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GRAPHICAL ABSTRACT
Background: Airway hyperresponsiveness (AHR) and
eosinophilia are hallmarks of persistent asthma.
Objective: We investigated whether eosinophil depletion with
benralizumab might attenuate indirect mannitol AHR in severe
uncontrolled asthma using a pragmatic open-label design.
Methods: After a 4-week run-in period with provision of usual
inhaled corticosteroids and/or long-acting b-agonist (baseline),
adults with mannitol-responsive uncontrolled severe
eosinophilic asthma received 3 doses of open-label
benralizumab 30 mg every 4 weeks, followed by 16 weeks’
washout after the last dose. The primary outcome was doubling
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difference (DD) in provocative dose of mannitol required to
decrease FEV1 by 10% (PD10) at the end point after 12 weeks,
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control questionnaire and mini-asthma quality of life
questionnaire.
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benralizumab therapy at the end point at week 12. Mean (SEM)
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Abbreviations used

ACQ: Asthma control questionnaire

AHR: Airway hyperresponsiveness

CI: Confidence interval

DD: Doubling difference

EDN: Eosinophil-derived neurotoxin

FENO: Fractional exhaled nitric oxide

ICS: Inhaled corticosteroids

MCID: Minimal clinically important difference

Mini-AQLQ: Mini-Asthma Quality of Life Questionnaire

PD10: Provocative dose of mannitol required for 10% fall in

FEV1

PEF: Peak expiratory flow

RDR: Response dose ratio

SEA: Severe eosinophilic asthma
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antagonists. Improvement in AHR was significant by 8 weeks,
with a mean 2.1 DD (95% confidence interval 1.0, 3.3; P < .01)
change in PD10 at week 12, while mean changes in asthma
control questionnaire and mini-asthma quality of life
questionnaire were significant by week 2 and sustained over 12
weeks, both exceeding the minimal important difference.
Peripheral blood eosinophils were depleted by 2 weeks (439 to 6
cells/mL). No significant improvement occurred in lung function
after 12 weeks. Domiciliary peak flow and symptoms also
improved with benralizumab.
Conclusion: Eosinophil depletion results in clinically
meaningful attenuated AHR in severe uncontrolled asthma
patients. (J Allergy Clin Immunol 2022;nnn:nnn-nnn.)

Key words: Airway hyperresponsiveness, benralizumab, mannitol,
severe asthma, asthma control, quality of life

Together with type 2 eosinophilic airway inflammation and
variable airflow obstruction, airway hyperresponsiveness (AHR)
plays a key role in the pathophysiology of severe asthma.1

Indirect airway challenges such as mannitol measure AHR by
promoting the release of endogenous mediators from airway
inflammatory cells, resulting in bronchoconstriction.2,3 As
opposed to direct challenge, such as methacholine or histamine
acting on airway smooth muscle, indirect AHR is more closely
associated with airway inflammation in patients with persistent
asthma.4 Indirect bronchial challenge test withmannitol identifies
asthma with a high degree of specificity.5

Therapy with biologics has revolutionized the management of
severe asthma, especially in relation to improvements in severe
exacerbations, asthma control, and quality of life.6 However,
there remains a paucity of data regarding the effect of biologics
on AHR. One study determined that IL-13 and IL-4, but not
IL-5, induce histamine-, carbachol-, and leukotriene
D4–mediated AHR in isolated human small airways.7 However,
another ex vivo study on passively sensitized human airways
showed that the anti–IL-5Ramonoclonal antibody benralizumab
was significantly more potent than anti–IL-5 mepolizumab in
attenuating direct AHR to histamine ex vivo.8 Regardless, the
effect of benralizumab on mannitol AHR in patients with severe
eosinophilic asthma (SEA) is currently unknown.

We therefore used a pragmatic clinical trial design to
investigate if eosinophil depletion due to benralizumab might
attenuate indirect AHR with mannitol challenge as the primary
outcome, with key secondary outcomes including asthma control
and quality of life. In addition, wewished to see if such effects are
maintained at 16 weeks after stopping benralizumab.
METHODS
Benralizumab in severe asthma, or BISA, was a single-arm open-label

phase 4 proof-of-concept clinical trial (EudraCT 2019-003763-22) that was

conducted in the Scottish Centre for Respiratory Research between December

2020 and May 2022, primarily screening patients with uncontrolled SEA.

Eligible patients were thosewith an asthma control questionnaire (ACQ) score

of >_1.5, blood eosinophils >_300 cells/mL, or the presence of chronic rhinosi-

nusitis with nasal polyps or fixed airway obstruction and eosinophils >_150

cells/mL, FEV1 >_50%, and receipt of inhaled corticosteroids (ICS)/long-acting

b-agonist at a dose of >_1000 mg beclomethasone dipropionate equivalence.

All patients screened in this study had a secondary care respiratory physician

diagnosis of severe asthma according to Global Initiative for Asthma criteria.

Furthermore, those eligible for the study (n5 21) had their diagnosis verified
by a positive mannitol bronchial challenge test,9 signified by the provocative

dose required to decrease FEV1 by 10% less than 635 mg. Such patients

entered into a 4-week run-in period where they received standard-of-care ther-

apy (baseline) and subsequently received 3 doses of subcutaneous benralizu-

mab 30 mg every 4 weeks in addition to standard of care over a 12-week

treatment period followed by a washout period where no benralizumab was

provided for 16 weeks after the last dose (see Fig E3 in this article’s Online

Repository at www.jacionline.org).

The primary outcome was the doubling difference (DD; log2 transformed)

in the provocative dose of mannitol required to decrease FEV1 by 10% (PD10)

after 12 weeks of benralizumab therapy. Although PD15 is usually used in

clinical practice,5 we elected to use the previously validated PD10

threshold3,10,11 as a result of ethical concerns raised about the potential for

severe bronchoconstriction in patients with uncontrolled severe asthma.

Bronchial challenges were performed using mannitol dry powder (Aridol,

Pharmaxis, Sydney, Australia) as previously described.3,10

Key secondary outcomes included ACQ and mini-asthma quality of life

questionnaire (mini-AQLQ). Other secondary outcomes of interest included

peripheral blood eosinophils, eosinophil-derived neurotoxin (EDN),

fractional exhaled nitric oxide (FENO), and spirometry and oscillometry.

FENO was measured using NIOX VERO (Circassia, Oxford, United

Kingdom) according to the manufacturer’s instructions and American

Thoracic Society guidelines.12 Spirometry (Micromedical, Chatham,

United Kingdom) was performed according to European Respiratory

Society/American Thoracic Society guidelines.13 Oscillometry was

measured using TremoFlo (Thorasys, Montreal, Quebec, Canada), with

measurements performed in triplicate according to the European Respiratory

Society technical standards; oscillometry was always performed before

spirometry.14 Accuracy of resistance measurements was confirmed on each

day with a standard 0.2 kPa/L/s resistance mesh.

Statistical analysis was performed by SPSS v27 (IBM, Armonk, NY), and

graphs were prepared by GraphPad Prism v6 (GraphPad Software, La Jolla,

Calif). Data were assessed for outliers and for normality with normality plots and

Shapiro-Wilks test before analysis. An initial overall repeated-measures analysis

of variance was performed to evaluate any significant differences between the

various time points. This was followed by Bonferroni-corrected pairwise

comparisons for each time point versus baseline as well as a separate comparison

for week 12 versus 24, with a 2-tailed alpha error set at 0.05. Values are presented

as arithmeticmeans (95%confidence interval [CI]), except for PD10 and response

dose ratio (RDR), which are provided as geometric means (95% CI). Ethical

approval was obtained via the East of ScotlandResearchEthics Service, andwrit-

ten informed consent was obtained from patients before data collection began.
RESULTS
Mean baseline demographic data are presented in Table E1 in

the Online Repository at www.jacionline.org. Mean (95% CI)

http://www.jacionline.org
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TABLE I. Mean values for mannitol PD10, RDR, spirometry, oscillometry, ACQ, mini-AQLQ, and type 2 biomarkers at weeks 0, 2, 4,

8, 12, and 24

Characteristic

Baseline

(after run-in)

Week

2

Week

4

Week

8

Week

12 (after

benralizumab)

Geometric

mean fold difference

(CI) at week 12

Week

24

Mannitol PD10 (mg) 67 142 157 185* 266** 4.0 (1.9, 8.3) 169*

Mannitol RDR (%/mg) 0.1418 0.0679 0.0630 0.0490* 0.0345** 0.2 (0.1, 0.5) 0.0435*

Arithmetic mean difference

(CI) at week 12

FEV1 (L) 2.37 2.56 2.50 2.48 2.49 0.12 (20.15, 0.39) 2.58

FEF25-75 (L/s) 1.48 1.58 1.56 1.51 1.53 0.05 (20.27, 0.37) 1.59

FVC (L) 3.62 3.83 3.78 3.79 3.78 0.16 (20.05, 0.37) 3.89*

FEV1/FVC 65.5 66.6 66.4 65.8 66.5 1.0 (21.9, 3.9) 66.8

R5-R20 (kPa/L/s) 0.14 0.14 0.15 0.14 0.14 0.00 (20.04, 0.04) 0.13

X5 (kPa/L/s) 20.28 20.24 20.22 20.25 20.24 0.04 (20.04, 0.12) 20.23

AX (kPa/L) 2.77 2.42 2.34 2.49 2.30 20.46 (21.43, 0.50) 2.14

PBE (cells/mL) 439 6**** 13**** 2426 (2574, 2277) 33***

EDN (ng/ml) 65.6 28.5**** 15.3**** 250.3 (262.2, 238.5) 19.9****

FENO (ppb) 51 53 50 65 59 8 (211, 28) 51

ACQ-6 2.6 1.8* 1.5*** 1.3**** 1.1**** 21.5 (22.0, 21.1) 1.5**�
Mini-AQLQ 3.6 4.6*** 5.0*** 5.2**** 5.3**** 1.7 (1.1, 2.3) 4.8*

Values are shown at 2 and 4 weeks (week 2, 4) after the first dose, 4 weeks after the second (week 8) and third doses (week 12), and 16 weeks after the third dose (week 24). AX,

Area under reactance curve; FEF25-75, forced expiratory flow rate between 25% and 75% of FVC; PBE, peripheral blood eosinophil; R5-R20, difference in resistance between 5

and 20 Hz.

Bonferroni-corrected P values versus baseline: *P < .05, **P < .01, ***P < .001, ****P < .0001.

�P value versus week 12 (P < .05).

FIG 1. Mean (95% CI) DD for PD10 and RDR at serial time points after

benralizumab therapy.
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baseline bronchodilator reversibility was 270 mL (179, 361) and
11.4% (8.3, 14.4) for FEV1, whereas the postbronchodilator
FEV1/FVC ratio was 0.69 (0.64, 0.73). There were no significant
differences comparing pre- and post–run-in (baseline) values for
any outcomes (see Table E2 in the Online Repository), although
FENO fell nonsignificantly by 8 ppb, perhaps as a result of
improved ICS adherence during this period. However, mannitol
challenge was only performed after the run-in.

In total, 132 mannitol bronchial challenges were performed
during the trial. The geometric mean baseline PD10 was 67 (95%
CI 34, 135). Significant changes in mannitol PD10 as the
geometric mean fold difference occurred after 8 weeks (Table
I). After week 12 at the primary end point, a mean 2.1 (95% CI
1.0, 3.3) DD in PD10 (Bonferroni P < .01) and 2.0 (95% CI 0.9,
3.1) DD in RDR (Bonferroni P < .01) were observed (Fig 1).
Twelve of 21 patients experienced >_1.0 DD in PD10 and RDR
(see Fig E1 in the Online Repository at www.jacionline.org) at
week 12. The disease of 5 patients subsequently became
unresponsive to mannitol at 12 weeks.

Significant improvements in ACQ-6 and mini-AQLQ scores
were demonstrated by week 2 and were sustained over 12 weeks
(Table I). Notably, response analysis showed 18 of 21 and 17 of 21
participants experienced a >_0.5-unit improvement in ACQ and
mini-AQLQ, respectively, at week 12, exceeding the minimal
clinically important difference (MCID) (Fig 2). After 12 weeks,
5 patients had an ACQ score of <0.75, indicating good disease
control, whereas 13 patients had intermediate disease control,
as evidenced by an ACQ score of >_0.75 to 1.5. All 12 patients
with disease that responded to mannitol at 12 weeks also had im-
provements in ACQ and mini-AQLQ exceeding the MCID. For
the 9 patients with disease that did not respond to mannitol at
12 weeks (Fig E1), when represented as a change in PD10 within
the biological variability of 61.0 DD, 9 and 6, respectively, still
experienced a >_0.5-unit improvement in their ACQ and mini-
AQLQ scores. The mean improvements in ACQ and mini-
AQLQ scores amounted to 1.6 and 1.7 for mannitol nonresponse,
which were comparable to respective improvements of 1.4 and
1.7 for mannitol response.

Mean individual components of the mini-AQLQ
response are shown in Table E3 in the Online Repository at
www.jacionline.org. This demonstrated significant improvement
in all domains after 2 weeks that were sustained over 12 weeks
except for activity. Table E4 in the Online Repository presents a

http://www.jacionline.org
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FIG 2. Mean (95% CI) improvements in ACQ and mini-AQLQ scores at

various time points after benralizumab therapy. Measures at weeks 12 and

24 were performed 4 and 16 weeks after the third and final dose.
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comparison in baseline demographics, asthma control, type 2
biomarkers, and FEV1 in patients whose mannitol PD10 response
exceeded 1.0 DD after 12 weeks of benralizumab versus those
whose mannitol PD10 response did not.

No significant changes in spirometry or oscillometry results
were observed after 12 weeks (Table I). Peripheral blood
eosinophils were significantly depleted by week 2 and sustained
over 12weeks, whereas numerical increases in FENO over 12weeks
were not significant (Table I). Serum EDN levels significantly fell
from baseline to weeks 2 (57% decrease) and 12 (77% decrease)
(see Figs E4 and E5 in the Online Repository at www.jacionline.
org).

Peak expiratory flow (PEF), symptoms, and relief via salbuta-
mol therapy from patient diary cards all significantly improved
after 3 doses of benralizumab—that is, week 12 versus baseline
(Table II). Notably, the lower CI for the change in PEF at week 12
compared to baseline exceeded theMCID of 19L/min (see Fig E2
in the Online Repository at www.jacionline.org).

After the 12-week washout period, there was a numerical
nonsignificant trend toward worsening of mannitol PD10 when
comparing values between 4 months and 1 month after the
last dose of benralizumab—that is, week 24 versus week 12,
amounting to a mean 20.7 DD (95% CI 21.6, 0.3) difference.
For the same time point comparison, a significant worsening in
ACQ and a worsening in mini-AQLQ equaling MCID was
observed (Table I) despite there being no differences in
peripheral blood eosinophils. However, values for ACQ and
mini-AQLQ remained significantly better when comparing
week 24 to baseline. No differences in spirometry or
oscillometry measurements were detected between weeks 12
and 24, while changes in PEF persisted 4 months after the final
dose was provided at week 24.
DISCUSSION
In this pragmatic study, we found that eosinophil depletion due

to benralizumab was associated with clinically relevant
attenuation of indirect AHR at the end point after 12 weeks in
patients with uncontrolled SEA. This was accompanied by
significant improvements in asthma control and quality of life.
Notably, at 12 weeks, the lower 95% CI for DD shift in mannitol
PD10 was 1.0 compared to biological variability of61.0 DD. As a
reference, the within-subject biological variabilities in the
placebo arm for mannitol AHR in the CASCADE15 and
UPSTREAM16 studies were 0.57 and 1.0 DD, respectively.
Therefore, we opted to use 1.0 DD to represent the minimal
change that must be exceeded for a clinically relevant treatment
effect. The lower 95% CIs for ACQ exceeded the MCID of 0.5
at weeks 4, 8, and 12. Indeed, by 12 weeks, the lower 95% CI
exceeded twice the MCID at >1.0. These findings are especially
clinically relevant because it has previously been determined
that each 1.0-unit increase in ACQ is associated with an
approximately 50% increased risk of asthma exacerbation.17

For mini-AQLQ scores, the lower 95% CIs exceeded 0.5 at 2,
4, 8, and 12 weeks (Fig 2).

We observed significantly improved PEF at week 12 versus
baseline, with the lower CI for the change exceeding theMCID of
19 L/min.18 One likely explanation for the apparent disconnect
between improvements in PEF but not FEV1 is that serial values
for PEF were averaged during the 7 days before the particular
study visit. Thus, serial measures of peak flow are always more
likely to detect subtle changes in airway caliber, as opposed to
spot laboratory measures using spirometry.

The putativemechanism for benralizumab on indirect mannitol
challenge is likely to be mediated via intraepithelial eosinophils
in attenuating endogenous AHR in asthma, at least in part by
leukotriene D4 release from depleted eosinophils.19,20 Mast cells
also play a key role in indirect AHR via IL-33 signaling,21 with
early evidence suggesting that eosinophils may regulate mast
cell function.19 Previous studies with mepolizumab reported no
effect on direct-acting challenge to either methacholine or
histamine, suggesting that blocking IL-5 has no effect on airway
smooth muscle.22,23

EDN is an eosinophil degranulation protein that better reflects
asthma control compared to blood eosinophils.24 Furthermore,
EDN is associated with acute asthma exacerbations and AHR.25

In this study, we demonstrated that although peripheral blood
eosinophil counts neared complete depletion by week 2 after
benralizumab, EDN levels progressively drifted downward from
baseline to week 12, where there was 77% suppression (Table I
and, in the Online Repository at www.jacionline.org, Fig E5).
This incomplete suppression of EDN could potentially be
explained by a persistent reservoir of airway eosinophils that
are not entirely depleted from benralizumab therapy.26

We appreciate there are potential limitations associated with
our study. First, it was not placebo controlled. Accepting a
putative 1.0 DD change in AHR with placebo, we do not think
that the 2.1 DD change in AHR with benralizumab represents
regression to the mean over 12 weeks compared to baseline,
especially when using rigorous Bonferroni-corrected P values.
It is also perhaps worth mentioning that the 5 of 21
patients with non–mannitol-responsive disease at week 12 (ie,
PD10 >_ 635 mg) had their PD10 values censored at the maximum
dose (635 mg) for statistical analysis, therefore likely
underestimating the true effect of benralizumab in attenuating
AHR in such patients.

http://www.jacionline.org
http://www.jacionline.org
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TABLE II. Mean PEF rate, patient subjective symptoms, and relief therapy in the 7 days before each respective visit

Characteristic Baseline Week 2 Week 4 Week 8 Week 12 Mean difference (95% CI) at week 12 Week 24

PEF (L/min) 357 388* 400** 398** 404** 48 (21, 74) 404*

Symptoms 1.7 1.3* 1.3** 1.1*** 1.0**** 20.7 (20.9, 20.5) 0.9***

Relief therapy 3 2* 2* 1** 1* 22 (23, 20) 2*

Bonferroni-corrected P values versus baseline: *P < .05, **P < .01, ***P < .001, ****P < .0001.
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Procedures for this study were particularly difficult to execute
because they coincided with the peak of the coronavirus disease
2019 pandemic, associated with stringent protective measures
involving aerosol-generating procedures, especially early in the
pandemic. We hope we might have mitigated the lack of a
placebo-controlled arm by calculating biological variability
values during the run-in period27 that can be used as surrogates
for the minimal change that must occur for a clinically significant
treatment effect.

Furthermore, we acknowledge that it is increasingly difficult to
justify randomizing patients with severe uncontrolled asthma,
whom we were initially shielding, onto a placebo when there is
abundant evidence for the efficacy of benralizumab. This would
not be the case for evaluation of a novel biologic drug that cannot
be accessed via the National Health Service. Our particular
strategy was to inform patients before enrollment that they would
be referred onto the severe asthma multidisciplinary team at the
conclusion of the trial if there was evidence of a good response to
benralizumab.

We included a washout period to assess if the effects of
benralizumab might have started to wear off after a period of 4
months of the last dose. Despite no differences in peripheral blood
eosinophils when comparing 4 and 1 months after the last dose of
benralizumab (week 24 vs week 12), our patients experienced a
small but significant worsening of both their ACQ andmini-AQLQ
scores, while mannitol PD10 demonstrated a numerical nonsignif-
icant worsening. Nonetheless, values for week 24 remained signif-
icantly better than baseline for mannitol PD10, RDR, and ACQ and
mini-AQLQ.We duly acknowledge that blood eosinophils may not
necessarily reflect lung eosinophils even though persistent deple-
tion in blood was observed at week 24.

We think that improvements in mannitol AHRwere unlikely to
be due to increased patient adherence to ICS, as one would
otherwise expect FENO values to fall over 12 weeks.28 Instead,
FENO levels increased nonsignificantly by 8 ppb from baseline
to week 12. Notably, we did not document ICS and/or long-
acting b-agonist adherence in the present study. Finally, although
the subanalysis in Table E4 is likely underpowered, we noted a
significantly higher baseline EDN level in patients who experi-
enced improvement in mannitol PD10 of <1.0 DD at 12 weeks,
possibly warranting further investigation in future studies.

In conclusion, we have shown that eosinophil depletion with
benralizumab attenuates indirect mannitol AHR while also
improving domiciliary peak flow, asthma control, and quality of
life in patients with severe uncontrolled eosinophilic asthma.

We thank Cally Smith and Deirdre Raeside for their help carrying out

individual patient clinical trial visits.We are also grateful to LesleyMcFarlane

and Gwen Kennedy from the Immunoassay Biomarker Core Laboratory,

University of Dundee, for their help in processing EDN assays.
Key messages

d Previous studies have shown that eosinophil suppression
with IL-5 does not improve direct AHR to histamine or
methacholine.

d Eosinophil depletion with benralizumab, an anti–IL-5Ra
monoclonal antibody, resulted in effects on indirect AHR
that occurred in association with improvements in peak
flow, disease control, and quality of life.

d Targeting blood eosinophils through the IL-5 pathway
may play a key role in indirect AHR in SEA.
REFERENCES

1. Chan R, Kuo CRW, Lipworth B. A retrospective cohort study to evaluate the rela-

tionship of airway hyperresponsiveness to type 2 biomarkers in persistent asthma.

Arch Asthma Allergy Immunol 2021;5:8-31.

2. Joos GF, O’Connor B. Indirect airway challenges. Eur Respir J 2003;21:1050-68.

3. Lipworth BJ, Short PM, Williamson PA, Clearie KL, Fardon TC, Jackson CM. A

randomized primary care trial of steroid titration against mannitol in persistent

asthma: STAMINA trial. Chest 2012;141:607-15.

4. Van Den Berge M, Meijer RJ, Kerstjens HA, de Reus DM, Ko€eter GH, Kauffman

HF, et al. PC20 adenosine 59-monophosphate is more closely associated with

airway inflammation in asthma than PC20 methacholine. Am J Respir Crit Care

Med 2001;163:1546-50.

5. Hallstrand TS, Leuppi JD, Joos G, Hall GL, Carlsen KH, Kaminsky DA, et al. ERS

technical standard on bronchial challenge testing: pathophysiology and methodol-

ogy of indirect airway challenge testing. Eur Respir J 2018;52:1801033.

6. Chan R, RuiWen Kuo C, Lipworth B. Pragmatic clinical perspective on biologics

for severe refractory type 2 asthma. J Allergy Clin Immunol Pract 2020.

7. Manson ML, S€afholm J, James A, Johnsson AK, Bergman P, Al-Ameri M, et al.

IL-13 and IL-4, but not IL-5 nor IL-17A, induce hyperresponsiveness in isolated

human small airways. J Allergy Clin Immunol 2020;145:808-17.e2.

8. Calzetta L, Ritondo BL, Matera MG, Facciolo F, Rogliani P. Targeting IL-5

pathway against airway hyperresponsiveness: a comparison between benralizumab

and mepolizumab. Br J Pharmacol 2020;177:4750-65.

9. Sverrild A, Porsbjerg C, Backer V. The use of inhaled mannitol in the diagnosis

and management of asthma. Expert Opin Pharmacother 2012;13:115-23.

10. Currie GP, Haggart K, Brannan JD, Lee DK, Anderson SD, Lipworth BJ. Relation-

ship between airway hyperresponsiveness to mannitol and adenosine monophos-

phate. Allergy 2003;58:762-6.

11. Fardon TC, Pardon EJ, Hodge MR, Lipworth BJ. Comparative cutoff points for

adenosine monophosphate and methacholine challenge testing. Ann Allergy

Asthma Immunol 2004;93:365-72.

12. Dweik RA, Boggs PB, Erzurum SC, Irvin CG, Leigh MW, Lundberg JO, et al. An

official ATS clinical practice guideline: interpretation of exhaled nitric oxide levels

(FeNO) for clinical applications. Am J Respir Crit Care Med 2011;184:602-15.

13. Graham BL, Steenbruggen I, Miller MR, Barjaktarevic IZ, Cooper BG, Hall GL,

et al. Standardization of spirometry, 2019 update. An official American Thoracic

Society and European Respiratory Society technical statement. Am J Respir Crit

Care Med 2019;200:e70-88.

14. King GG, Bates J, Berger KI, Calverley P, de Melo PL, Dellac�a RL, et al. Technical

standards for respiratory oscillometry. Eur Respir J 2020.

15. Diver S, Khalfaoui L, Emson C, Wenzel SE, Menzies-Gow A, Wechsler ME, et al.

Effect of tezepelumab on airway inflammatory cells, remodelling, and

hyperresponsiveness in patients with moderate-to-severe uncontrolled asthma

http://refhub.elsevier.com/S0091-6749(22)01510-X/sref1
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref1
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref1
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref2
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref3
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref3
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref3
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref4
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref4
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref4
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref4
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref4
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref4
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref4
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref4
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref5
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref5
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref5
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref6
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref6
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref7
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref7
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref7
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref7
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref8
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref8
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref8
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref9
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref9
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref10
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref10
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref10
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref11
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref11
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref11
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref12
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref12
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref12
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref13
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref13
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref13
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref13
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref14
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref14
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref14
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref15
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref15
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref15


J ALLERGY CLIN IMMUNOL

nnn 2022

6 CHAN ET AL
(CASCADE): a double-blind, randomised, placebo-controlled, phase 2 trial. Lan-

cet Respir Med 2021.

16. Sverrild A, Hansen S, Hvidtfeldt M, Clausson CM, Cozzolino O, Cerps S, et al.

The effect of tezepelumab on airway hyperresponsiveness to mannitol in asthma

(UPSTREAM). Eur Respir J 2022;59:2101296.

17. Meltzer EO, Busse WW, Wenzel SE, Belozeroff V, Weng HH, Feng J, et al. Use of

the Asthma Control Questionnaire to predict future risk of asthma exacerbation.

J Allergy Clin Immunol 2011;127:167-72.

18. Santanello NC, Zhang J, Seidenberg B, Reiss TF, Barber BL. What are minimal

important changes for asthma measures in a clinical trial? Eur Respir J 1999;14:

23-7.

19. Al-Shaikhly T, Murphy RC, Parker A, Lai Y, Altman MC, Larmore M, et al. Loca-

tion of eosinophils in the airway wall is critical for specific features of airway hy-

perresponsiveness and T2 inflammation in asthma. Eur Respir J 2022.

20. Currie GP, Haggart K, Lee DK, Fowler SJ, Wilson AM, Brannan JD, et al. Effects

of mediator antagonism on mannitol and adenosine monophosphate challenges.

Clin Exp Allergy 2003;33:783-8.

21. Altman MC, Lai Y, Nolin JD, Long S, Chen CC, Piliponsky AM, et al. Airway

epithelium-shifted mast cell infiltration regulates asthmatic inflammation via

IL-33 signaling. J Clin Invest 2019;129:4979-91.
22. Leckie MJ, ten Brinke A, Khan J, Diamant Z, O’Connor BJ, Walls CM, et al. Effects

of an interleukin-5 blocking monoclonal antibody on eosinophils, airway hyper-

responsiveness, and the late asthmatic response. Lancet 2000;356(9248):2144-8.

23. Haldar P, Brightling CE, Hargadon B, Gupta S, Monteiro W, Sousa A, et al. Me-

polizumab and exacerbations of refractory eosinophilic asthma. N Engl J Med

2009;360:973-84.

24. An J, Lee JH, Sim JH, Song WJ, Kwon HS, Cho YS, et al. Serum eosinophil-

derived neurotoxin better reflect asthma control status than blood eosinophil

counts. J Allergy Clin Immunol Pract 2020;8:2681-8.e1.

25. Granger V, Zerimech F, Arab J, Siroux V, de Nadai P, Tsicopoulos A, et al. Blood

eosinophil cationic protein and eosinophil-derived neurotoxin are associated with

different asthma expression and evolution in adults. Thorax 2021.

26. Flood-Page PT, Menzies-Gow AN, Kay AB, Robinson DS. Eosinophil’s role re-

mains uncertain as anti–interleukin-5 only partially depletes numbers in asthmatic

airway. Am J Respir Crit Care Med 2003;167:199-204.

27. Chan R, Misirovs R, Lipworth B. Repeatability of impulse oscillometry in patients

with severe asthma. Eur Respir J 2021.

28. Kuo CR, Spears M, Haughney J, Smith A, Miller J, Bradshaw T, et al. Scottish

consensus statement on the role of FeNO in adult asthma. Respir Med 2019;155:

54-7.

http://refhub.elsevier.com/S0091-6749(22)01510-X/sref15
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref15
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref16
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref16
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref16
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref17
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref17
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref17
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref18
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref18
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref18
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref19
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref19
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref19
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref20
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref20
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref20
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref21
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref21
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref21
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref22
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref22
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref22
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref23
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref23
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref23
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref24
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref24
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref24
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref25
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref25
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref25
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref26
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref26
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref26
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref27
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref27
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref28
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref28
http://refhub.elsevier.com/S0091-6749(22)01510-X/sref28


METHODS
As per aerosol-generating procedural guidance for coronavirus disease

2019, all bronchial challenges were performed after donning full personal

protective equipment, including a fluid-resistant surgical gown, scrub cap,

visor, FFP3 face mask, and gloves. Using the supplied dry powder inhaler

device, patients serially inhaled doubling doses (0, 5, 10, 20, 40, 80, 160, 160,

and 160mg) ofmannitol until a total cumulative of 635mgwas attained. FEV1

was measured 60 seconds after each inhalation, with the highest value of two

recorded. The test ended once a 10% fall in FEV1 was observed or when the

maximum dose of 635 mg had been provided. The PD10 could then be calcu-

lated using log-linear interpolation of the dose–response curve. Patients

without PD10 after the full protocol (ie, PD10 >_ 635 mg) had their values

censored at 635 mg for the purposes of statistical analysis. The within-

subject biological variability of mannitol AHR is61 DD shift such that values

exceeding this shift from baseline in response to benralizumab were consid-

ered as being clinically relevant. Withholding times for asthmatic therapies

before mannitol challenge were as follows: antihistamines, theophylline,

and leukotriene receptor antagonists, 2 days; long-acting b-agonists and

long-acting muscarinic antagonists, 1 day; and salbutamol or terbutaline, 6

hours. Patients were administered nebulized salbutamol 2.5 mg immediately

after challenge to aid recovery.

Blood testing was performed for peripheral blood eosinophils and

circulating levels of specific IgE antibodies with fluorescence enzyme-

linked immunoassay (Phadia ImmunoCAP 250, Phadia, Uppsala, Sweden)

to define common allergens including house dust mite, grass, cat, dog, and

silver birch. Serum EDN levels were measured by commercially available

ELISA kits (MBL Medical and Biological Laboratories, Nagoya, Japan) for

human EDN. All samples were systematically diluted by 1:5 when needed,

and assayed following the manufacturer’s instructions. The assay range after

dilution was 3.0 to 200 ng/mL, and the minimum detection limit was 0.62 ng/

mL. Samples with an intra-assay coefficient of variation >_15% were excluded

from the analysis. Asthma control was determined using the 6-point ACQ,E1

while quality of life was measured using the 15-point mini-AQLQ.E2 Patients

were supplied study diary cards to document their daily receipt of salbutamol

for relief and at-home early-morning PEF readings using a Mini-Wright peak

flow meter (Clement Clarke, Harlow, United Kingdom), noting the best-of-3

value. Patients were also asked to rate their early-morning asthma symptoms

using a 4-point nominal scale: 0, none; 1, mild; 2, moderate; and 3, severe. Re-

lief therapy, PEF, and symptoms from the previous week were averaged for

analysis. The MCID for PEF is 19 L/min.E3
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FIG E1. Patient disposition.
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FIG E2. Study flowchart.
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FIG E3. Individual DD for PD10 andRDR after 12weeks of benralizumab ther-

apy as change from baseline. Mean and 95% CI are superimposed. Dotted
lines depict the within-subject biological variability of 61 DD.
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FIG E4. Suppression of peripheral blood eosinophils and EDN after

benralizumab.
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FIG E5. Absolute change in PEF compared to baseline as means and 95%

CI. Broken line represents MCID for PEF of 19 L/min. Measures at weeks 12

and 24 were performed 4 and 16 weeks after receipt of the third and final

dose.
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TABLE E1. Baseline patient demographics

Characteristic Value

Sex (F/M) 9/12

Age (years) 53 (4)

BMI (kg/m2) 30 (1.2)

LABA (%) 95

LAMA (%) 57

LTRA (%) 62

THEO (%) 14

OAH (%) 67

CROMO (%) 5

INAH (%) 14

INS (%) 43

Ex-smoker (%) 38

Current smoker (%) 0

Nasal polyps (Y/N) 8/13

FEV1 (%) 80.2 (4.1)

FEF25-75 (%) 41.5 (4.2)

FVC (%) 100.3 (3.9)

R5 (%) 161 (13)

ICS dose (mg) 1895 (59)

No. of positive-specific IgE 2

Total IgE (kU/L) 409 (180)

OCS exacerbations 4 (2)

Values presented as mean (SEM) except exacerbations, which are presented as median

(IQR). BMI, Body mass index; CROMO, sodium cromoglicate; FEF25-75, forced

expiratory flow rate between 25% and 75% of FVC; ICS, ICS–beclomethasone

dipropionate equivalent dose; INAH, intranasal antihistamine; INS, intranasal steroid;

LAMA, long-acting muscarinic antagonist; LTRA, leukotriene receptor antagonist;

OAH, oral antihistamine; OCS, annual oral corticosteroid; PBE, peripheral blood

eosinophil; R5, resistance at 5 Hz; THEO, theophylline.
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TABLE E2. Changes before and after run-in (baseline)

Characteristic Mean absolute change (95% CI) Mean % change (95% CI) Mean % CV (95% CI) Biological variability

ACQ-6 20.3 (20.7, 0.0) 211.3 (223.9, 1.3) 17.9 (9.1, 26.7) 0.4

Mini-AQLQ 0.2 (20.2, 0.7) 7.0 (25.8, 19.8) 14.1 (8.5, 19.8) 0.4

FEV1 (L) 0.003 (20.098, 0.105) 0.1 (24.1, 4.4) 4.9 (3.5, 6.3) 0.102

FEF25-75 (L/s) 0.110 (20.074, 0.294) 8.0 (25.4, 21.4) 13.6 (8.9, 18.3) 0.184

FVC (L) 20.056 (20.168, 0.056) 21.5 (24.6, 1.5) 4.2 (2.7, 5.7) 0.112

FEV1/FVC ratio 0.86 (21.3, 3.0) 21.3 (22.0, 4.6) 4.6 (3.4, 5.8) 2.1

R5 (kPa/L/s) 0.00 (20.04, 0.04) 0.6 (27.1, 8.2) 9.4 (6.5, 12.4) 0.04

R20 (kPa/L/s) 0.02 (20.00, 0.05) 6.5 (20.5, 13.4) 9.4 (7.3, 11.5) 0.03

R5-R20 (kPa/L/s) 20.02 (20.05, 0.01) 212.2 (231.0, 6.6) 35.4 (15.3, 55.5) 0.03

X5 (kPa/L/s) 20.01 (20.05, 0.03) 24.5 (218.6, 9.7) 17.1 (8.5, 25.6) 0.04

AX (kPa/L) 20.02 (20.51, 0.48) 20.7 (218.4, 17.1) 26.9 (14.5, 39.3) 0.50

Fres (Hz) 20.21 (22.84, 2.42) 20.9 (211.7, 10.0) 11.7 (5.3, 18.2) 2.62

PBE (cells/mL) 219 (2115, 77) 24.2 (225.1, 16.8) 21.2 (13.1, 29.2) 96

FENO (ppb) 27 (215, 1) 212.0 (225.8, 1.8) 21.0 (14.3, 27.7) 8

Mannitol PD10 was only performed after run-in at baseline. The biological variability value was calculated as 1-sided 97.5% CI of the mean absolute change. AX, Area under

reactance curve; CV, coefficient of variation; FEF25-75, forced expiratory flow rate between 25% and 75% of FVC; Fres, resonant frequency; PBE, peripheral blood eosinophil;

R5/20, resistance at 5/20 Hz; R5-R20, difference in resistance between 5 and 20 Hz; X5, resistance at 5Hz.
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TABLE E3. Mean individual components of mini-AQLQ response to benralizumab

Characteristic Baseline Week 2 Week 4 Week 8 Week 12 Mean difference (95% CI) at week 12 Week 24

Overall 3.6 4.6*** 5.0*** 5.2**** 5.3**** 1.7 (1.1, 2.3) 4.8*

Symptoms 3.4 4.6*** 5.2**** 5.4**** 5.5**** 2.0 (1.4, 2.7) 5.0**

Environment 3.4 4.0 4.5* 4.3* 4.7** 1.3 (0.7, 2.0) 4.4

Emotions 3.3 4.2** 4.9** 5.1*** 5.1** 1.8 (0.9, 2.7) 4.7

Activity 4.1 5.1* 5.3** 5.6*** 4.9 0.8 (0.0, 1.6) 5.1

Bonferroni-corrected comparisons versus baseline: *P < .05, **P < .01, ***P < .001, ****P < .0001.
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TABLE E4. Comparison of baseline data according to benra-

lizumab therapy results

Characteristic DPD10 >_ 1.0 DD (n 5 12) DPD10 < 1.0 DD (n 5 9)

ICS (mg) 1933 1889

Age (years) 52 54

BMI (kg/m2) 29.3 31.1

ACQ 2.5 2.8

PBE (cells/mL) 409 478

FENO (ppb) 37 68

EDN (ng/mL) 55.1 79.6*

FEV1 (%) 74.7 87.6

BMI, Body mass index; ICS, ICS–beclomethasone dipropionate equivalent dose; PBE,

peripheral blood eosinophil.

*P < .05.
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