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Introduction

Asthma affects 25.7 million people in the US including 7 million children.1 Most patients 

with persistent asthma respond well to therapy; however, 2/3 of children with asthma report 

an attack in the last year and experience a high rate of healthcare reutilization2 underscoring 

the need for improved asthma management. The Global Initiative for Asthma (GINA) has 

recognized asthma as being a heterogeneous disease with different presentations, outcomes 

and underlying mechanisms. This heterogeneity contributes to the difficulty in managing 

asthma, especially for difficult-to-treat (DTT), which is characterized by ongoing symptoms 

and healthcare utilization despite high dose medications. As DTT accounts for >50% of all 

asthma-related expenditures,3 our goal was to develop a personalized treatment model for 

patients with DTT asthma. We expect that DTT asthma is heterogenous, but that existing 

biomarkers and other factors can be used to formulate molecular sub-classifications that 

contribute to variability in asthma outcomes. These molecular endotypes can then be used 

to develop personalized treatment strategies.4 To date, clinical phenotypes of asthma have 

been defined and related to a few biomarkers; however, no previous study has systematically 

integrated multiple asthma-relevant biomarkers into a treatment algorithm and studied the 
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clinical impact of applying such an algorithm. The purpose of this study is to identify 

DTT asthma endotypes and evaluate endotype driven management strategies. Our hypothesis 

is that personalized treatment algorithms based on molecular sub-classification of DTT 

asthma are feasible and lead to improved asthma outcomes. We describe development 

of a biomarker-based treatment algorithm designed to augment current asthma treatment 

guidelines. We then conduct a proof-of-concept pilot study to test the feasibility of this 

treatment by endotype approach by delivering a personalized algorithm in a cohort of 

children with DTT asthma.

Methods

Study Population

Children aged 6–17 were identified by Cincinnati Public School nurses, community primary 

care clinics, or Cincinnati Children’s Hospital Medical Center clinics in Cincinnati, Ohio. 

All children were diagnosed with DTT asthma, defined as either moderate persistent 

asthma (National Asthma Education and Prevention Program (NAEPP) step 3–4 identified 

by the Asthma TreatSmart program5 (see below) and ≥1 of the following in the past 

12 months: 1)two Childhood Asthma Control Test (c-ACT)6 or adult Asthma Control 

Test (ACT)7 scores <20, 2)one or more asthma-related emergency department (ED) visits 

or hospitalizations, and/or 3)two or more asthma-related corticosteroid bursts) or severe 

persistent asthma (NAEPP step 5–6). Enrollment began in March of 2018 and the study 

visits were complete in October of 2019. The study was reviewed and approved by the 

Cincinnati Children’s Hospital Medical Center Institutional Review Board. Written consent 

was obtained from a parent or legal guardian and assent for children ≥ 11 years of age at the 

initial visit.

Study Visits

At V1, participants underwent a full history and physical examination and were started 

on guideline care8, 9 for their asthma. In addition, biological samples were collected 

for biomarker determinations (discussed below) and Propeller Health System® (Propeller 

Health, Madison, WI) adherence caps were placed on the child’s rescue and controller 

inhalers to begin baseline adherence data collection. Participants were seen 3–4 months later 

(V2) and a personalized treatment plan informed by their biomarker results was added on 

top of the child’s guideline care. Each child was followed for at least a 6-month observation 

period and seen for a final visit (V3). Monthly phone calls were conducted throughout the 

study to capture information about asthma control and exacerbations, as well as adherence. 

Pulmonary function testing was done at V1, V2, and V3. We compared outcomes from 

guideline care initiation (V1-V2) and from guideline + personalized interventions (V2-V3). 

Details on the study procedures at each study visit can be found in the eSupplement and 

eTable1.

Biomarkers and assessment of subjects

Key biomarkers associated with asthma phenotypes, asthma severity, asthma exacerbations, 

and/or treatment response to steroids were selected from the literature in order to 

classify subjects according to their individual biomarker results. Numerous studies link 
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allergic sensitization and IgE to decreased lung function, increased asthma severity and 

exacerbations, especially in children.10–12 IL-17A serum levels have been associated with 

severe asthma, increased BHR and increased airway neutrophilic inflammation and mucus 

production in children.13 DNA methylation levels of CpG sites in the promotors of homebox 

protein OTX2 (OTX2) and L-lactate dehydrogenase C chain (LDHC) genes in nasal 

epithelial cells have been associated with poor corticosteroid response in children with 

asthma14–16. A correlation between severe asthma and the non-atopic condition has been 

reported in pediatric asthma.17, 18 CDHR3 serves as a receptor for human rhinovirus (HRV)-

C, the CDHR3 coding variant rs6967330 increases CDHR3 protein surface expression, 

and is a genetic marker of rhinovirus susceptibility and the SNP confers risk for severe 

childhood asthma exacerbations.19, 20 Elevated interleukin-6 (IL-6) levels have been 

associated with asthma severity and non-allergic airway inflammation in both children 

and adults21, whereas no correlation has been found between IL-6 and T2 inflammation 

biomarkers.21, 22 25-hydroxyvitamin D (Vitamin D) insufficiency has been associated with 

impaired lung function, increased bronchial hyper-responsiveness (BHR), and increased 

risk of exacerbations and healthcare utilization in both children and adults which may be 

due to the immunomodulatory effects, enhancement of corticosteroid responsiveness, and 

anti-microbial and anti-inflammatory mechanisms attributed to Vitamin D.23, 24 Vitamin 

D replacement has been shown to be effective in asthma in many studies,23 but not all 

studies.25 Exposure to environmental tobacco smoke was assessed through urinary cotinine. 

Environmental tobacco smoke exposure in children has been associated with reduced lung 

function, wheezing symptoms, and ED visits and hospitalizations for asthma.26–28 The 

magnitude of skin barrier dysfunction was assessed by measurement of skin transepidermal 

water loss (TEWL), which correlates with atopic dermatitis (AD) disease severity and has 

been shown to contribute to aeroallergen sensitization and asthma in children.29, 30

Asthma Clinical Phenotype Definitions

All subjects were defined into 3 allergic phenotypes based on total IgE, specific IgE, skin 

prick testing, and serum IL-17 level. The allergic phenotype was defined as 1) elevated 

serum total IgE (IgE >150 IU/mL) or at least one positive specific IgE (>0.34 IU/mL) or 

skin prick test AND 2) IL-17 ≤ 24 pg/ml. Elevated IL-17 (IL-17 > 24 pg/ml) in the absence 

of at least one elevated IgE or a positive specific IgE or skin test were defined as non-allergic 

(T17 inflammation). Mixed allergic (T2/T17) was defined as evidence of both which has 

been associated with more severe asthma and poor steroid treatment response.31–33 The 

personalized treatment algorithm is detailed in Figure 2 and Table 2 and described below.

Outcome Measures

The primary outcome of this study was asthma control as determined by the c-ACT (age<12 

years) and ACT (age ≥ 12 years) scores. Secondary outcomes included: reduction in yearly 

rates of asthma-related ED visits, systemic corticosteroid courses, and forced expiratory 

volume in 1 sec (FEV1)/forced vital capacity (FVC)% predicted at each study visit. Clinical 

outcomes were assessed at baseline and throughout the study periods extending for 6 

months after the personalized treatment algorithm was assigned. Lung function was obtained 

at clinic visits based on American Thoracic Society (ATS) criteria and Wang reference 

values.34, 35 Monthly telephone calls to participant families were conducted throughout the 
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12 month study to obtain a 2-week recall of symptoms, ED visits and/or hospitalizations, as 

well as the c-ACT and ACT scores.36

Details on data analysis can be found in the eSupplement.

Results

Population Demographics and Study Overview

We screened 92 participants and 21 were enrolled in the study (eFigure1). Three participants 

did not complete the study as they were lost to follow-up (eFigure1). Fifty percent of 

participants were enrolled from community sources and 50% from CCHMC. The primary 

reasons for ineligibility were participants had mild asthma or a chronic medical condition 

apart from allergy or asthma. Eighty-one percent of participants completed all 3 medical 

visits and 86% completed at least 2 medical visits. Ninety-one percent completed all four 

adherence self-management visits. Fifty-two percent (11/21) of participants had a total of 15 

damaged, lost or defective monitoring sensors replaced over the yearlong study period which 

was under the 3 sensors per participant that was budgeted. Participant and family feedback 

have been very positive. At the conclusion of the study, 100% of families who completed 

the study reported satisfaction of with the study and 100% of families would recommend the 

study to others.

The average age was 12.4 years and 70% self-reported as Black (Table 1). The enrolled 

cohort had poor baseline asthma control; 40% required an asthma-related ED visit or 

systemic corticosteroids course in the prior year and 15% were hospitalized in the prior year 

(Table 1). A study timeline is shown in Figure 1A and detailed in the Online Supplement. In 

this DTT asthma population, there was equal distribution among the 3 clinical phenotypes: 

allergic, mixed allergic, and non-allergic (Figure 1B).

Development of biomarker-informed personalized treatment algorithm

An a priori personalized treatment algorithm was developed (Figure 2, Table 2). The 

biomarkers were chosen from the literature and the cutoff values used for interpretation 

are included in eTable2. Cutoff values are from pediatric populations, with the exception of 

IL-6. Table 2 summarizes the biomarkers included and the conditions that triggered each 

intervention. The minimal biomarker subset that was necessary to inform the personalized 

treatment algorithm was identified. This included LDHC or OTX2 CpG methylation, 

CDHR3 rs6967330 genotype, clinical allergic phenotype definition, serum IL-6, TEWL, 

secondhand smoke exposure, and Vitamin D status. The markers triggering increase in 

treatment step (blood IL-17 and allergic status) were completely redundant with CpG 

methylation level (Figure 3A), while non-allergic asthma phenotype, CDHR3 rs6967330 

genotype and elevated IL-6 all independently contributed to the addition of azithromycin 

(Figure 3B).

Biomarkers and classification of subjects

The distribution of each biomarker among all subjects is shown in eTable2. Eighty-five 

percent of all subjects were Vitamin D deficient. Surprisingly, 100% of subjects had DNA 
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methylation levels in OTX2 and/or LDHC consistent with increased risk for poor steroid 

treatment response. In contrast, the prevalence of poor treatment response in children 

hospitalized for acute asthma exacerbation in the Ohio Pediatric Asthma Repository (OPAR) 

study37 was 66% (p<0·001). Fifty-five percent of subjects had increased IL-6 levels and 50% 

of had increased IL-17 levels. Twenty-five percent of children carried at least one copy of 

the risk allele for CDHR3 rs6967330, with 27% for Blacks and 17% for non-Blacks which 

is similar to the frequencies reported in the general population (per 1000 genomes, 26·5% 

and 20·8%, respectively). Forty-five percent (9/20) of participants had mild-moderate AD 

and none of the participants had severe AD. Seventy percent (14/20) of participants had high 

TEWL.

Distribution of biomarkers by allergic status

The distribution of the key biomarkers among the 3 allergic phenotypes was highly variable 

(Figure 3C). While all children with allergic phenotypes demonstrated low Vitamin D 

levels and increased risk for poor steroid treatment response (OTX2 and/or LDHC DNA 

methylation), the allergic phenotype was also characterized by increased CDHR3 risk 

genotype and high TEWL. In contrast, high serum IL-6 level was most notable in the mixed 

allergic subgroup. The non-allergic phenotype was characterized by the lowest levels of IL-6 

and lowest frequencies of the CDHR3 risk allele. Secondhand smoke exposure did not differ 

across the allergic phenotype groups (allergic 30% (6/20), mixed allergic 30% (6/20) and 

non-allergic 20% (4/20)).

Summary of Treatment Interventions at V1 (Guideline Care) and V2 (Treatment by 
Endotype per Algorithm)

At V1, 19% (4/21) of participants received a step up in asthma controller level at V1 

based on the Asthma TreatSmart program.5. At V2, all participants received at least one 

additional medical intervention with an average of 5.9 interventions (range 3–9; eFigure2A). 

With respect to asthma specific treatments, 15% of subjects started and 85% were 

continued on high dose combination (inhaled corticosteroid/long-acting beta-agonist (ICS/

LABA)) controller therapy, 85% initiated tiotropium, 80% initiated and 5% continued on 

azithromycin, and 10% recommended to start asthma biologic therapy (1 on mepolizumab 

and 1 on omalizumab). For ezcema, 55% started and 15% continued on topical emollient 

therapy, 5% initiated and 5% continued on medium dose topical corticosteroids as well as 

5% initiated and 5% continued on low dose topical corticosteroids. With respect to other 

treatments, 30% started and 40% continued on cetirizine, 25% started and 40% continued on 

nasal corticosteroids and 85% started Vitamin D supplementation.

All subjects received at least one non-medical intervention with an average of 2.3 

(eFigure2B). Forty-three percent (9/20) of participants had a positive PSQ screen and were 

referred for a sleep study. Eighty percent (16/20) of participants had secondhand smoke 

exposure and were given a smoke exposure reduction tip sheet intervention. In addition, 40% 

(8/20) of parents identified as active smokers and were provided information for the Ohio 

smoking cessation quit line. Smoking interventions were not associated with a change in the 

measured outcomes (data not shown).
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Summary of Adherence Interventions

Baseline adherence (V1) was low, 19 participants had <80% adherence to controller 

medication at baseline; 12 had <50% adherence and received telehealth adherence 

intervention while 7 had 50–80% adherence and received text-messaging adherence 

intervention. Adherence at the end of the study (35.8% (IQR 12.9–54.6%) was not 

significantly different from baseline adherence 43.3% (IQR 20.8–57.1%), (S=−27, p=0.17), 

however, adherence during the self-management intervention was 75.9% compared to 

baseline adherence (IQR 59.2–83.3%; S=68, p<.0001).

Comparison of outcomes at V1 and V2

There was no significant difference in c-ACT/ACT score after initiation of treatment 

guideline care (V1-V2 vs. V1, median 21.7 vs 23.0, range 17.3–25.0, IQR 18.2–24.2, 

p=0.45), however, initiation of the personalized intervention on top of guideline care was 

associated with a significant improvement in the c-ACT/ACT score compared to V1 (V2-V3 

vs. V1, median 23.0 vs. 22.5, range 13.0–25.0, IQR 18.2–24.2, p=0.01, Figure 4A). There 

were no distinct differences between allergic phenotype groups. The rate of ED visits in 

12 months prior to V1 significantly decreased following the implementation of the V2 

intervention (median 1, range 1–2, IQR 0 to median 0, range 0–1.5, IQR 0–1 yearly 

rate, p=0.048, Figure 4B). There was not a significant difference in the rate of systemic 

corticosteroids use (median 1 to 0, range 0–3 to 0–2.7, IQR 0–1 to 0–1.5, p=0.23, data 

not shown). The FEV1/FVC% predicted in the 12 months prior to V1 until V2-V3 was 

not significantly improved (p=0.26), however the data revealed a trend that the number 

of children with moderate obstruction decreased and the number with mild obstruction 

increased from V1 to V2 to V3 (Figure 4C). No significant associations were found between 

adherence and the clinical outcomes (c-ACT/ACT, ED visits, rate of systemic corticosteroid 

use, FEV1/FVC % predicted) (eTable3).

Discussion

Asthma is variable in presentation due to heterogeneity in both disease pathophysiology 

and treatment response, which contributes to the difficulty in both studying and managing 

asthma. The National Institutes of Health challenged investigators to develop personalized 

therapy defined by clinical characteristics and biomarker analyses and evaluate its 

efficacy.4, 18, 38, 39 We developed a personalized treatment algorithm based on integration 

of published biomarkers and interventions that inform asthma clinical phenotypes and 

endotypes including allergic status, serum IL-17 and IL-6, variation in the CDHR3 gene, 

steroid treatment response, vitamin D status, skin barrier function, exposure to tobacco 

smoke and sleep disordered breathing. IL-17 and allergic status were redundant with gene 

methylation. Allergic status is required to identify non-allergic asthma, but IL-17 can 

be removed from the minimal biomarker set. To our knowledge, this is the first proofof-

concept pilot study to systematically integrate published asthma-relevant biomarkers into a 

personalized treatment algorithm and evaluate the feasibility of delivering the algorithm in 

a cohort of children with DTT asthma. Our preliminary findings suggest that personalized 

endotype-informed treatment may be associated with an improvement in asthma control 
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and a decrease in ED visits. Further, our study demonstrates the feasibility of this type of 

intervention as our overall retention was 86%.

There was an even distribution among three clinical phenotypes: allergic (T2), mixed 

allergic (T2/17) and non-allergic (T17). This was an unexpected finding as other studies 

have suggested that childhood asthma is mostly allergic,12, 40 but the non-allergic and 

mixed allergic phenotypes have been associated with poor steroid responsiveness and may 

be overrepresented in DTT. Our biomarker-informed treatment algorithm triggered at least 

one intervention on top of guideline care for all patients and our findings suggest that 

there are several molecular endotypes which vary across DTT asthma. Patients received 

an average of 5.9 additional medical interventions at V2. Based on TEWL and presence 

of the CDHR3 variant allele, subjects with the allergic phenotype were at increased risk 

for rhinovirus C infections and skin barrier dysfunction and, thus, this group received 

azithromycin and skin emollients. In contrast, the non-allergic phenotype was treated with 

azithromycin, but generally did not fit criteria for treatment with skin emollients. The mixed 

allergic phenotype was characterized increased blood levels of IL-6 and was treated with 

azithromycin. All 3 allergic phenotypes were characterized by low Vitamin D levels and 

poor corticosteroid responsiveness.

Poor corticosteroid response in children with asthma has been associated with DNA 

methylation of promoter sites in OTX2 and LDHC.14, 15 Surprisingly, all DTT subjects 

in this study were positive for this biomarker compared to 66% in a hospitalized population 

of asthmatics.37 Thus, a large subset of DTT asthmatics are likely to be poor steroid 

responders. Vitamin D insufficiency has been associated with impaired lung function, 

increased bronchial hyper-responsiveness (BHR), and increased risk of exacerbations and 

healthcare utilization, which may be due to the immunomodulatory effects, enhancement 

of corticosteroid responsiveness, and anti-microbial and anti-inflammatory mechanisms 

attributed to Vitamin D.23

In the algorithm, azithromycin was triggered by the presence of the CDHR3 risk genotype 

OR high blood IL-6 OR a non-allergic asthma phenotype. While there was some 

overlap in these biomarkers, they were not redundant. CDHR3 serves as a receptor for 

human rhinovirus (HRV)-C and rs6967330 increases CDHR3 protein surface expression. 

Accordingly, more severe rhinovirus-C infections and childhood asthma exacerbations 

have been associated with rs6967330.19, 20 Thus, DTT children with the allergic asthma 

phenotype may be at increased risk for more severe viral infections. Our findings are 

consistent with previous studies that reported an endotype with elevated blood IL-6, 

which was associated with increased asthma severity. They found no correlation between 

IL-6 and T2 inflammation biomarkers suggesting that IL-6 be an important biomarker 

to define individuals with a low T2 asthma.16, 21, 22 In this pilot, there are not enough 

subjects to determine which biomarker was most predictive of improved asthma control 

with azithromycin treatment, but children identified by these biomarkers improved with 

azithromycin treatment. Treatment with azithromycin may be immunomodulatory, decrease 

infection rate or morbidity, or target an unrecognized pathophysiologic pathway.

Guilbert et al. Page 8

Ann Allergy Asthma Immunol. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Emollient therapy was given to subjects with elevated TEWL levels. Seventy percent of 

children in this study had high TEWL and 45% of the children had evidence of mild-

severe atopic dermatitis during the visit. Thus, the majority had evidence of skin barrier 

dysfunction supporting the link between AD and asthma.29, 30 Treatment of children with 

high TEWL with targeted interventions to improve skin barrier function may impact future 

asthma development and control.

An average of 2.3 non-medical interventions were provided to participants based on their 

exposure to secondhand smoke, baseline adherence to controller medication, and PSQ 

score. The majority of children in this study were exposed to secondhand smoke, which 

is associated with increased asthma symptoms and healthcare utilization.26 They were 

given the smoking intervention, but the smoking intervention was not associated with a 

change in any of the measured outcomes. Over 40% of participants had a positive PSQ 

screen suggesting that a significant proportion of children with DTT asthma may have sleep 

disordered breathing confirming findings in other studies.41

Data from this pilot suggests that children with DTT asthma are willing to participate in 

objective adherence measures and interventions delivered through technology. Adherence 

results were encouraging for this challenging population, with significant improvements 

in medication adherence during the self-management intervention period. In fact, 75% 

of the participants demonstrated an adherence increase of greater than 20% during the 

adherence intervention. However, the return to low rates of adherence when behavioral 

self-management intervention ceased is consistent with published findings.42 Future studies 

should utilize booster self-management sessions to maintain adherence improvements and 

assess the impact of sustained improved adherence on medical outcomes.42

This proof-of-concept pilot study is innovative for several reasons. First, many endotypes 

were identified within the broader clinical phenotypes - allergic, mixed and non-allergic. 

Second, we identified the minimal number of non-redundant biomarkers that could be used 

in a larger study. With the minimal biomarker set, the cost of the personalized treatment 

intervention is considerably less than a single ED visit or hospitalization. . Finally, the 

biomarker-based algorithm triggered interventions on top of guideline care in all DTT 

children studied, suggesting there is a strong need for this type of multipronged personalized 

approach. The approach we developed may serve as the foundation for a practical, point-of-

care, biomarker-driven standardized algorithm for practitioners which is currently lacking in 

asthma guideline care.9

The primary limitation of this study is the small sample size. Thus, we were unable to 

determine which of interventions were associated with improvements. It is important to 

note that our primary goal was to demonstrate feasibility of this approach and identify 

the minimal biomarker set that was informative. Determination of efficacy will require a 

large trial. Nevertheless, our study is a necessary step and provides the foundation for a 

definitive trial. As this was a feasibility pilot, we did not include a control group which 

would allow a direct comparison of the efficacy of the personalized approached compared to 

guideline informed care alone. However, we did implement a case-crossover design where 

we compared data from V1-V2 (guideline care only) with V2-V3 (guideline + personalized 
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care) within the same individual. During the 3 months between V1 and V2, we anticipate 

that changes due to guideline care would already be evident. To ensure that the use of data 

collected with the telephone visits did not impact the results, we performed the analysis 

using only the clinical visit and obtained similar results to when we incorporated the 

telephone visits to account for the passage of time. Although statistically significant, the 

change in ACT score was less than the clinically minimal important difference. Finally, 

all children were enrolled in one clinical site which may limit the generalizability of the 

findings.

In summary, we developed a personalized algorithm to treat children with DTT asthma in 

addition to guideline care. We demonstrated the feasibility of this approach and identified 

biomarkers associated with steroid treatment response, inflammatory types (T2, T17 or 

mixed), viral susceptibility, Vitamin D status, and exposure to SHS, to be the minimal 

number of non-redundant biomarkers to identify key endotypes. Despite limited sample size, 

these data suggest that all patients may benefit from more tailored care. Larger studies are 

warranted to confirm these findings.
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Abbreviations

ACT Asthma control test

AD Atopic dermatitis

BHR Bronchial hyper-responsiveness

c-ACT Childhood asthma control test

DTT asthma Difficult-to-treat

ED Emergency Department

FEV1 Forced expiratory volume in 1 sec

FVC Forced vital capacity

GINA Global Initiative for Asthma

OTX2 Homebox protein OTX2

IgE Immunoglobulin E
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ICS/LABA Inhaled corticosteroid/long-acting beta-agonist

IL Interleukin

IRB Institutional Review Board

LDHC L-lactate dehydrogenase C chain

NAEPP National Asthma Education and Prevention Program 

guidelines

T2 Type 2

PSQ Pediatric sleep questionnaire

TEWL Skin transepidermal water loss
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Figure 1. 
A. Study timeline. B. Distribution of allergic, mixed allergic and non-allergic clinical 

phenotypes. N/A: Il-17 level was not informative for this group.
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Figure 2. 
Biomarker Treatment Algorithm. Key biomarkers that have been associated with asthma 

clinical phenotypes, asthma severity, asthma exacerbations, and/or treatment response to 

steroids were selected from the literature in order to classify subjects according to their 

individual biomarker results. This was used to develop a personalized treatment algorithm. 

All interventions can occur simultaneously.
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Figure 3. 
Identification of key non-redundant biomarkers to inform the personalized treatment 

by endotype algorithm. A. The mixed allergic clinical phenotype and IL-17 were 

redundant with LDHC or OTX2 CpG methylation, which indicates poor steroid treatment 

responsiveness. B. Initiation of azithromycin treatment was informed by the non-allergic 

asthma phenotype, presence of 1 or more CDHR3 rs6967330 risk allele(s), and elevated 

serum IL-6, which were non-redundant. C. A radar chart is a plot that consists of a sequence 

of equi-angular spokes each representing one of the variables. The data length of a spoke 

is proportional to the magnitude of the variable for the data point relative to the maximum 

magnitude of the variable across all data points. This radar chart shows the distribution 

of the minimal set of informative biomarkers among the allergic, mixed allergic, and non-

allergic phenotypes.
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Figure 4: 
A. Comparison of c-ACT/ACT scores at baseline (V1) to scores with guideline care alone 

(V1-V2) and to scores with guideline + personalized intervention (V2-V3). No distinct 

differences were observed between clinical phenotype groups. B. Comparison of Emergency 

Department (ED) utilization at baseline (V1) and following treatment with guideline + 

personalized intervention (V2-V3). C. Comparison of FEV1/FVC at baseline (V1), at V2 
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(guideline care alone), and V3 (guideline + personalized intervention) by degree of airway 

obstruction (normal, mild and moderate).
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Table 1.

Baseline Demographics and Baseline Characteristics Obtained at Medical Visit 1.

Baseline Demographics and Characteristics All (n = 20*) Subjects with Complete Data (n = 17)

Age, mean (SD) 12.4 (2.8) 12.4 (3.0)

Sex, n (%)
Female: Male:

9 (45.0)
11(55.0)

(47.1) (52.9)

Self-reported race, n (%)
Black:

Non-Black:

14 (70.0)
6(30.0)

11 (64.7)
6 (35.3)

Self-reported ethnicity, nn(%)
Hispanic/Latino: Not Hispanic/Latino:

0 (0)
20 (100)

0 (0)
17 (100)

Insurance, n (%)
Public: Non-Public:

13 (65.0)
7 (35.0)

10 (58.8)
7 (41.2)

Eczema diagnosis
Yes: No:

9 (45.0)
11 (55.0)

7 (41.2)
10 (58.8)

Age of asthma diagnosis, mean (SD) 3.4 (2.1), n = 18 3.4 (2.2), n = 16

BMI percentile, median 87.7 89.4

NAEPP Treatment Step at V1
(based on TreatSmart algorithm) 3:

5:
6:

2 (10.0)
2 (10.0)
16 (80.0)

2 (11.8)
1 (5.9)

14 (82.3)

Parental history of asthma
Yes: No:

10 (50.0)
10 (50.0)

9 (52.9)
8 (47.1)

Parental report of allergy
Yes: No:

14 (82.4)
3 (17.6)

14 (87.5)
2 (12.5)

In the 12 months prior to V1:

Systemic Corticosteroid use Yes:
No:

12 (60.0)
8 (40.0)

11 (64.7)
6 (35.3)

ED encounter Yes:
No:

12 (60.0)
8 (40.0)

10 (58.8)
7 (41.2)

Hospital admission Yes:
No:

3 (15.0)
17 (85.0)

2 (11.8)
15 (88.2)

*
excludes the participant that was lost to follow-up before the personalized algorithm was initiated.
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Table 2.

Summary of interventions included in personalized treatment algorithm and biomarkers that triggered each 

intervention.

Intervention Biomarker to Trigger Intervention Comment

Medical Interventions

   Increase treatment step by 1 
over guideline care plus LABA

*NAEPP step 3–5 LDHC or OXT2 CpG methylation indicating poor steroid 
treatment responder
OR
*NAEPP step 3–5 and allergic or mixed allergic inflammation based on 
allergic status definition

Blood IL-17 and 
allergic status 
were completely 
redundant with 
CpG methylation
Figure 3A

   Add LAMA *NAEPP step 6 and LDHC or OXT2 CpG methylation indicating poor 
steroid treatment responder
OR
*NAEPP step 6 and allergic or mixed allergic inflammation based on 
allergic status definition

   Biologic therapy referral 
(mepolizumab,
omalizumab, dupilumab or 
benralizumab)

*LDHC or OXT2 CpG methylation indicating poor steroid treatment 
responder > 1 exacerbation requiring steroid in past 12 months and on 
LAMA
OR
*Allergic or mixed allergic inflammation based on allergic status definition 
and > 1 exacerbation requiring steroid in past 12 months and on LAMA
OR
*High total IgE and SPT+

   Azithromycin *Non-allergic asthma phenotype
OR
*Presence of 1 or more CDHR3 rs6967330 risk alleles and ≥1 exacerbation 
in the past 12 months
OR
*Elevated serum IL-6

All 3 markers 
were non-
redundant
Figure 3B

   Cetirizine High Total IgE

   Cetirizine + Nasal Steroid ≥1 SPT positive

   Vitamin D Deficient in Vitamin D

   Emollient therapy *AD present
OR
*Elevated TEWL

Non-medical Interventions

   Smoking exposure reduction tip 
sheet

Participant defined as exposed to secondhand smoke via NicAlert™test

   Smoking cessation referral Parent defined as active smoker via NicAlert™ test

   Sleep study referral High score on PSQ

   Text messaging for adherence Baseline adherence level 50–80%

   Telehealth for adherence Baseline adherence level <50%
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