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Abstract

Interleukin (IL)-19, a designated IL-20 subfamily cytokine, has been implicated in inflammatory disorders
including rheumatoid arthritis, psoriasis and, lately, asthma. Here, through the analysis of transcriptomic
datasets of lung tissue of large asthma cohorts, we report that IL-19 expression is upregulated in asthma
and correlates with disease severity. The gene expression of IL-19 was significantly higher in lung tissue
from patients with severe and mild/moderate asthma compared to healthy controls. IL-19 protein level,
however, was significantly higher in the blood and saliva of patients with severe asthma compared to mild/
moderate subgroups as measured by ELISA assay. IL-19 protein level was not affected by corticosteroid
treatment in plasma. Our data provide insights into the potential use of IL-19 as a saliva marker for asthma
severity and a potential therapeutic target.

Introduction

A network of mutually interacting cytokines regulates the airway inflammation and bronchoconstriction
that underlies asthma. Type 2 cytokines like interleukin (IL)-4, IL-5 and IL-13 play a crucial role in this
process. However, the exact functional role of non-type 2 proinflammatory cytokines in asthma
pathogenesis is not fully understood.

IL-19, a non-type 2 cytokine, belongs to the IL-10 family, which includes IL-10, IL-19, IL-20, IL-24 and
IL-26. It is mainly produced by immune cells, such as macrophages and B-cells [1]. However, structural
cells, e.g. airway epithelial cells, also secrete IL-19 in response to stimulation with IL-17 and type 2
cytokines like IL-4 and IL-13 [2]. IL-19 signals through IL-20R1 and IL-20R2 heterodimeric receptors and
primarily activates signal transducer and activator of transcription 3 (STAT3) [1, 3], which is essential for
differentiation of T-helper cell (Th)-17 and Th-2 cells, the key driving cells of allergic inflammation [4].
IL-19 and its receptors are also expressed by both synovial fibroblasts [5] and keratinocytes [6]. Pathogenic
roles have, in fact, been attributed to IL-19 in rheumatoid arthritis and psoriasis based on its ability to
increase the proliferation of these cells and enhance the production of chemokines and pro-inflammatory
cytokines [5, 7, 8].
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Little is known about the biological function and cellular source of IL-19 in asthma patients. IL-19 was
found to be upregulated in the blood of asthma patients compared to healthy controls [9]. Higher IL-19
expression was also reported in airway epithelial cells from asthma patients compared to those from
healthy controls [2], which may indicate its pathogenic role in the airways [10]. Moreover, blocking
IL-20R1 attenuated lung inflammation in mice [11], which further supports its role in respiratory disease
[1, 12]. However, the expression of IL-19 in the lung tissues of asthma patients relative to disease severity
has never been investigated.

Here, we have assessed the gene expression level of IL-19 in datasets of bronchial biopsies from the
Australian Unbiased Biomarkers for Prediction of Respiratory Disease Outcomes (U-BIOPRED) Project,
bronchial brushing samples from the Severe Asthma Research Program (SARP) and sputum and peripheral
blood mononuclear cells (PBMCs) from asthma cohorts. Furthermore, the level of IL-19 was evaluated in
the plasma and saliva of asthma patients with different levels of disease severity to investigate the
relationship between IL-19 expression and asthma severity.

Methods

Gene expression datasets

Publicly available gene expression datasets of adult asthmatic lung tissue available from the National
Center for Biotechnology Information Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo) and the
European Bioinformatics Institute (www.ebi.ac.uk) were used. The datasets used in this study are
summarised in supplementary table S1.

The GSE147881 dataset comprises endobronchial biopsy tissues from patients with mild/moderate (n=18)
and severe (n=42) asthma and from healthy controls (n=13), collected from the U-BIOPRED Project and
Australian Newcastle severe asthma cohorts. Column-based extraction of total RNA was performed
followed by gene expression array profiling. Patients’ characteristics are summarised in supplementary
table S2.

The GSE43696 dataset comprises bronchial brushings obtained via bronchoscope-directed epithelial
brushings from patients with moderate (n=50) and severe (n=38) asthma and from healthy adult controls
(n=20), collected from the SARP cohort [13, 14]. Fresh, isolated bronchial brushings comprising >90%
epithelial cells were analysed by gene expression array profiling. Demographic data for the cohort are
summarised in supplementary table S3.

The GSE132006 dataset comprises PBMCs from patients with mild allergic asthma (n=5), defined as
having positive skin test results to common aeroallergens and a forced expiratory volume in 1s (FEV;)
<80% predicted, and five healthy controls (negative skin test and FEV; >80% predicted). Demographic
data for the cohort are summarised in supplementary table S4.

The GSE137268 dataset comprises induced sputum samples from patients with controlled (n=21) and
uncontrolled (n=21) asthma. RNA was extracted from sputum samples using column-based total RNA
extraction followed by gene expression array profiling. Demographic data for the cohort are summarised in
supplementary table S5.

The GSE83233 dataset comprises bronchial biopsy tissues from healthy male, non-smoker, non-allergic
volunteers (age range 18-50 years) with normal lung function. Participants were randomised to receive
either inhaled budesonide (1600 pg) or placebo. Bronchial biopsy samples were obtained via bronchoscopy
6 h after the placebo or budesonide inhalation.

The GSE50012 dataset comprises corticosteroid-treated PBMCs from healthy volunteers [15, 16]. The total
RNA was obtained from aliquots of PBMCs treated with dexamethasone (500 nM) for 24 h.

Cell culture

Primary bronchial fibroblasts were isolated from endobronchial tissue biopsies obtained from three
non-smoking healthy donors (average age 43.7+12.5 years) and three patients with severe asthma (average
age 43.4+8.3 years), as described previously [8, 9]. These primary bronchial fibroblasts were obtained from
the biobank at the Quebec Respiratory Health Research Network. The original study was approved by the
institutional review board (MUHC REB number BMB-02-039-t) and the subjects had provided written
informed consent. The cells were cultured at confluence in six-well flat-bottom plates in complete media
(DMEM (Sigma) supplemented with 10% FBS, 2mM L-glutamine, 100 units-mL~"' penicillin and
100 ng-mL™" streptomycin). The cells were then treated, or not, with 100 ng'mL~" recombinant human
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FIGURE 1 Gene expression of interleukin (IL)-19, IL-6 and IL-17 in bronchial biopsies from patients with asthma
of different severity categories. The data are for bronchial biopsies from patients with severe asthma (n=42)
and mild/moderate asthma (n=18) and healthy controls (n=13) from the U-BIOPRED Project and Australian
Newcastle severe asthma cohorts (GSE147881). a) IL-19 gene expression was significantly increased in the lungs
of patients with severe and mild/moderate asthma compared to healthy controls. b) IL-6 gene expression was
significantly increased in the lungs of patients with severe asthma compared to healthy controls. c) There was
a trend towards increased IL-17 gene expression in the lungs of patients with severe and mild/moderate
asthma compared to healthy controls. d) IL-20R1 and IL-20R2 gene expression increased in the lungs of
patients with severe and mild/moderate asthma compared to healthy controls. €) IL-20R1 and IL-20R2 gene
expression increased in severe asthmatic bronchial fibroblasts compared to healthy bronchial fibroblasts.
Treatment of these cells with 100 ng'mL™" IL-19 increased IL-20R1 and IL-20R2 gene expression levels. Fold
change presented relative to healthy controls. Two-way comparison was done using two-tailed t-test. ns:
nonsignificant. *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.
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FIGURE 2 Gene expression of interleukin (IL)-19, IL-6 and IL-17 in bronchial brushing, blood and sputum
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the SARP cohorts (GSE43696). a) IL-19 gene expression is significantly increased in the bronchial brushings
from patients with severe asthma compared to healthy controls, and there is a trend towards increased IL-19
expression in bronchial brushings from patients with mild/moderate asthma compared to healthy controls.
b) There was a trend towards increased IL-6 gene expression in bronchial brushing from patients with severe
and mild/moderate asthma compared to healthy controls. ¢) No distinct pattern was found in IL-17 gene
expression in bronchial brushings from patients with severe and mild/moderate asthma compared to healthy
controls. d-f) The data are for peripheral blood mononuclear cells (PBMCs) (GSE132006) from patients with
allergic asthma (n=5) and healthy controls (n=5). d) There was a trend towards increased IL-19 gene expression
in PBMCs from patients with asthma compared to healthy controls. ) No distinct pattern was found in IL-6
gene expression in PBMCs from patients with asthma compared to healthy controls. f) No distinct pattern was
found in IL-17 gene expression in PBMCs from patients with asthma compared to healthy controls. g-i) The
data are for sputum (GSE137268) from patients with controlled (n=21) and uncontrolled (n=21) asthma. g) IL-19
gene expression was slightly increased in the sputum of patients with uncontrolled asthma compared those
with controlled asthma. h) There was a trend towards increased IL-6 expression in the sputum of patients with
uncontrolled asthma compared to those with controlled asthma. i) No distinct pattern was found for IL-17
expression in the sputum of patients with uncontrolled asthma compared to those with controlled asthma.
Two-way comparison was done using two-tailed t-tests (GSE43696). Limma adjusted p<0.05 (GSE132006 and
GSE137268). ns: nonsignificant. *: p<0.05; **: p<0.01.

IL-19 (9286-IL-19, R&D Systems) for 8 h. Total RNA was extracted using Trizol (Invitrogen) according to
the manufacturer’s instructions. 5x HOT FIREPol EvaGreen qPCR SuperMix (Solis Biodyne) was used for
cDNA amplification and reverse-transcriptase (RT) quantitative PCR (qPCR) was performed in
QuantStudio 3 Real-Time PCR System (Applied Biosystems).

ELISA

Plasma IL-19, IL-6 and IL-17 cytokine concentrations in asthma patients (n=30) and healthy controls
(n=6) were determined using commercially available human ELISA kits (IL-6, ab46042, Abcam; IL-19,
ab231922, Abcam; IL-17, DY317-05, R&D Systems). Plasma used in our study was obtained from asthma
patients recruited from Rashid Hospital, Dubai, United Arab Emirates. The patient characteristics are
summarised in supplementary table S6. The study was approved by the Ethics Committee of Dubai Health
Authority and Dubai Scientific Research Ethics Committee (DSREC-03/2019_10) and the subjects had
provided written informed consent. Assays were performed strictly following the manufacturer’s
instructions. All samples were measured in duplicate.

Analysis procedures

The microarray data (CEL files) were normalised with the robust multi-array average procedure using the
Bioconductor affy package [17-19]. The fold change of differentially expressed genes was calculated using
the Bioconductor Limma package [20, 21], and genes with an adjusted p-value (false discovery rate) <0.05
were considered significantly differentially expressed.

Results of the gene expression analysis of the IL-19 heterodimeric receptors IL-20R1 and IL-20R2 in
fibroblasts of patients with severe asthma treated, or not, with IL-19 are expressed as fold change relative
to untreated bronchial fibroblasts. The following primers were used: human IL-20R1, forward 5'-3':
TGGGCTGAAAGTGGACGGTTCT and reverse 5-3": CCACTTCTCTGGAGCTGTCAGG; human
IL-20R2, forward 5-3: ACAACCTTCGTGTCAGGGCCAC and reverse 5-3': TGATCTCCATCCCAG
GTCGGGT; human 18s, forward 5'-3: TGACTCAACACGGGAAACC and reverse 5'-3": TCGCTCCA
CCAACTAAGAAC. Gene expression was analysed using the comparative Ct (AACt) method after
normalisation to the housekeeping gene 18s rRNA. Analyses were performed using R software v 3.0.2 (R
Foundation for Statistical Computing), SPSS Version 26 (IBM Corporation) and Graphpad Prism 8
(GraphPad Software Inc.). All t-tests were two-tailed and considered significant if the nominal p-value
was <0.05.

Results

In this study we used gene expression datasets of bronchial biopsies of the Australian U-BIOPRED cohort
consisting of 42 patients with severe asthma, 18 patients with mild/moderate asthma and 13 healthy
subjects. This dataset was used to analyse the gene expression level of IL-19, which is known to correlate
with asthma severity, along with other asthma-related cytokines such as IL-6 and IL-17 [22, 23]. A
significant increase in the gene expression level of IL-19 was observed in the bronchial biopsies of patients
with severe and mild/moderate asthma compared to healthy subjects (figure 1a). Although the expression
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FIGURE 3 Plasma and saliva interleukin (IL)-19, IL-6 and IL-17 levels in patients with asthma of different severity
categories. The data are for samples from patients with severe asthma (n=18) and mild/moderate asthma (n=12)
and healthy controls (n=6). a, b) IL-19 level was significantly increased in plasma (2) and saliva (b) of patients with
severe asthma compared to mild/moderate asthma; the increase in IL-19 level was more pronounced in saliva than
in plasma level. ¢, d) There was a trend towards increased plasma IL-6 level (c) in patients with severe asthma
compared to mild/moderate asthma, and a significant increase in saliva IL-6 level (d) in patients with severe
asthma compared to mild/moderate asthma. e, f) No distinct pattern was found in plasma IL-17 levels () in
patients with severe asthma compared to mild/moderate asthma, but there was a trend towards increased saliva
IL-17 levels (f) in patients with severe asthma compared to mild/moderate asthma. Two-way comparison was done
using two-tailed t-test. ns: nonsignificant. *: p<0.05; ****: p<0.0001.

levels of IL-6 and IL-17 cytokines were both elevated in patients with severe and mild/moderate asthma,
the increase was not deemed statistically significant (figure 1b, c).

IL-19 induces cellular responses via the IL-20R1/IL-20R2 receptor heterodimer and primarily activates
STAT3 [3, 24]. When IL-20R1-deficient mice were challenged with house dust mite to induce airway
hyperresponsiveness, IL-19 signalling and airway inflammation were diminished [11]. However, in a report
that investigated the crystal structure of the 20R1/IL-20R2 receptor heterodimer, the affinity of IL-19 to
IL-20R2 was shown to be higher than its affinity to IL-20R1 [25]. Thus, to better understand the
expression level of these receptors in lung tissues of asthma patients, we evaluated the gene expression of
IL-20R1 and IL-20R2 receptors in the bronchial biopsies of Australian U-BIOPRED participants. The
expression of both of these receptors was elevated in asthmatic lung tissues compared to healthy controls
(figure 1d). However, the increase in IL-20R2 lung expression was more pronounced than that of IL-20R1
in the lung tissues of healthy controls (close to 1-fold change increase in the mean expression levels of
IL-20R1 (7.24) versus IL-20R2 (8.18); p<0.0001) as well as in the lung tissues of patients with mild/
moderate (0.5-fold change increase in the mean expression levels of IL-20R1 (7.98) versus IL-20R2
(8.34); p=0.028) and severe (0.5-fold change increase in the mean expression levels of IL-20R1 (8.01)
versus IL-20R2 (8.62); p<0.0001) asthma (figure 1d). Given the reported higher affinity of IL-19 to
IL-20R2 [25], our finding suggests that IL-19 may exert its function more through the IL-20R2 receptor in
asthma. To validate this observation, we used RT-PCR to assess the expression level of these two receptors
in fibroblasts from patients with severe asthma. Similar to the Omics results, the IL-20R2 gene was
expressed more highly than the IL-20R1 gene in severe asthma (figure le). In addition, upon treatment
with recombinant IL-19, the gene expression level of both receptors was significantly increased. IL-19
induced a 3-fold increase in IL-20R1 expression, and over a 10-fold increase in IL-20R2 expression (figure
1le). Therefore, IL-19 and its receptors are upregulated in lung airways of asthma patients. Its role in
asthma pathogenesis, however, requires further investigation. Proper understanding of the preferential
signalling of IL-19 through IL-20R1 and/or IL-20R2 receptors may provide insight into the design of
efficient inhibitors of IL-19 signalling.

In addition, using datasets of bronchial brushings from the SARP cohort we observed that the IL-19
expression level was significantly increased in samples from patients with severe, but not mild/moderate,
asthma compared to healthy subjects, although there was a trend for an increase in the mild/moderate
group (figure 2a). There was no distinct pattern for IL-6 (figure 2b) and IL-17 (figure 2c) expression levels
in asthmatic and healthy control subjects. Moreover, in PBMCs, no difference was observed in the levels
of TL-6 (figure 2e) and IL-17 (figure 2f) between healthy and asthmatic subjects. There was an increase in
IL-19 expression, but not to a significant level (figure 2d).

We also investigated IL-19 expression levels in the sputum of asthmatic subjects. This dataset determined
the differentially expressed genes in the sputum of patients with controlled and uncontrolled asthma
(GSE137268). The level of IL-19 expression was slightly higher in the sputum of patients with
uncontrolled asthma compared to controlled asthma (figure 2g). Similarly, IL-6 expression was higher in
the sputum of patients with uncontrolled asthma, but not to a significant level (figure 2h). No difference in
IL-17 levels was observed between patients with uncontrolled and controlled asthma (figure 2i).

Using an ELISA assay, we evaluated the level of IL-19 in the plasma and saliva of asthmatic patients.
IL-19 plasma (figure 3a) and saliva (figure 3b) protein levels were significantly increased in patients with
severe asthma compared to patients with mild/moderate asthma and healthy controls. IL-6 levels in the
saliva were significantly increased in patients with severe asthma compared to mild/moderate asthma and
healthy controls (figure 3d). In the plasma, IL-6 level followed a similar trend; however, the increase in
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or treated with dexamethasone (500 nM) for 24 h. The data show no difference in IL-19 expression level
between the treated and untreated PBMCs. c¢) Azithromycin and omalizumab decreases IL-19 plasma level in
severe asthma. The data show that treatment with these medications significantly decreased IL-19 plasma level
in patients with severe asthma. Two-way comparison was done using two-tailed t-tests. ns: nonsignificant.

5% 5<0.0001.

patients with severe asthma compared to mild/moderate asthma was not deemed statistically significant
(figure 3c). No increase in IL-17 plasma level was observed (figure 3e). Although the level of IL-17
appeared higher in the saliva of patients with severe asthma, the increase was not statistically significant
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FIGURE 5 Gene expression of interleukin (IL)-10, IL-20 and IL-24 in bronchial biopsies from patients with
asthma of different severity categories. The data are from U-BIOPRED Project and Australian Newcastle severe
asthma cohorts (GSE147881). 2) IL-10 gene expression was significantly decreased in the lungs of patients with
severe asthma compared to healthy controls. b) There was a trend towards increased lung IL-20 expression in
patients with mild/moderate asthma compared to healthy controls. c) IL-24 gene expression was significantly
decreased in the lungs of patients with mild/moderate asthma compared to healthy controls. Two-way
comparison was done using two-tailed t-tests. ns: nonsignificant. *: p<0.05; **: p<0.01.

(figure 3f). The observed IL-19 upregulation in the plasma and saliva samples of patients with severe
asthma in addition to the Omics results suggest that IL-19 could potentially be used as a biomarker for
asthma severity; this, however, requires further investigation.

The plasma level of IL-6, a systemic asthma severity biomarker [26], could be affected by patients’
comorbidities as well as corticosteroid treatment. Here, we determined whether corticosteroid treatment
affects IL-19 level. To test this hypothesis, we examined the expression level of IL-19 in relation to steroid
treatment in two publicly available datasets: one for bronchial biopsies isolated from healthy subjects
treated or not with inhaled corticosteroids, and one for PBMCs treated or not with dexamethasone.
Treatment with corticosteroids did not affect IL-19 level in bronchial biopsies (figure 4a) or in PBMCs
(figure 4b). However, in our cohort, treatment with omalizumab and with azithromycin suppressed IL-19
plasma level in patients with severe asthma (figure 4c).

Because other IL-10 family cytokines, i.e. IL-10, IL-20 and IL-24, are in close proximity to the IL-19
gene on human chromosome 1q32, we further investigated their expression in the different types of
samples from asthma patients and found no distinguishable pattern for their expression levels
(supplementary figure S1). In fact, IL-10 expression level was significantly lower in the lung tissues of
patients with severe asthma as compared to healthy controls (figure 5).

Discussion

In the era of personalised medicine, to deliver proper management for asthma it is important to be able to
phenotype asthma and to define biomarkers that are able to predict the severity of disease and assess the
response to treatment. Plasma IL-6 level has previously been associated with asthma severity and
metabolic dysfunction [26]. However, there was a poor correlation between plasma and sputum IL-6 levels
in the same cohort, indicating that IL-6 levels could not be used as a biomarker of severity in asthmatic
sputum or saliva samples. In this study, IL-19 lung expression as well as its protein plasma and saliva
levels were significantly increased in patients with asthma and correlated with disease severity. Its level
was not affected by steroid treatment. This suggests that IL-19 can be used as a biomarker of asthma
severity. However, further validation in larger asthma cohorts is needed.
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Little is known about the cellular source of IL-19 in asthmatic patients. IL-19 was found to be upregulated
in the blood of patients with asthma compared to healthy controls, and was highly expressed in the airway
epithelia of patients with asthma compared to healthy controls [2]. Here, we have highlighted that, in
asthmatic patients, besides airway epithelial cells, fibroblasts are also a cellular source of IL.-19. Moreover,
the expression of IL-20R1 and IL-20R2 was upregulated in lung fibroblasts of asthmatic patients as well as
in response to IL-19 treatment.

In the current study, compared to IL-6 and IL-17 cytokines, IL-19 saliva level was highest in patients with
severe asthma. This elevated IL-19 level could be related to the increased IL-17 level in airways of patients
with severe asthma. The level of IL-17 in lung tissue is known to correlate with asthma severity [23].
IL-17 has also been shown to enhance IL-19 expression in airway epithelial cells [2]. Therefore, the
elevated level of this cytokine in severe asthma could explain why IL-19 levels are highest in saliva from
patients with severe asthma.

In summary, among the recruited patients, IL-19 protein levels were significantly higher in the plasma and
saliva of patients with severe asthma compared with mild/moderate subgroups, and the increase in IL-19
level was more pronounced in saliva samples than in plasma samples. IL-19 protein level was not affected
by corticosteroid treatment in plasma. Our data provide insights into the possible use of IL-19 as a saliva
marker for asthma severity and as a potential therapeutic target.
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