Allergy Asthma Immunol Res. 2022 Mar;14(2):233-253
https://doi.org/10.4168/aair.2022.14.2.233
pISSN 2092-7355-eISSN 2092-7363

Allergy, Asthma &
Immunology Research

Original Article

‘ '.) Check for updates ‘

The TL1A-DR3 Axis in Asthma:
Membrane-Bound and Secreted TL1A
Co-Determined the Development of
Airway Remodeling

,F Yun Pan @, Xiaofei Liu @, Jiawei Xu ®,’

, Liang Dong ® ¥

Jintao Zhang
Xinrui Qiao

,'t Dong Zhang
,' Wenjing Cui

'Department of Respiratory, Shandong Qianfoshan Hospital, Cheeloo College of Medicine, Shandong
University, Jinan, China

2Department of Respiratory, Shandong Provincial Qianfoshan Hospital, Shandong University, The First
Affiliated Hospital of Shandong First Medical University, Shandong Institute of Respiratory Diseases, Jinan,
China

Received: Aug 15, 2021
Revised: Dec 17, 2021
Accepted: Jan 5, 2022
Published online: Feb 9, 2022

Correspondence to

Liang Dong, MD, PhD

Department of Respiratory, Shandong
Provincial Qianfoshan Hospital, Shandong
University, The First Affiliated Hospital of
Shandong First Medical University, Shandong
Institute of Respiratory Diseases, Jinan 250021,
Shandong, China.

Tel: +8613505401207

Fax: +18653182166931

Email: dI5506@126.com

These authors contributed equally to this
work.

Copyright © 2022 The Korean Academy of
Asthma, Allergy and Clinical Immunology -
The Korean Academy of Pediatric Allergy and
Respiratory Disease

This is an Open Access article distributed
under the terms of the Creative Commons
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial
use, distribution, and reproduction in any
medium, provided the original work is properly
cited.

ORCID iDs

Jintao Zhang
https://orcid.org/0000-0002-1309-6836
Dong Zhang
https://orcid.org/0000-0001-7323-7699

https://e-aair.org

ABSTRACT

Purpose: Tumor necrosis factor-like ligand 1A (TL1A), especially its secreted form, has been
shown to contribute to eosinophilic inflammation and mucus production, cardinal features
of asthma, through its receptor, death receptor 3 (DR3). However, the role of the TL1A-DR3
axis in asthma, especially in terms of airway remodeling, has not yet been fully understood.
Methods: The present study investigated the expression and secretion of TL1A in the lung
and human bronchial epithelial cells. DR3 small interfering RNA (siRNA), TL1A siRNA, and
truncated plasmids were used respectively to identify the function of the TL1A-DR3 axis

in vitro. To further validate the roles of the TL1A-DR3 axis in asthma, we collected airway
biopsies and sputa from asthmatic patients and constructed a mouse model following rTL1A
administration, DR3 knockdown, and TL1A knockout, the asthma-related inflammatory
response and the pathological changes in airways were analyzed using various experimental
methods. Associated signaling pathways downstream of TL1A knockout in the mouse model
were analyzed using RNA sequencing.

Results: TL1A, especially its non-secreted form (nsTL1A) was involved in the remodeling
process in asthmatics’ airways. Knockdown of TL1A or its receptor DR3 decreased the
expression of fibrosis-associated protein in BEAS-2B cells. Reversely, overexpression of nsTL1A
in airway epithelial cells facilitated the transforming growth factor-p-induced remodeling
progress. In the asthma mouse model, activating the TL1A-DR3 axis contributes to airway
inflammation, remodeling, and tissue destruction. Reciprocally, DR3 knockdown or TL1A
knockout partly reverses airway remodeling in the asthma model induced by ovalbumin.
Conclusions: Our results confirm differential TL1A expression (including its secreted and
non-secreted form) in asthma, which modulates remodeling. The shared mechanism of
action by which nsTL1A and secreted TL1A exert their effects on asthma development might
be mediated via the nuclear factor-kB pathway. The TL1A-DR3 axis presents a promising
therapeutic target in asthma.

Keywords: Asthma, airway remodeling; airway inflammation; tumor necrosis factor; TL1A;
therapeutic target
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INTRODUCTION

Asthma is a lifelong respiratory disease associated with reversible airway obstruction of varying
degrees, airway inflammation, hyper-responsiveness (AHR), and remodeling.! Along with
clinical guidelines, the treatment of asthma has become more standardized, and patients’
compliance continues to improve.> However, conventional therapies, including bronchodilators
and inhaled glucocorticoids, sometimes have limited therapeutic efficacy, especially in severe
cases, emphasizing the need for new therapeutic approaches and strategies.?

Currently, airway remodeling, as one of the main pathologies in bronchial asthma, has been
confirmed to affect the outcome in asthma directly and has become a significant concern

in therapy.* Research results have increasingly suggested that structural changes linked

to airway remodeling in patients with asthma lead to bronchial hyper-responsiveness and
irreversible airflow obstruction.® Even worse, features of airway remodeling increase with
the duration of illness for patients with asthma.® In the era of personalized treatment, one
of the directions for new asthma treatment development has focused on finding reliable
airway remodeling biomarkers to assist in asthma phenotype classification and selection of
treatment options.’

Tumor necrosis factor (TNF) ligand-related molecule 1A (TL1A), also known as TNF
superfamily member 15, is encoded by the TNFSFI5 gene. It is a newly discovered subgroup
of the TNF superfamily at the beginning of the 21st century.®!° There are 2 forms of TL1A

in humans, a non-secreted form (nsTL1A) and a secreted form (sTL1A), that has been

found in plasma and bronchoalveolar lavage fluid (BALF)." The primary receptor involved
in the effects of TL1A is the death receptor 3 (DR3), but others, such as decoy receptor 3
(DcR3), also play a role.”? Upon binding to DR3, sTL1A could directly promote inflammatory
responses by activating nuclear factor (NF)-«B signaling.” It has also been proposed that
STL1A can specifically activate T cells and promote the secretion of inflammatory cytokines
such as interferon-y and granulocyte-macrophage colony-stimulating factor.®'* Another
member of the same family, LIGHT encoded by the TNFSF14 gene, was suggested to be
essential for airway remodeling in asthma.” Blocking LIGHT in mice can markedly improve
pathologic airway fibrosis and relieve airway smooth muscle remodeling.” At present, some
studies have proven that the TL1A-DR3 axis is closely related to the progression of asthma
and promotes eosinophilic inflammation and mucus production.’**® However, the functions
of TL1A in asthmatic airway remodeling are still not completely elucidated, particularly

the nsTL1A. Identifying a role of the TL1A-DR3 axis in airway inflammatory responses and
remodeling may open up a new area of research (Supplementary Fig. S1).

MATERIALS AND METHODS

Human tissue atlas
To identify the protein expression levels and organ localization of TL1A, we used the Human
Tissue Atlas (http://www.proteinatlas.org/).

Lentivirus constructs

Lentiviral constructs were made in LV2N for shRNA knockdown using standard
molecular biology procedures and verified by sequencing. Oligonucleotides encoding
mouse DR3 shRNA targeting sequences were 5'-GCCCAAAGGGACACTACATGA-3/,
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5-GCTGCCAAACAGAACTCTTGG-3',5-GGCTACAACACCAGTCCATGA-3', and
5'TTCTCCGAACGTGTCACGT-3'. The efficiency of the knockdown was established by
measuring the protein levels of DR3 in the infected mouse lungs using immunoblots.

Plasmid construction

The truncated plasmids TL1A-M (A66-94) were constructed by Fenghui Shengwu Biotech
Co., Ltd (Wuhan, China) using the primers (forward: 5'-ccagggagaggccccaagggcacacc-3';
reverse: 5'-ggtgtgcecttggggectetecctgg-3') for a2a66-94 deletion with reference to the
previously reported method.” Correct sequence and orientation of the DNA inserts in the
plasmid were confirmed by sequencing.

Patients

The diagnostic criteria for asthma were based on the Global Initiative for Asthma (GINA)
guidelines (updated in 2021). Sputum induction was performed as previously described.? All
patients undergoing bronchoscopic biopsy did not have systemic inflammatory diseases or
other respiratory diseases. The experiments were approved by local Ethics Committee (ethics
review number: 2021-S923), and written informed consent was obtained from all patients.
Control subjects were patients with benign pulmonary nodules with normal pulmonary
function and no respiratory symptoms. The basic clinical information of all subjects is shown
in Supplementary Tables S1and S2.

Mice

Age and weight-matched (8-week-old, 20 * 2 g) female C57BL mice (6 mice in each group)
were purchased from PengYue Laboratory Animal Breeding Co., Ltd. (Jinan, China).
TNFSF15-deficient mice (T011739) on C57BL/6 background were generated by the Model
Animal Research Center of Nanjing University (Nanjing, China) using CRISPR/Cas9
technology. Mice were maintained in a standard laboratory animal facility for 1 week before
the experiments. In the TL1A group, mice were challenged with 5 pg of recombinant TL1A
(753006; BioLegend, San Diego, CA, USA) in 50 pL of phosphate buffered saline (PBS)
intratracheally for 3 consecutive days. Control groups received sterile PBS at all time points.
Bronchoalveolar lavage was performed as previously described.*

Animal model construction

Mice were sensitized to ovalbumin (OVA) by intraperitoneal (i.p.) injection of 50 pg of OVA
and 4 mg of alum, Al(OH)3, in 0.5 mL of PBS, then boosted 2 weeks later with a second
injection. OVA challenge was performed in the OVA, OVA-TL1A, OVA+shNC (OVA-induced +
shDR3 lentivirus), and OVA+shDR3 group (OVA-induced + shDR3 lentivirus) by inhalation
of 3% OVA aerosol on days 24, 25, and 26. For the lentivirus group, 48 hours prior to

airway challenge, the mice were injected through the caudal vein with the lentivirus (1 x

10® TU/mouse) containing a control shRNA or the DR3 shRNA sequence. For OVA+TL1A
experiments, rTL1A was instilled intratracheally after each nebulization. The airway hyper-
reactivity experiment was used to evaluate whether the models were successful or failed and
whether the assessment methods were performed as previously described by our research
group.” The schematic representation of the experimental methods used is presented in
Supplementary Fig. S2.

Cell culture and treatment

BEAS-2B human bronchial epithelial cells were obtained from Shanghai Fuheng
Biotechnology Co., Ltd. (Xian, China) and incubated in Dulbecco’s modified Eagle’s medium
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(DMEM) containing 10% fetal bovine serum (Gibco; ThermoFisher Scientific, Waltham, MS,
USA). To construct the cellular model, BEAS-2B cells were stimulated with human interleukin
(IL)-13 protein or human transforming growth factor (TGF)-p1 protein (Abbkine Scientific
Co., Ltd., Wuhan, China) at various concentrations for the indicated time. BEAS-2B cell
transfections were performed using the INTERFERiIn® reagent (Polyplus-Transfection SA,
Paris, France) according to the manufacturer’s instructions.

Bioinformatics analysis

The data expression profile sets used were derived from the GEO database (https://www.ncbi.
nlm.nih.gov/geo/), and one mRNA dataset of research on the human bronchial epithelial
cell, GSE40374, was selected. Differential mRNAs were screened in an immortalized human
bronchial epithelial cell line, M-BE cells, treated with and without human recombinant
TGF-B1 (5 ng/mL) for 6 days. The Limma package (version: 3.40.2) of R software was used to
study the differential expression of mRNAs. The adjusted Pvalue was analyzed to correct for
false-positive results in GEO datasets. Adjusted P < 0.01 and Log2 fold-change (FC) > 1.5 or
Log2FC < -1.5 were defined as the thresholds for screening differential expression of mRNAs.
The box plot was implemented by the R software package ggplot2. To confirm the expression
mode of TL1A in asthmatic patients, we screened RNA profiling subjecting of patients and
healthy controls from public databases (GSE18965).

RNA isolation and reverse transcription quantitative polymerase chain
reaction (RT-qPCR) analysis

Total RNA was extracted from BEAS-2B cells using the RNA Fast 200 RNA Extraction

kit (Fastagen Biotech, Shanghai, China) according to the manufacturer’s instructions.

After quantification using spectrophotometry, 1 ug of RNA was used to synthesize cDNA

by using an Evo M-MLV Mix Kit with gDNA Clean for gPCR (Accurate Biology Co., Ltd.,
Hunan, China). RT-qPCR was performed using the SYBR Green PCR Master Mix (Accurate
Biotechnology Co., Ltd., Wuhan, China). The primers used are described in Supplementary
Table S3. All samples were run in triplicate, and the mean values were used for quantification.

RNA-sequencing analysis

After modeling, the lung tissues of each TNFSFI5 knockout and wild-type (WT) mouse were
separated and stored at -80°C for RNA sequencing. RNA-sequencing analysis was carried out
by Sinotech Genomics Co., Ltd. (Shanghai, China).

ELISA assays

IL-4, IL-5, IL-13, and TL1A levels in plasma or cell culture supernatant were measured

using commercial ELISA kits. The ELISA kits used were as follows: Mouse IL-4 ELISA Kit
(70-EK204/2-96; MultiSciences, Hangzhou, China), Mouse IL-5 ELISA Kit (70-EK105-96;
MultiSciences), Mouse IL-13 ELISA Kit (70-EK204/2-96, 70-EK213/2-96; MultiSciences),
Mouse IL-4 ELISA Kit, Mouse TNFSF15 ELISA Kit (2C-55212; ZCI BIO, Shanghai, China), and
Human TNFSF15 ELISA Kit (ZC-35762; ZCI BIO).

Immunoblotting

Total cellular proteins were extracted using RIPA and then subjected to western blot
experiments for quantification. To carry out western blot experiments, total proteins were
segregated using sodium-dodecyl sulfate polyacrylamide gel electrophoresis and transferred
onto polyvinylidene difluoride membranes. After brief washing, Tris-buffered saline with
1% Tween 20 (TBST) containing 5% bovine serum albumin (BSA) was used for membrane
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blocking for 1 hour. Then, the membranes were incubated overnight at 4°C with the primary
antibodies including anti-TL1A (1:1,000, ab85566; Abcam, Santa Cruz, CA, USA), anti-DR3/
LARD antibody (1:1,000, ab189093; Abcam), Anti-COLI1A1 antibody (1:1,000, BA0325;
Boster, Wuhan, China), anti-fibronectin (1:1,000, JF0582; HUABIO, Hangzhou, China), anti-
alpha smooth muscle actin (1:1,000, SY02-64; HUABIO), anti-E-cadherin (1:1,000, PB9561;
Boster), anti-E-cadherin (1:1,000, ER0503; HUABIO), and anti-GAPDH (1:1,000, BA2913,;
Boster). The following day, the membranes were removed with tweezers and then washed in
TBST 3 times and incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit
IgG (H+L) (1:3,000, GB23303; Servicebio, Wuhan, China) at room temperature for 1 hour.
After washing with TBST again, the membranes were subjected to chemiluminescence by
using enhanced chemiluminescence substrate.

Histological analysis

Immunohistochemical staining was performed as previously described. The human airway
epithelial biopsy specimens and mouse lung tissues were fixed in 10% neutral formalin,
paraffin-embedded, and cut into 5-pm sections. Sections were dewaxed, and rehydrated and
used for hematoxylin and eosin (H&E), trichrome, and fluorescent immunostaining. Airway
inflammation and collagen volume fraction were scored semi-quantitatively on the H&E
staining or Masson-stained slides according to previously described methods.?*

Cell immunofluorescence

BEAS-2B cells were plated on cell climbing slices in a 24-well plate. Following the designated
treatments, cell climbing slices were washed with PBS, fixed with 4% paraformaldehyde, and
then incubated with 0.5% triton X-100 for permeabilization. Then, the cells were blocked
with 1% BSA in PBS for 1 hour at room temperature. The primary anti-TNFSF15 antibody
(1:200, DF3053; Affinity, Jiangsu, China), anti-fibronectin antibody (1:200, JF0582; HUABIO),
and anti-COL1A1 antibody (1:200, BA0325; Boster) were used to incubate the cell climbing
slices overnight at 4°C. The primary antibody was then removed, and fresh PBS was added.
After washing with PBS 3 times, climbing slices were incubated with the secondary antibody
goat anti-rabbit IgG (1:500; Abbkine Scientific Co., Ltd.) and protected from light for 1 hour.
The nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI) (1:500) for 5
minutes. After the final washing in PBS (3 x 10 minutes), the images were captured under an
upright fluorescence microscope (Leica, Berlin, Germany).

Statistical analysis

All results are expressed as mean + standard deviation; differences between 2 groups were
analyzed using Student’s ¢ test. A 2-tailed Pvalue of < 0.05 was considered statistically
significant.

RESULTS

TL1A is highly expressed in airway and lung tissues

First, TL1A expression across the different tissues was examined using the Human Protein
Atlas database. The results demonstrated that the protein expression of TL1A was limited in
organs, but a high level of TL1A expression was observed in the airway and lung tissues

(Fig. 1A and B). We also examined the expression of TL1A in various mouse tissues and
organs by western blot analysis and confirmed high TL1A expression levels in the airway and
lung tissues (Fig. 1C and D).
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Fig. 1. TL1A is involved in various physiological and pathological processes in the respiratory system.

(A) TL1A protein expression levels of human tissues from the Human Protein Atlas. (B) TL1A expression levels of human tissues from FANTOM5 project database.
(C and D) The TL1A expression level was measured by western blot analysis in tissues extracted from different mouse organs.

TL1A, tumor necrosis factor ligand-related molecule 1A; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; WT, wild-type.
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TGF-f1 stimulation increases the expression of TL1A without affecting its
secretion in bronchial epithelial cells

We next investigated whether the potential mechanism of increased airway remodeling is
related to TL1A. In order to test this hypothesis, a microarray dataset, GSE40374, was retrieved
from the GEO database, and bioinformatics analyses were conducted to determine the
differences in gene expression in an immortalized human bronchial epithelial cell line with

or without TGF-B1 stimulation. After screening (|Log2FC| > 1.5 and adj-Pvalue < 0.01), we
found that 2,054 genes were differentially expressed, including 1,184 up-regulated and 867
down-regulated genes (Fig. 2A). The volcano plot and box plot showed that TL1A is one of the
significantly up-regulated genes between control and TGF-B1-stimulated groups (Fig. 2A and B).

Bioinformatics analysis highlighted the potential of TL1A in fibrosis, and biochemical
experiments further validated these observations. Based on data in the literature and
empirical experiments, we selected 48 hours as the optimal TGF-f1 stimulation duration to
induce remodeling and epithelial-mesenchymal transition (EMT).*>* After BEAS-2B cells
were incubated with TGF-f1 at different concentrations (5, 10, and 20 ng/mL) for 48 h, the
expression level of E-cadherin was reduced. In contrast, the levels of fibronectin, N-cadherin,
and a-smooth muscle actin (a-SMA) significantly increased after treatment with 10 and 20
ng/mL TGF-fB1 (Fig. 2C-F). Consistent with data from microarray analysis, TL1A expression
significantly increased in protein and RNA at 48 hours after treatment with TGF-$1, while the
level of DR3 remains unchanged.

Interestingly, the increased level of TL1A induced by TGF-1 was not accompanied by a
parallel increase in its secretion level in the supernatant (Fig. 2G). The same response
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the vertical axis represents the gene expression distribution. (C and D) Protein expression levels of E-cadherin, N-cadherin, fibronectin, DR3, TL1A, and a-SMA
after treatment with different concentrations of TGF-1 for 48 hours. (E) Immunofluorescence for collagen |, fibronectin, and TL1A after treatment with 20 ng/
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concentrations of TGF-1 for 48 hours. (G-H) The levels of secreted TL1A remained unchanged in BEAS-2B cells treated with TGF-31 at various concentrations and
during various time courses. Data are expressed as means + standard deviation.

TGF, transforming growth factor; TL1A, tumor necrosis factor ligand-related molecule 1A; DR3, death receptor 3; MMP-9, matrix metallopeptidase 9; a-SMA,
a-smooth muscle actin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

*P < 0.05, P < 0.01 versus the control group.
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was also observed in supernatants of BEAS-2B cells stimulated with 20 ng/mL TGF-p1 for
prolonged time periods (Fig. 2H). The results presented above suggest that TL1A secretion by
bronchial epithelial cells may be required for additional signaling mechanisms.

The activation of TL1A-DR3 axis is crucial for remodeling and EMT process in
airway epithelial cells

To determine whether TL1A-DR3 axis plays a role in the EMT and fibrosis process in normal
bronchial epithelial cells, we first transfected BEAS-2B cells with small interfering RNA
(siRNA) targeting TL1A. Given that TL1A protein expression was low in resting cells, RT-
qPCR was performed to monitor the transfection efficiency (Fig. 3A). Among the 3 available
TL1A siRNAs, siRNA1 exhibited the best transfection efficiency (Fig. 3A). As described

above, TL1A was highly expressed in cells after TGF-B1 stimulation (Fig. 2). Therefore, we
performed the knockdown experiments with TGF-p1 treatment and obtained the same

result (Supplementary Fig. $2). Finally, the TL1Asil was selected and used in the following
experiments. The following experiments found that the decreased TL1A expression had no
impact on N-cadherin, fibronectin, or collagen I expression levels without TGF-B1 treatment
(Fig. 3B-D). After TGF-p1 treatment, cells with TL1A down-regulation exhibited lower
N-cadherin, fibronectin, and collagen I levels than those in NC-transfected cells (Fig. 3B-D; P
<0.05), in both protein and RNA. In order to further confirm the result, we observed above,
siRNA sets of DR3, a primary TL1A receptor, were constructed. From both transcriptome and
protein analyses, we observed evident down-regulation of DR3 by DR3 siRNA1 at the RNA
and protein levels (Fig. 3E-G; P < 0.05). Combined with the above results, the TL1A-DR3 axis
appeared to be associated with EMT and remodeling in airways (Fig. 3H-J; P < 0.05).

Existing studies have reported that the addition of exogenous recombinant TL1A protein
leads directly or indirectly to the remodeling in airway epithelial cells. However, whether or
not the nsTL1A had the same or opposite effect is not known. To address this, we constructed
the truncated TL1A plasmid (TL1A-M, AGG-94) for deletion of the cleavage sites without
affecting its function of binding receptors as previously reported (Fig. 4A). As anticipated, in
airway epithelial cells (BEAS-2B), the nsTL1A expression was up-regulated after transfecting
TL1A-M and more pronounced in the TGF-B1 stimulated group (Fig. 4B). Intriguingly, we
found that over-expressed nsTL1A alone could promote the remodeling-related alterations
elicited by TGF-P1 in airway epithelial cells (Fig. 4C and D). These findings collectively
emphasize that TL1A (its secreted and membrane forms) play an important role in airway
epithelium during the early phase of the fibrosis process.

TL1A is highly expressed in airway epithelium in asthma, with concomitant
airway remodeling

Extensive studies have established that TL1A in innate lymphoid type 2 cells (ILC2) has long
been associated with bronchial asthma and eosinophilic airway inflammation. However,
the role of TL1A in the asthmatic airway epithelium has not been previously known. In light
of the above consideration, we guess TL1A, especially its insoluble form, is involved in the
pathogenesis of asthma in the airways. First, we constructed an asthma model induced by
IL-13 and observed the change in TL1A levels accompanied by periostin, an indicator of
eosinophilic inflammation, which lends credence to the validity of the association between
asthma and TL1A in airway epithelium (Supplementary Fig. S4).

To further determine whether TL1A in airway epithelium correlated with asthma, we next
analyzed the differential expressed genes and the RNA-seq value of TNFSF15 in GSE18965
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Fig. 3. Effects of TL1A/DR3 axis inactivation on EMT and remodeling indicators in bronchial epithelial cells.

(A) mRNA expression levels of TL1A after small interference RNA transfection. (B-D) Protein and mRNA expressions of fibronectin, collagen I, N-cadherin
and TL1A after different treatments. (E-G) mRNA expression levels of DR3 after small interference RNA transfection. (H-J) Protein and mRNA expression of
fibronectin, collagen I, N-cadherin, and DR3 after different treatments. Data are expressed as mean + standard deviation.

TL1A, tumor necrosis factor ligand-related molecule 1A;
glyceraldehyde 3-phosphate dehydrogenase.
*P < 0.05, **P < 0.01 versus the corresponding group.

DR3, death receptor 3; EMT, epithelial-mesenchymal transition; ns, not significant; GAPDH,

dataset comprising 9 atopic asthmatics patients and 7 healthy subjects (Fig. 5A). As shown
in the half-violin plot (Fig. 5B), TNFSF15 expression was more significantly up-regulated in
the asthma group than the control group in airway epithelium. Next, airway biopsy tissues

from patients with asthma and healthy controls were obtained by fiberoptic bronchoscopy.

Masson staining and immunohistochemical analyses were performed to detect the TL1A

level and visualize the deposition of collagen in the airways (Fig. 5). The results showed that

levels of TL1A were significantly increased in the bronchial biopsy specimens from patients
with asthma compared with healthy controls (Fig. 5C and D). In addition, we also observed

https://e-aair.org

https://doi.org/10.4168/aair.2022.14.2.233

241



TL1A-DR3 Axis in Asthma Airway Remodeling

Allergy, Asthma &
Immunology Research

https://e-aair.org

AT1-LT2

cleavage site
™
TNFSF15 =
full length - i TNF homology domain |

\ J

v
Extracellular

Membrane form

TNF homology domain

Truncated TNFSF15 plasmid
(~66-94) 1
6080 base pairs.

x
e

prr— x’%@% 4
Vo, Wy

Contrl + - +
4000 2 =3 Control TLAM - + = +
3000 = TGF-p1 + +
E TGF-B1 = -

- - = TLIAM B

H TL1A-M+TGF-B1 Fibronectin |/#e-—— ! -
1000 L s .
100 e Collagen | | s s s— a—

Relative expression
normalized to Actin

N-cadherin

E-cadherin | —_— e |

0
= e TN [ —— e

133 x 3 Control
5< é;’; I i = TGF-B1
22 15 * TL1A-M
g_g " * = TL1A-M+TGF-B1
xo 10 —
[T
o N -
st I I | |
25 - = H - = = =&
xc " ' —= ¥
I I | |
0.0 -
Collagen I Fibronectin N-cadherin E-cadherin ~ MMP-9 Q

Fig. 4. Overexpression nsTL1A affects remodeling and EMT induced by TGF-f1.

(A) The construction of truncated TL1A plasmid for deletion aa66-94. (B) mRNA expression of TL1A after truncated
TL1A plasmid transfection and TGF-3 treatment. (B-D) Protein and mRNA expressions of fibronectin, collagen I,
N-cadherin E-cadherin and MMP-9 after different treatments. Data are expressed as mean + standard deviation.
nsTL1A, non-secreted tumor necrosis factor ligand-related molecule 1A; EMT, epithelial-mesenchymal transition;
TGF, transforming growth factor; MMP-9, matrix metallopeptidase 9; TNF, tumor necrosis factor; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase.

*P < 0.05, P < 0.01 versus the corresponding group.

increased collagen fibers in the thickened airway walls in the samples from asthmatics
(Fig. 5C and D). To further investigate the correlation between TL1A and asthma, we next
constructed murine asthma models using OVA (Supplementary Fig. $2). Fig. 5E-H show
that the levels of TL1A were increased in lung tissue in OVA-challenged mice compared to
control mice. Immunofluorescence analysis also revealed that elevated TL1A was localized
near the airway epithelium in the OVA-induced mouse model (Fig. 5G and H). These results
highlighted that nsTL1A might be a potential link to airway remodeling in asthma.

Elevated TL1A Level in sputum supernatant and BALF in asthmatic subjects
As stated above, nsTL1A was up-regulated in the airway epithelium of both animal models
and human patients; however, whether the secreted form of TL1A is changed in the presence
of the non-secreted form is not clear. To investigate this, we collected induced sputum
samples from 13 asthmatics and 10 normal donors (Supplementary Table S$2). The ELISA
results indicated that the expression of TL1A was higher in the asthma group than in the
control group (Fig. 51). Similar results were obtained for BALF TL1A measurements from

the OVA-induced animal model (Fig. 5J). However, in contrast, the level of secreted TL1A
remains constant in the serum samples of the same batch of mice (Supplementary Fig. S5).
We speculated that the inconsistencies between the BALF and serum could have been related
to the local effect in the lungs.
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Administration of TL1A directly promotes airway remodeling in mice

To assess if TL1A could directly contribute to airway remodeling in vivo, we first administered
recombinant TL1A (rTL1A) (Fig. 6A). We selected a dose of 5 pg according to the previous
study. After intratracheal delivery of 5 ug rTL1A for 3 days, inflammatory response and
remodeling features became apparent (Fig. 6). Immunoblot analysis revealed a significant
collagen increase in the lungs in the experimental group compared with normal histology

in the control group (Fig. 6B-D). H&E and Masson & trichrome staining revealed significant
infiltration of airway inflammatory cells, and collagen accumulation was observed around the
bronchioles (Fig. 6E and G). Evaluation of airway inflammation with an inflammation score
also confirmed that treating the airway with rTL1A promoted inflammatory cell infiltration (P
<0.01) (Fig. 6F). Surrounding the airways, the collagen volume fraction was also significantly
increased in the TL1A group (P < 0.01) (Fig. 6H).

Intratracheal instillation
for 3 days

Control rTL1A

Collagen 1
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in a volume of 50 pl
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Fig. 6. Intratracheal administration of TL1A in WT mice.

(A) Schematic diagram of TL1A intratracheal instillation in mice. Part of the figure was generated with BioRender.
(B-D) Protein expression of fibrosis indicator (collagen | and a-SMA) after treatment and subsequent quantitative
analysis. (E) Representative images of murine lung tissue stained with H&E. (F) Inflammation score. (G)
Representative images of Masson-stained lung tissues of mice. (H) Quantification of collagen volume fraction.
Data are represented as mean + standard deviation.

TL1A, tumor necrosis factor ligand-related molecule 1A; WT, wild-type; a-SMA, a-smooth muscle actin; ns, not
significant.

**P < 0.01 versus the control group.
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Next, to delineate the function of TL1A in asthma, we instilled TL1A intratracheally in the
OVA-challenged mice asthma model. The OVA group exhibited evident accumulation of
airway inflammatory cells as determined by H&E staining (Fig. 7A and B). Some peribronchial
collagen deposition was also observed in asthmatic mice by Masson staining (Fig. 7C and D).
Moreover, the administration of TL1A further exacerbated the histopathological changes

T T T
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Control OVA  OVA+TL1A @

Control OVA  OVA+TL1A o
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Baseline 4 8 12 16
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(A-D) H&E and Masson staining were used to observe histopathological changes after TL1A treatment in the mouse model of asthma. Histopathological lesions
were analyzed quantitatively. (E-G) Protein expression of fibrosis indicator (collagen | and a-SMA) after treatment and subsequent quantitative analysis. (H-1)
Immunofluorescence detection of fibrosis “indicator” proteins and their quantitative analyses. (J) Expression of IL-4, IL-5, and IL-13 in the blood detected by
ELISA. (K) AHR was measured by airway reactivity to increased doses of inhaled methacholine treatment. Administration of TL1A can increase methacholine-

induced AHR.

TL1A, tumor necrosis factor ligand-related molecule 1A; OVA, ovalbumin; H&E, hematoxylin and eosin; a-SMA, a-smooth muscle actin; IL, interleukin; AHR,

airway hyper-responsiveness; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

*P<0.05, *P < 0.01.
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induced by OVA (Fig. 7A-D). These histological data support the conclusion that TL1A plays a
critical role in acute airway inflammation and asthmatic airway remodeling.

In parallel with the analysis of histopathological changes, lung tissues of the 3 groups were
homogenized, and proteins were extracted to evaluate the remodeling level by western blot
analysis. Western blot analysis showed that collagen I and a-SMA were more significantly
increased in lung tissue in the OVA+TL1A group (Fig. 7E-G). Immunofluorescent staining
results were consistent with the immunoblotting ones (Fig. 7H and 1). The level of Th2
cytokines (IL-4, IL-5, and IL-13) in plasma was evaluated by ELISA. In the OVA+TL1A group,
administration of rTL1A did not impact the levels of TH2-related cytokines, similar to the
OVA group (Fig. 7J). Additionally, we found that the administration of TL1A can augment
OVA-induced AHR (Fig. 7J).

DR3 knockdown alleviates airway inflammation and remodeling

By analyzing human airway biopsy samples from patients with asthma and the animal model,
we found the elevated TL1A in asthma, which may be involved in asthma development.

We also found that the administration of TL1A could exaggerate airway inflammation and
remodeling in vivo. To provide further evidence for the involvement of TL1A in asthma, we
constructed 3 lentiviral shRNA vectors targeting DR3, the primary receptor of TL1A, to
suppress the function of TL1A. Lentivirus was injected to C57BL/6 mice at 12 weeks of age

via the caudal vein with either the LV-NC, LVI-shDR3, LV2-shDR3, or LV3-shDR3 (Fig. 8A).
Mice were sacrificed 7 days after lentivirus administration, and lung tissues were collected for
analysis. Immunoblot analysis indicated that manipulating of DR3 expression by lentivirus
was successful and efficient (Fig. 8B and C). The LV2-shDR3 showed the best knockdown
efficiency (Fig. 8B and C) without affecting the production of secreted TL1A (Supplementary
Fig. S6), and it was used for the following experiments.

As shown in Fig. 8D, OVA-challenged +LV2-shDR3 mice had mild inflammatory cell
infiltration around the small airways. Concomitantly, the degree of airway remodeling was
more significantly attenuated compared with the OVA challenged+LV-shNC groups (Fig. 8D).
Western blot and immunofluorescence analysis of fibrosis-related markers in the lung tissues
also confirmed the same results (Fig. 8E and F). Overall, our research showed that the TL1A-
DR3 axis might play an essential role in airway inflammation and remodeling in asthma.

TNFSF15 knockout may attenuate OVA-induced airway remodeling through
the NF-kB pathway

To further validate the authentic role of TL1A and characterize its signaling events related to
downstream effector mechanisms in asthma progression, we generated TNFSF15-knockout
mouse by CRISPR/Cas9 and tested our hypothesis using the knockout mouse model (Fig. 9).
H&E and Masson staining as well as immunofluorescence analysis (a-SMA and collagen I)
further proved the vital role of TL1A signaling. The results showed that along with diminished
inflammation, markers of tissue remodeling were significantly attenuated, compared with
OVA-induced WT controls (Fig. 9A and B). To further evaluate mechanisms by which TL1A loss
of functions in asthma development, we next analyzed mRNA profiling in WT and knockout
mouse models by RNA sequencing of total RNA extracted from the lung tissues. RNA-seq
microarray analysis in the knockout mice identified over 370 differentially expression genes
(DEGs), including 199 up-regulated and 177 down-regulated genes (Fig. 9C). The alterations

in molecular mechanisms affected by these genes might explain the phenotypic difference
between WT and knockout mice. To explore the characteristics of the 376 DEGs, KEGG pathway
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Fig. 8. DR3 in the OVA-challenged mice is knocked down with lentiviral-based shRNA.

(A) The diagram for lentivirus intratracheal injection. Part of the figure was generated with BioRender. (B and C) The effects of DR3 knockdown with lentivirus
shRNAs were evaluated via immunoblots. (D) H&E and Masson staining were used following quantitative analysis to evaluate the histopathological changes
after lentivirus treatment in the mouse model of asthma. (E) Protein expression of fibrosis indicator (collagen | and a-SMA) after treatment and subsequent
quantitative analysis. (F) Immunofluorescence detection of fibrosis “indicator” proteins and their quantitative analysis.

DR3, death receptor 3; OVA, ovalbumin; H&E, hematoxylin and eosin; a-SMA, a-smooth muscle actin; ns, not significant.

*P<0.05, "*P < 0.01.

enrichment analyses were performed based on DEGs for this comparison (Fig. 9D-E), and
NF-kB signaling pathways were significantly enriched in the KEGG pathway analysis, which is
particularly marked for down-regulated genes. These results support that the effect observed
with TNFSFI5 knockout is dominated by inhibition of NF-kB signaling pathways.
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Fig. 9. TL1A knockout effectively relieves OVA-induced airway inflammation and remodeling in mice.

(A) Following quantitative analysis, H&E and Masson staining were used to evaluate histopathological changes in the TNFSF15 WT and knockout mouse model.
(B) Immunofluorescence detection of fibrosis “indicator” proteins (a-SMA and collagen I) and their quantitative analysis. (C) Volcano plot was used to present
the results of RNA-seq from OVA-treated lung tissues between TNFSF15 WT and knockout mice (differential genes were determined using a P value of < 0.05 and a
|FC| >1.2). (D and E) Bubble and circular maps of KEGG pathway enrichment.

TL1A, tumor necrosis factor ligand-related molecule 1A; OVA, ovalbumin; H&E, hematoxylin and eosin; WT, wild-type; a-SMA, a-smooth muscle actin; FC, fold-change.
*P<0.05, **P<0.01. (continued to the next page)
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Fig. 9. (Continued) TL1A knockout effectively relieves OVA-induced airway inflammation and remodeling in mice.

(A) Following quantitative analysis, H&E and Masson staining were used to evaluate histopathological changes in the TNFSF15 WT and knockout mouse model.
(B) Immunofluorescence detection of fibrosis “indicator” proteins (a-SMA and collagen I) and their quantitative analysis. (C) Volcano plot was used to present
the results of RNA-seq from OVA-treated lung tissues between TNFSF15 WT and knockout mice (differential genes were determined using a P value of < 0.05 and a
|FC| > 1.2). (D and E) Bubble and circular maps of KEGG pathway enrichment.

TLIA, tumor necrosis factor ligand-related molecule 1A; OVA, ovalbumin; H&E, hematoxylin and eosin; WT, wild-type; a-SMA, a-smooth muscle actin; FC, fold-change.
*P<0.05, **P < 0.01.

DISCUSSION

This study demonstrated that TL1A (both its secreted and non-secreted forms) was increased
in asthmatic patients (induction sputum and airway epithelium) and the OVA-induced murine
asthma model (lung tissues and BALF). The above results indicate that both nsTL1A and sTL1A
may be involved in the asthma phenotype and development. In human bronchial epithelial cells
induced by TGF-31, TL1A expression was significantly increased, accompanied by fibrosis and
EMT makers. Furthermore, down-regulation of TL1A or its receptor DR3 reversed the effects
induced by TGF-B1, including the change in EMT and remodeling indicators. Some previous
investigations have found that, in airway epithelial cells, the activation of the TL1A-DR3 axis
using recombinant TL1A could alter airway remodeling. Our study demonstrated that elevated
nsTL1A alone could directly promote the procession of remodeling induced by TGF-f31. These
results confirmed that TL1A, especially its non-secreted form, plays a critical role in asthmatics
airway remodeling processes. To further corroborate experimental results in vitro, we next
carried out experiments in mice. 1 vivo experiments demonstrated that the intratracheal
administration of TL1A could directly aggravate fibrosis in WT mice as an asthmatic mouse
model, which could be reversed by the specific knockdown of DR3 or TL1A knockout.
Inhibiting the airway remodeling and inflammatory response by TL1A knockout may be
associated with down-regulation of the NF-«B signaling pathway. Collectively, in this study, the
role of TL1A, especially its 2 distinct forms in asthmatic airway epithelium, was confirmed for
the first time, further improving our understanding of the role of the TL1A-DR3 axis in asthma.

With the deterioration in air quality, the global incidence of asthma has been increasing.

In that context, airway remodeling as an important common feature of asthma, especially
severe refractory asthma, remains a challenge for treatment and clinical management.’
Currently, the airway epithelium is considered to play significant roles in the progression

of asthma. In terms of airway remodeling, airway epithelium has also been assumed as an
“initiator,” producing paracrine signals that induce proliferation, migration, and activation of
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inflammation. In our previous study, we also confirmed that elevated FSTL1 expression in the
asthmatic airway epithelium is relevant to the functional significance of airway remodeling in
asthma.?? So far, however, a complete scenario including detailed molecular mechanisms
in airway epithelium pathological processes is not sufficiently understood, which hinders
effective therapeutic strategies.

Given the role of TL1A in eosinophilic inflammation, much attention has been paid to the
relationship between TL1A and asthma in recent years.’® TL1A is believed to act on Th2 cells
and ILC2 to promote the production of Th2 cytokines.?®* In addition to airway inflammation,
excessive production of Th2 cytokines induced by TL1A in ILC2 also promotes mucus production,
and interrupting TL1A/DR3 signaling decreases mucus production in an allergen-induced asthma
model.*® Of great concern, one recent study revealed that TL1A and DR3 expression in patients
with asthma significantly increased following allergen challenge.* Given the important role of
ILC2 in asthma, all these results emphasize the pivotal role of the TL1A/DR3 axis in asthma,
especially in the progression of severe refractory asthma. However, the association of TL1A/
DR3 signaling activity with airway remodeling in asthma has not been thoroughly investigated,
especially with respect to the structural cells of the lungs, such as epithelial cells.

In conclusion, our study established a stronger link between the TL1A/DR3 axis and asthmatic
airway remodeling. For the first time, we identify the sTL1A and nsTL1A together as being
responsible for this process. Considering that TL1A could function via quite a few receptors,
another receptor involved in this process and the complete mechanism by which TL1A affects
asthmatic airway remodeling and function needs to be further investigated. This is the next step
in our group’s research. To help answer this question, we have generated TNFSF15-deficient
mouse lines by gene targeting and are trying to establish TNFSF15 transgenic (restricted
membrane expression) mice. Future studies will include a detailed comparison between
secreted versus non-secreted TL1A characteristics in asthma. Given the study’s exploratory
nature, our research results will lay the foundation for further necessary research.
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