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ABSTRACT

Background: Little is known about the mechanisms underlying the link between violence-related distress and asthma,
particularly for asthma endotypes.

Methods: Cross-sectional analysis of violence-related distress in the previous 6 months (assessed using the Checklist of
Children's Distress Symptoms [CCDS] scale) and nasal epithelial gene expression in 3 studies of youth with asthma aged
8-20 years: Stress and Treatment Response in Puerto Rican and African American Children with Asthma (STAR, n=128),
Epigenetic Variation and Childhood Asthma in Puerto Ricans (EVA-PR, n=228), and Vitamin D Kids Asthma (VDKA, n =47).
We then tested for the association between expression of CCDS-related genes and nasal epithelial transcriptomic profiles
corresponding to T2-high and T17-high asthma endotypes.

Results: In a meta-analysis of the CCDS score in the three cohorts, we identified 12 differentially expressed genes (DEGs) with false
discovery rate-adjusted p value (FDR-P) < 0.05 and the same direction of association as in the discovery cohort (EVA-PR) in at least
one replication cohort. Of these 12 DEGs, 9 (S100A7A, CCL2, CCL8, CXCL9-11, COL15A1, CD300E, and LILRB1) were upregulated
and significantly associated with T17-high asthma in a meta-analysis of the three cohorts. Two genes belong to the CC Motif
Chemokine Ligand family (CCL2, CCLS8) and 3 belong to the CXC Motif Chemokine Ligand family (CXCL9, CXCL10, and CXCL11).
Conclusion: Nine novel genes were associated with violence-related distress and T17-high asthma in three cohorts of pre-
dominantly minoritized youth with asthma. Our findings may help uncover biologic processes underlying the violence-asthma
link and could represent novel therapeutic targets for T17-high asthma.

1 | Introduction due to multiple factors, including exposure to violence and

. . . . related distress [4, 5
Asthma is the most common chronic respiratory disease [4,5]

among children worldwide [1]. Puerto Ricans are dis- Asthma is not a single condition but a heterogeneous syndrome
proportionately affected by childhood asthma [2, 3], likely comprising distinct phenotypes, each defined by clinical traits
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(e.g., atopic asthma: asthma with atopy [sensitization to 21
aero-allergen]) [1, 6]. Such phenotypes are easily identifiable in
clinical practice but are not well correlated with causal mech-
anisms [6]. Over the last two decades, studies of gene expression
in bronchial epithelial samples from affected adults have
defined underlying mechanisms or endotypes of asthma [7-9],
which ultimately led to the development of targeted treatments
for severe forms of one endotype: T-helper 2 (T2)-high asthma
[6]. Indeed, severe T2-high asthma can now be treated with
various monoclonal antibodies, with specific treatment chosen
according to levels of biomarkers of T2 immune responses in
blood and exhaled breath [6].

Studying endotypes other than T2-high asthma (collectively
referred to as “T2-low asthma”) has been challenging because
such endotypes cannot be accurately identified without ana-
lyzing samples obtained during a bronchoscopy (an invasive
test requiring sedation). Leveraging the knowledge that gene
expression in nasal (airway) epithelial is well correlated with
that in bronchial (airway) epithelium, we recently showed that
distinct nasal epithelial transcriptomic profiles identified T2-
high, T17-high, and T2-low/T17-low asthma endotypes in three
independent cohorts, including predominantly Puerto Rican
and African American youths [10].

Previous work from our group and others suggests a potential
link between violence-related distress and biomarkers or traits
partly correlated with T2-high (e.g., high total IgE, blood eosi-
nophilia) and T17-high (e.g., corticosteroid resistance, blood
neutrophilia) asthma endotypes [5, 11-15]. Building on this
work and leveraging our novel non-invasive approach to
asthma endotyping, we recently demonstrated that exposure to
violence and related distress were associated with T2-high and
T17-high asthma in a cross-sectional study of Puerto Rican
youths aged 9 to 20 years [16].

Based on our prior findings, we hypothesized that expression of
genes altered by violence-related distress would be linked to T2-
high and T17-high asthma in children and adolescents at high
risk for asthma morbidity. We tested this hypothesis by first
conducting a differential expression (DE) analysis for violence-
related distress using RNA from nasal epithelial samples in a
cohort of Puerto Rican youth and in two ethnically diverse
cohorts and then assessing whether genes differentially ex-
pressed for violence-related distress are also associated with T2-
high or T17-high asthma in these three cohorts.

2 | Methods
2.1 | Discovery Cohort

The Epigenetic Variation and Childhood Asthma in Puerto
Ricans study (EVA-PR) is a case-control study of asthma in
Puerto Rican youth aged 9-20 years. Subject recruitment and
study procedures for EVA-PR were previously described [17]. In
brief, subjects were recruited in the metropolitan area of San
Juan and Caguas (Puerto Rico) from February 2014 to May
2017, using multistage probabilistic sampling. All participants
had to have four Puerto Rican grandparents, were never
smokers or former smokers with <5 pack-years of smoking, and
had no chronic diseases other than asthma. Cases had
physician-diagnosed asthma and wheeze in the prior year, and
control subjects had neither physician-diagnosed asthma nor

wheeze in the prior year. The study protocol included admin-
istration of questionnaires and collection of nasal samples. All
participants had not received systemic (intravenous, intra-
muscular, or oral) corticosteroids and had no self-reported
upper respiratory illnesses in the 4 weeks before nasal sampling.
All participants completed the validated Checklist of Children's
Distress Symptoms (CCDS) questionnaire, a 28-item validated
scale that assesses distress symptoms as a result of exposure to
violence in the previous 6 months [18-21]. An overall score is
obtained by summing the scores for all questions, and then
dividing by the number of questions so that the final CCDS
score ranges between 1 and 5. The study was approved by the
institutional review boards (IRBs) of the University of Puerto
Rico (Protocol #0160713) and the University of Pittsburgh
(Protocol #20050135). Written parental consent and child assent
were obtained for participants under 18 years old, and written
consent was obtained from participants 18 years and older.

Nasal epithelial samples were collected from the inferior tur-
binate of study participants, as previously described [17]. Prior
to RNA extraction, CD326(+) nasal epithelial cells were ex-
tracted in a subset of samples to account for potential effects of
distinct cell types. RNA-Seq was then conducted at the Geno-
mics Core of the University of Pittsburgh, with library prepa-
ration done using TruSeq Stranded Total RNA Library Prep Kit
with Ribo-Zero Gold High Throughput kit, which removes both
cytoplasmic and mitochondrial ribosomal RNA (rRNA)
(lumina, San Diego, CA), according to the manufacturer's
protocol [17, 22]. Libraries were run on the Illumina NextSeq.
500 platform, with paired-end 75 cycles and with 80 million
reads per sample. Whole-genome genotyping was conducted in
DNA from blood samples using the Illumina HumanOmni2.5
BeadChip platform, as previously described [23]. Imputation of
non-genotyped single-nucleotide polymorphisms (SNPs) was
performed with the Imputation Server [24], using the Haplotype
Reference Consortium r1.1 2016 as the reference panel [25].

2.2 | Replication Cohorts

221 | Vitamin D Kids Asthma Study (VDKA)

As previously reported, VDKA was a 48-week randomized,
double-blinded, placebo-controlled clinical trial of vitamin Ds
supplementation (4000 IU/day) to prevent severe asthma ex-
acerbations in children ages 6-16 years [26]. Children with
mild persistent asthma, 2 1 severe asthma exacerbation in the
previous year, and a serum vitamin D < 30 ng/mL were re-
cruited from seven US sites, including the University of Pitts-
burgh. Of the 115 children randomized at the Pittsburgh site, 52
participated in an ancillary study of nasal epithelial gene ex-
pression, providing nasal samples after 4 weeks of treatment
with low dose inhaled fluticasone (88 mcg twice a day for
children < 12 years old and 110 mcg twice a day for
children 2 12 years old) and completed the CCDS questionnaire
(as they were 9 years and older) at the exit visit. As in EVA-PR,
all participants had not received systemic corticosteroids or self-
reported an upper respiratory illness in the 4 weeks prior to
nasal sampling. The study was approved by the IRBs of all
participating institutions, and the RNA-Seq ancillary study was
approved by the IRB of the University of Pittsburgh (Protocol
#12020541). Written parental consent and assent were obtained

20f 12



from all participants. The authors assert that all procedures
contributing to this work comply with the ethical standards of
the relevant national and institutional committees on human
experimentation and with the Helsinki Declaration of 1975, as
revised in 2008.

2.2.2 | Stress and Treatment Response in Puerto Rican and
African American Children with Asthma

Subject recruitment and study design for the Stress and Treat-
ment Response in Puerto Rican and African American Children
with Asthma study (STAR) were previously described [10]. In
brief, STAR was a study of response to inhaled corticosteroids
(ICS) in youth recruited at the University of Puerto Rico Med-
ical Center and UPMC Children's Hospital of Pittsburgh from
June 2018 to May 2022. Eligible participants were youth ages
8-20 years who were steroid naive (no treatment with ICS,
nasal steroids, or systemic corticosteroids for at least 4 weeks)
and never smokers or former smokers with <5 pack-years, and
who had physician-diagnosed mild to moderate persistent
asthma and at least three grandparents who were Puerto Rican
(in Puerto Rico) or African American (in Pittsburgh). At the
baseline visit, all participants completed the CCDS question-
naire and had RNA sequenced in nasal epithelial samples col-
lected as in EVA-PR. The study was approved by the IRBs of the
University of Puerto Rico (Protocol #0160217) and the Univer-
sity of Pittsburgh (Protocol #20020036). Written parental con-
sent and assent were obtained from participants < 18 years old,
and consent was obtained from participants = 18 years old.

2.3 | RNA Sequencing and Data Preprocessing

In EVA-PR, VDKA, and STAR, RNA-Seq quality control was
conducted using FastQC [28] and summarized by MultiQC. 3’
adapters and bad-quality reads were trimmed with Trim Galore!

[27] and Cutadapt [28]. Using the STAR RNA-seq aligner [29],
trimmed reads were aligned to the latest human reference
genome at the time of the studies (hg19 for EVA-PR and hg38
for VDKA and STAR) and annotated using RSEM [30]. Samples
with poor overall quality and low alignment rate were excluded
from the analysis. After QC, genes with low expression (mean
count < 2), low variation (standard deviation of count<0.1),
and sex chromosome genes were removed from downstream
analyses. After preprocessing and filtering, a total of 17,724,
18,487, and 16,068 genes were retained for the analyses in EVA-
PR, VDKA, and STAR, respectively.

In all cohorts, viral abundance was also quantified in nasal
RNA-Seq data using the nf-core tax-profiler pipeline, with tax-
onomic annotation and read quantification carried out by
Kraken?2 [31] against the Maxikraken2_1903_140GB database
(March 2019). Viral abundance profiles were subsequently
transformed using a centered log-ratio (CLR) approach to
account for compositionality.

2.4 | Statistical Analysis

The DE analysis of CCDS in nasal epithelial samples from
subjects in our discovery cohort (EVA-PR) was conducted using
a multivariable negative binomial regression framework

employing the DESeq. 2 package in R 4.1.1., with correction for
multiple testing using the Benjamini-Hochberg false discovery
rate (FDR) method. This multivariable analysis was adjusted for
age, sex, household income (< vs. 2 US $15,000/year, the
median income in Puerto Rico at the time of the study), cell
sorting protocol, asthma status (case vs. control), and the top
five principal components (PCs) derived from genome-wide
genotypic data (to control for potential population stratification,
as previously described) [23].

We attempted to replicate our findings in EVA-PR in VDKA
and STAR. As in EVA-PR, replication analyses were conducted
using a multivariable negative binomial regression approach.
The model in STAR was adjusted for age, sex, household
income (<vs. 2US $30,000 in Pittsburgh, PA or <vs. 2US
$15,000 in San Juan, PR), cell sorting protocol and study site
(San Juan or Pittsburgh). In VDKA, the model was adjusted for
age, sex, race, vitamin D level, household income (<vs. 2US
$30,000) and cell sorting protocol. A meta-analysis of the three
study cohorts was then conducted using inverse variance-
weighted average methods. Genes that had the same direction
of association as in EVA-PR in at least one replication cohort, as
well as an FDR-P < 0.05 in the meta-analysis of the three
cohorts, were considered differentially expressed genes (DEGs).
Based on genes with raw p <0.01 from the DE of the CCDS
score in the meta-analysis, we performed a canonical pathway
enrichment analysis using IPA [32] and identified enriched
pathways at FDR-P < 0.05.

Next, we investigated whether DEGs associated with violence-
related distress also showed associations with T17-high or T2-
high asthma. As previously described [10], K-means clustering
analysis was performed across all asthma samples in each study,
based on expression of selected T2 (POSTN, CLCA1, and SER-
PINB2) and T17 (CXCL1, CXCL2, CXCL3, CSF3, and ILS) sig-
nature genes. These three clusters were annotated according to
the T2 panel 3-gene mean (3GM) and T17 panel 5-gene mean
(6GM) into T2HIGH/T17LOW,  T17HIGH/T2LOW  and T2toW/
T17'OW profiles, corresponding to three endotypes (T2-high,
T17-high, and T2-low/T17-low, respectively). We previously
showed consistent results using 5 alternative clustering ap-
proaches [10].

We then compared: (1) participants with T2-high asthma to all
others (i.e., those with T17-high or T2-low/T17-low asthma),
and (2) participants with T17-high asthma to all others (i.e.,
those with T2-high or T2-low/T17-low asthma) using logistic
regression in EVA-PR. To replicate our findings, we conducted
a similar logistic regression analysis in VDKA and STAR. All
models were adjusted for age, sex, cell sorting protocol, and
annual household income. Models in EVA-PR were additionally
adjusted for the top five PCs, those in VDKA were additionally
adjusted for vitamin D level, and those in STAR were addi-
tionally adjusted for study site. Inverse variance-weighted
average fixed-effect methods were then used for the meta-
analysis in the three cohorts. Genes were considered significant
if they had p < 0.0042 (0.05/12 genes tested) in the meta-
analysis with the same direction of association as in EVA-PR in
at least one cohort.

We also performed association analyses to evaluate the re-
lationships between selected DEGs, viral abundance, and lung
function measures. Lung function measures included pre-
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bronchodilator and post-bronchodilator forced expiratory vol-
ume in 1 s (FEV}), forced vital capacity (FVC), and the FEVy/
FVC ratio. Associations between gene expression, viral abun-
dance, and lung function outcomes were estimated within each
cohort (EVA-PR, VDKA, and STAR) and combined using meta-
analysis to obtain pooled effect estimates.

3 | Results

3.1 | Characteristics of the Discovery and
Replication Cohorts

The main characteristics of participants in EVA-PR and the
replication cohorts (VDKA and STAR) are shown in Table 1,
according to their asthma status. Cases (participants with
asthma) were more likely to be male than controls in EVA-PR,
and participants in VDKA were younger than those in EVA-PR
or STAR. The mean CCDS score ranged from approximately 2
to 2.4 points across all three cohorts, with similar score distri-
butions (Supporting Information S1: E-Figure 1).

3.2 | DE Analysis of CCDS Score

In the DE meta-analysis, we identified 12 DEGs with FDR-adjusted
p <0.05 and the same direction of association as in EVA-PR in at
least one replication cohort. Of these 12 DEGs, 2 were down-
regulated and 10 were upregulated as the CCDS score increased
(Table 2 and Figure 1). Of the 12 DEGs, 2 belong to the CC Motif
Chemokine Ligand family (CCL2, CCL8) and 3 belong to the CXC
Motif Chemokine Ligand family (CXCL9, CXCL10, CXCL11). The
two gene families encode chemokines that participate in immune
cell recruitment and activation during inflammation, thereby ex-
erting a key influence on the modulation of immune and inflam-
matory reactions.

3.3 | Association of DEGs With T2-High or
T17-High Asthma

Supporting Information S1: E-Table 1 shows the main char-
acteristics of participants in the EVA-PR, VDKA and STAR, by
asthma endotype status. As previously shown [10], youths with
T2-high asthma exhibited significantly greater IgE levels, blood
eosinophil counts, and FeNO values compared with other en-
dotypes, consistent with canonical features of type 2
inflammation.

We next tested for the association between the 12 DEGs for
violence-related distress and T17-high or T2-high asthma across
the EVA-PR, VDKA, and STAR cohorts. Our analysis revealed
that 9 of the DEGs for violence-related distress (S100A7A,
CCL2, CCL8, CXCL9-11, COL15A1, CD300E, and LILRB1) were
significantly associated with T17-high asthma in the meta-
analysis of the three cohorts (Table 3). Notably, increased ex-
pression of these 9 genes was positively associated with T17-
high asthma (Supporting Information S1: E-Figure 2A). In the
association analysis of T2-high asthma, five genes were identi-
fied as differentially expressed: S100A7A, CXCL9, CXCL10,
CXCL11, and PDGFRA (Supporting Information S1: Table E2).
Upregulation of these genes was found to be negatively asso-
ciated with T2-high asthma (Supporting Information SI:
E-Figure 2B). This opposing association between the two
analysis aligns with the inherent inverse relationship between
T2-high and T17-high asthma endotypes.

3.4 | DEGs, Lung Function, and Viral Abundance

We next examined associations between the 12 DEGs for
violence-related distress and lung function measures across the
EVA-PR, VDKA, and STAR cohorts. In this meta-analysis,
S100A7A and COL15A1 were significantly associated with post-

TABLE 1 | Characteristics of study participants in the discovery and replication cohorts.

Asthma
EVA-PR VDKA STAR
Variable* Yes (N =228) No (N =240) Asthma (N =47) Asthma (N =128)
Age 154 (2.8) 15.7 (3.0) 11.3 (2.1) 13.9 (2.8)
CCDS score 2.03 (0.61) 1.94 (0.66) 2.22 (0.88) 2.41 (0.70)

Household income®
At/above the median
Below the median

94 (41.2%)
134 (58.8%)

Sex*
Female 100 (43.9%)
Male 128 (56.1%)
Race/ethnicity

Black or African American —
228 (100%)
White —
Other/Unknown —

Puerto Rican

112 (46.7%)
128 (53.3%)

132 (55.0%)
108 (45.0%)

— 23 (48.9%)
240 (100%) —

— 14 (29.8%) —

— 10 (21.3%) —

31 (66.0%)
16 (34.0%)

71 (55.5%)
57 (44.5%)

16 (34.0%)
31 (66.0%)

68 (53.1%)
60 (46.9%)

88 (68.8%)
40 (31.2%)

Abbreviations: CCDS, Checklist of Children's Distress Symptoms scale; EVA-PR, Epigenetic Variation and Childhood Asthma in Puerto Ricans study; STAR, Stress and
Treatment Response in Puerto Rican and African American children with Asthma; VDKA, Vitamin D Kids Asthma study.

*Values are presented as number (%) or mean (standard deviation).

YMedian household income: $15,000/year for EVA-PR and the Puerto Rico site of STAR, and $30,000/year for VDKA and the Pittsburgh site of STAR.

*p <0.05 for the comparison of cases and controls in EVA-PR.
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TABLE 2 | Differential expression meta-analysis results for violence-related distress in EVA-PR and in the replication cohorts (VDKA and STAR).

EVA-PR VDKA STAR Meta analysis
Raw Raw Raw Raw
Gene Chromosome Description Ig2FC  p value FDR Ig2FC ~ p value 1g2FC  p value Effect p value FDR
S100A7 A2 1 5100 calcium-binding protein A7A 1.841  236E-11  1.39E-07 0231 566E-01 0275  5.17E-01 1.093  4.93E-08  4.47E-04
JCHAIN 4 Joining chain of multimeric IgA 1.058  5.11E-12  4.53E-08 -0.331 3.75E-01 -0.002  9.95E-01 0.679  7.54E-08 4.47E-04
and IgM
CCL8 17 C-C motif chemokine ligand 8 1.773  241E-08 1.07E-04 -0.343 856E-01 0432  6.44E-01 1585  9.54E-08  4.47E-04
CCL2a 17 C-C motif chemokine ligand 2 0951  281E-07 7.11E-04 0625  150E-01 0444  3.00E-01 0.838  1.17E-07 4.47E-04
FLG22 1 Filaggrin 2 -1.159  156E-07 5.16E-04 -0.721 8.23E-02 -0.254 4.71E-01 -0.873 3.15E-07 9.62E-04
CXCL11? 4 C-X-C motif chemokine ligand 11 1.066  1.75E-07  5.16E-04 0514  7.81E-01  0.119  7.53E-01 0.849  2.03E-06  5.17E-03
CXCL10? 4 C-X-C motif chemokine ligand 10 0.781 1.25E-05  1.84E-02 1110 9.70E-03  0.165  5.95E-01 0.682  2.78E-06  5.70E-03
CXCL9? 4 C-X-C motif chemokine ligand 9 0.696  6.32E-06  1.12E-02 0575  7.19E-01 0397 131E-01 0.619  298E-06  5.70E-03
COL15A12 9 collagen type XV alpha 1 chain 0786  1.71E-06  3.80E-03 0251  5.90E-01 0.166  7.14E-01 0.668  5.18E-06  8.80E-03
FAM25A2 10 Family with sequence similarity 25 -0.756  4.68E-04  3.95E-01 -0.509 143E-01 -0.604 4.32E-02 -0.664 2.16E-05 3.29E-02
member A
CD300E= 17 CD300e molecule 0938  250E-05 3.41E-02 1528 1.39E-02 -0.181 6.98E-01 0.806  2.48E-05 3.44E-02
PDGFRA? 4 Platelet-derived growth factor receptor  0.167  1.80E-02 1.00E+00 0.529  9.93E-04  0.353  1.83E-02  0.246  3.46E-05 4.41E-02
alpha
LILRB1? 19 Leukocyte immunoglobulin like 0.454  5.01E-05 5.22E-02 0506  133E-01 0.062  821E-01 0407  3.96E-05 4.66E-02

receptor Bl

Abbreviations: EVA-PR, Epigenetic Variation and Childhood Asthma in Puerto Ricans study; STAR, Stress and Treatment Response in Puerto Rican and African American children with asthma; VDKA, Vitamin D Kids Asthma study.
*Genes with FDR <0.05 in meta-analysis, and have the same effect direction as EVA-PR in at least one replication cohort.
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FIGURE 1 | Volcano plot of differential expression meta-analysis of CCDS. Volcano plot showing the log2 fold change) and -logl0 (FDR-

adjusted p value) of all the genes in meta-analysis of the three cohorts. DEGs above the dashed line and outside the two vertical dashed line had FDR-
adjusted p-value <0.05 and | log2(fold change) | > 0.5, which were colored in red. CCDS, Checklist of Children's Distress Symptoms scale. [Color

figure can be viewed at wileyonlinelibrary.com]

bronchodilator FEV,/FVC (Supporting Information S1:
E-Table 3). Notably, higher expression of these genes was
generally linked to lower FEV; and FEVi/FVC, consistent
with airflow obstruction. We further assessed the relation
between DEGs by violence-related distress and viral abun-
dance derived from nasal RNA-Seq data. The meta-analysis
of all cohorts identified four genes—CCL2, CCL8, CD300E,
and LILRBI—significantly associated with higher viral
abundance (Figure 2).

3.5 | Pathway Analysis

We selected 249 genes with p < 0.01 in the meta-analysis of
DE by CCDS for subsequent analysis using Ingenuity Path-
way Analysis (IPA). Among these genes, we identified 44
significantly enriched pathways (Supporting Information S1:
E-Table 4) with FDR-p < 0.05. Of these, 18 pathways were
found to be activated (Figure 3A), including Pathogen-
Induced Cytokine Storm Signaling Pathway, Interferon
gamma signaling, and IL-17A Signaling in Fibroblasts.
Conversely, 16 pathways were observed to be inhibited
(Figure 3B), such as those related to Eukaryotic Translation
and EIF2 Signaling.

4 | Discussion

Few human studies, mostly focusing on genetics and epige-
netics, have explored omics mechanisms for the association
between violence-related distress and asthma [16, 21, 33, 34]. To
our knowledge, this is the first to study to examine if violence-
related distress is associated with differential nasal (airway)
epithelial gene expression in youth with asthma, and to test if
these DEGs are associated with specific asthma endotypes.
Identifying whether violence-related distress is associated with
specific asthma endotypes could help develop better approaches
to the prevention and management of childhood asthma in
populations at risk [4, 16, 35].

In a transcriptome-wide association analysis using RNA from
nasal (airway) epithelial samples from participants in 3 cohorts,
including predominantly Puerto Rican and African American
children and adolescents, 12 genes were differentially expressed
by violence-related distress. Further, increased nasal epithelial
expression of 9 of these 12 genes (S100A7A, CCL2, CCLS,
CXCL9-11, COL15A1, CD300E, and LILRBI1) was associated
with T17-high asthma. Although T17-high asthma was recently
shown to be common in minoritized youth with asthma [10],
relatively little is known about this endotype, for which we lack
targeted therapies [36].
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TABLE 3 | Results of the analysis of association between top differentially expressed genes by violence-related distress and T17 high asthma.

EVAPR VDKA STAR Meta analysis
Gene Chromosome Description log OR Raw p value log OR Raw p value log OR Raw p value Effect Raw p value
S100A7 A* 1 5100 calcium-binding protein A7A 0.560 3.62E-05 0.566 1.63E-01 0.820 1.60E-04 0.628 1.39E-08
CCL8* 17 C-C Motif Chemokine Ligand 8 0.510 2.01E-04 0.736 1.08E-01 0.485 6.55E-02 0.520 9.76E-06
CCL2* 1 C-C motif chemokine ligand 2 0.386 1.90E-05 0.219 4.07E-01 0.131 1.98E-01 0.270 3.60E-05
FLG2 4 filaggrin 2 -0.292 6.76E-02 0.152 8.81E-01 -0.695 9.35E-02 -0.333 2.37E-02
CXCL11* 4 C-X-C motif chemokine ligand 11 0.297 2.11E-05 0.299 8.20E-02 0.304 1.86E-03 0.299 2.88E-08
CXCL10* 4 C-X-C motif chemokine ligand 10 0.340 3.19E-06 0.269 1.39E-01 0.281 4.26E-03 0.314 1.74E-08
CXCL9* 9 C-X-C motif chemokine ligand 9 0.337 2.47E-05 0.246 2.03E-01 0.324 7.03E-03 0.324 2.66E-07
COL15AT1* 10 Collagen type XV alpha 1 chain 0.535 2.32E-03 -1.136 3.63E-01 0.425 3.68E-01 0.493 2.50E-03
FAM25A 4 Family with sequence similarity 25 member A 0.037 4.42E-01 0.008 9.59E-01 -0.095 2.94E-01 0.008 8.50E-01
CD300E* 17 CD300e molecule 0.831 1.57E-08 1.017 5.75E-02 0.404 1.81E-02 0.665 1.11E-09
PDGFRA 4 Platelet-derived growth factor receptor alpha 0.147 4.95E-01 1.196 2.74E-01 0.890 2.56E-03 0.426 1.33E-02
LILRBT* 19 Leukocyte immunoglobulin like receptor Bl 0.848 1.83E-06 0.754 5.69E-02 0.626 2.24E-03 0.753 3.19E-09

Abbreviations: EVA-PR, Epigenetic Variation and Childhood Asthma in Puerto Ricans study; STAR, Stress and Treatment Response in Puerto Rican and African American children with asthma; VDKA, Vitamin D Kids Asthma study.
*Genes with p value <0.0042 (0.05/12) in meta-analysis.
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FIGURE 2 | Meta-analysis of Viral Abundance—Associated Genes Across EVA-PR, VDKA, and STAR Cohorts. Forest plots show cohort-specific
and overall meta-analysis effect estimates for genes associated with viral abundance. Each panel displays the effect sizes (squares) with 95%

confidence intervals across EVA-PR, STAR, and VDKA cohorts, along with pooled meta-analysis estimates (diamonds). Genes with significant

overall effects are highlighted in red. The x-axis indicates the direction and magnitude of the associations, where positive values correspond to

increased gene expression with higher viral abundance. [Color figure can be viewed at wileyonlinelibrary.com]

While we cannot determine causality in this cross-sectional
study, current evidence suggests that violence-related distress
may plausibly affect the pathogenesis of T17-high asthma by
altering airway epithelial gene expression through neuro-
immune and neuro-hormonal mechanisms (Figure 4). This is
supported by our recent findings in a study of Puerto Rican
youths [16] and reported associations between such distress or
other types of chronic stress and T17-related traits such as blood
neutrophilia [14, 15, 37] and corticosteroid resistance [5, 38].
Further, mouse models have demonstrated that chronic stress
increases noradrenaline, which interacts with beta-3-adrenergic
receptors to signal bone marrow cells to decrease CXCL12
levels, thereby increasing hematopoietic stem cell proliferation
and increasing neutrophil production [15]. Moreover and con-
sistent with our current findings for enrichment of interferon-

gamma signaling and IL17-A signaling pathways, a murine
model showed that psychologic stress exacerbates inflammatory
responses via overactivation of the IL-23/T17 axis [39] and a
study of 28 adults with asthma showed that chronic stress was
associated with enhanced IL17A mRNA expression in blood in
response to acute stress and whole-lung allergen challenge [40].

Studies of circulating chemokines have implicated CCL2 in
post-traumatic stress disorder (PTSD) [41, 42] and depression
[43]. Further, CCL2 has been associated with T17 immune
responses, and blocking the CCL2/CCR?2 axis has been shown
to impede T-helper 17 cell migration in murine models [44].
Previous studies have demonstrated that CCL8 expression
increases in the setting of chronic stress [45] and in the pres-
ence of IL-17A [46]. In the current study, both CCL2 and CCL8
were also significantly associated with higher viral abundance,
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FIGURE 3 | Ingenuity Canonical Pathways enriched in CCDS DE meta-analysis. The plot represents canonical pathways enriched by DEGs
identified from CCDS DE meta-analysis. The x-axis represents the -log (FDR p-value), indicating the significance of each pathway. The y-axis lists the
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z-scores. (B) is the inhibited pathways with a negative enrichment z-score. [Color figure can be viewed at wileyonlinelibrary.com]

suggesting that these chemokines may not only mediate the link
between violence-related distress and T17-high asthma, but
could also contribute to increased susceptibility to viral colo-
nization or persistence in the airways. Further, immune-
modulating genes CD300E and LILRBI were upregulated in
T17-high asthma, suggesting that chronic psychosocial stress
may be associated with altered innate or adaptive immune
responses. Together, these findings suggest that these chemo-
kines and immune regulatory genes play a dual role in bridging

chronic stress, dysregulation of immune responses to viruses,
and T17-driven asthma pathogenesis.

Beyond chemokines, we also found that COL15A1 (Collagen
Type XV Alpha 1 Chain) and S100A7A (S100 calcium-binding
protein A7A) were significantly associated with lower post-
bronchodilator FEV,/FVC ratio, suggesting that stress-induced
dysregulation of these epithelial genes may contribute to
impaired lung function in youth with asthma. Further,
COL15AT1's association with lower post-BD FEV1/FVC ratio
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raises the possibility that extracellular matrix remodeling may
contribute to stress-related airway changes and the observed
decreased ICS response among individuals with T2-low asthma.

Upregulated expression of CXCL9, CXCL10, and CXCL11 was
associated with violence-related distress and T17-high asthma,
while their downregulated expression was associated with T2-
high asthma. These chemokines regulate T-helper 1 cell dif-
ferentiation [47] but have also been shown to be associated with
T-helper 17 cell differentiation [47—49]. Expression of S100A7A
and PDGFRA (platelet-derived growth factor receptor alpha)
was also downregulated in T2-high asthma. PDGFRA encodes a
tyrosine protein kinase that influences cell migration and che-
motaxis, and variants in this gene were recently associated with
aspirin-exacerbated respiratory disease [50]. Moreover, an
FIP1L1-PDGFRA fusion gene has been linked with progressive
eosinophilia in a patient with asthma and rhinitis, as well as
with eosinophilic atypia in a patient with asthma and myeloid/
lymphoid neoplasm [51, 52].

This is a cross-sectional study, and thus our findings need
replication in longitudinal studies to determine temporal re-
lationships and stability of endotypes over time. Moreover,
prospective studies should help differentiate any potential ef-
fects of short- to median-term violence-related distress (as
assessed by the CCDS) on airway epithelial gene expression
from those of long-term distress, while also assessing causality
through experimental validation and proteomic analyses.

We acknowledge additional study limitations. First, not all
genes that were significant in the meta-analysis were significant
in all 3 individual studies, likely due to the smaller sample size
of VDKA and STAR and/or differences in social determinants of
health and geographic location across studies. Second, con-
founding is possible in any observational study. We controlled
for age, sex, and household income (a proxy for socioeconomic

status), but lack data on other potential confounders such as co-
morbid mental health conditions and outdoor pollutants.
Moreover, we did not control for asthma severity or medication
use, though all individuals in STAR had mild to moderate
persistent asthma and were steroid naive, while all individuals
in VDKA had mild persistent asthma and were receiving low-
dose ICS at the time of nasal epithelial sampling. Third, only
VDKA included non-Hispanic white participants, and it is
possible that our findings in Puerto Ricans and African Amer-
icans may not be generalizable to youths in other ethnic groups
(e.g., American Indians and Alaska Natives) or other low-
income urban populations.

In summary, we have identified nine novel genes, including five
chemokines, associated with both violence-related distress and
T17-high asthma in youth with asthma. If replicated in other
studies, these genes may help uncover the underlying biological
processes that drive the association between chronic stress and
T17-high asthma.
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