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Background: Airway hyperresponsiveness (AHR) is a key feature of asthma. Biologic therapies used to treat asthma target specific 
components of the inflammatory pathway, and their effects on AHR can provide valuable information about the underlying disease 
pathophysiology. This review summarizes the available evidence regarding the effects of biologics on allergen-specific and non- 
allergen-specific airway responses in patients with asthma.
Methods: We conducted a systematic review in accordance with Preferred Reporting Items for Systematic Reviews and Meta- 
Analysis (PRISMA) guidelines, including risk-of-bias assessment. PubMed and Ovid were searched for studies published between 
January 1997 and December 2021. Eligible studies were randomized, placebo-controlled trials that assessed the effects of biologics on 
AHR, early allergic response (EAR) and/or late allergic response (LAR) in patients with asthma.
Results: Thirty studies were identified for inclusion. Bronchoprovocation testing was allergen-specific in 18 studies and non-allergen- 
specific in 12 studies. Omalizumab reduced AHR to methacholine, acetylcholine or adenosine monophosphate (3/9 studies), and 
reduced EAR (4/5 studies) and LAR (2/3 studies). Mepolizumab had no effect on AHR (3/3 studies), EAR or LAR (1/1 study). 
Tezepelumab reduced AHR to methacholine or mannitol (3/3 studies), and reduced EAR and LAR (1/1 study). Pitrakinra reduced 
LAR, with no effect on AHR (1/1 study). Etanercept reduced AHR to methacholine (1/2 studies). No effects were observed for 
lebrikizumab, tocilizumab, efalizumab, IMA-638 and anti-OX40 ligand on AHR, EAR or LAR; benralizumab on LAR; tralokinumab 
on AHR; and Ro-24-7472 on AHR or LAR (all 1/1 study each). No dupilumab or reslizumab studies were identified.
Conclusion: Omalizumab and tezepelumab reduced EAR and LAR to allergens. Tezepelumab consistently reduced AHR to 
methacholine or mannitol. These findings provide insights into AHR mechanisms and the precise effects of asthma biologics. 
Furthermore, findings suggest that tezepelumab broadly targets allergen-specific and non-allergic forms of AHR, and the underlying 
cells and mediators involved in asthma.
Keywords: airway hyperresponsiveness, allergic response, biologic, systematic review, asthma, randomized placebo-controlled trial

Introduction
Airway hyperresponsiveness (AHR) is a hallmark pathophysiologic feature of asthma and constitutes a heightened 
responsiveness to inhaled bronchoconstrictors and/or the increased production of mediators of bronchoconstriction.1–3 

Historically, treatment strategies to normalize AHR have been associated with clinically important outcomes in asthma, 
including reduction in exacerbation rates and histopathologic features of remodeling and inflammation.4

Direct AHR in humans is related to the degree of baseline airflow obstruction and has been further related to changes 
in the amount of airway smooth muscle,5 in addition to the infiltration of airway smooth muscle by inflammatory cells, 

Journal of Asthma and Allergy 2023:16 755–774                                                              755
© 2023 Spahn et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Asthma and Allergy                                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 28 March 2023
Accepted: 28 June 2023
Published: 21 July 2023

Jo
ur

na
l o

f A
st

hm
a 

an
d 

A
lle

rg
y 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-9345-4903
http://orcid.org/0000-0003-0979-281X
http://orcid.org/0000-0003-4175-7336
http://orcid.org/0000-0002-5059-6872
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


such as mast cells.6,7 The interaction between airway smooth muscle and mast cells, driven by inflammation, can 
ultimately lead to airway remodeling. In mice, the type-2 (T2) cytokine interleukin (IL)-13 plays a central role in the 
development of direct AHR to methacholine.8–10 Indirect AHR has been associated with the severity of cellular 
inflammation of the airways, particularly a shift in the number and type of mast cells in the airway epithelium11,12 and 
infiltration of the epithelium with eosinophils.13 Epithelial cytokines, including IL-33 and thymic stromal lymphopoietin 
(TSLP), represent upstream regulators of inflammation, including both T2 and non-T2 inflammatory pathways.14

AHR is assessed by bronchoprovocation testing.1,2 The tests can be subdivided according to whether the broncho-
constrictor is administered during the test or is endogenously generated in the airways, and whether the response requires 
allergen sensitization. Direct challenge tests use exogenous agonists (such as methacholine, acetylcholine or histamine) 
that directly interact with receptors on airway smooth muscle and other cells, resulting in bronchoconstriction.1 Indirect 
challenge tests involve triggering the endogenous release of inflammatory mediators by an osmotic challenge (such as 
mannitol or hypertonic saline), an adenosine monophosphate (AMP) challenge or a hyperpnea challenge (such as 
eucapnic voluntary hyperventilation or dry-air exercise).2 Direct challenge tests are sensitive for asthma detection but 
are non-specific because many obstructive lung diseases can yield a positive result.1 Thus, methacholine testing is 
frequently used to rule out asthma.1 In contrast, assessments such as mannitol and exercise challenges are generally 
thought to be asthma-specific but less sensitive than direct challenge tests for asthma detection overall.2 Indirect 
bronchoprovocation can also be conducted using an allergen-specific challenge in patients with allergen sensitization. 
Allergen challenge testing is used to assess both the early allergic response (EAR), which develops within the first 15 
minutes of allergen administration, and the late allergic response (LAR), which starts to develop 3–4 hours after allergen 
administration and is associated with a period of cellular inflammation and an increase in both direct and indirect AHR.3

In recent years, there has been a growing number of targeted biologic (ie monoclonal antibody [mAb]) therapies 
approved for the treatment of severe, uncontrolled asthma. Six biologics are currently approved by the US Food and 
Drug Administration (FDA) for use in the treatment of asthma: omalizumab, an anti-immunoglobulin E (anti-IgE) mAb; 
mepolizumab, an anti-IL-5 mAb; reslizumab, an anti-IL-5 mAb; benralizumab, an anti-IL-5 receptor mAb; dupilumab, 
an anti-IL-4 receptor α mAb; and tezepelumab, an anti-TSLP mAb.15 Biologic therapies target specific components of the 
inflammatory pathway, and their differential effects on AHR, EAR and LAR can provide information on therapeutic 
effects, as well as the underlying biology of asthma. Studies have been conducted on the effects of individual biologics 
on AHR, EAR and LAR; however, to our knowledge, there are currently no systematic literature reviews that compare 
the effects of approved, non-approved (eg investigational and/or off-label) and discontinued biologics on these outcomes 
in patients with asthma. The objective of this systematic literature review was to summarize the available evidence 
regarding the effects of biologic therapies on AHR, EAR and LAR in patients with asthma.

Methods
Literature Search
A systematic literature review was conducted and reported in accordance with the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines,16 though this systematic review has not been registered 
and a review protocol was not prepared. We systematically searched PubMed and Ovid (MEDLINE and Embase) to 
identify randomized, placebo-controlled studies published between January 1, 1997 and December 17, 2021 (inclusive) 
that examined the effects of biologics on AHR, EAR and/or LAR in patients with asthma. The search string contained 
terms relating to randomized, placebo-controlled clinical trials; crossover studies; asthma; biologic and tumor necrosis 
factor (TNF)-α therapies; allergic stimuli; AHR challenges; EAR; and LAR (Table S1). No language restrictions were 
applied. Two reviewers (one author and one non-author) independently screened the results based on the titles and 
abstracts, and then assessed the eligibility of the publications according to specific inclusion criteria (Table S2).

Inclusion and Exclusion Criteria
Publications were eligible for inclusion if they reported randomized, placebo-controlled studies of biologic therapies in 
patients with asthma, irrespective of asthma type or severity, and reported measurements of AHR, EAR and/or LAR to 
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allergen-specific and non-allergen-specific stimuli. The biologics could be approved, non-approved or discontinued. Both 
full publications and congress abstracts were eligible for inclusion. Reviews and meta-analyses were excluded.

Data Extraction and Summary
Data were extracted into a standardized form by one reviewer (author), and the second reviewer (non-author) verified the 
accuracy of data entry. The extracted data included information on the study design (including inclusion and exclusion 
criteria), the study population (such as baseline demographic and clinical characteristics), the biologics assessed and their 
effects on AHR, EAR and/or LAR (Tables S3–S5).

Bias Assessment
Risk of bias in the eligible studies was assessed using the revised Cochrane risk-of-bias tool for randomized trials (RoB 
2).17 RoB 2 evaluates the risk of bias in the results arising from the randomization process, deviations from the intended 
interventions, missing outcome data, measurement of outcomes and selective reporting.17

Results
Literature Search, Screening and Publication Selection
The systematic literature search identified 950 publications (Figure 1 and Table S2). Of these, 898 were excluded 
following screening of the title and abstract. The most common reasons for exclusion were duplication in search 
retrievals (n = 489) and interventions that did not match the review criteria (n = 237). The remaining 52 publications 
underwent screening of the full text. Thirty publications met the eligibility criteria and were included in this review 
(Table 1).18–47 Eighteen studies utilized allergen-specific airway challenge testing for AHR, EAR and/or LAR; the 
remaining 12 studies used non-allergen-specific testing.

Figure 1 PRISMA flow diagram summarizing the selection process for publications included in the review. 
Notes: Adapted from Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ. 2021;372:n71. 
Creative Commons.16 

Abbreviations: AHR, airway hyperresponsiveness; EAR, early allergic response; LAR, late allergic response; PRISMA, Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses; RCT, randomized controlled trial.
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Table 1 Characteristics of the Included Trials and Publications

Biologic 
Therapy

Publication Study 
Population

ICS at Trial Entry, Dose, Mean (SD) Endpoints 
Assessed

Number 
of 

Patients

Treatment 
Period 

Duration, 
Weeks

Age, Years, Mean (SD) Intervention

Placebo Treatment Placebo Treatment

Omalizumab 

(anti-IgE 

mAb)

Boulet et al 

199718

Stable, mild, 

allergic asthma

NR NR EAR, AHRa 20 10 27 (8.4) 27 (8.2) rhuMab-E25 initial dose  

2.0 mg/kg, thereafter  

1.0 mg/kg IV

Fahy et al 

199719

Mild, allergic 

asthma

Corticosteroid use in preceding 6 weeks of trial was an exclusion 

criterion

EAR, LAR, 

AHRa

18 9 32 (5.0) 31 (9.0) rhuMAb-E25 IV 0.5 mg/kg Q1W

Fahy et al 

199920

Allergic 

asthma

Corticosteroid use in preceding 6 weeks of trial was an exclusion 

criterion

EAR, LAR, 

AHRa

33 8 28 (8.0) 1 mg: 28 (8.0)  

10 mg: 30 (NR)

rhuMAb-E25 1 mg or  

10 mg inhaled daily dose

Noga et al 

200321

Moderate-to- 

severe, allergic 
asthma

ICS equivalent to beclomethasone dipropionate dose 500–1000 μg/day for 

≥ 2 months (mean [SD] dose NR)

AHR 35 52 36  

(23–61)b
37 (26–59)b Omalizumab ≥ 0.016 mg/kg/IgE 

(IU/mL) SC Q4W

Djukanović 
et al 200422

Stable, mild- 
to-moderate 

asthma

Patients with acute exacerbations requiring rescue corticosteroid 
medication in ≥ 6 weeks before screening were excluded

AHR 45 16 26  
(20–48)b

26 (19–44)b Omalizumab ≥ 0.016 mg/kg/IgE 
(IU/mL) SC Q4W

Prieto et al 

200623

Mild-to- 

moderate, 

persistent, 
allergic asthma

ICS equivalent to beclomethasone dipropionate dose 200–1000 μg/day for 

≥ 6 months before randomization

AHR 34 12 Omalizumab ≥ 0.016 mg/kg/IgE 

(IU/mL) SC Q4W

Baseline ICS: 465 (320–630) μg/day Baseline ICS: 412 (278–545) μg/day 30  

(25–35)b
32  

(27–37)b

Patel et al 

200924

Mild, allergic 

asthma

NR NR AHR 18 12 NR NR Omalizumab; dose, route and 

frequency NR

Omalizumab 

(anti-IgE 
mAb)

van Rensen 

et al 200925

Asthma type 

and severity 
not specified

NR NR EAR, LAR, 

AHRa

25 12 21  

(19–29)b
20.5  

(18–24)b
Omalizumab ≥ 0.016 mg/kg/IgE 

(IU/mL) SC Q4W

Zielen et al 
201326

Allergic 
asthma

Low-dose ICS eg ≤ 400 μg/day budesonide or ≤ 250 μg/day 
fluticasone, was permitted provided it remained stable throughout the 

study

EARa 50 12–14 Omalizumab SC Q2W or Q4W

271.4 (NR) μg Group 1 (low IgE):  

262.5 (NR) μg

34 (10.4) Group 1 (low IgE): 36 

(11.9)

Group 2 (high IgE):  

314.3 (NR) μg

Group 2 (high IgE): 29 

(11.0)

Hendeles et al 

201527

Persistent 

asthma

All patients had a pharmacy prescription refill history of < 50% of 

prescribed doses of ICS for ≥ 3 months (mean [SD] dose NR)

AHR 17 16 16.4 (5.5) Omalizumab SC Q2W or Q4W
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Mepolizumab 

(anti-IL-5 

mAb)

Leckie et al 

200028

Mild, allergic 

asthma

NR NR EAR, LAR, 

AHRa

24 16 25.6 (4.1)b 2.5 mg: 30.0 (8.0)b Humanized (IgG-κ) mAb to IL-5  

2.5 mg/kg or  

10 mg/kg IV10.0 mg: 28.0 (4.3)b

Flood-Page 

et al 200329

Mild asthma No corticosteroid use in the preceding 8 weeks of trial AHR 24 20 30  

(20–52)b
31  

(20–53)b
Mepolizumab 750 mg IV three 

doses Q4W

Haldar et al 
200930

Refractory 
eosinophilic 

asthma with a 

history of 

severe 
exacerbations

Beclomethasone dipropionate– 
equivalent ICS dose: 1711 μg 

(SD NR; range: 1000–4000)

Beclomethasone dipropionate– 
equivalent ICS dose: 2038 μg 

(SD NR; range: 1000–4000)

AHR 61 50 50  
(24–72)b

48  
(21–63)b

Mepolizumab 750 mg IV Q4W

Benralizumab 
(anti-IL-5R 

mAb)

Gauvreau et al 
202131

Mild, allergic 
asthma

NR NR LARa 46 9 NR NR Benralizumab 30 mg SC Q4W

Tezepelumab 

(anti-TSLP 

mAb)

Gauvreau et al 

201432

Mild, allergic 

asthma

ICS use NR; however, no asthma-controller treatments were allowed 

during the study except SABA

EAR, LAR, 

AHRa

31 12 31.5 (2.9) 30.8 (2.7) AMG 157 700mg IV (three doses 

Q4W)

Diver et al 

2021 

(CASCADE)33

Uncontrolled, 

moderate-to- 

severe asthma

Fluticasone dry powder or 

equivalent – medium dose (250– 

500 μg/day): 33% of patients; 
high dose (> 500 μg/day): 65% of 

patients (mean [SD] dose NR)

Fluticasone dry powder or 

equivalent – medium dose (250– 

500 μg/day): 44% of patients; 
high dose (> 500 μg/day): 56% of 

patients (mean [SD] dose NR)

AHR 99 28 50.5 (14.3) 49.9 (13.2) Tezepelumab 210 mg SC Q4W

Sverrild et al 

2021 

(UPSTREAM)34

Uncontrolled 

asthma

ICS equivalent to budesonide 

dose: 1389 (698) μg

ICS equivalent budesonide dose: 

1130 (715) μg

AHR 40 12 40 (15.0) 42 (20.0) Tezepelumab 700 mg IV Q4W

Lebrikizumab 

(anti-IL-13 
mAb)

Scheerens et al 

201435

Mild, allergic 

asthma

ICS use in the 6 weeks before screening was an exclusion criterion EAR, LAR, 

AHRa

29 12 32 (11.0) 36 (11.0) Lebrikizumab 5 mg/kg SC Q4W

Tralokinumab 
(anti-IL-13 

mAb)

Russell et al 
2018 

(MESOS)36

Inadequately 
controlled, 

moderate-to- 

severe asthma

Patients required treatment with ICS at a stable dose with or without 
other asthma controller medications (≥ 250 μg/day of fluticasone or 

equivalent) (mean [SD] dose NR)

AHR 79 12 50.1 (14.2) 47.1 (14.2) Tralokinumab 300 mg SC Q2W

Tocilizumab 

(anti-IL-6 
mAb)

Revez et al 

201937

Mild, stable, 

allergic asthma 
(and 

rs2228145:AC 

or CC 

genotype)

Patients had a history of asthma that did not require regular 

treatment with corticosteroids

EAR, LAR, 

AHRa

11 5–10 29 (12.6) 35 (7.6) Tocilizumab  

8 mg/kg IV single dose

Efalizumab 

(anti-CD11a 
mAb)

Gauvreau et al 

200338

Mild, allergic 

asthma

ICS use NR; however, patients were required not to use regular 

asthma medication during the study other than infrequent (less than 
twice weekly) inhaled β2-agonist

EAR, LAR, 

AHRa

35 8 31 (18–60)c Efalizumab initial dose  

0.7 mg/kg, thereafter  
2.0 mg/kg SC Q1W

(Continued)
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Table 1 (Continued). 

Biologic 
Therapy

Publication Study 
Population

ICS at Trial Entry, Dose, Mean (SD) Endpoints 
Assessed

Number 
of 

Patients

Treatment 
Period 

Duration, 
Weeks

Age, Years, Mean (SD) Intervention

Placebo Treatment Placebo Treatment

Etanercept 

(anti-TNF 

fusion 

protein)

Berry et al 

200639

Mild-to- 

moderate or 

refractory 

asthma

ICS use NR; however, patients with refractory asthma had to meet a 

modified definition of daily dose ICS use: > 2000 μg of 

beclomethasone or its equivalent

AHR 30 10 38 (23–49)b Mild: 42 (18–72)b Etanercept  

25 mg SC twice weekly for  

10 weeksRefractory: 49 (25–59)b

Rouhani et al 

200540

Mild-to- 

moderate, 
allergic asthma

ICS use NR; however, study medications were limited to inhaled beta- 

agonists

AHR 21 2 23 (21–40)b 27 (20–54)b Etanercept  

25 mg SC twice per week for  
2 weeks

Pitrakinra 
(anti-IL-4RA: 

IL-4 variant)

Wenzel et al 
200741

Atopic asthma ICS use 1 month before screening was an exclusion criterion EAR, LAR, 
AHRa

56 4 SC: 30 (9.0) SC: 31 (10.0) Pitrakinra  
25 mg SC once daily or 60 mg 

inhaled twice dailyInhaled: 29 (8.0) Inhaled: 25 (5.0)

IMA-638 

(anti-IL-13 

mAb)

Gauvreau et al 

201142

Mild, atopic, 

stable asthma

Patients were not currently using ICS EAR, LAR, 

AHRa

56 5 32.3 (3.2)d 26.1 (1.7)d IMA-638  

2 mg/kg SC two doses 1 week 

apart

MEMP1972A 

(anti-M1 
prime)

Gauvreau et al 

201243

Mild asthma NR NR EAR, LAR, 

AHRa

28 12 NR NR MEMP1972A 5 mg/kg IV Q4W

CSJ117 (anti- 

TSLP 

fragment)

Gauvreau et al 

202044

Mild, atopic 

asthma

NR NR EAR, LARa 28 12 NR NR CSJ117 inhaled daily dose; dose 

NR

rhPAF-AH Henig et al 

200045

Mild, atopic 

asthma

ICS use NR; however, asthma symptoms were required to be 

controlled with SABA use alone

EAR, LARa 14 5–7 NR NR rhPAF-AH  

1 mg/kg IV

Ro-24-7472 

(rIL-12)

Bryan et al 

200046

Mild, allergic 

asthma

Corticosteroid use ≤ 1 month before study was an exclusion criterion LAR, AHRa 39 4 26.4 (5.3) 25.8 (7.5) Ro-24-7472 0.1, 0.25,  

0.5 μg/kg SC increasing dose 

Q1W

Anti-OX40 
ligand (mAb)

Gauvreau et al 
201447

Mild, atopic 
asthma

Patients were steroid-naïve and had no asthma medications other 
than infrequent SABA use

EAR, LAR, 
AHRa

28 12 33.9 (12.0) 33.4 (13.3) Humanized anti-OX40 ligand 
mAb IV four doses over  

12 weeks

Notes: aAllergen challenge study. bMedian (range or 95% CI). cMean (range). dMean (SEM). 
Abbreviations: AHR, airway hyperresponsiveness; CD11a, αLβ2 integrin α-chain; CI, confidence interval; EAR, early allergic response; ICS, inhaled corticosteroids; Ig, immunoglobulin; IL, interleukin; IU, international units; IV, intravenously; LAR, late 
allergic response; mAb, monoclonal antibody; NR, not reported; Q1W, weekly; Q2W, every 2 weeks; Q4W, every 4 weeks; r, recombinant; R, receptor; RA, receptor antagonist; rhuMab, recombinant humanized monoclonal antibody; rhPAF-AH, 
recombinant human platelet-activating factor acetylhydrolase; SABA, short acting β2 agonist; SC, subcutaneously; SD, standard deviation; SEM, standard error of the mean; TNF, tumor necrosis factor; TSLP, thymic stromal lymphopoietin.
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Of the 30 publications, 11 were found to have a low risk of bias (Figure S1). The remaining 19 publications did not 
report whether analyses were pre-specified or if the trial was pre-registered, and there was thus a potential risk of bias in 
the selection of results to report.

Characteristics of the Included Studies
Characteristics of the included studies are summarized in Table 1 (see Table S3 for further details). The number of 
patients was in the range 11–99 per study, and the treatment period duration was in the range 2–52 weeks. In more than 
half of the included studies (16/30), the population was described as having mild asthma (2 studies), mild allergic asthma 
(10 studies) or mild atopic asthma (4 studies). In the allergen challenge studies (18/30), patients had predominantly mild 
and/or allergic asthma (one study did not report the patient population) and patients were not receiving inhaled 
corticosteroids (ICS) at trial entry in 8 studies. Of the nine studies where ICS use was not directly reported, the study 
design criteria of three of these studies indirectly suggest that patients were receiving ICS at study entry. One allergen 
challenge study included patients who were receiving ICS at study entry. In the non-allergen challenge AHR studies (12/ 
30), included patient populations were described as having mild-to-moderate or refractory asthma (7 studies), or 
moderate-to-severe, uncontrolled asthma (4 studies), with the remaining study assessing a population with persistent 
asthma. Biologic therapies assessed were: omalizumab (10 studies); mepolizumab (3 studies); tezepelumab (3 studies); 
etanercept (2 studies); and benralizumab, lebrikizumab, tralokinumab, tocilizumab, efalizumab, pitrakinra, IMA-638, 
MEMP1972A, CSJ117, recombinant human platelet-activating factor acetylhydrolase (rhPAF-AH), Ro-24-7472 and anti- 
OX40 ligand (1 study each). No published studies assessing dupilumab or reslizumab were identified.

Patient Baseline Characteristics
Baseline demographic and clinical characteristics of patients who participated in each study arm are summarized in 
Table 2 (see Table S4 for further details). Mean age of patients was in the range 16–50 years across study arms. Body 
mass index was reported in six studies, with the mean in the range 25–30 kg/m2. Of the 19 studies that reported smoking 
history, none included patients that were current smokers. Across the included studies, the pre-bronchodilator forced 
expiratory volume in 1 second (FEV1) was in the range 2.18–4.09 L, and the pre-bronchodilator FEV1 percentage of 
predicted normal values was in the range 62–102%.

Effects of Biologic Therapies on AHR
Twenty-six studies assessed the effect of biologic therapies on AHR in patients with asthma (Figure 2 and Table S5). 
Omalizumab (anti-IgE mAb) was the most extensively studied biologic and reduced AHR (3/9 studies) to various 
challenges: methacholine (1/7 studies),18 acetylcholine (1/1 study)21 and AMP (1/2 studies); one of the studies assessed 
both methacholine and AMP.27 The initial allergen challenge studies that assessed AHR in the late 1990s reported 
conflicting results.18,19 In a study of 20 patients with mild allergic asthma, omalizumab treatment reduced methacholine 
responsiveness; the methacholine concentration that provokes a 20% decrease in FEV1 (PC20) increased from 0.73 mg/ 
mL at baseline to 1.34 mg/mL at day 76 of treatment (0.9 doubling dose); p = 0.048.18 In contrast, another study, also in 
patients with mild allergic asthma, found no change in methacholine PC20.19 Furthermore, another study showed that 
inhaled omalizumab, administered daily, also failed to affect methacholine reactivity.20 Two studies assessed the effect of 
omalizumab on both direct (methacholine) and indirect (hypertonic saline or AMP) measures of AHR.23,24 In one of 
these studies, omalizumab had no effect on either methacholine or hypertonic saline challenge in 18 patients with mild 
allergic asthma;24 in the second study, in mild-to-moderate asthma, omalizumab significantly reduced AMP reactivity 
compared with placebo at 4 weeks but not at 12 weeks, and had no effect on methacholine responsiveness compared with 
placebo.23 Two bronchoscopy studies assessed the effect of omalizumab on airway inflammation and AHR to 
methacholine.22,25 In 25 patients with mild allergic asthma, 12 weeks of omalizumab treatment reduced airway tissue 
and sputum eosinophil counts compared with placebo, while having no effect on methacholine responsiveness.25 In 
another study of 45 patients with mild-to-moderate asthma with at least 2% sputum eosinophils, omalizumab had no 
effect on methacholine responsiveness despite reductions in the concentration of serum IgE and IgE+ cells in airway 
tissue and reductions in the abundance of a number of tissue inflammatory cells (eosinophils, cluster of differentiation 
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Table 2 Baseline Demographic and Clinical Characteristics

Publication Treatment  
Arm (n)

Age, 
Years, 
Meana

Women, 
%

BMI, kg/ 
m2

Smoking  
History, %

Pre-BD 
FEV1, La

Pre-BD 
FEV1,  
% PNa

Pre-BD 
FVC, La

FEV1/ 
FVC, %

FeNO, 
ppba

Blood 
Eosinophil 

Count, 
Cells/μLa

Sputum 
Eosinophil 

Count

Total 
IgE, 

IU/La

Broncho-pro 
vocation 

Agent

PC20, 
mg/mLa

PC15, 
PNU/ 
mLa

Boulet et al 
199718

Placebo (9) 27 (8.4) 44.4 NR Excluded if 
smoked in 

past year or 
≥ 10 pack- 

years

3.6 (0.6) 94.8 
(11.8)

NR NR NR NR NR 1808  
(3382) 
ng/mL

Methacholine 0.85 (NR) 200 (NR)

Omalizumab 
(11)

27 (8.2) 36.4 NR 3.4 (0.6) 89.5 
(10.3)

NR NR NR NR NR 616 
(487) 
ng/mL

Methacholine 0.65 (NR) 140 (NR)

Fahy et al 
199719

Placebo (9) 32 (5) NR NR Excluded if 
tobacco 

user

3.3 (0.6) 94  
(12)

NR NR NR NR 2.9% (0.5–14.5) 
(n = 7)

170 
(153)

Methacholine 0.80 
(0.91)

NR

Omalizumab 
(9)

31 (9) NR NR 3.5 (0.6) 95  
(10)

NR NR NR NR 3.7% (0.0–11.1) 
(n = 8)

113 
(70)

Methacholine 0.44 
(0.62)

NR

Fahy et al 
199920

Placebo (9) 28 (8) NR NR Excluded if 
smoked in 

past year or 
≥ 10 pack- 

years

3.1 (0.6) 81  
(14)

NR NR NR NR NR 208 
(171)

Methacholine 0.8 (0.3– 
2.4)

NR

Omalizumab 
1 mg (12)

28 (8) NR NR 3.4 (1.1) 83  
(20)

NR NR NR NR NR 250 
(141)

Methacholine 1.4 (0.7– 
2.6)

NR

Omalizumab 
10 mg (10)

30 (NR) NR NR 3.4 (0.9) 84  
(14)

NR NR NR NR NR 226 
(153)

Methacholine 1.1 (0.5– 
2.5)

NR

Noga et al 
200321

Placebo (17) 36 (23–61) 29.4 NR NR NR 80  
(57–108)

NR NR NR NR NR 148 
(45– 
683)

Acetylcholine 0.99 
(0.32–2.0)

NR

Omalizumab 
(18)

37 (26–59) 61.1 NR NR NR 79  
(41–103)

NR NR NR NR NR 183 
(21– 
483)

Acetylcholine 1.0 (0.29– 
2.5)

NR

Djukanović 
et al 200422

Placebo (23) 26 (20–48) 35 NR Never: 87; 
ex: 13

3.35 
(0.68)

86 (13.6) NR NR NR NR 8.5% (n = 22) 141 
(38– 
500)

Methacholine 0.54 (0.5– 
3.65)

NR

Omalizumab 
(22)

26 (19–44) 73 NR Never: 82; 
ex: 18

3.04 
(0.45)

84  
(9.4)

NR NR NR NR 6.6% (n = 21) 155.5 
(27– 
808)

Methacholine 1.01 
(0.11–8.5)

NR
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Prieto et al 
200623

Placebo (16) 30 (25–35) 43.8 NR Non- 
smokers; 

history NR

NR 101.4 
(94.9– 
107.9)

NR 80.1 
(77.0– 
83.3)

NR NR NR 227.0 
(147.2– 
350.0)

Methacholine; 
adenosine 

monophosphate

2.13 
(1.48– 
3.07); 
31.20 

(18.59– 
52.37)

NR

Omalizumab 
(18)

32 (27–37) 61.1 NR Non- 
smokers; 

history NR

NR 100.0 
(92.3– 
107.3)

NR 79.9 
(75.7– 
84.1)

NR NR NR 171.4 
(109.6– 
267.3)

Methacholine; 
adenosine 

monophosphate

1.27 
(0.82– 
1.98); 
14.32 
(9.72– 
21.12)

NR

Patel et al 
200924

Placebo (NR) NR NR NR NR NR NR NR NR NR NR NR NR Methacholine NR NR

Omalizumab 
(NR)

NR NR NR NR NR NR NR NR NR NR NR NR Methacholine NR NR

van Rensen 
et al 200925

Placebo (13) 21 (19–29) 77 NR Never: 92; 
ex: 8

NR 88.8  
(72–114)

NR NR NR NR 2.2% (0.4–10.2) 
(n = 9)

321 
(35– 
593)

Methacholine 1.02 
(1.93)

NR

Omalizumab 
(12)

20.5  
(18–24)

100 NR Never: 92; 
ex: 8

NR 96.0  
(82–115)

NR NR NR NR 4.0% (0.2–28.0) 
(n = 9)

154 
(51– 
674)

Methacholine 0.48 
(1.61)

NR

Zielen et al 
201326

Placebo (16) 34 (10.4) 44 NR Excluded if 
current 
smoker 
with ≥ 5 

pack-years

3.3 (0.85) 96.6 
(15.4)

NR NR NR NR NR NR NR (AC) NR NR

Omalizumab, 
low IgE (18)

36 (11.9) 28 NR 3.5 (0.82) 94.2 
(17.1)

NR NR NR NR NR NR NR (AC) NR NR

Omalizumab, 
high IgE (16)

29 (11.0) 62.5 NR 3.4 (0.75) 97.8 
(12.5)

NR NR NR NR NR NR NR (AC) NR NR

Hendeles et al 
201527

Placebo, 
omalizumab 
(crossover 

study, n = 15 
total)

16.4 (5.5) 58.8 NR Excluded if 
smoked in 

past year or 
> 10 pack- 

years

NR 83.7 
(11.8)

NR NR NR NR NR 427 
(275)

Adenosine 
monophosphate

14.1 (10.8, 
18.4)

NR

Leckie et al 
200028

Placebo (8) 25.6 (4.1) 0 NR Non- 
smokers; 

history NR

NR 93 (9.6) NR NR NR 0.38 (0.15) 11.1% (11.5) NR Histamine 0.9 (0.4) NR

Mepolizumab 
2.5 mg (8)

30.0 (8.0) 0 NR NR 90.3 
(10.4)

NR NR NR 0.20 (0.0) 13.2% (11.1) NR Histamine 1.8 (1.4) NR

Mepolizumab 
10 mg (8)

28.0 (4.3) 0 NR NR 82.0 (7) NR NR NR 0.30 (0.12) 13.1% (10.0) NR Histamine 1.8 (2.1) NR
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Table 2 (Continued). 

Publication Treatment  
Arm (n)

Age, 
Years, 
Meana

Women, 
%

BMI, kg/ 
m2

Smoking  
History, %

Pre-BD 
FEV1, La

Pre-BD 
FEV1,  
% PNa

Pre-BD 
FVC, La

FEV1/ 
FVC, %

FeNO, 
ppba

Blood 
Eosinophil 

Count, 
Cells/μLa

Sputum 
Eosinophil 

Count

Total 
IgE, 

IU/La

Broncho-pro 
vocation 

Agent

PC20, 
mg/mLa

PC15, 
PNU/ 
mLa

Flood-Page 
et al 200329

Placebo (13) 30 (20–52) 38.5 NR Non- 
smokers; 

history NR

3.1 (1.8– 
5.25)

80.0 (71– 
106)

NR NR NR 0.4 (0.1–0.6) NR NR Histamine 1.59 
(0.39– 
2.42)

NR

Mepolizumab 
(11)

31 (20–53) 18.2 NR 3.05 
(2.55– 
4.85)

87.0  
(71–109)

NR NR NR 0.27  
(0.1–1.2)

NR NR Histamine 1.75 
(0.35– 
3.97)

NR

Haldar et al 
200930

Placebo (32) 50 (24–72) 43.8 29.2 (5.9) No current 
smokers; 

history NR

NR 77.6 
(24.1)

NR 67.7 
(13.5)

35.5 
(0.40)

0.35 (0.30) 5.46% (0.75) 195 
(2.64)

Methacholine 1.1 (1.1) 
(n = 18)

NR

Mepolizumab 
(29)

48 (21–63) 51.7 29.4 (7.3) NR 78.1 
(20.9)

NR 72.2 (9.6) 44.4 
(0.40)

0.32 (0.38) 6.84% (0.64) 177.8 
(2.47)

Methacholine 0.6 (1.24) 
(n = 16)

NR

Gauvreau et al 
202131

Placebo (NR) NR NR NR NR NR NR NR NR NR NR NR NR NR (AC) NR NR

Benralizumab 
(NR)

NR NR NR NR NR NR NR NR NR NR NR NR NR (AC) NR NR

Gauvreau et al 
201432

Placebo (15) 31.5 (2.9) 73 26.5 (1.1) Non- 
smokers; 

history NR

3.35 
(0.19)

97.6 (3.9) NR NR 58.9 
(14.3)

281.1 (57.2) 4.7% (2.2) NR Methacholine 1.87 
(0.97– 
3.61)

NR

Tezepelumab 
(16)

30.8 (2.7) 62 24.9 (0.7) 3.37 
(0.20)

95.4 (3.3) NR NR 42.3 
(4.3)

296.5 (40.2) 4.1% (2.3) NR Methacholine 1.31 
(0.48– 
3.64)

NR

Diver et al 
2021 
(CASCADE)33

Placebo (51) 50.5 (14.3) 49 28.4 (6.4) Never: 67; 
ex: 33

2.31 
(0.54)

69.2 
(12.2)

NR 62.0 
(10.0)

30.7 
(20.3)

269 (167) NR 131.9 
(66.5– 
272.7)

Mannitol NR 263.2 mg 
(225.1)

Tezepelumab 
(48)

49.9 (13.2) 69 30.2 (5.7) Never: 73; 
ex: 27

2.18 
(0.68)

68.9 
(13.4)

NR 63.8 (9.5) 29.9 
(38.0)

292 (204) NR 96.4 
(14.5– 
424.3)

Mannitol NR 241.6 mg 
(243.3)

Sverrild et al 
2021 
(UPSTREAM)34

Placebo (20) 40 (15) 60 29.0 (5.2) Never: NR; 
ex: 20

2.94 
(0.55)

82.8 
(10.2)

NR 73 (7) 26  
(7–119)

0.213  
(0.06–0.82)

NR 100 
(9– 
794)

Mannitol NR 70 mg 
(4297)

Tezepelumab 
(20)

42 (20) 55 27.7 (4.8) Never: NR; 
ex: 35

3.28 
(0.83)

94.0 
(15.0)

NR 74 (7) 16  
(5–140)

0.214  
(0.06–0.72)

NR 97  
(4– 

1370)

Mannitol NR 135 mg 
(23, 279)

Scheerens et al 
201435

Placebo (16) 32 (11) 43.8 NR NR NR 82.4 (8.9) NR NR NR 0.264 
(0.182)

NR 239 
(197)

Methacholine NR NR

Lebrikizumab 
(13)

36 (11) 53.8 NR NR NR 84.3 
(13.6)

NR NR NR 0.258 
(0.169)

NR 309 
(448)

Methacholine NR NR
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Russell et al 
2018 
(MESOS)36

Placebo (40) 50.1 (14.2) 50 27.8 (5.5) Never: 63; 
ex: 38

2.37 
(0.62)

NR 3.73 
(0.91)

NR 32.23 
(24.82)

270 (140) 0.50 × 106/g 
(1.34) (n = 17)

420 
(778)

Methacholine 5.02 (6.4) 
(n = 19)

NR

Tralokinumab 
(39)

47.1 (14.2) 59 28.4 (5.7) Never: 64; 
ex: 36

2.46 
(0.79)

NR 3.74 
(1.08)

NR 39.54 
(30.05)

300 (190) 0.51 × 106/g 
(1.02) (n = 16)

534 
(798)

Methacholine 3.00 (5.08) 
(n = 20)

NR

Revez et al 
201937

Placebo (5) 29 (12.6) 80 25.5 (3.8) Non- 
smokers; 

history NR

2.8 (0.4) 92.2 (5.9) NR NR NR NR 0.4% (1.0) NR Methacholine 2.9 (2.1) NR

Tocilizumab 
(6)

35 (7.6) 67 25 (4.0) 2.8 (0.8) 90.7 
(10.0)

NR NR NR NR 0.7% (1.3) NR Methacholine 6.1 (5.03) NR

Gauvreau et al 
200338

Placebo (11) 31 (18–60) 34.3 NR Non- 
smokers; 

history NR

NR NR NR NR NR NR NR NR NR NR NR

Efalizumab 
(24)

NR NR NR NR NR NR NR NR NR NR NR NR

Berry et al 
200639

Placebo, 
etanercept 

(patients with 
refractory 
asthma, 

crossover 
study, n = 10)

49 (25–59) 60 NR Non- 
smokers; 
history of 
< 5 pack- 

years

2.4 (0.7) 62 (21) 2.94 (1.0) 65 (17) 41.8 
(0.2)

NR 5.6% (0.8) 77 
(0.9)

Methacholine 0.14 (0.1) NR

Rouhani et al 
200540

Placebo (9) 23 (21–40) 78 NR NR 3.06 
(2.13– 
4.17)

96 (79– 
116)

NR NR NR 0.19  
(0.05–1.07)

NR NR Methacholine 0.06 
(0.001– 
0.49)

NR

Etanercept 
(12)

27 (20–54) 33 NR NR 3.29 
(2.67– 
4.71)

92 (70– 
114)

NR NR NR 0.25  
(0.04–0.54)

NR NR Methacholine 0.07 
(0.006– 
0.31)

NR

Wenzel et al 
200741

Placebo (12) 
(Study 1)

30 (9) 41.7 NR Non- 
smokers; 
history of 
< 10 pack- 
years and 

no smoking 
in 3 months 

before 
study

3.7 (0.77) 100 (20) NR NR NR NR 10% (n = 9)b NR Methacholine 1.84 
(1.92)

NR

Pitrakinra 
(12) (Study 1)

31 (10) 58.3 NR 3.72 
(1.01)

102 (13) NR NR NR NR 11% (n = 7)b NR Methacholine 1.37 
(1.51)

NR

Placebo (16) 
(Study 2)

29 (8) 53.3 NR 3.52 
(1.05)

96 (18) NR NR NR NR NR 459 
(399)

Adenosine 
monophosphate

34.5 
(44.3)

NR

Pitrakinra 
(16) (Study 2)

25 (5) 20 NR 4.09 
(1.02)

99 (15) NR NR NR NR NR 315 
(303)

Adenosine 
monophosphate

16.6 
(13.6)

NR

Gauvreau et al 
201142

Placebo (13) 32.3 (3.2) 61.5 NR Non- 
smokers; 

history NR

NR 87.1 (2.5) NR NR NR NR 2%c NR Methacholine 2.7 (NR) NR

IMA-638 (14) 26.1 (1.7) 50 NR NR 93.0 (3.4) NR NR NR NR 6%c NR Methacholine 1.3 (NR) NR

Gauvreau et al 
201243

Placebo (13) NR NR NR NR NR NR NR NR NR NR NR NR Methacholine NR NR

MEMP1972A 
(15)

NR NR NR NR NR NR NR NR NR NR NR NR Methacholine NR NR
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Table 2 (Continued). 

Publication Treatment  
Arm (n)

Age, 
Years, 
Meana

Women, 
%

BMI, kg/ 
m2

Smoking  
History, %

Pre-BD 
FEV1, La

Pre-BD 
FEV1,  
% PNa

Pre-BD 
FVC, La

FEV1/ 
FVC, %

FeNO, 
ppba

Blood 
Eosinophil 

Count, 
Cells/μLa

Sputum 
Eosinophil 

Count

Total 
IgE, 

IU/La

Broncho-pro 
vocation 

Agent

PC20, 
mg/mLa

PC15, 
PNU/ 
mLa

Gauvreau et al 
202044

Placebo (13) NR NR NR NR NR NR NR NR NR NR NR NR NR (AC) NR NR

CSJ117 (15) NR NR NR NR NR NR NR NR NR NR NR NR NR (AC) NR NR

Henig et al 
200045

Placebo, 
rhPAF-AH 
(crossover 

study, n = 14)

NR 35.7 NR NR 3.2 (0.2)d 79.7%d NR NR NR NR NR NR NR (AC) NR NR

Bryan et al 
200046

Placebo (20) 26.4 (5.3) 25 NR NR NR NR NR NR NR NR NR 241 
(149)

Histamine 0.57 
(0.35– 
0.80)

NR

Ro-24-7472 
(19)

25.8 (7.5) 36.8 NR NR NR NR NR NR NR NR NR 440 
(433)

Histamine 0.75 
(0.42– 
1.08)

NR

Gauvreau et al 
201447

Placebo (14) 33.9 (12.0) 50 NR Non- 
smokers; 

history NR

NR 84.9% 
(14.7)

NR NR NR NR NR NR Methacholine 0.79 
(0.05– 
13.5)

NR

Anti-OX40 
(14)

33.4 (13.3) 42.9 NR NR 91.7% 
(11.4)

NR NR NR NR NR NR Methacholine 1.62 (0.3– 
11.6)

NR

Notes: aValues are mean (SD) or median (range). bSputum eosinophils given as a median percentage of non-squamous cells. cEstimated from graph. dScreening period. 
Abbreviations: AC, allergen challenge; BD, bronchodilator; BMI, body mass index; FeNO, fractional exhaled nitric oxide; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; Ig, immunoglobulin; IU, international 
units; NR, not reported; PC15, concentration that provokes a 15% decrease in FEV1; PC20, concentration that provokes a 20% decrease in FEV1; PN, predicted normal; PNU, protein nitrogen unit; ppb, parts per billion; SD, standard 
deviation.
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Figure 2 Summary of included studies of biologic therapies and their effects on AHR in asthma. ↓Indicates that the biologic agent significantly reduced the AHR and 
significant results are highlighted by bolded text; ↔Indicates that the biologic therapy had no effect on the AHR. NS (NR) indicates when a p value was non-significant, but 
the value was not reported. ap values as reported in the publications cited. bAHR was the primary outcome of the study. cReduction in AHR to AMP at week 4 but not at 
week 12. dPatients with refractory asthma who participated in the crossover part of the study. 
Abbreviations: ACh, acetylcholine; AHR, airway hyperresponsiveness; AMP, adenosine monophosphate; CD11a, αLβ2 integrin α-chain; His, histamine; Ig, immunoglobulin; 
IL, interleukin; mAb, monoclonal antibody; Man, mannitol; MCh, methacholine; NS, non-significant; NR, not reported; r, recombinant; RA, receptor antagonist; SC, 
subcutaneously; TNF, tumor necrosis factor; TSLP, thymic stromal lymphopoietin.
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[CD]3+, CD4+ and CD8+ T lymphocytes and B lymphocytes).22 In a study of 35 patients with moderate-to-severe allergic 
asthma, acetylcholine PC20 increased from 1.0 mg/mL to 1.43 mg/mL (0.43 doubling concentration) in omalizumab- 
treated patients, while minimal change was noted with placebo (p < 0.05; omalizumab vs placebo).21 In parallel, serum 
IL-13 levels decreased significantly in patients receiving omalizumab compared with those receiving placebo. In a 
crossover study of adults and adolescents (mean age ± standard deviation, 16.4 ± 5.5 years) with poorly controlled 
asthma and inadequate adherence to ICS therapy, there was a 3.1-fold and a 0.9-fold increase in adenosine PC20 during 
omalizumab and placebo treatment, respectively (estimated ratio 3.4; p = 0.02).27 None of the reviewed studies assessed 
the effect of omalizumab on mannitol responsiveness.

The anti-IL-5 mAb mepolizumab was assessed in three studies and had no effect on AHR to histamine (2/2 
studies)28,29 or to methacholine (1/1 study).30 In a study of 24 patients with mild allergic asthma, a single dose of 
mepolizumab did not reduce AHR to histamine, despite lowering the degree of sputum eosinophilia compared with 
placebo.28 In a bronchoscopy study of 24 patients with mild asthma who underwent histamine challenges at screening 
and after three intravenous doses of mepolizumab, AHR was not reduced compared with placebo despite reductions in 
blood and airway tissue eosinophil counts.29 Lastly, methacholine challenges were assessed in 34 of 61 patients with 
refractory eosinophilic asthma who received intravenous mepolizumab or placebo over 12 months. Despite reductions in 
blood and sputum eosinophil counts with treatment, mepolizumab had no effect on FEV1 or AHR.30

The anti-TSLP mAb tezepelumab, which was assessed in three studies, reduced AHR to methacholine (1/1 study)32 and to 
mannitol (2/2 studies).33,34 In a phase 1 allergen challenge study of 31 patients with mild allergic asthma and normal lung 
function (FEV1, 95.4% and 97.6% of predicted normal values for tezepelumab and placebo, respectively), tezepelumab 
treatment was associated with a 0.7 doubling concentration increase in methacholine PC20 compared with placebo (p < 
0.05).32 Reductions in sputum and blood eosinophil counts and in fractional exhaled nitric oxide (FeNO) level were also noted 
in the tezepelumab-treated group.32 In a phase 2 mechanistic study of 99 adults with moderate-to-severe, poorly controlled 
asthma receiving medium-to-high dose ICS (FEV1, 69% of predicted normal values), reduction in airway submucosal 
eosinophil count was 89% with tezepelumab and 25% with placebo.33 There was also a significant reduction in AHR to 
mannitol in patients who received tezepelumab compared with placebo, both in terms of the mannitol dose that provokes a 
reduction of at least 15% in FEV1 (PD15) (197.4 mg vs 58.6 mg, difference of 138.8 mg; 
p = 0.03) and doubling doses (1.41 vs 0.57, difference of 0.84; p = 0.04, n = 48).33 Tezepelumab treatment also numerically 
reduced the concentrations of blood eosinophils, serum IL-5 and IL-13, and FeNO levels.33 In a second phase 2 study in 40 
patients with poorly controlled asthma despite treatment with ICS (FEV1, 88.7% of predicted normal values), tezepelumab 
treatment decreased eosinophil counts in tissue, bronchiolar lavage fluid and sputum. There was a 0.9 doubling dose 
improvement in PD15 (1.9 and 1.0 for tezepelumab and placebo, respectively; p = 0.06), with a higher proportion of 
tezepelumab recipients able to normalize mannitol responsiveness than those receiving placebo (45% vs 15%; p = 0.04).34

The TNF receptor etanercept reduced AHR to methacholine in one of two studies.39 In a randomized, double-blind, 
placebo-controlled, crossover pilot study in 10 patients with refractory asthma (FEV1, 62% of predicted normal values), 
etanercept treatment improved PC20 compared with placebo, being associated with a 2.3 versus a −1.2 doubling 
concentration of methacholine (mean difference, 3.5; p = 0.05). This effect occurred despite no change in sputum 
eosinophil percentage, sputum eosinophil cationic protein concentration and FeNO level; however, a reduction in sputum 
histamine concentration was observed.39 In a second study in 21 patients with mild-to-moderate allergic asthma (FEV1, 
92% and 96% predicted normal for etanercept and placebo, respectively), etanercept had no effect on responsiveness to 
methacholine (PD20 95% confidence interval: −0.202, 0.053 mg; p = 0.4).40

Anti-IL-13 mAbs were assessed in three studies and did not reduce AHR in any of these. In allergen challenge studies, neither 
IMA-638 nor lebrikizumab had an effect on post-allergen increases in AHR, as measured by methacholine.35,42 In a phase 2 
mechanistic study, 79 patients with inadequately controlled, moderate-to-severe asthma received tralokinumab 300 mg or placebo 
every 2 weeks for 12 weeks.36 No reductions were observed in blood and tissue eosinophil counts, although FeNO level and total 
blood IgE concentration were reduced.36 Methacholine challenges were performed in 39 patients before and after tralokinumab 
treatment, and there was no significant change in AHR.36 Pitrakinra, an anti-IL-4 receptor antagonist, failed to improve AHR to 
methacholine in patients with mild allergic asthma when treatment was administered subcutaneously, and to AMP when treatment 
was administered by inhalation.41 No effect on AHR to methacholine was observed with the anti-IL-6 mAb tocilizumab, the anti- 
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αLβ2 integrin α-chain (anti-CD11a) mAb efalizumab, the anti-M1 prime MEMP1972A or the anti-OX40 ligand (1/1 study 
each).37,38,43,47 The recombinant IL-12 Ro-24-7472 had no effect on AHR to histamine (1/1 study).46

Effects of Biologic Therapies on EAR and LAR
Eighteen studies assessed biologic therapies and their effects on EAR and/or LAR in asthma (Figure 3 and Table S5). 
Five were allergen challenge studies of omalizumab.18–20,25,26 Omalizumab reduced the EAR in four studies (4/5 

Figure 3 Summary of included studies of biologic therapies and their effects on the EAR and LAR in asthma. ↓Indicates that the biologic agent significantly reduced the EAR 
or LAR and significant results are highlighted by bolded text; ↔Indicates that the biologic therapy had no effect on the EAR or LAR. NS (NR) indicates when a p value was 
non-significant but the value was not reported. ap values as reported in the publications cited.bGrouped according to screening IgE levels; group 1: 30–300 IU/mL (low IgE); 
group 2: 700–2000 IU/mL (high IgE). cReduction at day 14 but not at day 35. 
Abbreviations: CD11a, αLβ2 integrin α-chain; EAR, early allergic response; Ig, immunoglobulin; IL, interleukin; IU, international units; LAR, late allergic response; mAb, 
monoclonal antibody; NS, non-significant; NR, not reported; r, recombinant; R, receptor; RA, receptor antagonist; rhPAF-AH, recombinant human platelet-activating factor 
acetylhydrolase; SC, subcutaneously; TSLP, thymic stromal lymphopoietin.
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studies)18,19,25,26 and the LAR in two studies (2/3 studies).19,25 Mepolizumab, benralizumab, lebrikizumab, tocilizumab 
and efalizumab, each assessed in one study, had no effect on the EAR or LAR.28,31,35,37,38 Tezepelumab reduced the EAR 
and LAR in one study.32 Only the inhaled formulation of pitrakinra (60 mg dose) reduced the LAR; no effects on the 
EAR were observed with either the subcutaneous or inhaled formulations (1/1 study).41 IMA-638, rhPAF-AH, Ro-24- 
7472 and anti-OX40 ligand had no effects on the EAR or LAR when reported (1/1 study each).42,45–47 MEMP1972A 
reduced only the EAR, and CSJ117 reduced only the LAR (1/1 study each).43,44

Discussion
This systematic literature review summarizes, for the first time, the published evidence regarding the effects of targeted biologic 
therapies on AHR, EAR and LAR in patients with asthma. To the best of our knowledge, there have been no published systematic 
literature reviews to date comparing the effects of biologic treatments (approved, non-approved and discontinued) on AHR, EAR 
and LAR in patients with asthma. In most studies, the population was described as having mild, mild allergic or mild atopic 
asthma, although patients with moderate-to-severe asthma were evaluated in one of 10 omalizumab studies,21 one of three 
mepolizumab studies,30 the one tralokinumab study36 and two of three tezepelumab studies.33,34 Tezepelumab and omalizumab 
were the only biologics with positive AHR outcome data for patients with moderate-to-severe asthma. Of the FDA-approved 
biologics, only omalizumab and tezepelumab reduced AHR as well as both the EAR and LAR. However, the effects of 
omalizumab on AHR were inconsistent across studies, which differed in dose and delivery, asthma severity at baseline and type 
of challenge administered. For example, Boulet et al, who reported a positive effect of omalizumab on methacholine reactivity, 
assessed the effect of intravenous omalizumab (initial dose, 2 mg/kg, then 1 mg/kg on days 7, 14, 28, 56 and 70),18 while other 
studies used subcutaneously administered omalizumab 0.016 mg/kg per IgE (IU/mL).21–23,25 In six of the nine studies which 
assessed the effect of omalizumab on AHR, patients with asthma were either naive to steroids or their steroid use was not 
reported, and these patients predominantly had mild or mild-to-moderate disease. In the remaining three studies which assessed 
the effect of omalizumab on AHR, patients were receiving ICS treatment from study entry and were described as having mild- 
moderate, persistent allergic asthma (1 study), moderate-to-severe allergic asthma (1 study) or persistent asthma (1 study). Direct 
measures of AHR were most often utilized (methacholine, n = 7;18–20,22–25 acetylcholine, n = 121) compared with indirect 
measures (AMP, n = 223,27). In contrast, the ability of tezepelumab to reduce AHR was observed in all three studies assessed (one 
methacholine challenge32 and two mannitol challenges33,34); in the two tezepelumab studies where mannitol challenges were 
used, patients were described as having moderate to severe and/or uncontrolled asthma and were receiving ICS treatment 
(medium to high dose) from study entry.

A systematic literature review of the effect of approved biologics on airway smooth muscle contractility concluded 
that omalizumab, tezepelumab and dupilumab can directly modulate the contractility of airway smooth muscle to prevent 
AHR, whereas mepolizumab and benralizumab have indirect effects.15 However, unlike this review, the publication 
included data from non-clinical (ex vivo, in vitro and in vivo) and observational studies. Indeed, the conclusion regarding 
the direct effect of dupilumab and the indirect effects of mepolizumab and benralizumab were based solely on non- 
clinical data. The authors also commented on in vitro and in vivo data supporting an improvement in AHR with 
omalizumab; however they highlighted that in several randomized studies19,22,23 and an observational study,48 no 
beneficial effect on AHR was reported.15 Of note, more recently, Chan et al have demonstrated that benralizumab 
significantly reduced AHR as measured by hyperresponsiveness to mannitol in patients with severe eosinophilic 
asthma.49 Although these findings are from a clinical study, it was of open-label design and not placebo-controlled, 
and, therefore, would not have been eligible for inclusion in this systematic review.

The findings across biologics suggest that inhibition of T2-specific pathways alone (eg those targeting eosinophils, 
IL-13) is not sufficient to affect AHR meaningfully. Inhibition of pathways that affect mast cell activation appears to be 
necessary (eg those targeting TSLP, anti-IgE), which is supported by the finding that imatinib, a c-kit tyrosine kinase 
inhibitor that targets mast cells, reduced AHR in patients with severe refractory asthma (imatinib was not included in the 
current review because it is a small molecule).50 Reductions in AHR with imatinib were noted without an associated 
effect on eosinophil counts in blood or bronchiolar lavage fluid or in FeNO level, and there was a negative correlation 
between peripheral blood eosinophil counts and changes in AHR; these findings suggest a mechanism targeting both T2 
and non-T2 pathways in mast cells.50 Mast cells serve as a source of T2 cytokines51 and a shift in mast cells to the airway 
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epithelium has been associated with both T2 gene expression in the airways and indirect AHR in the form of exercise- 
induced bronchoconstriction (EIB), a form of AHR that correlates with mannitol induced AHR.11 However, non-T2 mast 
cell-derived products are also implicated in AHR as some patients with EIB do not have high T2 gene expression.11 An 
example of a non-T2 mast cell derived product may be TNF, which has been implicated in AHR in rodent models.52,53 

Consistent with this observation is the finding that etanercept, which acts on TNF, reduced AHR to methacholine in one 
of two studies.39,40 Prior work has shown that mast cells that infiltrate the airway smooth muscle are associated with 
direct AHR to methacholine, and it has been suggested that AHR present in paucigranulocytic asthma is the result of 
mast cell infiltration of airway smooth muscle bundles.54 The effect of tezepelumab on AHR could explain, at least in 
part, the reduction in exacerbation rates observed in patients with T2-low asthma.55,56

IL-13 has been associated with promoting AHR-related mechanisms in preclinical mouse and in vitro studies,8,9 and 
roles have been suggested in airway tone and AHR in patients with asthma. It was unexpected that in phase 3 studies, the 
anti-IL-13 mAbs tralokinumab and lebrikizumab failed to reduce exacerbation rates (primary endpoint) effectively in 
severe asthma57,58 and, thus, never became approved medications for this indication. Neither of these drugs, nor a third 
drug of this class, IMA-638, had an impact on AHR.35,36,42 Pitrakinra, which blocks the activity of IL-4 and IL-13, also 
failed to significantly affect AHR.41

Although allergen challenge tests are not performed in clinical practice owing to their complexity and safety issues 
concerning the delivery of inhaled allergens to the airways of patients with asthma, they can be used in clinical trials of 
investigational medications. Allergen challenge studies can probe many of the physiologic and inflammatory manifesta-
tions of asthma including reversible airflow limitation, airway inflammation and AHR. The EAR occurs in the 15 minutes 
following inhalation of an allergen, reaching a maximum at 30 minutes, and recovery within 1–3 hours.3 In the majority 
of patients, bronchoconstriction recurs 3–4 hours later, reaching a maximum over the next 6–12 hours, a process termed 
the LAR.3 Associated with the LAR is an increase in AHR that can last for several days to weeks.3 The ability of an 
asthma medication to inhibit allergen-driven outcomes can provide supportive evidence for its clinical efficacy. The LAR 
is most often selected as the primary outcome measure because it is most closely associated with airway inflammation 
and results are very reproducible, allowing for smaller study populations. The allergen challenge model also has an 
excellent negative predictive value, demonstrated by the lack of clinical efficacy of medications failing to affect allergen 
challenge outcomes.3,59 ICS are the gold standard comparators for investigational therapies because they significantly 
reduce the LAR while attenuating AHR and reducing airway inflammation.3 The fact that omalizumab and tezepelumab 
were the only biologics that influence both the EAR and LAR suggests that they both influence the underlying 
pathophysiologic mechanisms involved in these processes. Histamine and cysteinyl leukotriene from airway mast cells 
and basophils are the major mediators of the EAR and LAR.60–62 The LAR is also associated with the influx of allergen- 
induced inflammatory cells such as eosinophils and basophils.60 Omalizumab may act by blocking the effects of IgE on 
mast cell degranulation and inhibiting eosinophil influx during the LAR.63 Mast cells and airway smooth muscle cells 
produce both TSLP and its receptor,64 which could be relevant for the effect of tezepelumab on AHR, where tezepelumab 
likely inhibits mast cell activation in addition to its broad anti-inflammatory effects.14

Contraindications for allergen challenge tests include uncontrolled, or partially controlled, asthma and FEV1 < 70%.65 

Contraindications for methacholine and mannitol challenges include FEV1 < 60% or 1.5 L, cardiovascular disease 
(myocardial infarction, or stroke in past 3 months, uncontrolled hypertension, aortic aneurysm), recent eye surgery or 
increased intracranial pressure elevation risk, and hypersensitivity to mannitol or the gelatin used to make the capsules 
for mannitol challenge testing.1,2 Five non-allergen challenge studies in the current review assessed the effects of 
biologics on AHR in patients with moderate-to-severe, uncontrolled and/or refractory asthma.21,30,33,36 These studies 
are especially important for several reasons. First, demonstrating an effect of a new medication, additional to that of 
medium-to-high-dose ICS therapy, is no small feat, especially because ICS therapy is known to be effective in reducing 
AHR.66,67 Thus, biologics such as tezepelumab may be acting on top of the effect of corticosteroids, either by reducing 
inflammation that is resistant to corticosteroid therapy or by targeting non-corticosteroid-dependent pathways. Second, 
these studies include those patients with asthma who are most likely to benefit from a biologic agent. Third, because they 
utilize non-allergen challenge agents (direct and indirect), the results are not limited to the effect of the biologic on 
allergen-driven aspects of AHR.
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The cut-off publication date for studies to be included in this review was December 17, 2021 (inclusive). A limitation 
of any systematic review is the possibility that potentially relevant studies are ongoing or have not been presented or 
published in full at the cut-off date. Data updates to the review would necessitate restarting the systematic review process 
according to PRISMA guidelines. A limitation of our review is that no data were available for dupilumab or reslizumab, 
both of which are approved for asthma. Future studies may further our understanding of AHR in asthma and 
subsequently help to inform treatment decisions in clinical practice.

Conclusion
These findings provide further insights into the mechanisms of AHR and the clinical benefits of biologic therapies in asthma. 
Overall, they suggest that upstream regulators of inflammation, such as TSLP, can drive AHR via allergen-specific and non- 
allergen-specific pathways. Within the limitations of the data summarized in this review, the findings indicate that biologics 
that target specific, downstream aspects of T2 inflammation alone do not improve AHR; supporting the hypothesis that AHR is 
driven by mast cell activation and by T2 inflammation acting in conjunction with other factors.
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