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KEY MESSAGES

HIGHLIGHTS

e Current symptom-focused stepwise escalation fails to achieve control in two-thirds of patients

e Blood eosinophils and FeNO predict exacerbations and corticosteroid/biologic treatment
responses

e Biomarkers may help streamline diagnostic pathways and target therapeutic escalation, but
require threshold validation

e Low biomarkers identify T2-low patients requiring alternative treatable trait management

e Further trials and studies investigating innovative ways of using biomarker-guided care — for

example with ‘fast and slow lane’ prioritization schemes — are urgently needed.
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Abstract

Asthma, the most common chronic respiratory disease, is characterized by variable symptomes, airflow
limitation, and airway inflammation. Current management relies largely on a symptom-focused
stepwise escalation approach which often leads to suboptimal outcomes. This review examines how
type-2 (T2) inflammatory biomarkers — blood eosinophils and fractional exhaled nitric oxide (FeNO) —
can complement symptom-based assessment to optimize care pathways. We synthesize evidence for

biomarker-guided management across five critical decision points: diagnostic triage, inhaled
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corticosteroid (ICS) initiation and dose escalation, acute attack phenotyping, and biologic selection.
Across trials and observational cohorts, biomarker-high patients derived substantially greater benefit
with ICS-based therapy, while biomarker-low patients had a worse benefit-harm profile. Each section is
balanced by a review of data in disfavor of biomarker-based management. Indeed, tests for type-2
inflammation may be criticized in terms of accessibility or variability and require threshold validation.
Nevertheless, the cumulated evidence suggests that future trials and studies of biomarker integration
into diagnostic and treatment pathways may help streamline management for the most at-risk patients,
from diagnosis to treatment intensification. The analogy of ‘fast and slow lanes’ for diagnostic and
treatment algorithms is developed. The utility of alternative treatable traits including chronic airway
infection, persistent airflow limitation, and breathing pattern disorders is also explored. The quality and
counterpoints of the reviewed evidence emphasize that biomarkers should complement rather than
replace comprehensive clinical assessment to optimize care for all phenotypes. Trials and studies of
interventions tailored according to blood eosinophils, FeNO, and other key treatable traits are urgently

needed across diagnostic and treatment algorithms for asthma.

INTRODUCTION

Asthma is a chronic respiratory disease affecting at least 300 million people worldwide.' It is the most
common respiratory disease across the lifespan®, one of the top 20 chronic conditions for global ranking
of disability-adjusted life years in children®, and a leading cause of missed school or workdays.* It is
referred to as either a syndrome’ or a disease defined by a variable intensity of respiratory symptoms,

airflow limitation, and lower airway inflammation.>®
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Since the 1950s, inflammation has been recognized as a key driver of asthma risk, with anti-inflammatory
therapy as a cornerstone of its management.® The Global Initiative for Asthma (GINA)® recommended a
stepwise escalation approach of care®!'? implemented since 1995%!! enabling standardized care across a
broad range of clinical presentations and severity. However, several observations suggest opportunities

for improvement with this approach.

Asthma stands out as one of the main chronic illnesses where escalation to high-intensity therapy relies

12-15

solely on symptoms' < ’-a strategy based on subjective criteria with notable physician-patient

18-20

divergence.'®!” Its impact on treatment outcomes remains unclear '3 with total asthma control in only

one-third of patients while exposing the majority to high-dose inhaled corticosteroids (ICS) with potential

16,17,21

systemic side effects underscoring the need for alternative precision medicine-based approaches.

Building on the Oxford Asthma Attack Risk Scale (ORACLE) studies, this review examines evidence
supporting accessible type-2 (T2) inflammatory biomarkers — specifically blood eosinophils and fraction
of exhaled nitric oxide (FeNO) — from initial diagnosis through treatment escalation. We review the
rationale for biomarker-guided escalation beyond ICS-formoterol anti-inflammatory reliever (AIR)
therapy, including high-dose ICS, oral corticosteroid (OCS) bursts for severe attacks, and biologics

balancing evidence with limitations to define optimal clinical use.
METHODS

This narrative review is based on a targeted synthesis of the literature, including studies selected for their
clinical importance and methodological quality, alongside a review of current guidelines (GINA, British
Thoracic Society (BTS), European Respiratory Society (ERS) and American Thoracic Society

(ATS)).5’22’23
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WHAT IS THE ORACLE FRAMEWORK?

Recently, as part of precision asthma management, the Lancet Commission on asthma’ and the ORACLE
framework proposed a biomarker-enhanced ‘predict and prevent’ approach specifically targeting asthma

attacks, alongside other treatable traits.?*%°

The ORACLE framework (Figure 1)* uses blood eosinophil count and FeNO to predict asthma attacks
through prognostic stratification for ages 12 and older. Attributable risk estimates initially came from
five clinical trial analyses across asthma severity evaluating independent associations between various
factors, including these biomarkers, and attack risk.3*=* A larger individual patient-level meta-analysis
of 22 randomised controlled trial (RCT) control groups (ORACLE2)?"* robustly confirmed these
findings, as did a Bayesian Network analysis of the International Severe Asthma Registry.>**” These
studies showed that blood eosinophils and FeNO have comparable prognostic value and are additive to
established risk factors such as prior-year attacks and GINA treatment step.*®* For example, based on
the risks at the 75th and 25" percentiles of the sample distribution, a blood eosinophil count of 0.42 vs
0.14 x10°/L or a FeNO of 42 vs 14 parts per billion (ppb) was associated with a 16% (95% CI 12 to 21%)
or 11% (7 to 15%) increased rate of severe asthma attacks, respectively. Trial-level analyses showed T2
anti-inflammatory therapy reduces this excess risk,>* with targeted biologics reducing exacerbation rates
up to tenfold in patients with elevated T2 biomarkers. Combined elevation of both markers further
improves prognostic accuracy and may thus serve to identify high-risk patients for personalized

treatment.3>>>

The ORACLE papers?®?*2¢ confirmed three key findings regarding T2 biomarkers in asthma

stratification.

t14

First, similar to the use of lipid markers and blood pressure in cardiovascular risk management'”, relative

risks of exacerbation, and treatment benefit effects with blood eosinophils and FeNO utilization were



Journal Pre-proof

consistent across populations, though absolute risk and benefit were greater in higher-risk groups. The
ORACLE framework targets modifiable attack risk via T2 biomarkers, disease severity, and prior attacks.
In ORACLE?2, prior attacks nearly doubled future risk, severe disease increased risk by ~50% versus
moderate asthma, and combined high eosinophils and FeNO conferred comparable, treatment-modifiable
risk.%® This risk is evident across diverse patient profiles, including patients of both sexes and those with
normal spirometry and no bronchodilator reversibility, provided biomarker levels and/or prior attack

history indicate high risk.*

Second, biomarkers quantify risk reducible by anti-inflammatory therapy, distinguishing high-risk
responders from low-risk non-responders (40—-60% exacerbation reduction in biomarker-elevated
populations).?*3! Moreover, when ICS and OCS dose are titrated using biomarkers of T2 airway
inflammation, greater reduction in severe exacerbations is achieved versus standard stepwise

escalation.*!

Third, blood eosinophils and FeNO have complementary prognostic (both predict asthma attacks?, with
FeNO more consistently predicting lung function decline*>*¢) and theragnostic value (both predict T2
targeting therapy response®*) reflecting distinct T2 immune components and compartments. Blood
eosinophils respond to-interleukin (IL)-5 levels in circulation and the body's overall reservoir of these
effector cells, while FeNO serves as an IL-13-driven epithelial marker signaling (including cytokines,
chemokines, and alarmins) within the airways.**’ Different biomarker scenarios thus indicate distinct

treatment opportunities with ICS and/or T2 targeting biologics (Figure 2).%8

Caveats and next steps

Although ORACLEZ2, based on 22 high-quality RCTSs, is a major advance in identifying high-risk,

treatment-responsive patients, its generalizability is limited by selected control-arm populations with
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adherence differing from real-world practice. Implementation also requires considering factors affecting

T2 biomarkers, which are well characterized and easily integrated into interpretation. (Table 1).48-%

Furthermore, ORACLE focused on blood eosinophils, whereas sputum eosinophils are associated with
an increased asthma attacks risk** and a predictor of a good response to ICS,! although in practice, they

are more difficult to measure.

The ORACLE framework represents significant progress in asthma risk stratification, moving beyond
symptom-based assessment alone.?’ Continued validation across diverse populations, especially among
children, is required to determine the value of its implementation in key disease timepoints: diagnosis,

stratification, and treatment decisions.

SUSPECTED ASTHMA: BIOMARKER-ENABLED TRIAGE VS PHYSIOLOGICAL

CONFIRMATION
Current diagnostic challenges

Asthma is diagnosed by the recognition of specific symptoms, such as wheezing, dyspnea, cough,
bronchorrhea, and chest discomfort, combined with objective evaluation of variable airflow limitation.
Symptoms are variable in intensity and over time and may manifest in many other pulmonary and
extrapulmonary conditions. These considerations pose a diagnostic challenge throughout the clinical
journey.’>> Accordingly, over- and under-diagnosis is rampant (30-35% misdiagnosed, 20-70%
undiagnosed).’*° The universal guideline “test before treating” is relevant, but developing a diagnostic

framework emphasising both physiology and biology remains challenging.’”-¢°

The two main methods recommended to diagnose asthma are post-bronchodilator reversibility on
spirometry and, when non-diagnostic (>85% of cases®’), airway hyperresponsiveness via bronchial

provocation testing (BPT) measuring the methacholine dose causing a 20% fall in forced expiratory
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volume in 1 second (FEV:) (PD20)).>>° These tests reflect the physiological mechanisms and have been
incorporated into guidelines to objectively diagnose asthma when clinical criteria alone are insufficient,

from age 5 years onwards. °
Limitations of current physiological testing

However, several limitations challenge widespread implementation: bronchodilator reversibility has poor
sensitivity and specificity for asthma ¢!, and BPT is time-consuming (1 hour of time for adults and 1.5 to
2 hours for children, often requiring parental support).®? High demand and procedural complexity >,
have submerged physiology laboratories (especially since the COVID-19 pandemic). At the Centre
Hospitalier Universitaire (CHU) of Sherbrooke, about 91% of asthma diagnostic tests are requested by

non-pulmonologists®® and in many centres, primary care requests are low priority and subject to long

delays.
Biomarkers as diagnostic tools: supporting evidence

Given these limitations, T2 biomarkers have emerged as potential diagnostic tools. Beyond predicting

25:2637 and lung function decline*? ¢, they potentially offer rapid, non-invasive, technically

asthma attacks
simple tests®® that may contribute to the diagnostic process. Several studies have compared the diagnostic

performance of FeNO and blood eosinophils against bronchial provocation testing (Table 2), and these

data are currently being synthesized in an ongoing meta-analysis.**

Currently, European®’ and United-Kingdom (UK)? guidelines have recognised biomarker elevation,
FeNO >40-50 ppb (both), or blood eosinophils 'outside the normal range' (in UK), as effective, cost-
efficient diagnostic alternative when spirometry is nondiagnostic (even before spirometry in UK), in
patients with symptoms suggestive of asthma.’”%> A FeNO level >40 ppb being 90% is specific for asthma

diagnosis in suspected adults.>*” Biomarker-based diagnostic strategies could offer several benefits
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compared to BPT after non diagnostic spirometry, including fewer delays, faster care, better well-being,
improved cost-effectiveness, and lower carbon footprint — cutting wait times may reduce unnecessary

inhaler emissions.%%7°

Limitations and concerns related to T2 biomarker diagnosis
Despite these advantages, several limitations restrict integration of biomarkers in diagnostic pathways.

Variability limits reliability, as biomarker levels fluctuate between measurements and fewer than 20% of
asthmatics have FeNO >50 ppb on a single assessment.*>»’! Multiple confounding factors influence
biomarker values (Table 1): children produce less NO due to smaller mucosal surface ’?, and in adults,

obesity, hormonal changes, or comorbidities like chronic rhinitis or eczema can alter readings.”!’>7*

These considerations, along with the limited evidence supporting the diagnosis of asthma based on
biomarkers, particularly in children, explain why FENO is not included in the latest European guidelines

for children.”

Second, optimal thresholds remain uncertain. “Rule in” thresholds should target a positive likelihood
ratio (LR+) > 1079, together with specificity >90% and positive predictive value (PPV) >80%. However,
few studies meet these rigorous criteria. Furthermore, the heterogeneity of the studies (Table 2) — which
report prevalence rates higher than those observed in general practice — suggests a higher pre-test
probability of asthma, which could lead to an overestimation of the diagnostic performance of FeNO and
limit the generalizability of these results to settings where prevalence is lower. Additional studies which

incorporate the impact of pre-test probability such as observed in primary care are needed.

Finally, biomarker-based approaches risk missing T2-low asthma (representing 30-50% of cases)’’ or
misdiagnosed non-asthmatic inflammatory conditions, highlighting the need for comprehensive clinical

assessment.”®
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Biomarkers could serve as a potentially useful adjunct in the diagnostic workup when spirometry is
insufficient to establish a diagnosis or as a triage tool to prioritize BPTs where T2 biomarkers are elevated

to enhance diagnostic interpretation for healthcare providers.”
THERAPEUTIC DECISION-MAKING:

ICS initiation: universal therapy versus biomarker stratification

Current consensus supports AlR-alone as the preferred initial treatment for adolescents and adults with
mild asthma rather than short-acting betaz-agonists (SABA) alone.®> Several randomized trials show that,
as-needed low-dose ICS-formoterol or ICS-albuterol significantly reduce severe exacerbations in mild
asthma compared with short-acting bronchodilators alone, with benefits comparable to daily ICS but

lower total exposure.8°-83

In the Novel START trial there was no evidence of effect modification with severe exacerbation risk
reduction due to ICS-formoterol reliever based on a wide range of characteristics such as demographic
factors, smoking status, clinical characteristics, and blood eosinophil level, or FeNO. Patients with
elevated blood eosinophils (=0.30 *10°/L) on bronchodilator monotherapy had the highest exacerbation
rates, while budesonide-formoterol reliever significantly reduced risk (Figure 3A).3! High-eosinophil
patients benefited from maintenance ICS treatment, but not T2-low patients who had a higher risk of
exacerbations. This suggests biomarkers could identify patients who benefit most from maintenance ICS
therapy. Similarly, ICS-naive patients with elevated FeNO (>25 ppb) show more robust lung function

improvements with ICS initiation than biomarker-low counterparts.**

T2-low patients receiving budesonide-formoterol reliever alone showed benefit, potentially reflecting
formoterol's bronchodilator effects, non-eosinophilic anti-inflammatory mechanisms, or epithelial ICS

effects independent of T2 inflammation.* Furthermore, although the risk of exacerbation is higher in T2-
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high asthma, severe exacerbations occur in all phenotypes, but at lower absolute rates in T2-low
populations. Concerns about potentially inadequate management of T2-low patients remain an obstacle

to discontinuing or postponing ICS treatment based solely on biomarkers.

In summary, these data show that although all phenotypes in mild asthma benefit from AIR therapy
alone’, the use of biomarkers allows the identification of high T2 profile patients who will benefit from

more careful monitoring.3*
ICS dose escalation: symptom-driven versus biomarker guided intensification

Traditionally, escalation beyond low-dose ICS has followed standardized stepwise approaches based on
persistent symptoms and exacerbations.’ Established in the 1995 GINA report and consolidated over 30

years, this strategy matches treatment to disease burden."!

Pharmacologically, 80% to 90% of the maximum benefit of ICS in reducing exacerbations and improving

lung function can be achieved with doses within the low to medium dose range.’>-%¢

The therapeutic index of ICS — balancing efficacy against potential adverse effects — varies substantially

by dose (Figure 4), leading clinicians to consider as-needed or low-dose ICS the “standard dose”.®>%’

Clinical reality shows 60% of patients remain partially or poorly controlled despite ICS therapy.®® A UK
study showed 35-45% of asthmatics remained uncontrolled one year after initiating medium-to-high dose
ICS."® Studies show increasing ICS after an exacerbation does not reduce future events.®**° Another
study found 70% of patients maintained the same ICS dose over 6 years without exacerbations or rescue

use,”! suggesting potential overtreatment when biomarkers are not considered.

This creates a therapeutic dilemma. Escalating to medium-to-high dose ICS offers limited additional

efficacy, while introducing dose-dependent systemic adverse effects. Yet some patients may benefit
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significantly from intensified treatment that cannot be predicted by symptom assessment or exacerbation

history alone.*

Two large population-based cohorts of asthma patients — involving over 160,000 patients in the UK®” and
over 500,000 in Northern Europe®? highlighted additional risks associated with higher ICS doses: major
adverse cardiovascular events (MACE), pneumonia, arrhythmia, and pulmonary embolism, alongside
historically recognized risks of adrenal suppression, cataracts, fractures, and diabetes. 3°3-¢ In large
observational cohorts, medium ICS doses more than doubled the relative risks of these events, and high
doses increased them up to fourfold.®” Whether these risks outweigh the benefits of increasing from low
to high-dose ICS as not been prospectively studied.These findings prompted GINA's recent shift to
recommend limited-duration trials (3-6 months) of high-dose ICS followed by gradual tapering if

unsuccessful,” reserving high-dose treatment for patients deriving clear benefit.

Type-2 biomarkers have emerged as potential tools to identify patients most likely to benefit from ICS
dose escalation, avoiding unnecessary exposure in non-responders. The CAPTAIN trial provided
evidence for this approach.’? This six-arm RCT evaluated fluticasone furoate (FF)—vilanterol, with or
without umeclidinium, across doses in 2,416 patients with moderate asthma, including baseline blood
eosinophils and FeNO. After 12 months, fluticasone furoate (FF) 100 vs. FF200 showed substantial
differences in annual moderate-to-severe exacerbations and trough FEV1 depending on T2 biomarker
profiles. Notably, the higher FF dose led to a six-fold greater reduction in severe attacks in patients with
dual T2-high inflammation (T2 ‘High/high’: blood eosinophil count >0.3x10%L and FeNO >50 ppb)
compared to dual ‘T2-low/low’ patients (blood eosinophil count <0.15x10%L and FeNO <25 ppb)

(Figure 3B).%

However, several limitations challenge biomarker-guided escalation: In CAPTAIN, T2-high patients

showed large benefits (reduced exacerbations, improved FEV 1), while symptom improvement in T2-low
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patients appeared more due to long-acting antimuscarinic than ICS escalation, highlighting a clinically
relevant discordance between inflammation control and patient-prioritized symptom relief.>>*® ICS
reduction guided by symptoms or biomarkers does not worsen lung function in severe ** or mild-to-
moderate asthma (BASALT),!¢ yet patients often refuse dose reduction when symptomatic, indicating
unmet therapeutic needs.'” Moreover, T2-low patients with significant symptoms risk undertreatment in

purely biomarker-driven strategies.'?!

In summary, while symptom assessment and patient preferences remain important, T2 biomarkers offer
objective guidance to identify the subgroup of patients who derive substantial benefit from high-dose

ICS escalation while protecting the majority from unnecessary exposure to systemic adverse effects.
Monitoring of adherence

Up to 80% of patients on high-dose ICS lack optimal adherence.!?? Assessing adherence is crucial but
often overlooked, as nonadherence means patients are undertreated. Efforts should prioritize optimizing

current use rather than prescribing more medication.

Different contexts require different adherence assessments, from pharmacy refill checks to chipped
inhalers or FeNO suppression testing.”>1%!% Confirming adequate pickup must be combined with
checking adequate technique, as up to 30% of patients make at least one critical error'®>, meaning little

or no medication reaches the lungs.!%%1%7

FeNO suppression testing literature highlights mechanistic and clinical utilities. Daily FeNO monitoring
with chipped inhalers at very high-dose ICS may provide mechanistic insight, since normalised FeNO
indicates corticosteroid sensitivity.*’ Conversely, FeNO nonsuppression implies corticosteroid
resistance.!® Clinically, this translates to the former group (FeNO suppressors) experiencing better

response to ICS, remaining more steadily adherent to their therapy at follow-up.!*#1%® The latter group
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(FeNO nonsuppressors) represent only 30% of the difficult-to-treat asthma population, yet will likely

need escalation to T2 targeting biologics.>>!%

Blood eosinophils should be very low (<0.1x10%/L) or undetectable under OCS or anti-IL-5 therapy,''*!!!
and the opposite may suggest nonadherence. Interestingly, though ICS are seen as having little effect on

blood eosinophils, data show higher ICS doses do partially suppress eosinophils.>%11%-112

Practical constraints limit widespread implementation: FeNO monitoring access remains limited,
particularly in primary care; confounding factors (Table 1) complicate interpretation; and optimal

frequency, thresholds, and cost-effectiveness require validation.

In summary, including T2 biomarkers in asthma management may prompt timely and appropriately
targeted adherence checks. For example, a FeNO >40 ppb or blood eosinophil count >0.1x10%/L despite

OCS or anti-IL-5/5R should prompt a review of adherence.
Asthma attacks

Severe asthma attacks lead to morbidity, healthcare utilisation and avoidable deaths.>’ Despite their
significance, the standard of care in acute asthma has not changed in the last decades, as guidelines
recommend a ‘one-size-fits-all’ treatment approach with OCS for exacerbations to reduce hospital

admission and relapses.”-!13114

Several studies have documented the heterogeneity of attacks according to sputum, blood, exhaled air,
and microbiomic profiles.!">"'** Importantly, inflammatory phenotypes are often dynamic and

indistinguishable from the point of view of initial symptoms or lung function.!?*125

The PRISMA (Phenotyping the Responses to Systemic Corticosteroids in the Management of Asthma

Attacks) study 11811 assessed severe asthma attacks before and after OCS 125126, Asthma attacks were
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categorised using a three-level system: T2-low/low (blood eosinophils <0.15x10°%L and FeNO <25 ppb),
T2-high/high (eosinophils >0.3x10%L and FeNO >35+ ppb), and T2-mid (patients not in T2-low/low
and high/high groups). Among 53 attacks, 30% were T2-low/low, 51% were T2-mid, and 19% were T2-
high/high. T2-high patients were more often male, had higher rates of nasal polyps, previous T2-high
episodes, better bronchodilator responsiveness, and lower FEV1/Forced Vital Capacity (FVC), while
lower T2 patients exhibited more symptoms consistent with abnormal breathing patterns. Response to
OCS varied by phenotype: T2-high patients improved FEV1 substantially (0.390 + 0.512 L), whereas
T2-low patients showed no benefit (0.017 + 0.153 L). Sixty-two percent experienced adverse effects
attributable to OCS. Baseline FeNO and eosinophils were the only significant predictors of OCS
response, demonstrating that T2 biomarkers can identify which patients benefit from systemic
corticosteroids during acute exacerbations, distinguish asthma attack types by underlying biology.
Although these findings require confirmation in larger-scale placebo-controlled clinical trials, they
suggest precision medicine in the acute setting could enable more targeted use of OCS to the patients

most likely to benefit while avoiding unnecessary side effects.

Biomarker guided use of biologics in-acute severe asthma was investigated in the ABRA trial, a phase 2
RCT testing benralizumab for acute asthma or chronic obstructive pulmonary disease (COPD) attacks in
158 adults with elevated cosinophils (>0.3x10%L).*?" Patients were randomized to benralizumab plus
five days of oral prednisolone, benralizumab plus placebo, or prednisolone plus placebo injection.
Benralizumab, alone or with steroids, reduced treatment failure by 75% versus prednisolone alone,
preventing one failure per four treated patients. Symptom scores over 28 days also improved significantly
with benralizumab. These phase 2 results mark a promising reframing of the management of acute asthma

crises, yet requires further regulatory trials to allow adoption in clinical practice.
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Managing biologic therapies

The introduction of biologic therapies, such as anti-IgE monoclonal antibodies (omalizumab), anti-IL-
5/IL-5R  (mepolizumab, benralizumab, reslizumab), anti-IL-4/IL-13 (dupilumab) and anti-thymic
stromal lymphopoeitin (TSLP) (tezepelumab), was a major advance in patient care.'?® Type-2 biomarkers
blood eosinophils and FeNO have played a key role in this context.!”!?” Current guidelines emphasise
the use of elevated biomarkers to confirm eligibility for biologic therapies and predict response, as T2-
high patients show better clinical response to biologics, with greater reduction of exacerbations,

symptoms, and improved pulmonary function than patients with low biomarkers.'%

However, guidelines provide limited guidance on selecting between specific agents in the absence of
head-to-head trials and emerging data suggest biomarker profiles could help distinguish patients who

respond to specific biologics, but prospective validation is needed.®

As FeNO is only suppressed by dupilumab or tezepelumab,'3*3! these agents may potentially be
preferred in severe "FeNO-predominant” asthma. 1% Shrimanker et al. demonstrated in a post hoc
analysis of the phase 3 QUEST and phase 2b DREAM studies that patients with FeNO >25 ppb but blood
eosinophils <0.15x10%L responded to dupilumab but not to mepolizumab. In contrast, patients with
blood eosinophils >0.5%10%L — consistent with an eosinophilic 'bomb'-driven i.e., large circulating pool
of effector eosinophils, asthma profile—-demonstrate very large and complete responses to anti-IL-5
biologics, independent of FeNO levels.® This suggests a hierarchy where marked eosinophilia predicts
robust anti-IL-5 response regardless of epithelial inflammation markers, whereas isolated elevation of
FeNO allows the identification of patients requiring treatment upstream of the inflammatory pathway

(dupilumab/tezepelumab).

Important limitations temper reliance on biomarkers alone for biologic selection. Tezepelumab has

demonstrated efficacy in patients with high eosinophils, high FeNO, and even T2-low phenotypes, '3*!33
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suggesting some agents transcend biomarker boundaries. However, there is remaining uncertainty, as the
efficacy of tezepelumab in type-2 low asthma has not been seen consistently.'3! Furthermore,
eosinophilic patients are more likely to respond to any of the currently approved T2-targeting biologics.
In the absence of head-to-head trials, the most appropriate algorithm to decide which biologic to prescribe
remains prescriber-dependent.!** Finally, individual variability means some biomarker-high patients

may not respond while some biomarker-low patients may benefit, particularly with broader-acting agents.

After biologic initiation, biomarkers may guide ICS dose reduction to minimize long-term steroid

exposure.

The SHAMAL trial showed a decrease in lung function in patients who responded well to benralizumab
but reduced their ICS dose from high-dose maintenance ICS/formoterol to ICS-formoterol on demand,
which coincided with an increase in FeNO levels.'*> Conversely, patients who tapered to low-to-moderate

ICS/formoterol maintenance and reliever doses did not experience significant lung function deterioration.

FeNO-guided step-down can safely reduce corticosteroid burden, supporting at least moderate ICS

dosing to prevent lung function decline while avoiding unnecessary exposure to high-dose ICS.3>:8>136

Asthma attacks on mepolizumab are heterogeneous and may involve ongoing eosinophilic inflammation.
The prospective MEX study of 45 first exacerbations used multiple assessments, including sputum
analysis; half had >2% sputum eosinophils. High-eosinophil patients showed greater airflow obstruction,
slightly elevated blood eosinophils, and higher FeNO. FeNO <20 ppb predicted non-eosinophilic,
infection-related events, while higher FeNO indicated sputum eosinophilia.'?> Some patients improved
when switching to benralizumab, suggesting complete eosinophil elimination may be needed.'3” Oral

prednisolone appears to have broad anti-inflammatory effects in stable mepolizumab patients'®,

potentially supporting its use in high FeNO exacerbations during mepolizumab treatment.'*’
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Biomarkers could also indicate a voluntary or involuntary discontinuation of biologic. Patients with
severe eosinophilic asthma who discontinued anti-IL-5 therapy experienced significant increases in blood
eosinophils, symptoms, and exacerbation frequency within three to six months.'*” Tezepelumab shows
similar patterns based on nine-month discontinuation data.'*! Therefore, verifying that patients
experiencing exacerbations with increased biomarkers have continued their scheduled biological

injections is important before concluding treatment failure.

Overall, biomarkers are increasingly central to targeted therapy: a better understanding of non-
responding patients, monitoring of adherence, and achieving remission or, at the very least, the lowest
dose of ICS required to control the disease. Looking forward, the earlier intervention with biomarkers
may offer not only an opportunity to obtain clinical benefit in high risk patients before escalation to high
dose ICS with its associated risks, but also potentially influence the natural history of the disease. Trials
such as the ongoing HOTHOT study (NCT07309614) is evaluatingwhether early dupilumab initiation in
high-risk patients (elevated eosinophils and FeNO) can achieve asthma remission, reduce exacerbation

risk, and improve lung function.
Beyond type-2 biomarkers: implementation challenges and alternative treatable traits.

The widespread adoption of biomarker-based strategies faces several obstacles. Severe asthma primarily
affects low- and middle-income countries, where even basic treatments remain inaccessible, let alone
biomarker-based precision medicine.!**!** Moreover, implementation in primary care is further

constrained by reimbursement policies and the costs of specialized devices, even though long-term

studies suggest potential economic benefits per patient. 4414

Despite the importance of the T2 inflammatory biomarkers in the ORACLE framework, other treatable

146-149

traits must be assessed. Chronic airway infection predicts a good response to azithromycin at far
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lesser cost than a biologic. In the AMAZES trial, azithromycin prevented attacks and improved quality

of life and pre-treatment sputum Haemophilus influenzae copy numbers were related to efficacy.'*®

Dyspnea may also reflect persistent airflow limitation, which occurs beyond severe disease, including
developmental factors (lung growth disorders, early respiratory damage) or acquired lesions
(smoking).1%1%5 When present, FEV1 and symptom scores will reliably improve with long-acting
bronchodilators, with no consistent effect on the exacerbation rates.®>153155 Persistent airflow
obstruction and chronic airway infections must be considered distinct treatable traits in asthma
management. Recognizing and targeting these overlapping conditions (and low type-2 biomarkers in a
patient who continues to experience exacerbations and/or symptoms may be helpful in this regard), along
with associated comorbidities and modifiable environmental or lifestyle factors, enables a more
personalized approach that may improve asthma control better than the traditional uniform stepwise

treatment model.2

Finally, the recurrent airway attacks may represent ‘pseudo-asthma’ or a combination of asthma and other
pathologies, such as dysfunctional breathing or inducible laryngeal obstruction. These situations may be
best handled by multidisciplinary team evaluation and referral to pulmonary rehabilitation services (e.g.

www.physiotherapyforbpd.org.uk).>>%’
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Conclusion

Type-2 inflammatory asthma is a distinct phenotype, identifiable by blood eosinophil counts and FeNO.
These biomarkers are useful across initial diagnosis to established disease management. The T2
phenotype has greatest likelihood of confirmatory asthma diagnosis, represents higher risk of outcomes
(attacks, systemic corticosteroid exposure, and lung function decline), and identifies patients who do
particularly well following escalation of anti-inflammatory therapy (high-dose ICS or a biologic). Patient
symptoms, longitudinal risk stratification, and monitoring for acute events remain essential pillars to
determine which patients require re-assessment for potential treatment escalation. Together, these
findings support revisiting purely symptom-based escalation, eventually enabling biomarker-guided 'fast
and slow lanes' diagnostic and management schemes (Figure 5) that optimize therapy for those most
likely to benefit while identifying alternative treatable traits, particularly when T2 inflammation is absent.
Several limitations — including biomarker access, confounding factors, threshold uncertainty, and limited
paediatric data — temper this transition and highlight the need for trials and studies to consolidate and

expand the next era in precision asthma care.
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FIGURE LEGENDS

FIGURE 1. The ORACLE framework. (A) Annual asthma attack rate based on the blood
eosinophil count and FeNO. These spline curves show the estimated annual severe asthma attack rates
based on biomarkers of type-2 inflammation, after adjusting for relative confounders (enrolled trial,
GINA treatment step, FEV1%, ACQ-5, asthma attack in past 12 months), based on n=6513 patients
enrolled across 22 clinical trials’ control arms. Figure reproduced from reference *. (B) The Prototype
OxfoRd Asthma attaCk risk scaLE (ORACLE). Numbers in each cell are predicted annual asthma
attack rates requiring treatment with systemic corticosteroids if treatment is not changed. . *Risk factors
are defined by GINA guidelines'®: poor symptom control (ACQ score >1.5), low lung function (FEV1
<80% predicted), adherence issues, reliever over-use (>200-dose salbutamol cannister/month),
intubation or intensive care unit admission for asthma previously, comorbidities (one of: chronic
rhinosinusitis, obesity, psychiatric disease), environmental exposures (one of: smoking, allergen,
pollution). Figure reproduced from reference *> FeNO, fractional exhaled nitric oxide; GINA, Global

Initiative for Asthma
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FIGURE 2

A two-biomarker, two-compartment framework for interpreting and using blood eosinophils and
FeNO. FeNO is associated with increased levels of T2 cytokines, chemokines, alarmin, and MUC5AC
in sputum in addition to predicting airway hyperresponsiveness, thus identifying unresolved airway
inflammation. Blood eosinophiis (not correlated with T2 markers in sputum), are correlated with serum
IL-5. This suggests there are 2 distinct but additive compartments in T2 inflammation, the interleukin
(IL)-4/1L-13 axis (the magnet) corresponding to FeNO driving chemotaxis of inflammatory cells
(including eosinophils) to the airway, and the IL-5 dependent pool of effector eosinophils (bombs).
Elevation in FeNO results in a greater risk of lung function decline, whereas elevations in either blood
eosinophils and FeNO result in a higher risk of asthma attacks. Elevation in both biomarkers results in a
further multiplicative increase in risk. Each represents a distinct treatment target: ICS and/or T2 targeting

biologics. Considering the individualization of inflammatory compartments, biomarkers could be taken
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into account when choosing biological treatment, alongside other clinical characteristics (nasal

polyposis, etc.). eos, eosinophils; FeNO, fractional exhaled nitric oxide; IL, interleukin.
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Figure 2
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FIGURE 3. Severe exacerbations by T2 biomarkers and treatment strategy. Combined histogram
derived from the NOVEL START® (top) and CAPTAIN °%!3 (bottom) trials, showing the proportion of
patients with at least one severe asthma exacerbation, stratified by T2 biomarker profiles and treatment
regimen. In NOVEL START, there was a greater incidence of exacerbation with SABA alone at higher
eosinophil counts; the risk was otfset by as-needed budesonide—formoterol (200/6 mcg per actuation) or
maintenance budesonide (400 mcg/day: low-dose) plus as-needed salbutamol, highlighting the predictive
value of blood eosinophils for ICS response. In CAPTAIN, T2-high/high profiles (eosinophils
>0.30 x 10°/L and FeNO >50 ppb) had fewer exacerbations with high-dose ICS, whereas among T2-
low/low patients (eosinophils <0.15 x 10%/L and FeNO <25 ppb), escalation to higher ICS doses resulted
in minimal additional reduction in the proportion of patients experiencing exacerbations. These findings

support a biomarker-driven approach to optimize therapeutic decisions. FF, fluticasone furoate
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FIGURE 4. Benefit-to-adverse effects ratio of inhaled corticosteroids by T2 inflammatory
phenotype and dose. Model illustrating the theoretical balance between clinical benefit and systemic
adverse effects of ICS across escalating doses, stratified by T2 inflammatory phenotypes. In patient T2-
high/high (eosinophils >0.30 x 10%L and FeNO >50 ppb) the benefit-to-risk ratio increases steeply with
dose, reflecting substantial expected therapeutic gain in this group. In T2-low phenotypes (eosinophils <
0.15 x 10°/L and FeNO < 25 ppb), dose escalation yields minimal therapeutic gain while
disproportionately increasing the risk of systemic adverse effects, thereby shifting the balance toward

harm. 213192186 Tn T2-mid phenotypes, the ratio increases moderately, but with greater uncertainty

regarding net benefit.

ICS, inhaled corticosteroid; T2, type-2 inflammation.
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FIGURE 5. After the Escalator: slow and fast lanes for asthma diagnosis and management.A
proposed biomarker-guided clinical framework based on the evidence supporting clinical utilities of
raised type-2 biomarkers in suspected asthma and in established asthma. Incorporating these biomarkers
into routine practice enables more personalized and biologically informed care pathways. In particular,
patients with T2-high asthma may benefit from timely, targeted therapies, while those with T2-low
asthma can be spared unnecessary escalation of anti-inflammatory treatment.AIR, anti-inflammatory
reliever; dx, diagnostic; eos, eosinophils; FeNO, fractional exhaled nitric oxide; ICS, inhaled

corticosteroids.
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F|gu re 5 1 ‘ Sign, symptoms, events suggestive of asthma
% . . 1 |
FeNO low & Eoslow FeNO high or Eos mid. FeNO high and/or Eos high
Adults <25 <0.15 Adults 25-35 0.15-<0.30 All =2 35 >0.30
Children < 20 Children 20-35

Asthma attack(s)?
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Symptoms attributable to asthma
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Infections? pathway.... Biologic? * Biologic *

* Consider 3-6 months before change

TABLE 1 — Selected factors* influencing type-2 biomarkers.
Factors influencing exhaled nitric oxide (FeNO) results
Decreasing values Variable effect

Increasing values

o Inhaled > oral corticosteroids ° Age (pre-puberty > o Atopy
o Anti-TSLP adolescence > adults) o Nasal polyposis
o Anti-1L-4/-13 o Diurnal variation > Rhinitis

o Recent respiratory viral infection
o Recent oral nitrate intake

o Current smoking
o Forced spirometry prior to the
measurement

(maorning > evening)

Factors influencing blood eosinophil counts
Decreasing values Variable effect

Increasing values

o Oral > inhaled o Age (pre-puberty  ° Anti-IL4R o Atopic dermatitis
corticosteroids > adolescence > > Atopy > EGPA
> Anti-IL-5/5R adults) > Nasal polyposis > ABPA
o Anti-TSLP o Diurnal variation  ° Rhinitis o HES
(morning > > Recent respiratory viral < Helminth infection
evening) infection

*List is non-exhaustive. ABPA, allergic bronchopulmonary aspergillosis; EGPA, eosinophilic
granulomatosis with polyangiitis; HES, hypereosinophilic syndrome; IL, interleukin; TSLP, thymic

stromal lymphopoietin. Adapted from

164-167
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TABLE 2 IDENTIFIED STUDIES SUPPORTING RECOMMENDATIONS ON BIOMARKER-
BASED DIAGNOSIS OF ASTHMA IN NON-CONCLUSIVE SPIROMETRY.

Study o Diagnosti Fe FeNO Bloo Blood
Author Clinic Refer ¢ Criteria NO  cutoff dEos Eos
al . ral Study cut Perform cut cutoff
(Year); P Setting . (Gold
eatur Sourc  Design off ance off  perform
Country, standard) o 9
N es e 1 (pp (%) (x10 ance
b) /L)
Bai CVA Asthma No Prospecti BPT 27 Se:789 NA NA
(2023)1%%; | sympt  clinic referr ve (Histamin Sp:79.3
China, oms (outpati  al e)
307 ent) sourc
[
specif
ied
Karamar | Asthm Asthma Prima Retrospe BPT 25 Se:754 NA NA
kovic a clinic ry ctive (Methach Sp: 47.9
(2023)7; | sympt  (outpati care oline)
Croatia, | oms ent)
282
Li Asthm Asthma No Retrospe BPT 32 Se:90.7 NA NA
(2019)%; | a clinic  referr ctive (Methach Sp: 100
China, sympt  (outpati al oline)
1542 oms ent) sourc
e
specif
ied
Hou Asthm  Asthma No Cross- BPT 43  Se:61.2 NA NA
(2021)1%8; | a clinic.  referr sectional (Methach Sp: 84.1
China, sympt  (outpati al oline)
534 oms ent) sourc
e
specif
ied
Kellerer | Asthm Asthma No Retrospe  BPT 46 Se:23.4 NA NA
(2021)%8; | a clinic  referr ctive (Metachol Sp:92.1
Germany, | sympt (outpati al ine)
393 oms ent) sourc
[
specif
ied
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Chen CVA  Asthma No Retrospe BDT or 245 Se:69.6 NA NA
(2021)*%; | sympt  clinic  referr ctive BPT Sp:72.9
China, oms (outpati  al (Metachol
328 ent) sourc ine)
€
specif
ied
Borhani | Asthm Asthma No Cross- BPT 395 Se:486 NA NA
Fard a clinic referr sectional (Methach Sp:94.0
(2021)1%% | sympt  (outpati al oline)
Iran, 87 | oms ent) sourc
e
specif
ied
Urbanko | Asthm Asthma No Cross- BPT 24 Se : 70 0.15 81/75
wski a clinic referr  sectional (Metachol Sp:77.3
(2021)'®!; | sympt  (outpati al ine)
Poland, oms ent) sourc
42 e
specif
ied




Journal Pre-proof

Study Fe FeNO Bloo BLOOD
Autho Clinic Referr Diagnostic  NO cutoff d EOS
r al al Study Criteria cut Perfor  Fos  CUTOFF
(Year) P Setting . mance cut PERFORM
eatur Sourc Design  (Gold off
] es e standard)!  (pp (Vo) off ANCE
Count b) (x10°
ry, N /L)
Nekoo | Asth  Asthm No Retrospe BDTor BPT 36 Se:30 NA NA
e!® | ma aclinic referra ctive (Metacholin Sp : 85
(2020); | sympt (outpat 1 e)
Belgiu | oms ient) source
m, 702 specifi
ed

Liu Asth  Asthm No  Retrospe BPT(Methac 43. Se:75.6 NA NA
(2019) ma aclinic referra  ctive holine) 5 Sp:86.6
163 sympt  (outpat 1
China, | oms ient)  source
259 specifi

ed
He Asth  Asthm No  Retrospe BPT 23. Se:77.8 NA NA
(2018) ma aclinic referra  ctive (Methacholi 5 Sp:67.9
164, sympt  (outpat I fie)
China, | oms ient)  source
239 specifi

ed
Feng- | CVA Asthm No  Retrospe BPT 25 Se:81.3 NA NA
jia sympt aclinic referra  ctive (Histamine) Sp : 85
(2017) | oms  (outpat 1
165. ient)  source
China, specifi
405 ed
Porpod | Asth  Asthm No Cross- BPT 20 Se:50 NA NA
is ma  aclinic referra sectional (Metacholin Sp:91.7
(2017) | sympt (outpat 1 e/
L) oms ient)  source Mannitol)
Greece specifi
, 31 ed
Nickel | Asth  Asthm No  Retrospe BPT 50 Se:l12 NA NA
S ma aclinic referra ctive (Methacholi Sp:89
(2016) | sympt (outpat I ne)
167. oms  ient)  source
USA, specifi
774 ed
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Wang | Asth  Asthm No  Retrospe BPT 64 Se:52 NA NA
(2015) ma aclinic referra  ctive (Methacholi Sp:94.3
168. sympt  (outpat 1 ne)
China, | oms ient)  source
408 specifi
ed
Buslau | AR  Asthm Volunt Cross- BPT 18 Se:744 0.12  69.2/52.8
(2014) aclinic eers sectional (Metacholin Sp:61.1
169 (outpat  (public e)
Germa ient) ads/
ny, 73 univer
sity
studen
ts)
Cirillo | AR  Asthm Manda Cross- BPT 37 Se:79.1 NA NA
(2013) aclinic tory sectional (Methacholi Sp:90.5
17o. (outpat  health ne)
Italy, ient)  check-
211 up
(milita
ry
person
nel)
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Study Refer Fe FeNO Blo Blood
Author | Clinical Settin ral Study Diagnostic NO cutoff od Eos
(Year); | feature . Criteria (Gold Perfor Eos cutoff
Countr s g Sourc  Design standard)’ cut mance cut erfor

e off p

y, N (%) off mance

Katsoul | Asthma Asthm No  Prospect BPT 32 Se:47 NA NA
is sympto aclinic referra ive (Methacholine) Sp: 85
(2013)* ms (outpat I
. ient)  source
Greece, specifi
112 ed
Voutila | Asthma Asthm No  Prospect BPT 30 35/84 NA NA
inen sympto aclinic referra ive (Methacholine/
(2013)! ms (outpat | Histamine)
& ient)  source
Finalan specifi
d, 87 ed
Schleic | Asthma Asthm Specia Prospect BPT 34 35/95 NA NA
h sympto aclinic list ive (Methacholine)
(2012)* ms (outpat respira
. ient) tory
Belgiu physic
m, 174 ian
Matsun | Asthma Asthm No Cross- BPT 22 Se : NA NA
aga sympto aclinic referra sectiona 90.8
(2011)* ms (outpat 1 I Sp:
74 ient)  source 83.9
Japan, specifi
366 ed
Leon Asthma Primar Primar Retrosp BDT or BPT 50 Se: NA NA
de la| sympto ycare ycare ective (Methacholine) 76.5
Barra ms - GP Sp:
(2011)* 94.1
5. New
Zealan
d, 52
Pedrosa | Asthma Asthm  No  Prospect BPT 40 Se : NA NA
(2010)! | sympto aclinic referra ive (Metacholine) 74.3
e, ms (outpat 1 Sp:
Spain, ient)  source 72.5
115 specifi

ed
Kowal | Asthma Asthm Primar Retrosp BPT 40 Se: NA NA
(2009)! | sympto aclinic ycare ective  (Methacholine) 88.3
s ms  (outpat Sp:
Poland, ient) 82.6
540
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Schnei | Asthma Primar Primar Prospect BDTor WBPor 46 Se:32 NA NA
der sympto ycare Yy care ive BPT Sp:93
(2009)! ms - GP (Metacholine)
78.
Germa
ny, 126
Miedin | Occupat Work- No Cross- BPT 47 Se:42 NA NA
ger ional based referra sectiona (Methacholine/ Sp: 96
(2007)* | Asthma screeni I I Mannitol)
. ng  source
Switzer Firefig specifi
land, hter ed
106
Study | Clinical Settin Refer  Study Diagnostic Fe FeNO Blo Blood
Author | feature g ral Design  Criteria (Gold  NO  cutoff od Eos
(Year); S Sourc standard)’ cut Perfor Eos cutoff
Countr e off mance cut perfor
y, N (%) off mance
Fortuna | Asthma Asthm  No  Prospect BPT 20 Se:74 NA NA
(2007)* | sympto aclinic referra ive (Metacholine) Sp : 64
8. ms (outpat 1
Spain, ient)  source
50 specifi
ed
Arora | Asthma Asthm Referr Prospect BPT 46 Se:17 NA NA
(2006); | sympto aclinic ed by ive (Histamine) Sp : 100
USA, ms (outpat  no
172 ient)  Allerg
y
physic
ian
Heffler | ARand Alierg  No  Prospect BDT or BPT 36 Se:78 NA NA
(2006)" | asthma y referra ive (Metacholine) Sp : 60
81 Italy, | sympto  clinic 1
48 ms source
specifi
ed
Smith Asthma Asthm Primar Prospect  BDT or BPT 20 Se:88 NA NA
(2004)* | sympto aclinic y care ive (hypertonic Sp:79
8 New | ms (outpat saline)
Zealan ient)
d, 44
Dupont | Asthma Asthm No  Prospect  BDT or BPT 16 Se : NA NA
(2003)! | sympto aclinic referra ive (Histamine) 69.4
8, ms (outpat 1 Sp:
Belgiu ient)  source 90.0
m, 240 specifi
ed
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Chatkin| CVA  Asthm Referr  Cross- BDT or BPT 30 Se:75 NA NA
(1999)! | sympto aclinic edby sectiona (Metacholine) Sp : 87

8, ms  (outpat specia I

Canada ient) list

, 38

'The primary gold standard diagnosis consists of a direct methacholine provocation test with PC20
<8 mg/ml or PD20 <200 pg, or other direct and indirect provocation tests in accordance with European
(preferred) and/or American guidelines (complementary) [25]. Direct methacholine tests with higher
thresholds (PC20 <16 mg/ml, PD20 <400 pg) will also be considered in sensitivity analyses [26].
Spirometry with a bronchodilator response (BDR) is considered adequate for confirming asthma if it
shows a variation of >12% and, for adults, an increase in FEV: of >200 ml from baseline in pre/post-BD
testing (“standard criteria” for secondary analysis). Alternatively, a variation of >10% compared to
predicted values for FEV: or FVC in pre/post-BD spirometry is acceptable (“alternative criteria” for

secondary analysis).5*

AR, allergic rhinitis; BDT, bronchodilator test; Blood Eos, blood eosinophil count; BPT, bronchial
provocation test; CVA, cough variant asthma; FeNO, fractional exhaled nitric oxide; GP, general
practitioner; NA, non-atopic; Se, sensitivity; Sp, specificity; WBP, whole body plethysmography.
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Biomarkers predict risk of asthma attacks
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