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Abstract: Inhaled corticosteroids (ICS) are efficacious in the treatment of asthma, which affects
more than 300 million people in the world. While genome-wide association studies have identified
genes involved in differential treatment responses to ICS in asthma, few studies have evaluated
the effects of combined rare and common variants on ICS response among children with asthma.
Among children with asthma treated with ICS with whole exome sequencing (WES) data in the
PrecisionLink Biobank (91 White and 20 Black children), we examined the effect and contribution
of rare and common variants with hospitalizations or emergency department visits. For 12 regions
previously associated with asthma and ICS response (DPP10, FBXL7, NDFIP1, TBXT, GLCCI1, HDAC9,
TBXAS1, STAT6, GSDMB/ORMDL3, CRHR1, GNGT2, FCER2), we used the combined sum test for
the sequence kernel association test (SKAT) adjusting for age, sex, and BMI and stratified by race.
Validation was conducted in the Biorepository and Integrative Genomics (BIG) Initiative (83 White
and 134 Black children). Using a Bonferroni threshold for the 12 regions tested (i.e., 0.05/12 = 0.004),
GSDMB/ORMDL3 was significantly associated with ICS response for the combined effect of rare and
common variants (p-value = 0.003) among White children in the PrecisionLink Biobank and replicated
in the BIG Initiative (p-value = 0.02). Using WES data, the combined effect of rare and common
variants for GSDMB/ORMDL3 was associated with ICS response among asthmatic children in the
PrecisionLink Biobank and replicated in the BIG Initiative. This proof-of-concept study demonstrates
the power of biobanks of pediatric real-life populations in asthma genomic investigations.
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1. Introduction

Asthma is the most common chronic illness in children, and inhaled corticosteroids
(ICS) are the most commonly used controller medication for asthma [1]. Individual response
profiles to ICS show significant and repeatable heterogeneity. For patients receiving ICS
for 8–12 weeks, 35–40% of these patients do not show significant improvement in lung
function [2,3]. Among asthmatic patients on maintenance ICS treatment, approximately
10% may remain at high risk of asthma attacks or being symptomatic [4]. In addition to
poor adherence to medication, other important factors influencing treatment response in
patients with asthma also include environmental exposures, misdiagnosis, and genetic
variation [5].

Previously identified single nucleotide polymorphisms (SNPs) in genes, including
FCεR2, GLCCI1, CRHR1, T gene, DPP10, HDAC9, TBXAS1, FBXL7, GNGT2, NDFIP1, STAT6,
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and GSDMB/ORMDL3, demonstrated association with ICS response [6–14]. While pre-
vious studies have found associations with common variants and ICS response for these
12 regions, no significant associations for rare variants were previously found [15,16] and
examining the combined effect of rare and common variants has not been explored. Nev-
ertheless, few studies have evaluated the potential effects of combined rare and common
variants and the contribution of rare versus common variants.

To date, most pharmacogenetic studies on children with asthma have been clinical
trials. However, studies in real-life populations are complementary to clinical trial studies
as real-life populations account for external patient, provider, and system level factors
that may moderate an intervention’s effect. The objective of this study is to: (1) assess
the potential effects of combined rare and common variants and (2) conduct a proof-of-
concept pharmacogenetic study in two real-world pediatric biobanks through the Genomic
Information Commons [17], a collaborative across nine children’s hospitals. As a result, we
examined rare and common variants associated with ICS response for 12 regions previously
associated with asthma and ICS response (DPP10, FBXL7, NDFIP1, TBXT, GLCCI1, HDAC9,
TBXAS1, STAT6, GSDMB/ORMDL3, CRHR1, GNGT2, FCER2) in the PrecisionLink Biobank
with replication in the Biorepository and Integrative Genomics (BIG) initiative.

2. Materials and Methods
2.1. Discovery Population: PrecisionLink Biobank

The discovery population was at Boston Children’s Hospital PrecisionLink Biobank
for Health Discovery [18], which is a site in the Genomic Information Commons [17]. The
PrecisionLink Biobank links residual specimens produced as by-products of routine care
to phenotypic data derived from electronic health records. Inclusion criteria included age
≥ 6 years, a diagnosis of asthma, and use of one of the following ICSs within the past
year: beclomethasone, budesonide, ciclesonide, fluticasone, mometasone. For this proof-of-
concept study, 91 White and 20 Black children were identified through the PrecisionLink
Portal as meeting inclusion criteria and confirmed based on manual review of the electronic
health record (EHR) [19]. The main outcome measure, ICS response, was defined as number
of emergency department visits or hospitalizations for asthma over a one-year period based
on EHRs.

2.2. Validation Population: BIG Initiative

The validation population was the BIG Initiative, a collaborative effort between the
University of Tennessee Health Science Center and Le Bonheur Children’s Hospital [20].
Inclusion criteria for the validation population were the same as for the discovery popula-
tion. In the BIG Initiative, 83 White and 134 Black children met inclusion criteria and had
available WES data.

2.3. WES Processing for PrecisionLink Biobank Samples

DNA was obtained from the PrecisionLink Biobank. The Precision Link Biobank ini-
tiative is approved by the BCH Institutional Review Board (protocol number—P00000159).
Genomic DNA (gDNA) samples were extracted from whole blood specimens of 200 subjects,
using Gentra Purgene Extraction Kit or Chemagic B5k Extraction Kits and quality controlled
using Quant-It assay. Gentra Purgene is part of QUIAGEN. The Boston Children’s Biobank
uses a standard operating procedure to calculate and perform normalization. Afterwards,
gDNA samples were shipped to the Quest Diagnostics Sequencing Center for whole exome
sequencing (WES). After assessment of DNA quantity, qualified genomic DNA sample is en-
zymatically fragmented. Sequencing library was prepared by ligating sequencing adapters
to both ends of DNA fragments. Sequencing libraries were size-selected with bead-based
method to ensure optimal template size and amplified by polymerase chain reaction (PCR).
Regions of interest (exons and intronic targets) were targeted using hybridization-based
target capture methods (Integrated DNA Technologies xGen Exome). The quality of the
completed sequencing library was controlled by ensuring the correct template size and
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quantity and to eliminate the presence of leftover primers and adapter-adapter dimers.
Ready sequencing libraries that passed the quality control were sequenced using the Illu-
mina’s sequencing-by-synthesis method using paired-end sequencing (150 by 150 bases).
Sequenced reads were processed using GPU-accelerated genomics software suite NVIDIA
ClaraTM Parabricks (v3.5.0, https://www.nvidia.com/en-us/clara/genomics/ (accessed
on 10 November 2022)). We used the modules ‘fq2bam’, ‘applybqsr’, and ‘haplotype-
caller’ which implements mapping reads using BWA-MEM, marking duplicated reads,
recalibrating base quality scores using GATK BQSR (Base Quality Score Recalibration),
and variant calling using GATK HaplotypeCaller. The Parabricks v3.5.0 is based on BWA
version 0.7.15 and GATK version 4.1.0.0. The outcomes from the Parabricks suite were
per-sample genomic VCF (gVCF) files, which were then used for joint genotyping using
GATK4 HaplotypeCaller (version 4.2.0.0).

2.4. Statistical Approach

We used the combined sum test for the sequence kernel association test (SKAT) to
examine the combined effect of rare and common variants on ICS response [21]. In addition,
we considered rare and common variant associations separately. We used a MAF cutoff to
define rare vs. common variants of 1/

√
2 ∗ Sample Size. This is the default value for the

SKAT_CommonRare function that implements the combined sum test for SKAT in R. This
resulted in a MAF threshold cutoff to define rare vs. common variants of 0.07 and 0.16 for
the White and Black children in the PresionLink biobank, respectively and 0.08 and 0.06 for
the White and Black children in the BIG Initiative biobank, respectively. The supplement
contains the rs numbers for SNPs included in the analyses and classification of whether
the SNP was included as a rare or common variant and whether the SNP is an intronic
variant. We defined the outcome of non-response based on hospitalization or ED visit. We
adjusted for age, sex, and BMI and stratified by race. Using a Bonferroni correction for
the 12 regions, we used a significance threshold of 0.05/12 = 0.004. For LD pruning, we
considered a shifting window of 50 SNPs, calculated the LD between each pair of SNPs in
the window and removed one of a pair of SNPs if the R squared was greater than 0.5.

In the secondary analysis, for the region (GSDMB/ORMDL3) that was significantly
associated with ICS response for the combined effect of both rare and common variants
among White children in the PrecisionLink Biobank, we also analyzed the association of
each SNP in the region with ICS response separately in order to examine the contribution of
each SNP. Using logistic regression models, we adjusted for age, sex, and BMI. We restricted
the analysis to SNPs with at least 4 variants present in order to assure convergence of the
logistic regression models.

3. Results

For the PrecisionLink and BIG Initiative biobanks, baseline demographics are shown
in Table 1 and results are shown in Table 2. Among White children in the PrecisionLink
Biobank, GSDMB/ORMDL3 was significantly associated with ICS response for the com-
bined effect of both rare and common variants (p-value = 0.003). This signal replicated in
the BIG Initiative (p-value = 0.02). When we stratified by rare and common variants in the
GSDMB/ORMDL3 region, both rare (p-value = 0.008) and common variants (p-value = 0.03)
were marginally associated with ICS response among White children in the PrecisionLink
Biobank. However, common variants (p-value = 0.03) and not rare variants (p-value = 0.30)
were marginally associated with ICS response in the BIG Initiative. In addition, STAT6
was associated with ICS response for the combined effect of rare and common variants
(p-value = 0.003) among Black children in the PrecisionLink Biobank. However, the sample
size included only 20 children and the signal did not replicate in the BIG initiative.

https://www.nvidia.com/en-us/clara/genomics/
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Table 1. Characteristics of participants for the PrecisionLink Biobank and Biorepository and Integrative Genomics (BIG) Initiative.

PrecisionLink Biobank BIG Initiative

White (N = 91) Black (N = 20) White (N = 83) Black (N = 134)

Age in years, mean (SD) 14.5 (5.8) 14.5 (5.4) 15.7 (4) 15.9 (3.8)

Sex (female), N (%) 54 (56%) 9 (45%) 33 (39.8%) 64 (47.8%)

BMI, mean (SD) 23.5 (7.1) 28.9 (11.3) 25.0 (7.9) 29.1 (11.2)

Experienced asthma exacerbation, N (%) 14 (15%) 9 (45%) 52 (62.7%) 94 (70.1%)

Table 2. Results of the combined common and rare variant analyses. Analyses are also stratified by rare and common variants giving the p-value for the combined
sum test and the number of SNPs included in the analysis. Bonferroni significant results are highlighted in green and marginal associations (p-value < 0.05) are
highlighted in yellow. Note that the column “BP” for base pairs refers to genome build GRCh38/hg38, and note that the columns “# SNP” is the number of SNPs.

PrecisionLink Biobank (White) PrecisionLink Biobank (Black) BIG (White) BIG (Black)

Common +
Rare Common Rare Common

+ Rare Common Rare Common
+ Rare Common Rare Common

+ Rare Common Rare

Chr Gene BP P #
SNP P #

SNP P #
SNP P #

SNP P #
SNP P #

SNP P #
SNP P #

SNP P #
SNP P #

SNP P #
SNP P #

SNP

2 DPP10 114,442,299–115,845,780 0.23 108 0.39 18 0.11 90 0.39 80 0.62 8 0.14 72 0.85 38 0.72 9 0.78 29 0.17 85 0.20 19 0.39 66

5 FBXL7 15,500,180–15,939,795 0.12 22 0.21 1 0.03 21 0.07 7 - 0 0.07 7 0.91 6 0.74 1 0.95 5 0.11 20 0.13 4 0.04 16

5 NDFIP1 142,108,779–142,154,440 0.76 23 0.74 6 0.17 17 0.92 19 1 1 0.44 18 0.36 1 - 0 0.36 1 0.77 19 - 0 0.77 19

6 TBXT 166,157,656–166,168,700 0.44 33 0.13 17 0.45 16 0.1 30 0.08 10 0.05 20 0.76 17 0.52 8 0.15 9 0.72 27 0.66 13 0.44 14

7 GLCCI1 7,968,796–8,094,272 0.10 33 0.03 9 0.65 24 0.11 29 0.03 7 0.07 22 0.52 13 0.50 6 0.45 7 0.43 27 0.61 7 0.33 20

7 HDAC9 18,086,825–19,002,416 0.42 80 0.21 14 0.75 66 0.05 75 0.11 14 0.26 61 0.76 30 0.99 8 0.06 22 0.46 79 0.27 21 0.69 58

7 TBXAS1 139,777,051–140,020,325 0.99 73 0.99 16 0.62 57 0.45 51 0.34 13 0.23 38 0.61 29 0.50 4 0.60 25 0.04 52 0.03 8 0.10 44

12 STAT6 57,095,408–57,132,139 0.94 32 0.88 8 0.62 24 0.003 35 0.003 3 0.05 32 0.33 16 0.66 3 0.07 13 0.23 36 0.63 5 0.21 31

17 GSDMB/
ORMDL3 39,904,595–39,927,601 0.003 36 0.03 12 0.008 24 0.39 36 0.18 7 0.22 29 0.02 13 0.03 4 0.30 9 0.57 26 0.52 5 0.65 21

17 CRHR1 45,784,277–45,835,828 0.23 30 0.35 10 0.55 20 0.14 24 0.11 3 0.18 21 0.32 13 0.24 6 0.24 7 0.71 41 0.41 5 0.89 36

17 GNGT2 49,202,791–49,210,574 0.07 7 0.03 3 0.3 4 0.04 7 - 0 0.04 7 0.50 5 0.31 3 1.00 2 0.43 7 0.37 3 0.49 4

19 FCER2 7,688,758–7,702,146 0.87 53 0.54 22 0.98 31 0.16 38 0.23 15 0.08 23 0.20 16 0.17 9 0.20 7 0.71 34 1.00 10 0.54 24
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For the secondary analysis, the results are displayed in Table 3 for the association of
ICS response with the individual SNPs in GSDMB/ORMDL3 among White children in the
PrecisionLink Biobank for SNPs, with at least four variants present. While the joint effect of
the common variants (p = 0.03) and rare variants (0.008) were separately associated with
ICS response in Table 2, there is not a single common variant that is strongly associated
with ICS response as seen in Table 3. The joint association of the common variants in
GSDMB/ORMDL3 with ICS response seems to be due to several SNPs in the region and not
the effect of a single SNP. Also, note that all of the SNPs that were classified as common
variants in GSDMB/ORMDL3 are also intronic variants.

Table 3. Results of the single variant logistic regression analyses for GSDMB/ORMDL3 in White
children in the PrecisionLink Biobank for SNPs with at least 4 variants present.

SNP BP Intronic
Variant

Common vs.
Rare Variant MAF Beta SE p

rs36000226 39,907,676 Yes Common 0.36 0.93 0.42 0.03

rs1185154183 39,907,727 Yes Common 0.30 0.66 0.42 0.12

rs117097909 39,908,718 Yes Common 0.09 −1.36 1.1 0.22

rs2290400 39,909,987 Yes Common 0.43 1.07 0.48 0.02

rs870830 39,912,120 Yes Common 0.26 −0.93 0.59 0.12

rs870829 39,912,129 Yes Common 0.33 0.6 0.44 0.18

rs921650 39,912,823 Yes Common 0.45 0.88 0.43 0.04

rs113894104 39,916,702 Yes Rare 0.03 1.88 1.02 0.07

rs1035064486 39,917,588 Yes Common 0.45 −0.45 0.37 0.23

rs111379006 39,918,847 No Rare 0.02 1.61 1.34 0.23

rs4065275 39,924,612 Yes Common 0.47 1.33 0.53 0.01

rs8076131 39,924,659 Yes Common 0.48 0.6 0.4 0.13

rs12603332 39,926,554 Yes Common 0.44 1.02 0.49 0.04

rs17608925 39,926,578 Yes Common 0.09 1.42 0.71 0.05

4. Discussion

Using WES data, GSDMB/ORMDL3 was significantly associated with ICS response
for the combined effect of rare and common variants (p-value = 0.003) among White
children in the PrecisionLink Biobank and replicated in the BIG Initiative (p-value = 0.02).
GSDMB/ORMDL3 has previously been associated with ICS response and exacerbations
for common variants [22], asthma for common variants [23], and asthma for the combined
effect of rare and common variants [24]. However, GSDMB/ORMDL3 has not previously
been associated with ICS response or exacerbations for rare variants. While the association
of asthma exacerbations or ICS response with rare variants has been studied previously, no
significant associations were previously found [15,16].

While the objectives of this study were to assess the association of combined rare and
common variants on ICS response and to conduct a proof-of-concept pharmacogenetic
study in two real-world pediatric biobanks, there were limitations for this study. The
sample sizes were small and evaluation in larger cohorts is needed. While STAT6 was
significantly associated with ICS response among Black children in the PrecisionLink
Biobank, caution is needed for this result since the sample size is extremely small and the
signal did not replicate. Also, while the outcome was based on EHRs for Boston Children’s
Hospital, outpatient, ED visits, and hospitalizations that occurred at other sites may have
been missed.

Future studies are needed due to the small sample size for this study. Given the
complexity of asthma and its treatment responses, larger and more diverse samples could



Genes 2024, 15, 420 6 of 7

potentially provide a more robust understanding of the genetic determinants involved.
Future studies incorporating preliminary evidence from functional or structural predic-
tions regarding the identified variants could further strengthen this study’s conclusions.
The clinical relevance of these findings would be enhanced by such evidence that could
offer insights into the biological mechanisms through which these variants influence ICS
response.

Large biobanks that link collections of biological specimens to clinical information
in diverse, real-life populations have been fruitful in the discovery of pharmacogenetic
markers. Nevertheless, few such biobanks are dedicated to children, likely because of
logistical and regulatory issues related to the recruitment of children. Nevertheless, includ-
ing children is important to ensure that children benefit from genetic advancements. This
proof-of-concept study demonstrates the potential power of biobanks of pediatric real-life
populations in genomic investigations for asthma.

Author Contributions: K.V., A.M. and S.M.L. conducted all analyses. K.V., A.M., L.C., S.W.K., I.-H.L.,
A.T.K., M.M., K.D.M., B.R., M.H., R.L.D., A.C.W. and S.M.L. contributed to the editing and drafting
of the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: S.M.L., K.V. and A.C.W. are supported by R01MH129337 from the NIH. K.M. is supported
by U01TR002623 from the National Center for Advancing Translational Sciences/NIH.

Institutional Review Board Statement: All study procedures were approved by the respective
Institutional Review Boards of each consortium.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
studies.

Data Availability Statement: The data are not currently publicly available but will be publicly
available in the future or potentially accessible through a biobank collaborator.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Most Recent National Asthma Data. Available online: https://www.cdc.gov/asthma/most_recent_national_asthma_data.htm

(accessed on 5 June 2023).
2. Szefler, S.J.; Phillips, B.R.; Martinez, F.D.; Chinchilli, V.M.; Lemanske, R.F.; Strunk, R.C.; Zeiger, R.S.; Larsen, G.; Spahn, J.D.;

Bacharier, L.B.; et al. Characterization of within-subject responses to fluticasone and montelukast in childhood asthma. J. Allergy
Clin. Immunol. 2005, 115, 233–242. [CrossRef]

3. Malmstrom, K.; Rodriguez-Gomez, G.; Guerra, J.; Villaran, C.; Piñeiro, A.; Wei, L.X.; Seidenberg, B.C.; Reiss, T.F.; Mon-
telukast/Beclomethasone Study Group. Oral montelukast, inhaled beclomethasone, and placebo for chronic asthma: A random-
ized, controlled trial. Montelukast/Beclomethasone Study Group. Ann. Intern. Med. 1999, 130, 487–495. [CrossRef]

4. Chung, K.F.; Godard, P.; Adelroth, E.; Ayres, J.; Barnes, N.; Barnes, P.; Bel, E.; Burney, P.; Chanez, P.; Connett, G.; et al.
Difficult/therapy-resistant asthma: The need for an integrated approach to define clinical phenotypes, evaluate risk factors,
understand pathophysiology and find novel therapies. ERS Task Force on Difficult/Therapy-Resistant Asthma. Eur. Respir. Soc.
Eur. Respir J. 1999, 13, 1198–1208.

5. Keskin, O.; Farzan, N.; Birben, E.; Akel, H.; Karaaslan, C.; Maitland-van der Zee, A.H.; Wechsler, M.E.; Vijverberg, S.J.; Kalayci, O.
Genetic associations of the response to inhaled corticosteroids in asthma: A systematic review. Clin. Transl. Allergy 2019, 9, 2.
[CrossRef] [PubMed]

6. Mak, A.C.Y.; White, M.J.; Eckalbar, W.L.; Szpiech, Z.A.; Oh, S.S.; Pino-Yanes, M.; Hu, D.; Goddard, P.; Huntsman, S.; Galanter, J.;
et al. NHLBI Trans-Omics for Precision Medicine (TOPMed) Consortium. Whole-Genome Sequencing of Pharmacogenetic Drug
Response in Racially Diverse Children with Asthma. Am. J. Respir. Crit. Care Med. 2018, 197, 1552–1564. [CrossRef]

7. Tantisira, K.G.; Lake, S.; Silverman, E.S.; Palmer, L.J.; Lazarus, R.; Silverman, E.K.; Liggett, S.B.; Gelfand, E.W.; Rosenwasser, L.J.;
Richter, B.; et al. Corticosteroid pharmacogenetics: Association of sequence variants in CRHR1 with improved lung function in
asthmatics treated with inhaled corticosteroids. Hum. Mol. Genet. 2004, 13, 1353–1359. [CrossRef] [PubMed]

8. Tantisira, K.G.; Lasky-Su, J.; Harada, M.; Murphy, A.; Litonjua, A.A.; Himes, B.E.; Lange, C.; Lazarus, R.; Sylvia, J.; Klanderman,
B.; et al. Genomewide association between GLCCI1 and response to glucocorticoid therapy in asthma. N. Engl. J. Med. 2011, 365,
1173–1183. [CrossRef]

9. Tantisira, K.G.; Silverman, E.S.; Mariani, T.J.; Xu, J.; Richter, B.G.; Klanderman, B.J.; Litonjua, A.A.; Lazarus, R.; Rosenwasser,
L.J.; Fuhlbrigge, A.L.; et al. FCER2: A pharmacogenetic basis for severe exacerbations in children with asthma. J. Allergy Clin.
Immunol. 2007, 120, 1285–1291. [CrossRef] [PubMed]

https://www.cdc.gov/asthma/most_recent_national_asthma_data.htm
https://doi.org/10.1016/j.jaci.2004.11.014
https://doi.org/10.7326/0003-4819-130-6-199903160-00005
https://doi.org/10.1186/s13601-018-0239-2
https://www.ncbi.nlm.nih.gov/pubmed/30647901
https://doi.org/10.1164/rccm.201712-2529OC
https://doi.org/10.1093/hmg/ddh149
https://www.ncbi.nlm.nih.gov/pubmed/15128701
https://doi.org/10.1056/NEJMoa0911353
https://doi.org/10.1016/j.jaci.2007.09.005
https://www.ncbi.nlm.nih.gov/pubmed/17980418


Genes 2024, 15, 420 7 of 7

10. Tantisira, K.G.; Damask, A.; Szefler, S.J.; Schuemann, B.; Markezich, A.; Su, J.; Klanderman, B.; Sylvia, J.; Wu, R.; Martinez, F.; et al.
Genome-wide association identifies the T gene as a novel asthma pharmacogenetic locus. Am. J. Respir. Crit. Care Med. 2012, 185,
1286–1291. [CrossRef]

11. Levin, A.M.; Gui, H.; Hernandez-Pacheco, N.; Yang, M.; Xiao, S.; Yang, J.J.; Hochstadt, S.; Barczak, A.J.; Eckalbar, W.L.; Rynkowski,
D.; et al. Integrative approach identifies corticosteroid response variant in diverse populations with asthma. J. Allergy Clin.
Immunol. 2019, 143, 1791–1802. [CrossRef]

12. Hernandez-Pacheco, N.; Farzan, N.; Francis, B.; Karimi, L.; Repnik, K.; Vijverberg, S.J.; Soares, P.; Schieck, M.; Gorenjak, M.;
Forno, E.; et al. Genome-wide association study of inhaled corticosteroid response in admixed children with asthma. Clin. Exp.
Allergy 2019, 49, 789–798. [CrossRef]

13. Tse, S.M.; Krajinovic, M.; Chauhan, B.F.; Zemek, R.; Gravel, J.; Chalut, D.; Poonai, N.; Quach, C.; Laberge, S.; Ducharme, F.M.;
et al. Genetic determinants of acute asthma therapy response in children with moderate-to-severe asthma exacerbations. Pediatr.
Pulmonol. 2019, 54, 378–385. [CrossRef] [PubMed]

14. Vijverberg, S.J.H.; Koster, E.S.; Tavendale, R.; Leusink, M.; Koenderman, L.; Raaijmakers, J.a.M.; Postma, D.S.; Koppelman, G.H.;
Turner, S.W.; Mukhopadhyay, S.; et al. ST13 polymorphisms and their effect on exacerbations in steroid-treated asthmatic children
and young adults. Clin. Exp. Allergy 2015, 45, 1051–1059. [CrossRef]

15. Herrera-Luis, E.; Mak, A.C.Y.; Perez-Garcia, J.; Martin-Gonzalez, E.; Eng, C.; Beckman, K.B.; Huntsman, S.; Hu, D.; González-
Pérez, R.; Hernández-Pérez, J.M.; et al. Admixture mapping of severe asthma exacerbations in Hispanic/Latino children and
youth. Thorax 2023, 78, 233–241. [CrossRef] [PubMed]

16. Leusink, M.; Vijverberg, S.J.; Koenderman, L.; Raaijmakers, J.A.; de Jongste, J.C.; Sterk, P.J.; Duiverman, E.J.; Onland-Moret, N.C.;
Postma, D.S.; de Boer, A.; et al. Genetic variation in uncontrolled childhood asthma despite ICS treatment. Pharmacogenomics J.
2016, 16, 158–163. [CrossRef] [PubMed]

17. Welcome to the Genomic Information Commons. Available online: www.genomicinformationcommons.org (accessed on 5 June
2023).

18. Bourgeois, F.T.; Avillach, P.; Kong, S.W.; Heinz, M.M.; Tran, T.A.; Chakrabarty, R.; Bickel, J.; Sliz, P.; Borglund, E.M.; Kornetsky, S.;
et al. Development of the PrecisionLink Biobank at Boston Children’s Hospital: Challenges and Opportunities. J. Pers. Med. 2017,
7, 21. [CrossRef]

19. Welcome to the PrecisionLink Biobank for Health Discovery. Available online: https://biobank.childrens.harvard.edu/ (accessed
on 5 June 2023).

20. Jose, R.; Rooney, R.; Nagisetty, N.; Davis, R.; Hains, D. Biorepository and integrative genomics initiative: Designing and
implementing a preliminary platform for predictive, preventive and personalized medicine at a pediatric hospital in a historically
disadvantaged community in the USA. EPMA J. 2018, 9, 225–234. [CrossRef]

21. Ionita-Laza, I.; Lee, S.; Makarov, V.; Buxbaum JLin, X. Sequence kernel association tests for the combined effect of rare and
common variants. Am. J. Human. Genet. 2013, 92, 841–853. [CrossRef]

22. Li, X.; Christenson, S.A.; Modena, B.; Li, H.; Busse, W.W.; Castro, M.; Denlinger, L.C.; Erzurum, S.C.; Fahy, J.V.; Gaston, B.; et al.
Genetic analyses identify GSDMB associated with asthma severity, exacerbations, and antiviral pathways. J. Allergy Clin. Immunol.
2021, 147, 894–909. [CrossRef]

23. Olafsdottir, T.A.; Theodors, F.; Bjarnadottir, K.; Bjornsdottir, U.S.; Agustsdottir, A.B.; Stefansson, O.A.; Ivarsdottir, E.V.; Sigurdsson,
J.K.; Benonisdottir, S.; Eyjolfsson, G.I.; et al. Eighty-eight variants highlight the role of T cell regulation and airway remodeling in
asthma pathogenesis. Nat. Commun. 2020, 11, 393. [CrossRef]

24. Igartua, C.; Myers, R.A.; Mathias, R.A.; Pino-Yanes, M.; Eng, C.; Graves, P.E.; Levin, A.M.; Del-Rio-Navarro, B.E.; Jackson, D.J.;
Livne, O.E.; et al. Ethnic-specific associations of rare and low-frequency DNA sequence variants with asthma. Nat. Commun.
2015, 6, 5965. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1164/rccm.201111-2061OC
https://doi.org/10.1016/j.jaci.2018.09.034
https://doi.org/10.1111/cea.13354
https://doi.org/10.1002/ppul.24247
https://www.ncbi.nlm.nih.gov/pubmed/30644648
https://doi.org/10.1111/cea.12492
https://doi.org/10.1136/thorax-2022-218755
https://www.ncbi.nlm.nih.gov/pubmed/36180068
https://doi.org/10.1038/tpj.2015.36
https://www.ncbi.nlm.nih.gov/pubmed/25963336
www.genomicinformationcommons.org
https://doi.org/10.3390/jpm7040021
https://biobank.childrens.harvard.edu/
https://doi.org/10.1007/s13167-018-0141-y
https://doi.org/10.1016/j.ajhg.2013.04.015
https://doi.org/10.1016/j.jaci.2020.07.030
https://doi.org/10.1038/s41467-019-14144-8
https://doi.org/10.1038/ncomms6965
https://www.ncbi.nlm.nih.gov/pubmed/25591454

	Introduction 
	Materials and Methods 
	Discovery Population: PrecisionLink Biobank 
	Validation Population: BIG Initiative 
	WES Processing for PrecisionLink Biobank Samples 
	Statistical Approach 

	Results 
	Discussion 
	References

