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ABSTRACT: Diffuse alveolar damage (DAD) is a Pathological BALF and Serum Analysis  Histological Evaluation Lung Tissue Proteome Analysis

hallmark of severe interstitial lung diseases, such as acute 5 < Salne L% ! ]
respiratory distress syndrome (ARDS), and is linked to poor %8 1 S i \ :lg:]muni:w
prognosis. Previously, we identified 14—3—30/stratifin (SEN) asa 5 - ‘ " Inflammatory
serum biomarker candidate for diagnosing DAD. To clarify the ""Tm:w o by || .L.‘*,i‘f?”s?;’nl,.mm
time-dependent relationship between SFN expression and DAD, MTosame | [aoid ‘

we here investigated pathological and molecular changes in serum, _g« oA 24n |
bronchoalveolar lavage fluid (BALF), and lung tissue in an oleic §,§ w N/\\ e o - SFN exprossion 1
acid (OA)-induced ARDS rat model. Acute alveolar edema was e G SS i {48 o e en T
observed after OA administration, followed by alveolar epithelial Time () FeE ] warc Bl 'ﬁ?f‘f'é—é?ﬁamm
cell proliferation and increased BALF and serum SEN levels. . ‘ 96 h {] - Tissue repair |

Oleic acid-induced

Proteomic analysis of lung tissue extracts revealed that proteins ARDS mtrmodel | SR T

related to “inflammatory response” and “HIF-1 signaling,”

including plasminogen activator inhibitor-1, were markedly increased 3 h after acute lung injury, followed by a gradual decrease.
Conversely, proteins associated with “cell cycle” and “pS3 pathway,” including SEN, showed a persistent increase starting at 3 h and
peaking at 48 h. Western blotting and immunohistochemistry confirmed that SFN was expressed in a part of proliferated alveolar
type-II cells, accompanied by pS3 activation, an important event for differentiation into type-I cells. SFN may be a biomarker closely
related to alveolar remodeling during the repair process after lung injury.
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B INTRODUCTION for DAD.” We then used our established in-house enzyme-
linked immunosorbent assay (ELISA) to verify that serum SFN
levels were indeed elevated in patients with DAD. Moreover, we
showed that SFN was superior to KL-6 and SP-D in
distinguishing DILD patients with DAD from those with non-
DAD patterns.” Serum SFN is also known to be increased in
patients with severe COVID-19 or acute exacerbation of IPE.”*
However, for practical use of SEN as a DAD biomarker in drug
development and clinical settings, more evidence of a direct
relationship between DAD pathology and SFN expression is
needed. To demonstrate that SFN is not merely an inflammation
biomarker but a definitive biomarker for DAD, it is essential to
elucidate the biological and pathological processes associated
with SEN, in addition to evaluating its diagnostic performance,
including sensitivity and specificity, and its clinical validity.

Interstitial lung disease (ILD) encompasses various types of
conditions classified by histological patterns. The most severe
type is diffuse alveolar damage (DAD). DAD is typically
observed in patients with acute lung injury—such as in acute
exacerbation of idiopathic pulmonary fibrosis (IPF), acute
respiratory distress syndrome (ARDS), and severe coronavirus
disease 2019 (COVID-19)—and it often occurs as an adverse
reaction to anticancer drugs such as epidermal growth factor
receptor-tyrosine kinase inhibitors (EGFR-TKIs).! Patients
with DAD do not sufficiently respond to treatment, leading to
a poor prognosis. Because DAD progression leads to irreversible
fibrosis of the lungs, early diagnosis and treatment are crucial for
improving patient outcomes.” Surfactant protein (SP)-D and
Krebs von den Lungen-6 (KL-6) have been used as biomarkers
in the diagnosis of drug-induced ILD (DILD). However,
because elevations in these proteins are broadly observed in
many types of ILD, blood biomarkers that can specifically
diagnose DAD are urgently needed.

Previously, we applied aptamer-based proteomics to blood
samples from patients with drug-induced ILD, and identified
stratifin (14—3—30, SEN) as a novel serum diagnostic marker
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SEN belongs to the 14—3—3 family, which includes six other
isoforms: 3, y, €, {, 7, and 7. This family is a group of highly
evolutionarily conserved proteins with a molecular mass of 25—
30 kDa and is found in all eukaryotes. These proteins modulate
various cellular processes by binding to phosphorylated
proteins.” While most 14—3—3 isoforms are expressed in
various normal tissues in a ubiquitous manner, SFN is expressed
in specific epithelia, such as skin and esophageal tissues.” SEN is
a direct transcriptional target of pS3, which is induced in
response to DNA damage, and leads to the arrest of the G2/M
phase of the cell cycle.® Moreover, an experiment using cultured
human keratinocyte cells found that the upregulation of SEN is
closely related to a reduction in cell proliferation and the
progression of cellular senescence.” Despite increasing knowl-
edge of the function of SFN, the relationship between ILD and
SEN remains largely unclear. However, recent single-cell RNA-
sequencing analysis has indicated that during the repair process
of alveolar epithelium following acute lung injury, pS3 activation
plays an important role in the differentiation from alveolar
epithelial type-II (ATII) cells to type-I (ATI) cells, and SEN is
expressed during this process.”””

The pathological features of DAD change consistently and
dynamically in the early exudative, midproliferative (organiz-
ing), and late fibrotic phases following lung injury. Multiple cell
types, such as immune cells, lung epithelial cells, endothelial
cells, and fibroblasts, are involved in regulating the repair process
after lung injury. After lung injury, ATII cells progress through a
stepwise process comprising proliferation, transition into an
ATII—ATI intermediate state (known as the prealveolar type-I
transitional cell state (PATS)) and finally differentiation.”””
ATII cell proliferation is a regenerative response after injury.
However, abnormal ATII cell proliferation can also be
pathological and may lead to hyperplasia, which is also found
in the proliferative phase during DAD progression. Therefore, in
order to clarify the clinical significance of serum SFN as a DAD
biomarker, it is necessary to first determine the mechanisms and
temporal aspects of SEN expression and release from lung cells
during DAD progression. However, clinical studies can only
partially unravel these features; analysis of SEN in an animal
model is essential to complement the clinical data. Furthermore,
proteomics data comparing the behaviors of SEN and other
proteins could lead to a more fundamental understanding of the
relationship between SEN expression and DAD.

Among various animal models of lung injury,'*~" the acute
lung injury model induced by oleic acid (OA) exhibits acute and
repair phases with histopathological features similar to those of
human DAD/ARDS.'"" This study aimed to investigate
whether the levels of SEN in the blood, BALF, and lung tissue
are altered in the OA-induced ARDS rat model. By comparing
the temporal changes in the pathological features and the
proteome of lung tissue, we intended to clarify when, where, and
with what proteins SEN is expressed in DAD-type ILD. Our final
goal was to elucidate the specific expression of SEN in DAD
lungs, its relationship with associated protein groups, and the
physiological significance of this relationship, thereby contribu-
ting to a deeper understanding of the molecular mechanisms
underlying DAD.

B EXPERIMENTAL PROCEDURES

Animals

Eight—week—old male Ctl:CD (Sprague—Dawley) rats were
obtained from The Jackson Laboratory Japan (Kanagawa,
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Japan) and housed under controlled conditions: a temperature
of 22 °C + 3 °C, 55% =+ 15% humidity, and a 12-h light/dark
cycle. The rats had ad libitum access to food and water. They
were randomly assigned to either a saline (1.25 mL/kg) or 0.1%
bovine serum albumin-OA (0.25 mg/kg) treatment group. A
single injection was administered via the tail vein at a rate of
approximately 1 mL/min. Saline was purchased from Otsuka
Pharmaceutical Factory (Tokyo), bovine serum albumin (BSA)
was purchased from EMD Millipore (St. Louis, MO), and OA
was purchased from Sigma-Aldrich (St. Louis, MO). At the end
of the observation period, the rats were sacrificed by bloodletting
under isoflurane (Mylan Inc., Tokyo) anesthesia using a
NARCOBIT-E device (Natsume Seisakusho, Tokyo) and then
necropsied. Blood samples were collected from the abdominal
aorta using BD Vacutainer serum separator tubes (Nippon
Becton Dickinson Company, Tokyo) and centrifuged at 3000g
for 10 min at 15—24 °C. Serum aliquots were stored at —70 °C
until use. BALF was collected from the right lung. After
cannulating and ligating the trachea, 4.0 mL of sterile saline at
room temperature was twice injected into the right lung lobe and
spontaneously drained through the cannulated tube each time.
After the BALF was collected, the right lungs were frozen with
liquid nitrogen and stored at —70 °C until the protein and
mRNA extracts were prepared. The left lungs were immuno-
histochemically stained after fixing with formalin. All animal
experiments were conducted by the DIMS Institute of Medical
Science (Aichi, Japan; this facility is currently closed).

This study was conducted in compliance with the “Act on
Welfare and Management of Animals” (Act No. 39 of June
2009), the “Standards for the Care and Management of
Laboratory Animals and Relief Pain” (Science Council of
Japan, June 2006), and the guidelines established by the
Ministry of Health, Labour, and Welfare and the Ministry of
Agriculture, Forestry, and Fisheries. The study was approved by
the Animal Care and Utilization Committee of the National
Institute of Health Sciences (no. 832; September 15,2021), and
the DIMS Institute of Medical Science (no. 22507; January 28,
2022).

BALF Testing

The collected BALF was immediately centrifuged and separated
into supernatant and sediment portions. The supernatant
portion was analyzed using an automated analyzer (Hitachi
High-Tech, Tokyo) for lactate dehydrogenase (LDH) concen-
tration according to the Japan Society Clinical Chemistry
(JSCC) method and for micrototal protein (4-TP) concen-
tration using the pyrogallol red method. The remaining
supernatant was stored at —70 °C until use for ELISA-based
biomarker assays. The sediment was mixed with 1 mL of sterile
saline, and subjected to flow cytometry with a Xt-2000i
multiparameter automated hematology analyzer.

ELISA

SEN levels in the BALF supernatant and serum were measured
using an in-house ELISA method with two anti-SFN mAbs
(clone CS112-2A8 [#05-632, Merck, Kenilworth, NJ] and clone
3c3 [#WH0000286M1, Sigma-Aldrich]), as previously de-
scribed.” SP-D and albumin (ALB) levels were measured
using the rat/mouse SP-D kit YAMASA EIA (Yamasa, Chiba,
Japan) and rat ALB ELISA kit (Abnova, Taipei, Taiwan),
respectively.

https://doi.org/10.1021/acs.jproteome.4c00980
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Protein Extraction

Protein was extracted from frozen lung tissues in RIPA buffer
(FUJIFILM Wako Pure Chemical, Osaka, Japan) containing a
protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) using
a polytron homogenizer (Central Scientific Commerce, Tokyo).
After centrifugation at 3000 X g for 10 min at 4 °C, the
supernatants were used for proteome and Western blot analyses.

Proteome Analysis

To precipitate protein for desalting and concentration, four
times the volume of acetone was added to the protein extract.
The resulting precipitate was then redissolved. Trypsin digestion
and peptide cleanup were performed with a mass spectrometry
(MS) sample preparation kit (EasyPep Mini MS Sample Prep
Kits; Thermo Fisher Scientific, Waltham, MA), according to the
manufacturer’s instructions. The resulting peptides were
analyzed using a data-independent acquisition (DIA) mode on
a Q Exactive HF coupled with a Vanquish Neo LC System
(Thermo Fisher Scientific). The peptides were loaded onto a 75
pum X 12 cm nano-LC column (Nikkyo Technos, Tokyo) and
separated using a 115 min gradient. Solvent A contained 0.1%
formic acid in water, and solvent B contained 0.1% formic acid in
100% acetonitrile. The gradient consisted of the following steps:
for the first min, 5% solvent B; at 116 min, 36% solvent B; at 126
min, 90% solvent B; and at 135 min, 90% solvent B at a flow rate
of 300 nL/min. In the DIA mode analysis, MS1 spectra were
collected over a range of 495—745 m/z with a resolution of
60,000. The automatic gain control target was set to 3 X 105,
using positive polarity and a maximum injection time of 100 ms.
MS2 spectra were collected at 45,000 resolutions to set an
automatic gain control target of 3 X 10% and the maximum
injection time was set to “auto.” The isolation width for MS2 was
set to 4.0 m/z. For data analysis, the raw data files were
converted to mzML files (with default parameters) using
ProteoWizard (version: 3.0.23240). Peptides and proteins were
identified and quantified from each converted mzML file using
DIA-NN software (version 1.8.1, https://github.com/
vdemichev/DiaNN). A spectral library for the search was
generated from the Rattus norvegicus (Brown Norway rat)
protein sequence database (UniProt id UP000002494; 22,401
(download one protein sequence per) gene entries) using DIA-
NN. The search parameters were as follows: protease, trypsin/P;
missed cleavages, 1; peptide length range, 7—30 amino acids;
precursor charge range, 1—4; fragment ion m/z range, 200—
1800; mass accuracy, auto (0.0); variable modification, loss of
N-term methionine, cysteine carbamidomethylation; and
“Heuristic protein inference” and “Use isotopologues” enabled.
The peptide and protein FDR values were set to < 1%.

Bioinformatics Analysis

The missing values and statistical analysis of the MS signals were
processed using Perseus (version 2.0.11.0; Max Planck Institute
of Biochemistry, Planegg, Germany), and a volcano plot was
generated. Differential proteins were selected using a threshold,
which was set with a p-value < 0.05 (n = 3, Welch’s ¢ test) and a
fold change of 1.0 compared with the pretreated group. The
Database for Annotation, Visualization, and Integrated Discov-
ery (DAVID) Knowledgebase v2024q2 (https://david.ncifcrf.
gov/) was used for functional annotation of the differential
proteins identified. The heatmap of the differential proteins was
generated using the open-source package Heatmapper (http://
www.heatmapper.ca/expression/). The settings were as follows:
clustering method, Average linkage; Distance measurement
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method, Pearson. Each row represents one gene and each
column represents the average of triplicate samples.

RNA Extraction and Real-Time qPCR Analysis

Total RNA was extracted from the frozen rat-lung tissues using
an ISOGEN kit with Spin Column (Nippon Gene, Tokyo) and a
polytron homogenizer (Central Scientific Commerce, Tokyo).
The extracted total RNA was used for expression analysis of rat
Sfn, Serpinel, cyclin-dependent kinase inhibitor 1A (Cdknla),
and TATA box—binding protein (Tbp) genes using a One Step
TB Green PrimeScript RT-PCR Kit II (Takara Bio, Shiga,
Japan) and 7500 Fast Real-Time PCR System (Thermo Fischer
Scientific, Waltham, MA). The expression level of each target
gene was normalized to that of Thp.

PCR primers with the following sequences were used:

Sfn-F; 5'-TGACGACAAGAAGCGCATCAT-3’

Stn-R; '-GTAGTGGAAGACGGAAAAGTTCA-3’

Serpinel-F; 5'-ATCAACGACTGGGTGGAGAG-3’

Serpinel-R; 5-CAGGCGTGTCAGCTCATTTA-3’

Cdknla-F; §-TAGGACTTCGGGGTCTCCTT-3’

Cdknla-R; 5’-GCTCTGGACGGTACGCTTAG-3’

Ctgf-F; §'-GGGTCTCTTCTGCGACTTC-3’

Ctgf-R; 5'-ATCCAGGCAAGTGCACTGGTA-3’

Tbp-F; §-TGTAAACTTGACCTAAAGACCAT-3’

Tbp-R; 5'-CAGCAAACCGCTTGGGAT-3’

Western Blot Analysis

Protein extracts were separated using 5%—10% m-PAGEL
(Atto, Tokyo) and transferred onto Trans-Blot Turbo Mini 0.2
um PVDF Transfer Packs (Bio-Rad Laboratories, Hercules,
CA). For detecting each protein, the following rabbit
monoclonal antibodies (mAb) or polyclonal antibodies (pAb)
were used: rabbit anti-plasminogen activator inhibitor-1 (PAI-1)
pAb (#27535, Cell Signaling Technology, Leiden, The Nether-
lands; 1:1000) rabbit anti-pS3 mAb (clone E9BSW [#30313,
Cell Signaling Technology; 1:2000]), rabbit anti-phospho-pS3
SerlS pAb (#9284, Cell Signaling Technology; 1:2000), and f3-
actin rabbit pAb (#20536—1-A, Proteintech, Rosemont, IL;
1:5000). To detect these rabbit antibodies, the HRP-conjugated
goat antirabbit IgG (#7074, Cell Signaling Technology; 1:5000)
was used as the secondary antibody. For detecting SFN, mouse
anti-SFN mAb clone 3c3 (#WH0002810M1, Sigma-Aldrich;
1:2000) was labeled with HRP using a peroxidase labeling kit
(Dojindo, Kumamoto, Japan), and Streptavidin PolyHRP
(Funakoshi, Tokyo; 1:20,000). Chemiluminescence was
detected using the FUSION Solo S detection system (Vilber,
Collégien, France) along with ECL select HRP substrate reagent
(GE Healthcare, Uppsala, Sweden).

Immunohistochemical Staining

To investigate the expression and localization of SEN and Ki67,
immunohistochemical analysis was performed using rat-lung
tissue. The tissue sections were deparaffinized, hydrated, and
autoclaved at 121 °C for 15 min for antigen retrieval in a 10 mM
citrate buffer (pH 6.0). To inactivate endogenous peroxidase
activity, the sections were immersed in a 3% H,O,/methanol
solution for 10 min at room temperature. After blocking
nonspecific reactions with 10% normal goat serum, the sections
were incubated overnight at 4 °C with a primary antibody
targeting SFN (diluted 1:2000; rabbit anti-SFN polyclonal
antibody [HPA01110S, Atlas Antibodies, Bromma, Sweden])
and Ki67 (diluted 1:1000; rabbit anti-Ki67 polyclonal antibody
[ab15580, Abcam, Cambridge, UK]). Antibody binding was
visualized using a VectaStain Elite ABC Kit (Vector

https://doi.org/10.1021/acs.jproteome.4c00980
J. Proteome Res. 2025, 24, 1941-1955


https://github.com/vdemichev/DiaNN
https://github.com/vdemichev/DiaNN
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
http://www.heatmapper.ca/expression/
http://www.heatmapper.ca/expression/
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.4c00980?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Proteome Research pubs.acs.org/jpr
Sampling time course
O=O—~O=O—O——0 0 o o
0369 24 48 96 144 240 (h)
4

Drug injection
OA 200 mg/kg or Saline

Right /

lung

/

— Lungs

SD rat \

\4 Left

lung

- BALF testing

- ELISA analysis

Frozen tissue

- Proteome analysis
+ Western blotting
* RT-gPCR

- | FFPE tissue

- Histological evaluation

Arterial blood —

+ ELISA analysis

Figure 1. Schematic view of the animal experiment. Rats were intravenously injected with OA or saline, and their samples were collected at each time
point (0,3, 6,9, 24, 48,96, 144, and 240 h; n = S or 6). BALF was collected from the right lung. After BALF collection, the right lung tissues were frozen
until the protein and RNA extraction. The left lung was paraffin-embedded for histological evaluation. Arterial blood was collected, and serum was

separated. These samples were used for the indicated experiments.

Laboratories, Newark, CA) for SEN and a Histofine Simple
Stain Rat MAX PO Kit (Nichirei Corporation, Tokyo) for Ki67.
All sections were incubated with 3,3’-diaminobenzidine and
counterstained with hematoxylin.

Statistical Analysis

All data were analyzed using GraphPad PRISM (version 8.4.3;
GraphPad Software, San Diego, CA) and Perceus (Max Planck
Institute of Biochemistry) software and are expressed as mean +
standard error of the mean (SEM) or standard deviation (SD).
The statistical evaluation of the temporal change for each test
value between the groups was performed using one-way (for the
OA group only) or two-way (for the OA and control groups)
ANOVA, followed by Dunnett’s posthoc test and Bonferroni’s
posthoc test for multiple comparisons, respectively. Assump-
tions for ANOVA, including normality and homogeneity of
variances, were tested using Shapiro-Wilk and Brown-Forsythe
tests, respectively. The changes in protein levels based on DIA-
MS data and the comparison of the SEN/ALB ratio in BALF and
serum at each time point were evaluated using Welch’s ¢ test.
Statistical significance was defined as a p-value < 0.0S.

B RESULTS

Characteristics of OA-Induced ARDS Rats

In the current study, the OA-induced ARDS rat model was used
as an acute lung injury model to analyze the relationship
between DAD and SEN in detail. After injecting OA
intravenously, rat-lung tissues, BALF, and sera were collected
at each time point (Figure 1).

The lung weight/body weight ratio, an indicator of lung
inflammation in lung injury, showed a considerable increase 3 h
after OA injection (Figure 2A). This was followed by a time-
dependent decrease, and then recovery to the same level as in the
pretreated group at 96 h. In the BALF collected from lung tissues
of the OA group, LDH (an indicator of cell injury) and p-TP (an
indicator of vascular permeability) showed a pattern of change
similar to the lung weight/body weight ratio (Figure 2B, C).
Leukocytes and neutrophils also showed a rapid increase at 3 h
(Figure 2D,E), while lymphocytes, eosinophils, and monocytes
showed a gradual increase, peaking at 24 or 48 h after OA
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injection (Figure 2F—H). All immune cells recovered to nearly
normal levels by 96 h.

Hematoxylin and eosin staining of lung tissues revealed that
edema and hemorrhage occurred within 3 h after OA
administration, along with the infiltration and accumulation of
inflammatory cells around blood vessels by 24 h (Figure 2I). At
48 h, edema and hemorrhage were scarcely found, but many
proliferated alveolar type-1I (ATII) cells were observed. After 96
h, most of the tissue inflammation and lesions had recovered, as
indicated by BALF biomarkers. No signs of lung fibrosis were
observed. These results are consistent with previously reported
typical chan§e patterns of lung tissue in OA-induced lung injury
models." ™"

SFN and SP-D Expression in BALF and Serum

We previously observed increases in SFN in BALF and serum of
patients with DAD.”” Therefore, we first investigated whether
SEN levels are also changed in the BALF and serum of OA-
induced ARDS rats. ELISA revealed that BALF SEN levels
increased at 3 h after OA administration, peaked at 6 h, and then
temporarily declined before increasing again at 48 h (Figure
3A). To examine whether the elevated SFN levels in BALF
originate from blood or lung tissue, the ratios of SEN levels to
ALB concentrations were compared in serum and BALF. If
BALF SFN originated from the blood, the SFN/ALB ratio in
BALF would be the same as that in serum. Notably, the SEN/
ALB ratio in BALF at 3 to 144 h was significantly higher than
that in serum, suggesting that SEN is released from the lung
tissue into BALF (Table 1).

The serum SFN concentration ranged between approximately
9 and 18 ng/mL up to 48 h after OA administration (Figure 3B,
Table 1), which is significantly higher than the normal levels in
humans (below 0.5 ng/mL).> It is possible that there is a
difference between humans and rats in the amount of SEN
leaking into the circulating blood from epithelium of other
tissues (e.g, abundant SFN-expressing tissues such as the skin
and esophagus). However, serum SFN levels were markedly
elevated by 96 h, which was a delayed response to the changes in
SEN observed in BALF. In contrast, SP-D, a known marker of
pulmonary fibrosis,'* was increased in BALF between 24 and 48
h (Figure 3C), whereas only slight changes were found in serum

https://doi.org/10.1021/acs.jproteome.4c00980
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Figure 2. Characterization of lung injury in OA-induced ARDS rats. At the indicated time point after the injection of OA or saline, the lung tissues and
BALF were subjected to the following tests: lung weight/body weight ratio assessment (A), and measurement of typical BALF biomarkers: LDH (B),
u-TP (C), WBC (D), neutrophils (E), lymphocytes (F), eosinophils (G), and monocytes (H). Data for the OA and saline groups are represented by
black squares and white circles, respectively. Data are shown as mean + SEM (n = 5 or 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs the
pretreated group (0 h) using two-way ANOVA and Bonferroni’s posthoc test. (I) Representative histopathological findings in the lung tissues of OA-
treated rats (hematoxylin and eosin staining). Arrows indicate infiltration of inflammatory cells. Arrowheads indicate hyperplasia of ATII cells. Scale
bars = 100 ym.
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Figure 3. Time-dependent changes of SFN and SP-D levels in BALF and serum. SFN (4, B) and SP-D (C, D) levels were measured using ELISA.
Biomarker levels in BALF (A, C) and serum (B, D) in the OA and saline groups are presented in black squares and white circles, respectively. Data are
shown as mean + SEM (n =S or 6). *p < 0.0S, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs 0 h using two-way ANOVA and Bonferroni’s posthoc test.

Table 1. SFN and ALB Concentrations and Their Ratio in Serum and BALF Samples”

BALF serum
time (h) SFN (ng/mL) ALB (mg/mL) SFN/ALB (ng/mg) SFN (ng/mL) ALB (mg/mL) SFN/ALB (ng/mg) p-value
0 0.7 £ 0.4 0.03 + 0.01 27.8 +12.2 18.6 + 5.2 31.1 +3.0 0.6 +0.2
3 3.7+0.7 4.38 + 0.54 09 +0.2 13.6 + 3.5 32.8 £3.1 04 +0.1 0.004**
6 49 + 14 441 + 1.14 1.2 +03 222 + 119 327 £32 0.7+ 0.3 0.041°*
9 41+0.7 291 +£1.90 21+12 94 £35S 36.0 + 3.9 0.3 +0.1 0.002%*
24 28 +1.7 1.14 + 0.67 24 + 09 9.5+ 3.8 35.6 + 5.5 03 +0.1 0.0027%**
48 S.1+4S5 0.71 £ 0.51 9.4 + 8.1 9.1 +44 351 +24 03 +0.1 0.002%*
96 1.3 + 0.6 0.03 +£ 0.01 42.7 + 23.8 80.0 + 46.0 352+ 4.6 22+ 12 0.008%3*
144 12+ 0.5 0.02 + 0.00 50.1 +224 340 + 14.2 35.1 +4.5 1.0 + 0.4 0.0027%**
240 0.7 £ 0.1 0.03 = 0.00 210+ 14 17.0 £ 5.0 35.0+4.1 0.5+0.1 0.333

“Concentrations of SFN and ALB in lung tissues of OA-treated rats were quantified using ELISA analysis. Data are shown as mean + SD (n = 5—
6). *p 0.05, **p < 0.01, BALF SFN/ALB vs. serum SFN/ALB using the Welch’s t-test.

(Figure 3D). This result shows that SFN is a biomarker with
unique characteristics, distinct from that of SP-D.

Proteomic Analysis of Lung Tissue Extracts

We performed a proteomic analysis of lung tissues from OA-
induced ARDS rats to investigate the mechanisms underlying
the expression of SEN and its release into BALF and serum.
Three individuals were randomly selected from each group at
the following time points: O (pretreatment), 3, 6, 24, and 48 h.
By using the DIA-MS method, over 9,100 protein groups were
identified and quantified from each sample (Figure 4A).
Subsequently, we identified several differentially expressed
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proteins in the OA groups. When applying a threshold of log,
[fold change] > 1.0 or < — 1.0 and p < 0.0S using the Welch’s ¢
test compared with the pretreated group based on the DIA-MS
data, we found that the number of proteins with elevated
expression was greater than the number of proteins with
decreased expression after injecting OA. A total of 325, 192, 355,
and 39 proteins were significantly increased at 3, 24, 48, and 96
h, respectively (Figure 4B).
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p-value < 0.05 using Welch’s ¢ test compared with the pretreated group (0 h) (n = 3). A total of 325 proteins at 3 h, 192 proteins at 24 h, 35S proteins at
48 h, and 39 proteins at 96 h after OA administration were significantly increased. Conversely, significant decreases were observed in 47 proteins at 3 h,
23 proteins at 24 h, 10S proteins at 48 h, and 20 proteins at 96 h after OA administration. (C, D) Functional analysis of significantly elevated proteins at
3 (325 proteins) and 48 (35S proteins) h after OA administration. (C) Biological process category, (D) KEGG pathway category. (E) Heatmap and
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Figure S. Representative proteins differentially expressed in lung tissues of OA-induced ARDS rats. (A) Proteins with the expression pattern A related
to immunity and inflammatory response (a—e), and the HIF-1 signaling pathway (f—h). (B) Proteins with the expression pattern B related to the HIF-
1 signaling pathway (a), cell cycle acceleration (b—d), surfactant proteins (e—h), SFN and PATS markers (i—k), tissue repair (i, m), and programmed
cell death (a, n—p). Each protein is indicated by its official gene symbol. Intensities are indicated as quantification values obtained from proteomic
analysis using DIA-NN and Perseus software. Data are shown as mean + SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 vs 0 h using

the Welch’s ¢ test.
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Table 2. Proteins Identified in Proteomic Analysis and Their Association with Lung Injury”

Uniprot# protein gene pathway association with lung injury reference

expression pattern A

P06765  platelet factor 4 (PF-4) Pf4 immunity, chemotaxis ~ promotes ALI and fibrosis 17,18

P50116 protein $100-A9 S§100a9  immunity, chemotaxis promotes lung injury 19

P57756 ficolin-2 Fen2 immunity promotes lung injury, elevated in ARDS 20

055193 C—C motif chemokine receptor 2 (CCR2) Ccr2i nflammatory response  promotes lung injury, elevated in severe COVID-19 21

P48199 C-reactive protein (CRP) Crp inflammatory response  inflammatory marker, elevated in severe COVID-19 24

P20961 plasminogen activator inhibitor-1 (PAI-1) Serpinel ~ HIF-1 and p53 signaling promotes fibrosis, elevated in severe COVID-19 25,26

P30120 TIMP metallopeptidase inhibitor-1 (TIMP-1)  Timpl HIF-1 signaling promotes immune response, elevated in ALI/ARDS 31

Q9ERL1  NADPH oxidase 2 (NOX2) Cybb HIF-1 signaling, promotes lung injury 33
Ferroptosis

expression pattern B

P39951 cyclin-dependent kinase 1 (CDK1) Cdk1 cell cycle acceleration elevated in proliferating ATII 8

D4A0Y6  proliferation marker protein Ki67 Mki67 cell cycle acceleration elevated in proliferating ATII, DAD/ARDS 8,43

Q62623 cell division cycle 20 (CDC20) Cdc20 cell cycle acceleration elevated in proliferating ATII 8

P08427 surfactant protein Al (SP-A) Sftpal biological regulation expresses in ATII, elevated in ARDS 8,43

P22355 surfactant protein C (SP-B) Sftpb biological regulation expresses in ATII 44

P1168S surfactant protein C (SP-C) Sftpe biological regulation expresses in ATII 8

P35248 surfactant protein D (SP-D) Sftpd biological regulation elevated in AT II, elevated in ARDS 44,45

QSEBBO  stratifin Sfn cell cycle arrest, pS3 elevated in PATS, severe COVID-19, DAD/ALI 2—4,7
signaling

P08699 galectin-3 Lgals3 immunity elevated in PATS, severe COVID-19, IPF 7,46,47

P42533 tissue factor F3 immunity elevated in PATS, severe COVID-19 7,48

P07824 arginase-1 Argl immunity, metabolic promotes injured lung tissue repair 35
pathway

Q99P8S  resistin-like a Retnla immunity promotes injured lung tissue repair 35,36

Q9Z2PS  receptor-interacting serine-threonine kinase 3 Ripk3 necroptosis promoting necroptosis, elevated in severe COVID- 37,38

(RIPK3) 19, ALI/ARDS

P06762 heme oxygenase 1 (HO-1) Hmoxl  ferroptosis, HIF-1 regulating ferroptosis, reduces inflammation 34,39
signaling

Q02769  squalene synthase Fdftl ferroptosis, metabolic regulating ferroptosis, reduces inflammation 40,41
pathway

035547 acyl-CoA synthetase long-chain family Acsl4 ferroptosis regulating ferroptosis, elevated in ALI 42

member 4 (ACSL4)

“For each expression pattern, the Uniprot accession number, protein, gene, pathway, association with lung injury, and its reference are listed.
Abbreviations; HIF-1, hypoxia-inducible factor-1; ALI, acute lung injury; ARDS, acute respiratory distress syndrome; IPF, idiopathic pulmonary
fibrosis; DAD, diffuse alveolar damage; ATII, alveolar type-II cells; PATS, prealveolar type-I transitional cell state.

Proteome Signatures and Signaling Pathways in
OA-Induced ARDS Rats

Next, we performed the gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analyses with a focus on the time points of 3 and 48 h, and
found that many proteins showed increased expression (Figure
4C and D). The analyses revealed that the proteins increased at
3 h were significantly enriched in biological processes involved
in “immunity,” “blood coagulation,” “COVID disease,” and
“HIF-1 signaling.” In contrast, proteins increased at 48 h were
characterized by the processes “cell cycle,” “cell division,” “pS3
signaling,” and “metabolic pathway.” The hierarchical cluster
analysis also clearly showed that the protein expression was
classified into two patterns, peaking at approximately 3 h
(pattern A) and 48 h (pattern B) (Figure 4E). SEN has
functional annotations of the “pS3 signaling pathway” and “cell
cycle” and is included in the pattern B group.

Figure SA and B show representative proteins with expression
patterns A and B, respectively. Table 2 summarizes their
attributed pathways and reports relevant to lung injury. Acute
lung injury involves damage to the alveolar—capillary barrier,
infiltration of inflammatory cells, and release of pro-inflamma-
tory mediators, leading to inflammation and edema.'>'® After
the initial injury, repair mechanisms are activated, initiating the
proliferation of ATII cells. These cells then undergo partial
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dedifferentiation and transition into prealveolar type-I transi-
tional cell state (PATS) before differentiating into ATT cells,
thereby restoring the alveolar surface and maintaining lung
function.” Our proteomics data allowed us to observe this series
of processes associated with tissue remodeling after lung injury.

The pattern A group included proteins associated with
immune and inflammatory processes during acute lung injury
(platelet factor 4 (PF-4, Pf4), protein S100-A9 (S100a9),
ficolin-2 (Fen2), C—C motif chemokine receptor 2 (Ccr2), and
C-reactive protein (Crp)) (Figure SA a—e). These proteins have
been reported to contribute to acute lung injury progression by
influencing inflammatory responses, immune cell recruitment,
and alveolar-capillary barrier function.'”~>* Hypoxia-inducible
factor (HIF)-1 signaling-related proteins plasminogen activator
inhibitor-1 (PAI-1, Serpinel), TIMP metallopeptidase inhibitor-
1 (TIMP-1, Timpl), and NADPH oxidase 2 (NOX2, Cybb)
were also elevated with the expression pattern A (Figure SA f—
h). Although categorized into pattern B, heme oxygenase 1
(HO-1, Hmox1) is also related to the HIF-1 signaling and
significantly increased at 3 h after OA treatment (Figure 5B a).
These HIF-1 signaling-related proteins are thought to be
involved in tissue hypoxic response, and to contribute to acute
lung injury progression by regulating inflammation, oxidative
stress, and alveolar-capillary barrier disruption.”>™*
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Figure 6. Western blotting and qRT-PCR analyses of PAI-1, SFN, and pS3. (A) Representative Western blot images of the abundance of PAI-1, SFN,
and pS3-related proteins in the lung tissue extracts from OA-treated rats. (B, D, F) Graphs depicting the quantitation of phosphorylated pS3 at Ser1$S
(ppS3-Ser15, B), PAI-1 (Serpinel, D), and SFN (F) by Image] software. The abundance of ppS3-Ser1S was normalized with that of total pS3, and the
abundance values of PAI-1 and SFN were normalized with that of f-actin. Data are shown as mean + SEM (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001,
#kkEy < 0.0001 vs 0 h using one-way ANOVA and Dunnett’s posthoc test. (C, E) mRNA levels of PAI-1 (Serpinel, C) and SFN (Sfn, E) in lung tissues
of OA-treated rats. mRNA levels were quantified using qRT-PCR and normalized with those of Thp. Data are shown as mean = SEM (n =S or 6). ***p
< 0.001, #***p < 0.0001 vs 0 h using two-way ANOVA and Bonferroni’s posthoc test.

The pattern B group included cell cycle markers (cyclin-
dependent kinase 1 (Cdk1), proliferation marker protein Ki67
(Mki67), and cell division cycle 20 (Cdc20)), which relate to
cell-cycle acceleration (Figure SB b—d), indicating that ATII
cells proliferating, as evidenced by the increased expression of
surfactant proteins (SP-A to -D, Sftpal, Sftpb, Sftpc, and Sftpd,
Figure SB e—h), which are constitutively expressed in ATII cells.
Simultaneously, SEN, which functions in cell cycle arrest via pS3
signaling, was also elevated with the above cell cycle markers
Figure SB (i). Recently, pS3 activation and SFN expression were
reported to be upregulated in ATII cells in PATS, in association
with the differentiation of ATII to ATI cells.” In addition, along
with SFN expression, the expressions of galectin-3 (Lgals3) and
tissue factor (F3), which have also been suggested to be PATS
markers,” were also increased with the pattern B (Figure 5Bj and
k). These results suggest that both proliferating ATII cells and
ATII cells in PATS are present in lung tissue after 48 h of OA
treatment. This finding is supported by the increased
expressions of two other PATS markers, p21 (Cdknla) and
cellular communication network factor 2 (CCN2, Ctgf)
(Supplementary Figure S1), although no significant changes
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were observed in the keratins Krt7, Krt8, Krt17 and Krt19, which
have been reported to be PATS markers’ (Supplementary
Figure S2). Tissue repair-related proteins (arginase-1 (Argl)
and resistin-like @ (Retnla)) that were specifically produced by
alveolar macrophages were also elevated (Figure SB 1 and m),
suggesting that the lung tissues at 48 h after OA treatment are
undergoing a repair process.”*® On the other hand, proteins
related to programmed cell death were also elevated. Receptor-
interacting serine-threonine kinase 3 (Ripk3) induces necrop-
tosis. Heme oxygenase 1 (HO-1, Hmox1), squalene synthase
(Fdftl), and acyl-CoA synthetase long-chain family member 4
(Acsl4) induce ferroptosis (Figure SB a,n—p). These proteins
are involved in tissue repair via cell death.*”*’~** Taken
together, these experiments showed that proteins in the pattern
B group contributed to several tissue remodeling processes
involved in tissue repair and regeneration, including ATII
proliferation and ATII— ATI differentiation.

Activation of p53 and Expression of SFN and PAI-1

The gene expression of SFN is known to be directly regulated by
p53.” In this study, among the proteins related to the pS3
signaling pathway that were found to be increased, PAI-1
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(Serpinel) is a direct transcriptional target of p33.°%°'

Moreover, increased PAI-1 may activate p33.””°> pS3 has
been reported to promote ATI differentiation after lung injury.”
As it was not possible to quantitatively evaluate pS3 in the
proteomic analysis due to a lack of stable MS-based detection,
we compared and verified the expression of p53 with those of
PAI-1 and SEN using Western blot analysis (Figure 6). No
quantitative changes in total pS3 were observed; however, its
phosphorylated form at Serl5, indicative of pS3 activation, was
upregulated at 3 h after OA administration, peaked at 6 h, and
then gradually decreased (Figure 6A, B). The variation patterns
of the mRNA and protein levels of PAI-1, which were consistent
with the results of the proteomic analysis (Figure SA f), were
remarkably similar to those of phospho-pS3 (Ser15) (Figure 6C,
D). Sfn mRNA showed a marked increase from 3 to 6 h, similar
to the pattern of variation in phospho-pS3 (Figure 6B, E), while
SEN protein levels increased continuously to a peak at 48 h
(Figure 6F), in agreement with the proteomic analysis (Figure
SB i). This difference in the pattern of upregulation of mRNA
and protein for SEN suggests that its expression may be affected
by pS3 activation and post-transcriptional regulation. Addition-
ally, another pS3-target, p21 (Cdknla), also showed increased
mRNA and protein levels at 6 and 48 h, supporting our finding of
pS3 activation in the OA group (Supplementary Figure SI1A).
These data suggest that activation of pS3 signaling pathway is
suggested to be occurred 3 to 6 h after OA administration.

SFN Expression in Proliferated ATII Cells

Figure 7 shows the results of the immunohistochemical analysis
for SFN and for Ki67, a marker of ATII cell proliferation. At 3 h
after OA administration, although few SEN-positive cells were
observed, the appearance of Ki67-positive alveolar epithelial
cells was noted, suggesting that proliferation of ATII cells had
already begun at this time point. Subsequently, SFN-positive
and Ki67-positive cells increased in a time-dependent manner,
and both were highest in number at 48 h. Importantly, however,
the patterns of SEN-staining and Ki67-staining were not an exact
match, with SFN-positive cells being observed in only a part of
proliferated ATII cells. This result suggests that SFN expression
is not simply a characteristic of proliferated ATII cells, but rather
might occur in ATII cells that are transitioning into the
differentiation stage of ATI cells.

B DISCUSSION

We investigated SEN expression in lung tissue and its release
into BALF and serum using an OA-induced ARDS rat model.
This study revealed the temporal aspects of SEN expression and
release from lung cells during DAD progression, and SEN was
upregulated in proliferated ATII cells during lung repair, in
association with p53 and HIF-1 signaling essential for ATII-ATI
differentiation. Our findings lead to understand previously
unknown direct relationship between DAD pathology and SEN
expression.

Although the details of the pathogenesis of OA-induced acute
lung injury remain unclear, direct injury to the vascular
endothelium and alveolar epithelium by OA is believed to be
the primary cause.'”'> Among the animal models of acute lung
injury, the OA model exhibits pathological features such as tissue
necrosis, edema, ATII cell proliferation, and fibrosis, which are
similar to the features of human DAD."" Therefore, we used this
animal model as a DAD/ARDS model in this study. DAD
progresses through three phases: exudative, proliferative, and
fibrotic.">'® In the exudative phase, inflammatory cells, such as
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Figure 7. Immunohistochemical analysis of SFN and Ki67.
Representative immunohistochemical findings for SEN and Ki67 in
the lung tissues of OA-treated rats. An arrow marks the appearance of
Ki67-positive ATII cells at 3 h after OA administration. Arrowheads
indicate SEN-positive cells. Scale bars = 100 pm.

neutrophils, infiltrate the alveolar space, damaging ATI epithelial
and endothelial cells. The proliferative phase is characterized by
the proliferation of ATII cells along the alveolar septa, often
accompanied by metaplastic squamous epithelium. In the OA
model used in this study, edema and hemorrhagic changes were
observed throughout the lung tissue at 3 h. By 48 h, hyperplasia
of ATII cells appeared in some lung tissues. The inflammatory
response and epithelial cell proliferation subsided by 96 h, and
no signs of pulmonary fibrosis were observed. These findings are
typical responses observed in OA models, and are in accord with
previous reports."' ~'**? We also found that the OA model
demonstrated SFN expression in proliferated ATII cells. This is
in line with our previous experiments in human DAD autopsy
specimens, which showed that SEN tended to be expressed in
cells exhibiting ATII cell hyperplasia and squamous metaplasia.®
However, such immunohistochemical analysis alone cannot
definitively confirm that these epithelial cells are in a transitional
state (PATS) that traverse between ATII and ATI cells. More
refined and high-resolution investigations, such as single-cell
analyses, are needed.
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The elevation of SFN levels in the blood was delayed
compared with the expression of SEN in BALF and lung tissues.
The expression of SEN in tissue and BALF began to increase 3 h
after OA administration, remained high until 48 h, then
decreased at 96 h. In contrast, serum SFN was significantly
elevated by 96 h. Since BALF is derived from alveolar fluid,
which is closer to the tissue than blood, it is likely that SEN
released from the alveolar epithelium reaches its peak earlier in
BALF than in blood. Murata et al. have reported that in a rat
model of bleomycin-induced lung injury, SP-D levels in BALF
increased 3 days after bleomycin administration, followed by an
increase in SP-D in serum 3 days later.”">* This SP-D behavior
in the bleomycin model is similar to that of SEN in the OA
model. However, unlike the bleomycin model, in which serum
SP-D levels increased approximately 3-fold after lung injury,”*
they changed only slightly in the serum samples from our OA
model, despite the marked elevation in BALF. As lung tissue
fibrosis did not occur in our OA model, a marked increase in SP-
D, a biomarker for lung fibrosis,"* was likely not observed in
serum.

In addition, SP-D (43 kDa) forms a dodecamer of
approximately 500 kDa in alveolar fluid,”>*® which is obviously
larger than SFN (28 kDa). This difference in molecular size is
likely to facilitate its transition from the alveoli into the
bloodstream. Furthermore, since SP-D is a glycoprotein while
SEN is not, differences in affinity for phospholipids and
extracellular matrix components are likely, which may also
result in varying efficiencies in crossing the air—blood barrier.
Because of these different characteristics, the serum SFN level
may reflect disruption of the air—blood barrier more rapidly than
the serum SP-D level, even in the relatively early stages of
pulmonary fibrosis before the disease progresses. Indeed, in our
earlier study using serum samples from COVID-19 pneumonia
patients, SEN was able to detect ARDS earlier than SP-D or KL-
6.” These findings highlight the potential of SEN as a biomarker
for DAD/ARDS, facilitating early detection and intervention
before fibrosis develops. Although further validation is required
to establish its clinical utility, but SEN may contribute to
improved patient outcomes.

Although we previously demonstrated that p53-mediated
apoptosis induces the extracellular release of SEN in vitro,” no
significant changes were observed in the expression of apoptosis-
inducing factors such as B-cell lymphoma 2-associated X protein
(BAX), which is a direct transcriptional target of pS3, in the OA
model (Supplementary Table S1 and S2). Additionally, the GO
and KEGG pathway analyses did not reveal any significant
relationships with apoptotic functions. These findings suggest
that apoptosis of alveolar epithelium is little induced in the OA
model. In contrast, the expression pattern of RIPK3 resembled
that of SFN (Figure SB n and Table 2). RIPK3, a necroptosis-
inducing protein, has also been suggested to be activated via
interaction with SEN and to be involved in the process of lung
tissue repair.”” Moreover, proteins associated with ferroptosis,
such as HO-1 and ACSL4, were also increased (Figure SB a and
p, Table 2). Increases in these ferroptosis-related proteins have
also been observed in patients with ARDS.***® It is possible that
such cell death of ATII cells may have led to the extracellular
release of SFN, ultimately resulting in increased serum SEN.

SEN is directly and transcriptionally regulated by the
transcription factor p53. Thus, when SEN is upregulated,
other p53 targets might also be upregulated. Through proteomic
analysis, we revealed that one of the pS3 targets, PAI-1 (gene
Serpinel), which is a key regulator of plasminogen activators

1952

(tPA and uPA), is markedly increased in the OA model (Figures
SAf, 6C, D and Table 2). PAI-1 has multiple functions beyond
inhibiting fibrinolysis, including regulating cell adhesion,
migration, and proliferation. PAI-1 is expressed at higher levels
in the lung tissue and plasma of patients with COVID-19 and
DAD.*** Although the precise mechanisms are unclear, PAI-1
has been reported to induce p21-dependent cellular senescence
in injured ATII cells, thereby contributing to lung fibro-
i, 27129,52,59

Additionally, PAI-1 is a transcriptional target of HIF-1a, a key
factor in hypoxic signaling. In this study, the increases in proteins
such as TIMP-1 and HO-1, which are also transcriptional targets
of HIF-1@, occurred simultaneously (Figure SA f, g and SB a).
All of these proteins are associated with acute lung injury and
lung fibrosis. pS3 activation is observed under hypoxic
conditions. Hypoxia in particular is a common feature of
ARDS, and it has been reported that hypoxic conditions induce
HIE-1a.°° Moreover, Rizou et al. showed that hypoxia induced
SEN expression by binding HIF-1a to the promoter region of
the Sfn gene in tubular epithelial cells in vivo and in vitro.!
These findings led us to speculate that HIF-1 signaling is at least
one of the cascades that might contribute to SEN expression in
DAD progression. We are currently investigating the effects of
these proteins on the upregulation of SEN in lung epithelial cells.

Lung tissue has a regenerative ability and initiates repair
processes after acute injury. Alveoli, the functional units of the
lungs, are mainly composed of ATI and ATII cells. Following
lung injury, ATII cells proliferated and differentiate into ATI
cells to restore the alveolar surface and maintain lung
function.””” Furthermore, several single-cell transcriptome
analyses have observed transitional cells in “an intermediate
state (named PATS).” These cells, which are in the process of
differentiating from proliferating ATII cells into ATT cells, have
also been described as “alveolar differentiation intermediates
(ADI),” “damaged-associated transitional progenitors
(DATPs)” or “ATO” cells.”~” It has been reported that the
ATII cells in PATS require the activation of both p53 signaling
and HIF-1 signaling pathways. In our OA rat model, the PATS
markers (e.g, galectin-3 (Lgals3), tissue factor (F3), p21
(Cdknla), and CCN2 (Ctgf)) were increased (Figure SB j, k,
Table 2 and Supplementary Figure S1), with SFN showing
increased expression accompanied by the activation of pS3
signaling and an upregulation of HIF-1 signaling-related
proteins (Figures 4D, SA f—h and Table 2). These findings
suggest that epithelial cell differentiation proceeded after lung
injury in the OA-induced ARDS model and SEN is a biomarker
closely associated with alveolar remodeling during this repair
process.

Based on the findings of this study, the SEN release
mechanism in the blood in acute lung injury can be deduced.
In normal lungs, SEN expression level is low. After lung injury, as
ATII cells proliferate, there is also an increase in ATII cells
transitioning to PATS. In PATS, HIF-1 signaling and pS53
signaling under hypoxic conditions are activated, leading to an
increase in SEN gene expression and the accumulation of SFN
protein. In DAD, the increased proliferation and cell death of
ATII cells compared to other ILDs likely result in the release of
SEN into the alveolar space and bloodstream.

The current study has some limitations. The OA model does
not fully mimic the pathophysiology of human DAD/ARDS.
The basal level of serum SFN in rats was approximately 9—18
ng/mL (Figure 3B and Table 1), which is significantly higher
than the normal levels in humans (below 0.5 ng/mL).> ATII
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cells begin to proliferate as early as 3 days (before the
proliferation phase of DAD) following the onset of clinical
ARDS.** Additionally, we previously observed that serum SEN
levels were already elevated in the presevere stage of severe
COVID-19 pneumonia.” However, the high basal level of rat
SFN made it difficult to assess the early detectability of DAD
using serum SEN in this rat model. Furthermore, acute lung
injury induces hemorrhagic changes, resulting in blood
contamination in BALF samples, particularly within 9 h after
OA administration. Therefore, the amount of SEN released from
the alveolar epithelium into BALF may not have been accurately
assessed. As an alternative approach, we evaluated the increase
oflung tissue—derived SFN by comparing the SEN/ALB ratio in
BALF and serum samples (Table 1). Additionally, although our
ARDS rat model with a single OA dose is a highly reproducible
model for the acute and proliferative phases of human ARDS,
unlike in human DAD/ARDS, our ARDS model rats recover
without progressing to the fibrotic phase. Therefore, proteins
involved in lung fibrosis, such as SP-D, could not be evaluated. In
addition, we observed that SEN was produced in the tissue after
lung injury, increased in BALF at 48 h, and reflected in the blood
at 96 h (Figure 3A and B). However, the proteomic data in this
study did not provide conclusive evidence connecting it to the
mechanism and time course of SEN release into the blood.
Moreover, the proteomic data were derived from total lysates of
lung tissue, and as such, these data likely reflected the
simultaneous detection of various biological responses across
multiple cells types, including ATT and ATII cells, endothelial
cells, macrophages, and fibroblasts; these responses would have
included promotion and inhibition of cell proliferation, cell
differentiation, cell repair, and cell death. To gain a more
detailed understanding of the relationship between DAD and
SEN, the differentiation from ATII to ATI and the mechanisms
of SEN extracellular release, further analyses at the individual cell
level will be required.

In this study, we aimed to clarify the role of SEN in the
pathology of DAD-type ILD by comparing the pathological
features of lung tissue and proteome changes using the OA-
induced ARDS rat model. Our data suggest that SEN expression
in proliferated ATII cells, accompanied by pS3 activation, is
essential for the differentiation into ATI cells. SEN may be a
biomarker closely related to alveolar remodeling during the
repair process after lung injury. To the best of our knowledge,
this is the first report to examine temporal changes in the SEN
expression in blood, BALF and tissues, in conjunction with
proteomic data, using an ARDS animal model. These findings
provide data not available in clinical studies and support the
suitability of SEN as a biomarker for diagnosing DAD-type ILD.

B ASSOCIATED CONTENT

Data Availability Statement

Mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium (PXD057386, http://www.

proteomexchange.org/) via the jPOST partner repository

(JPST00344S, https://jpostdb.org/).

© Supporting Information

The Supporting Information is available free of charge at

https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00980.
Table S1: Identified proteins (raw data) obtained from
proteomic analysis using DIA-NN software; Table S2:

Adjusted quantification values obtained from proteomic
analysis using Perseus software (XLSX)

1953

Figure S1: Protein and mRNA levels of p21 and CCN2;
Figure S2: Proteins related to PATS; Figure S3: Western
blotting images of the entire membrane (PDF)

B AUTHOR INFORMATION
Corresponding Author

Noriaki Arakawa — Division of Medicinal Safety Science,
National Institute of Health Sciences, Kawasaki, Kanagawa
210-9501, Japan; Phone: +81-44-270-6625;

Email: arakawa@nihs.go.jp; Fax: +81-44-270-6627

Authors

Ayaka Yoshida — Division of Medicinal Safety Science, National
Institute of Health Sciences, Kawasaki, Kanagawa 210-9501,
Japan; © orcid.org/0000-0002-6925-3562

Yuya Hashimoto — Division of Medicinal Safety Science,
National Institute of Health Sciences, Kawasaki, Kanagawa
210-9501, Japan

Hirotoshi Akane — Division of Pathology, National Institute of
Health Sciences, Kawasaki, Kanagawa 210-9501, Japan

Shinichiro Matsuyama — Division of Medicinal Safety Science,
National Institute of Health Sciences, Kawasaki, Kanagawa
210-9501, Japan

Takeshi Toyoda — Division of Pathology, National Institute of
Health Sciences, Kawasaki, Kanagawa 210-9501, Japan

Kumiko Ogawa — Division of Pathology, National Institute of
Health Sciences, Kawasaki, Kanagawa 210-9501, Japan

Yoshiro Saito — Division of Medicinal Safety Science, National
Institute of Health Sciences, Kawasaki, Kanagawa 210-9501,
Japan

Ruri Kikura-Hanajiri — Division of Medicinal Safety Science,
National Institute of Health Sciences, Kawasaki, Kanagawa
210-9501, Japan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jproteome.4c00980

Author Contributions

Conceptualization, A.Y., N.A,, and Y.S.; Experiments, A.Y., Y.H.,,
HA., T.T.,, SM,, K.O,, and N.A,; Data analysis, A.Y., H.A,, and
N.A,; Funding acquisition, N.A. and Y.S.; Project admin-
istration, N.A. and Y.S.; Supervision, N.A. and R.H.; Writing
original draft, A.Y. and N.A.; Final draft/editing, all authors.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support was received in the form of grants from the
Japan Agency for Medical Research and Development (nos.
20mk0101173 and 23mk0121256 to N.A. and Y.S.), and a
KAKENHI Grant-in-Aid for Scientific Research (C) from the
Ministry of Education, Culture, Sports, Science and Technology
of Japan, Science and Technology Agency (no. g20K07366 to
N.A.). We thank Yoshiki Miyagi for his assistance.

B ABBREVIATIONS

DAD, diffuse alveolar damage; ILD, interstitial lung disease;
SEN, stratifin; OA, oleic acid; IPF, idiopathic pulmonary
fibrosis; COVID-19, coronavirus disease 2019; ARDS, acute
respiratory distress syndrome; DILD, drug-induced ILD;
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Lungen-6; BALF, bronchoalveolar lavage fluid; LDH, lactate
dehydrogenase; u-TP, micrototal protein; DIA-MS, data-
independent acquisition mass spectrometry; BSA, bovine
serum albumin; Tbp, TATA box binding protein; ALB, albumin;
AT]I, alveolar type-I cells; ATII, alveolar type II cells; PATS,
prealveolar type-I transitional cell state; PF-4, platelet factor 4;
S100A9, protein S100-A9; FCN2, ficolin-2; CCR2, C—C motif
chemokine receptor 2; CRP, C-reactive protein; HIF-1,
hypoxia-inducible factor 1; PAI-1, plasminogen activator
inhibitor-1; SERPINEI, serpin family E member 1; TIMP-1,
TIMP metallopeptidase inhibitor-1; NOX2, NADPH oxidase 2;
HO-1, heme oxygenase 1; CDKI, cyclin-dependent kinase 1;
CDC20, cell division cycle 20; LGALS3, galectin-3; CCN2,
cellular communication network factor 2; KRT, keratin; ARGI,
arginase-1; RETNLA, resistin-like a; RIPK3, receptor-interact-
ing serine-threonine kinase 3; ACSL4, acyl-CoA synthetase
long-chain family member 4; BAX, B-cell lymphoma 2-
asocciated X protein
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