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a b s t r a c t

Airway mucus is a hydrogel with unique biophysical properties due to its primary water composition and
a small proportion of large anionic glycoproteins or mucins. The predominant mucins in human mucus,
MUC5AC and MUC5B, are secreted by specialized cells within the airway epithelium both in normal
conditions and in response to various stimuli. Their relative proportions are correlated with specific
inflammatory responses and disease mechanisms. The dysregulation of mucin expression is implicated in
numerous respiratory diseases, including asthma, COPD, and cystic fibrosis, where the pathogenic role of
mucus has been extensively described yet often overlooked. In airway diseases, excessive mucus pro-
duction or impaired mucus clearance leads to mucus plugging, with secondary airway occlusion that
contribute to airflow obstruction, asthma severity and poor control. Eosinophils and Charcot Leyden
crystals in sputum contribute to the mucus burden and tenacity. Mucin may also contribute to eosinophil
survival. Other mechanisms, including eosinophil-independent IL-13 release, mast-cell activation and
non-type-2 (T2) cytokines, are also likely to participate in mucus pathobiology. An accurate assessment
of mucus and its clinical and functional consequences require a thorough approach that includes eval-
uation of cellular predominance in sputum, airway cytokines and other inflammatory markers, mucus
characteristics and composition and structural and functional impact measured by advanced lung im-
aging. This review, illustrated with clinical scenarios, provides an overview of current methods to assess
mucus and its relevance to the choice of biologics to treat patients with severe asthma.
© 2024 Japanese Society of Allergology. Published by Elsevier B.V. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Airway mucus is a heterogeneous combination of proteins, cells
and cellular debris originating from proximal and distal airway
cells. Its primary role in health is to act as a barrier defense by
trapping pathogens and other potentially harmful particles and
facilitating their subsequent transport and removal with the aid of
the cilia.1,2 Mucus has the properties of both a solid and a fluid, and
thus it is best described as a hydrogel with the ability to maintain
shape while softly propelled towards the vocal cords to be expec-
torated or swallowed. These distinctive viscoelastic characteristics
are explained by its unique composition of mainly water with only
a minimal proportion of solids, including 1% of proteins.3 Among
these, mucins are the dominant proteins responsible for mucus's
biophysical properties, which are crucial for mucociliary transport
and clearance.4 Mucins are large anionic glycoproteins of high
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molecular weight and remarkably high sugar content synthesized
by surface epithelial cells and submucosal glands both in normal
conditions and in response to intraluminal danger signals.5 As
illustrated in Figure 1, MUC5B and MUC5AC are the predominant
mucins expressed in the airways and their absolute and relative
proportions are regulated by a complex mechanism that involves
IL-13-regulated transcription, O-glycosylation, and polymeriza-
tion.1,6 Dehydrated MUC5B and MUC5AC mucins are stored within
intracellular granules and released to the airway lumen upon
allergen, infectious or autonomic stimuli, where they undergo rapid
hydration that forms the definitive mucus layer.5,7,8 Although
similar, these two glycoproteins play different roles in the mucus
clearance system, with predominance of MUC5B secretion by sur-
face club cells of proximal and distal airways and only minimal
MUC5AC proximal secretion in the healthy lung.9 This contrasts
with enhancedMUC5AC production and secretion as part of allergic
responses in murine and human models10,11 and thus a relative
deficiency of MUC5B that could promote airway hyper-
responsiveness (AHR), mucus plugging and eosinophil survival.12,13

The objectives of this review are to briefly describe the contri-
bution of mucus to asthma severity, methods to assess mucus in
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Fig. 1. Production and secretion of mucins by airway epithelial cells. MUC5B and MUC5AC are the main mucins produced by the airway epithelium. The relative proportions of
MUC5B and MUC5AC change depending on the state of health, with a predominance of MUC5B and almost no MUC5AC secreted in normal conditions. IL-13 released by CD4 cells,
eosinophils, ILC2, mast cells, basophils and epithelial cells stimulate the transcription of mucin proteins by secretory cells (such as goblet and cube cells) from both the superficial
epithelium and the submucosal glands. Mucin monomers are dimerized in the endoplasmic reticulum and subsequently polymerized and glycosylated in the Golgi apparatus.
Mucin polymers are later stored in granules in a dehydrated form and secreted to the airway lumen in response to ATP and other secretagogues, where they rapidly hydrate and
increase their volume dramatically to form the mucus gel layer.
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clinical practice, the relationships between mucus and other
markers of T2 inflammation such as eosinophils and exhaled nitric
oxide in breath (FeNO) and illustrate with three clinical case sce-
narios our approach in clinical practice to choose biologics or other
therapies based on detailed imaging and immunophenotyping.
Mucus biology and clinical relevance

Inflammation plays a pivotal role in the pathophysiology of
asthma, and the accumulation and plugging of the airway lumen
due to mucus has been recognized as a feature of fatal asthma since
the early 20th century.14 The mucus plugging (MP) can be due to
several complex pathophysiologic mechanisms, including trig-
gering its hypersecretion (increased goblet cells), altered mucus
composition and hydration affecting the clearance, or impaired
clearance due to abnormalities of the mucociliary apparatus or
ineffective cough. In asthma, mucus hyperproduction is remarkably
frequent even in milder asthmatics, irrespective of treatment,15 and
it is correlated with worse airflow obstruction, uncontrolled airway
inflammation, and frequent exacerbations.15,16 Goblet cell meta-
plasia and subsequent mucin hypersecretion are typically mediated
by T2 cytokines, such as IL-4/IL-13 (through a JAK-1/STAT-6-driven
path, and further enhanced by IL-6 and IL-1717e19). Severe asthma
patients with persistent mucus plugs have elevated T2 inflamma-
tion (i.e., IL-4, IL-5, and IL-13), including sputum eosinophils and
FeNO.20 In fact, the IL-4/IL-13-axis is thought to be one of the prime
drivers of mucus plugs. Studies in mice have shown that IL-4/IL-13
signalling can induce mucus production even in the absence of IL-
5,21 highlighting the importance of IL-4/IL-13 in patients unre-
sponsive to anti-IL-5 biologics.22

MP can be tenacious and persistent within the same airways,
causing localized occlusion and atelectasis that could potentially
lead to fatal asthma events.20,23,24 Mucus is particularly relevant in
severe forms of asthma, including the ones associated with fungal
sensitization, such as allergic bronchopulmonary aspergillosis
(ABPA), where it is almost invariably observed, often associated
with Charcot Leyden crystals (CLCs).25 The direct pathophysiologic
role of mucus plugging has been confirmed by hyperpolarized gas
magnetic resonance imaging (MRI) studies that demonstrated
impaired ventilation in the whole lung spatially colocalized with
computed tomography (CT)-observed mucus plugs.26,27

Pathologic mucus plays a very similar role in COPD, where it is
likewise frequent and anatomically persistent both in the short
term and at 5 years.28,29 However, it is not currently known if the
immunological processes promoting mucus or the composition of
mucus in COPD would be similar to that in patients with asthma.
Like asthma, MP in COPD correlates with worse symptom control,
higher exacerbation risk, decreased pulmonary function and exer-
cise impairment measured bywalk distance.28,30,31 Moreover, it has
been associated with increased mortality in patients with severe
COPD undergoing lung volume surgery32 but also with all-cause
mortality in mild to very severe disease, even after adjusting for
other mortality-risk factors.33 Notably, individuals with demon-
strated mucus impaction may exhibit scarce mucus-suggestive
symptoms such as cough and expectoration.34 In this setting, the
sensitivity of symptoms of chronic mucus hypersecretion as per the
ATS/WHO and SGRQ questionnaires has been proven as low as 33%
and 34%, respectively, with only moderate specificity of 81% and
75%.28
Assessment of mucus in clinical practice

Despite the compelling evidence supporting its role in chronic
obstructive diseases, intraluminal mucus is not routinely measured
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in clinical practice and remains regrettably unacknowledged in the
current management guidelines. This could be perhaps attributed
to the historical absence of an effective and non-invasive method to
assess intraluminal mucus in vivo. Efforts have been made to
adequately evaluate the presence and impact of MP in airway dis-
eases. Both MUC5AC and inducible nitric oxide synthase are partly
regulated by STAT6 transcription factor, with IL-13 also signalling
through STAT6.35 Consequently, persistently raised FeNO is likely to
indicate IL-13-dependent airway mucus in symptomatic asth-
matics,27 although FeNO (and mucus) may not solely depend
on IL-13.36e39

The use of tomographic techniques along with direct interven-
tional assessment of the airways using bronchoscopy emerged as a
promising method to provide in-vivo real-time information on
small airway features. This technique, called optical coherence to-
mography (OCT), uses near-infrared light to generate cross-
sectional images of the airway wall layers up to the 9th genera-
tion of bronchi to quantify mucosal, submucosal and luminal
area.40,41 OCT parameters have been shown to correlate with his-
tological findings of extracellular matrix protein deposition in the
airway wall,42 suggesting a potential role in estimating airway
mucin content through automatic segmentation algorithms.43

More recently, Dunican et al. developed a non-invasive radio-
graphic instrument aimed at estimating the burden of MP in
asthma and other respiratory conditions.15 This radiographic
measurement, called mucus score, has been validated as a valuable
tool to quantify mucus plugging and to correlate it with multiple
clinical and functional features and asthma biomarkers.20,28 Briefly,
CT images are examined for the presence or absence of mucus plugs
within each of the 20 pulmonary segments, and a score of 1 or 0 is
given accordingly to provide a composite mucus score that ranges
between 0 and 20 and thus an estimation of the MP througout the
lung. Unfortunately, and despite its many clinical advantages (non-
invasive, fairly affordable and available, and requiring no extra
technologic resources), the measurement of mucus score remains
almost exclusively restricted to research and has not been widely
incorporated into regular respiratory practice.

Contribution of eosinophils to airway mucus

While the radiologic scoring system to identify mucus plugging
has significantly helped to quantify the extent of airway mucus in
severe asthma, it does not capture the components or composition
of the mucus plugs. In other words, the identification of intra-
luminal occlusion does not account for the specific content of the
plug, which could be not only mucus but also cellular debris,
particularly eosinophilic inflammation.44

Airway eosinophils are well-recognized contributors to asthma
severity, and their role in the pathophysiology of the disease and as
a predictor of response to glucocorticosteroids, described as early as
the late 50s by Harry Morrow Brown,45 has been extensively
reviewed.46e50 The association between eosinophils and intra-
luminal mucus has been consistently reported,15,27,51 with a linear
correlation between the percentage of sputum eosinophils, MP and
more severe airflow obstruction15 and a positive association be-
tween changes in sputum eosinophils and mucus scores.20 Eosin-
ophils can potentially contribute to mucus hyperproduction and
tenacity through several mechanisms, including IL-13 release and
subsequent upregulation of MUC5AC transcription11,52 and active
cytolysis leading to liberation of danger-associated molecular pat-
terns (DAMPs) such as galactin-10, high mobility group box 1
(HMGB1), eosinophil peroxidase (EPX) and eosinophil-derived
extracellular traps (EET).53,54 Galactin-10, being periplasmic in
location, is released upon eosinophil cytolysis55 and later crystal-
lizes to form CLCs. CLCs and/or the free/soluble galactin-10, along
with the DAMPs, act as danger signals to further promote airway
inflammation.53,55 This is particularly relevant in an airway with
autoimmune responses with active autoantibody immune complex
mediated EETs.56,57 Eosinophil extracellular traps58 and the EPX
secreted from eosinophil granules might contribute to the forma-
tion of abnormally viscous mucus through increased crosslinking of
mucin polymers by oxidative mechanisms acting on thiol
groups.59,60 As such, CLCs can drive mucus by multiple mecha-
nisms, including the promotion of goblet-cell metaplasia, acting as
danger signals that elicit T2 and non-T2 responses, and through
autoimmune phenomena induced by EET and neutrophil extra-
cellular traps (NETs).61 Alternative non-eosinophilic mechanisms
behind mucus impaction may be hypoxia-induced, where hypoxia-
inducing factor 1/2 alpha (HIF1a/HIF2a) increases the epithelial Naþ

channels (ENaC) to create hyper-concentrated mucus but
increasing Naþ absorption.62 Hence, MP results due to mucus hy-
persecretion and altered physicochemical properties caused by
hyper-concentrated mucus, autoimmune responses leading to im-
mune complexes, cellular debris, DAMPs, EETs and CLCs, ultimately
affecting airway lumen clearance.

Contribution of airway mucus to eosinophilic inflammation

The interaction between mucus and eosinophils could be
bidirectional. As eosinophil-mediated mechanisms can increase
mucus production and pathogenicity, mucus presence and
composition could enhance eosinophilic inflammation. This holds
true particularly in asthma airways, where MUC5AC predomi-
nance over MUC5B correlates with higher eosinophil counts,
suggesting a role of MUC5AC on eosinophil survival.63 A possible
mechanism behind this observation could be decreased eosino-
philic apoptosis related to reduced activation of Siglec-8, an
inhibitory receptor expressed onmature eosinophils, in the setting
of relative MUC5B deficiency in the airway mucus gel, and the
presence of the specific sugar moiety in an individual patient's
sputum that could bind to the sialic lectin.12,64 The increased
MUC5AC/MUC5B ratio observed in the presence of eosinophil-
released IL-13 in murine and in-vitro models65 supports that this
likely is a redundant inflammatory mechanism. Indeed, persistent
mucus plugs are associated with changes in mucin relative pro-
portions with increased MUC5AC mRNA levels and MUC5A/
MUC5B ratio.13,63

Relative importance of eosinophils and mucus attenuation in
asthma control outcomes

Approximately 3e10% of asthmatics experience a severe con-
dition that requires high-intensity treatment, usually in the form of
high-dose inhaled corticosteroids (ICS) plus additional controller
medication.66,67 Among these individuals, the use of oral cortico-
steroids (OCS) is unfortunately very frequent,68 as these effectively
blockmultiplemechanisms involved in asthma pathogenesis.69 The
role of OCS in asthma control has been traditionally linked to
reduced eosinophil activity, which led to the development of
eosinophil-targeting therapies aimed at improving asthma
outcomes.70

Clearing eosinophils using anti-IL-5 antagonists has demon-
strated a significant impact on several asthma endpoints, including
exacerbation rates, OCS requirements and symptom burden.71

Similarly, previous data has shown that normalizing sputum eo-
sinophils is likely to attenuate mucins expression and mucus
plugs.27,72 In this context, IL-5R inhibition with benralizumab has
been demonstrated to reduce mucus both after a single dose and
2.5 years of treatment,73,74 which again correlates with overall
improved asthma control.
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IL4/IL-13 blockade with dupilumab has also been shown to
reduce mucus75,76 and sputum eosinophils.77 Therefore, it is not
surprising that dupilumab also has significant clinical benefits,
particularly in severe oral corticosteroid-dependent patients.78,79

The reduction in sputum eosinophils is not by a direct effect on
IL-5 but presumably by a reduction in recruitment into the airways
by a reduction in eotaxin-3. Although there is no direct head-to-
head comparison with an anti-IL5, the effect on eosinophil reduc-
tion is likely to be less than that with direct IL-5 inhibition. This
remains to be proven. Nevertheless, the magnitude of clinical
benefits in the clinical trials in terms of exacerbation reduction and
OCS-sparing seems to be comparable.78,80 It would appear, there-
fore, that both eosinophil and mucus reduction are important
outcomes in severe asthma treatment.

Cytokine-targeting approach to reduce airway mucus

Mucus plugs can persist despite chronic treatment with corti-
costeroids and even in well-controlled airway eosinophilia,39,81

supporting the contribution to other T2 and non-T2 pathways to
mucus hypersecretion.16,26,52,81,82 As such, reduction in airway
mucus has become an attractive measurement to evaluate the
impact of cytokine-targeting monoclonal antibodies. To date, three
prospective clinical trials have reported a significant effect in MP
reduction following biologic treatment, which correlated with
improvement in diverse clinical and functional outcomes.74,76,83 As
summarized in Table 1, benralizumab (eosinophil-depleting strat-
egy by blocking IL-5 signalling), dupilumab (directly blocking IL-4
and IL-13 signalling) and tezepelumab (by blocking TSLP signal-
ling and thereby attenuating both IL-5 and IL-13 activity and
perhaps mast cell activation) can decrease the airway mucus
burden measured as the CT-derived mucus score. A clear compar-
ative effect is difficult to estimate given varied study designs,
variation in baseline MP and follow-up time, and different reported
measures (median vs mean). While a direct comparison between
biologics is not yet possible, this data suggests that mucus reduc-
tion could be achieved by either targeting eosinophils or other
mucus-promoting mechanisms such as IL-13. In this setting, we
illustrate the effect of cytokine-targeted treatment on mucus
burden in three case scenarios (Table 2AeC), with representative CT
and MRI shown in Figure 2e4.

The first case scenario (Table 2A) describes a patient with sig-
nificant intraluminal defects on CT with intense sputum eosino-
philia. He did not respond adequately to the standard approved
100 mg mepolizumab dose, as this was insufficient to clear the
eosinophilia in the airway although the blood eosinophil count was
normalized. This phenomenon is likely due to the formation of
immune complexes between airway IL-5, the anti-IL-5 IgG1
mepolizumab, and endogenous IgGs in the airway directed against
EPX.84 The immune complexes activate type 2 innate lymphoid
cells (ILC2) through danger signals via Death Receptor 3 over-
expression.85 Switching the patient to benralizumab, which
Table 1
Effectiveness of asthma biologics in reducing mucus plugging.

Benralizumab74 Dupilumab76 Tezepelumab83

Study design Longitudinal OL RCT RCT

Sample size, n 12 13 37

Follow-up time 2.5 years 16 weeks 28 weeks

Change in CTeMS �1.0 (95% CI �5.2
to �0.6)

�4 (95% CI �7
to �1)

�1.76 ± 2.6y

OL, open label; RCT, randomized clinical trial; CTeMS, computed tomography
mucus score.

y Reported as mean ± SD.
depletes both eosinophils and the ILC2 cells expressing IL-5R, led to
reduced associated mucus (Fig. 2) and significantly improved pul-
monary function and asthma control. The reduction of mucus was
likely due to the suppression of IL-1386 from cellular sources that
were IL-5Rþ.

The second case scenario (Table 2B) illustrates the excellent
response to treatment with dupilumab in a patient whose inflam-
matory and functional parameters indicated a robust IL-4/IL-13-
mediated disease. This patient had been previously treated with
mepolizumab without optimal response. This is not surprising
since the patient had normal sputum eosinophils despite a
modestly elevated number of circulating eosinophils. Bronchial
thermoplasty was performed since we believed his symptomswere
entirely driven by smooth muscle dysfunction, as evidenced by
significant bronchodilator reversibility. However, this too did not
control his symptoms. ACQ-5 remained over 2.0 with unimproved
post-salbutamol change. This, along with elevated FeNO, high
sputum levels of IL-4 and IL-13 and significant mucus plugging,
predicted response to IL-4R-targeting treatment, which was
confirmed by clinical, inflammatory and imaging parameters
(Fig. 3).

The third case scenario (Table 2C) represents a non-T2 cytokine-
dependent mucus accumulation in the airway. The severe mucus
burden associated with moderate sputum eosinophilia and AHR
suggested an IL-4/IL-13 mediated mechanism; however, treatment
with dupilumab did not result in significant clinical or functional
improvement (Fig. 4). Furthermore, the patient continued to
deteriorate with worsening FEV1 and repeated exacerbations in the
setting of airway infections. In this context, the sputum cytokines
suggested an active infectious component, which along with
Mycobacterium avium growth in BAL cultures, prompted the initi-
ation of antitubercular treatment. Sputum cytokines measure-
ments showed normal levels of IL-1387 but very high levels of BAFF,
IL-1B, and IL-18, all consistent with an innate immune response to
infection or an inflammasome activation. Her remarkable response
with normalization of pulmonary function with antitubercular
treatment and sputum clearance strategies confirmed the infec-
tious mechanism as the predominant contributor to her airway
mucus and not a T2-dependent process, although she had modest
airway eosinophilia. This case highlights the profound complexity
and interaction of mechanisms behind mucus plugging, where the
intraluminal plugs could be driven by a combination of multiple
cytokine pathways (either T2 or non-T2), inflammasome, NETs, etc.
Identifying the optimal therapeutical strategy could be exception-
ally challenging in these scenarios, as complete responses are un-
likely to be achieved by targeting a sole inflammatory mechanism.

Evaluation and management of airway mucus: our strategy

Figure 5 illustrates our local strategy to assess mucus in asthma
and other respiratory conditions. This approach focuses on inves-
tigating the airway immunology, the mucus plugs itself, its
composition and physicochemical properties to know (i) if there is
excess mucus being produced and why, (ii) if mucus composition is
changed, making it too thick to be cleared, or (iii) both. In addition,
we explore the structural and functional consequences of mucus
impaction through novel lung imaging, as described below.

We first approach the inflammatory component of mucus by
collecting sputum samples to evaluate the presence and type of
cellular inflammation (eosinophilic, neutrophilic, mixed or pauci-
granulocytic88). Cultures (including bacterial and fungal) are
concomitantly requested to complete the infectious workup.
Sputum is further analysed for free eosinophil granules, EPX, CLCs
and EETs to evaluate cell-activity indices and cytolysis. Processed
cell-free supernatant is examined for T2 (IL-4, IL-5, IL-13, IL-33,



Table 2A
Clinical history and indices of response: Patient 1: Mucus driven by IL-5: Response to Benralizumab.

Clinical presentation 58 M, former smoker (35 pack-year history), nonatopic. Severe asthma with moderate airflow obstruction and recurrent
eosinophilic exacerbations and 3e4 courses of prednisone per year.

Relevant investigations Peak blood eosinophils: 1.0 � 109/L; peak sputum eosinophils 26.5%; peak FeNO: 75 ppb; maximal observed FEV1

reversibility: 0.24 L (15%).

Prior treatments Mepolizumab (5 months): recurrent eosinophilic exacerbations
(9.8% sputum eosinophils while on treatment).

Cytokines in sputum IL-5

Intervention Benralizumab

Interval progress Parameter Baseline Post-treatmenty

ACQ-5 3.8 0.8

AAER 3 0

FEV1, L (%) 1.32 (36) 2.76 (76)

pBDR, L (%) NA NA

Blood eos, �109/L 0.3 0

Sputum eosinophils, % 26.5 0

FeNO, ppb 75 33

HRCT Multiple centrilobular and tree-in-bud
nodules in bilateral lower lobes with
peribronchial wall thickening and diffuse
mucus plugging.
MS ¼ 5

Mild mucous plugging in the
bilateral lower lung lobes without
significant bronchiectasis.
MS ¼ 3

FeNO, Fraction of exhale nitric oxide; FEV1, forced expiratory volume in 1 s; ACQ-5, Asthma control questionnaire; AAER, Annualised asthma exacerbation rate; pBDR, Post-
bronchodilator reversibility; HRCT, High-resolution computed tomography; MS, Mucus Score.

y 1 year.
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TSLP), T-17 (IL-17, TNFa) and non-T2/non-IL-13 (IL-12p70, IFNg,
BAFF, IL-6) cytokines (Ella™, R&D Systems) and for ANAs and
autoimmune markers56 to identify specific inflammatory signa-
tures. Additional assessments performed through our research
laboratory can provide a further understanding of the mucus-
specific characteristics. For instance, the biophysical mucus prop-
erties, such as critical stress and strain, viscosity, and elasticity, can
be assessed by the Rheomuco® rheometer (Rheonova, Gi�eres,
Table 2B
Clinical history and indices of response: Patient 2: Mucus driven by IL-13: Response to D

Clinical presentation 40 M, early-onset asthma with progressive worsening in a
granulocytic sputum with isolated episodes of neutrophilic
with fluticasone 1000 mcg, formoterol 20 mcg, tiotropium

Relevant Investigations Peak blood eosinophils: 0.8 � 109/L, peak sputum eosinoph

Prior treatments Mepolizumab (3 years): persistent baseline symptoms, rec
reversibility
Bronchial thermoplasty (3 sessions): initial improvement i
persistent post-bronchodilator reversibility.

Cytokines in sputum IL-4, IL-18

Intervention Dupilumab

Interval progress Parameter Baseline

ACQ-5 4.4

FEV1, L(%) 1.54(37)

pBDR, L(%) 0.65(42)

Blood eos, �109/L 0.3

Sputum eosinophils, % 1.5

FeNO, ppb 55

HRCT Lobar to subsegmental wall
mucus plugging.
MS ¼ 13

FeNO, Fraction of exhale nitric oxide; FEV1, forced expiratory volume in 1 s; ACQ-5, Asth
bronchodilator reversibility; HRCT, high-resolution computed tomography; MS, Mucus S

y 16 weeks.
France), andMUC5B and MUC5AC expression can also be measured
for mucin content and composition. If patients have mucus
impaction associated with recurrent airway infections and sputum
neutrophilia, as illustrated in the third case scenario, we investigate
for immunodeficiencies by performing whole exome sequencing
for immunodeficiency genes (including those for cystic fibrosis and
primary ciliary dyskinesia). Approximately 6% of our severe asth-
matic population and 11% of the sub-group with recurrent airway
upilumab.

dulthood, former smoker (9 pack-year), non-atopic, pauci
bronchitis, recurrent exacerbations despite daily treatment
5 mcg, prednisone 5 mg and montelukast 10 mg.

ils 2%, peak FeNO; 93 ppb, maximal observed FEV1 reversibility: 0.9 L (43%).

urrent non-eosinophilic exacerbations, persistent post-bronchodilator

n baseline symptoms however subsequent frequent exacerbations and

Post-treatmenty

1.8

2.44(59)

0.57(23)

0.1

0.5

13

thickening, and multifocal Improved bronchial wall thickening and
mucus plugging.
MS ¼ 3

ma control questionnaire; AAER, annualised asthma exacerbation rate; pBDR, post-
core.



Table 2C
Clinical history and indices of response: Patient 3: Mucus not driven by IL-13, no response to Dupilumab.

Clinical presentation 54F, early-onset asthma, never smoker, allergic rhinitis with aspergillus sensitization (total IgE 217 kU/L, Aspergillus IgE 1.18 kU/L),
moderate airway hyperresponsiveness, recurrent mixed eosinophilic and neutrophilic bronchitis (peak sputum eosinophils 3%),
mild cylindrical bronchiectasis. Multiple airway infections with demonstrated growth of Aspergillus fumigatus, Moraxella catarrhalis,
and Pasteurella multocida in sputum and Mycobacterium avium in sputum and BAL.

Relevant investigations Peak blood eosinophils: 0.9 � 109/L; peak sputum eosinophils 9%; peak FeNO: 10 ppb; PC20 methacholine 0.5 mg/ml.

Prior treatments Omalizumab: 5 months, discontinued due to uncontrolled symptoms.
Dupilumab: 4 months, discontinue due to uncontrolled symptoms and decline in pulmonary function.

Cytokines in sputum IL-1B, IL-18, BAFF

Intervention Antitubercular treatment (azithromycin, rifampin, and ethambutol) in addition to regular inhalers (ciclesonide 400mcg,
olodaterol 5mcg, tiotropium 5mcg), sputum clearance with hypertonic saline and Aerobika positive pressure device

Interval progress Parameter Baseline Post-treatmenty

ACQ-5 2.8 0.6

FEV1, L(%) 0.92(33) 2.03(74)

pBDR, L(%) NA NA

Blood eos, x109/L 0.3 0.2

Sputum total cell count and differential,
106/g cells (%neutrophils)

72.7 (97) 17.4 (88.3)

FeNO, ppb 10 NA

HRCT Multiple diffuse bilateral groundglass and nodular
opacities with tree-in-bud distribution

Significant improvement in the severity of
mucus plugging and tree-in-bud nodularity.

Specialized investigations Primary immunodeficiency genetic panel revealed an heterozygous mutation in two genes related with agammaglobulinemia
(c.419C>A, p.(Thr140Asn)), and ciliary dyskinesia (c.880G>A, p.(Glu294Lys)).
Ciliary motility test showed beat frequency reduced to 42% compared to normal.

BAL, bronchoalveolar lavage; FeNO, Fraction of exhale nitric oxide; FEV1, forced expiratory volume in 1 s; ACQ-5, Asthma control questionnaire; AAER, Annualised asthma
exacerbation rate; pBDR, Post-bronchodilator reversibility; HRCT, High-resolution computed tomography; MS, Mucus Score.

y 16 months.
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infections are heterozygous for gene mutations associated with
proteins of the microtubular structure.89

To complement these inflammatory and biophysical markers,
the structural and functional consequences of mucus impaction can
be evaluated by advanced lung imaging. As described above, MP
can be quantified by CT to detect segmental and subsegmental
mucus plugs and provide a mucus score that helps to estimate the
burden of airway mucus. This scoring system does not take into
account additional plugs characteristics such as size, density or
localization that are likely to have a clinical and functional impact,
however it has proven great utility when correlating with asthma
inflammatory features and severity.15,20,28 To address the above-
mentioned issues and better characterize the airway mucus and
its correlation with asthma severity parameters, a thorough
method using whole-lung mucus annotation, segmentation and
subsequent 3D-reconstruct mucus plugs has been recently devel-
oped.90 Mucus plugs can thus be characterized in terms of shape,
size, volume, density, location and possible contribution to airflow
obstruction, providing a more detailed understanding of their
impact on airway physiology.

As quantitative CT is able to provide structural and spatial in-
formation on mucus plugs, its functional impact may be evaluated
by direct visualization of ventilation using hyperpolarized 129Xe
MRI27,91 (as shown in Fig. 3, 4). Briefly, this technique involves
delivery of an inhaled contrast agent, most commonly hyper-
polarized 129Xe, and images are subsequently obtained under
breath-hold conditions (static ventilation imaging) or within the
respiratory cycle (dynamic ventilation imaging).92 Acquired images
permit the evaluation of ventilation heterogeneity through the
visualization of gas distribution (commonly quantified as the
ventilation defect percent, or VDP).93

The integration of all these parameters offers a deeper under-
standing of the specific contribution of mucus to asthma severity,
helping in the selection of therapeutic strategies guided by specific
molecular, cellular, biophysical, structural and functional markers.
This approach has been proven effective in improving overall
asthma care, reducing ER visits and hospital admissions due to
exacerbations, and ameliorating annual costs compared to standard
care.94

Integration of sputum eosinophil and airway mucus
assessments to choose biologics

There are no clinical trials that have evaluated the initial choice
of biologics in patients with severe asthma with predominant
eosinophilic disease versus muco-obstructive lung disease (MOLD).
As we have discussed above, targeting both IL-5 and IL-4R reduces
both eosinophils and mucus. Our current strategy, based on clinical
experience of treating over 200 severe prednisone-dependent pa-
tients with asthma, is illustrated in Figure 6. Central to this clinical
algorithm is determining the predominant luminal contributor to
airflow obstruction and asthma symptoms. If the dominant pa-
thology is eosinophils (more than 15e20% in sputum), we use an
anti-IL-5 (ligand or receptor) as first-line drug. These patients
contribute to approximately 40% of our clinic population. If the
predominant contributor to obstruction is mucus (assessed by
airway CT mucus scores), even when associated with sputum eo-
sinophils (less than 15%), we now use dupilumab as the first line
biologic since we have demonstrated that dupilumab can also
decrease sputum eosinophils.77 Some of them may also respond to
anti-TSLP biologic (Tezepelumab), however this requires further
investigation. A small proportion of patients (approximately 5%)
require concurrent treatment with anti-IL-5 and anti-IL-4R.80 This
algorithm needs to be tested prospectively in clinical trials. There
are two additional groups of patients who are the most difficult to
treat. The first group includes patients with multifactorial causes of
mucus (e.g., associated with eosinophils, neutrophils degranulation
and debris in the setting of recurrent airway infections). In this



Fig. 2. CT images of mucus before and after treatment with benralizumab. Panels A and B show sequential axial images through the left lower lobe of a patient before and after
treatment with benralizumab. In Panel A, the yellow arrows indicate complete opacification of a subsegmental airway developed in sequential imaging of the RB9 segment. In Panel
B, the yellow arrows correspond to the same images as in A, revealing a complete resolution of the mucus plug at 1-year follow-up imaging.

Fig. 3. CT images of mucus and Xe129 MRI images of ventilation before and after treatment with dupilumab. Panel A shows the change in mucus plugs in coronal (RB1 and RB8) and
axial (RB4) planes of CT imaging performed in a 40-year-old male between baseline and after 16 weeks of treatment with dupilumab. The yellow arrows in the superior panel
indicate complete intraluminal occlusion corresponding with mucus plugs, which were resolved after the administration of dupilumab (inferior panel). Panel B shows the change in
129Xe ventilation MRI (cyan), with a significant reduction in ventilation defect percentage (VDP) from 13% (superior panel) to 3% (inferior panel), matching with the remarkable
reduction in mucus burden (CT mucus score from 13 to 3).
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scenario, identifying the reasons for susceptibility to infections,
including primary and secondary immunodeficiency disorders, is
crucial before considering a biologic. The second refers to patients
whose asthma is driven entirely by severe airway hyper-
responsiveness not associated with luminal cells or mucus impac-
tion. In these subjects, we consider treatment with bronchial
thermoplasty.
Unmet needs and future research

While tremendous progress has been made in the understand-
ing of mucus biology and production mechanisms, therapies to
clear mucus in asthma and COPD have shown only limited effec-
tiveness so far. Among conventional non-specific treatments,
mucus hydration, anticholinergics, mechano-physical clearance



Fig. 4. CT and MRI images of a patient with airway mucus who did not respond to dupilumab. Panel A shows three CT axial planes acquired before and after treatment with
dupilumab (first and second images from left to right), and after prolonged antibiotic treatment (image on the right). The yellow arrows indicate the persistence of severe mucus
plugging despite administration of an anti-IL4/IL-13-targeting biologic, suggesting that the significant burden of airway mucus was not driven by this mechanism. This finding
correlated with the severe ventilation defects observed by 129Xe MRI (Panel B), which were similarly unchanged between baseline and the end of treatment with dupilumab. A
follow-up lung MRI correlating with the marked improvement in CT-mucus scores has yet to be acquired.

Fig. 5. Clinical algorithm to assess and treat airway mucus. Summary of our local strategy that includes a thorough assessment of inflammatory components in the sputum (i.e.,
cellular predominance, predominant cytokine signature and autoimmune responses), as well as mucus characterization (such as mucins relative content and rheology parameters),
assessment for causes of clearance impairment and structural and functional evaluation through novel lung imaging. The selection of therapeutic strategies, such as cytokine-
targeting monoclonal antibodies or optimization of mucus clearance, is subsequently based on this evaluation.
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Fig. 6. A scheme to choose biologics depending on predominant luminal inflammatory process (eosinophils, neutrophils or mucus).
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techniques and even mucolytics to break down the disulfide bonds
that held the mucin glycopolymers have demonstrated only
modest efficacy or clinical benefits.95e97 Similarly, targeting mucin
production mechanisms alone (either with anti-IL13, anti-TSLP or
other cytokine antagonists) as a single therapeutic strategy is likely
insufficient to achieve complete mucus clearance. There might be
patients who require simultaneous targeting of two cytokines, for
example, TSLP and IL-13, using new nanobodies that are being
developed.98 Development of reliable assays (whether at a protein
level or a gene level) to indicate the dominant cytokine or cellular
pathways (e.g. TSLP or mast cell) would be welcome to guide the
appropriate therapy. Similarly, better mucolytics with high disul-
fide disruption capacity without requiring high concentrations
causing secondary effects such as bronchospasm might represent
an attractive option to treat mucus. Blocking excessive hypoxia-
induced ENaC activity by delivering antagonists by the aero-
solized route would be another strategy to improve hydration99

while facilitating increased chloride transport into the airway
through the CFTR modulators.100 Thus far, the effect of such mol-
ecules has been reported only in preclinical scenarios or for the
indication of CF, and their utility in other chronic airway diseases
remains to be seen.101,102

Conclusions

Mucus has been long recognized as a crucial feature in asthma
and other chronic respiratory conditions and contributes to disease
severity through worsening airflow obstruction that is associated
with adverse clinical outcomes and increased mortality. Unfortu-
nately, its clinical and functional consequences remain largely un-
appreciated and untreated in guideline-based respiratory practice.
Eosinophils, among other inflammatory agents, contribute to
mucus hyperproduction through IL-13 and non-IL-13 mediated
pathways, with a complex bidirectional interactionwheremucus is,
in turn, able to promote eosinophilic survival and inflammation. A
comprehensive and multimodal approach to mucus hyperproduc-
tion and mucus clearance impairment is fundamental in order to
reduce mucus burden in asthmatic patients. Several strategies,
including those targeting specific inflammatory components of
mucus, have been developed to address and treat mucus plugging.
In this review, we propose an algorithm for evaluating and man-
aging airway mucus in severe asthma, with an emphasis on a
thorough assessment of the responsible inflammatory
mechanisms, mucus characterization, and evaluation of functional
consequences. Further research is required to better understand
the mechanisms behind mucus dysfunction in asthma and other
respiratory conditions and identify effective therapeutic strategies
for mucus attenuation in these patients.
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