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Abstract

Introduction: Mucus plugs are associated with airway ob-
struction in severe asthma and are involved in the formation
of activated eosinophils. Benralizumab, an anti-interleukin-
5 receptor antibody, markedly reduces not only peripheral
blood eosinophils but also airway eosinophils; however, its
effects on mucus plugs have not been clarified. In this study,
we examined the efficacy of benralizumab on mucus plugs
using computed tomography (CT) imaging. Methods:
Twelve patients who were administered benralizumab
and underwent CT before and approximately 4 months after
the introduction of benralizumab were included in this
study, and the number of mucus plugs before and after
benralizumab administration was compared. The correlation
between the clinical background and treatment effect was
also examined. Results: The number of mucus plugs sig-
nificantly decreased after the introduction of benralizumab.
The number of mucus plugs was correlated with sputum
eosinophil percentage and eosinophil cationic protein in the
sputum supernatants and inversely correlated with forced

expiratory volume in 1 s (FEV;). Benralizumab induction
resulted in a marked decrease in blood and sputum eosi-
nophil levels and a significant improvement in asthma
symptoms, quality of life scores, FEV,, and exacerbation
frequency. Furthermore, there was a significant correlation
between the reduction in mucus plugs and changes in the
symptom score or FEV,. Discussion/Conclusion: These data
suggest that benralizumab may have the potential to im-
prove symptoms and respiratory function in patients with
severe eosinophilic asthma by reducing mucus plugs.

© 2023 S. Karger AG, Basel

Introduction

Severe asthma accounts for approximately 5-10% of all
asthma patients [1, 2]. Clinical problems of severe asthma
include a high frequency of exacerbations and a signifi-
cant decline in respiratory function over time, particu-
larly the forced expiratory volume in 1 s (FEV;) [3, 4].
Airway remodeling caused by chronic airway inflamma-
tion is an important factor in the mechanism of obstruc-
tive impairment [5]. However, other pathologies, such as
airway obstruction associated with mucus plugs, have also
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been revealed by imaging analyses such as multidetector
computed tomography (MDCT).

Dunican et al. [6] reported that the number of mucus
plugs based on the visual assessment of MDCT lung
images in severe asthma revealed a negative correlation
with FEV; and a positive correlation with sputum
eosinophils. Moreover, several reports have analyzed
mucus plugging in chronic airway diseases such as
asthma and chronic obstructive pulmonary disease
with MDCT or regional ventilation defects using mag-
netic resonance imaging [7-9]. In studies that moni-
tored the number of mucus plugs in severe asthma
patients, those with mucus plugs may have had obstruc-
tive impairment owing to the presence of mucus plugs
for 3 years [10]. Furthermore, since airway eosinophils
are involved in mucus plug formation, biologics target-
ing eosinophils are presumed to be promising agents for
reducing mucus plugs.

Benralizumab, an anti-interleukin-5 (IL-5) receptor
alpha-chain antibody, is a biologic agent that is expected
to reduce exacerbations and improve FEV; by suppress-
ing eosinophilic airway inflammation associated with
definite eosinophil clearance [11-14]. We have previously
examined the efficacy of clinical parameters and airway
thickness using MDCT after benralizumab induction.
Most participants demonstrated a significant improve-
ment in clinical parameters, a significant decrease in right
B! airway wall thickness, and an increase in the number of
bronchi visible on computed tomography (CT) [15].
However, the association between benralizumab and
changes in mucus plugs and sputum eosinophils has
not yet been analyzed. In this study, we examined mucus
plug count using MDCT analysis in 12 cases before and
after administering benralizumab.

Materials and Methods

Study Participants

The study involved 12 patients (six women and six men)
diagnosed with severe uncontrolled eosinophilic asthma, accord-
ing to the American Thoracic Society/European Respiratory Soci-
ety (ATS/ERS) criteria [1]. These patients were treated with
benralizumab and underwent CT before and 4-6 months after
the start of benralizumab treatment at Niigata University Medical
and Dental Hospital from June 2018 to October 2021. Cases in
which CT could not confirm the presence of mucus plugs before
treatment, or cases with other diseases resulting in mucus plugs,
such as allergic bronchopulmonary aspergillosis (ABPA) or
chronic airway infection, were excluded from this study. This
study was conducted in accordance with the ethical principles for
medical research involving human subjects, the Declaration of
Helsinki, and received the approval of the Ethics Committee of
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Niigata University (approval no. 2524). All participants provided
written informed consent prior to enrollment.

Clinical Assessments

Before the initiation of benralizumab, all participants under-
went a physical examination, and the following parameters were
examined: asthma control test (ACT; Japanese version), asthma
quality of life questionnaire (AQLQ; Japanese version), pulmonary
function test, measurement of the fraction of exhaled nitric oxide
(FeNO) level, peripheral blood eosinophil count, sputum eosino-
phil percentage, and measurement of total immunoglobulin E
(IgE) levels. After 4 months of treatment with benralizumab, the
participants were examined using the same parameters to assess
the efficacy of benralizumab. We also evaluated asthma exacer-
bations, identified by the use of a systemic corticosteroid due to
asthma symptoms 12 months before and after the administration
of benralizumab.

Pulmonary function tests were performed using a spirometer
(SpiroSift SP-470; Fukuda Denshi Co. Ltd. Tokyo, Japan), accord-
ing to the ATS guidelines [16]. FeNO levels were measured using a
nitric oxide analyzer (NIOX VERO® Circassia AB, Uppsala,
Sweden) in accordance with a previous mutual consensus state-
ment by the ATS/ERS [17]. Sputum induction and processing were
performed as previously described [18]. Cell differentiation was
analyzed on May Giemsa-stained cytospin preparations and ex-
pressed as the percentage of nonsquamous cells. Eosinophil cat-
ionic protein (ECP) in the supernatants was measured using an
enzyme-linked immunosorbent assay (ELISA) kit (Cayman
Chemical, Ann Arbor, MI, USA).

Chest CT and Mucus Plug Analysis

Multidetector-row CT (MDCT) imaging was performed
mainly using an MDCT machine (SOMATOM Force; Siemens,
Munich, Germany). All images were obtained in the supine
position during full inspiration breath-hold. Images were recon-
structed using slice thickness at 1 mm slice intervals. The analysis
of mucus plugs was performed by two respiratory physicians
blinded to the patients’ data (NS and YM). Airway mucus plugs
were identified and quantified using a previously reported scoring
system [6, 9]. Briefly, mucus plugs were defined as complete
occlusion of the airway [6, 7, 9]. The lung zone within 2 cm
from the costal or diaphragmatic pleura was excluded because the
airways in that zone were too small to ascertain complete occlusion
by luminal plugs. A mucus score of 0 or 1 based on the absence or
presence of mucus plugs was generated for each CT scan as an
aggregation of the number of bronchopulmonary segments with
luminal plugging, ranging from 1 to 18.

Statistical Analysis

Data are expressed as median (minimum-maximum). Mann-
Whitney U tests were used to evaluate the differences between the
two groups. Within-group (pre- and post-treatment) comparisons
were conducted using Wilcoxon’s signed-rank test. The correlation
between the morphological findings and clinical parameters was
determined using Spearman’s rank analysis. All statistical analyses
except for post hoc power calculation were performed using JMP
software version 11 (SAS Institute, Inc., Tokyo, Japan). A post hoc
power calculation was performed using G*Power software version
3.1 (download from http://www.gpower.hhu.de/). Statistical sig-
nificance was set at p < 0.05 for all statistical analyses.
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Table 1. Summary of clinical

parameters of the subjects Cases (n)

Male (%)
Age (years)

Duration (from diagnosis) (y)

BMI (kg/m2)
Smoking, n (%)

12

6 (50)

66 (31-77)

20.5 (9-48)
23.9 (21.0-32.0)

Never smoked 9 (75.0)

Past history of smoking 3 (25.0)

CRS comorbidity 8 (66.7)

EGPA comorbidity 1(8.3)

ICS (ug/day) 900 (400-1000)
OCS daily 3 (25.0)
Previous biologics

Omalizumab 2
Mepolizumab 2

Exacerbation (/year) 5 (0-24)

ACT 17 (8-25)
AQLQ 4.7 (2.7-5.8)
Blood eosinophil (/uL) 735 (41-1630)
IgE (U/L) 697 (24-4610)
FeNO (ppb) 100 (21-274)
%FEV1 69.1 (32.7-102.1)
FEV1/FVC (%) 61.6 (28.6-80.8)
Mucus plug 5.5 (1-12)

Sputum eosinophil (%)

Sputum ECP (mg/mL)

Time from CT scan to benralizumab initiation (days)
Time from benralizumab initiation to second CT (days)
Time of evaluation from benralizumab initiation (days)
Total follow-up days from benralizumab initiation (days)

40.3 (23-73.5)
36.3 (11.3-86.0)
28 (0-208)

113 (111-182)
112 (111—126)
1,085 (504—1793)

Data are expressed as number (percentage) or median (minimum-maximum). BMI,
body mass index; CRS, chronic rhinosinusitis; EGPA, eosinophilic granulomatosis with
polyangiitis; ICS, inhaled corticosteroid; OCS, oral corticosteroid; ACT, asthma control
test; AQLQ, asthma quality of life questionnaire; IgE, immunoglobulin E; FeNO, fraction
of exhaled nitric oxide; %FEV,, percent forced expiratory volume in 1 s; FVC, forced
vital capacity; ECP, eosinophil cationic protein.

Results

Originally, the total number of patients who took CT
scan before and 4-6 months after benralizumab was 17.
However, sputum samples were not collected from 3 pa-
tients, 1 patient had nontuberculous mycobacterium as
comorbidity, and CT scan before benralizumab did not
show any mucus plugs in 1 patient; therefore, these
5 patients were excluded from this study analysis (online
suppl. figure; see online suppl. material at www.karger.
com/doi/10.1159/000530392). The baseline data for all
12 patients are presented in Table 1. Six patients were male,
the median age was 66 years, and the disease duration
was approximately 20 years. Eight patients (67%) had
chronic rhinosinusitis and one (8.3%) had eosinophilic
granulomatosis with polyangiitis as comorbidities. The

Sputum Eosinophil and Mucus Plug

median inhaled corticosteroids dose was 900 ug/day
(equivalent to fluticasone), and 3 patients (25%) re-
ceived maintenance oral corticosteroids. The median
frequency of exacerbations in the previous year, defined
as a systemic corticosteroid burst due to asthma symp-
toms, was five. The baseline median ACT and AQLQ
scores were 17 and 4.7, respectively. The baseline blood
eosinophil count was 735 per pL. Median IgE and FeNO
levels were 697 U/L and 100 ppb, respectively. Most
patients showed obstructive impairment based on pul-
monary function data. The baseline mucus plug count
was 5.5, whereas the percentages of sputum eosinophils
and sputum ECP concentrations were 40.3% and
36.3 mg/mL, respectively. The median time from the
first CT scan to the start of benralizumab and time from
the start of benralizumab to second CT were 28 and
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Fig. 1. Correlation between mucus plug count and each parameter. a Blood eosinophil count. b Percentage of
sputum eosinophil. ¢ %FEV1. d FeNO levels. e Exacerbation counts in previous year. f ACT score. The r and p
values were calculated using Spearman’s rank analysis. FEV1, percent forced expiratory volume in 1 s; FeNO,
fraction of exhaled nitric oxide; ACT, asthma control test.

113 days, respectively (Table 1). The median time of
evaluation of clinical parameters except for exacerba-
tion frequency was 112 days (Table 1).

The mucus plug count was analyzed in relation to the
baseline data. Mucus plug count showed a significant
positive correlation with sputum eosinophil percentage
(shown in Fig. 1b; 1-B = 0.6) and a significant negative
correlation with %FEV, (shown in Fig. 1¢; 1-p = 0.6). In
addition, peripheral blood eosinophil count, FeNO, num-
ber of exacerbations in the previous year, and ACT were
analyzed in relation to mucus plug count, but no sig-
nificant correlation was found (shown in Fig. 1a, d, e, and
f). Regarding ECP in the sputum, the levels of ECP in
sputum supernatants were positively correlated with
sputum eosinophil percentage and mucus plug count
(shown in Fig. 2a and b; sputum eosinophil: 1-pf = 0.97,
mucus plug count: 1-p = 0.7).

Changes in the data 4 months after the initiation of
benralizumab are shown in Table 2. There was a signifi-
cant improvement in ACT and AQLQ. There was also a
marked decrease in the number of exacerbations. In
addition to eosinophils in the peripheral blood, there
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was a significant decrease in sputum eosinophil percent-
age and sputum ECP concentration. The values of %FEV,
and FEV,/FVC in respiratory function also showed sig-
nificant improvement. In contrast, serum IgE (1-fp=0.11)
and FeNO levels (1-B = 0.16) showed no significant
changes.

Mucus plug count decreased significantly after benra-
lizumab treatment. The groups could be divided into
those in which the mucus plug count decreased by more
than 50% and those where it was less than 50%. The
former group with decreased mucus plugs was charac-
terized by a higher sputum eosinophil percentage and
ECP levels in the sputum supernatants at baseline (shown
in Fig. 3b, c).

We analyzed whether changes in the mucus plug count
correlated with changes in clinical parameters. A positive
correlation was observed between changes in mucus plug
count and changes in %FEV; and ACT scores (shown in
Fig. 4a, b; %FEV: 1-p = 0.75, ACT: 1-p = 0.85), whereas
there was no significant correlation between changes in
mucus plug and changes in blood eosinophil count or
sputum eosinophil percentage (shown in Fig. 4c, d; blood
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Table 2. Changes in clinical
parameters and biomarkers after Pre Post p value
benralizumab treatment ACT 17 (8-25) 23 (18-25) 0.001
AQLQ 47 (2.7-5.8) 6.0 (4.06.8) <0.001
Exacerbation (/year) 5 (0-24) 0 (0-8) <0.001
Blood eosinophil (/uL) 735 (411630) 0 (0—) <0.001
IgE (U/L) 697 (24-4610) 665.5 (35.4-4070) 0.608
FeNO (ppb) 100 (21-274) 55 (15-300) 0.470
%FEV, 69.1 (32.7-102.1) 82.8 (54.8-113.6) <0.001
FEV,/FVC (%) 61.6 (28.6-80.8) 68.4 (43.8-82.9) 0.019
Mucus plug 55 (1-12) 1(0-7) 0.001
Sputum eosinophil (%) 40.3 (23-73.5) 0.0 (0.0-1.0) <0.001
Sputum ECP (mg/mL) 36.3 (11.3-86.0) 9.3 (1.8-37.2) 0.015

Data are expressed as number (percentage) or median (minimum-maximum). Pre,
before benralizumab treatment; post, 4 months after benralizumab treatment; ACT,
asthma control test; AQLQ, asthma quality of life questionnaire; IgE, immunoglobulin
E; FeNO, fraction of exhaled nitric oxide; %FEV;, percent forced expiratory volume in
1 s; FVC, forced vital capacity; ECP, eosinophil cationic protein.

eosinophil: 1-B = 0.38, sputum eosinophil: 1-pf = 0.26).
Furthermore, changes in the AQLQ score or exacerbation
frequency were not correlated with changes in the mucus
plug count (data not shown).

Discussion

In the present study, 12 patients with severe eosino-
philic asthma were treated with benralizumab. Mucus
plug count on CT was evaluated before and after treat-
ment. Our study revealed two major novel findings: (1)
benralizumab reduced mucus plug count, and (2) the
degree of amelioration of mucus plug was associated with
the baseline sputum eosinophil percentage and sputum
ECP levels. To the best of our knowledge, this is the first

Sputum Eosinophil and Mucus Plug

case series report on changes in mucus plugs and sputum
eosinophils in patients treated with benralizumab.
Concerning the relationship between benralizumab
and mucus plugs, Hearn et al. [19] reported that benra-
lizumab was effective in severe eosinophilic asthma with
or without mucus plugs and that changes in clinical
symptoms, FEV,, annual exacerbation rate, and main-
tenance oral corticosteroid usage were not related to the
presence of mucus plugs. Case reports have also shown
that benralizumab is effective in improving mucus plugs
in patients with ABPA [20] and eosinophilic bronchiolitis
[21], both of which are thought to be related to extrac-
ellular trap cell death (ETosis). Furthermore, a report
analyzing mucus plugs by CT and ventilation defect
percentage (VDP) by '**Xe magnetic resonance imaging
before and after a single dose of benralizumab [22]

Int Arch Allergy Immunol 5
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Fig. 4. Changes in mucus plug counts cor-
related with the changes in clinical param-
eters. A positive correlation was observed
between the changes in mucus plug counts
and the changes in %FEV; (a) and ACT
score (b). A nonsignificant correlation oc-
curred between the changes in blood eosi-
nophil (c) and the changes in sputum
eosinophil percentage (d). The r and p
values were calculated using Spearman’s
rank analysis. FEV, percent forced expir-
atory volume in 1 s; ACT, asthma control
test.

plug count (>50%) and those with <50% reduction (<50%), and
the percentages of sputum eosinophil (b) and ECP (c) in
sputum supernatant in the baseline were compared. The p
values were calculated via Wilcoxon matched-pairs signed-
rank tests (a) and Mann-Whitney U tests (b, ¢). ECP, eosinophil

cationic protein.
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showed a significant correlation between mucus plug
count and VDP. In addition, a significant improvement
in VDP was observed in patients with a higher mucus
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plug count, suggesting that mucus plug has a direct effect
on ventilation defects, in agreement with another report
[8]. In this study, amelioration of mucus plugs was
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associated with improvements in FEV, and ACT. Fur-
thermore, eosinophils in the airways are closely linked to
this improvement. The results may represent the char-
acteristics of benralizumab, which is highly effective in
reducing eosinophil counts in the airways [11, 23].

The effects of other biologics on mucus plugs have also
been reported. Dupilumab, an anti-IL-4 receptor anti-
body, has been used as an alternative therapy to systemic
steroids and mepolizumab, an anti-interleukin-5 anti-
body, produces marked improvement in chest shadows,
including mucus plugs [24-26]. Benralizumab eliminates
activated eosinophils, which suppress eosinophil granule
protein and ETosis, thus reducing mucus plugs; however,
itis speculated that dupilumab reduces mucus production
by suppressing the biological activity of IL-13 and ex-
pression of MUC5AC in goblet cells, which is essential for
mucus production, resulting in a clinical effect [27, 28].

In this study, we observed a correlation between sputum
eosinophil percentage, ECP of sputum supernatants, and
the mucus plug count. Duncan et al. [6] found a correlation
between mucus plug count and the levels of eosinophilic
peroxidase (EPO) in sputum supernatants and described
that EPO-generated oxidants were involved in mucus plug
formation. An ELISA kit for EPO was also used in this
study; however, we could not measure all cases due to
sample volume issues. No significant correlation was ob-
served between sputum eosinophil percentage and mucus
plug count (data not shown). Although technical issues such
as specimen preparation were considered [29], given the
strong correlation between sputum eosinophil percentage
and ECP levels of sputum supernatants, we speculated that
EPO was also present in parallel with ECP [30]. In addition,
fibrin formation associated with the release of tissue factors
from eosinophils [31] and extracellular trap cell death
(ETosis)-induced debris, as observed in ABPA [32], are
also considered mechanisms for mucus plug formation.

A correlation between the reduction rate of the mucus
plug count and changes in FEV, and ACT was observed
in this study. In a 3-year observational study of SARP-3
[10], changes in the mucus plug count were reported to
correlate with changes in lung function indices, including
FEV,, which may support the present study. Increases in
FEV, have been reported in clinical studies of benrali-
zumab [12-14, 33]; however, the underlying mechanism
is unclear. Based on our data, reduction in mucus plugs
might be a mechanism of FEV, improvement. In cases of
severe eosinophilic asthma, confirmation of sputum eo-
sinophil and mucus plugs may be predictive of FEV,
improvement with benralizumab.

In this study, the number of mucus plugs increased in
1 patient but remained unchanged in 2 patients despite a

Sputum Eosinophil and Mucus Plug

decrease in sputum eosinophils. In particular, the patient
with an increased number of mucus plugs had an under-
lying eosinophilic granulomatosis with polyangiitis as a
comorbidity. This patient had long-term history of oral
steroid usage and it is possible that other pathologies
besides eosinophilic inflammation such as infection were
also present.

Because this study included a small sample size of
12 patients, it is possible that a false-negative type 2 error
could have occurred. The post hoc power calculations (1-
B) showed that some were insufficient, whereas the
recommended power is expected to be around 0.8 [34].
In particular, an association between peripheral blood
eosinophils and mucus plugs could be significant if the
sample size increases. Furthermore, this study found a
correlation between clinical symptoms (ACT) or FEV,
improvement and mucus plug reduction; however,
other effects of benralizumab, such as airway wall changes
[15, 35] and decreased airway hyperresponsiveness [36],
may also be involved. A larger sample size of benralizu-
mab use should be analyzed in future studies.

This study had several limitations. First, this was a
single-arm study without controlled comparison, and the
sample size was small owing to the single-center nature of
the study. Second, the timing of the first CT scan was
different because of real clinical data. In particular, in
some cases, the scans were taken about 6 months prior.
Third, the percentage of sputum eosinophils was high in
most cases. In a practical setting, benralizumab is selected
in cases with expected efficacy, that is, those with high
blood eosinophil counts or high sputum eosinophil per-
centage, thus resulting in case bias. Different mucus plugs
have been reported to exist for different airway inflam-
mation types, and there are pathologies associated with
smoking and eosinophilic airway inflammation [37]. The
effect of benralizumab on mucus plugs in patients with
less eosinophilic inflammation is also an intriguing pros-
pect. Finally, this study was evaluated after 4 months (CT
after 4-6 months), except for exacerbations. Thus, it may
not reflect the seasonal worsening of symptoms or airway
inflammation fluctuation (e.g., FeNO).

In summary, we examined the efficacy of benralizu-
mab on mucus plugs using CT imaging. Twelve patients
were studied, and the number of mucus plugs decreased
significantly after benralizumab treatment. The number
of mucus plugs was correlated with sputum eosinophil
percentage and ECP of sputum supernatants and inver-
sely correlated with FEV,. Furthermore, there was a
significant correlation between the rate of mucus plug
reduction and changes in symptom score or FEV| in this
study. The presence of mucus plugs and peripheral blood
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eosinophil counts was considered a potential predictor of
treatment when selecting biologics.
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