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When a child with severe asthma (asthma defined clinically for the purposes of this review as wheeze, breathlessness, and chest tightness sometimes with cough) does not respond to treatment, it is important to be sure that an alternative or additional diagnosis is not being missed. In school age children, the next step is a detailed protocolized assessment to determine the nature of the problem, whether within the airway or related to co-morbidities or social/environmental factors, in order to personalize the treatment. For example, those with refractory difficult asthma due to persistent non-adherence may benefit from using budesonide and formoterol combined in a single inhaler [single maintenance and reliever treatment (SMART)] as both a reliever and preventer. For those with steroid-resistant Type 2 airway inflammation, the use of biologicals such as omalizumab and mepolizumab should be considered, but for mepolizumab at least, there is a paucity of pediatric data. Protocols are less well developed in preschool asthma, where steroid insensitive disease is much more common, but the use of two simple measurements, aeroallergen sensitization, and peripheral blood eosinophil count, allows the targeted use of inhaled corticosteroids (ICSs). There is also increasing evidence that chronic airway infection may be important in preschool wheeze, increasing the possibility that targeted antibiotics may be beneficial. Asthma in the first year of life is not driven by Type 2 inflammation, so beyond avoiding prescribing ICSs, no evidence based recommendations can be made. In the future, we urgently need to develop objective biomarkers, especially of risk, so that treatment can be targeted effectively; we need to address the scandal of the lack of data in children compared with adults, precluding making evidence-based therapeutic decisions and move from guiding treatment by phenotypes, which will change as the environment changes, to endotype based therapy.
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INTRODUCTION

For the purposes of this review, it will be assumed that the patient has undergone a full diagnostic workup, eliminating as far as possible non-asthma diagnoses, and seeking positive evidence for the diagnosis of asthma (Table 1), acknowledging that there is no one “asthma test” that can definitively diagnose the disease. The protocolized approach to evaluating patients with school age asthma apparently not responding to treatment has been discussed in detail elsewhere (1–4) and will not be described here; the focus is pharmacotherapy, but the importance of social and environmental factors cannot be overstated. Unfortunately, no such protocols have been evaluated in preschool children, although the general principles [check there is no alternative or associated diagnosis, assess adherence objectively (5–7), look for exposure to tobacco and e-cigarettes and allergens, and assess psychosocial factors] will apply.


TABLE 1. Diagnostic clues suggestive of another diagnosis, and positive indications that asthma is in fact the diagnosis.
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KEY DEFINITIONS

Key to personalizing medication in asthma is a clear understanding of what the term means. The Lancet commission (8) defines asthma as a clinical syndrome of wheeze, chest tightness, and dyspnea, sometimes with increased cough, and this is the definition used here. This umbrella definition means that, on an individual basis, the underlying cause of the symptoms must be determined, by deconstructing the airway (Table 2) with a particular focus on defining what is treatable (“Treatable traits”) and what treatment success will look like. This is especially important in the preschool asthmas (below).


TABLE 2. Deconstructing the airway to plan treatment.
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The next definition is, what constitutes severe asthma? Traditionally, this has been defined by the levels of prescribed medication (9, 10) (e.g., Table 3); although confusingly, many different definitions exist (11). However, definition solely by dose and numbers of medications prescribed is not adequate for clinical practice; around half the asthma deaths reviewed in the United Kingdom were not prescribed medications at a “severe” level (12). Risk needs to be incorporated (13, 14), preferably guided by objective biomarkers (15). Risk is multifaceted, and includes risks of side effects of medication and risk of failure of normal airway growth, but particularly, risk of a severe attack. Markers of risk of an attack include a previous severe attack, under-use of inhaled corticosteroid (ICS), over use of short-acting β-2 agonists (SABAs), failure to attend routine asthma checks, and multiple emergency visits for asthma (14). These factors must be considered when choosing treatment. Unfortunately, there are no internationally accepted definitions for preschool children. Empirically, I here define severe preschool asthma as chronic symptoms (most days a week), especially acute attacks of wheeze despite trials of prescribed ICS at doses of 400 μg/day of beclomethasone equivalent and the leukotriene receptor antagonist (LTRA) montelukast.


TABLE 3. Definition of severe asthma by levels of medication, modified from Bel et al. (9).
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Importantly, there are different categories of school age severe asthma mandating different approaches (16, 17). Worldwide, the most common is severe asthma due to the unavailability or lack of access to basic medications, either in low- and middle-income settings or in poverty pockets in high-income countries (HICs) (18). This requires political solutions, and is not discussed here. The other categories are difficult asthma (which will be cease to be difficult if basic management is got right); asthma plus co-morbidities; and true severe, therapy-resistant asthma. With energetic multidisciplinary team (MDT) management, difficult asthma and asthma plus may not require additional therapy, but failure to respond puts the patient in the categories refractory difficult asthma or refractory asthma plus, mandating further consideration of pharmacotherapy.

Finally, before embarking on matching patients to prescription, it is worth reflecting on this quotation from Oscar Wilde “To do nothing at all is the most difficult thing in the world, the most difficult and the most intellectual” – and doing nothing (at least in terms of prescribing more medication) may be the most intellectual course. Two studies demonstrate the truth of this maxim in this context. A well-designed study addresses the question as to whether azithromycin or montelukast was the better add-on therapy in symptomatic patients despite ICS and long-acting β-2 agonist (LABA) being prescribed (19). The study ended in futility because most either did not have asthma or were not taking their treatment. Another study of inner city children which aimed to see if the addition of the measurement of fractional exhaled nitric oxide (FeNO) improved asthma outcomes was also futile (20), because during the 2-week run-in period, with detailed attention to the basics of management, asthma control improved out of all recognition and there was virtually no scope for extra benefits during the study. Prescribing nothing extra, but getting the basics right.



SCHOOL AGE ASTHMA: DECONSTRUCTING THE AIRWAY IN PEDIATRIC SEVERE ASTHMA

The basic components of this process are presented in Table 2. A logical sequence of questions should be asked in order to personalize therapy. For example, it surely makes no sense to give ever more potent anti-eosinophil medications if there is no evidence of airway eosinophilia.


1.Is there fixed airflow obstruction? This is not a treatable trait, but should be identified to prevent over-treatment, trying to reverse the irreversible. There is no agreed protocol to exclude persistent airflow limitation. Spirometry is performed after some form of systemic steroid trial and SABA administration. We use a single intramuscular injection of triamcinolone (40 mg if child <40 kg in weight, otherwise 80 mg) so adherence is assured.

2.Is there specifically SABA responsive variable airflow obstruction? This cannot be determined by acute SABA administration if the child does not have airflow obstruction at the time of examination. However, it can be determined using a challenge test (e.g., exercise or methacholine) or in home using preferably spirometry to ascertain whether there is spontaneous fluctuation in airflow obstruction.

3.Is there evidence of ongoing inflammation, and if so, what is its nature? This is a complex issue in severe asthma.




-First, whether the (at least potentially) treatable trait of airway eosinophilia is present should be determined. The most direct route is fibreoptic bronchoscopy (FOB) with bronchoalveolar lavage (BAL) and endobronchial biopsy, but this is invasive, and induced sputum is a viable alternative (not in preschool children, below). Peripheral blood eosinophil count certainly correlates with airway eosinophilia (21), but agreement is far from perfect (below) even in the absence of confounders like parasitic disease and non-asthma airway disease.

-If the phenotype airway eosinophilia is present, what is the endotype? There is usually evidence of Type 2 inflammation with signature cytokines interleukin (IL)-4, -5, and -13, but this is not invariable (below).

-Is there evidence of activation of other inflammatory pathways, such as IL-17? If there is airway neutrophilia, is this beneficial (response to infection) or adverse (release of neutrophil granule contents leading to tissue damage)? Whereas in adults neutrophilic asthma is refractory to therapy (22, 23), in children at least intraepithelial neutrophils are associated with better asthma outcomes (24).




4.Is there evidence of airway infection? This may be particularly relevant in preschool children (below). If this is the case, targeted antibiotics may be indicated. If the child is prescribed high-dose ICS and there is no evidence of airway eosinophilia, consideration should be given to a dose reduction, given the evidence that ICS may cause clinically significant mucosal immunosuppression (25–28).





CHOOSING THE RIGHT MEDICATIONS FOR SCHOOL AGE REFRACTORY DIFFICULT ASTHMA

The usual context is the child who is not given or will not take standard medications even despite the MDT intervention. The differential diagnosis is true therapy-resistant asthma, the medications therefore not being given because they are not effective. To resolve this, the next step is to see if there is a response when medication administration is directly supervised, either by an admission to hospital or in the community. If, as is usual, asthma symptoms disappear, FeNO normalizes, and spirometry improves, severe therapy-resistant asthma is excluded and the young person is diagnosed with steroid-sensitive, eosinophilic asthma (5). Ideally directly observed, effective therapy is continued, but often this is not practical. In that event, I would switch the young person to a single maintenance and reliever treatment (SMART) regime, using a combined ICS and LABA (budesonide and formoterol, respectively) inhaler (29, 30). I would ensure that the young person did not have any possibility of accessing SABAs. Of note, GINA recommends this approach at all levels of asthma severity (31), on the basis of ample evidence (32). I would adjust the aspects of the regime (how much regular therapy and the inhaler strength) on an individual basis (Table 4). An additional strategy, not licensed or evidence based, would be to use once daily ICS/LABA preparations such as Relvar (Fluticasone furoate and the LABA vilanterol) with budesonide/formoterol as reliever therapy. Finally, although United Kingdom guidelines insist on ensuring adherence before biologicals can be funded, I take the view that every measure to keep the child from dying from an asthma attack is fully justified (33). A young person must not be penalized because the parents/carers will not ensure ICS is taken regularly and correctly. The hope is that these measures will buy time for increasing age and maturity to bring a new attitude to asthma medications. In any case, good adherence is virtually impossible to confirm in routine clinical practice, although of course non-adherence (e.g., failure to collect prescriptions) is often readily apparent.


TABLE 4. Choosing the right medications for school age refractory difficult asthma (when appropriate).
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CHOOSING THE RIGHT MEDICATIONS FOR SCHOOL AGE REFRACTORY ASTHMA PLUS COMORBIDITIES


Obesity Asthma With Failure of Weight Reduction

This is a situation that requires very careful evaluation. The definition of severe asthma includes chronic symptoms, but it is essential to be sure that these are actually due to asthma. Exercise intolerance due to obesity and deconditioning will not respond to intensifying asthma therapy. This is a general problem – in one big epidemiological study, around half of young people complaining of shortness of breath on exercise had neither exercise-induced bronchoconstriction nor exercise-induced laryngeal obstruction, despite which many had been treated with inhaled therapy for asthma (34). It is, therefore, of primary importance to determine whether symptoms are truly due to asthma before prescribing.


-Fixed airflow obstruction: common but not exclusive to obese young people is dysanaptic airway growth, defined as a normal first second forced expired volume (FEV1), a greater than normal forced vital capacity (FVC), and therefore a reduced FEV1/FVC ratio (35). The exact determinants are unclear, but murine studies implicate antenatal nicotine exposure (36), and in humans, excessive weight gain in the first 2 years of life, irrespective of birth weight (37). Dysanaptic growth is associated with worse asthma outcomes, but is not amenable to current therapies.

-Variable airflow obstruction: Related to the need to determine the exact cause of symptoms is the need to be sure that variable airflow obstruction is SABA-responsive, and not due to variable atelectasis related to reduced chest wall compliance. Objective documentation, preferably with spirometry, is essential.

-Airway inflammation: Obesity does not protect against atopic allergic inflammation (38), and obese patients may need escalation of therapies addressing this issue. However, the presence of Type 2 inflammation must first be documented, not only because excessive steroid therapy may worsen obesity, but also because alternative inflammatory pathways may play a role in obesity. Obesity is well known to be a systemic, pro-inflammatory state, and there is evidence that some obese asthma is driven by systemically released IL-6 targeting the airways independent of immunoglobulin E (IgE) or blood eosinophil levels. The advent of the coronavirus disease 2019 (COVID-19) pandemic has led to two licensed approaches to treatment targeting IL-6 in this context. Siltuximab is a monoclonal antibody that binds to IL-6 (39), and sarilumab (40) and tocilizumab (41) are monoclonal antibodies that bind to the IL-6 receptor. Some of these approaches have been used in other contexts, for example, tocilizumab in interstitial lung disease (42), but as yet not in asthma according to the best of my knowledge. However, this might be a therapy for systemic IL-6-driven asthma in the future.



In summary, the breathless obese young person poses particular challenges, and it is essential to measure pathology and personalize therapy rather than blindly prescribing ever more therapies.



Severe Rhinosinusitis

The relationship between upper and lower airway disease has long been debated, but there is compelling evidence that treatment of severe rhinosinusitis can improve asthma control, and treating the upper airway with nasal steroids and anti-histamines may be helpful before escalating asthma therapy (43). It should be noted that nasal steroids may, however, significantly contribute to adrenal suppression (44).



Breathing Pattern Disorders

There is a spectrum of these including hyperventilation syndromes and exercise-induced laryngeal obstruction (45). Their importance is related to the fact that they are frequently mis-diagnosed as uncontrolled asthma and treatment escalated. Detailed evaluations by specialist respiratory physiotherapists, speech and language therapists, and clinical psychologists, combined with cardiopulmonary exercise testing while laryngoscopy is performed, may help with the diagnosis and guide therapy. Again, escalation of asthma medications is not helpful.

The various options are summarized in Table 5.


TABLE 5. Choosing the right medications for school age refractory asthma plus comorbidities (when appropriate).

[image: Table 5]



CHOOSING THE RIGHT MEDICATIONS FOR SCHOOL AGE SEVERE, THERAPY-RESISTANT ASTHMA

The days of prolonged daily or alternate day corticosteroids have fortunately gone. Although an increasing range of monoclonals is becoming available to adult chest physicians, the only current pediatric options are the monoclonals omalizumab, which binds to IgE, and mepolizumab, which binds to IL-5. Dupilumab blocks the receptors for IL-4 and IL-13. The recent Voyager study, which demonstrated the efficacy of dupilumab in 6–11 year olds (below), raises hopes that this too will become available to pediatricians (46). The biologicals have to be given via injection every 2–4 weeks. We now have a program whereby this can be done at home by direct videolink (47).


Omalizumab

This monoclonal complexes with IgE preventing it from binding to the high-affinity IgE receptor (FceRI) on mast cells and basophils which would lead to mediator release. There is, by far, the most pediatric experience with this monoclonal. Dosage depends on the body weight and IgE level. If total IgE is >1,300 kIU/L (or <75), the medication cannot be used in the United Kingdom, which is important because many severe asthmatics have levels well above the therapeutic range. However, there are international variations in the levels of IgE for which omalizumab may be used, and national guidelines need to be checked. Although in many countries aeroallergen sensitization is a requirement for funding, this is illogical because in adults who are not sensitized but have a high IgE the results of treatment are not inferior. The Cochrane review (48) demonstrated a reduction in asthma attacks: [odds ratio (OR) 0.55, 95% confidence interval (CI) 0.42–0.60 in 10 studies recruiting 3,261 patients] with an absolute reduction of 26–16%; reduced hospitalizations (OR 0.16, 95% CI 0.06–0.42; 4 studies that recruited 1,824 patients) with an absolute reduction 3–0.5%; reduced SABA usage (OR 0.16, 95% CI 0.06–0.42; 4 studies that contained 1,824 participants); absolute small but significant reduction in SABA (mean difference −0.39 puffs per day, 95% CI −0.55 to −0.24; 9 studies, 3,524 patients). A systematic review of real-life efficacy in adults and children summarized 86 manuscripts. Treatment effectiveness was excellent or good in 77% patients at 16 weeks (95% CI 0.70–0.84) and in 82% at a year (0.82, 0.73–0.91). The improvements in FEV1 and Asthma Control Questionnaire (ACQ) were small. The greatest benefits were in the reduction of severe attacks [risk ratio (RR): 0.41, 95% CI: 0.30–0.56], patients receiving oral corticosteroids (RR: 0.59, 95% CI: 0.47–0.75), and number of unscheduled physician visits (mean difference: −2.34, 95% CI: −3.54 to −1.13) in the first year of treatment (49). A French study (50) reported data in 101 children, of whom 92 were still receiving treatment after a year (6 discontinued due to severe adverse effects). Severe asthma attack rate and hospital admissions dropped dramatically (72%, from 4.4 per patient during the preceding year to 1.25 during the treatment year, and 88.5%, 44% during the preceding year to 6.7% during the treatment year, respectively). There was also an improvement in asthma control (0% at baseline to 67% well-controlled at 1 year); a 30% decrease in ICS dose (baseline 703–488 μg fluticasone equivalent/day at a year) but unsurprisingly only a small increase in FEV1 (88–92.1% predicted). At 2 years (51), 73 (79.3%) were still receiving the treatment. Treatment had been discontinued in further 15 patients due to the lack of improvement (n = 4), adverse events (n = 8), lost to follow-up (n = 4), and personal reasons (n = 3). Severe attacks decreased to a mean (95% CI) of 0.22 (0.03–0.41) per year. No patient needed to be hospitalized. Level of control, spirometry, and daily ICS dose did not change significantly. Taken together, these data show a sustained benefit for omalizumab, in particular, in the reduction of severe attacks. An updated systematic review in children is awaited (52).

To select suitable children for omalizumab therapy remains unclear. Levels of total (53, 54) or specific IgE (sIgE) (55) are not reliable predictors. A study was performed in 850 patients of age 12 and over related the reduction in asthma attacks over a 48 week period to levels of FeNO (n = 394), blood eosinophils (n = 797), and serum periostin (n = 534) (56). Attack reduction was greater in the high subgroups for FeNO and blood eosinophils vs. placebo, respectively, 53% [95% CI, 37–70 vs. 16% (95% CI, 34)] to 46) and 32% (95% CI, 11–48 vs. 9% (95% CI, −24 to 34). Periostin levels showed no statistically significant effect (and in any event, since periostin is released from growing bone, it is not a useful pediatric biomarker). These data suggest that (a) T-helper (TH)2 high adults with multiple asthma attacks will have the best response; and (b) by analogy, these will be predictive biomarkers in children. However, this needs to be tested, and there are also problems with using adult blood eosinophil cutoffs in children (below).



Mepolizumab

There is convincing evidence for the efficacy and safety of mepolizumab in young people of age 12 years and over and in adults (57). A blood eosinophil count of >300 cells/μl is a good biomarker of efficacy (58). However, less than 100 patients aged less than 16 have been included in these studies. There are some limited pediatric data that show safety and a reduction in blood eosinophil count with mepolizumab (59, 60), but there are no large-scale efficacy data, despite which mepolizumab has been licensed for use in children.



Dupilumab

There is extensive evidence for efficacy and safety of dupilumab in the treatment of children and adults with eczema (61) and in children 12 years and over and in adults with asthma (62), but until recently, no evidence of efficacy has been observed in school age asthma. The Voyager study (46) recruited 408 children of age 6–11 years with uncontrolled moderate-to-severe asthma. At baseline, children were required to have either a TH2 inflammatory asthma phenotype (≥150 blood eosinophils per cubic millimeter or FeNO of ≥20 ppb) or a blood eosinophil count >300 cells/μl. In the TH2 inflammation group, severe asthma attacks were reduced by dupilumab [0.31 (95% CI 0.22–0.42) vs. placebo 0.75 (95% CI, 0.54–1.03) (relative risk reduction by dupilumab, 59.3%; 95% CI, 39.5–72.6; P < 0.001)]. There was a small but significant improvement in FEV1 of 10.5 ± 1.0% with dupilumab compared with placebo (5.3 ± 1.4, P < 0.001) and better asthma control (P < 0.001). The results were similar in those with a baseline eosinophil count >300 cells. The medication was safe and well tolerated.



Specific Issues With Selecting TH2 Inflammation Strategies in Children

These are (a) the biology of severe asthma in children; (b) the use of eosinophils as a biomarker; and (c) the developmental role of the eosinophil in children, which last may lead to safety questions specific to the pediatric age group.

In the pediatric literature, by no means all severe asthma appears to be driven by TH2 inflammation. We phenotyped a large group of children with severe asthma who had been through our protocol for the assessment of severe asthma. Many, but not all, were eosinophilic on induced sputum, BAL, and endobronchial biopsy, but evidence of TH2 inflammation was scant in all three compartments (63). The mechanisms of eosinophilia in this group have not been determined, but non-TH2 eosinophilia has been described in other contexts (64). The US Severe Asthma Research Program (SARP) network (65) reported 53 children with asthma of whom 31 were severe, and 30 adult controls. They found that the best discriminants between asthma and controls were BAL IL-6 and IL-13. Severe asthma was differentiated from moderate disease by CXCLI, growth related oncogene (GRO), regulated on activation, normal T expressed and secreted (RANTES, CCL5), IL-12, interferon (IFN)-γ and IL-10. When alveolar macrophage lysate was studied, IL-6 was the best discriminant. They concluded that severe asthma in children was not characterized by either a TH1 or TH2 signature. A further study (66) utilizing n = 68 BAL from 52 children with severe, therapy-resistant asthma showed that viruses and bacteria were commonly detected. Although CCR5 positive TH1 cells were enriched in BAL, there were also pro-inflammatory, TH1, TH17, and TH2 profiles detected; of note, there was no control group. Further findings were that TH2 skewing correlated with total serum IgE. Those who were multi-sensitized showed increased IL-5, IL-33, and IL-28A/IFN-λ2. Not all sIgEs had equivalent effects; changes correlated with sIgE to house dust mite, ryegrass, and fungi but not with sIgE to cats, ragweed, and food allergens, which is another important confirmation that atopy is not an “all-or-none” state (67, 68). Only BAL IL-5 increased with age and correlated with BAL and blood eosinophils. Of course, in all these cross-sectional studies, causation cannot be inferred from correlation. Also, when considering treatment the question should be “does it work?” rather than “should it work?,” but it is clear that severe asthma has multiple endotypes and this needs to be factored into decisions about trials of treatments. The recommendation would be therefore to clearly define that the disease is truly TH2-driven in a given individual, including if necessary proceeding to bronchoscopy.

A global perspective is also important. Most of the invasive studies come from HICs, and it should not be assumed that severe asthma is the same in low- and middle-income countries (LMICs). It would be a mistake uncritically to follow HIC protocols in LMIC settings.

Blood eosinophil count is a hallowed marker for airway eosinophilia in adult asthma (57) and chronic obstructive pulmonary disease (69), but there is a problem. In children, the normal blood eosinophil count is much higher than in adults, dropping to adult levels throughout childhood (70). Even in adult life, asthmatics with a normal blood eosinophil count may respond to Type 2 biologics (58). This suggests that adult blood eosinophil levels may not be appropriate in guiding decisions in children, but perhaps also, there may be patients (adults and children) with low blood eosinophils who may yet have airway eosinophilia, and additional markers of this are needed. Furthermore, in LMICs in particular, where there is a high parasite burden, “normal” blood eosinophil count may be even higher. The ideal would be to use at least induced sputum to confirm directly that airway eosinophilia is present before instituting Type 2 biologics.

Finally, the assumption that the eosinophil has no beneficial effects needs to be challenged. Even in adults, it would seem that too aggressive an obliteration of circulating eosinophils may be adverse. Benralizumab leads to a much more dramatic reduction in circulating eosinophils then mepolizumab and reslizumab, but is associated with more respiratory infections and more infection-driven asthma attacks (71). A number of studies have attributed important homeostatic functions to the eosinophil, at least in animal models. These include Beige fat thermogenesis and glucose homeostasis; adjuvant-induced B-cell priming and maintenance of memory plasma cells; antigen presentation in the intestine (72–75). Additionally, eosinophils have antiviral properties (76). In an observational study, asthmatic adults infected with COVID-19 were less likely to be admitted, and less likely to die, if they had a high blood eosinophil count (77). This is not to decry the value of anti-eosinophil strategies, merely to highlight that the risk benefit equation may be different in children.




CHOOSING THE RIGHT MEDICATIONS FOR SEVERE PRESCHOOL ASTHMA

Asthma in preschool children is also defined clinically as above; the question?; “at what age can asthma be diagnosed?” is without meaning (78); in the preschool years, attempts should be made to deconstruct the airway prior to escalating treatment exactly as in school age, although this may be more difficult to achieve. Historically, all preschool wheezers were lumped together and treated identically. In 2008, an ERS, 2008 guideline formalized the distinction between episodic viral wheeze (EVW, wheeze solely with a usually clinically diagnosed viral respiratory tract infection), and multiple trigger wheeze (MTW), in which there are symptoms with typical asthma triggers such as exercise even in between viral infections (79). Given that early administration of ICS does not prevent school age asthma developing (80–82), the recommendation was that EVW should be treated intermittently, with ICS or LTRAs montelukast), and MTW with regular ICS. It was recognized that these symptom-based phenotypes could change over time. In a subsequent iteration (83), it was suggested that really severe EVW merited a trial of regular ICS. However, it became clear that the agreement between underlying pathological phenotypes and symptom patterns was very poor, and furthermore, parental perception of the presence or absence of interval symptoms was frequently unreliable.

Traditionally, the interval between babyhood (when lung function can be performed under sedation) and school age (where active cooperation can be obtained) has been a black hole wherein measurements of pulmonary function cannot be made. However, it is clear that quite young children can be shown how to perform good quality spirometry (84), and bronchodilator responsiveness measured. Another potentially useful technique is forced oscillation. There is no generally accepted definition of persistent airflow limitation, or fixed airflow obstruction, in preschoolers. Current practice (which is not evidence-based) is not to perform a trial of oral corticosteroids, unlike in school age children, but relies on the value obtained after SABA and perhaps inhaled anti-cholinergic administration.

The first real attempt to personalize medicine in preschool wheeze was the INFANT study (85). Preschool wheezing children were given in random order as follows: regular ICS, regulart LTRA, and intermittent ICS. Prespecified subgroups were atopic sensitization, gender, and acute attacks of wheeze, and post hoc; blood eosinophil count was added in to the data analyses. In summary, the combination of aeroallergen sensitization and a blood eosinophil count >300 cells/μl predicted a group which was responsive to ICS; in the other patients, it did not matter what treatment was given (there was no placebo group). Of the original 300 patients, 60 improved spontaneously but only 64 were ICS responders, leaving a big unmet need.

A subsequent study has highlighted a potential role of bacterial infection in non-atopic preschool wheeze. A total of 35 children with severe preschool wheeze (n = 21 MTW, n = 14 EVW, classified clinically with a wheeze video questionnaire) underwent venepuncture for blood eosinophils and total and sIgE, and a clinically indicated FOB, BAL, and endobronchial biopsy with the viral polymerase chain reaction (PCR), bacterial culture, and 16S of amplicon sequencing at a time of clinical stability (86). Notably, 60% had either a positive bacterial culture or viral detection, and 26% had both. The most common bacteria were Streptococcus pneumoniae, Moraxella catarrhalis, Staphylococcus aureus, and Haemophilus influenzae, and the most common viruses were rhinovirus, bocavirus, and adenovirus. Unsupervised analysis revealed two bacterial profiles, i.e., a mixed group (Streptococcus, Prevotella, Neisseria, and Porphyromonas) and a Moraxella group. The latter had increased BAL but not blood neutrophil counts. There was no difference in clinical wheeze phenotype (EVW, MTW) or atopic status between the two groups. There was evidence to suggest bacterial dysbiosis in the Moraxella cluster. Subsequently, the same group attempted a cluster analysis of a large group of severe preschool wheezers (87). A total of 136 children aged 1–5 years (105 with recurrent severe wheeze and 31 non-wheezing respiratory disorders) were studied. Treatment was recorded and the following investigations performed: peripheral blood: leukocyte counts, and sIgE to common inhalant and food allergens, allergic sensitization being defined as sIgE ≥0.35 kUA/L to at least one allergen tested; bronchoscopy, BAL, and endobronchial biopsy with bacterial culture and a multiplex PCR to 20 viruses and Mycoplasma pneumoniae. Analysis was performed using the partition around medoid (PAM) algorithm coupled with Gower’s distance for mixed data and eight variables were used to determine the clusters. These were blood and BAL neutrophil and eosinophil counts, atopic status, a positive viral PCR and bacterial culture, and prescription of ICS. Interestingly, BAL eosinophils and peripheral blood neutrophils did not distinguish between the clusters. Of the severe wheezers, 30/105 were classified as EVW and 44/105 as MTW; in 28, or more than a quarter, it was unclear in which category they belonged, further calling into question the utility of history taking to guide therapy. There were four clusters determined, which bore no relation to clinical wheeze phenotypes. In cluster 1 (24/134, 17.9%), all were sensitized, and there were the highest blood eosinophil counts [mean = 5.54%, standard deviation (SD) = 2.86%], highest ICS doses use (91.7%), and a moderate rate of bacterial (69.5%, especially Moraxella) and viral detection (56.5%). In cluster 2 (42/134, 31.3%) there were low BAL neutrophils (mean = 9.44%, SD = 13.89%), and a low rate of positive bacteriology (17.1%) and viral detection (15.0%). All had been prescribed ICS. In cluster 3 (N = 31/134, 23.1%) there was the highest rate of bacterial (H. influenzae, S. aureus, and Streptococci) and viral infection (96.8 and 86.7%, respectively), associated with the highest BAL neutrophil counts (mean = 31.7%, SD = 25.11%); 67.7% had been prescribed ICS. Finally, in cluster 4 (N = 37/134, 27.6%): no patient was prescribed ICS, most were non-atopic, and the most prominent symptom was persistent cough but not wheeze. Possible treatment implications are given in Table 6.


TABLE 6. Clusters of preschool wheeze, and possible implications for treatment (85).
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In summary, there is now an evidence base for a subgroup of preschool wheezers (atopic, eosinophilic) to guide treatment, but ideally this needs to be confirmed in a second cohort prospectively. In terms of the infected group, further study is needed. In a small proof of concept trial (88), 60 children aged 1–5 years with ≥2 wheeze attacks in the previous year were categorized as EVW or MTW. The intervention group was prescribed ICS if blood eosinophils ≥3%, or targeted antibiotics if there was a positive culture on induced sputum or cough swab. The control group received standard care. Again, there was no relationship between symptom-based phenotypes and blood eosinophils, atopic status, or infection. Rates of ICS prescription were the same (67%), around half had an unscheduled health care visit, and time to unscheduled visit was the same. Each group were prescribed ICS. There were no differences in any parameter between those who did and did not have an UHCV. Blood eosinophil-driven ICS treatment did not impact outcomes, but ICS adherence was poor. Clearly, until adherence is addressed and there is buy-in to the concept of stopping ICS in the non-allergy, low eosinophil group, it will be difficult to progress these concepts.



CHOOSING THE RIGHT MEDICATIONS FOR SEVERE ASTHMA IN THE FIRST YEAR OF LIFE

First year wheeze is common, but poorly understood (79). We know that even wheeze severe enough to be investigated in a tertiary hospital, even those with atopic sensitization and acute reversibility of airflow obstruction to SABA, is characterized by the absence of Type 2 inflammation (89), so ICS are highly unlikely to be useful. Understanding first year wheeze is a major research priority for the future. At the moment, all we can offer is trial and error of bronchodilators and possibly LTRA.



THE FUTURE: WHERE ARE WE, AND WHERE DO WE NEED TO GO?

Six important areas of unmet need are as follows:


1.Measurement in clinical practice: For too long, we have been contented with asking questions and chest auscultation without making objective measurements. This is plain wrong in the 21st century. We need a measurement culture in the respiratory clinic. The fact the tools may be difficult to use is not an excuse to discard them when planning treatment. Physiological measurements can be made, and skin prick tests easily performed, and blood eosinophils are now a point-of-care test. We must not let inertia lead to discrimination against young children or be contented with a lower standard of care in this group compared with adults and school age children.

2.Research in children: It is an absolute disgrace that there are huge evidence gaps in children. Obvious examples are the use of ICS/LABA as reliever instead of SABA in children under age 12, and, with the honorable exception of VOYAGER, the pitiful lack of efficacy data for most biologicals in children. Clinical trial data in preschool children are even more scant. Legislation is urgently needed to achieve this. The example of cystic fibrosis (CF), in which disease novel small molecule therapy is rapidly accelerated down the age ranges from over 12 years to young babies puts the asthma community to shame.

3.Comparison studies: Even with the limited biologics available in school age asthma (omalizumab and mepolizumab), we have no studies comparing the two and are left making haphazard, N-of-1 treatment trials. Hopefully, the TREAT trial will address this (90).

4.Phenotype stability: We currently try to use phenotype-based therapy (e.g., treatment of airway eosinophilia) but such limited data that are extant show that, for example, cellular phenotypes in sputum are not stable over time, either in severe or moderate asthma (91). This is unsurprising; a phenotype results from the interactions of an organism with its environment, and if the environment changes then so may the phenotype (Figure 1). We are lacking in data on the stability of preschool phenotypes, and validation in a second cohort. As with “asthma genes” a single cohort study cannot be definitive.




[image: image]

FIGURE 1. Potential variability of sputum phenotype in an individual who is cat allergic and has asthma. ICSs, inhaled corticosteroids; FeNO, fractional exhaled nitric oxide; URTI, upper respiratory tract infection.



5.The need to move to determining endotypes: What is really needed, and a destination which is a long way away, is determining the underlying molecular and cellular pathways, which will be robust by definition. This will become more pressing as more biologicals become available. We will need to select medications on the basis of endotypes rather than randomly.

6.Biomarkers are desperately needed: If we are to be objective in therapeutic decisions, we need objective biomarkers. This includes biomarkers for risk, in particular risk of a severe asthma attack, so that management efforts including treatment can be focused on those that need it. We also need biomarkers of efficacy, particularly for biologicals. This would enable us to target the right biomarker to the right child and also to do efficacy studies in younger children who may struggle with convantional end-points. Again, the example of CF should be borne in mind. Reduction in sweat chloride by the new molecular therapies is accepted as evidence of efficacy in young children (92), who are so well that demonstrating efficacy by conventional testing would take huge numbers for many years. The other example is the use of in vitro testing of novel therapies using cells harvested by nasal brushing or the generation of rectal organoids has been shown to correlate with in vivo treatment response (93, 94).



In summary, we have made considerable progress in objectively choosing therapies for children who are struggling with bad asthma, but we have a long way to go. It is essential that we are not complacent, but ensure that we recognize the length of the journey ahead, and are determined to reach the end, whereby children of all ages are treated on the basis of objectively determined need and response. The last century history and physical examination are simply not adequate or acceptable in the 21st century.



AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.



REFERENCES

1. Bush A, Pavord ID. Challenging the paradigm: moving from umbrella labels to treatable traits in airway disease. Breathe. (2021) 17:210053. doi: 10.1183/20734735.0053-2021

2. Bush A, Fleming L, Saglani S. Severe asthma in children. Respirology. (2017) 22:886–97.

3. Cook J, Beresford F, Fainardi V, Hall P, Housley G, Jamalzadeh A, et al. Managing the paediatric patient with refractory asthma: a multidisciplinary approach. J Asthma Allergy. (2017) 10:123–30.

4. Pijnenburg MW, Fleming L. Advances in understanding and reducing the burden of severe asthma in children. Lancet Respir Med. (2020) 8:1032–44. doi: 10.1016/S2213-2600(20)30399-4

5. Jochmann A, Artusio L, Jamalzadeh A, Nagakumar P, Delgado-Eckert E, Saglani S, et al. Electronic monitoring of adherence to inhaled corticosteroids: an essential tool in identifying severe asthma in children. Eur Respir J. (2017) 50:1700910. doi: 10.1183/13993003.00910-2017

6. Shields MD, ALQahtani F, Rivey MP, McElnay JC. Mobile direct observation of therapy (MDOT) - A rapid systematic review and pilot study in children with asthma. PLoS One. (2018) 13:e0190031. doi: 10.1371/journal.pone.0190031

7. Sulaiman I, Seheult J, MacHale E, Boland F, O’Dwyer SM, Rapcan V, et al. A method to calculate adherence to inhaled therapy that reflects the changes in clinical features of asthma. Ann Am Thorac Soc. (2016) 13:1894–903. doi: 10.1513/AnnalsATS.201603-222OC

8. Pavord ID, Beasley R, Agusti A, Anderson GP, Bel E, Brusselle G, et al. After asthma – redefining airways diseases. A Lancet commission. Lancet. (2018) 391:350–400. doi: 10.1016/S0140-6736(17)30879-6

9. Bel EH, Souza A, Fleming L, Bush A, Chung KF, Versnel J, et al. Diagnosis and definition of severe refractory asthma: an international consensus statement from the Innovative Medicine Initiative (IMI). Thorax. (2011) 66:910–7. doi: 10.1136/thx.2010.153643

10. Bagnasco D, Paggiaro P, Latorre M, Folli C, Testino E, Bassi A, et al. Severe asthma: one disease and multiple definitions. World Allergy Organ J. (2021) 14:100606. doi: 10.1016/j.waojou.2021.100606

11. Available online at: https://www.asthma.org.uk/globalassets/campaigns/nrad-full-report.pdf (0000)

12. Couillard S, Laugerud A, Jabeen M, Ramakrishnan S, Melhorn J, Hinks T, et al. Derivation of a prototype asthma attack risk scale centred on blood eosinophils and exhaled nitric oxide. Thorax. (2022) 77:199–202. doi: 10.1136/thoraxjnl-2021-217325

13. Buelo A, McLean S, Julious S, Flores-Kim J, Bush A, Henderson J, et al. At-risk children with asthma (ARC): a systematic review. Thorax. (2018) 73:813–24. doi: 10.1136/thoraxjnl-2017-210939

14. Saglani S, Fleming L, Sonnappa S, Bush A. Advances in the aetiology, management, and prevention of acute asthma attacks in children. Lancet Child Adolesc Health. (2019) 3:354–64. doi: 10.1016/S2352-4642(19)30025-2

15. Bousquet J, Mantzouranis E, Cruz AA, Ait-Khaled N, Baena-Cagnani CE, Bleecker ER, et al. Uniform definition of asthma severity, control, and exacerbations: document presented for the World Health Organization Consultation on Severe Asthma. J Allergy Clin Immunol. (2010) 126:926–38. doi: 10.1016/j.jaci.2010.07.019

16. Bush A, Zar H. WHO universal definition of severe asthma. Curr Opinion Allergy Clin Immunol. (2011) 11:115–21.

17. Bush A. Out of sight, but should not be out of mind: the hidden lung blood supply. Ann Am Thorac Soc. (2018) 15:1284–5. doi: 10.1513/AnnalsATS.201807-447ED

18. Strunk RC, Bacharier LB, Phillips BR, Szefler SJ, Zeiger RS, Chinchilli VM, et al. Azithromycin or montelukast as inhaled corticosteroid-sparing agents in moderate-to-severe Childhood asthma study. J Allergy Clin Immunol. (2008) 122:1138–44. doi: 10.1016/j.jaci.2008.09.028

19. Szefler SJ, Mitchell H, Sorkness CA, Gergen PJ, O’Connor GT, Morgan WJ, et al. Management of asthma based on exhaled nitric oxide in addition to guideline-based treatment for inner-city adolescents and young adults: a randomised controlled trial. Lancet. (2008) 372:1065–72. doi: 10.1016/S0140-6736(08)61448-8

20. Jochmann A, Artusio L, Robson K, Nagakumar P, Collins N, Fleming L, et al. Infection and inflammation in induced sputum from preschool children with chronic airways diseases. Pediatr Pulmonol. (2016) 51:778–86. doi: 10.1002/ppul.23366

21. Fleming L, Wilson N, Regamey N, Bush A. Use of sputum eosinophil counts to guide management in children with severe asthma. Thorax. (2012) 67:193–8.

22. Wenzel SE, Schwartz LB, Langmack EL, Halliday JL, Trudeau JB, Gibbs RL, et al. Evidence that severe asthma can be divided pathologically into two inflammatory subtypes with distinct physiologic and clinical characteristics. Am J Respir Crit Care Med. (1999) 160:1001–8. doi: 10.1164/ajrccm.160.3.9812110

23. Enfumosa Study Group. The ENFUMOSA cross-sectional European multicentre study of the clinical phenotype of chronic severe asthma. Eur Respiratory J. (2003) 22:470–7. doi: 10.1183/09031936.03.00261903

24. Andersson CK, Adams A, Nagakumar P, Bossley C, Gupta A, De Vries D, et al. Intra-epithelial neutrophils in paediatric severe asthma are associated with better lung function. J Allergy Clin Immunol. (2017) 139:1819–29. doi: 10.1016/j.jaci.2016.09.022

25. Sabroe I, Postma D, Heijink I, Dockrell DH. The yin and the yang of immunosuppression with inhaled corticosteroids. Thorax. (2013) 68:1085–7. doi: 10.1136/thoraxjnl-2013-203773

26. Lee CH, Kim K, Hyun MK, Jang EJ, Lee NR, Yim JJ, et al. Use of inhaled corticosteroids and the risk of tuberculosis. Thorax. (2013) 68:1105–13.

27. Andréjak C, Nielsen R, Thomsen VO. Chronic respiratory disease, inhaled corticosteroids and risk of non-tuberculous mycobacteriosis. Thorax. (2013) 68:256–62. doi: 10.1136/thoraxjnl-2012-201772

28. Crim C, Calverley PMA, Anderson JA, Celli B, Ferguson GT, Jenkins C, et al. Pneumonia risk in COPD patients receiving inhaled corticosteroids alone or in combination: torch study results. Eur Respir J. (2009) 34:641–7. doi: 10.1183/09031936.00193908

29. Jorup C, Lythgoe D, Bisgaard H. Budesonide/formoterol maintenance and reliever therapy in adolescent patients with asthma. Eur Respir J. (2018) 51:1701688. doi: 10.1183/13993003.01688-2017

30. Bisgaard H, Le Roux P, Bjåmer D, Dymek A, Vermeulen JH, Hultquist C. Budesonide/formoterol maintenance plus reliever therapy: a new strategy in pediatric asthma. Chest. (2006) 130:1733–43. doi: 10.1378/chest.130.6.1733

31. Reddel HK, FitzGerald JM, Bateman ED, Bacharier LB, Becker A, Brusselle G, et al. GINA 2019: a fundamental change in asthma management: treatment of asthma with short-acting bronchodilators alone is no longer recommended for adults and adolescents. Eur Respir J. (2019) 53:1901046. doi: 10.1183/13993003.01046-2019

32. Hatter L, Bruce P, Braithwaite I, Holliday M, Fingleton J, Weatherall M, et al. ICS-formoterol reliever versus ICS and short-acting β2-agonist reliever in asthma: a systematic review and meta-analysis. ERJ Open Res. (2021) 7:00701–2020. doi: 10.1183/23120541.00701-2020

33. Bush A, Saglani S, Fleming L. Severe asthma: looking beyond the amount of medication. Lancet Respir Med. (2017) 5:844–6. doi: 10.1016/S2213-2600(17)30379-X

34. Johansson H, Norlander K, Berglund L, Janson C, Malinovschi A, Nordvall L, et al. Prevalence of exercise-induced bronchoconstriction and exercise-induced laryngeal obstruction in a general adolescent population. Thorax. (2015) 70:57–63. doi: 10.1136/thoraxjnl-2014-205738

35. Forno E, Weiner DJ, Mullen J, Sawicki G, Kurland G, Han YY, et al. Obesity and airway dysanapsis in children with and without asthma. Am J Respir Crit Care Med. (2017) 195:314–23.

36. Wongtrakool C, Wang N, Hyde DM, Roman J, Spindel ER. Prenatal nicotine exposure alters lung function and airway geometry through α7 nicotinic receptors. Am J Respir Cell Mol Biol. (2012) 46:695–702. doi: 10.1165/rcmb.2011-0028OC

37. Peralta GP, Abellan A, Montazeri P, Basterrechea M, Esplugues A, González-Palacios S, et al. Early childhood growth is associated with lung function at 7 years: a prospective population-based study. Eur Respir J. (2020) 56:2000157. doi: 10.1183/13993003.00157-2020

38. Desai D, Newby C, Symon FA, Haldar P, Shah S, Gupta S, et al. Elevated sputum interleukin-5 and submucosal eosinophilia in obese individuals with severe asthma. Am J Respir Crit Care Med. (2013) 188:657–63. doi: 10.1164/rccm.201208-1470OC

39. Gritti G, Raimondi F, Bottazzi B, Ripamonti D, Riva I, Landi F, et al. Siltuximab downregulates interleukin-8 and pentraxin 3 to improve ventilatory status and survival in severe COVID-19. Leukemia. (2021) 35:2710–4.

40. Merchante N, Cárcel S, Garrido-Gracia JC, Trigo-Rodríguez M, Esteban Moreno MA, León-López R, et al. Early use of Sarilumab in patients hospitalised with COVID-19 Pneumonia and features of systemic inflammation. J Antimicrob Agents Chemother. (2021) 66:e0210721. doi: 10.1128/AAC.02107-21

41. Peng J, She X, Mei H, Zheng H, Fu M, Liang G, et al. Association between tocilizumab treatment and clinical outcomes of COVID-19 patients: a systematic review and meta-analysis. Aging (Albany NY). (2022) 14:557–71. doi: 10.18632/aging.203834

42. Maruyama Y, Shigemura T, Kobayashi N, Nakazawa Y. Efficacy of tocilizumab for interstitial lung disease associated with polyarticular juvenile idiopathic arthritis. Pediatr Int. (2022) 64:e14737. doi: 10.1111/ped.14737

43. de Groot EP, Nijkamp A, Duiverman EJ, Brand PL. Allergic rhinitis is associated with poor asthma control in children with asthma. Thorax. (2012) 67:582–7. doi: 10.1136/thoraxjnl-2011-201168

44. Sampieri G, Namavarian A, Lee JJW, Hamour AF, Lee JM. Hypothalamic-pituitary-adrenal axis suppression and intranasal corticosteroid use: a systematic review and meta-analysis. Int Forum Allergy Rhinol. (2022) 12:11–27. doi: 10.1002/alr.22863

45. Halvorsen T, Walsted ES, Bucca C, Bush A, Cantarella G, Friedrich G, et al. Inducible laryngeal obstruction: an official joint European Respiratory Society and European Laryngological Society statement. Eur Respir J. (2017) 50:1602221. doi: 10.1183/13993003.02221-2016

46. Bacharier LB, Maspero JF, Katelaris CH, Fiocchi AG, Gagnon R, de Mir I, et al. Dupilumab in children with uncontrolled moderate-to-severe Asthma. N Engl J Med. (2021) 385:2230–40. doi: 10.1056/NEJMoa2106567

47. Makhecha S, Jamalzadeh A, Irving S, Hall P, Sonnappa S, Saglani S, et al. Paediatric severe asthma biologics service: from hospital to home. Arch Dis Child. (2021) 106:900–2. doi: 10.1136/archdischild-2020-320626

48. Normansell R, Walker S, Milan SJ, Walters EH, Nair P. Omalizumab for asthma in adults and children. Cochrane Database Syst Rev. (2014):CD003559.

49. Bousquet J, Humbert M, Gibson PG, Kostikas K, Jaumont X, Pfister P, et al. Real-world effectiveness of omalizumab in severe allergic Asthma: a meta-analysis of observational studies. J Allergy Clin Immunol Pract. (2021) 9:2702–14. doi: 10.1016/j.jaip.2021.01.011

50. Deschildre A, Marguet C, Salleron J, Pin I, Rittié JL, Derelle J, et al. Add-on omalizumab in children with severe allergic asthma: a 1-year real life survey. Eur Respir J. (2013) 42:1224–33.

51. Deschildre A, Marguet C, Langlois C, Pin I, Rittié JL, Derelle J, et al. Real-life long-term omalizumab therapy in children with severe allergic asthma. Eur Respir J. (2015) 46:856–9. doi: 10.1183/09031936.00008115

52. Chen L, Chen Y. Effects of omalizumab in children with asthma: a protocol for systematic review and meta-analysis. Medicine (Baltimore). (2021) 100:e26155. doi: 10.1097/MD.0000000000026155

53. Bousquet J, Wenzel S, Holgate S, Lumry W, Freeman P, Fox H. Predicting response to omalizumab, an anti-IgE antibody, in patients with allergic asthma. Chest. (2004) 125:1378–86. doi: 10.1378/chest.125.4.1378

54. Bousquet J, Rabe K, Humbert M, Chung KF, Berger W, Fox H, et al. Predicting and evaluating response to omalizumab in patients with severe allergic asthma. Respir Med. (2007) 101:1483–92.

55. Wahn U, Martin C, Freeman P, Blogg M, Jimenez P. Relationship between pretreatment specific IgE and the response to omalizumab therapy. Allergy. (2009) 64:1780–7. doi: 10.1111/j.1398-9995.2009.02119.x

56. Hanania NA, Wenzel S, Rosén K, Hsieh HJ, Mosesova S, Choy DF, et al. Exploring the effects of omalizumab in allergic asthma: an analysis of biomarkers in the EXTRA study. Am J Respir Crit Care Med. (2013) 187:804–11. doi: 10.1164/rccm.201208-1414OC

57. Farne HA, Wilson A, Powell C, Bax L, Milan SJ. Anti-IL5 therapies for asthma. Cochrane Database Syst Rev. (2017) 9:CD010834. doi: 10.1002/14651858.CD010834.pub3

58. Holguin F, Cardet JC, Chung KF, Diver S, Ferreira DS, Fitzpatrick A, et al. Management of severe asthma: a European Respiratory Society/American Thoracic Society guideline. Eur Respir J. (2020) 55:1900588.

59. Gupta A, Pouliquen I, Austin D, Price RG, Kempsford R, Steinfeld J, et al. Subcutaneous mepolizumab in children aged 6 to 11 years with severe eosinophilic asthma. Pediatr Pulmonol. (2019) 54:1957–67. doi: 10.1002/ppul.24508

60. Gupta A, Ikeda M, Geng B, Azmi J, Price RG, Bradford ES, et al. Long-term safety and pharmacodynamics of mepolizumab in children with severe asthma with an eosinophilic phenotype. J Allergy Clin Immunol. (2019) 144:1336–42. doi: 10.1016/j.jaci.2019.08.005

61. Sawangjit R, Dilokthornsakul P, Lloyd-Lavery A, Lai NM, Dellavalle R, Chaiyakunapruk N. Systemic treatments for eczema: a network meta-analysis. Cochrane Database Syst Rev. (2020) 9:CD013206.

62. Castro M, Corren J, Pavord ID, Maspero J, Wenzel S, Rabe KF, et al. Dupilumab efficacy and safety in moderate-to-severe uncontrolled asthma. N Engl J Med. (2018) 378:2486–96.

63. Bossley C, Fleming L, Gupta A, Regamey N, Frith J, Oates T, et al. Pediatric severe asthma is characterized by eosinophilia and remodeling without TH2 cytokines. J Allergy Clin Immunol. (2012) 129:974–82.

64. Kuo CS, Pavlidis S, Loza M, Baribaud F, Rowe A, Pandis I, et al. T-helper cell type 2 (Th2) and non-Th2 molecular phenotypes of asthma using sputum transcriptomics in U-BIOPRED. Eur Respir J. (2017) 49:1602135. doi: 10.1183/13993003.02135-2016

65. Fitzpatrick AM, Higgins M, Holguin F, Brown LAS, Teague WG. The molecular phenotype of severe asthma in children. J Allergy Clin Immunol. (2010) 125:851–7.e18. doi: 10.1016/j.jaci.2010.01.048

66. Wisniewski JA, Muehling LM, Eccles JD, Capaldo BJ, Agrawal R, Shirley DA, et al. TH 1 signatures are present in the lower airways of children with severe asthma, regardless of allergic status. JACI. (2018) 141:2048–60. doi: 10.1016/j.jaci.2017.08.020

67. Lazic N, Roberts G, Custovic A, Belgrave D, Bishop CM, Winn J, et al. Multiple atopy phenotypes and their associations with asthma: similar findings from two birth cohorts. Allergy. (2013) 68:764–70. doi: 10.1111/all.12134

68. Marinho S, Simpson A, Söderström L, Woodcock A, Ahlstedt S, Custovic A. Quantification of atopy and the probability of rhinitis in preschool children: a population-based birth cohort study. Allergy. (2007) 62:1379–86. doi: 10.1111/j.1398-9995.2007.01502.x

69. Pavord ID, Chanez P, Criner GJ, Kerstjens HAM, Korn S, Lugogo N, et al. Mepolizumab for eosinophilic chronic obstructive pulmonary disease. N Engl J Med. (2017) 377:1613–29.

70. Hartl S, Breyer MK, Burghuber OC, Ofenheimer A, Schrott A, Urban MH, et al. Blood eosinophil count in the general population: typical values and potential confounders. Eur Respir J. (2020) 55:1901874. doi: 10.1183/13993003.01874-2019

71. Poznanski SM, Mukherjee M, Zhao N, Huang C, Radford K, Ashkar AA, et al. Asthma exacerbations on benralizumab are largely non-eosinophilic. Allergy. (2021) 76:375–9. doi: 10.1111/all.14514

72. Wu D, Molofsky AB, Liang HE, Ricardo-Gonzalez RR, Jouihan HA, Bando JK, et al. Eosinophils sustain adipose alternatively activated macrophages associated with glucose homeostasis. Science. (2011) 332:243–7. doi: 10.1126/science.1201475

73. Qiu Y, Nguyen KD, Odegaard JI, Cui X, Tian X, Locksley RM, et al. Eosinophils and Type 2 cytokine signaling in macrophages orchestrate development of functional beige fat. Cell. (2014) 157:1292–308. doi: 10.1016/j.cell.2014.03.066

74. Wang H-B, Weller PF. Pivotal advance: eosinophils mediate early alum adjuvant-elicited B cell priming and IgM production. J Leukoc Biol. (2008) 83:817–21. doi: 10.1189/jlb.0607392

75. Chu VT, Fröhlich A, Steinhauser G, Scheel T, Roch T, Fillatreau S, et al. Eosinophils are required for the maintenance of plasma cells in the bone marrow. Nat Immunol. (2011) 12:151–9. doi: 10.1038/ni.1981

76. Sabogal Piñeros YS, Bal SM, Dijkhuis A, Majoor CJ, Dierdorp BS, Dekker T, et al. Eosinophils capture viruses, a capacity that is defective in asthma. Allergy. (2019) 74:1898–909. doi: 10.1111/all.13802

77. Ferastraoaru D, Hudes G, Jerschow E, Jariwala S, Karagic M, de Vos G, et al. Eosinophilia in asthma patients is protective against severe COVID-19 illness. J Allergy Clin Immunol Pract. (2021) 9:1152–62. doi: 10.1016/j.jaip.2020.12.045

78. Bush A, Pavord I. ‘We can’t diagnose asthma until’. Arch Dis Child. (2018) 103:729–31. doi: 10.1136/archdischild-2017-314180

79. Mallol J, García-Marcos L, Solé D, Brand P, EISL Study Group. International prevalence of recurrent wheezing during the first year of life: variability, treatment patterns and use of health resources. Thorax. (2010) 65:1004–9. doi: 10.1136/thx.2009.115188

80. Bisgaard H, Hermansen MN, Loland L, Halkjaer LB, Buchvald F. Intermittent inhaled corticosteroids in infants with episodic wheezing. N Engl J Med. (2006) 354:1998–2005. doi: 10.1056/NEJMoa054692

81. Guilbert TW, Morgan WJ, Zeiger RS, Mauger DT, Boehmer SJ, Szefler SJ, et al. Long-term inhaled corticosteroids in preschool children at high risk for asthma. N Engl J Med. (2006) 354:1985–97. doi: 10.1056/NEJMoa051378

82. Murray CS, Woodcock A, Langley SJ, Morris J, Custovic A, IFWIN Study Team. Secondary prevention of asthma by the use of Inhaled Fluticasone propionate in Wheezy INfants (IFWIN): double-blind, randomised, controlled study. Lancet. (2006) 368:754–62. doi: 10.1016/S0140-6736(06)69285-4

83. Brand PL, Caudri D, Eber E, Gaillard EA, Garcia-Marcos L, Hedlin G, et al. Classification and pharmacological treatment of preschool wheezing: changes since 2008. Eur Respir J. (2014) 43:1172–7. doi: 10.1183/09031936.00199913

84. Busi LE, Restuccia S, Tourres R, Sly PD. Assessing bronchodilator response in preschool children using spirometry. Thorax. (2017) 72:367–72. doi: 10.1136/thoraxjnl-2015-207961

85. Fitzpatrick AM, Jackson DJ, Mauger DT, Boehmer SJ, Phipatanakul W, Sheehan WJ, et al. Individualized therapy for persistent asthma in young children. J Allergy Clin Immunol. (2016) 138:1608–18. doi: 10.1016/j.jaci.2016.09.028

86. Robinson PFM, Pattaroni C, Cook J, Gregory L, Alonso AM, Fleming LJ, et al. Lower airway microbiota associates with inflammatory phenotype in severe preschool wheeze. J Allergy Clin Immunol. (2019) 143:1607–10. doi: 10.1016/j.jaci.2018.12.985

87. Robinson PFM, Fontanella S, Ananth S, Martin Alonso A, Cook J, Kayade Vries D, et al. Recurrent severe preschool wheeze: from pre-specified diagnostic labels to underlying endotypes. Am J Respir Crit Care Med. (2021) 204:523–35. doi: 10.1164/rccm.202009-3696OC

88. Saglani S, Bingham Y, Balfour-Lynn I, Goldring S, Gupta A, Banya W, et al. Blood eosinophils in managing preschool wheeze: lessons learnt from a proof-of-concept trial. Pediatr Allergy Immunol. (2021) 33:e13697. doi: 10.1111/pai.13697

89. Saglani S, Malmstrom K, Pelkonen AS, Malmberg LP, Lindahl H, Kajosaari M, et al. Airway remodeling and inflammation in symptomatic infants with reversible airflow obstruction. Am J Respir Crit Care Med. (2005) 171:722–7. doi: 10.1164/rccm.200410-1404OC

90. Saglani S, Bush A, Carroll W, Cunningham S, Fleming L, Gaillard E, et al. Biologics for severe paediatric asthma: trick or Treat. Lancet Respir Med. (2019) 7:294–6.

91. Fleming L, Tsartsali L, Wilson N, Regamey N, Bush A. Sputum inflammatory phenotypes are not stable in children with asthma. Thorax. (2012) 67:675–81.

92. Davies JC, Wainwright CE, Sawicki GS, Higgins MN, Campbell D, Harris C, et al. Ivacaftor in infants aged 4 to <12 months with cystic fibrosis and a gating mutation. results of a two-part phase 3 clinical trial. Am J Respir Crit Care Med. (2021) 203:585–93. doi: 10.1164/rccm.202008-3177OC

93. Ramalho AS, Fürstová E, Vonk AM, Ferrante M, Verfaillie C, Dupont L, et al. Correction of CFTR function in intestinal organoids to guide treatment of cystic fibrosis. Eur Respir J. (2021) 57:1902426. doi: 10.1183/13993003.02426-2019

94. Sette G, Lo Cicero S, Blaconà G, Pierandrei S, Bruno SM, Salvati V, et al. Theratyping cystic fibrosis in vitro in ALI culture and organoid models generated from patient-derived nasal epithelial conditionally reprogrammed stem cells. Eur Respir J. (2021) 58:2100908. doi: 10.1183/13993003.00908-2021

95. Peters MC, McGrath KW, Hawkins GA, Hastie AT, Levy BD, Israel E, et al. Plasma interleukin-6 concentrations, metabolic dysfunction, and asthma severity: a cross-sectional analysis of two cohorts. Lancet Respir Med. (2016) 4:574–84. doi: 10.1016/S2213-2600(16)30048-0


Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Bush. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fped-10-902168-g001.jpg
I Untreated atopic school age asthma, with elevated FeNO and blood eosinophil count |

I Prescribed and takes ICS ll ::‘
I Normal sputum cytology I

I Major exposure to cat allergens : :i

I Acute rhinovirus URTI lr

I Non-adherent to ICS }

I Restarts regular ICS IL

M

I Normal sputum cytology I






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		How to Choose the Correct Drug in Severe Pediatric Asthma



		INTRODUCTION



		KEY DEFINITIONS



		SCHOOL AGE ASTHMA: DECONSTRUCTING THE AIRWAY IN PEDIATRIC SEVERE ASTHMA



		CHOOSING THE RIGHT MEDICATIONS FOR SCHOOL AGE REFRACTORY DIFFICULT ASTHMA



		CHOOSING THE RIGHT MEDICATIONS FOR SCHOOL AGE REFRACTORY ASTHMA PLUS COMORBIDITIES



		Obesity Asthma With Failure of Weight Reduction



		Severe Rhinosinusitis



		Breathing Pattern Disorders







		CHOOSING THE RIGHT MEDICATIONS FOR SCHOOL AGE SEVERE, THERAPY-RESISTANT ASTHMA



		Omalizumab



		Mepolizumab



		Dupilumab



		Specific Issues With Selecting TH2 Inflammation Strategies in Children







		CHOOSING THE RIGHT MEDICATIONS FOR SEVERE PRESCHOOL ASTHMA



		CHOOSING THE RIGHT MEDICATIONS FOR SEVERE ASTHMA IN THE FIRST YEAR OF LIFE



		THE FUTURE: WHERE ARE WE, AND WHERE DO WE NEED TO GO?



		AUTHOR CONTRIBUTIONS



		REFERENCES

















OPS/images/fped-10-902168-t006.jpg
Cluster number Clinical features Potential treatment

Cluster 1 100% sensitized, highest blood eosinophils (mean = 5.54%, Highly atopic and eosinophilic ICS or even consider
SD = 2.86%), high ICS use (91.7%), and moderate rate of bacterial Type 2 biologics (unlicensed in most countries)
(69.5%, especially Moraxella) and viral detection (56.5%)

Cluster 2 Low BAL neutrophils (mean = 9.44%, SD = 13.89%), low rate of Low BAL neutrophils and low infection burden Consider
positive bacteriology (17.1%), and viral detection (15.0%). All has been LAMA

prescribed ICS

Cluster 3 Highest rate of bacterial (HI, SA, streptococcal) and viral infection (96.8 No atopy, high infection burden Targeted antibiotics
and 86.7%, respectively), and the highest BAL neutrophils
(mean = 31.7%, SD = 25.11%); 67.7% had been prescribed ICS

Cluster 4 Mostly non-atopic with cough the main symptom, but note that 20% of No sensitization, infection, or inflammation Consider
severe wheezers were in this cluster LAMA

BAL, bronchoalveolar lavage; HI, Haemophilus influenzae; ICSs, inhaled corticosteroids;, LAMAS, long acting muscarinic agents; SA, Staphylococcus aureus; SD,
standard deviation.
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Co-morbidity

Obesity with failed weight loss

EILO

Allergic rhinosinusitis

Food allergy

Gastro-esophageal reflux

Action

Confirm symptoms are due to asthma not deconditioning Consider bariatric surgery Determine whether Type 2
inflammation is present and treat accordingly (Future option?) anti-IL-6 strategies if systemic inflammation is the issue
Reduce medications until signs of Type 2 inflammation (re)appear Involve skilled physiotherapist, speech therapist, and
sports psychologist Consider ENT referral if remains refractory

Identify and avoid the relevant antigens where possible Topical corticosteroids ENT referral for consideration of surgery if
refractory symptoms persist despite medical treatment

A non-causative association of worse outcomes, so a marker of risk, make sure airway Type 2 inflammation is well
controlled

Even if symptomatic, treatment makes no difference to asthma outcomes, so only take action if there are disabling
symptoms meriting therapy

ENT, ear, nose, and throat; EILO, exercise-induced laryngeal obstruction.
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Airway component Underlying cause Potential treatment?

Fixed airflow obstruction 1. Developmentally acquired, e.g., maternal smoking in Avoid worsening obstruction by tobacco,
pregnancy pollution Do not over-treat, trying to reverse the
2. Airway remodeling irreversible

Variable airflow obstruction 1. ASM constriction 1. SABA, LABA
2. Airway instability/malacia 2. Might need CPAP
3. Intraluminal mucus or inflammatory debris 1. Airway clearance, mucolytics

Airway inflammation 1. Present or not? 2. Eosinophilic: ICS, omalizumab, mepolizumab
2. Eosinophilic? 3. Neutrophilic: consider azithromycin, but look
3. Neutrophilic? for other diagnoses such as GERD, CF
4. Mixed picture?
5. Beneficial or not?

Airway infection Bacterial, viral, fungal Consider targeted antibiotics for any bacterial

infection
Augmented cough sensitivity? Unknown None licensed in children

ASM, airway smooth muscle; CF, cystic fibrosis; CPAR, continuous positive airway pressure; GERD, gastro-esophageal reflux disease; ICS, inhaled corticosteroid; LABA,
long-acting B-2 agonist; SABA, short-acting p -2 agonist.
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Features suggestive that asthma is not the diagnosis Positive indicators of an asthma diagnosis

History Variable airflow obstruction
e Respiratory sounds other than true wheeze e Acute response to SABA if reduced FEV4
e Prominent upper airway disease e Positive exercise or other challenge test
e Symptoms from first day of life e Variable spirometry at home with time or
e Sudden onset of symptoms after SABA treatment

e Chronic wet cough for >4-8 weeks

e Continuous, unremitting symptoms

e Easy vomiting, heartburn, difficult to feed

e Evidence of systemic illness or immunodeficiency

Physical examination Atopic sensitization
e Clubbing, weight loss, failure to thrive e Positive skin prick tests
e Upper airway disease tonsillar enlargement, severe rhinitis, nasal polyps e Positive slgE

e Unusually severe chest deformity
e Abnormal, non-wheeze auscultatory signs, e.g., fixed monophonic wheeze, stridor, asymmetrical signs
e Signs of cardiac or systemic disease

Initial screening tests Airway inflammation
e CXR: focal changes, excessive airway thickening, and dilatation e Elevated FeNO
e FV curve: should be normal or have reduced flows at low lung volumes e Raised peripheral blood eosinophil count

e Induced sputum eosinophilia

Obviously, there is no definitive diagnostic test for asthma.
CXR, chest radiograph; FeNO, fractional exhaled nitric oxide; FEV4, first second forced expired volume; FV, flow volume; SABA, short-acting -2 agonist; SIgE, specific
immunoglobulin E.
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Refractory character Action

Poor adherence despite every effort to improve e Check responds to DOTS
e Try SMART, Relvar
e Confirm eosinophilic airway disease and prescribe biologicals

Ongoing allergen exposure to which child is sensitized, with family e May be worth trying higher dose ICS, but beware side-effects

unable or unwilling to remedy this e Confirm eosinophilic airway disease and prescribe biologicals

Ongoing passive (or active) exposure to cigarettes or vapes despite e Phenotype airway to ensure no untreated TH2 inflammation

referral to a smoking cessation clinic o Consider azithromycin as some adult evidence that smokers asthma may be
neutrophilic

Ongoing psychosocial issues e Ensure symptoms are really due to asthma

e Treat any adherence issues (above)
e Phenotype airway to ensure all standard treatment is optimal

DOTS, directly observed therapy;, SMART, single maintenance and reliever treatment.
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High dose ICS (>500 mcg FP/day age 6-12 and >1,000 age over 12 years, plus LABA, LTRA, and oral theophylline, or failed trials of these
add-ons unless clinically contra-indicated, or systemic CS >50% of the previous year required to control asthma, or uncontrolled asthma
despite these medications

Uncontrolled asthma (or better, unacceptable asthma outcomes, defined as:

e Chronic symptoms (ACT < 20)

e >2 asthma attacks/year treated with systemic CS

e One serious attack defined as hospitalization, PICU admission, or need for IPPV

e Persistent airflow limitation: FEVy < 1.96 Z-scores despite a course of systemic corticosteroids and acute SABA administration
Controlled asthma that worsens on tapering high doses of ICS or systemic CS, or additional biologics

ACT, asthma control test; CS, corticosteroid; FEV1, first second forced expired volume; FP, fluticasone propionate, ICSs, inhaled corticosteroids; IPPV, intermittent positive
pressure ventilation; LABA, long-acting B-2 agonist; LTRA, leukotriene receptor antagonist; PICU, pediatric intensive care unit; SABA, short-acting -2 agonist; Z-score,
standard deviation score.
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