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Abstract

:

Asthma is a heterogenous disorder characterized by presence of different phenotypes and endotypes. Up to 10% of the individuals suffer from severe asthma and are at increased risk of morbidity and mortality. Fractional exhaled nitric oxide (FeNO) is a cost-effective, point of care biomarker that is used to detect type 2 airway inflammation. Guidelines have proposed to measure FeNO as an adjunct to diagnostic evaluation in individuals with suspected asthma and to monitor airway inflammation. FeNO has lower sensitivity, suggesting that it may not be a good biomarker to rule out asthma. FeNO may also be used to predict response to inhaled corticosteroids, predict adherence and deciding on biologic therapy. Higher levels of FeNO have been associated with lower lung function and increased risk for future asthma exacerbations and its predictive value increases when combined with other standard measurements of asthma assessment.
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1. Introduction


Asthma is a heterogenous chronic respiratory condition that impacts all ethnicities and age groups. It also poses a significant global health burden affecting approximately 358 million people worldwide [1]. Asthma leads to significant morbidity and is the 2nd leading cause of death among the chronic respiratory condition [2]. The diagnosis can be challenging as symptoms are non-specific and demonstration of variable airflow limitation can be difficult to obtain, particularly among the children. In individuals with mild asthma, airflow obstruction may not be seen during spirometry and may require other modalities such as serial peak flow measurements or bronchial provocation testing. Peak flow testing can have limited diagnostic value whereas bronchial provocation testing is time-intensive, costly and can only be performed in specialized laboratories [3].



Type 2 inflammation is prevalent in asthma and can be found in up to 80% of corticosteroid-naïve individuals [4]. Sputum eosinophilia is a marker of eosinophilic airway inflammation and has been shown to predict asthma outcomes [5]. However, the test is also cumbersome due to the requirement of laboratory facilities and the time it takes to perform the test. Fractional exhaled nitric oxide (FeNO) measurement and blood eosinophil count (BEC) have been considered as surrogate markers for assessing eosinophilic airway inflammation. BEC, which is an invasive test, has been shown to have moderate-to-good correlation with sputum eosinophilia in individuals with asthma [6]. On the other hand, FeNO has a modest correlation with sputum eosinophilia especially in individuals who have steroid-dependent asthma [7,8].



FeNO presents several advantages compared to other diagnostic and management modalities for asthma. It is a non-invasive test that can be done quickly [9]. The test is simple to perform and is well tolerated by adults and pediatric individuals with asthma. FeNO has also been shown to have moderate diagnostic accuracy for asthma and can be used to monitor disease activity. FeNO can be used to select treatment agents, monitor response to treatment and assist with change in therapy. In this review we will discuss the role of nitric oxide in type-2 (T2) inflammation and clinical utility of FeNO testing in individuals with asthma.




2. Role of Nitric Oxide in Type 2 Inflammation


Environmental nitric oxide (NO) is a colorless, highly reactive gas found in the environment, particularly in motor vehicle exhaust and cigarette smoke [10]. However, nitric oxide is also ubiquitous in all human organ systems and has myriad functions: a vasodilator, a bronchodilator, a neurotransmitter, and an inflammatory mediator. Its free radical properties make it highly bactericidal and cytotoxic. Interestingly, in the respiratory system, NO acts as both proinflammatory and anti-inflammatory [10]. This duality of NO is key to understanding its role in T2 airway inflammation in asthma.



In the lungs, NO is produced by epithelial cells, vascular endothelial cells, and neurons [11]. Macrophages and neutrophils are also capable of producing NO [4]. NO can be produced enzymatically and non-enzymatically [11,12,13]. The mechanism of non-enzymatic production of NO in the airways is less understood but incorporates reduction in nitrate to nitrite, which converts to NO [12]. This process occurs more readily in acidic environments; nitrite combines with hydrogen ions to form nitrous oxide that disintegrates into NO. NO is also formed enzymatically in the airways from L-arginine, which is taken up by airway epithelial cells and is converted to NO by NO synthase (NOS) [11,12,13]. There are three isoforms of NOS in the lungs: constitutive neuronal NOS (nNOS), constitutive endothelial NOS (eNOS), and inducible NOS (iNOS). The constitutive form of NOS is aptly known as cNOS and produces low amounts of NO in short bursts. The expression of iNOS is transcription-dependent and, in contrast, produces large amounts of NO for prolonged periods.



Physiologic production of NO by cNOS leads to smooth muscle relaxation, while inhibiting smooth muscle proliferation and inflammation [13]. The former is accomplished through the indirect production of cGMP by NO-activated guanylyl cyclase and subsequent activation of protein kinases [12,14]. The overall effect is airway bronchodilation. NO can also interact directly with high energy free radicals, mitigating oxidative stress and generation of proinflammatory lipids, thereby reducing inflammation [12]. Production of NO by eNOS helps enhance lung development, promotes ciliary motility, produces surfactant, and protects against bronchoconstriction [11,14]. Physiologic production of NO by iNOS assists in innate immunity against external pathogens and malignant cells due to NO’s cytotoxicity at high concentrations [11].



In T2 asthma, production of NO is altered, leading to airway hyperresponsiveness. Animal studies have shown that after allergen exposure in asthmatic airways, there is a deficiency in NO production by cNOS, resulting in bronchoconstriction [13]. This deficiency may be in part due to reduced uptake of L-arginine by epithelial cells and hence reduced substrate availability for cNOS [13]. Furthermore, NOS enzymes coexist in competition with other enzymes that reduce available substrate for NO production, such as arginase, which converts L-arginine into L-ornithine [5]. T-helper 2 (Th2) cytokines increase expression of arginase, causing even more loss of substrate available for NOS to produce NO. NOS production of NO is further reduced in the presence of asymmetric dimethyl arginine (ADMA), an analogue of L-arginine, which competitively inhibits iNOS [2]. Some studies also suggest that cNOS expression is downregulated, contributing to airway hyperresponsiveness [13].



Production of the cNOS-derived NO is reduced, while iNOS induced NO levels increase that cause paradoxical bronchoconstriction and airway inflammation. Furthermore, the presence of proinflammatory cytokines, such as tumor necrosis factor, interferon-gamma, and interleukin (IL)-1β, due to allergen exposure triggers overexpression of iNOS [12,13]. Excessive production of NO amplifies its physiologic functions markedly, leading to hyperemia, hypotension, and edema. NO derived from iNOS perpetuates T2 inflammation, causing lung epithelial damage, mucous hypersecretion, vascular permeability, and eosinophilia [12].



NO produced by iNOS results in “nitrative stress” that adds to the type 2 inflammation seen in individuals with asthma. Under oxidative stress of an inflammatory state, NO reacts with superoxide anions to form reactive nitrogen oxide species (RNOS), including peroxynitrite and dinitrogen trioxide [11]. ADMA’s inhibitory effect of iNOS contributes to oxidative stress with the generation of oxygen oxide and downstream RNOS [2]. RNOS inflict airway cellular damage, cause DNA, protein, and mitochondrial dysfunction, and promote airway hyperresponsiveness in individuals with asthma [13].



Therefore, appropriate levels of NO are integral in regulating lung mechanics and airway inflammation. At low constitutive levels, NO helps promote bronchodilation and reduces inflammation. In type 2 inflammation in individuals with asthma, NO is produced in pathologic amounts by iNOS. Under oxidative stress, its protective effect disappears, resulting in bronchial hyperreactivity, mucus hypersecretion, vasodilation, increased vascular permeability and various proinflammatory effects including free radical production leading to cytotoxicity [15]. Elevated FeNO levels have been seen in acute and chronic airway inflammation and reflects IL-4 and IL-13 induced induction of iNOS. Increased iNOS activity favors Th2 lymphocyte differentiation and inhibits Th1 and Th17 lymphocytes as well as IL-12 synthesis [15].




3. FeNO as a Diagnostic Biomarker for Asthma


To date, asthma remains a clinical diagnosis and there is no single diagnostic test for the disease. Confirming the diagnosis requires a high degree of clinical suspicion and can be challenging given its various phenotypes. International guidelines recommend the use of bronchoprovocation testing if lung function is normal to further evaluate symptoms suggestive of asthma, but this can labor-intensive, time-consuming, expensive and comes with the risk of acute bronchospasm for individuals [16,17].



FeNO is an established biomarker that reflects underlying respiratory tract inflammation and provides an easy, non-invasive and reproducible way to detect airway inflammation in some individuals with asthma [11]. Studies have shown that even in milder stages of asthma, individuals can have higher FeNO concentrations than normal individuals in their exhaled air [18,19]. Despite this, FeNO has not been adopted as a standard tool for the diagnosis of asthma. A meta-analysis by Karrasch and colleagues investigated this issue and concluded that the specificity of FeNO levels were higher than its sensitivity, suggesting that a FeNO measurement would be more accurate in ruling in rather than ruling out the diagnosis of asthma [20]. Other studies have also evaluated the role of FeNO in predicting asthma diagnosis in combination with other measurements. A recent study by Louis and colleagues demonstrated that a combination of wheezing scale, spirometry and FeNO improves the diagnostic accuracy with area under curve of 0.76 (95% confidence interval 0.66–0.84) [21]. In another study of 58 adults with persistent allergic rhinitis followed over 1 year showed that basal FeNO levels over 28 parts per billion (ppb) predicted development of asthma [22]. Similar findings were also noted in children where FeNO was noted to be helpful in identifying wheezing phenotypes in preschool children. Children with increased FeNO levels during preschool years had increased risk of asthma and impaired lung growth later in life [23].



However, use of FeNO remains an adjuvant for diagnosis because several other disorders can affect FeNO levels. Conditions such as chronic rhinosinusitis (CRS), allergic rhinitis are similarly characterized by eosinophilic inflammation, leading to increased FeNO values [12]. A cross-sectional study by Duarte and colleagues noted that FeNO measurements in obstructive sleep apnea (OSA) were also elevated, possibly correlating with increased upper airway inflammation found in the disease [24]. Furthermore, non-disease related factors, such as older age, height, male sex, ethnicity, smoking history, viral infections, certain nitrate rich foods (especially leafy vegetables), and use of anti-inflammatory medications, have all been correlated with higher FeNO levels [11].



Consequently, the interpretation of FeNO levels is highly dependent on an individual’s clinical history and symptoms. The official practice guidelines published by the American Thoracic Society (ATS) in 2011 considers these multiple confounding factors and suggests the use of cutoff points rather than set reference ranges. Since FeNO tends to be higher in healthy adults than children (defined as less than twelve years of age), ATS proposes two sets of cutoff points for adults and children [10,25]. In symptomatic adults and children with FeNO concentrations below 25 ppb and 20 ppb, respectively, eosinophilic inflammation is less likely, and alternative diagnoses such as chronic cough, gastroesophageal reflux disease (GERD), vocal cord dysfunction or even non-allergic asthma should be considered. Conversely, FeNO levels above 50 ppb in adults and levels above 35 ppb in children with symptoms are thought to have significant eosinophilic inflammation and supports a diagnosis of asthma (Figure 1). Of note, there is an intermediate range of FeNO concentrations, from 25 to 50 ppb in adults and from 20 to 35 ppb in children, which should be interpreted within the clinical context, and indeed tracking FeNO concentration levels over time may reveal an asthma diagnosis rather than one isolated positive test [10].



However, it is important to note that these cut-points vary between international guidelines. Current National Institute of Health and Clinical Excellence (NICE) guidelines in the United Kingdom (UK) recommend using FeNO levels above 40 ppb and 35 ppb in adults and children between 5–16 years of age, respectively. According to The Global initiative for Asthma (GINA) strategy, a FeNO concentration equal to or above 20 ppb is considered high alongside other biomarkers indicative of T2 immune response, like BEC ≥150 cells/μL and or sputum eosinophils ≥2% [12]. The differences in cutoff values are likely explained by the data used by each group, but again highlight how FeNO levels can be influenced by many etiologies other than asthma.



In their recent report, the National Asthma Education and Prevention Program Expert Panel Report 4 (EPR-4) recommended using FeNO as an adjunct to the diagnostic evaluation of individuals where asthma diagnosis is uncertain [26]. A FeNO cutoff value of >50 ppb was proposed for non-smoking adults and a cutoff of >35 ppb was proposed for children 5–12 years of age who were not using corticosteroids. The 2022 guidelines for diagnosis of asthma by European Respiratory Society (ERS) also gave a conditional recommendation for using FeNO is the diagnostic workup with a suggested cutoff of 40 ppb due to its best compromise between sensitive and specificity [27]. GINA also suggests that a FeNO level above 20 ppb can diagnose type 2 inflammation in individuals who have difficult-to-treat or severe asthma [28].



Individuals with asthma can also have other comorbidities that can affect FeNO levels. Chronic rhinosinusitis and nasal polyposis are common in individuals with asthma and FeNO can predict nasal polyposis even in the absence of blood eosinophilia. Similarly, FeNO levels can also be elevated in the presence of allergic rhinitis and nasal steroids can decrease FeNO. FeNO levels are low in the presence of bronchiectasis and gastroesophageal reflux disease, whereas the levels are not affected by obesity and obstructive sleep apnea syndrome [29].



In summary, studies demonstrate that FeNO levels are subject to many confounding factors and although there are suggested cutoff points proposed by various guidelines, interpretation and application of the test should always be used in the clinical context of the patient’s history and symptoms. Further efforts to determine subject-specific FeNO cut-points are in progress, and hopefully evolving research will provide further diagnostic accuracy of FeNO for asthma.




4. FeNO as a Biomarker of Predicting Asthma Control, Exacerbation and Lung Function Decline


Several studies demonstrated the ability of FeNO in predicting airway inflammation and risk of exacerbation and poor asthma control. In a study by Pavlidis and colleagues, a FeNO levels of ≥30 ppb gave a moderate prediction of T2 high asthma [30]. Elevated FeNO levels have also been associated with asthma control and risk of asthma exacerbation [31]. In a German cohort of individuals with severe asthma where elevated FeNO levels were associated with poor asthma control, lower lung function and increased frequency of asthma exacerbations [32]. In this study, FeNO levels of ≥25 ppb had 65% sensitivity in predicting two or more annual exacerbations. Similarly, in a British study of 115 individuals with severe asthma, FeNO levels demonstrated a stronger correlation with acute exacerbation compared BEC or serum periostin levels [33].



Studies have shown conflicting results by failing to demonstrate any association between FeNO and asthma control. In a study of 82 individuals with asthma, low FeNO levels were associated with uncontrolled asthma [34]. Another study from Japan evaluated role of FeNO during the treatment period in individuals with asthma and failed to demonstrate any association between FeNO and deterioration in asthma [35]. Similar findings were noted in several other studies [36,37,38]. A metanalysis which included 175 studies, showed a weak association between FeNO and asthma control [39].



These differences between association of FeNO and asthma control can be explained by reviewing the clinical characteristics of individuals included in the different studies [12]. Individuals who were not on maintenance treatment demonstrated better correlation between elevated FeNO levels and poor asthma control [12]. Conversely, individuals with asthma who were on maintenance treatment had weaker or no correlation between asthma control and FeNO [36,38]. In a review by Ulrik and colleagues that included 35 studies, high FeNO levels were associated with accelerated lung function decline in adults with long standing moderate to severe asthma regardless of optimal treatment. These findings were less robust in individuals with less severe disease. Nonetheless, the authors noted that FeNO based management may decrease risk of asthma-related exacerbations in adults [18].



The relationship of BEC and FeNO as a prognostic biomarker and in predicting risk of asthma exacerbation has been another area of interest. In an observational study by Price and colleagues, individuals with asthma who had elevated FeNO (≥50 ppb) or elevated BEC (≥300 cells/μL) had higher risk of exacerbation (risk ratio 1.31). When both biomarkers were combined, the risk ratio for acute exacerbation increased to 3.67 [40]. Similar findings of combination of FeNO and BEC in predicting asthma exacerbation were also noted in a post-hoc analysis of data from Liberty Quest study [41].



The role of FeNO alongside lung function parameters in predicting asthma control has also been explored. In a study of 662 children, spirometry adjusted FeNO/FEV1 demonstrated an increased ability to identify uncontrolled asthma compared to FeNO alone (area under curve = 0.707; p = 0.011) [42]. A study from Korea combined FeNO ≥35 ppb and bronchodilator response and demonstrated that the combination performed better than individual variables in predicting loss of asthma control [43]. Higher FeNO levels have also been associated with lung function decline. In a study of adults with newly diagnosed asthma a FeNO cutoff of ≥57 ppb was associated with more rapid lung function decline [44]. Similar findings were also noted in Japanese and Korean cohorts [45,46]. Combining elevated FeNO levels and BEC had higher odds ratio for predicting lower lung function than either of the measurement alone [47]. Together these findings suggest that FeNO may have better predictive value in assessing asthma control and progression when combined with other measurements.




5. FeNO as a Biomarker to Guide Inhaled Corticosteroids Therapy


Inhaled corticosteroids (ICS), which are the mainstay of asthma treatment, act by reducing T2 airway inflammation. Use of FeNO has been shown to predict response to ICS therapy, however, cutoff points for adjusting treatment are not well established. In a double-blind, randomized, controlled trial of undiagnosed adults with symptoms suggestive of asthma, individuals were assigned to treatment with inhaled corticosteroid or placebo [48]. The randomization was stratified by FeNO cutoffs including ≤25 ppb, >25 to <40 ppb and ≥40 ppb. Asthma Control Questionnaire (ACQ7) score was the primary endpoint. A significant interaction was observed between baseline FeNO and treatment arms for every 10-ppb change in FeNO. The effect was more pronounced in the ICS group compared to placebo group. A retrospective study evaluated the relationship between response to ICS and FeNO measurements and found a cutoff of 38 ppb was able to differentiate between ICS responders and non-responders [49]. Another observational study compared treatment decision based on physician’s assessment of patient’s symptoms, physical examination and spirometry and found that without FeNO measurements, airway inflammation was incorrectly assessed in half of the individuals. Adding FeNO to clinical assessment modified treatment decisions in 36% of the individuals in this study [50]. ATS guidelines recommend that FeNO levels of >50 ppb in adults can be used to indicate responsiveness to corticosteroids [10].



The FeNO-based management of asthma has also been evaluated during pregnancy. A study by Tamasi and colleagues evaluated use and reproducibility of FeNO in 102 females which included 20 pregnant asthmatic women, 20 nonpregnant asthmatic women, 35 healthy nonpregnant women and 27 healthy pregnant women [51]. The authors concluded that the FeNO levels were not influenced by pregnancy. In a double blind, parallel group, controlled trial, 220 pregnant individuals with asthma were randomly assigned before 22 weeks gestation to a treatment guided by clinical symptoms or FeNO levels. FeNO level of >29 ppb and <16 ppb was used to up titrate and down titrate ICS dose, respectively. The exacerbation rate was lower in the FeNO group with a number needed to treat was 6. The FeNO group also had improvement in quality of life and reduced neonatal hospitalizations [52]. In another double-blind randomized controlled trial, FeNO guided management during pregnancy decreased incidence of doctor diagnosed asthma in the offspring at pre-school age [53]. This was in part due to modification in the use of ICS during the trial period.



Suppression of FeNO after treatment with ICS can be used to monitor therapy and establish adherence [54]. McNicholl and colleagues used FeNO to identify nonadherence by using directly observed inhaled corticosteroid treatment (DOICS) [55]. In their study, individuals with asthma who had FeNO >45 ppb were divided into adherent (filling ICS prescription >80%) and nonadherent group (filling ICS prescription <50%). They received seven days of DOICS therapy with budesonide and were tested for nonadherence based on changes in FeNO. Nonadherent individuals had significantly greater drop in FeNO levels compared to adherent individuals. In another study that used FeNO suppression test via remote monitoring technology, demonstrated that it was useful in assessing adherence to the treatment [56]. It is also pertinent to mention here that up to 1/3rd of individuals with asthma can have elevated FeNO despite adequate corticosteroid therapy [54].



Finally, FeNO measurements may also facilitate stepdown from ICS therapy in individuals whose asthma symptoms are well controlled. In a recent metanalysis representing 384 participants from seven studies, FeNO level of <50 ppb was an appropriate cutoff for ICS dose reduction without increasing risk for exacerbations [57]. Studies have explored utility and cost effectiveness of monitoring FeNO levels in individuals with asthma due to its ability to improve diagnostic accuracy, monitor adherence and response to treatment [58]. A Swedish study evaluated the economic impact of FeNO use to diagnose and manage asthma in primary care setting and found that its addition led to cost saving of 672 Swedish Krona per patient by the 4th year. These findings suggest that FeNO use in managing asthma in primary care setting is feasible and cost-effective compared to other standard asthma management methods [59].




6. FeNO as a Predictive and Pharmacodynamic Biomarker in Targeted Biologic Therapy


T2 high asthma is primarily driven by cytokines (IL-4, IL-5, IL-13), eosinophil alarmins (IL-25, IL-33, thymic stromal lymphopoietin [TSLP]), and Immunoglobulin E (IgE) [60]. FeNO is a noninvasive biomarker in individuals with T2 airway inflammation [15,61].



Currently, six Food and Drug Administration (FDA) approved biologic agents are available for treating individuals with severe asthma. Due to lack of high-level evidence from randomized trial comparing the efficacy of biologic agents with each other, decision to choose initial biologic agent or which agent to select when initial therapy fails often relies on several pieces of information including baseline biomarker levels [62]. These biomarkers including FeNO, sputum eosinophils, BEC, and IgE are often used when encountered with these decisions.



Omalizumab was one of the first biologic therapies approved for asthma management. It is an anti-IgE recombinant monoclonal antibody that binds to the free IgE, which is released in the presence of environmental allergens. It is approved to treat adults and children six years and older with moderate or severe persistent asthma who are not well controlled on standard treatment with ICS. In the U.S., it is approved in individuals with a total IgE level between 30 to 700 IU/mL in adults and 30–1300 IU/mL in children 6–11 years of age. Additionally, evidence of in vitro perennial aeroallergen reactivity should be noted, or a positive skin test to qualify with a lack of other underlying conditions that could lead to IgE elevation [63].



In A Study of Omalizumab (Xolair) in Subjects with Moderate to Severe Persistent Asthma (EXTRA), individuals with a pretreatment FeNO ≥24 ppb had a more favorable response to the treatment with omalizumab [64]. The investigators noted that reduction in exacerbation rates was higher in individuals with high versus low FeNO (53% versus 16%, respectively). Additionally, an increase in FeNO at week 12 after treatment interruption could predict future exacerbation rates. In this set of individuals resuming treatment with omalizumab could be beneficial to reduce the risk of exacerbations. Even when several other serum biomarkers (specific-to-total IgE ratios, serum tryptase, eosinophil cationic protein, or soluble CD23) were compared, they were unable to predict response to omalizumab [65]. However, in a prospective real-world study with omalizumab; Prospective Observational Study to evaluate Predictors of clinical Effectiveness in Response to Omalizumab (PROSPERO) in individuals with moderate-to-severe allergic asthma, 87% of individuals were noted to have a good treatment response to omalizumab irrespective of the baseline FeNO levels. This study’s outcome makes it uncertain regarding the utility of FeNO as a predictor for treatment response to omalizumab [66].



Mepolizumab is a monoclonal antibody targeting IL-5, which has effectively decreased asthma exacerbation rates in severe eosinophil-driven asthma. It is approved for individuals six years and older with severe eosinophilic allergic and non-allergic asthma with or without oral glucocorticoid dependence. Another IL-5 antagonist that is approved for use is reslizumab, which also targets eosinophilic differentiation, proliferation and chemotaxis, and survival. Mepolizumab is a subcutaneous formulation, whereas reslizumab is an intravenous formulation [67,68]. Benralizumab is an IL-5 receptor antagonist which prevents the binding of the IL-5 molecule to its receptor, and it also exhibits antibody-dependent cellular cytotoxicity against basophils and eosinophils. It is approved for individuals with severe asthma 12 years and older [69].



Surprisingly FeNO has not been shown to predict the response to the anti-eosinophil agents confirming that the pathway of the eosinophilic activation and NO induction are different. In the DREAM study, the FeNO readings were unaffected by mepolizumab treatment; hence it cannot even be used as a biomarker for response to treatment. It was also noted that baseline FeNO levels greater than and equal to 75 ppb did not predict response to treatment to anti-IL-5/IL5 R biologics [70,71,72].



Dupilumab is monoclonal antibody targeting the IL-4 receptor alpha, which acts as a common receptor for the IL-4 and IL-13 pathways and hence interferes with IL-4/IL-13 responses. Dupilumab is approved for individuals with allergic and non-allergic eosinophilic asthma, with FeNO of ≥25 ppb, as well as in those who are oral corticosteroid dependent regardless of BEC. It is administered every two weeks subcutaneously [62]. In the LIBERTY QUEST trial, which was a phase 3 study, it was noted that individuals with a baseline FeNO of at least 25 ppb were noted to have approximately 50% reduction in the risk of exacerbation in comparison to placebo whereas individuals with FeNO <25 ppb, there was no significant difference noted. Due to this finding, FeNO can be potentially considered as a biomarker to predict response to dupilumab. It has also been noted that FeNO levels in Dupilumab treated individuals reduce over time from their baseline suggesting that it is also a good pharmacodynamic biomarker of dupilumab therapy [73].



Tezepelumab is a recently approved biologic therapy for severe persistent asthma, which targets TSLP. This molecule targets this epithelial-cell-derived cytokine associated with the multiple downstream pathways linked to asthma pathogenesis. It has been approved for adults and children at least 12 years and older without any phenotype or biomarker limitation. Pretreatment FeNO levels have been shown to predict response to tezepelumab, and like dupilumab, the FeNO levels are reduced in comparison to the placebo group with treatment [74]. Some other investigational anti-IL-13 monoclonal antibodies, like lebrikizumab and tralokinumab, have also completed phase 3 trials in individuals with uncontrolled asthma, however, have not been approved because inconsistent efficacy in the different trials [75,76]. However, a reduction in absolute FeNO values was noted when treated with anti-IL-13 monoclonal antibodies [77].



To date, studies have focused mainly on the utility of FeNO in predicting treatment response to biologics with little understanding of FeNO dynamics and interpretation during biologic treatment. In general, higher baseline FeNO values were found to be associated with greater asthma control and reduced risk of exacerbation especially for dupilumab, omalizumab and tezepelumab [78]. FeNO levels remain detectable during treatment with anti-IL5, anti IL4/13 and anti-IL-13 treatment [78]. Similarly, its role in predicting switch of biologic treatment is another area of future research. Considering its cost-effectiveness and ease of use, there is a need for future studies to explore the role of FeNO in long-term follow-up of individuals with asthma on biologic treatment.




7. Conclusions


FeNO is a readily available, easy to perform, reproducible and a point of care biomarker. In individuals with asthma, FeNO levels can be used to support asthma diagnosis, predict lung function decline, evaluate risk of poor asthma control and future exacerbations, assess response and adherence to ICS therapy, guide stepdown of the ICS therapy and facilitate choice of certain biologic therapies. As FeNO levels can be affected by a wide variety of confounders and its use as a biomarker may be enhanced in conjunction with clinical findings as well as with other biomarkers of asthma.







Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing not applicable.




Conflicts of Interest


N.M., D.S., A.D. and M.A. has no financial disclosures. N.A.H. received honoraria for serving as advisor or consultant for GSK, AstraZeneca, Sanofi, Regeneron, Amgen, Genentech, Novartis and Teva. His institution received research grant support of his behalf from GSK, Genentech, Sanofi, Teva, Novartis, and Astra Zeneca.




References


	



Soriano, J.B.; Alemu Abajobir, A.; Hassen Abate, K.; GBD 2015 Chronic Respiratory Disease Collaborators. Global, regional, and national deaths, prevalence, disability-adjusted life years, and years lived with disability for chronic obstructive pulmonary disease and asthma, 1990–2015: A systematic analysis for the Global Burden of Disease Study 2015. Lancet Respir. Med. 2017, 5, 691–706. [Google Scholar] [CrossRef] [PubMed]

	



GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 diseases and injuries in 204 countries and territories, 1990–2019: A systematic analysis for the global burden of disease study 2019. Lancet 2020, 396, 1204–1222. [Google Scholar] [CrossRef]

	



Tilemann, L.; Gindner, L.; Meyer, F.J.; Laux, G.; Szecsenyi, J.; Schneider, A. Diagnostic value of peak flow variability in patients with suspected diagnosis of bronchial asthma in general practice. Dtsch. Med. Wochenschr. 2009, 134, 2053–2058. [Google Scholar] [CrossRef] [PubMed]

	



Menzies-Gow, A.; Mansur, A.H.; Brightling, C.E. Clinical utility of fractional exhaled nitric oxide in severe asthma management. Eur. Respir. J. 2020, 55, 1901633. [Google Scholar] [CrossRef]

	



Wagener, A.H.; De Nijs, S.B.; Lutter, R.; Sousa, A.R.; Weersink, E.J.M.; Bel, E.H.; Sterk, P.J. External validation of blood eosinophils, FE(NO) and serum periostin as surrogates for sputum eosinophils in asthma. Thorax 2015, 70, 115–120. [Google Scholar] [CrossRef] [PubMed]

	



Schleich, F.N.; Manise, M.; Sele, J.; Henket, M.; Seidel, L.; Louis, R. Distribution of sputum cellular phenotype in a large asthma cohort: Predicting factors for eosinophilic vs neutrophilic inflammation. BMC Pulm. Med. 2013, 13, 11. [Google Scholar] [CrossRef] [PubMed]

	



Berry, M.A.; Shaw, D.E.; Green, R.H.; Brightling, C.E.; Wardlaw, A.J.; Pavord, I.D. The use of exhaled nitric oxide concentration to identify eosinophilic airway inflammation: An observational study in adults with asthma. Clin. Exp. Allergy 2005, 35, 1175–1179. [Google Scholar] [CrossRef]

	



Nair, P.; Kjarsgaard, M.; Armstrong, S.; Efthimiadis, A.; O’Byrne, P.M.; Hargreave, F.E. Nitric oxide in exhaled breath is poorly correlated to sputum eosinophils in patients with prednisone-dependent asthma. J. Allergy Clin. Immunol. 2010, 126, 404–406. [Google Scholar] [CrossRef] [PubMed]

	



Gevorgyan, A.; Fokkens, W.J. Fractional exhaled nitric oxide (FeNO) measurement in asthma and rhinitis. Prim. Care Respir. J. 2013, 22, 10–11. [Google Scholar] [CrossRef]

	



Dweik, R.A.; Boggs, P.B.; Erzurum, S.C.; Irvin, C.G.; Leigh, M.W.; Lundberg, J.O.; Olin, A.; Plummer, A.L.; Taylor, D.R. An official ATS clinical practice guideline: Interpretation of exhaled nitric oxide levels (FeNO) for clinical applications. Am. J. Respir. Crit. Care Med. 2011, 184, 602–615. [Google Scholar] [CrossRef]

	



Ricciardolo, F.L.M.; Sorbello, V.; Ciprandi, G. A pathophysiological approach for FeNO: A biomarker for asthma. Allergol. Immunopathol. (Madr.) 2015, 43, 609–616. [Google Scholar] [CrossRef]

	



Heffler, E.; Carpagnano, G.E.; Favero, E.; Guida, G.; Maniscalco, M.; Motta, A.; Paoletti, G.; Rolla, G.; Baraldi, E.; Pezzella, V.; et al. Fractional exhaled nitric oxide (FENO) in the management of asthma: A position paper of the Italian Respiratory Society (SIP/IRS) and Italian Society of Allery, Asthma and Clinical Immunology (SIAAIC). Multidiscip. Respir. Med. 2020, 15, 36. [Google Scholar] [CrossRef]

	



Maarsingh, H.; Zaagsma, J.; Meurs, H. Arginase: A key enzyme in the pathophysiology of allergic asthma opening novel therapeutic perspectives. Br. J. Pharmacol. 2009, 158, 652–664. [Google Scholar] [CrossRef] [PubMed]

	



Antosova, M.; Mokra, D.; Pepucha, L.; Plevkova, J.; Buday, T.; Sterusky, M.; Bencova, A. Physiology of nitric oxide in the respiratory system. Physiol. Res. 2017, 66, S159–S172. [Google Scholar] [CrossRef] [PubMed]

	



Escamilla-Gil, J.M.; Fernandez-Nieto, M.; Acevedo, N. Understanding the Cellular Sources of the Fractional Exhaled Nitric Oxide (FeNO) and Its Role as a Biomarker of Type 2 Inflammation in Asthma. BioMed Res. Int. 2022, 2022, 5753524. [Google Scholar] [CrossRef] [PubMed]

	



Bateman, E.D.; Hurd, S.S.; Barnes, P.J.; Bousquet, J.; Drazen, J.M.; FitzGerald, M.; Gibson, P.; Ohta, K.; O’Byrne, P.; Pedersen, S.E.; et al. Global strategy for asthma management and prevention: GINA executive summary. Eur. Respir. J. 2008, 31, 143–178. [Google Scholar] [CrossRef]

	



Guidelines for Methacholine and Exercise Challenge Testing—1999: This official statement of the American Thoracic Society was adopted by the ATS Board of Directors, July 1999. Am. J. Respir. Crit. Care Med. 2000, 161, 309–329. [CrossRef]

	



Ulrik, C.S.; Lange, P.; Hilberg, O. Fractional exhaled nitric oxide as a determinant for the clinical course of asthma: A systematic review. Eur. Clin. Respir. J. 2021, 8, 1891725. [Google Scholar] [CrossRef]

	



Lane, C.; Knight, D.; Burgess, S.; Franklin, P.; Horak, F.; Legg, J.; Moeller, A.; Stick, S. Epithelial inducible nitric oxide synthase activity is the major determinant of nitric oxide concentration in exhaled breath. Thorax 2004, 59, 757–760. [Google Scholar] [CrossRef]

	



Karrasch, S.; Linde, K.; Rücker, G.; Sommer, H.; Karsch-Völk, M.; Kleijnen, J.; Jörres, R.A.; Schneider, A. Accuracy of FE NO for diagnosing asthma: A systematic review. Thorax 2017, 72, 109–116. [Google Scholar] [CrossRef]

	



Louis, G.; Schleich, F.; Guillaume, M.; Kirkove, D.; Zahrei, H.N.; Donneau, A.F.; Henket, M.; Paulus, V.; Guissard, F.; Louis, R.; et al. Development and validation of a predictive model combining patient-reported outcome measures, spirometry and exhaled nitric oxide fraction for asthma diagnosis. ERJ Open Res. 2023, 9, 00451-2022. [Google Scholar] [CrossRef]

	



Muntean, I.A.; Bocsan, I.C.; Vesa, S.; Miron, N.; Nedelea, I.; Buzoianu, A.D.; Deleanu, D. Could FeNO Predict Asthma in Patients with House Dust Mites Allergic Rhinitis? Medicina (Kaunas) 2020, 56, 235. [Google Scholar] [CrossRef]

	



Pijnenburg, M.W. The Role of FeNO in Predicting Asthma. Front. Pediatr. 2019, 7, 41. [Google Scholar] [CrossRef]

	



Duarte, R.L.M.; Rabahi, M.F.; Oliveira-e-Sá, T.S.; Magalhães-da-Silveira, F.J.; Mello, F.C.Q.; Gozal, D. Fractional Exhaled Nitric Oxide Measurements and Screening of Obstructive Sleep Apnea in a Sleep-Laboratory Setting: A Cross-Sectional Study. Lung 2019, 197, 131–137. [Google Scholar] [CrossRef]

	



Kharitonov, S.A.; Gonio, F.; Kelly, C.; Meah, S.; Barnes, P.J. Reproducibility of exhaled nitric oxide measurements in healthy and asthmatic adults and children. Eur. Respir. J. 2003, 21, 433–438. [Google Scholar] [CrossRef]

	



Expert Panel Working Group of the National Heart, Lung, Blood Institute (NHLBI) administered and coordinated National Asthma Education Prevention Program Coordinating Committee (NAEPPCC); Cloutier, M.M.; Baptist, A.P.; Blake, K.V.; Brooks, E.G.; Bryant-Stephens, T.; DiMango, E.; Dixon, A.E.; Elward, K.S.; Hartert, T.; et al. 2020 focused updates to the asthma management guidelines: A report from the National Asthma Education and Prevention Program Coordinating Committee Expert Panel Working Group. J. Allergy Clin. Immunol. 2020, 146, 1217–1270. [Google Scholar] [CrossRef] [PubMed]

	



Louis, R.; Satia, I.; Ojanguren, I.; Schleich, F.; Bonini, M.; Tonia, T.; Rigau, D.; Ten Brinke, A.; Buhl, R.; Loukides, S.; et al. European Respiratory Society Guidelines for the Diagnosis of Asthma in Adults. Eur. Respir. J. 2022, 60, 210158. [Google Scholar] [CrossRef] [PubMed]

	



Global Initiative for Asthma. Global Strategy for Asthma Management and Prevention. 2020. International Guideline. Available online: https://ginasthma.org/gina-reports/gina-2020-full-report_-final-_wms/ (accessed on 7 February 2023).

	



Pignatti, P.; Visca, D.; Loukides, S.; Märtson, A.G.; Alffenaar, J.W.C.; Migliori, G.B.; Spanevello, A. A snapshot of exhaled nitric oxide and asthma characteristics: Experience from high to low income countries. Pulmonology 2022, 28, 44–58. [Google Scholar] [CrossRef]

	



Pavlidis, S.; Takahashi, K.; Ng Kee Kwong, F.; Xie, J.; Hoda, U.; Sun, K.; Elyasigomari, V.; Agapow, P.; Loza, M.; Baribaud, F.; et al. “T2-high” in severe asthma related to blood eosinophil, exhaled nitric oxide and serum periostin. Eur. Respir. J. 2019, 53, 1800938. [Google Scholar] [CrossRef] [PubMed]

	



Oka, A.; Hirano, T.; Yamaji, Y.; Ito, K.; Oishi, K.; Edakuni, N.; Kawano, R.; Matsunaga, K. Determinants of Incomplete Asthma Control in Patients with Allergic Rhinitis and Asthma. J. Allergy Clin. Immunol. Pract. 2017, 5, 160–164. [Google Scholar] [CrossRef]

	



Bal, C.; Idzko, M.; Škrgat, S.; Koch, A.; Milger, K.; Schulz, C.; Zehetmayer, S.; Hamelmann, E.; Buhl, R.; Korn, S. Fraction of exhaled nitric oxide is associated with disease burden in the German Asthma Net severe asthma cohort. Eur. Respir. J. 2022, 59, 2101233. [Google Scholar] [CrossRef] [PubMed]

	



Mansur, A.H.; Srivastava, S.; Sahal, A. Disconnect of type 2 biomarkers in severe asthma; dominated by FeNO as a predictor of exacerbations and periostin as predictor of reduced lung function. Respir. Med. 2018, 143, 31–38. [Google Scholar] [CrossRef]

	



Heffler, E.; Pizzimenti, S.; Badiu, I.; Guida, G.; Ricciardolo, F.L.; Bucca, C.; Rolla, G. Nasal nitric oxide is a marker of poor asthma control. J. Breath Res. 2013, 7, 026009. [Google Scholar] [CrossRef]

	



Sato, S.; Saito, J.; Fukuhara, A.; Uematsu, M.; Suzuki, Y.; Togawa, R.; Sato, Y.; Nikaido, T.; Wang, X.; Tanino, Y.; et al. The clinical role of fractional exhaled nitric oxide in asthma control. Ann. Allergy Asthma Immunol. 2017, 119, 541–547. [Google Scholar] [CrossRef]

	



Fielding, S.; Pijnenburg, M.; de Jongste, J.C.; Pike, K.C.; Roberts, G.; Petsky, H.; Chang, A.B.; Fritsch, M.; Frischer, T.; Szefler, S.; et al. Change in FEV1 and Feno Measurements as Predictors of Future Asthma Outcomes in Children. Chest 2019, 155, 331–341. [Google Scholar] [CrossRef] [PubMed]

	



Bernstein, J.A.; Davis, B.; Alvarez-Puebla, M.J.; Nguyen, D.; Levin, L.; Olaguibel, J.M. Is exhaled nitric oxide a useful adjunctive test for assessing asthma? J. Asthma 2009, 46, 955–960. [Google Scholar] [CrossRef]

	



Meena, R.K.; Raj, D.; Lodha, R.; Kabra, S.K. Fractional Exhaled Nitric Oxide for Identification of Uncontrolled Asthma in Children. Indian Pediatr. 2016, 53, 307–310. [Google Scholar] [CrossRef]

	



Wang, Z.; Pianosi, P.; Keogh, K.; Zaiem, F.; Alsawas, M.; Alahdab, F.; Almasri, J.; Mohammed, K.; Larrea-Mantilla, L.; Farah, W.; et al. The Clinical Utility of Fractional Exhaled Nitric Oxide (FeNO) in Asthma Management; Agency for Healthcare Research and Quality (US): Rockville, MD, USA, 2017.

	



Price, D.B.; Bosnic-Anticevich, S.; Pavord, I.D.; Roche, N.; Halpin, D.M.G.; Bjermer, L.; Usmani, O.S.; Brusselle, G.; Ming, S.W.Y.; Rastogi, S. Association of elevated fractional exhaled nitric oxide concentration and blood eosinophil count with severe asthma exacerbations. Clin. Transl. Allerg. 2019, 9, 41. [Google Scholar] [CrossRef]

	



Busse, W.W.; Wenzel, S.E.; Casale, T.B.; FitzGerald, J.M.; Rice, M.S.; Daizadeh, N.; Deniz, Y.; Patel, N.; Harel, S.; Rowe, P.J.; et al. Baseline FeNO as a prognostic biomarker for subsequent severe asthma exacerbations in patients with uncontrolled, moderate-to-severe asthma receiving placebo in the LIBERTY ASTHMA QUEST study: A post-hoc analysis. Lancet Respir. Med. 2021, 9, 1165–1173. [Google Scholar] [CrossRef] [PubMed]

	



Martins, C.; Silva, D.; Severo, M.; Rufo, J.; Paciência, I.; Madureira, J.; Padrão, P.; Moreira, P.; Delgado, L.; Oliveira Fernandes, E.; et al. Spirometry-adjusted fraction of exhaled nitric oxide increases accuracy for assessment of asthma control in children. Pediatr. Allergy Immunol. 2017, 28, 754–762. [Google Scholar] [CrossRef]

	



Kim, J.K.; Jung, J.Y.; Kim, H.; Eom, S.Y.; Hahn, Y.S. Combined use of fractional exhaled nitric oxide and bronchodilator response in predicting future loss of asthma control among children with atopic asthma. Respirology 2017, 22, 466–472. [Google Scholar] [CrossRef] [PubMed]

	



Coumou, H.; Westerhof, G.A.; de Nijs, S.B.; Zwinderman, A.H.; Bel, E.H. Predictors of accelerated decline in lung function in adult-onset asthma. Eur. Respir. J. 2018, 51, 1701785. [Google Scholar] [CrossRef]

	



Matsunaga, K.; Hirano, T.; Oka, A.; Ito, K.; Edakuni, N. Persistently high exhaled nitric oxide and loss of lung function in controlled asthma. Allergol. Int. 2016, 65, 266–271. [Google Scholar] [CrossRef]

	



Shim, E.; Lee, E.; Yang, S.I.; Jung, Y.H.; Park, G.M.; Kim, H.Y.; Seo, J.H.; Yu, J. The association of lung function, bronchial hyperresponsiveness, and exhaled nitric oxide differs between atopic and non-atopic asthma in children. Allergy Asthma Immunol. Res. 2015, 7, 339–345. [Google Scholar] [CrossRef]

	



Mogensen, I.; Alving, K.; Jacinto, T.; Fonseca, J.; Janson, C.; Malinovschi, A. Simultaneously elevated FeNO and blood eosinophils relate to asthma morbidity in asthmatics from NHANES 2007-12. Clin. Exp. Allergy 2018, 48, 935–943. [Google Scholar] [CrossRef]

	



Price, D.B.; Buhl, R.; Chan, A.; Freeman, D.; Gardener, E.; Godley, C.; Gruffydd-Jones, K.; McGarvey, L.; Ohta, K.; Ryan, D.; et al. Fractional exhaled nitric oxide as a predictor of response to inhaled corticosteroids in patients with non-specific respiratory symptoms and insignificant bronchodilator reversibility: A randomised controlled trial. Lancet Respir. Med. 2018, 6, 29–39. [Google Scholar] [CrossRef] [PubMed]

	



Hahn, P.Y.; Morgenthaler, T.Y.; Lim, K.G. Use of exhaled nitric oxide in predicting response to inhaled corticosteroids for chronic cough. Mayo Clin. Proc. 2007, 82, 1350–1355. [Google Scholar] [CrossRef]

	



Hanania, N.A.; Massanari, M.; Jain, N. Measurement of fractional exhaled nitric oxide in real-world clinical practice alters asthma treatment decisions. Ann. Allergy Asthma Immunol. 2018, 120, 414–418.e1. [Google Scholar] [CrossRef] [PubMed]

	



Tamási, L.; Bohács, A.; Bikov, A.; Andorka, C.; Rigó Jr, J.; Losonczy, G.; Horváth, I. Exhaled nitric oxide in pregnant healthy and asthmatic women. J. Asthma 2009, 46, 786–791. [Google Scholar] [CrossRef]

	



Powell, H.; Murphy, V.E.; Taylor, D.R.; Hensley, M.J.; McCaffery, K.; Giles, W.; Clifton, V.L.; Gibson, P.G. Management of asthma in pregnancy guided by measurement of fraction of exhaled nitric oxide: A double-blind, randomised controlled trial. Lancet 2011, 378, 983–990. [Google Scholar] [CrossRef] [PubMed]

	



Morten, M.; Collison, A.; Murphy, V.E.; Barker, D.; Oldmeadow, C.; Attia, J.; Meredith, J.; Powell, H.; Robinson, P.D.; Sly, P.D.; et al. Managing Asthma in Pregnancy (MAP) trial: FENO levels and childhood asthma. J. Allergy Clin. Immunol. 2018, 142, 1765–1772.e4. [Google Scholar] [CrossRef] [PubMed]

	



Loewenthal, L.; Menzies-Gow, A. FeNO in Asthma. Semin. Respir. Crit. Care Med. 2022, 43, 635–645. [Google Scholar] [CrossRef] [PubMed]

	



McNicholl, D.M.; Stevenson, M.; McGarvey, L.P.; Heaney, L.G. The utility of fractional exhaled nitric oxide suppression in the identification of nonadherence in difficult asthma. Am. J. Respir. Crit. Care Med. 2012, 186, 1102–1108. [Google Scholar] [CrossRef] [PubMed]

	



Heaney, L.G.; Busby, J.; Bradding, P.; Chaudhuri, R.; Mansur, A.H.; Niven, R.; Pavord, I.D.; Lindsay, J.T.; Costello, R.W. Remotely monitored therapy and nitric oxide suppression identifies nonadherence in severe asthma. Am. J. Respir. Crit. Care Med. 2019, 199, 454–464. [Google Scholar] [CrossRef] [PubMed]

	



Wang, K.; Verbakel, J.Y.; Oke, J.; Fleming-Nouri, A.; Brewin, J.; Roberts, N.; Harada, N.; Atsuta, R.; Takahashi, K.; Mori, K.; et al. Using fractional exhaled nitric oxide to guide step-down treatment decisions in patients with asthma: A systematic review and individual patient data meta-analysis. Eur. Respir. J. 2020, 55, 1902150. [Google Scholar] [CrossRef]

	



Arnold, R.J.; Massanari, M.; Lee, T.A.; Brooks, E. A Review of the Utility and Cost Effectiveness of Monitoring Fractional Exhaled Nitric Oxide (FeNO) in Asthma Management. Manag. Care 2018, 27, 34–41. [Google Scholar]

	



Darbà, J.; Ascanio, M.; Syk, J.; Alving, K. Economic Evaluation of the Use of FeNO for the Diagnosis and Management of Asthma Patients in Primary Care in Sweden. Clin. Outcomes Res. 2021, 13, 289–297. [Google Scholar] [CrossRef]

	



Kuruvilla, M.E.; Lee, F.E.; Lee, G.B. Understanding Asthma Phenotypes, Endotypes, and Mechanisms of Disease. Clin. Rev. Allergy Immunol. 2019, 56, 219–233. [Google Scholar] [CrossRef]

	



Custovic, A.; Siddiqui, S.; Saglani, S. Considering biomarkers in asthma disease severity. J. Allergy Clin. Immunol. 2022, 149, 480–487. [Google Scholar] [CrossRef]

	



Adrish, M.; Hanania, N.A. Choosing and switching biological agents in severe asthma. Respirology 2022, 27, 926–928. [Google Scholar] [CrossRef]

	



Hanania, N.A.; Alpan, O.; Hamilos, D.L.; Condemi, J.J.; Reyes-Rivera, I.; Zhu, J.; Rosen, K.E.; Eisner, M.D.; Wong, D.A.; Busse, W. Omalizumab in severe allergic asthma inadequately controlled with standard therapy: A randomized trial. Ann Intern Med. 2011, 154, 573–582, Erratum in Ann. Intern. Med. 2019, 171, 528. [Google Scholar] [CrossRef] [PubMed]

	



Hanania, N.A.; Wenzel, S.; Rosén, K.; Hsieh, H.J.; Mosesova, S.; Choy, D.F.; Lal, P.; Arron, J.R.; Harris, J.M.; Busse, W. Exploring the effects of omalizumab in allergic asthma: An analysis of biomarkers in the EXTRA study. Am. J. Respir. Crit. Care Med. 2013, 187, 804–811. [Google Scholar] [CrossRef] [PubMed]

	



Ledford, D.; Busse, W.; Trzaskoma, B.; Omachi, T.A.; Rosén, K.; Chipps, B.E.; Luskin, A.T.; Solari, P.G. A randomized multicenter study evaluating Xolair persistence of response after long-term therapy. J. Allergy Clin. Immunol. 2017, 140, 162–169.e2. [Google Scholar] [CrossRef] [PubMed]

	



Casale, T.B.; Luskin, A.T.; Busse, W.; Zeiger, R.S.; Trzaskoma, B.; Yang, M.; Griffin, N.M.; Chipps, B.E. Omalizumab Effectiveness by Biomarker Status in Patients with Asthma: Evidence from PROSPERO, A Prospective Real-World Study. J. Allergy Clin. Immunol. Pract. 2019, 7, 156–164.e1. [Google Scholar] [CrossRef]

	



Ortega, H.G.; Liu, M.C.; Pavord, I.D.; Brusselle, G.G.; FitzGerald, J.M.; Chetta, A.; Humbert, M.; Katz, L.E.; Keene, O.N.; Yancey, S.W.; et al. Mepolizumab treatment in patients with severe eosinophilic asthma. N. Engl. J. Med. 2014, 371, 1198–1207, Erratum in N. Engl. J. Med. 2015, 372, 1777. [Google Scholar] [CrossRef]

	



Corren, J.; Weinstein, S.; Janka, L.; Zangrilli, J.; Garin, M. Phase 3 Study of Reslizumab in Patients With Poorly Controlled Asthma: Effects Across a Broad Range of Eosinophil Counts. Chest 2016, 150, 799–810. [Google Scholar] [CrossRef]

	



Bleecker, E.R.; Wechsler, M.E.; FitzGerald, J.M.; Menzies-Gow, A.; Wu, Y.; Hirsch, I.; Goldman, M.; Newbold, P.; Zangrilli, J.G. Baseline patient factors impact on the clinical efficacy of benralizumab for severe asthma. Eur. Respir. J. 2018, 52, 1800936. [Google Scholar] [CrossRef]

	



Pavord, I.D.; Korn, S.; Howarth, P.; Bleecker, E.R.; Buhl, R.; Keene, O.N.; Ortega, H.; Chanez, P. Mepolizumab for severe eosinophilic asthma (DREAM): A multicentre, double-blind, placebo-controlled trial. Lancet 2012, 380, 651–659. [Google Scholar] [CrossRef]

	



Hearn, A.P.; Kavanagh, J.; d’Ancona, G.; Roxas, C.; Green, L.; Thomson, L.; Fernandes, M.; Kent, B.D.; Dhariwal, J.; Nanzer, A.M.; et al. The relationship between Feno and effectiveness of mepolizumab and benralizumab in severe eosinophilic asthma. J. Allergy Clin. Immunol. Pract. 2021, 9, 2093–2096.e1. [Google Scholar] [CrossRef]

	



Ramonell, R.P.; Lee, F.E.; Levy, J.M.; Kuruvilla, M. Exhaled nitric oxide measurements are not influenced by anti-eosinophil therapy in patients with asthma: A retrospective analysis. Ann. Allergy Asthma Immunol. 2021, 126, 102–104. [Google Scholar] [CrossRef]

	



Castro, M.; Corren, J.; Pavord, I.D.; Maspero, J.; Wenzel, S.; Rabe, K.F.; Busse, W.W.; Ford, L.; Sher, L.; FitzGerald, J.M.; et al. Dupilumab Efficacy and Safety in Moderate-to-Severe Uncontrolled Asthma. N. Engl. J. Med. 2018, 378, 2486–2496. [Google Scholar] [CrossRef] [PubMed]

	



Menzies-Gow, A.; Corren, J.; Bourdin, A.; Chupp, G.; Israel, E.; Wechsler, M.E.; Brightling, C.E.; Griffiths, J.M.; Hellqvist, Å.; Bowen, K.; et al. Tezepelumab in Adults and Adolescents with Severe, Uncontrolled Asthma. N. Engl. J. Med. 2021, 384, 1800–1809. [Google Scholar] [CrossRef]

	



Hanania, N.A.; Korenblat, P.; Chapman, K.R.; Bateman, E.D.; Kopecky, P.; Paggiaro, P.; Yokoyama, A.; Olsson, J.; Gray, S.; Holweg, C.T.; et al. Efficacy and safety of lebrikizumab in patients with uncontrolled asthma (LAVOLTA I and LAVOLTA II): Replicate, phase 3, randomised, double-blind, placebo-controlled trials. Lancet Respir. Med. 2016, 4, 781–796. [Google Scholar] [CrossRef] [PubMed]

	



Panettieri, R.A., Jr.; Sjöbring, U.; Péterffy, A.; Wessman, P.; Bowen, K.; Piper, E.; Colice, G.; Brightling, C.E. Tralokinumab for severe, uncontrolled asthma (STRATOS 1 and STRATOS 2): Two randomised, double-blind, placebo-controlled, phase 3 clinical trials. Lancet Respir. Med. 2018, 6, 511–525. [Google Scholar] [CrossRef] [PubMed]

	



Luo, J.; Liu, D.; Liu, C.T. The Efficacy and Safety of Antiinterleukin 13, a Monoclonal Antibody, in Adult Patients With Asthma: A Systematic Review and Meta-Analysis. Medicine (Baltimore) 2016, 95, e2556. [Google Scholar] [CrossRef]

	



Pianigiani, T.; Alderighi, L.; Meocci, M.; Messina, M.; Perea, B.; Luzzi, S.; Bergantini, L.; D’Alessandro, M.; Refini, R.M.; Bargagli, E.; et al. Exploring the Interaction between Fractional Exhaled Nitric Oxide and Biologic Treatment in Severe Asthma: A Systematic Review. Antioxidants 2023, 12, 400. [Google Scholar] [CrossRef]








[image: Diagnostics 13 01428 g001 550] 





Figure 1. Diagnostic, prognostic, predictive value, and common confounders of FeNO use in asthma. 
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