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Abstract

Background: Corticosteroids remain a key therapy for treating children with asthma. Patients with severe asthma are
insensitive, resistant, or refractory to corticosteroids and have poorly controlled symptoms that involve airway inflam-
mation, airflow obstruction, and frequent exacerbations. While the pathways that mediate corticosteroid insensitivity
in asthma remain poorly defined, recent studies suggest that enhanced Th1 pathways, mediated by TNFa and IFNy,
may play a role. We previously reported that the combined effects of TNFa and IFNy promote corticosteroid insensitiv-
ity in developing human airway smooth muscle (ASM).

Methods: To further understand the effects of TNFa and IFNy on corticosteroid sensitivity in the context of neonatal
and pediatric asthma, we performed RNA sequencing (RNA-seq) on human pediatric ASM treated with fluticasone
propionate (FP), TNFa, and/or IFNy.

Results: We found that TNFa had a greater effect on gene expression (~ 1000 differentially expressed genes) than
IFNy (~ 500 differentially expressed genes). Pathway and transcription factor analyses revealed enrichment of several
pro-inflammatory responses and signaling pathways. Interestingly, treatment with TNFa and IFNy augmented gene
expression with more than 4000 differentially expressed genes. Effects of TNFa and IFNy enhanced several pro-
inflammatory genes and pathways related to ASM and its contributions to asthma pathogenesis, which persisted in
the presence of corticosteroids. Co-expression analysis revealed several gene networks related to TNFa- and IFNy-
mediated signaling, pro-inflammatory mediator production, and smooth muscle contractility. Many of the co-expres-
sion network hubs were associated with genes that are insensitive to corticosteroids.

Conclusions: Together, these novel studies show the combined effects of TNFa and IFNy on pediatric ASM and
implicate Th1-associated cytokines in promoting ASM inflammation and hypercontractility in severe asthma.
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Background

Corticosteroid sensitivity is an important factor in deter-
mining asthma severity [1]. While mild to moderate
asthma-related symptoms are managed effectively using
inhaled corticosteroids (ICS) at low-moderate doses,
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Airway smooth muscle cells (ASM) are important struc-
tural cells that regulate airway function and secrete sev-
eral cytokines and chemokines to contribute to airway
inflammation [3]. Corticosteroids inhibit the enhancing
effects of pro-inflammatory cytokines and growth factors
on ASM hypercontractility, remodeling and inflamma-
tion [4]. The important contributions of ASM to airway
inflammation, lung function, and exacerbations high-
light the relevance of ASM corticosteroid sensitivity in
asthma.

In recent years, there is an increasing appreciation for
the contributions of non-Th2 inflammatory pathways
in the pathogenesis of severe asthma. Multiple studies
have reported increased levels of IFNy, a Th1 cytokine,
and Thl lymphocyte infiltration in lung-derived samples
from adults with severe asthma [5-7]. Wisniewski et al.
identified the presence of Thl airway inflammation in
children with allergic and non-allergic severe asthma [8].
Flow cytometry analyses found CD3+CD4+IFNy+T
lymphocytes amongst cells collected from BAL, sug-
gesting that Thl inflammation promotes corticosteroid
insensitivity in severe pediatric asthma. Studies have
identified Thl inflammation and increased TNFa levels
in corticosteroid-insensitive children with obesity-related
asthma [9, 10]. Additionally, mice with increased Thl
inflammation during allergic airway inflammation have
increased corticosteroid insensitivity accompanied by
persistent hyperresponsiveness and remodeling [11, 12].
These data highlight the influence of Thl inflammation
on corticosteroid insensitivity in asthma.

Thl cytokines, TNFa and IFNy, have substantial pro-
inflammatory effects on ASM that contribute to airway
inflammation, hyperresponsiveness, and remodeling in
asthma [13], however little is known about their com-
bined effects on ASM gene expression. TNFa and IFNy
are known to synergistically induce the production of
several pro-inflammatory cytokines and chemokines,
including CXCL10, a key T lymphocyte chemoattract-
ant implicated in severe asthma [7, 14]. In addition to
stimulating the production of cytokines and chemokines,
TNFua is known to increase hypercontractility and prolif-
eration [15, 16]. Although Th1 cytokines are implicated
in severe asthma, the understanding of how corticoster-
oids modulate their effects on gene expression in ASM
are unknown.

Recent studies show that exposure to both TNF« and
IFNy uniquely induces corticosteroid insensitivity in
human fetal (18-22 weeks gestational age) and adult
ASM [17, 18]. To advance the understanding of how
TNFa and IFNy interactions mediate corticosteroid
insensitivity, we performed RNA-seq on pediatric human
ASM. Our novel findings are consistent with recent find-
ings showing a unique interaction between TNF« and
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IFNy that enables pro-inflammatory gene expression to
persist in ASM treated with corticosteroids. This is sup-
ported by pathway enrichment and co-expression analy-
ses showing a unique effect of TNFa and IFNy on gene
expression. We identified several pro-inflammatory genes
and pathways related to ASM and it’s contributions to
asthma pathogenesis that persists in the presence of cor-
ticosteroids. Collectively, our studies show that combined
exposure to TNFa and IFNy impairs corticosteroid sensi-
tivity in ASM and may contribute to persistent symptoms
and exacerbations in severe pediatric asthma.

Methods

Cell treatment and experimental design

Human pediatric (ASM) cells were isolated from tra-
chea and lung biospecimens collected by Comprehensive
Transplant Center Human Tissue Biorepository at the
OSU Wexner Medical Center and Mayo Clinic. Samples
used in this study are from nonasthma individuals who
were 0-22 years old. Biospecimens are from individu-
als who underwent tracheal reconstruction surgery or
donor lungs that did not meet criteria for lung trans-
plantation. These studies were approved by Nationwide
Children’s Hospital and Mayo Clinic Institutional Review
Boards. Pediatric ASM cells were cultured in DMEM/
F12 medium supplemented with 10% fetal bovine serum
and 1% antibiotic—antimycotic at 5% CO, and 37 °C.
Cells were serum-starved with 1% antibiotic—antimy-
cotic DMEM/F12 for 24 h. Cells were then treated with
vehicle (0.001% DMSO), 10 nM fluticasone propionate
(FP), 0.1-10 uM JAK Inhibitor I, 10 ng/mL TNFaq, and/or
25 ng/mL IFNYy for 3, 6, 12, 18, or 24 h. Cells lysates and
media were harvested and stored at — 80 °C until molec-
ular analyses. Cytokines were purchased from R&D Sys-
tems (Minneapolis, MN), fluticasone propionate and JAK
Inhibitor I from Millipore-Sigma (St. Louis, MO).

ELISA

Duoset ELISA kits (R&D Systems) were used to measure
CCL5 and CXCL10 secretion levels following the manu-
facturer’s protocol [17]. Absorbance was read at 450 and
530 nm using the SpectroMax M2e Spectrophotometer
(Molecular Devices, San Jose, CA). Standard curve was
generated to calculate the chemokine concentration in
media samples.

RNA-sequencing

Following treatment for 18 h, cells were harvested, and
total RNA was extracted from each treatment group
with Trizol reagent, digested with RNase-free DNase I,
and then stored at — 80 °C. Frozen samples were shipped
to Ocean Ridge Biosciences (Deerfield Beach, FlI) who
performed library preparation and RNA sequencing.
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In brief, the samples were re-purified using Agencourt
RNClean XP beads (cat no. A63987; Beckman Coulter
Life Sciences, Indianapolis, IN). RNA quality was veri-
fied by gel electrophoresis, and total RNA concentration
was measured using a spectrophotometer. RNA integrity
was visualized by agarose gel with each sample exhibit-
ing intact RNA as indicated by strong 28S and 18S bands
and minimal degradation. To generate cDNA librar-
ies from total RNA, 200 ng RNA was amplified using
the Universal Plus mRNA-Seq Library Prep Kit (cat no.
0508-96; NuGEN Technologies, San Carlos, CA). Library
size and quality were verified using chip-based capillary
electrophoresis on Agilent 2100 Bioanalyzer High Sensi-
tivity DNA assays (cat no. 5067-4626; Agilent Technolo-
gies, Santa Clara, CA) and quantified via Takara Library
Quantification Kit (cat no. 638324; Takara Bio, San Jose,
CA). For sequencing, libraries were pooled and loaded
onto an Illumina cBot flow cell. Following extension and
amplification to create sequence clusters, flow cells were
transferred to the HiSeq4000 instrument and sequenced
using 150 bp paired-end reads plus a single index read.
Samples that did not reach the targeted sequencing depth
(40 million total reads) were sequenced again using the
NextSeq500 instrument. The RNA-seq dataset was
deposited in GEO (www.ncbi.nlm.nih.gov/geo) under
accession number GSE179354.

Quality control and read alignment

RNA-seq data were analyzed on the NCH Franklin
Cluster within the Anaconda environment for Python
[19] and R scripts. FASTQ files were analyzed for qual-
ity before and after trimming with FASTQC [20] and
then for batch effects and other potential confounding
influences, age and gender, using Deeptools v3.3.1 [21].
Adaptors and other sequencing artifacts were removed
using the bbtools v38.86 and bbduk tool with the default
adaptors list [22]. Filtered and base-trimmed reads
were then aligned using Hisat2 v2.2.1 and the GRCh38.
p13 reference human genome [23]. Technical replicates
were merged at this point of the pipeline, and the result-
ing SAM files were converted to BAM files, then sorted
and indexed using SAMtools v1.9 [24]. Strandedness was
verified using RSeQC v3.0.0 9 to establish settings for
counting genomic features [25]. Following alignment,
features were counted using HTSeq2 v0.11.2 and count
tables generated [26]. A custom Python script was used
to merge counts files into a single table, parse for dupli-
cated stable ENSEMBL IDs, and merge duplicates.

Identification and annotation of differentially expressed
genes

Counts were normalized and differential expression
between treatment groups (Vehicle, FP, TNFa, IFNYy)
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was determined using EdgeR v3.32.0 [27, 28]. Prior to
performing differential expression analysis, the data
was adjusted for fixed and random effects, gender, and
age using a linear model. In addition to pairwise com-
parisons between each treatment and control, pairwise
comparisons between FP treated and non-FP treated
samples were performed. The treatments were arranged
as follows: (1) Control, (2) FP, (3) TNFa, (4) FP + TNFq,
(5) IENy, (6) FP+IENy, (7) TNFa/IENy, (8) FP+ TNFa/
IFNy. The resulting data was annotated with the Biocon-
ductor Homo.sapiens package v1.3.1 [29, 30]. False Dis-
covery Rate (FDR) was calculated from the p-values using
the Benjamini—Hochberg method. Genes considered dif-
ferentially expressed had a log, fold change of>1.5 (up-
regulated) or < — 1.5 (down-regulated) and an FDR <0.05.
Data exploration and visualization were performed using
RStudio inside the Bioconductor environment for Prin-
cipal Component Analysis (PCAtools) and generation of
volcano plots (EnhancedVolcano) [30].

Pathway and transcription factor enrichment analysis
Pathway and transcription factor enrichment of the iden-
tified differentially expressed genes, compared to control,
was assessed using the g:Prolifer tool [31] in BioConduc-
tor. Due to the large number of differentially expressed
genes identified in TNFa/IFNy treatment groups, a
threshold of log, fold change of>2 or<— 2 was used to
characterize and manipulate the gene list in g:Profiler
analysis. KEGG and Reactome terms and transcrip-
tion factor motifs with p-value<0.05 were considered
significant. Terms and transcription factor motifs were
ranked by precision (intersection/query size) and the top
10 terms or motifs are highlighted in the figures (results
section).

Co-expression and functional annotation analysis

Co-expression analysis on differentially expressed genes
was performed using CEMiTool in BioConductor [32].
Data was reported in a html output file that included
results from gene set enrichment analysis, over represen-
tation analysis, and interaction networks. Quality control
data was reported in the diagnostics html output which
includes sample clustering, mean variance, and mean
connectivity. Associations amongst correlated genes were
assigned using a soft-threshold beta=8 and determina-
tion coefficient (R?>=0.84). Gene set enrichment analysis
identified modules that are enhanced or repressed within
each treatment group. Over-representation analyses were
also performed and showed Reactome Pathway enrich-
ment in each module. Mean expression within each mod-
ule is presented in profile plots. Genes within selected
networks within significant modules were analyzed for
functional annotation analysis using DAVID v6.8 [33].
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Gene ontology terms associated with annotation clus-
ters within each network were determined by enrichment
score (>2) and p-value (<0.05).

Statistical analyses

An individual pediatric ASM samples (n=3-5) was
used for ELISA experiments. Data were analyzed using
GraphPad Prism 8.2.0 (GraphPad, San Diego, CA). One-
way or two-way (factors: time, treatment) ANOVA with
Sidak test for multiple comparisons was performed as
appropriate. Values are expressed as mean =+ standard
error (SE) and p-value <0.05 was considered statistically
significant.

Results

TNFa/IFNy induces corticosteroid insensitivity

Human pediatric airway smooth muscle (ASM) cells were
treated with TNFa, IFNy, or TNFa/IFNy from 3 to 24 h,
and CCL5 and CXCL10 secretion levels were measured.
TNFa alone increased CCL5 secretion after 24 h, while
TNFo/IFNy treatment significantly increased CCL5
expression in 12 h. Similarly, CXCL10 secretion was max-
imally increased by TNFa/IFNy in 6 h (Fig. 1A). To assess
corticosteroid sensitivity, cells were treated with 10 nM
fluticasone propionate (FP), a concentration previously
shown to be effective in developing ASM [17]. Treat-
ment with FP significantly reduced CCL5 and CXCL10
secretion in ASM cells treated with TNFa; however, FP
did not reduce the effects of TNFa/IFNy (Fig. 1B). We
treated ASM with vehicle, 0.1, 1, or 10 pM JAK inhibi-
tor I, a reversible inhibitor of JAK protein-tyrosine kinase
activity. Treatment with JAK inhibitor I inhibited TNFa/
IFNy-induced on CCL5 and CXCL10 secretion (Fig. 1C).

Corticosteroid sensitivity and the individual effects of TNFa
and IFNy on gene expression

An RNA-Seq based approach was used to identify the
genes differentially expressed in human pediatric ASM
treated with vehicle, FP, TNFa, and/or IFNy for 18 h.
This time point was chosen based on previous RNA-
seq studies involving corticosteroid responses in human
ASM [34, 35]. On average, the sequencing generated
30.5 million reads among 48 samples and 95.2% reads
were uniquely mapped to genes from the homo sapiens
reference genome. After filtering, 17,434 genes from 8
groups were analyzed to identify differentially expressed
genes. Principal component analysis identified signifi-
cant treatment, gender, and age effects, as shown in the
Eigencor plot (Fig. 2A). Further analyses show that treat-
ment accounts for>50% of changes in gene expression
(Fig. 2B), with some contributions from age and gender.
Plotting the first principal component (PC1) (treatment)

Page 4 of 17

vs. PC2 (gender) shows TNFa/IFNy treated cells separate
from all other treatment groups (Fig. 2C).

Differentially expressed genes from each treatment
group and their pairwise comparisons with other treat-
ments are given in Additional file 1. The KEGG and Reac-
tome pathways from g:Prolifer analysis in each treatment
and comparison groups are provided in Additional file 2.
Differential expression analysis shows that treatment with
FP alone increased expression of 238 genes while 268
genes were down-regulated (Fig. 3A). Amongst the genes
increased by FP, include those commonly associated
(DUSP1, FKBP5, KLF15, PER1, TSC22D3) and not as
commonly associated (ALDHI1L1, ALOX15B, ZBTB16)
with glucocorticoid receptor activity and anti-inflam-
matory mechanisms in ASM (Table 1). Interestingly,
FP alone significantly reduced several pro-inflamma-
tory genes related to ASM and asthma, including IL-6,
MMP1, PTGS2, and TNFSF15 (Table 1). Enriched KEGG
and Reactome terms include cytokine-cytokine receptor
interaction, circadian rhythm, IL-4 and IL-13 signaling,
and extracellular matrix organization (Fig. 3B). These
data show that corticosteroids modulate anti- and pro-
inflammatory gene expression in the absence of cytokine
stimulation.

Compared to controls, TNF« significantly regulated
1,076 genes, with 680 up-regulated and 396 down-regu-
lated (Fig. 4A). Expression of several pro-inflammatory
genes, where CCL5, CR1L, CXCL8, and TNFRSF9 were
among the most increased by TNFa, while COL26A1,
KRT4, PTGDR2 and Wntll were among the most
reduced. Several KEGG and Reactome terms related to
the immune system, TNFa and interferon signaling, and
virus infection were significantly enriched pathways. We
also found enriched transcription factor motifs (p50,
IRFs, NF«B, RelA, c-Rel) associated with pro-inflam-
matory signaling induced by TNFa (Fig. 4D and E).
Compared to TNFa alone, cells treated with FP+ TNF«
treatment significantly reduced expression of 163 genes
induced by TNFa, including CCL5, IL6, MMP1, and
PTGS2 (Fig. 4B and C; Table 1). We also observed that FP
reduced enrichment in multiple pathways and transcrip-
tion factors, including interferon signaling, immune sys-
tem, influenza A, IRF2, and IRF8 (Fig. 4D and E).

ASM exposed to IFNy had 543 differentially
expressed genes, with 419 up-regulated and 124 down-
regulated (Fig. 5A). Among the genes most increased
by IENy are those involved in antigen presentation
(HLA-DRA, HLA-DOA), pro-inflammatory cytokines
(CCL13, CXCL11, CX3CL1, CSF1), and adhesion mol-
ecules (ICAM1). Enriched KEGG and Reactome terms
include genes involved in IFN signaling, viral infec-
tion, and adaptive immunity (Fig. 5D), while there were
several enriched transcription factor motifs, including
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Stat2, IRFs, and RelA. Interestingly, most genes mod-
ulated by IFNy were not significantly changed by FP
(Fig. 5B and C). Among the pro-inflammatory genes
that were significantly reduced were PTGS2, VCAMI,
and TNFSF18 (Table 1). FP reduced enrichment of
some KEGG and Reactome terms, I[FNy signaling and
Adaptive Immune System, and several transcription
factor motifs related to interferon signaling (IRFI,
IRF2, IRF8, HELIOS) (Fig. 5D and E).

Combined TNFa/IFNy exposure augments gene expression
in pediatric ASM

Combined exposure to TNFa and IFNy significantly
increased the expression of 1951 and decreased 2116
genes, showing a unique expression profile in ASM
treated with TNFa/IFNy (Fig. 6A). Several pro-inflam-
matory mediators (CXCL9, CXCL10, CXCL11) and
genes related to TNF- and IFN-signaling pathways (IRF1,
IRF8, TRAF1) were significantly increased. We also
noted an increase in the expression of Ca®" regulatory
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proteins, including CD38 and Orail. Notably, Orail
was only increased by combined exposure to TNFa/
IFNy (Table 2). Among the genes significantly reduced
by TNFo/IFNy were CAMK2B, CYSLTR1, PDE1A, and
WNT11. The differential analysis also revealed augmen-
tation of gene expression in cells treated with TNFa and
IFNy compared to either cytokine alone (Fig. 6B and C).
The expression of CCL5, CCL8, CXCL9, and IRF8 was
augmented by TNFo/IFNy (Table 2). We found 440 genes
that remained sensitive to FP in TNFa/IFNYy treated cells
(Fig. 6D and E), including genes increased by FP alone
(PER1, ZBTB16). Conversely, we did observe that FP-
induced KLF15 expression by FP was blunted by TNFa/

IFNy (Table 1). Pro-inflammatory genes that remained
sensitive to FP during TNFa/IFNy treatment were IL6,
MMP1, PTGS2, and TNFSF15 (Table 1), while many aug-
mented genes remained insensitive to FP (Table 2).
Although enrichment analysis was similar to the indi-
vidual cytokine treatments, MAPK, PI3K-Akt, and Cal-
cium signaling were additional KEGG and Reactome
terms significantly enriched by TNFa/IFNy (Fig. 6F).
Conversely, the top transcription factor motifs enriched
in TNFo/IFNy treated ASM were different from indi-
vidual cytokine treatments. Our analysis showed motif
enrichment in TIEG1, ETF, MAZ, and KLF15 (Fig. 6QG).
At the same time, the motifs associated with TNFa- and
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IFNy-mediated signaling were also significantly enriched
(See Additional file 2: Profiler file). Most of the top
enriched KEGG, and Reactome terms remained unaf-
fected by FP treatment, while FP did reduce enrichment
for ZF5, E2F, and BEN motifs (Fig. 6F and G).

Differential co-expression and network interactions
associated with TNFa and IFNy signaling

To further understand biological relationships within our
data, we performed co-expression analysis on our dif-
ferential expression data set using CEMi Tool [32]. Gene
set enrichment analysis identified five modules, how-
ever two modules, M1 and M4, had significant enrich-
ment (p,,;<0.05) and were biologically relevant with>15
genes within enriched pathways (Fig. 7A). Profile plots
for M1 and M4 show changes in mean gene expression
(Fig. 7B). Gene networks and interactions for M1 and
M4 show several networks or hubs with co-expression,
interaction, or both. Results for network interactions

and over-representation analysis are provided in Addi-
tional file 3. Over-representation analysis for M1 and M4
identified IFNy and TNFa signaling pathways, respec-
tively (Fig. 8A). Top gene hubs or interaction networks
for M1 and M4 are shown in Fig. 8B. Notable interac-
tion networks in M1 included genes associated with
CIT, LGALS9, VCAM1, 1SG15, and SOCSI1. Networks
interactions in M4 included genes associated had HCK,
TNFAIP3, CCL5, BDKRBI, and MYHI11 (Fig. 8B). The
number of gene interactions, functional annotation
analysis (DAVID functional annotation tool), and gene
ontology terms within the top network interactions in
M1 and M4 are given in Table 3, while the details of the
interactions with the hub genes in M1 and M4 modules
are shown in Additional file 4: Table S4 and Additional
file 5: Table S5, respectively. Interaction networks in M1
and M4 are associated with cellular signaling pathways
and functions, including RNA binding, cell-cell adhe-
sion, JAK/Stat and NF«B signaling, and chemotaxis.
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Overall, co-expression analysis and functional annotation
are consistent with differential and pathway enrichment
analyses.

Discussion

Increased Thl cytokines are associated with corticoster-
oid insensitivity and have been identified to be part of
the inflammatory milieu in children with severe asthma
[8, 9]. We have previously found that combined expo-
sure to TNFa and IFNy augments chemokine produc-
tion and induces corticosteroid insensitivity in human
fetal ASM [17]. Although glucocorticoid receptor signal-
ing was not impaired in this model, we found evidence
of continued NF«B and Statl activation in the presence
of corticosteroids [17]. Similarly, we found that TNFa/
IFNy induces corticosteroid insensitivity in human pedi-
atric ASM. While the effects of TNFa/IFNy were insensi-
tive to corticosteroids, JAK inhibition reduced the effects
of TNFa/IFNy, implicating JAK-mediated signaling in

the combined effects of TNFa and IFNy. However, it is
unclear whether TNF«, IFNy, or both contribute to JAK
activation. The synergistic effects of TNFa and IFNy
have previously been shown to involve augmentation of
CXCL10 that involve activation of JAK/Statl, NFkB, and
JNK signaling [14, 36, 37]. Building upon these studies,
we performed RNA-seq to examine the individual and
combined effects of TNFa and IFNy on gene expression
in the context of corticosteroid insensitivity in pediatric
asthma. Our differential expression, pathway enrich-
ment, and co-expression analyses provide novel insight
into how corticosteroids modulate gene expression dur-
ing exposure to TNFa, IFNy, and TNFa/IFNy.

In the absence of cytokines, transcriptomic analyses
for ASM responses to corticosteroids have been previ-
ously reported in human ASM isolated from non-asth-
matic and asthmatic lungs [34, 35, 38]. We observed
similar changes in gene expression in ASM treated with
FP alone, with comparable changes in gene expression.
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Notably, key anti-inflammatory genes demonstrated to
inhibit inflammation and remodeling in human ASM (34,
39], DUSP1, TSC22D3, CRISPLD2 and KLF15, were sub-
stantially increased by FP. We also found that corticoster-
oids reduced several pro-inflammatory genes implicated
in ASM inflammation and remodeling, including MMP1
and PTGS2 [40, 41]. These findings show that pediatric
human ASM responds to corticosteroids, in the absence
of cytokine stimulation, similarly to adult ASM.

TNFa has a potent effect on human ASM by inducing
the production of pro-inflammatory mediators, extra-
cellular matrix deposition and remodeling, and enhanc-
ing intracellular Ca*" ([Ca®'],) regulatory mechanisms
that promote pathological and functional features in
asthma [3, 13]. We found that TNFa changed expres-
sion of>1000 genes, most of which were upregulated.
Responses to TNFa involved increases in pro-inflamma-
tory cytokines (IL-6, TNF, IL-1B), chemokines (CCLS5,
CXCL8), cell adhesion (ICAM, ICAM2), matrix metal-
loproteinases (MMP-9, MMP-13), and genes involved
in TNF receptor signaling (TNFRSF9, TRAF1). We also
noted several genes increased by TNFa that are involved

in ASM [Ca®']; regulation and contractility (MYHI1,
CD38, BDKRB1, ANQY, SLC8A3). Exposure to corticos-
teroids changed the effects of TNFa on gene expression
by significantly reducing more than 160 genes. Several
pro-inflammatory genes increased by TNFa, including
MMPs, CCL5, and PTGS2 were substantially reduced by
corticosteroids. In pediatric ASM, TNFa-induced CCL5
secretion is blunted by FP, supporting observed changes
in gene expression. These findings are consistent with
studies showing potent anti-inflammatory effects of cor-
ticosteroids on human ASM treated with TNFa [42].
IFNY also induces pro-inflammatory responses in ASM
and has been implicated in mediating airway hyper-
responsiveness in asthma [6, 12]. Among differentially
expressed genes in response to IFNYy, the gene expression
of pro-inflammatory mediators (CCL2, CCL8, CX3CL1),
cell-cell adhesion molecules (ICAM1, CD40, VCAM1),
and antigen presentation (HLA, PSME) were increased.
Many of the pro-inflammatory genes enhanced by IFNy
remained increased in the presence of corticoster-
oids, suggesting differences in corticosteroid sensitiv-
ity between TNFa and IFNy stimulation. For example,
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we found that CXCL10 gene expression and secretion
induced by TNFa, but not IFNY, was significantly reduced
by FP. The corticosteroid insensitive effects of IFNy may
be attributed to reduced ability to reduce key JAK/Stat
and IRF signaling pathways (IRF1, IRF8, JAK2, STAT1),
which are enriched and are resistant to corticosteroids in
human ASM [17, 43].

Treatment with TNFa/IFNy induced a gene expression
profile that is distinct from exposure to TNFa or IFNy
alone. TNFa/IFNy augmented the expression of several
genes that were also corticosteroid insensitive includ-
ing, CD38, a Ca" regulatory protein that contributes to
ASM hypercontractility and airway hyperresponsiveness

[44, 45]. Additional notable genes that were augmented
include CXCL11, IRF8, and VCAMI. Pathways related to
genes modulated by TNFa/IFNy involved pro-inflamma-
tory signaling, infection, MAPK, and Ca* signaling. In
addition to NFkB, IRF, and STAT pathways, we identified
motif enrichment for several zinc finger transcription fac-
tors involved in DNA binding and gene regulation (ZF5,
MAZ, TIEGI1, KLF15). Zinc fingers are a large, diverse
protein family with various cellular functions, includ-
ing transcription factors that regulate gene expression.
KLF15 is part of the kuppel like factor family and directly
regulated by corticosteroids. KLF15 is involved in corti-
costeroid inhibition of TGFp-induced ASM proliferation
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and remodeling [39, 46]. While KLF15 was increased by
FP alone, it’s expression remained uniquely reduced in
cells exposed to TNFa/IFNy. While the implications of
these findings remain unclear, we speculate that loss of
KLF15 may contribute to corticosteroid insensitivity and
enhanced gene expression upon exposure to TNFa/IFNy.

To identify gene interactions and networks within
our RNA-seq data, we performed co-expression analy-
sis using CEMiTool [32]. Our analysis identified two
modules that consist of interaction networks based on
expression and biological function. Over-representa-
tion analysis revealed that networks in module 1 (M1)
involved pathways related to IFNy responses, while
module 4 (M4) involved TNFa and NFkB signaling.
The importance of TNFa- and IFNy-mediated inflam-
matory pathways are highlighted by studies showing
reduced inflammatory mediator production and [Ca*'];
responses in ASM treated with siRNA or neutralizing
antibodies against TNF receptors, NFkB, Statl, and

IRF1 [17, 43, 47]. Interaction networks in module 1
include gene hubs for IFN signaling (ISG15, SOCS1)
and cell-cell adhesion (VCAMI1, ICAM1, LGALS9).
Module 4 had interaction networks that include
chemokines (CCL5), NF«B signaling (TNFAIP3, RELB,
NFKB2, and NFKBIE), and ASM contractility (MYH11
and BDKRBI1). We performed functional annotation
analysis to characterize the genes within the top co-
expression networks. Highly enriched co-expression
networks were composed of the genes involved in
transcription, pro-inflammatory signaling, leukocyte
chemotaxis, and smooth muscle contractility. Overall,
co-expression and functional annotation analyses are
consistent with g:Profiler pathway enrichment analyses
and highlight the impact of TNFa and IFNy on airway
hyperresponsiveness and remodeling.

In addition to pro-inflammatory cytokines/chemokines
and signaling, co-expression analysis in module 1 iden-
tified genes involved in cell-cell adhesion and antigen
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Module Co-expression Network Hub Gene Number of Number of Top Functional Annotation Clusters within
Interactions Annotation Co-expression Network
Clusters
M1 CIT, Citron Rho-Interacting Serine/Threonine Kinase 1350 54 rRNA Processing, mRNA splicing, RNA binding, ATP
binding, viral nucleoprotein
LGALS9, Galectin 444 43 viral transcription, Cell-cell adhesion, nucleotide
binding, protein folding, endoplasmic reticulum,
mitochondrion, ER-Golgi transport
VCAM1, Vascular Cell Adhesion Molecule 1 412 29 cell-cell adhesion, RNA-binding, protein folding,
actin binding
ISG15, 1SG15 Ubiquitin-like Modifier 164 19 cadherin binding, ATP-binding, glycolytic process,
actin binding, MHC class Il protein complex binding
SOCST, Suppressor of Cytokine Signaling 1 86 24 ATP binding, MAPK cascade, tyrosine-protein kinase,
JAK/Stat signaling pathway
M4 HCK, HCK Proto-Oncogene, Src Family Tyrosine 67 14 ATP binding, PI3K-Akt signaling, unfolded protein
Kinase response, protein tyrosine kinase activity
TNFAIP3, TNF Alpha Induced Protein 3 50 17 NFkB signaling, toll like receptor signaling, ubiquitin-
protein transferase activity, CD40 receptor complex,
TNF signaling
BDKRB1, Bradykinin Receptor 1 30 2 Membrane, endoplasmic reticulum
MYH11, Myosin Heavy Chain 11 19 5 cytoskeleton, motor protein, myosin, cell division
CCL5, C-C Motif Chemokine Ligand 5 15 3 chemokine activity, leukocyte chemotaxis

presentation. VCAM1 is an important adhesion mol-
ecule that facilitates ASM-T cell interactions and co-
localization. It’s expression in ASM was found increased
in bronchial biopsies from patients with asthma and is
thought to promote ASM proliferation and remodeling
[48]. Genes co-expressed with ISG15 were also found
to be involved in MHC class II presentation. Co-culture
ASM-T cell studies show induction of MHC class II
expression in ASM and antigen presentation to resting T
cells in vitro [49, 50]. Although ASM are likely not a pri-
mary antigen presentation cell in asthma, their increased
expression of adhesion molecules and antigen presenta-
tion gene in response to TNFa and IFNy highlight that
ASM-T cell interactions may be important and warrant
further investigation. Furthermore, the inability of corti-
costeroids to reduce TNFa/IFNy-induced VCAMI and
antigen presenting genes implicate ASM-T cell interac-
tions in persistent airway inflammation and thickening in
severe asthma.

Co-expression analyses in module 4 revealed networks
involved in ASM hypercontractility. TNFa and IFNy
increased myosin heavy chain 11 (MYH11) expression,
a contractile protein that affects ASM shortening veloc-
ity. Studies show that MYH11 expression is increased in
bronchial biopsies from patients with asthma, particu-
larly of splice variants whose function increase shorten-
ing velocity and associated with greater airway narrowing
[51-53]. While the effects of TNFa and IFNy on myosin
heavy chain 11 splice variant expression in human ASM

are not entirely clear, these studies implicate their effects
on MYHI11 in promoting hypercontractility and bron-
choconstriction. Additionally, our analysis identified
bradykinin B1 receptor (BDKRBL1) as a key network hub.
BDKRBI1 binds bradykinin, a pro-inflammatory mediator
that acutely enhances [Ca®"]; to promote hypercontrac-
tility and bronchoconstriction [54]. TNFa and IL-1f have
been previously shown to increase expression of brady-
kinin receptors in mouse tracheal smooth muscle [55].
Recent studies have reported increased BDKRB1 expres-
sion correlates with airway remodeling and fixed airflow
obstruction in severe asthmatic airways [56]. Addition-
ally, exposure to TNFa enhances [Ca’']; responses in
human ASM [57]. Our study suggests that MYH11 and
BDKRBI are enhanced during Thl airway inflammation
and highlight potential mechanisms by which TNFa and
IENY promote ASM hypercontractility and remodeling.
Our transcriptomic analysis provides novel insight into
gene networks and pathways associated with TNFa, IFNy,
and their corticosteroid sensitivity in ASM, however, there
are limitations to consider. Corticosteroid sensitivity of
pathways and networks are based on gene and not protein
expression. This is important when considering the anti-
inflammatory activity of genes enhanced by corticosteroids
(e.g, DUSP1, KLF15) and highlights the need to examine
corticosteroid sensitivity of pro-inflammatory genes and
their activity at the protein level. The effects of corticoster-
oids are thought to involve several highly dynamic mecha-
nisms. It is important to note that our analysis is only a
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snapshot into complex, and likely dynamic, changes in gene
expression. Recent studies show that corticosteroids induce
their initial anti-inflammatory effects on gene expression
rapidly with 10-30 min [58]. Additionally, we found that
initial inhibition of TNFa/IFNy-induced CCL5 and CXCL8
mRNA expression by corticosteroid after 3 h was absent at
later time points [17]. This suggests that timing is an impor-
tant factor to consider regarding corticosteroid sensitivity
and anti-inflammatory activity. Finally, our study does not
inform on the impact of combined exposure to TNFa and
IFNy on ASM contractility. Future functional studies are
needed to understand the effects of TNFa/IFNy on human
ASM contractility, particularly in response to bradykinin.

Conclusions

We have identified several gene networks related to ASM
responses to Thl cytokines. Our analysis provides valu-
able insight into the individual and combined effects of
TNFa and IFNy of gene expression in pediatric ASM.
TNFa/IENy was found to augment the expression of
several genes that contribute to airway inflammation,
hypercontractility and remodeling in asthma while also
reducing expression of key anti-inflammatory genes,
such as KLF15. It will be important to understand how
genes augmented by TNFo/IFNy are able to persist while
glucocorticoid receptor activity is maintained. Additional
factors relevant to corticosteroid sensitivity, such as chro-
matin structure, mRNA stability, and enzymatic activity
of key negative regulators can be explored in future stud-
ies using the TNFa/IFNy model of corticosteroid insen-
sitivity [17, 58, 59]. Defining corticosteroid-sensitive
and -insensitive genes/pathways in ASM (and other cell
types) will be important for identifying novel approaches
to enhance corticosteroid sensitivity in pediatric asthma.

Abbreviations

ASM: Airway smooth muscle; FP: Fluticasone propionate; ICS: Inhaled corticos-
teroids; IFNy: Interferon-y; KEGG: Kyoto encyclopedia of genes and genomes;
M: Module; PC: Principal component; RNA-seq: RNA sequencing; Th: T helper;
TNFa: Tumor necrosis factor-a.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512931-022-02046-1.

Additional file 1. Differential Gene Expression in pediatric ASM treated
with control, FP, TNFa, IFNy, and/or TNFa/IFNy.

Additional file 2. KEGG/Reactome pathway and transcription factor
enrichment results from g:Profiler.

Additional file 3. Interactions and over representation analysis results
from CEMi Tool.

Additional file 4. Functional annotation results for notable Module 1
networks using DAVID.

Additional file 5. Functional annotation results for notable Module 4
networks using DAVID.

Page 150f 17

Acknowledgements

The authors would like to thank technical staff at Ocean Ridge Biosciences for
performing RNA isolation, quality control analysis, library preparation, and RNA
sequencing and their technical expertise for this experiment.

Author contributions

DJ, JW, BWL, and RDB developed experimental design; DJ, JW, and BWL gener-
ated experimental data; JW, PB, and ZX performed bioinformatic analyses; DJ,
JW, BWL, YSP, SV, PB, ZX, and RDB interpreted data; DJ, JW, and RDB wrote the
initial manuscript draft. DJ, JW, BWL, YSP, SV, PB, ZX, and RDB reviewed and
revised the manuscript draft. All authors have read and approved the final
manuscript version.

Funding

This study was supported by National Institutes of Health RO0 HL131682 (Britt
and Jackson), ROT HL155095 (Britt), RO1 HL146705 (Sathish), RO1T HL0O88029
and ROT HL142061 (Prakash), and startup funds from the Abigail Wexner
Research Institute at Nationwide Children’s Hospital. The Ohio State University
Comprehensive Transplant Center Human Tissue Biorepository is supported
by P30 CA016058.

Availability of data and materials

Data generated and analyzed for this study has been deposited to the Gene
Expression Omnibus (www.ncbi.nlm.nih.gov/geo) under accession number
GSE179354.

Declarations

Ethics approval and consent to participate

Human lung biospecimens used in this study were collected with approval
from Nationwide Children’s Hospital (18-00613) and Mayo Clinic Institutional
Review Boards (07-002345 and 08-002518).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

!Centers for Perinatal Research, Abigail Wexner Research Institute at Nation-
wide Children’s Hospital, Columbus, OH 43215, USA. 2V/accines and Immu-
nity, Abigail Wexner Research Institute at Nationwide Children’s Hospital,
Columbus, OH, USA. 3Departmen‘[ of Pediatrics, The Ohio State University,
Columbus, OH, USA. “Department of Pharmaceutical Sciences, North Dakota
State University, Fargo, ND, USA. °Department of Anesthesiology and Periop-
erative Medicine, Mayo Clinic, Rochester, MN, USA. ®Department of Physiology
and Biomedical Engineering, Mayo Clinic, Rochester, MN, USA.

Received: 21 September 2021 Accepted: 7 May 2022
Published online: 16 May 2022

References

1. lIsrael E, Reddel HK. Severe and difficult-to-treat asthma in adults. N Engl J
Med. 2017;377:965-76.

2. Bossley CJ, Saglani S, Kavanagh C, Payne DN, Wilson N, Tsartsali L,
Rosenthal M, Balfour-Lynn IM, Nicholson AG, Bush A. Corticosteroid
responsiveness and clinical characteristics in childhood difficult asthma.
Eur Respir J. 2009;34:1052-9.

3. PrakashYS. Emerging concepts in smooth muscle contributions to airway
structure and function: implications for health and disease. Am J Physiol
Lung Cell Mol Physiol. 2016;311:L1113-40.

4. AmraniY, Panettieri RA, Ramos-Ramirez P, Schaafsma D, Kaczmarek K,
Tliba O. Important lessons learned from studies on the pharmacology
of glucocorticoids in human airway smooth muscle cells: too much of a
good thing may be a problem. Pharmacol Ther. 2020;213: 107589.

5. Ray A, Raundhal M, Oriss TB, Ray P, Wenzel SE. Current concepts of severe
asthma. J Clin Invest. 2016;126:2394-403.


https://doi.org/10.1186/s12931-022-02046-1
https://doi.org/10.1186/s12931-022-02046-1
http://www.ncbi.nlm.nih.gov/geo

Jackson et al. Respiratory Research

20.

21.

22.

23.

24.

25.
26.

27.

28.

(2022) 23:126

Raundhal M, Morse C, Khare A, Oriss TB, Milosevic J, Trudeau J, Huff R,
Pilewski J, Holguin F, Kolls J, et al. High IFN-gamma and low SLPI mark
severe asthma in mice and humans. J Clin Invest. 2015;125:3037-50.
Gauthier M, Chakraborty K, Oriss TB, Raundhal M, Das S, Chen J, Huff R,
Sinha A, Fajt M, Ray P, et al: Severe asthma in humans and mouse model
suggests a CXCL10 signature underlies corticosteroid-resistant Th1 bias.
JClnsight. 2017; 2.

Wisniewski JA, Muehling LM, Eccles JD, Capaldo BJ, Agrawal R, Shirley DA,
Patrie JT, Workman LJ, Schuyler AJ, Lawrence MG, et al. TH1 signatures are
present in the lower airways of children with severe asthma, regardless of
allergic status. J Allergy Clin Immunol. 2018;141(2048-2060): €2013.
Rastogi D, Fraser S, Oh J, Huber AM, Schulman Y, Bhagtani RH, Khan ZS,
Tesfa L, Hall CB, Macian F. Inflammation, metabolic dysregulation, and
pulmonary function among obese urban adolescents with asthma. Am J
Respir Crit Care Med. 2015;191:149-60.

Rastogi D. Pediatric obesity-related asthma: a prototype of pediatric
severe non-T2 asthma. Pediatr Pulmonol. 2020;55:809-17.

. Oriss TB, Raundhal M, Morse C, Huff RE, Das S, Hannum R, Gauthier MC,

Scholl KL, Chakraborty K, Nouraie SM, et al. IRF5 distinguishes severe
asthma in humans and drives Th1 phenotype and airway hyperreactivity
in mice. JCl Insight. 2017; 2.

Kobayashi M, Ashino S, Shiohama'Y, Wakita D, Kitamura H, Nishimura T.
IFN-gamma elevates airway hyper-responsiveness via up-regulation of
neurokinin A/neurokinin-2 receptor signaling in a severe asthma model.
Eur J Immunol. 2012;42:393-402.

Tliba O, Panettieri RA Jr. Noncontractile functions of airway smooth
muscle cells in asthma. Annu Rev Physiol. 2009;71:509-35.

Clarke DL, Clifford RL, Jindarat S, Proud D, Pang L, Belvisi M, Knox AJ.
TNFalpha and IFNgamma synergistically enhance transcriptional activa-
tion of CXCL10 in human airway smooth muscle cells via STAT-1, NF-
kappaB, and the transcriptional coactivator CREB-binding protein. J Biol
Chem. 2010;285:29101-10.

Stewart AG, Tomlinson PR, Fernandes DJ, Wilson JW, Harris T. Tumor
necrosis factor alpha modulates mitogenic responses of human cultured
airway smooth muscle. Am J Respir Cell Mol Biol. 1995;12:110-9.

Amrani Y, Krymskaya V, Maki C, Panettieri RA Jr. Mechanisms underlying
TNF-alpha effects on agonist-mediated calcium homeostasis in human
airway smooth muscle cells. Am J Physiol. 1997;273:L1020-1028.

Britt RD Jr, Thompson MA, Sasse S, Pabelick CM, Gerber AN, Prakash YS.
Th1 cytokines TNF-alpha and IFN-gamma promote corticosteroid resist-
ance in developing human airway smooth muscle. Am J Physiol Lung
Cell Mol Physiol. 2019;316:L.71-81.

Bouazza B, Krytska K, Debba-Pavard M, Amrani Y, Honkanen RE, Tran J,
Tliba O. Cytokines alter glucocorticoid receptor phosphorylation in air-
way cells: role of phosphatases. Am J Respir Cell Mol Biol. 2012;47:464-73.
Anaconda Software Distribution. Computer software. Vers. 2-2.4.0. Ana-
conda. Web. https://anaconda.com. Nov. 2016.

Andrews S: FastQC: A Quality Control Tool for High Throughput Sequence
Data [Online]. Available online at: http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/. 2010.

Ramirez F, Ryan DP, Gruning B, Bhardwaj V, Kilpert F, Richter AS, Heyne S,
Dundar F, Manke T. deepTools2: a next generation web server for deep-
sequencing data analysis. Nucleic Acids Res. 2016;44:W160-165.

Bushnell B, Rood J, Singer E. BBMerge—accurate paired shotgun read
merging via overlap. PLoS ONE. 2017;12: e0185056.

Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-level expres-
sion analysis of RNA-seq experiments with HISAT, StringTie and Ballgown.
Nat Protoc. 2016;11:1650-67.

Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, Whit-
wham A, Keane T, McCarthy SA, Davies RM, Li H. Twelve years of SAMtools
and BCFtools. Gigascience. 2021; 10.

Wang L, Wang S, Li W. RSeQC: quality control of RNA-seq experiments.
Bioinformatics. 2012;28:2184-5.

Anders S, Pyl PT, Huber W. HTSeg-a Python framework to work with high-
throughput sequencing data. Bioinformatics. 2015;31:166-9.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package
for differential expression analysis of digital gene expression data. Bioin-
formatics. 2010;26:139-40.

McCarthy DJ, Chen'Y, Smyth GK. Differential expression analysis of multi-
factor RNA-Seq experiments with respect to biological variation. Nucleic
Acids Res. 2012;40:4288-97.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 16 of 17

Bioconductor Core Team. Homo.sapiens: Annotation package for the
Homo.sapiens object. R package version 1.3.1. 2015.

Huber W, Carey VJ, Gentleman R, Anders S, Carlson M, Carvalho BS,

Bravo HC, Davis S, Gatto L, Girke T, et al. Orchestrating high-throughput
genomic analysis with Bioconductor. Nat Methods. 2015;12:115-21.
Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, Vilo J.
g:Profiler: a web server for functional enrichment analysis and conver-
sions of gene lists (2019 update). Nucleic Acids Res. 2019;47:W191-8.
Russo PST, Ferreira GR, Cardozo LE, Burger MC, Arias-Carrasco R, Maruy-
ama SR, Hirata TDC, Lima DS, Passos FM, Fukutani KF, et al. CEMiTool:

a Bioconductor package for performing comprehensive modular co-
expression analyses. BMC Bioinformatics. 2018;19:56.

da Huang W, Sherman BT, Lempicki RA. Bioinformatics enrichment tools:
paths toward the comprehensive functional analysis of large gene lists.
Nucleic Acids Res. 2009;37:1-13.

Himes BE, Jiang X, Wagner P, Hu R, Wang Q, Klanderman B, Whitaker RM,
Duan Q, Lasky-Su J, Nikolos C, et al. RNA-Seq transcriptome profiling
identifies CRISPLD2 as a glucocorticoid responsive gene that modulates
cytokine function in airway smooth muscle cells. PLoS ONE. 2014;9:
€99625.

Kan M, Koziol-White C, Shumyatcher M, Johnson M, Jester W, Panettieri
RA Jr, Himes BE. Airway smooth muscle-specific transcriptomic signatures
of glucocorticoid exposure. Am J Respir Cell Mol Biol. 2019;61:110-20.
Alrashdan YA, Alkhouri H, Chen E, Lalor DJ, Poniris M, Henness S,
Brightling CE, Burgess JK, Armour CL, Ammit AJ, Hughes JM. Asth-

matic airway smooth muscle CXCL10 production: mitogen-activated
protein kinase JNK involvement. Am J Physiol Lung Cell Mol Physiol.
2012;302:L1118-1127.

Seidel P, Hostettler KE, Hughes JM, Tamm M, Roth M. Dimethylfumarate
inhibits CXCL10 via haem oxygenase-1 in airway smooth muscle. Eur
Respir J. 2013;41:195-202.

Yick CY, Zwinderman AH, Kunst PW, Grunberg K, Mauad T, Fluiter K, Bel
EH, Lutter R, Baas F, Sterk PJ. Glucocorticoid-induced changes in gene
expression of airway smooth muscle in patients with asthma. Am J Respir
Crit Care Med. 2013;187:1076-84.

Sasse SK, Kadiyala V, Danhorn T, Panettieri RA Jr, Phang TL, Gerber AN.
Glucocorticoid receptor ChIP-Seq identifies PLCD1 as a KLF15 target that
represses airway smooth muscle hypertrophy. Am J Respir Cell Mol Biol.
2017,57:226-37.

Naveed SU, Clements D, Jackson DJ, Philp C, Billington CK, Soomro |,
Reynolds C, Harrison TW, Johnston SL, Shaw DE, Johnson SR. Matrix met-
alloproteinase-1 activation contributes to airway smooth muscle growth
and asthma severity. Am J Respir Crit Care Med. 2017;195:1000-9.
Saunders R, Kaul H, Berair R, Gonem S, Singapuri A, Sutcliffe AJ, Chachi

L, Biddle MS, Kaur D, Bourne M, et al. DP2 antagonism reduces airway
smooth muscle mass in asthma by decreasing eosinophilia and myofi-
broblast recruitment. Sci Transl Med. 2019; 11.

Ammit AJ, Lazaar AL, Irani C, O'Neill GM, Gordon ND, Amrani Y, Penn RB,
Panettieri RA Jr. Tumor necrosis factor-alpha-induced secretion of RANTES
and interleukin-6 from human airway smooth muscle cells: modula-
tion by glucocorticoids and beta-agonists. Am J Respir Cell Mol Biol.
2002;26:465-74.

Tliba O, Damera G, Banerjee A, Gu S, Baidouri H, Keslacy S, Amrani Y.
Cytokines induce an early steroid resistance in airway smooth muscle
cells: novel role of interferon regulatory factor-1. Am J Respir Cell Mol Biol.
2008;38:463-72.

Gally F, Hartney JM, Janssen WJ, Perraud AL. CD38 plays a dual role in
allergen-induced airway hyperresponsiveness. Am J Respir Cell Mol Biol.
2009;40:433-42.

Guedes AG, Paulin J, Rivero-Nava L, Kita H, Lund FE, Kannan MS. CD38-
deficient mice have reduced airway hyperresponsiveness following IL-13
challenge. Am J Physiol Lung Cell Mol Physiol. 2006;291:L1286-1293.
Sasse SK, Mailloux CM, Barczak AJ, Wang Q, Altonsy MO, Jain MK, Haldar
SM, Gerber AN. The glucocorticoid receptor and KLF15 regulate gene
expression dynamics and integrate signals through feed-forward cir-
cuitry. Mol Cell Biol. 2013;33:2104-15.

Pearson H, Britt RD Jr, Pabelick CM, Prakash YS, AmraniY, Pandya HC.
Fetal human airway smooth muscle cell production of leukocyte
chemoattractants is differentially regulated by fluticasone. Pediatr Res.
2015;78:650-6.


https://anaconda.com
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Jackson et al. Respiratory Research

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

(2022) 23:126

Ramos-Barbon D, Fraga-lriso R, Brienza NS, Montero-Martinez C, Verea-
Hernando H, Olivenstein R, Lemiere C, Ernst P, Hamid QA, Martin JG. T
Cells localize with proliferating smooth muscle alpha-actin+ cell com-
partments in asthma. Am J Respir Crit Care Med. 2010;182:317-24.

Veler H, Hu A, Fatma S, Grunstein JS, DeStephan CM, Campbell D, Orange
JS, Grunstein MM. Superantigen presentation by airway smooth muscle
to CD4+ T lymphocytes elicits reciprocal proasthmatic changes in airway
function. J Immunol. 2007;178:3627-36.

Lazaar AL, Reitz HE, Panettieri RA Jr, Peters SP, Pure E. Antigen receptor-
stimulated peripheral blood and bronchoalveolar lavage-derived T cells
induce MHC class Il and ICAM-1 expression on human airway smooth
muscle. Am J Respir Cell Mol Biol. 1997;16:38-45.

Leguillette R, Laviolette M, Bergeron C, Zitouni N, Kogut P, Solway J, Kach-
mar L, Hamid Q, Lauzon AM. Myosin, transgelin, and myosin light chain
kinase: expression and function in asthma. Am J Respir Crit Care Med.
2009;179:194-204.

Issouf M, Vargas A, Boivin R, Lavoie JP. SRSF6 is upregulated in asthmatic
horses and involved in the MYH11 SMB expression. Physiol Rep. 2018,6:
€13896.

Labonte |, Hassan M, Risse PA, Tsuchiya K, Laviolette M, Lauzon AM, Martin
JG. The effects of repeated allergen challenge on airway smooth muscle
structural and molecular remodeling in a rat model of allergic asthma.
Am J Physiol Lung Cell Mol Physiol. 2009;297:L698-705.

Ricciardolo FLM, Folkerts G, Folino A, Mognetti B. Bradykinin in asthma:
modulation of airway inflammation and remodelling. Eur J Pharmacol.
2018;827:181-8.

Zhang Y, Adner M, Cardell LO. IL-1beta-induced transcriptional up-
regulation of bradykinin B1 and B2 receptors in murine airways. Am J
Respir Cell Mol Biol. 2007;36:697-705.

Bertolini F, Carriero V, Bullone M, Sprio AE, Defilippi |, Sorbello V, Gani

F, Di Stefano A, Ricciardolo FLM. Correlation of matrix-related airway
remodeling and bradykinin B1 receptor expression with fixed airflow
obstruction in severe asthma. Allergy. 2021,76:1886-90.

Sathish V, Abcejo AJ, VanOosten SK, Thompson MA, Prakash YS, Pabelick
CM. Caveolin-1 in cytokine-induced enhancement of intracellular Ca(2+)
in human airway smooth muscle. Am J Physiol Lung Cell Mol Physiol.
2011,;301:L607-614.

Sasse SK, Gruca M, Allen MA, Kadiyala V, Song T, Gally F, Gupta A, Pufall
MA, Dowell RD, Gerber AN. Nascent transcript analysis of glucocorticoid
crosstalk with TNF defines primary and cooperative inflammatory repres-
sion. Genome Res. 2019;29:1753-65.

Gerber AN, Newton R, Sasse SK. Repression of transcription by the glu-
cocorticoid receptor: a parsimonious model for the genomics era. J Biol
Chem. 2021,296:100687.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Th1 cytokines synergize to change gene expression and promote corticosteroid insensitivity in pediatric airway smooth muscle
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cell treatment and experimental design
	ELISA
	RNA-sequencing
	Quality control and read alignment
	Identification and annotation of differentially expressed genes
	Pathway and transcription factor enrichment analysis
	Co-expression and functional annotation analysis
	Statistical analyses

	Results
	TNFαIFNγ induces corticosteroid insensitivity
	Corticosteroid sensitivity and the individual effects of TNFα and IFNγ on gene expression
	Combined TNFαIFNγ exposure augments gene expression in pediatric ASM
	Differential co-expression and network interactions associated with TNFα and IFNγ signaling

	Discussion
	Conclusions
	Acknowledgements
	References


