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Schematic of the Relationships Between the Exposome and the Genome (Via Complex Biological 
Networks), the Emergence of Endotypes and Phenotypes, and the Possibility of Identifying Them 

Through Validated Biomarkers of Treatable Traits 

Agusti A et al. Eur Respir J 2017;50. [PMID: 29051276]



IgE (molecular)
FeNO (molecular)
Blood eosinophil (cellular)
Sputum eosinophil (cellular)
Mucus plugging (radiographic)
FEV1 (physiologic)



Example of Biologic/Pathological Processes and Corresponding Kinds of Omics

Moon JY et al. BRN Rev 2018;4:84-107



Invasive vs. Non-invasive / Systemic vs Local

⚫Invasive

◆Blood

◆Bronchoalveolar lavage

◆Biopsy

⚫Non-invasive

◆Urine

◆Sputum

◆Exhaled 

▪ Exhaled breath condensate (EBC)

▪ Volatile organic compounds (VOCs)

▪ Fraction of nitric oxide in expired gas 

(FeNO)

Local biomarkers

Systemic biomarkers



Different Categories of Biomarkers

https://www.fda.gov/drugs/biomarker-qualification-program/context-use

FeNO = Type 2 inflammation



Disease

Susceptibility/risk  biomarker
Indicating the potential for developing 

asthma

Event
Normal

Diagnostic biomarker

Detecting presence of asthma

Monitoring biomarker

Assessing status of asthma

Prognostic biomarker

Identifying likelihood of asthma progression, 

exacerbation, or death

Categories of Biomarker related to Natural History



Treatment

Adverse 
Event

Before 
Treatment

Safety biomarker

Indicating an adverse effect 

of treatment

Pharmacodynamic/response biomarker
Showing a biological response to treatment

Predictive biomarker
Identifying individuals who are more likely to have 

the benefits of treatment

Categories of Biomarker related to Treatment

a Specific 
Clinical 
Benefit

Validated Surrogate Endpoint
An endpoint supported by a clear 

mechanistic rationale and clinical data 
providing strong evidence that an effect on 
the surrogate endpoint predicts a specific 

clinical benefit. 



Type 2 Airway Inflammation and Airway Dysfunction

Shaw DE et al. Lancet Respir Med 2021;9:786-94. [PMID: 33639099]



Biomarkers of Type-2 Airway Inflammation

Pavord ID et al. Lancet 2018;391:350-400 [PMID 28911920]



Schematic Figure to Portray the Pivotal Role of T2 Inflammation

Lipworth B et al. J Allergy Clin Immunol 2020;146:1281-2 [PMID 33280711]



FeNO Cut-offs in Different Guidelines

Menzies-Gow A et al. Eur Respir J 2020;55 [PMID 31949116]



Confounding Factors to Be Considered When Interpreting FENO 
Levels in Patients With Asthma

⚫Factors That Decrease FENO

◆Cigarette smoking

▪ Decreases FENO by 40%-60%

▪ Magnitude of reduction correlates with the 

cumulative lifetime cigarette consumption

◆ Inhaled steroid use

◆Alcohol ingestion

◆ Spirometry

◆Certain drugs

▪ LTRA, prostaglandins

◆ Physical exercise

◆Obesity

Rupani H et al. Chest 2022;161:906-17 [PMID 34673021]

Loewenthal L et al. Semin Respir Crit Care Med 2022; [PMID 35253144]

⚫ Factors That Increase FENO

◆ Chronic rhinosinusitis, nasal polyposis, or 

both

◆ Allergic rhinitis

◆ Atopy

◆ Rhinovirus respiratory infections

◆ Intake of nitrate-containing food, eg, 

beetroot

◆ Air pollution (particulate matter and ozone)

◆ Male sex

◆ HIV infection

◆ Increasing age (>60)

◆ Increased height

◆ Morning
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Bastain TM et al. Eur Respir J 2011;37:523-31 [PMID 20634264]



Karrasch S et al. Thorax 2017;72:109-16 [PMID 27388487]



Louis R et al. Eur Respir J 2022. [PMID: 35169025]



Translating Type 2 (T2) Biomarkers in Severe Asthma

◆ FENO reflects airway type 

2 activity and the 

chemotactic pull to the 

airway compartment, 

whereas blood eosinophils 

reflect the systemic pool of 

available effector cells and 

circulating IL-5.

◆ These biomarkers have 

additive value in 

predicting asthma attacks 

and the benefits of T2 

targeted anti-

inflammatory treatment in 

clinical trials

Couillard S et al. Chest 2021;160:2019-29 [PMID 34265308]



◆ post-hoc analysis of the 52-week, 

double-blind, phase 3 LIBERTY 

ASTHMA QUEST study

◆ Uncontrolled asthma with 

⚫ inhaled glucocorticoids plus up 

to two controllers; 

⚫ one or more exacerbations in 

the previous year; 

⚫ FEV1 percent predicted 40–80%; 

FEV1 reversibility of 12% or 

higher and 200 mL; 

⚫ Asthma Control Questionnaire 

(ACQ-5) score of 1·5 or higher

Busse WW et al. Lancet Respir Med 2021;9:1165-73 [PMID 34181876]



Busse WW et al. Lancet Respir Med 2021;9:1165-73 [PMID 34181876]



Couillard S et al. Thorax 2022;77:199-202 [PMID 34362839]



Prototype asthma attack risk scale

Couillard S et al. Thorax 2022;77:199-202 [PMID 34362839]
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Summary of studies investigating the prognostic and predictive ability 
of the combination of blood eosinophil count and FENO

Shaw DE et al. Lancet Respir Med 2021;9:786-94. [PMID: 33639099]



Summary of studies investigating the prognostic and predictive ability 
of the combination of blood eosinophil count and FENO

Shaw DE et al. Lancet Respir Med 2021;9:786-94. [PMID: 33639099]



Asthma endotypes and targeted treatment approaches 

Diamant Z et al. Allergy 2019;74:1835-51 [PMID 30953574]



Care pathways and predictors of response for biologics in asthma

Busse WW et al. Eur Respir Rev 2022;31 [PMID 35082128]



◆ in this prespecified subgroup analysis, we assessed whether annual exacerbation rates in each treatment group 
were significantly different depending on levels of blood eosinophil count, FeNO, or a composite score of both

Pavord ID, Lancet Respir Med 2020;8:671-80.



◆ in this prespecified subgroup analysis, we assessed whether annual exacerbation rates in each treatment group 
were significantly different depending on levels of blood eosinophil count, FeNO, or a composite score of both

Pavord ID, Lancet Respir Med 2020;8:671-80.



Pavord ID, Lancet Respir Med 2020;8:671-80.



Pavord ID, Lancet Respir Med 2020;8:671-80.



Castro M, N Engl J Med 2018;378:2486-96.

◆ 1902 patients 12 years of age or older with uncontrolled asthma

◆ The primary end points: the annualized rate of severe asthma exacerbations

the absolute change from baseline to week 12 in the FEV1

LIBERTY ASTHMA QUEST

◆ Background therapy

Medium to high dose of ICS 

+ controllers (LABA/LTRA)



Castro M, N Engl J Med 2018;378:2486-96.

Baseline Characteristics



Castro M, N Engl J Med 2018;378:2486-96.

Forest Plots of the Risk of Severe Exacerbation

200 mg

300 mg



Castro M, N Engl J Med 2018;378:2486-96.

Severe Exacerbation by Baseline FENO & Blood Eosinophil Subgroups

Change of FEV1 by Baseline FENO & Blood Eosinophil Subgroups



Casale TB et al. J Allergy Clin Immunol Pract 2019;7:156-64 e1 [PMID 29800752]



Relationship between baseline FENO and clinical effectiveness of 
anti-IL-5/5R therapy (Mepolizumab & Benralizumab)

Hearn AP et al. J Allergy Clin Immunol Pract 2021;9:2093-6 e1. [PMID: 33486140]



◆ Participants 

⚫ were aged 18–80 years; 

⚫ had a diagnosis of severe asthma (Global Initiative for Asthma 

[GINA] treatment steps 4 and 5); 

⚫ were eligible for treatment with mepolizumab in line with UK 

clinical guidelines, including having an oral corticosteroid 

requirement of either 

▪ maintenance oral corticosteroids or 

▪ at least four exacerbations requiring oral corticosteroids in 

the preceding year

McDowell PJ et al. Lancet Respir Med 2021;9:1174-84 [PMID 33971168]



FeNO as a Predictor of Sputum Eosinophilia at Exacerbation

McDowell PJ et al. Lancet Respir Med 2021;9:1174-84 [PMID 33971168]



McDowell PJ et al. Am J Respir Crit Care Med 2022; [PMID 35549845]



McDowell PJ et al. Am J Respir Crit Care Med 2022; [PMID 35549845]



◆ a single-blind, parallel group, randomised controlled trial 

in adults (18–80 years of age) with severe asthma (at 

treatment steps 4 and 5 of the Global Initiative for 

Asthma) and FENO of less than 45 parts per billion

◆ Patients were randomly assigned (4:1) to either the 

biomarker strategy group or the control group by an 

online electronic case-report form, in blocks of ten, 

stratified by asthma control and use of rescue systemic 

steroids in the previous year. 

Heaney LG et al. Lancet Respir Med 2021;9:57-68 [PMID 32916135]



Hanratty CE et al. Trials 2018;19:5 [PMID 29301585]

Heaney LG et al. Lancet Respir Med 2021;9:57-68 [PMID 32916135]



Heaney LG et al. Lancet Respir Med 2021;9:57-68 [PMID 32916135]



Proportion of patients who 
reduced corticosteroid 

treatment dose over 48 weeks

Heaney LG et al. Lancet Respir Med 2021;9:57-68 [PMID 32916135]

ITT population

PP population

Uncontrolled asthma at baseline

p=0·17

P=0·026



Proportion of patients who did or did not follow treatment advisories 
and had a severe asthma exacerbation

Heaney LG et al. Lancet Respir Med 2021;9:57-68 [PMID 32916135]

In the biomarker strategy group In the control group



Essat M et al. Eur Respir J 2016;47:751-68 [PMID 26846832]

Effects of fractional exhaled nitric oxide (FeNO)-guided 
asthma management on major/severe exacerbation rates



Essat M et al. Eur Respir J 2016;47:751-68 [PMID 26846832]

Effects of FeNO-guided asthma management on the composite 
outcome of all exacerbation and treatment failure rates



Wang K et al. Eur Respir J 2020;55. [PMID: 32139458]



Wang K et al. Eur Respir J 2020;55. [PMID: 32139458]



◆ RAACENO was a multicentre, parallel, randomised, controlled, phase 

3 trial done in 35 secondary care centres and 17 primary care 

recruitment sites (only seven primary care sites managed to recruit 

patients) in the UK.

◆ Patients with a confirmed asthma diagnosis, aged 6–15 years, 

prescribed inhaled corticosteroids, and who received a course of 

oral corticosteroids for at least one asthma exacerbation during the 

12 months before recruitment were included. 

◆ Participants were randomly assigned to either FeNO plus symptom-

guided treatment (intervention) or symptom-guided treatment 

alone (standard care) using a 24 h in-house, web-based 

randomisation system. 

Turner S et al. Lancet Respir Med 2022;10:584-92 [PMID 35101183]



Turner S et al. Lancet Respir Med 2022;10:584-92 [PMID 35101183]



◆ a double-blind, parallel-group, controlled trial in two 
antenatal clinics in Australia. 

◆ 220 pregnant, non-smoking women with asthma, 
before 22 weeks’ gestation 

◆ treatment adjustment at monthly visits by an 
algorithm using 

⚫ clinical symptoms (control group) or 

⚫ FENO concentrations (active intervention group) 
used to uptitrate (FENO >29 ppb) or downtitrate
(FENO <16 ppb) inhaled corticosteroid dose.

◆ Long-acting β2 agonist and minimum dose inhaled 
corticosteroid were used to treat symptoms when 
FENO was not increased. 

◆ The primary outcome: total asthma exacerbations 
(moderate and severe).

Powell H et al. Lancet 2011;378:983-90 [PMID 21907861]



Powell H et al. Lancet 2011;378:983-90 [PMID 21907861]

In the biomarker strategy group In the control group



Powell H et al. Lancet 2011;378:983-90 [PMID 21907861]

number of asthma exacerbations maintenance mean daily ICS dose 

Effect of FENO-guided asthma management during pregnancy 



◆ a treatment algorithm using 
the fraction of exhaled 
nitric oxide (FENO) in 
combination with asthma
symptoms (FENO group) 
vs. 
a treatment algorithm using
clinical symptoms only 
(clinical group) in pregnant 
asthmatic women

◆ The primary outcome was a 
50% reduction in asthma 
exacerbations during 
pregnancy in the FENO 
group

◆ the effect of FENO-guided 
management on the 
development of asthma in 
the offspring

◆ Growing into Asthma (GIA)  

Morten M et al. J Allergy Clin Immunol 2018;142:1765-72 e4 [PMID 29524536]



Adjusted ORs and 95% CI for childhood asthma stratified for double-blind asthma 
management intervention during pregnancy and 

(A) ICS use (yes [1] or no [-]) at randomization and (B) ICS at last RCT visit.

Morten M et al. J Allergy Clin Immunol 2018;142:1765-72 e4 [PMID 29524536]

◆ FENO-guided asthma management during pregnancy prevented doctor-diagnosed asthma in the 
offspring at preschool age



Corren J, N Engl J Med 2017;377:936-46.

◆ The primary end point was the annualized rate of asthma exacerbations 
(events per patient-year) at week 52

◆ phase 2b, dose-ranging, randomized, double-blind, placebo-controlled trial

◆ subcutaneous tezepelumab at three dose levels with placebo over a 52-week

- PATHWAY -



Corren J, N Engl J Med 2017;377:936-46.

Annualized Rate of Asthma Exacerbations (events per patient-yr) 
According to Baseline Biomarker Status



Corren J, N Engl J Med 2017;377:936-46.

Change in FENO



Corren J et al, Allergy 2021; [PMID 34913186]

PATHWAY



◆ conducted a phase 3, multicenter, randomized, 
double-blind, placebo-controlled trial. 

◆ MD to HD ICS + ≥ 1 controllers + ≥ 2 AE

◆ Patients (12 to 80 years of age) were randomly 
assigned to receive Tezepelumab (210 mg) or 
placebo subcutaneously every 4 weeks for 52 
weeks. 

◆ The primary end point was the annualized rate 
of asthma exacerbations over a period of 52 
weeks.

Menzies-Gow A et al, N Engl J Med 2021;384:1800-9 [PMID 33979488]

NAVIGATOR



Menzies-Gow A et al, N Engl J Med 2021;384:1800-9 [PMID 33979488]

Baseline Characteristics



Menzies-Gow A et al, N Engl J Med 2021;384:1800-9 [PMID 33979488]



Menzies-Gow A et al, N Engl J Med 2021;384:1800-9 [PMID 33979488]



Dhruve H et al. Eur Respir Rev 2022;31 [PMID 35613744]



Dhruve H et al. Eur Respir Rev 2022;31 [PMID 35613744]



Heaney LG, Am J Respir Crit Care Med 2019;199:454-64.

◆ To distinguishing patients with difficult-to-control asthma who respond to ICS 

from refractory asthma



Heaney LG, Am J Respir Crit Care Med 2019;199:454-64.

◆ Remote FENO suppression testing is an effective means of identifying nonadherence to 

ICS in subjects with difficult-to-control asthma

Relationship Between FENO after 7-day Suppression 
Testing and FEBO after 1-month Monitoring for 
Subject with Good Adherence

Positive suppression test Negative suppression test



호기산화질소(FeNO) in NAEPPCC

⚫ In individuals aged 5 y and older for whom the diagnosis of asthma is uncertain (천식

진단이 불확실할 때) using history, clinical findings, clinical course, and spirometry, including 

bronchodilator responsiveness testing, or in whom spirometry cannot be performed, the 

Expert Panel conditionally recommends the addition of FENO measurement as an adjunct 

to the evaluation process. (Conditional, Moderate)

⚫ In individuals aged 5 y and older with persistent allergic asthma, for whom there is 

uncertainty (조절 정도가 불분명할 때) in choosing, monitoring, or adjusting anti-inflammatory 

therapies based on history, clinical findings, and spirometry, the Expert Panel conditionally 

recommends the addition of FENO measurement as part of an ongoing asthma monitoring 

and management strategy that includes frequent assessments. (Conditional Low)

Expert Panel Working Group of the National Heart L, J Allergy Clin Immunol 2020;146:1217-70 [PMID 33280709]



호기산화질소(FeNO) in NAEPPCC

⚫ In individuals aged 5 y and older with asthma, the Expert Panel recommends against the use 

of FENO measurements in isolation to assess (단독으로 평가) asthma control, predict future 

exacerbations, or assess exacerbation severity. If used, it should be as part of an ongoing 

monitoring and management strategy. (Strong Low)

⚫ In children aged 0-4 y with recurrent wheezing, the Expert Panel recommends against FENO 

measurement to predict the future development of asthma (소아의 천식 발명 예측). (Strong 

Low)

Expert Panel Working Group of the National Heart L, J Allergy Clin Immunol 2020;146:1217-70 [PMID 33280709]



◆ In patients with asthma in whom treatment is being considered, we suggest that FENO is beneficial and should be 
used in addition to usual care.

◆ An international, multidisciplinary panel of experts was convened to form a consensus document regarding a single 
question relevant to the use of FENO

Khatri SB et al. Am J Respir Crit Care Med 2021;204:e97-e109 [PMID 34779751]



Conceptual framework for the use of fractional exhaled nitric 
oxide (FENO) testing to guide treatment decisions for 

individuals with asthma

Khatri SB et al. Am J Respir Crit Care Med 2021;204:e97-e109 [PMID 34779751]



GINA 2022

⚫ There is a need for evidence-based corticosteroid de-escalation strategies in patients with 

asthma. In a randomized controlled trial (RCT) of patients taking high dose ICS-LABA, a 

strategy based on a composite of Type 2 biomarkers only vs. an algorithm based on ACQ-7 

and history of recent exacerbation was inconclusive because a substantial proportion of 

patients did not follow recommendations for treatment change.(200) Until more definitive 

evidence for a specific strategy is available, GINA continues to recommend a clinical 

evaluation that includes patient-reported symptoms as well as modifiable risk factors, 

comorbidities and patient preferences when making treatment decisions. Further evidence on 

the role of biomarkers in such decisions in Steps 1–4 is needed.



New approach for the initial management of suspected asthma

Shaw DE et al. Lancet Respir Med 2021;9:786-94. [PMID: 33639099]



Algorithm highlighting the usefulness of FENO

Rupani H et al. Chest 2022;161:906-17 [PMID 34673021]



Summary

FeNO

Susceptibility/Risk Incidence of Asthma

Diagnostic Probability of Asthma 

Monitoring Current state of airway inflammation

Prognostic Risk of exacerbation 

Predictive Efficacy of pharmacologic treatment

Pharmacodynamic/Response Biologic response


