stromal lymphopoietin (TSLP)
TSLP is a key regulator of asthma pathogenesis. TSLP is an alarmin expressed in the airway epithelium
and is released in response to asthma triggers, resulting in a proinflammatory cascade, where TSLP primes
dendritic cells to activate T- and B-cells [85].

The treatment of non-T2 inflammation remains a major unmet need in asthma [27], and drugs targeting the
non-T2 pathway (anti-IL-17 and anti-tumour necrosis factor α) have so far been unsuccessful [86].
Anti-TSLP treatments bind to TSLP, preventing the activation of both T2 and non-T2 inflammatory
cascades. They act further upstream than other currently approved biologics and could therefore be
effective for a broader range of asthma phenotypes. Tezepelumab is an anti-TSLP mAb in development for
patients with both eosinophilic and non-eosinophilic severe asthma [87]. The phase III NAVIGATOR trial
recently met its primary end-point (reduction in annualised asthma exacerbation rate) [88]. In the phase II
PATHWAY trial, tezepelumab decreased markers of inflammation and matrix remodelling (table 1) [89],
implying disease-modifying potential. A recent phase II trial (UPSTREAM) found that tezepelumab
reduced the proportion of patients with AHR [90]. Another anti-TSLP, CSJ117, is being investigated in
patients with asthma. In a 12-week phase I trial, CSJ117 reduced allergen-induced bronchoconstriction
in patients with mild asthma [91]. A phase II trial is in progress (NCT04410523) [92].

Limitations of biologics in disease modification
It is important to note that although some biologics demonstrate disease-modifying potential, there are
limitations to their use. Currently, biologics are only available to patients with severe, uncontrolled asthma
[22], which is a small percentage of patients with the disease [93]. Additionally, not all patients will
respond to these therapies [94], and data on biologics in children and adolescents are limited. In terms of
lung function, results with biologics have been varied [70–72, 88, 95], with limited studies to assess their
impact on AHR, which may be an intrinsic feature of asthma linked to airway remodelling [20]. As such,
further studies are required to assess the disease-modifying potential of biologics.

The high direct cost of biologics currently limits their use to patients who do not respond to ICS/
long-acting β-agonists [22]; however, if strong evidence for disease modification (and associated long-term
clinical benefits) were demonstrated, it is conceivable that payors may view the high cost of biologics as
more acceptable.

Small-molecule drugs
Montelukast is a cysteinyl leukotriene (CysLT) receptor antagonist, approved for the long-term treatment of
asthma in adults and children aged ⩾12 months [96]. CysLTs are released from mucosal mast cells in
response to the T2 proinflammatory cascade, contributing to ASM contraction, mucus secretion and airway
remodelling (figure 1) [97, 98]. In terms of the disease-modifying potential of montelukast, evidence is
mixed. In an allergic asthma murine model, montelukast decreased ASM mass in young developing mice,
indicating the potential to reverse (or even prevent) airway remodelling (table 1) [99]; however, in a study
in patients with persistent asthma, no significant changes in airway wall area or thickness were found [100].

Another small-molecule drug with potential disease-modifying potential is fevipiprant, an oral
prostaglandin D2 (PGD2) receptor 2 antagonist previously investigated for the treatment of severe asthma.
PGD2 plays a role in mediating eosinophilic inflammation in asthma by stimulating Th2 cells to produce

https://doi.org/10.1183/16000617.0183-2021 8

EUROPEAN RESPIRATORY REVIEW ASTHMA | W.W. BUSSE ET AL.



IL-4, IL-5 and IL-13 (figure 1) [101]. In a phase III study in patients with moderate asthma, the primary
end-point (reduction in annualised rate of exacerbations) was not achieved [102]. However, based on
bronchial biopsy data from a phase IIa trial, fevipiprant significantly improved the proportion of intact
epithelium and reduced ASM mass after 12 weeks versus placebo, independently of eosinophilic
inflammation (table 1) [101, 103]. Furthermore, fevipiprant significantly decreased functional residual
capacity and expiratory CT lung volume [101]. A computational model, designed to represent an average
patient with asthma and airway remodelling, predicted that a reduction in airway eosinophilia alone was
insufficient to explain the clinically observed decrease in ASM mass by fevipiprant; a concomitant
reduction in the recruitment of ASM cells (or their precursors) to ASM bundles that comprise the ASM
layer must also occur [103]. After treatment completion, all efficacy parameters returned to baseline levels,
suggesting that 12 weeks of fevipiprant may not be sufficient to provide a sustained benefit on airway
structure [101].

Treatments approved for non-asthma indications
Several therapies indicated for other diseases are now being explored for disease modification properties in
asthma (table 1). One example is roflumilast, a phosphodiesterase-4 inhibitor, approved for chronic
obstructive pulmonary disease (COPD) [104]. In a murine model of chronic asthma, roflumilast
significantly decreased the parameters of airway remodelling [105]. Another example, dasatinib, is a
tyrosine kinase inhibitor approved for chronic myeloid leukaemia and acute lymphoblastic leukaemia
[106]. In a murine model of asthma, dasatinib attenuated alveolar collapse and contraction index and
reduced inflammatory cell influx to the airway, indicating that dasatinib could be used to reduce the
remodelling process [107].

Anticalins are small proteins based on human lipocalins, which can be genetically engineered to selectively
bind ligand sites, similar to antibodies [108]. The anticalin AZD1402 targets the IL-4Rα subunit by a
similar mechanism to dupilumab [109]. Results from preclinical studies showed that AZD1402 led to
effective in vivo inhibition of eotaxin-3, an eosinophil-specific chemoattractant [109, 110]. AZD1402 is
now progressing into clinical trials [111].

Disease modification study considerations
When designing a trial to investigate disease modification, or interpreting data to evaluate disease
modification, several practical aspects should be considered (figure 4).

End-points
There are many end-points that may be used to assess the disease-modifying effects of asthma therapies. A
disease-modifying therapy may have effects on lung structure; therefore, bronchial biopsies, CT and
high-resolution CT could be used to assess airway structure, such as airway wall thickness [112, 113].
Biomarkers specific to airway remodelling have been identified and may be utilised as measures of disease
modification. Galectin-3 is an IgE-binding protein found to be a reliable biomarker of airway remodelling
modulation via reticular basement membrane thickening in severe asthma [114]. In addition, high levels of
fibroblast growth factor 2 in sputum have been found to correlate with asthma severity and pulmonary
function [115]. Tissue inhibitor of metalloproteinases (TIMP) and matrix metalloproteinase (MMPs) are
enzymes involved in ECM composition; the expression of MMP-2 and TIMP-1 in ASM have been
correlated with asthma and thus implicated in the airway remodelling process [116, 117]. However, there is
a need for additional biomarkers to assess disease-modifying effects in asthma.

Disease progression in asthma is indicated by an exaggerated loss of lung function over time [15];
therefore, it is valuable to investigate disease measures. Lung function (e.g. forced expiratory volume in
one second (FEV1) and peak expiratory flow) and exacerbations are the major outcomes used to assess
whether progression can be prevented/resolved [16]. Quality of life and asthma control could also be
utilised; however, current symptom tests are not fully comprehensive. Corticosteroid use and scheduled and
unscheduled healthcare utilisation can also be investigated, as a high medication burden has been
associated with exacerbation-prone patients, who are likely to be using a greater number of controller
therapies versus those with no or few exacerbations [5].

As asthma is a chronic inflammatory disorder, it may also be valuable to measure markers of airway
inflammation, such as sputum and blood eosinophils, FENO and IgE (total and antigen-specific) in order to
investigate whether they can detect changes earlier than airway remodelling measures. This may be
particularly useful when studying patients with T2 asthma (who typically have elevated eosinophils, FENO

and IgE) and are frequently used as a primary target for currently available biologic treatments [27].
However, other upstream mediators of airway epithelial cells could also be targeted; for example, IL-33
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has recently been implicated in shaping the immune system of the lungs early in life, at a time which is
crucial in the subsequent development of allergic asthma [118]. In cases of non-T2 inflammation, potential
biomarkers include sputum neutrophil and IL-17 levels [119], which could be used to investigate the
disease-modifying properties of therapies in non-T2 asthma endotypes.

Length of trial
Although a disease-modifying effect of a treatment could be investigated via incorporation into existing
studies as a secondary or exploratory end-point, dedicated studies may also be required. When pre-defining
the length of a trial to investigate the disease-modifying efficacy of a treatment, a short-term study will not
provide sufficient data; long-term trials of at least a year are needed to elucidate any structural changes or
effects on disease progression [120]. Furthermore, follow-up periods after drug cessation are also necessary
to determine whether any disease-modifying effects are sustained [120].

Paediatric trials
When designing a trial to investigate asthma treatments in a paediatric population, it is key to note that
there are a number of key age-related differences in physiology, pathology and drug metabolism (as well as
in social and emotional factors) between adults and children [120]. Adults with early-onset asthma tend to
have a greater loss of lung function than those with adult-onset asthma [33]. Some children will also
outgrow their asthma (as we define the disease) spontaneously, although lung function impairment and
respiratory symptoms (e.g. cough or phlegm) may still be present years later [121, 122]. Disease
progression may be less advanced in children than in adults; therefore, it is likely that for successful
disease modification, early intervention could be necessary to achieve optimal results. This has been shown
from the use of DMARDs to treat RA; early therapeutic intervention significantly reduces the risk of RA
onset [123]. It is also necessary to assess the most effective intervention depending on the stage of asthma
development. For example, patients with adult-onset disease tend to respond better to anti-IL-5 or anti-IL-5
receptor biologics [124, 125] and those with early-onset asthma respond better to anti-IgE treatments [22]
(where IgE-mediated events are likely to be contributors), though no direct comparator studies for these
biologics have been performed.

Disease modification study considerations

✓ Choose appropriate end-points 

Such as:

 • Improvements in measures of disease and symptoms (e.g.  

    FEV1, PEF, exacerbations, asthma control, quality of life)

 • Reduction in biomarkers specific to airway inflammation  

   (e.g. sputum/blood eosinophils, FENO, lgE)

 • Change in structural airway abnormalities

   (e.g. airway wall thickness, ASM area)

 • Reduction in biomarkers involved in remodelling

   (e.g. galectin-3, FGF2)

✓ Choose an appropriate trial length 

 • Consider trials of ≥1 year

 • Consider follow-up studies following drug cessation

✓ Be aware of special considerations for paediatric trials 

Such as: 

 • Select noninvasive end-points

 • Take into account age-related differences in physiology,  

    pathology and drug metabolism

✓ Consider including patients with comorbidities in trials

FIGURE 4 Disease modification study considerations. ASM: airway smooth muscle; FGF2: fibroblast growth
factor 2; FENO: fractional exhaled nitric oxide; FEV1: forced expiratory volume in 1 s; IgE: immunoglobulin E;
PEF: peak expiratory flow.
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Treatment and outcome measures need to be appropriate to the age of the child [120]. In paediatric
patients, in whom lung development is ongoing but key, tests that may help to inform diagnosis and
management, as well as predict treatment response, are of particular interest. At present, there are a limited
number of biomarkers available for paediatric patients (including blood and sputum eosinophils, serum IgE
and FENO) and the current gold standard tests for airway inflammation and remodelling (e.g. bronchial
biopsies) are invasive and therefore rarely utilised in this population [25]. Therefore, less invasive methods
of measuring eosinophilia must be used, making the potential use of lung function outcomes such as FEV1

as an end-point even more attractive [126]. In addition, the majority of paediatric patients have lung
function that is close to normal between symptomatic episodes and, therefore, study design (and patient
recruitment) may rely on the documentation of episodes via methods such as questionnaires/diaries
completed by caregivers [120]. In some patients for whom spirometry is not feasible (particularly children
<5 years, but at times in older children/adults), other physiological lung function may be considered. One
example is impulse oscillometry, which is a noninvasive forced oscillation method feasible in children as
young as 2–3 years that provides information on airway resistance and reactance in both larger and smaller
airways [122]. As asthma is often developed in early childhood, trials such as the ongoing omalizumab
PARK trial in children 2–3 years of age may be able to determine the disease-modifying effects of
omalizumab [67].

Comorbidities
Comorbidities in patients with asthma are common. In a meta-analysis, patients with asthma had a
significantly higher number of comorbidities versus healthy participants; incidences of almost all types of
respiratory, cardiovascular, cerebrovascular, metabolic, gastrointestinal, urinary, neurological and
psychiatric disorders were higher [127]. Although patients with asthma and comorbidities are often
excluded from asthma trials, these conditions could influence the effectiveness and disease-modifying
capability of therapies. Several asthma therapies are also utilised for other indications: dupilumab is
approved for atopic dermatitis (AD) and nasal polyposis [68, 128]; mepolizumab for hypereosinophilic
syndrome [129] and eosinophilic granulomatosis with polyangiitis [76, 130]; and omalizumab for chronic
idiopathic urticaria and nasal polyposis [131, 132]. Tezepelumab is currently being investigated for use in
patients with AD [133] and COPD [134]. In order to investigate treatments in patients with asthma
comorbidities, it may be desirable to study the effects of any new treatment in a real-world setting, e.g.
during late-stage development or effectiveness studies [120].

The future of disease-modifying therapies in asthma
Genotype-specific risks of asthma
Asthma is a heritable disorder that is a result of multiple genetic variants, each carrying a small disease
risk. Several loci and specific genes are robustly associated with asthma in both children and adults [135]
and functional follow-up work of identified genes may reveal biologically plausible candidates and
pathways.

The identification of genotype-specific risks of asthma development could lead to an exciting area of
development for future disease-modifying drugs. A recent review of genomics-guided discovery of drug
targets for asthma identified several plausible candidates, both novel ones and others already approved for
non-asthma disorders that could be repurposed (e.g. drugs targeting IL-6) [136]. Risk prediction models
using genetic data and insights from recent genome-wide association studies have not proven clinically
useful [137, 138], suggesting that novel applications and more targeted models are necessary. Studies on
other respiratory traits such as lung function and COPD suggest that polygenic risk scores can identify a
small subset of individuals at markedly increased risk for moderate-to-severe disease and patterns of
reduced lung growth [139]. It is thought that incorporation of environmental exposures in the risk
prediction model may identify susceptible individuals [140, 141], although clinical applications of such
gene–environment interaction models are yet to be developed.

Recent research into the well-known chromosome-17 asthma locus found gasdermin B (GSDMB) gene
overexpression in the upper epithelial cells of children with asthma [142]. Whether GSDMB (at the RNA
or protein level) could be a target for new asthma drugs is a potential area for investigation, with
supportive earlier experimental work documented [143]. As loss of epithelial integrity is a key component
of the airway remodelling process, being able to treat its underlying cause may be an effective
disease-modifying strategy.

One of the key T2 drivers, IL-33, is a top candidate asthma gene identified in large-scale studies [135].
Recently, the IL-33 pathway has been specifically tied to eosinophilic asthma [144]. Therefore, a key area
of interest for clinicians is the possibility of a genetic test to identify severe asthma patients with
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IL-33-driven disease in order to guide anti-IL-33 treatment. Clinically, this has not yet been achieved;
however, with an unprecedented development of genomic-based tests for precision medicine applications
underway, such applications could become available in the near future [145].

Virally induced asthma
A major risk factor for an asthma diagnosis later in life is the causation of wheezing episodes in children
by viral respiratory tract infections; human rhinovirus is one such pathogen associated with asthma
exacerbations [146]. One study using human bronchial epithelial cell lines and a murine model of
rhinovirus infection demonstrated that rhinovirus has the potential to contribute to remodelling of the
airways through induction of ECM deposition [147]. Furthermore, studies in mice have revealed specific
genes in the rhinovirus genome that are responsible for increased host IL-13, airway mucus and airway
responsiveness, as well as the production of the amino acids responsible for airway remodelling [148].
Certain strains of bacteria can make the airways susceptible to viral infection, whilst others can lead to an
enhanced antiviral immune response and reduce the risk of symptomatic viral infection [148]. These
findings could subsequently assist in the development of vaccines or therapeutic strategies, such as
antibiotics, for the prevention of virally induced asthma. Other viruses, such as respiratory syncytial virus
(RSV), have also been implicated in asthma pathogenesis; however, the role of early-life RSV infection in
lung growth and development of asthma remains to be defined [149, 150].

The role of the microbiome in asthma
The environmental microbiome plays a significant role in asthma development; several studies have
implicated the role of microbiota in the regulation of immune function and the development of atopy and
asthma. One preclinical study using a murine model of allergic airway inflammation found that germ-free
mice had elevated levels of eosinophils and lymphocytes compared with control mice, which correlated
with increased local production of T2-associated cytokines and elevated IgE production [151].
Furthermore, it is thought that early-life exposure to a diverse microbiota may reduce the risk of asthma
development; both early-life and maternal antibiotic use have been associated with increased risk of
recurrent wheeze and asthma development in childhood [152, 153]. In addition, the Child, Parent and
Health: Lifestyle and Genetic Constitution Birth Cohort Study found that both caesarean section and
hospital delivery influenced the gastrointestinal microbiota composition of infants, which subsequently
correlated with the later development of atopic manifestations such as asthma [154]. Although specific
environmental interventions to increase exposure to microbial diversity are difficult to implement in
practice, interventions that help promote a healthy and diverse microbiome (e.g. prebiotics and probiotics)
may assist in asthma prevention [155].

Conclusions
The current mainstay of treatment in asthma is the use of ICS; however, as ICS therapy does not alter the
underlying pathophysiology of asthma, further treatment options should be investigated. Following the
successful development of disease-modifying treatments in other settings, as well as the current lack of a
cure for asthma, the “Holy Grail” of asthma therapy is disease remission or prevention. Novel therapies,
such as biologics, have shown the potential to exhibit disease-modifying properties in patients with asthma.
However, it is worth noting that this has typically been observed in settings comprising small sample sizes,
and biologics are only suitable for a small subset of patients. Larger studies to find disease-modifying
treatments that are accessible to more patients are required. In addition, the therapies discussed here have
so far only been approved or tested as add-on therapies for patients with asthma. Due to the high treatment
burden of multiple therapies, it would be advantageous for new therapies to be effective enough to replace
the current therapy, therefore simplifying treatment regimens. From a life-course perspective, the earlier the
disease remission or prevention the better, which makes paediatric aspects particularly important.
Furthermore, as there is still an unmet need for further studies and improved management, the thorough
consideration of several factors relating to asthma pathophysiology and personalised patient care regarding
genotype, age and the presence of comorbidities is required.
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