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ABSTRACT

Pulmonary fibrosis is an interstitial lung disease caused by various factors such as exposure to workplace environmental contaminants, drugs, or X-rays. Epithelial
cells are among the driving factors of pulmonary fibrosis. Inmunoglobulin A (IgA), traditionally thought to be secreted by B cells, is an important immune factor
involved in respiratory mucosal immunity. In the current study, we found that lung epithelial cells are involved in IgA secretion, which, in turn, promotes pulmonary
fibrosis. Spatial transcriptomics and single-cell sequencing suggest that Igha transcripts were highly expressed in the fibrotic lesion areas of lungs from silica-treated
mice. Reconstruction of B-cell receptor (BCR) sequences revealed a new cluster of AT2-like epithelial cells with a shared BCR and high expression of genes related to
IgA production. Furthermore, the secretion of IgA by AT2-like cells was trapped by the extracellular matrix and aggravated pulmonary fibrosis by activating fi-

broblasts. Targeted blockade of IgA secretion by pulmonary epithelial cells may be a potential strategy for treating pulmonary fibrosis.

1. Introduction

Pulmonary fibrosis is a chronic progressive disease causing changes
in pulmonary interstitial components [1]. The extracellular matrix
(ECM), a framework that supports lung tissue, is mainly composed of
five proteins that are affected by lung cells and can, in turn, act on lung
cells [2-3]. Lung epithelial injury and apoptosis are thought to be
initiating factors in pulmonary fibrosis [4]. To maintain a normal
alveolar structure, lung epithelial progenitor cells proliferate and
differentiate to replenish alveolar epithelial cells [5-6]. Indeed,
abnormal and excessive proliferation of progenitor cells fails to restore
normal lung structure. Additionally, progenitor cells secrete various
cytokines that affect fibroblasts [7]. Recent studies have indicated that
dysregulated repair and regeneration of epithelial cells are a driving

factor of lung fibrosis [8-10]. However, the specific molecular mecha-
nisms used in the communication between the epithelium and other
cells remain unclear.

Systematically, pulmonary fibrosis is related to the dysfunction of
the immune system, and patients with autoimmune diseases suffer from
pulmonary fibrosis to varying degrees [1]. Cellular and humoral im-
munity are two components of the immune system, and they can work
both independently and in concert with each other [11]. In cellular
immunity, T cells differentiate into effector T cells after being stimulated
by antigens. They then combine and decompose the specific pathogenic
microbes or cells [12]. In humoral immunity, B cells differentiate into
effector B cells after being stimulated by antigens. Following this pro-
cess, they produce specific antibodies that bind to the antigens on the
invading microorganisms [13]. Variable (V), diversity (D), and joining
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(J) gene rearrangement of the T-cell receptor for antigen (TCR) and B-
cell receptor (BCR) is an indispensable part of the differentiation process
in T cells and B cells [14]. Single-cell sequencing allows us to understand
the clonal amplification of T cells and B cells at the mRNA level and
explore their relationships with diseases. There are five types of im-
munoglobulins, i.e., IgA, IgM, IgD, IgG, and IgE, of which IgA is the most
abundant antibody on the mucosal surface [15].

IgA, which is distributed on the surfaces of mucosal membranes in
the respiratory tract, can induce pulmonary fibroblasts to proliferate and
produce inflammatory cytokines [16]. In patients with idiopathic pul-
monary fibrosis (IPF), increased levels of autoreactive IgA correlate with
disease progression [17]. Clinical studies have shown that elevated
levels of IgA autoantibodies in the blood of patients with cystic fibrosis
are associated with severe lung dysfunction [18-19]. However, there is
also evidence that IgA, which affects lung function, is produced in the
airways [20]. Molecular evidence for the origin of increased IgA pres-
ence in the lung is lacking, and where IgA is distributed to in the fibrotic
lung has not yet been described.

In our present study, we investigated the involvement of pulmonary
epithelial cells and IgA deposition in a silica-induced mouse model of
pulmonary fibrosis. Then, we used spatial transcriptomics and single-
cell sequencing to analyze the lung tissues obtained from silica-
induced and control mice.

2. Materials and methods
2.1. Ethics statements

All animal experiments were approved by the Animal Care & Welfare
Committee of Southeast University (approval number 20190121002).
At the end of the experiments, the animals were humanely euthanized.
All experimental procedures complied with the rules of animal experi-
mental ethics. The animal experimental ethics committee supervised
and inspected all experimental procedures.

2.2. Mice

Male C57BL/6 mice (6 weeks old) were purchased from Hangzhou
Ziyuan Experimental Animal Company (Hangzhou, China). The mice
were housed at three to five animals per cage, and were maintained at a
stable temperature (22 °C £ 2 °C) and humidity (40% + 10%), and at a
12:12-h light-dark cycle. The mice were allowed free access to water
and provided with food at specified feeding times.

2.3. Establishment of a mouse model of pulmonary fibrosis via inhalation
of silica

Silica particles having a diameter of 5 pm (80% of particles) were
purchased from Sigma® (S5631). Silica particles were incubated at
180 °C for 16 h to inactivate the endotoxin. Silica was suspended in
normal saline (NS) at 50 mg/ml to prepare a working solution. Male
C57BL/6J mice (6 weeks of age, weighing 22 + 1 g) were fasted, but
provided with water, for 6 h before and after surgery. The mice were
anaesthetized using pentobarbital sodium (1%, 50 mg/kg in ddH;0)
administered via intraperitoneal injection (ip). After the fur on the neck
of each mouse was shaved, the skin was disinfected with 75% ethanol,
and an incision (1 cm) was made on the skin along the midline. The soft
tissue on the front of the neck was bluntly separated to expose the tra-
chea. Mice in the SiO,-7d and SiO2-56d groups were administered 100 pl
silica suspension (50 mg/ml) via intratracheal instillation into the lungs.
Mice in the NS-7d and NS-56d groups were administered NS using the
same delivery method. The area containing the incision on each mouse
was sutured and disinfected, and the mice were closely observed until
they had recovered from the procedure. The mice were observed every 8
h for the first 3 days after surgery, and once per day thereafter.
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2.4. Computed tomography (CT)

Mice were anaesthetized using inhaled isoflurane (induction con-
centration 3-44%, maintenance concentration 1-1.5%). When the
breathing of each mouse was deemed stable, the mouse was placed onto
a mouse platform and scanned using Hiscan XM Micro CT (Suzhou
Hiscan Information Technology Company; Suzhou, China) The X-ray
tube settings were 60 kV and 133 pA, and images were acquired at a
resolution of 50 um. A 0.5° rotation step through a 360° angular range,
with 50 ms exposure per step, was used. The images were reconstructed
using Hiscan Reconstruct software (Version 3.0, Suzhou Hiscan Infor-
mation Technology Company) and analysed with Hiscan Analyzer
software (Version 3.0, Suzhou Hiscan Information Technology Co.,
Ltd.).

2.5. Pulmonary function tests

Mice were anaesthetized using an injection of pentobarbital sodium
as described in the subsection entitled “Establishment of a mouse
model of pulmonary fibrosis via inhalation of silica.” Then, a
tracheal catheter was inserted into, and fastened to, the trachea. For
each mouse, a Forced Manoeuvres System (EMMS, Hants, UK) was then
used to assess the following pulmonary functions: Cchord (Chord
compliance between 0 and 10 cm H»0); FEV75 (volume expired in the
first 75 ms of fast expiration); IC (inspiratory capacity; volume inspired
during slow inspiration); MMEF (mean mid expiratory flow; average
flow between 25 and 75%); FVC (forced vital capacity, volume expired
during fast expiration); and total lung capacity (FRC + IC). Each mouse
was assessed three times, and the most reliable result was used for
further analysis, while unusually high or low values were removed. The
mice were then humanely euthanized, and lung tissues were harvested
and stored at — 80 °C until further analysis.

2.6. Processing of mouse lung tissue for histology

Fresh lung tissues were immediately fixed in 4% paraformaldehyde
and maintained at 4 °C for 24 h. For dehydration, the lung tissues were
incubated overnight in 20% and then again overnight in 30% sucrose
solution. Finally, the lung tissues were stored at — 80 °C until further
use.

2.7. Haematoxylin and eosin (H&E) staining

Lung tissue tissues were sectioned at 8 um at — 20 °C using a cryostat
(Leica, Germany). The sections were then stained using an H&E staining
kit (Biyun Tian, China) in accordance with the manufacturer’s protocol.
Briefly, tissue sections were washed three times in precooled phosphate-
buffered saline (1 x PBS), stained with haematoxylin for 5 min, and then
transferred into an acid alcohol fast differentiation solution for 10 s. The
sections were soaked in tap water for 15 min, then stained with eosin for
5 min and washed under running water. Then, the sections were dehy-
drated in 75%, 95%, and 100% alcohol, and 100% xylene, for 1 min in
each bath. Finally, neutral gum and glass slides were used to cover the
tissue. After the sections were air dried, images were acquired at 10 and
20 x resolution using an EVOS FL AUTO2 Cell Imaging System (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). EVOS Automated Im-
aging System software (Thermo Fisher Scientific) was used specifically
for the capture of images at 10 x resolution.

2.8. Sirius red staining

All tissue sections were stained using a Sirius Star Chromosome Kit
(Abcam, USA) per manufacturer’s protocol. Briefly, 8-um thick lung
tissue sections were washed in PBS three times for 5 min each time. The
sections were then stained with Sirius red for 1 h and rinsed briefly using
1% acetic acid. Images were captured at 10 x and 20 x resolution using
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an EVOS FL AUTO2 Cell Imaging System (Thermo Fisher Scientific).
EVOS Automated Imaging System software (Thermo Fisher Scientific)
was used specifically for the capture of images at 10 x resolution.

2.9. ECM processing and proteomic analysis

2.9.1. ECM collection

Fresh lung tissues were sectioned at 200 pm using a cryostat (Leica).
The sections were rinsed using PBS and then incubated in 15 ml lysis
buffer (1% SDS in ddH,0) at 24-26 °C for 1 h on a shaker (Shanghai
Yiheng Scientific Instrument Company; Shanghai, China). Then, the
lung tissues were transferred into fresh lysis buffer and incubated at
24-26 °C for 1 h, after which they were transferred into new tubes
containing fresh lysis buffer and incubated overnight at room temper-
ature. On the following day, the tissues were incubated with 1% Triton
X-100 (diluted using ddH,0) at room temperature for 1 h; this incuba-
tion was repeated twice. Next, the tissues were placed into fresh 1%
Triton X-100 solution and incubated overnight at room temperature. On
the following day, the tissues were washed using PBS and then ddH,0
for 5 min each time at room temperature. The tissues were then incu-
bated in a sodium chloride solution (1 M) for 1 h, and then washed using
PBS followed by ddH,O for 5 min each time at room temperature.
Consequently, the tissues were incubated in a solution containing DNase
(20 pg/ml) and MgCl, (4.2 mM) at 37 °C for 1 h. Finally, the tissues were
washed with ddH;0, membrane and nuclear proteins were extracted,
and lung ECM was obtained.

2.9.2. Extraction of ECM proteins

Lung ECM was added to an appropriate amount of SDS lysis buffer
(Biyun Tian, China), incubated at 37 °C for 1 h, and centrifuged at room
temperature and at 121,130g for 15 min. The supernatant was collected
and designated as ECM protein solution, which was stored in PBS at 4 °C
until use.

2.9.3. Proteomic analysis of the ECM

Total protein was extracted from the following six samples of lung
ECM: three samples for the NS-56d group of mice (samples designated as
conlll, conl16, and con117), and three samples for the SiO2-56d group
of mice (samples designated as M80, M101, and M107). First, each 10-pl
sample was used for the assessment of protein concentration using a BCA
kit (Biyuntian; Wuhan, China) and a fluorospectrophotometer (Horiba;
Kyoto, Japan), after which the proteins were separated using SDS-PAGE.
Then, 50 pg protein was collected for trypsin digestion and labelled
using Tandem Mass Tags reagents as follows: con111 labelled with 126,
con 116 with 127, con117 with 128, M80 with 129, M101 with 130, and
M107 with 131. Equal amount of each labelled sample was vortexed,
and 120 ul peptide solution was used for chromatographic separation.
Finally, the samples were analysed using liquid chromatography mass
spectrometry (LC-MS).

2.10. Western blotting

The proteins were boiled in loading buffer at 100 °C for 5 min. Then,
20 pg protein obtained from lung ECM was loaded onto to a 12% SDS-
PAGE gel and subjected to separation. The proteins were then trans-
ferred to a 0.25-um PVDF membrane, and the membrane was incubated
in 5% skim milk at room temperature for 1 h to block nonspecific
binding sites. Then, the membranes were incubated with the primary
antibody (anti-pro/mature surfactant protein B, ab40876, Abcam,
1:5000) at 4 °C overnight. After being washed four times with TBST at
room temperature for 8 min, the membranes were incubated with an
HRP-conjugated Affinipure Goat Anti-Rabbit IgG (H + L) (Proteintech;
Rosemont, IL, USA) for 1 h at room temperature. For the detection of
IgA, goat anti-mouse IgA-HRP (Southern Biotech, SBA-1040-05, 1:5000)
was used as both the primary and secondary antibody. After unbound
secondary antibodies were fully washed off using TBST, signals were
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detected using an Immobilon ECL Ultra Western HRP Substrate (Milli-
pore; Burlington, MA, USA), and images were acquired with a chem-
iluminescence detection system (Tanon Scientific & Technology Co.;
Shanghai, China). For lung ECM samples, f-actin was used as an internal
reference protein. For MLE-12 samples, GAPDH was used as an internal
reference protein.

2.11. Spatial transcriptomics

2.11.1. Sample collection

If obvious fibrotic lesions in the mouse lungs were visible on CT
imaging, the mouse model of pulmonary fibrosis via silica instillation
was designated as having been successfully established. Lung tissues
were trimmed near the hilum in the horizontal direction and were
immediately frozen in OCT on dry ice. Tissues were then stored at
—80 °C until further use.

2.11.2. Staining and imaging

Cryosections were cut at 10-pm thickness using a cryostat (Leica) and
mounted onto GEX arrays. The arrays were placed on a Thermocycler
Adaptor with the active surface facing up, and were then incubated for 1
min at 37 °C, fixed for 30 min using methyl alcohol at —20 °C, and
stained with H&E. Bright-field images of the whole slide were acquired
using a Leica DMI8 whole-slide scanner at a resolution of 10x.

2.11.3. Permeabilization and reverse transcription

Spatial gene expression analysis was performed using the Visium
Spatial Gene Expression Slide and Reagent Kit (10x Genomics, PN-
1000184). A Visium slide cassette was used to create leak-proof wells
for adding reagents. Then, 70 pl permeabilization enzyme was added,
and the samples were incubated at 37 °C. Samples SiO»-7d, NS-7d, and
NS-56d were incubated for 24 min. Because of severe lung fibrosis,
samples obtained from the SiO,-56d group of mice were incubated for
30 min. Each well was washed with 100 pl saline sodium citrate buffer,
and then 75 pl RT master mix was added for cDNA synthesis performed
using the following parameters: 65 °C for 15 min, and held at 4 °C.

2.11.4. cDNA library preparation for sequencing

After first-strand synthesis, RT Master Mix was removed from the
wells. Then, 75 pl 0.08 M KOH was added to each well, and the wells
were allowed to incubate for 5 min at room temperature. KOH was then
removed from the wells, and the wells were washed using 100 ul EB
buffer. Then, 75 pl Second Strand Mix was added to each well for
second-strand synthesis. ¢cDNA amplification was performed on a
S1000TM Touch Thermal Cycler (Bio-Rad) under the following condi-
tions: 98 °C for 3 min, 98 °C for 15 s, 63 °C for 20 s, 72 °C for 1 min, 14
cycles; 72 °C for 1 min, and held at 4 °C. Visium spatial libraries were
constructed using a Visium spatial library construction kit (10x Geno-
mics, PN-1000184) according to the manufacturer’s instructions. The
libraries were sequenced using an Illumina NovaSeq6000 sequencer
with a sequencing depth of at least 100,000 reads per spot with a paired-
end 150-bp reading strategy (performed by CapitalBio Technology,
Beijing, China).

2.12. Single-cell sequencing of mouse lung tissue

2.12.1. Sample collection

For mice instilled with SiO5 suspension, only mice with obvious high-
density shadows visible on CT imaging were included. Lung samples for
single-cell sequencing were collected from mice in the four mouse
groups (SiO2-7d, NS-7d, SiO2-56d, and NS-56d). Whole lungs were
removed from each mouse within 2 min of euthanasia and quickly
washed in precooled PBS three times.

2.12.2. Cell capture and cDNA synthesis
Whole lung tissue was cut into approximately 10-mm pieces and
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dissociated into single cells using a Lung Dissociation Kit (Miltenyi
Biotech, 130-095-927, Germany). Using Single-Cell 5’ Library and Gel
Bead Kit (10x Genomics, 1000169) and Chromium Single-Cell G Chip Kit
(10x Genomics, 1000120), a cell suspension (300-600 living cells per pl
as determined by CountStar) was loaded onto a Chromium single-cell
controller (10x Genomics) to generate single-cell gel beads in emul-
sion (GEMs) according to the manufacturer’s protocol. In short, single
cells were suspended in PBS containing 0.04% BSA. Approximately
20,000 cells were added to each channel, and target cell recovery was
estimated to be approximately 10,000 cells. Captured cells were lysed,
and the released RNA was barcoded using reverse transcription in in-
dividual GEMs. Reverse transcription was performed on a S1000TM
Touch Thermal Cycler (Bio-Rad) at 53 °C for 45 min, followed by 85 °C
for 5 min, and then held at 4 °C. cDNA was generated and then ampli-
fied, and cDNA quality was assessed using an Agilent 4200 system
(performed by CapitalBio Technology, Beijing).

2.12.3. ScRNA-seq library preparation

ScRNA-seq libraries were constructed using Single-Cell 5’ Library and
Gel Bead Kit (1000165), Single Cell V(D)J Enrichment Kit, Mouse T Cell
(1000071), and Single Cell V(D)J Enrichment Kit, Mouse B Cell
(1000072) according to the instructions of each manufacturer. The li-
braries were sequenced using an Illumina NovaSeq6000 sequencer with
a sequencing depth of at least 100,000 reads per cell with a paired-end
150-bp reading strategy (performed by CapitalBio Technology, Beijing).

2.13. RNAscope

2.13.1. Preparation of lung tissue sections

Lung tissues harvested from SiO,-56d and NS-56d mice were
immediately frozen in OCT on dry ice and then stored at — 80 °C until
further use.

2.13.2. RNAscope in situ hybridization

All RNAscope assays (ACD) were performed in accordance with the
manufacturer’s instructions. The tissues were equilibrated at —20 °C for
1 h, sectioned at 12 ym using a cryostat (Leica, Germany) at —20 °C, and
mounted onto SuperFrost Plus slides (Fisher, Scientific, 12-550-15).
Tissue sections were air-dried at —20 °C for 20 min and then immedi-
ately transferred into 4% paraformaldehyde (precooled at 4 °C) for 15
min. Next, the tissue sections were dehydrated by submerging once in
50% and then in 70% ethanol, and twice in 100% ethanol, at room
temperature, for 5 min in each bath. The sections were then air-dried for
5 min, and the boundaries of the sections were drawn on the slides using
an ImmEdge hydrophobic pen. After the hydrophobic boundaries had
dried, the tissue sections were incubated in a hydrogen peroxide solution
for 10 min, and then briefly washed twice in PBS. Next, the tissue sec-
tions were incubated with protease IV for 15 min at room temperature
followed by two brief washes in PBS.

The tissue sections were placed into a humidity box and incubated
with a solution containing an Sftpc probe (C3, 570) and an Igha probe
(C2, 520) (1:50 diluted in probe diluent) at 4 °C for 2 h. The tissue
sections were then washed twice in 1x washing buffer at room tem-
perature for 2 min. Consequently, the tissue sections were incubated
with AMP-1, AMP-2, and AMP-3 for 30, 30, and 15 min, respectively, at
40 °C. After each amplification, the sections were washed twice in 1x
washing buffer at room temperature for 2 min. Next, the sections were
incubated with HRP-C2 at 40 °C for 15 min, and then washed twice in
1x washing buffer at room temperature for 2 min. Then, the sections
were incubated with Opal 520 (1:1000 diluted in TSA diluent) at 40 °C
for 30 min, followed by two washes in 1x washing buffer at room
temperature for 2 min. The sections were then incubated with HRP-C3 at
40 °C for 15 min, followed by two washes in 1x washing buffer at room
temperature for 2 min. Next, the sections were incubated with Opal 570
(1:1000 diluted in TSA diluent) at 40 °C for 15 min, and then washed
twice in 1x washing buffer at room temperature for 2 min. Finally, the
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sections were incubated with DAPI for 30 s. After a brief wash in PBS, the
sections were mounted using Prolong Gold Antifade mounting medium
(Thermo Fisher Scientific, P36930, USA). All the slides were fully air-
dried and then stored in the dark at 4 °C.

2.13.3. Image capture

Images were captured using a confocal microscope (Olympus
FV1000, Japan). The overall morphology of each sample was observed
using a 10x objective lens. Detailed images were acquired using a 60 x
objective oil lens. Images of different channels were acquired separately
and merged using Olympus Fluoview software.

2.14. Cell culture

MLE-12 cells (mouse lung epithelial cells, ATCC number: CRL-2110)
were cultured in DMEM (Gibco) supplemented with 10% FBS (Corning)
and 1% penicillin-streptomycin (Gibco) in an incubator (Thermo) at 5%
CO5 and 37 °C.

2.15. Protein extraction

Cells were washed three times with precooled PBS, lysed using RIPA
lysis buffer (Beyotime Biotechnology, China) supplemented with a
protease inhibitor cocktail (Beyotime Biotechnology, China) on ice for 1
h, and then centrifuged at 13,523g for 15 min. Protein concentration in
the supernatants was quantified using a BCA assay (Beyotime Biotech-
nology, China). The extracted protein was heated for 5 min at 100 °C and
then cooled on ice for 5 min, and the protein solution was stored at
—80 °C.

2.16. Real-time quantitative PCR

Real-time quantitative PCR (qRT-PCR) was used to detect the rela-
tive expression level of Igha mRNA (primer: F: AACCTGAGGA-
CAGCAGGGTT, R: ATACCTCCCTAAACCCCAGTTC). First, TRIzol
(Invitrogen, USA) was used to extract total RNA from MLE-12 cells
following the manufacturer’s protocol. Then, mRNA concentration in
each sample was measured using a NanoDrop One Microvolume UV-Vis
Spectrophotometer (Thermo Fisher Scientific). mRNA concentration
was then normalized for each sample, and DNA contamination was
removed using a genomic DNA wiper. For each sample, an equivalent
amount of mRNA was reversed-transcribed into cDNAs using a HiScript
Q RT SuperMix for qPCR Kit (Vazyme; Dover, DE, USA); the expression
levels of target genes were then analyzed using a SYBR Green Real-time
PCR Master Mix (Vazyme) and an Applied Biosystems Real-time PCR
System according to the manufacturer’s instructions. PCR efficiency (E)
calculated from the slope and r? of calibration curve were as follows:
90% < E < 105% and r2 > 0.980.

2.17. CCK-8 assay

A Cell Counting Kit-8 (CCK-8) (Apexbio; Houston, TX, USA) was used
to detect cell proliferation in accordance with the manufacturer’s
instructions.
2.18. Migration assay

MLg-GFP cells were seeded onto the ECM obtained from mice in each
experimental group, and images were acquired at 24, 48, and 72 h of
culture using an EVOS FL AUTO2 Cell Imaging System (Thermo Fisher
Scientific) at a resolution of 10x.

2.19. Statistical analyses

2.19.1. Analysis of LC-MS/MS data
The LC-MS/MS raw data were processed using Proteome Discover
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2.4 (Thermo, USA). According to the unique peptide >1, any group of
samples with the expression value >50% of the protein were retained.
Then, the missing values were imputed with the mean of protein
expression in the corresponding group. Credible proteins were obtained
using median normalization and log2 logarithmic conversion of protein
abundance data. Statistical analysis was performed using the R software
(version 4.2) and protein visualisation was performed using ggplot2
package (version 3.2.2), and the following analyses were performed:
principal component analysis, sample correlation analysis, sample hi-
erarchical cluster analysis, visual display of data after standardization,
and density plotting.

Based on the obtained credible proteins, Student’s t test was used to
identify significant differences between proteins in the NS-56d group
and those in the SiO2-56d group of mice. Fold change (FC) was used to
evaluate differences in protein expression levels among the samples. P-
value (P) calculated using Student’s t-test was used to indicate statisti-
cally significant differences between the groups. Screening threshold
was log FC > 1.0 and P < 0.05. A clustering heatmap constructed using R
software (version 4.2) was used for quality control and display of stan-
dardized experimental data after enrichment of differential data.
Generally, samples of the same group can appear in the same cluster. For
the identified proteins, extraction of the annotation information was
based on Uniprot databases. After obtaining the differentially expressed
proteins (FC > 2, P < 0.05), GO and KEGG functional enrichment ana-
lyses of the upregulated proteins were performed using the R software
(version 4.2).

2.19.2. Analysis of scRNA-seq data

The original data of scRNA-seq has been uploaded to GEO database
(GSE number in GEO datasets: GSE183682). Cell barcode filtering,
alignment of reads, and UMI counting were performed using Cell Ranger
4.0.0 (https://www.10xgenomics.com/). The number of cells was esti-
mated and recorded as N according to the cell capture rate (50%-65%)
using Chromium TM Single Cell Gene Expression Solution. Then the
99th percentile of UMI quantity of the first N barcodes was calculated
and recorded as Y in descending order of UMI quantity. Barcodes that
met the inclusion criterion (UMI quantity > Y x 10%) were directly
classified as effective cells. Barcodes with low UMI content were
considered empty GEMs and used to establish a background model. If
any given barcode whose number of UMIs < Y x 10% was significantly
different from the background, it would be added to the effective cell set.
scRNA-seq data for the four mouse groups were combined using Cell
Ranger aggr. Normalized data were subjected to principal component
analysis. Unsupervised clustering was performed using Cell Ranger
reanalysis with a graph-based algorithm. The top 10 principal compo-
nents were used for clustering and uniform manifold approximation and
projection (UMAP). The differential expression of genes among clusters
was computed using Cell Ranger 4.0.0. Pseudotime analysis was carried
out with the Monocle R package. GO and KEGG functional enrichment
analyses of marker genes (FC > 2, P < 0.05) in clusters 1 and 6 were
performed using Metascape (https://metascape.org).

2.19.3. Cell type annotation

Cell types were determined using clustering and marker gene
expression. Cells in clusters 1, 3, and 15 highly expressed the genes Sftpc,
Sftpb, Sftpd, and Sftpal, and were defined as AT2-like cells. Cluster 6
cells highly expressed the genes Itgax, Csf1r, and Ly86, and were inferred
to be macrophages. Monocytes were contained in clusters 4 and 8, which
highly expressed Ccr2 and CsfIr. Other clusters were highly expressed
markers specific for dendritic cells (Earl and Plet1), Club cells (Sftpb,
Sftpc, and Scgb3al), AT1 cells (Cldn3 and Epcam), Ccl3 — Ccl4 — neu-
trophils (Cxcr2 and Stfa211), Ccl3 + Ccl4 + neutrophils (111f9, Ccl3, and
Ccl4), T cells (Thyl and Cd8a), B cells (Cd79a, Cd79b, and Cd19),
endothelial cells (Cdh5, Pecaml, and Clec14a), fibroblasts (Collal,
Col3al, and Col6a2), and red blood cells (Hba-al and Hba-a2).
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2.19.4. BCR and TCR sequence reconstruction

Using a Chromium Single-Cell V(D)J Enrichment kit, we recon-
structed full-length TCR/BCR V(D)J segments from amplified cDNA in 5’
libraries from PCR amplification of sc-RNA seq following the manufac-
turer’s protocol (10x Genomics). Using the Cell Ranger (v.4.0.0) vdj
pipeline coupled with the mouse reference genome mm1l0, we per-
formed demultiplexing, gene quantification, and TCR/BCR clonotype
assignment. Cells with at least one complete TCR a-chain (TRA) or TCR
B-chain (TRB) were retained for TCR analysis, and only cells with at least
one complete heavy chain (IGH) or one light chain (IGK or IGL) were
retained for BCR analysis. Each unique TRA(s)-TRB(s) pair or IGH(s)-
IGK/IGL(s) pair was defined as an effective clonotype for further
clonal expansion analysis. Cells with the same clonotype were consid-
ered clonal cells. Based on barcode information, cells with a TCR or BCR
clonotype were projected using UMAP plots.

2.19.5. Analysis of spatial transcriptomics data

The original data of spatial transcriptomics has been uploaded to
GEO database (GSE number in GEO datasets: GSE183683). First, 10X
Space Ranger software, which can process, align, and summarize UMI
counts against the mmul0 mouse reference genome for each spot, was
used to generate a feature-barcode matrix. Only spots overlaying the
tissue sections were retained for further analysis. Unsupervised clus-
tering was based on a graph-based algorithm with 10 principal com-
ponents. UMAP was performed to visualize the spots in a two-
dimensional space. Spatial feature expression plots were generated
using Loupe Browser 4.1.0.

2.19.6. scRNA-seq and spatial RNA-seq integration

To obtain the composition of cell types in each spot, we used anchor-
based integration method in Seurat v3.2, which can transfer the label of
an scRNA-seq reference to a spatial RNA-seq query. First, the data ob-
tained using scRNA-seq and spatial RNA-seq were normalized using the
SCTransform function. Then, cell type prediction probability scores
were calculated for each spot using FindTransferAnchors and Trans-
ferData functions. Finally, a spot was assigned to the cell type having the
highest score.

2.19.7. Assessment of significant differences between groups

GraphPad Prism 8 Software was used for statistical analysis. Stu-
dent’s t-test was used to assess the significance of differences between
two groups. Differences between two groups were considered significant
at P < 0.05.

3. Results

3.1. Single-cell sequencing detects highly amplified expression of AT2-like
cells in the lungs of SiO2-56d mice

Pneumoconiosis is a type of pulmonary fibrosis caused by inhalation
of free silica. In our present study, we established a mouse model of lung
fibrosis using intratracheal instillation of a silica suspension (SiO;
group: 50 mg/ml, 100 ul); the mice in the control group received normal
saline (NS group: 100 pl) instilled using the same method. Our results of
computed tomography (CT) and hematoxylin and eosin (H&E) staining
showed acute inflammation at 7 days after instillation in the SiO2 group
of mice; collagen deposition was observed in the lungs of these mice at
28 days after SiO5 instillation, consistent with the results shown in
previous studies that used this model [21-22]. At 56 days after instil-
lation, the levels of several indicators of pulmonary function, including
those of volume expired in the first 75 ms of fast expiration (FEV75),
inspiratory capacity (IC), and maximal mid-expiratory flow (MMEF),
were decreased in the lungs of SiO, mice (Fig. S1 A). In addition to the
strip- or sheet-like areas of hyperdensity visible on CT (Fig. S1 B), higher
values of lung coefficients (lung weight/mouse bodyweight) (Fig. S1, C
and D) and collagen deposition detected using Sirius red staining
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(Fig. S1 E), were present in the lungs of SiO»-56d mice than in NS-56d
mice. These results indicate that SiO, mice had entered the fibrotic
stage at 56 days after instillation of the SiO, suspension (Fig. 1 A).

Whole lungs, obtained from the mice in the four groups (SiO»-7d, NS-
7d, Si05-56d, and NS-56d), were evaluated using scRNA-seq. All the
mice in the four groups were scanned using CT prior to tissue collection
to confirm that the SiOg-instillation model of lung fibrosis had been
successfully established (Fig. 1 B). Transcriptomic data, obtained from
the analysis of mice in the four groups, were normalized, after which the
combined cells from all groups were subjected to graph-based clus-
tering, which yielded 24 cell clusters [23]. The cell type for each cluster
was annotated according to canonical cell markers from CellMarker
[24]. These 24 clusters were then sorted to 12 types of cells as presented
in the uniform manifold approximation and projection (UMAP) diagram
(Fig. 1 C and Fig. S1 F): endothelial cells, monocytes, macrophages,
dendritic cells, B cells, T cells, neutrophils (Ccl3~ Ccl4™ neutrophils,
Ccl3" Ccl4™ neutrophils), fibroblasts, and Club cells, AT2-like cells
(cluster 1, cluster 3, and cluster 15), red blood cells, and AT1cells.
Pseudotime analysis indicated that cells of clusters 1, 3, and 15 consti-
tuted a developmental trajectory, indicating that they were at different
stages of differentiation (Fig. S2 G).

To explore the cellular compositions of different samples, we
calculated the relative percentages of the 12 main cell types and 3 AT2-
like cell subsets in the mice of our four mouse groups (Fig. 1, D-H and
Fig. S1 H). The relative percentage of macrophages in SiO»-7d mice was
markedly increased compared with that of NS-7d mice, representing up
to 18% of the total number of cells; the percentage of macrophages in the
Si02-56 mice was also higher than that in the NS-56d mice (Fig. 1 D).
This finding indicates that macrophages were major participants in the
inflammatory stage and were still present in the fibrotic stage. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analyses of differentially expressed genes (DEGs) in macrophages
identified issues classically involved in the development of silicosis, such
as inflammatory response, lytic vacuole, ATPase activity coupled to
transmembrane movement, and lysosomes [25] (Fig. S2, A-D). Ccl3™
Ccl4" neutrophils, which are often involved in various inflammatory
reactions induced by bacteria, viruses, and foreign objects [26], were
activated 7 days after stimulation using silica, and they were still
detected until day 56 post-stimulation (Fig. 1 E).

Because cells in clusters 1, 3, and 15 expressed Sftpc, Sftpb, Sftpd, and
Sftpal, we designated the cells in these three clusters as AT2-like cells.
The proportion of AT2-like cells in clusters 1 and 15 was increased;
however, cluster 15 had less AT2-like cells than cluster 1 (Fig. 1, F-H).
Interestingly, the proportion of AT2-like cluster 1 cells in the SiO5-56d
mice was notably increased, reaching 40% (Fig. 1 F), which may play an
important role in fibrosis. This finding indicates that the newly discov-
ered AT2 cell subsets, namely AT2-like cluster 1 cells, increased in
number when inflammation had slightly subsided in progressive pul-
monary fibrosis.

3.2. scRNA-seq and spatial transcriptomics indicate that the number of
AT2-like cluster 1 cells is increased in the SiO2-56d mice

To further explore the spatiotemporal characteristics of transcription
in our murine model of lung fibrosis, we analysed the four mouse groups
(NS-7d, SiO»-7d, NS-56d, and SiO»-56d) using spatial transcriptomic
sequencing. To obtain transcripts from the same structures, and to
eliminate the potential confounding factors stemming from differences
in anatomical location, we collected the left lung from each mouse and
sectioned it horizontally (Fig. S2 E). Before sequencing, all mice were
scanned using CT (Fig. S2 F) to verify that the mouse model of silica-
induced pulmonary fibrosis had been established successfully. Our re-
sults show that both SiO»-7d and SiO,-56d mice exhibited hyperdense
areas on their lungs, indicating that our model of pulmonary fibrosis had
indeed been successfully established. During sectioning, lung tissues
were evaluated using microscopy (Leica DMI8, Germany). If the hilum of
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the lung and left main bronchus were observed, the tissue section was
mounted onto spatial transcriptomics arrays. Using this approach, we
obtained four lung sections (one per each experimental group) having
approximately the same shape and anatomical location, with the major
vessels and hilum of the lung clearly visible. H&E staining showed that
alveoli in the lungs of NS-7d and NS-56d mice had a normal structure
with no infiltration of inflammatory cells (Fig. 1 I, top). The lungs of
Si02-7d mice showed an accumulation of inflammatory cells and com-
plete destruction of alveolar structures. In the lungs of SiO5-56d mice,
some alveoli were filled with neutrophils; infiltration of inflammatory
cells was also detected, but was weaker than that in the lungs of SiO»-7d
mice (Fig. 1 I, top). This finding indicates that SiO»-7d and SiO»-56d
mouse models of fibrosis were successfully established.

After assessing the basic histology of the lung sections in each group
of mice, we performed spatial transcriptomic sequencing of the lung
tissues collected from the mice in the four groups to obtain a total of
6778 spots (a single spot can hold cells within a 60-um diameter). We
then performed graph-based clustering to capture 11 clusters of spots
(Fig. S2, G and H). Our results indicate that the lung tissues obtained
from NS-7d and NS-56d mice were highly consistent in terms of clusters
of spots (Fig. S2, I and J). Spot clustering in the SiO3-7d and SiO3-56d
mice differed significantly from their respective controls; additionally,
spot clustering in the SiO,-7d mice differed significantly from that in the
Si02-56d mice (Fig. S2, I and J). These findings indicate that mRNA
expression at the same anatomical location changed substantially from
the inflammatory stage (7d) to the fibrotic stage (56d).

To further investigate the location of cluster 1 cells in relation to
fibrotic lesions in the lungs, we used Seurat V3.2 to integrate our
datasets based on anchor features. We then predicted the main cell types
included in the spatial transcriptional spots in the four sections, each
section obtained from SiO»-7d, NS-7d, SiO,-56d, and NS-56d mice
(Fig. S2 K). All 15 cell types (Fig. S1 F) identified using single-cell
sequencing were predicted in the four sections obtained from SiO»-7d,
NS-7d, Si0,-56d, and NS-56d mice. The scattering of different cell types
across the four groups did not show any obvious pattern (Fig. 1 I, mid-
dle); this lack of an obvious pattern differed from the brain and kidney
sections obtained from mice examined in previous studies, in which
specific cell clusters were associated with a particular anatomical loca-
tion [27-28]. Expectedly, macrophages were more densely clustered in
the SiO3-7d mouse lungs than in NS-7d mouse lungs (Fig. S2 L); this
finding was consistent with the findings obtained using scRNA-seq,
which also showed increased macrophage numbers in the SiOs-7d
mouse lungs compared with those in the NS-7d mouse lungs (Fig. 1 D).
Similarly, AT2-like cluster 1 cells were present at a greater density in the
lung lesions of SiO2-56d mice than in the lungs of NS-56d mice (Fig. 1 I,
bottom). Notably, B cells in the lungs of SiO,-56d mice showed no
particular pattern of distribution (Fig. S2 M). From a spatial perspective,
this result verified that macrophages participated in silicosis, especially
in the early stage, and that AT2-like cluster 1 cells played an important
role in the fibrotic stage.

3.3. AT2-like cluster 1 cells acquire BCR genes

GO and KEGG analyses showed that 20 upregulated genes (FC
greater than 2, P < 0.05) in AT2-like cluster 1 cells were enriched in
immune-related terms such as systemic lupus erythematosus, circulating
immunoglobulin complex, humoral immune response, and immuno-
globulin production (Fig. 2, A-C). Thus, we hypothesized that AT2-like
cluster 1 cells played an important role during the fibrotic stage. Igha,
the gene encoding constant region of the IgA heavy chain, showed
particularly high expression in cluster 1 in this mouse group (Fig. 2 D).
To gain further insight into the function of cluster 1, we compared the
DEGs in this cluster with those in all other cell clusters. We found that
Igkv13-85, Ighv3-6, and Igkv6-32 were the top three DEGs in AT2-like
cluster 1 cells (Fig. 2, E-G). These three DEGs belonged to the V gene
group, with Igkvi3-85 and Igkv6-32 encoding the mouse
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Fig. 1. AT2-like cluster 1 cells are amplified in SiO»-56d mice and predicted to congregate in lesion areas. (A) Scheme of the study design. SiO»-7d mice were
used to represent the inflammatory stage, and NS-7d mice were used as controls. SiO,-56d mice were used to represent the fibrotic stage, and NS-56d mice were used
as controls. scRNA-seq was used to analyse the lung cells in the four groups of mice. (B) Images of fresh lung and chest CT are shown. (C) UMAP containing 43,397
single cells from SiO,-7d, NS-7d, SiO»-56d, and NS-56d mice. A single point represents a single cell. Each of the 24 clusters is marked with a specific colour. NS-7d
mice were instilled with normal saline for 7 days; SiO»-7d mice were instilled with silica suspension for 7 days; NS-56d mice were instilled with normal saline for 56
days; SiO»-56d mice were instilled with silica suspension for 56 days. (D-H) Components of related cell types at 7 and 56 days. X axis, different samples; y axis,
proportion of a certain cell type to total number of cells in a single sample. (I) Top, hematoxylin and eosin (H&E) staining of lung sections. Scale bar = 1 mm. Areas
within the red lines are lesions. The yellow arrow indicates the exudation of inflammatory cells and the green arrow the change of alveolar structure. Middle,
predicted distribution of 12 cell types and 3 AT2-like cell subsets in the four samples. Different colours represent corresponding cell types. Bottom, heatmaps show
scores for AT2-like cluster 1 cells on each spot. NA, normal alveolar; DA, diseased alveolar; T-testing was used to compare the proportion of AT2-like cluster] cells in
IEA and NA spots. The proportion of AT2 like clusterl cells in DA was found to be significantly higher than that in NA.

immunoglobulin light, and Ighv3-6 encoding the heavy, chain [29].
These three genes showed high expression levels in the Si03-56d mice
and were mainly expressed in cluster 1 cells (Fig. 2 E-G).

In order to explore inflammation and fibrosis in across time, we
analyzed mRNA levels of several factors relevant to inflammation and
fibrosis. Spatial transcriptomics indicated that the inflammatory factors
Ccl2 and 116 (Fig. 2 H), fibrosis factors Fnl and Tgf-$1 (Fig. 2 I) were
highly expressed in the lung lesions of SiO»-7d mice, but showed
decreased expression in the lung lesions of Si05-56d mice; this finding
indicates decreased levels of inflammation but a certain degree of
maintenance of fibrosis factors in SiO,-56d mice. Igha and Jchain, which
are related to the secretion of IgA [30], were highly expressed in the lung
lesions of Si05-56d mice (Fig. 2 J); this finding indicates that production
of IgA was increased in in-situ lung tissue. The expression of genes such
as Igkc and Iglc2, encoding immunoglobulin light chains, was high in the
lung lesions of SiO-56d mice (Fig. 2 K). This finding suggests that the
expression of BCR genes may play an important role in the fibrotic stage.

3.4. BCR clonal expansion in the SiO2-56d group of mice

Because spatial transcriptomics and single-cell sequencing showed
differential expression of genes encoding the immunoglobulin light
chain in the lung tissues of SiO2-56d mice, we further explored the usage
of V(D)J and C genes of the BCR of the mice of our four groups. For this,
we reconstructed the BCR sequences from scRNA sequencing. Across the
four groups, several V genes, including Ighvi-64, Igkv13-85, Ighv3-6,
Igkv6-32, and Igkv17-127, were found at higher frequencies in the SiOz-
56d mice (Fig. 3, A and B). Among these five genes, Igkv13-85, Ighv3-6,
and Igkv6-32 were categorized as highly expressed DEGs in the AT2-like
cell cluster 1 (Fig. 2, E-G). Ighv1-64 and Igkv17-127 were also mainly
expressed in the AT2-like cell cluster 1 (Fig. 3, C and D). Among the IGH
C genes, the expression of Igha was substantially increased in the SiO»-
56d mice compared with those in the other three groups of mice (Fig. 2
D); this increase in the expression of Igha indirectly led to a decline in the
proportion of Ighm and Ighd usage (Fig. 3 E). There were no obvious
differences in the usage of other BCR genes across the four mouse groups
(Fig. S3, A-D).

Clonal expansion is closely related to disease progression. Our
analysis of the top 30 clonotypes in each mouse group indicated no
identical clonal expansion among the four mouse groups (Fig. S3, F-I).
For the SiO3-56d mice, a heatmap composed of different V-J gene
pairing frequencies shows nine types of V-J combinations in clonal
populations that had expanded to over 100 cells (Fig. S3, J-M). For the
Si02-56d mice, clonotypes comprising over 100 cells constituted more
than 75% of the total clonal cell population (Fig. 3 F); additionally,
approximately 75% of the total clonal cells were AT2-like cluster 1 cells
(Fig. S3 N). Combined with the results obtained using scRNA
sequencing, these findings show that BCR genes were expressed not only
in B cells but also in AT2-like cluster 1 cells. Indeed, more BCR™ cells
were identified as AT2-like cluster 1 cells (Fig. 3 G). At least half of the
clonal cells were identified as AT2-like cluster 1 cells using scRNA
barcodes (Fig. 3 H). These clones, expressing IGK and IGHA, produced
IgA with the progression of pulmonary fibrosis (Fig. S3 E). To determine
from which cell cluster these clones were derived, we merged the

barcodes of the top three clonal cell populations with the barcodes from
single-cell sequencing. Our results indicate that most of these clonal cells
were AT2-like cluster 1 cells (Fig. 3 I). Cells having the top 1 clonotype
highly expressed Sftpc and Scgb3al compared with the levels of B cells
(Fig. S3 0), indicating that cells in this cluster had a closer relationship
with AT2 cells than with B cells.

3.5. Immunoglobulin-producing AT2-like cluster 1 cells possess more
characteristics of AT2 cells than those of B cells

These genes (Igkv13-85, Igkv6-32, and Ighv3-6), which showed a
highly differential expression in cluster 1, usually code for immuno-
globulin and are expressed by B cells. To ensure that cluster 1 was not
composed of B cells, we used Loupe Brower 4.0 to analyse the distri-
butions in the expression of several B-cell marker genes in all the clus-
ters. B-cell marker genes, such as Cd79a, Cd79b, and Cd19, were
relatively highly expressed in B cells. (Fig. 4 A, left). However, the mice
in the SiO,-7d and NS-7d groups, and those in the SiO5-56d and NS-56d
groups, showed no detectable differences in the expression of these
genes (Fig. 4 A, right). This finding indicates that B cells did not play a
major role in pulmonary fibrosis, which was consistent with the results
obtained using scRNA-seq and spatial transcriptomics (Fig. S2 M).

In contrast, genes encoding AT2 markers, such as Sftpc, Sftpal, and
Sftpd [31-32], were relatively highly expressed in cluster 1 (Fig. 4 B,
left) and showed great upregulated expression levels in SiO3-7d and
Si02-56d mice (Fig. 4 B, right). Scgb3al and Scgb3a2, which are markers
of secretory epithelial or Club cells [33-34] (the progenitors of AT2
cells), were both expressed in AT2-like cluster 1 cells (Fig. 4 C, left).
Spatially, Scgb3al and Scgb3a2 were expressed in the trachea (Fig. 4 C,
right). The relatively increased expression levels of these 6 genes
(Sftpal, Sftpb, Sftpc, Sftpd, Scgb3al, and Scgb3a2) in cluster 1 suggest
that cluster 1 cells are alveolar progenitor cells of some kind.

Of these five genes, Sftpal, Sftpd, and Sftpc showed higher activation
in the SiO2-56d mice than in the NS-56d mice (Fig. 4 B, right). Simul-
taneous assessment of Igkv13-85 expression, and of that of the markers
of AT2 and Club cells, revealed that more than half of Igkv13-85™ cells
co-expressed Sftpc (an AT2 cell marker) or Scgb3al (a Club cell marker;
Fig. 4 D); however, few Igkv13-85" cells co-expressed Cd79a or Cd19
(Fig. 4 E). This result strongly suggests that these Igkv13-85™ cells were
not B cells. Based on these results, we speculated that cluster 1 repre-
sented a specialized type of alveolar epithelial cells type 2 (AT2 cells).
Specifically, inhalation of silica could trigger the transformation of
normal AT2 cells into Igkv13-85" AT2-like cells that could transcribe
BCR genes.

The use of the V gene varies among different individuals. Expectedly,
Ighv1-64, Igkv13-85, and Igkv6-32 showed scant expression levels in the
four sections obtained from our four groups of mice and used for spatial
transcriptomic sequencing (Fig. S3 P). We next focused on Igha, a gene
encoding the constant region of the immunoglobulin heavy chain that is
crucial for determining the immunoglobulin isotype [30]. Similar to
Ighv1-64 and Igkv13-85 (Fig. S3 Q), this gene was co-expressed with Sftpc
(Fig. 4 F). Moreover, the expression of Igha in SiO3-56d mice was much
higher than that in the SiO,-7d mice; this was consistent with the
expansion of IgA-related clonotypes in SiO»-56d mice (Fig. S3 E). The
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Fig. 2. Differentially expressed genes showing high expression levels in AT2-like cluster 1 cells are BCR genes. (A-C) GO and KEGG enrichment analysis of
DEGs in cluster 1. Terms of interest are labelled in red. (D) Expression of Igha in the UMAP plot. (E-G) Expression of Igkv6-32, Ighv3-6, and Igkv13-85 in the UMAP
plot. The expression of each gene in the four samples is displayed individually. Colour bars indicate gene expression levels. (H-K) Corresponding gene expression
levels in the four samples are shown. Scale bar = 1 mm. (H) Ccl2 and II6 are related to inflammation; (I) Fnl and Tgf-f1 are related to fibrosis; (J and K) Igha, Jchain,

Igkc, and Iglc2 are related to immunoglobulin production.
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increased frequency of Igha use is common under pathologic conditions,
and this finding indicates that the IgA-expressing AT2-like cell popula-
tion may be important in pulmonary fibrosis.

To verify the presence of IgA-expressing AT2-like cells in the fibrotic
lung tissue, we used RNAscope, a novel approach that can simulta-
neously detect multiple target RNAs in situ. Analysis using probes for the
detection of Igha and Sftpc transcripts indicated that cells containing
Sftpc transcripts were scattered throughout the NS-56d lung sections,
and that these cells were normally located in the alveolar region (Fig. 4
G and Fig. S3 R). In the Si0O»-56d sections, Sftpc’ cells tended to be
crowded together. In the NS-56d sections, only a few cells contained Igha
transcripts. Positivity for Igha was substantially increased in the SiO»-
56d sections, and Igha transcripts were colocalized with Sftpc transcripts
within AT2-like cluster 1 cells. Based on these findings, we concluded
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Fig. 3. BCR clonal expansion in Si0,-56d mice. (A,
B, and E) Usage of Ighv (A), Igkv (B), and Ighc (C)
genes across SiO,-7d, NS-7d, SiO2-56d, and NS-56d
Different samples are designated using
different colours. (C) Expression of Ighvi-64 in the
UMAP graph. (D) Expression of Igkvi7-127 in the
UMAP graph. (F) Proportions of different clonotypes
in Si0O,-7d, NS-7d, SiO,-56d, and NS-56d mice. (G)
UMAP of cells with BCR. The 24 clusters are indicated
using different colours (top). (H) UMAP of cells with
BCR clonotypes. (I) UMAP of cells having the top
three clonotypes (top). Cells having the top three
clonotypes merged with the 24 clusters (bottom).
Pink represents cluster 1; blue represents cluster 15.

mice.

that increased levels of Igha transcripts in the SiO3-56d group were
derived from AT2-like cluster 1 cells.

3.6. TCR expression is not amplified in SiO2-7d or SiO2-56d mice
compared with that in NS-7d or NS-56d mice, respectively

T cells are primarily responsible for cellular immunity as opposed to
humoral immunity. To evaluate the role of T-cell immunity in lung
fibrosis, we reconstructed the TCR sequences for the SiO»-7d, NS-7d,
Si02-56d, and NS-56d mouse lung tissues from scRNA-seq. Our results
indicate no differences in V(D)J and C gene usage among the four groups
of mice (Fig. S4, A-F). The extent of clonal expansion in the four groups
of mice showed that more than 80% of the clonotypes for each group
were represented by only one cell (Fig. S4 G); the clonotype with the
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greatest expansion represented no more than 3% of all cells. The amino
acid sequences of top 10 complementarity determining regions (CDR3)
differed in the four groups of mice without a specific pattern or shared
CDR sequences (Fig. S4 H). To explore the similarities and differences in
clonotypes among the four groups of mice, we analysed the top 30
clonotypes for each group. Our results indicate that each group had a
unique preferred clonotype, and no clonotype was shared among the
four groups (Fig. S4 I). Then, we used Loupe (version 4.1.0, 10x Geno-
mics) to integrate the barcodes of scRNA sequences and TCRs. The cells
harbouring TCRs or paired clonotypes were recognized as T cells in each
group, and there were no notable differences across the four groups
(Fig. S4, J and K). Together, these findings indicate that there were no
notable differences among the groups of mice, suggesting that T cells
were not involved in lung fibrosis.
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Fig. 4. Immunoglobulin-producing cluster 1 has
more characteristics of AT2 cells than those of B
cells. (A) Expression of Cd79a, Cd19, and Cd79b in
the UMAP plot and sections of the four samples. Scale
bar = 1 mm. (B) Expression of Sftpal, Sftpc, and Sftpd
in the UMAP plot and sections of the four samples.
Scale bar = 1 mm. Sftpal, Sftpc, and Sftpd were
significantly increased in SiO,-7d group versus NS-7
group and higher in SiO,-56d group than NS-56d
group. (C) Expression of Scgb3al and Scgb3a2 on
the UMAP plot and sections of the four samples ob-
tained from SiO»-7d, NS-7d, SiO,-56d, and NS-56d
mice. Sections are merged with an image of H&E
staining. Red arrows indicate tracheas with high
expression of Scgb3al or Scgb3a2. (D and E) UMAP
plots show Igkv13-85 coexpressed with Sftpc, Scgb3al,
Cd79a, and Cd19. Fan charts show the proportions of
cells expressing corresponding genes in Igkv13-85™
cells. (F) Igha is coexpressed with Sftpc. (G) Igha and
Sftpc expression as detected by RNAscope. DAPI, blue;
Sftpc, red; Igha, green. Magnified images of the re-
gions in the red box are shown on the right. (H)
Immunofluorescence shows immunoglobulin A (IgA)
expression in the ECM. (I) Western blot of IgA
expression in the ECM.

3.7. A large amount of immunoglobulin a is deposited into the fibrotic
lung ECM

IgA deposits were found in the lung ECM of SiO2-56d mice using
immunofluorescence (Fig. 4 H) and western blotting (Fig. 4 I). To
explore the components of ECM in the fibrotic lungs, we generated a
decellularized lung matrix from SiO5-56d (n = 3) and NS-56d (n = 3)
mice, and analysed its protein components using mass spectrometry-
based proteomics (Fig. 5 A). After analyzing the information collected,
we identified 143 proteins with upregulated, and 127 proteins with
downregulated, expression in the SiO-56d mice compared with those of
the NS-56d mice (Fig. 7 A in 3%). Among these upregulated proteins, IgA
showed the highest expression levels (Fig. 7B in ). Among the top 20
proteins with upregulated expression [35], the surfactant proteins
SFTPB, SFTPD, and SFTPA are canonically considered to be secreted by
mature AT2 cells [36]. Western blotting confirmed that the levels of IgA
and SFTPB were substantially upregulated in the lung ECM of SiO5-56d
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Fig. 5. IgA deposited into the ECM of SiO,-56d mouse lungs activates fibroblasts. (A) Schematic diagram of ECM preparation. (B and C) Gene enrichment
analyses of the DEGs designated in red. (B) Top 10 enriched GO terms, including BP, CC, and MC, are shown. Terms in red font are of particular interest. BP,
biological process; CC, cellular component; MF, molecular function. (C) Top 20 KEGG enrichment terms. Terms in red are of particular interest in pulmonary fibrosis.
(D) Schematic diagram for cell re-seeding procedure. (E) Representative immunofluorescence images of lung ECM. Scale bar = 50 pm. (F and G) Representative
images of migration assays. nsECM, ECM obtained from mouse lung instilled with normal saline; FIbECM, ECM obtained from mouse lung instilled with SiO,
suspension for 56 days; Ab, anti-IgA antibody; 0 h, treated for 0 h; 24 h, treated for 24 h.
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mice (Fig. 4 I). IgA deposition was accompanied by that of surfactant
proteins, suggesting that IgA secretion may have been related to AT2
cells.

GO analysis of upregulated proteins in the SiO2-56d mice identified
lysosome, alveolar lamellar body, secretory IgA immunoglobulin com-
plex, and immunoglobulin receptor binding as enriched terms (Fig. 5 B).
KEGG analysis revealed pathways related to IgA production such as
rheumatoid arthritis, systemic lupus erythematosus Top 10, and intes-
tinal immune network (Fig. 5 C). In summary, these results indicate that
lung fibrosis was closely associated with immunoglobulin production
and AT2 cell function. Combined with the results of our sequencing
analysis of the lung, these findings indicate a robust relationship be-
tween IgA expression and lung fibrosis.

3.8. Immunoglobulin a activates fibroblasts

TGF-f is a known pro-fibrotic factor that is commonly used to
stimulate cells in the establishment of in-vitro models of fibrosis. Here,
we cultured MLE-12 cells, which are mouse lung epithelial cells having
the characteristics of AT2 cells. MLE-12 cells were treated using TGF- at
different time points. Our results show that the expression of Igha mRNA
was upregulated at 72 h post-treatment with TGF- (Fig. S5 A). Then, we
evaluated IgA expression levels using western blotting. Using an anti-
body specific for IgA, we detected a band at 75 kDa, which was equal to
the total molecular weight of the light and heavy chains of IgA (Fig. S5
B). The intensity of this band increased after the MLE-12 cells were
treated with TGF-p for 72 h. To verify that MLE-12 cells could secrete
IgA into the lung ECM, we seeded MLE-12 cells into the ECM obtained
from healthy mouse lungs; then, we treated this seeded ECM with TGF-p.
Next, we decellularized this lung ECM by removing the MLE-12 cells,
and evaluated IgA expression in this ECM using immunofluorescence
and western blotting (Fig. 5 D). Our results indicate an increased
expression of IgA in the lung ECM treated using TGF-p compared with
that of control ECM (Fig. 5 E and Fig. S5 C). This finding indicates that
the lung epithelium secreted IgA into the lung ECM.

To explore the effects of IgA deposition in the ECM on fibroblasts, we
seeded MLg cells (a mouse lung fibroblast cell line) into ns- or Fib-ECM,
which were then cultured with or without an anti-IgA antibody.
Migration assays showed that Fib-ECM promoted an increase in the
number of migrated MLg cells and increased their migration distance.
This effect was inhibited by anti-IgA antibody (Fig. 5 F and Fig. S5, D-F).
Next, we seeded MLg cells onto a lung ECM that had been previously
cultured with MLE-12 cells with or without treatment using TGF-p.
Then, we treated this ECM with an anti-IgA antibody. Our results indi-
cate that MLg cells showed an increased number of migrations and
migration distance into the ECM that had been cultured with MLE-12
cells and treated using TGF-f (Fig. 5 G and Fig. S5 G-I). An anti-IgA
antibody could partially block the facilitation of migration in MLg
cells. These findings indicate that secretion of IgA into the ECM by MLE-
12 cells promoted the activation and migration of fibroblasts, which may
have contributed to the fibrotic process.

4. Discussion

IPF is a type of pulmonary interstitial fibrotic disease [37]. Patients
with IPF experience a decline in pulmonary function, which greatly af-
fects their quality of life and shortens life span [38]. Nintedanib and
pirfenidone, which are the only drugs currently approved for the clinical
treatment of pulmonary fibrosis, cannot reverse the fibrosis that has
already occurred or prolong the life of patients with IPF [39-40].
Interstitial fibrosis is directly caused by increased secretion of collagen
by activated pulmonary fibroblasts [41]. In this study, we demonstrated
in vitro that IgA deposited on ECM can promote the migration of
fibroblast cell migration. Its molecular mechanism deserves further
research to provide a target for inhibiting the activation of fibroblasts,
which is a limitation of this research. In recent years, an increasing
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number of studies have indicated that injury to, or changes in the gene
expression of, lung alveolar epithelial cells are the initiating factors of
pulmonary fibrosis [7,10,42]. In addition, studies have shown that im-
mune system disorders are associated with pulmonary fibrosis [43-45].
Patients with immune system diseases, such as systemic lupus erythe-
matosus (SLE) or cystic fibrosis, have increased concentrations of IgA in
blood, which is related to the severity of pulmonary fibrosis [18,46]. The
Fc segment receptor for IgA can activate neutrophils and macrophages
[47]; studies have also shown that it can activate pulmonary fibroblasts
and promote pulmonary fibrosis [16]. However, the relationship be-
tween lung epithelium and IgA has not been investigated. Because IgA
can activate lung fibroblasts, it is important to uncover the cell sources
and routes of IgA secretion and deposition. In our present study, we have
shown that lung alveolar epithelial cells were the direct sources of
pulmonary IgA production. This finding provides possible future ther-
apeutic targets for blocking IgA secretion in the lung.

In this study, we used intratracheal instillation of silica to establish a
mouse model of pulmonary fibrosis. Whole lung cells, lung tissue sec-
tions, and lung ECM were respectively analyzed using single cell
sequencing, space transcriptome sequencing, and proteomics. Our
comprehensive and muti-omics analysis showed a cluster that contained
AT2-like cells in the fibrotic lung. These AT2-like cells could secrete a
large amount of IgA, which was enriched in the fibrotic lung ECM. In-
vitro experiments showed that IgA enriched in the lung ECM contrib-
uted to pulmonary fibrosis. In recent years, studies have shown that
senescence of AT2 cells and their ability to secrete cytokines participate
in the initiation of pulmonary fibrosis [9]. The results obtained in our
present study have confirmed that AT2-like cells had the potential to
secrete IgA via BCR rearrangement. We confirmed these results at mRNA
level using single-cell sequencing and BCR rearrangement analysis.
Increased levels of IgA, which are found in the blood of patients with
cystic fibrosis, can activate pulmonary fibroblasts [18]. This finding
agrees with the results obtained in our present study, which show that
IgA could increase the activity of MLg cells and promote their migration.
However, in our model, the IgA deposited into the ECM originated from
local lung cells and not from blood. Because we directly sequenced and
analyzed whole lung cells, we found that the AT2-like cluster 1 cells
were highly clonal for BCR.

The development of single-cell sequencing technology has made it
possible to analyze the immune repertoire has been more accurately,
and the diversity and amplification of BCR sequences in diseases have
been explored [48-49]. In research into the BCR repertoire of human
blood mononuclear cells, the use frequency of Ighv3-53 in SLE groups
has been reported to be as high as 6.23%, vs 2.46% in HC groups. Ighv3-
33 in SLE groups has been reported to be 14.46%, vs 4.62% in HC
groups. This is considered to be of pathological significance [50]. In our
study, the use frequency of Igkv13-85 in the Si02-56d group was
45.35% vs 1.08% in our NS-56d group. The number of clonal cells to
which Igkv13-85 belongs accounted for 47.8% of the total BCR clone
cells. Therefore, the BCR clonal cell expansion in our study should be
considered to have important pathological significance. In recent years,
there have been even more studies based on single-cell sequencing and
BCR/TCR. The degree of amplification of BCR monoclonal cells in the
present work, reaching 47.8%, is the highest ever reported. Collectively,
BCR clonal cells account for a considerable proportion of whole lung
cells, which suggests that these cells may dominate the development of
lung diseases.

Pseudotime analysis indicated that cluster 1, 3, and 15 cells had
lineage relationships. However, AT2 can differentiate from other airway
epithelial stem cells and can undergo self-renewal and differentiation in
vivo [51]. The lineage sources of these three clusters of cells and the
mechanism of silica-induced differentiation are worth further research.
From another perspective, AT2-like cluster 1 cells exist in lungs instilled
with silica suspension and not in normal lungs, which can also be un-
derstood, as silica induces IgA expression in AT2 cells. Because AT2 cells
tend to readily differentiate into AT1 cells in vitro, we did not isolate
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AT2-like cells from our silica-induced mice for primary culture. In our
future studies, we will aim to improve our methodology for the in-vitro
culture of primary AT2-like cells in order to preserve the AT2-like
characteristics of these cells. We will also further verify and investi-
gate BCR rearrangement in AT2-like cells using various mouse models
of, and samples obtained from patients with pulmonary fibrosis.

It has been suggested that in the next 10 years [52], idiopathic
pulmonary fibrosis will be reclassified as epithelial-driven pulmonary
fibrosis, primary pulmonary fibrosis, or progressive age-dependent
pulmonary fibrosis. Based on this possibility, and on our present find-
ings showing that AT2-like cells secreted IgA into the fibrotic lung ECM,
we will investigate other types of pulmonary fibrosis and classify them
according to the presence or absence of IgA deposition into the lung.
Using ablation of over-proliferating AT2-like cells or blocking the pro-
duction of IgA in these cells may become a potential therapeutic target in
the treatment of patients with pulmonary fibrosis.

In conclusion, a cluster of AT2-like cells was found to obtain BCR
transcripts in the silica-induced fibrotic lung, which is related to IgA. At
the same time, a large amount of IgA was found in lung ECMs of fibrotic
lungs. Our study indicates that the lung is an organ with huge immune
function which can be activated when the lung is subjected to certain
stimuli. IgA produced by lung resident cells is closely related to the
occurrence of pulmonary fibrosis. In addition, IgA in the steady-state
maintenance of alveolar structure and function is worthy of further
exploration.

5. Online supplemental material

Fig. S1 presents the validation of the pulmonary fibrosis model and
the marker gene and proportion of each cell cluster. Fig. S2 presents the
enrichment analysis of upregulated genes of macrophages at the in-
flammatory stage. Combined analysis of scRNA-seq and space tran-
scriptomics predicted the accumulation of macrophages in the area of
inflammation of the SiO»-7d sample. Fig. S3 presents the usage and
pairing of BCR genes in the four samples obtained from SiOs-7d, NS-7d,
Si02-56d, and NS-56d mice. Fig. S4 presents no clonal expansion of T
cells in any of the four samples obtained from SiO»-7d, NS-7d, SiO»-56d,
and NS-56d mice. Fig. S5 depicts that MLE-12 cells produce IgA to
activate MLg cells.
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