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Abstract

Background: Although mechanical ventilation (MV)-associated excessive stretch directly damages airway epithelial cells (AECs) and
contributes to ventilator-induced lung injury (VILI), the contribution of paracrine factors from airway cells, particularly airway smooth
muscle cells (ASMCs) and AECs, remains poorly understood. As stretch-sensitive cells, ASMCs and AECs may respond to excessive
stretch by secreting paracrine factors such as transforming growth factor 1 (TGF-B1), thereby disrupting airway epithelial integrity. This
study compared the sensitivity of cultured ASMCs and AECs to MV-associated excessive stretch and their ability to induce paracrine
factors, particularly TGF-B1, that inhibit AEC proliferation in vitro. Methods: Human ASMCs and AECs (16HBE140-) were cultured
under static, physiological stretch (5% strain), or pathological excessive stretch (13% strain) conditions for 72 h. Conditioned media were
collected and used to culture 16HBE14o0- cells for 48 hours. Active and total TGF-B1 levels in the conditioned media were measured
using an enzyme-linked immunosorbent assay. Cell viability, proliferation, migration, stress fiber formation, cell cycle distribution, and
Smad2 signaling were assessed using the Cell Counting Kit-8 assay, cell counting, wound healing assay, immunofluorescence, flow
cytometry, quantitative reverse transcription polymerase chain reaction, and Western blotting, respectively. Results: Conditioned me-
dia derived from ASMCs, but not 16HBE14o0- cells, cultured under 13% excessive stretch inhibited 16HBE14o0- cell proliferation. In
addition, excessive stretch enhanced TGF-B1 activation in ASMCs in an integrin aV-dependent manner. Experiments using a TGF-f1-
neutralizing antibody and transforming growth factor f receptor I inhibitors demonstrated that inhibition of 16HBE14o0- cell proliferation
by conditioned media derived from excessively stretched ASMCs was dependent on TGF-B1 activation and Smad2 signaling. Conclu-
sion: Conditioned media derived from ASMCs, but not AECs, exposed to MV-associated excessive stretch induced G1 cell cycle arrest
in AECs via TGF-$1/Smad2 signaling. These findings suggest that ASMCs are more sensitive than AECs to excessive stretch-induced
TGF-P1 activation and may thereby contribute to disruption of airway epithelial integrity. Targeting this paracrine pathway may warrant
further investigation as a potential strategy for preventing or treating VILI.

Keywords: mechanical ventilation; excessive stretch; crosstalk of airway smooth muscle cells and airway epithelial cells; transforming
growth factor-p1; proliferation

1. Introduction

Mechanical ventilation (MV) is a life-saving interven-
tion for acute respiratory distress syndrome (ARDS) pa-
tients, but it unambiguously induces lung injury known as
ventilator-induced lung injury (VILI) [1,2,3]. This remains
an unmet clinical challenge, as multiple clinical trials have
failed to prevent or effectively treat VILI, and no specific
pharmacological therapies are currently available.

Although abundant evidence shows that MV-
associated excessive stretch (>10% strain) leads to lung
injury, the underlying mechanisms are thus far insuffi-
ciently elucidated, thereby hindering the development
of clinical treatment [4,5,6,7]. Currently, studies have
primarily focused on a single cell type for cellular re-

sponses to stretch, e.g., either airway smooth muscle cells
(ASMCs) or airway epithelial cells (AECs) [5,7,8,9,10].
These studies largely overlook the fact that ASMCs and
AECs do function collectively as a local trophic unit to
respond to stretch [6]. Additionally, different types of
cells in the airway may crosstalk via paracrine factors to
contribute to airway pathogenesis [11,12,13]. For example,
human AECs subjected to endoplasmic reticulum (ER)
stress can release IL-1 to trigger inflammatory responses
in human lung fibroblasts [14]. However, few studies
have focused on comparing the sensitivity of ASMCs and
AECs to MV-associated excessive stretch in the secretion
of paracrine factors to induce AEC dysfunction [15].
Healthy AECs form a protective barrier of the airway
against environmental hazards, and their dysfunction may
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disrupt airway barrier integrity and thus induce lung injury
[8]. On the other hand, ASMCs act not only as a mechanical
sensor but also as a secretory effector to produce modula-
tors such as transforming growth factor-f3 (TGF-f) to induce
the dysfunction of AECs [16]. These cell types are directly
exposed to excessive stretch during MV, yet their distinct
roles (contractile/secretory vs. barrier/secretory) may elicit
fundamentally different paracrine responses. The differ-
ential sensitivity of these two cell types to stretch-induced
TGF-p activation and release has important implications for
VILI, suggesting that they may contribute disproportion-
ately to its pathogenesis.

As a pleiotropic growth factor, TGF-B1 induces cell
cycle arrest of AECs via activating Smad signaling [17].
Interestingly, TGF-B1 is typically secreted as a latent form
that binds to the matrix via latency-associated peptide
(LAP) and latent TGF-p binding protein-1 (LTBP1), and
its activation is tightly regulated by protease or stretch
[18,19,20]. For example, it has been revealed that the
stretch-induced activation of TGF-B1 is dependent on in-
tegrin aV, and a small fraction of activation of this latent
TGF-B generates maximal cellular responses [21,22,23].
However, it remains unclear whether ASMCs and AECs are
directly linked in the activation of TGF-B1 under the con-
ditions of MV-associated excessive stretch and the regula-
tion of airway epithelial proliferation. We hypothesize that
excessive stretch activates TGF-B1 paracrine signaling dif-
ferently in ASMCs versus AECs, which subsequently leads
to inhibition of AECs proliferation.

In this study, we compared the effect of conditioned
medium derived from ASMCs and AECs cultured in static,
5% stretch, and 13% stretch on AEC proliferation, espe-
cially focusing on the activation of TGF-f1. We found
that only the conditioned media derived from excessively
stretched ASMCs but not that from excessively stretched
AECs inhibited proliferation of AECs, together with TGF-
B1 activation in ASMCs and cell cycle arrest in AECs,
which may underlie the pathological pathways involved in
mechanically disrupting airway integrity and thus may be
targeted for the treatment of VILI.

2. Materials and Methods
2.1 Chemicals

a-smooth muscle actin (a-SMA) primary antibody
was purchased from BOSTER (#BMO0002, BOSTER,
Wuhan, China). TGF-f1 (#T7039, Sigma, St. Louis,
MO, USA), CWHM-12 (an integrin oV inhibitor, #HY-
18644) and Galunisertib (TGF-P receptor 1 (TGFR1) in-
hibitor, synonyms LY2157299, #HY-13226) were pur-
chased from MedChemExpress (Shanghai, China). Col-
lagen type I was purchased from Merck (#08-115, Merck
Ltd, Beijing, China). Trypsin (#25200056), penicillin-
streptomycin (#15140122), Dulbecco’s modified Eagle’s
medium (#11965-084, DMEM), and fetal bovine serum

(#16000-044, FBS) were purchased from ThermoFisher
(Waltham, MA, USA). RNase A (#ST578) and propidium
iodide (#ST511) were purchased from Beyotime Biotech-
nology (Shanghai, China).

2.2 Cell Culture and Stretch or Conditioned Medium
Treatment

Human primary ASMCs (#BNCC339826, BNCC,
Beijing, China) were cultured in a humidified incubator
(5% CO,, 37 °C) with DMEM (10% FBS, 2 mM L-
glutamine, 100 units/mL penicillin, and 100 pg/mL strepto-
mycin). All primary ASMCs were validated for their iden-
tity by smooth muscle cell marker analysis using the im-
munofluorescence technique to observe the a-SMA distri-
bution and tested negative for mycoplasma.

Human AECs from the 16HBEI140- cell line
(#SCC150, Merck Ltd, Beijing, China), hereafter
16HBE140- cells, were cultured under the same con-
ditions as ASMCs. The 16HBEI14o- cell line is a basal
cell type characterized by functional tight junctions and
well-developed barrier properties. Therefore, healthy cells
with cubic-like morphology were used in this study. All
cell lines were validated by short tandem repeats (STR)
profiling and tested negative for mycoplasma.

For stretch treatment [24], exponentially proliferat-
ing ASMCs (2 x 10* cells/cm?) at passages 3-8, and
16HBE140- cells (4 x 10* cells/cm?) were seeded, respec-
tively, on Bioflex 6-well plates (coated with type I colla-
gen, FlexCell International, Hillsborough, NC, USA) for 24
h in FBS-free medium. Subsequently, the cells were sub-
jected to cyclic strain at 0.5 Hz: either 5% strain (simulating
the physiological airway strain) or 13% strain (simulating
the pathological airway strain during MV) for 72 h using
the FlexCell 5000 cell stretching system (FlexCell Interna-
tional) according to the literature reports [7,25]. Cells cul-
tured on Bioflex plates under static conditions were used as
negative controls (Static, hereafter). At the end of the 72
h stretch treatment, conditioned media were collected from
each well and stored at —70 °C before use in the following
experiment.

For conditioned medium treatment, subconfluent,
exponentially proliferating 16HBE14o- cells (1 x 10*
cells/cm?) were plated in 96-well plates (ThermoFisher,
Waltham, MA, USA) for 24 h. Subsequently, the media
were replaced with the conditioned media collected from
the stretch treatment experiments. Then the cells were
maintained in the conditioned media for up to 48 h, and at
different time points, cell proliferation, cell cycle, and stress
fiber distribution were detected, respectively (Fig. 1).

2.3 Inhibitor Treatment

To investigate whether integrin aV is involved in the
stretch-induced activation of TGF-B1 in ASMCs and AECs,
cells were pretreated with CWHM-12 (a pan integrin aV
inhibitor, 5 uM) for 30 min before stretch treatment.

&% IMR Press


https://www.imrpress.com

Conditioned media
from ASMCs or AECs

Gasket

Cell culture Static
- S =l . Cellular activity
ASMCs kit Proliferation
Gasket /_\ Cell migration

® — Vedia | |__ Stress fiber
organization

AECs ‘ Loading post ‘

Vaccum Vaccum
Stretch

(5% or 13%)

Fig. 1. Schematic of the experimental methods. ASMCs, airway smooth muscle cells; AECs, airway epithelial cells.

To investigate whether TGF-B1 signaling is involved
in the proliferation of AECs in conditioned media from
the stretch-treated ASMCs and AECs, 16HBE140- cells
were pretreated with 7.5 pg/mL TGF-Bl neutralizing
antibody (AF8145, Beyotime Biotechnology, Shanghai,
China) or Galunisertib (a TGFRI1 inhibitor, also known
as LY2157299, 10 uM). TGF-B1 treatment (1 ng/mL) was
used as a positive control.

2.4 Enzyme-Linked Immunosorbent Assay (ELISA)

Active TGF-B1 was measured from the medium using
the TGF-B1 ELISA kit (#EK981, Multisciences Biotech,
Hangzhou, China) according to the manufacturer’s proto-
col. The linear detection range is 31.25-2000 pg/mL with
a sensitivity of 3.36 pg/mL. The intra-assay coefficient
of variation (CV) is 2.0-5.3%, and the inter-assay CV is
4.1-6.0%. Total TGF-B1 was measured from the medium
heated at 80 °C for 8 min to activate all latent TGF-B1 as
described elsewhere [19].

2.5 Cell Proliferation Evaluation

Cell proliferation was evaluated in terms of the in-
crease in cell activity and cell number, respectively, with
time. The increase in cell activity with time was evaluated
with the Cell Counting Kit-8 (CCK-8) assay kit (#C0037,
Beyotime Biotechnology, Shanghai, China). Briefly,
16HBE140- cells were inoculated in 96-well plates (1 x
10* cells/well) and cultured for 24 h, and then treated with
conditioned media derived from the stretched ASMCs or
16HBE14o0- cells for up to 48 h. At 0, 12, 24, 36, and 48
h time points, respectively, CCK-8 solution (10 pL) was
added to the cells and maintained for 4 h at 37 °C. Ab-
sorbance was determined using a microplate reader at 450
nm (EIx100, ThermoFisher). Cell viability was expressed
as the fold change of the OD value in the experimental
group to that of the control group.
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The increase in cell number with time was evaluated
similarly by using the trypan blue exclusion cell counting
method. Briefly, 16HBE14o0- cells were seeded in 6-well
plates (ThermoFisher, Waltham, MA, USA) at a density of
2 x 10* cells/cm? for 24 h, then treated with conditioned me-
dia derived from the stretched ASMCs or 16HBE14o0- cells
for 48 h, with or without TGF-B1 signaling inhibitor. At 0,
12, 24, 36, and 48 h time points, respectively, the cell num-
ber was counted by using a cytometer after staining with
0.4% trypan blue for living cells.

2.6 Cell Cycle Analysis

The cell cycle was analyzed by using flow cytometry.
Briefly, 16HBE140- cells in 6-well plates seeded (2 x 10*
cells/cm?) for 24 h were treated with conditioned media de-
rived from the excessively stretched ASMCs for 48 h with
or without inhibitors. Afterwards, the cells were collected,
fixed with 70% ethanol, and incubated on ice for 30 min.
Cells were washed with ice-cold phosphate-buffered saline
(PBS) and then centrifuged at 1200 rpm for 5 min. The
pellets were resuspended in PBS containing RNase A (100
pg/mL) and propidium iodide (40 pg/mL), and incubated at
37 °C for 30 min in the dark. The cell cycle profile was
determined with a flow cytometer (BD Accuri C6, BD Bio-
sciences, San Jose, CA, USA) and analyzed with FlowJo
software (version 10, FlowJo LLC).

2.7 Quantitative Reverse Transcription PCR (qRT-PCR)
Assessment of mRNA Expression

The mRNA expression of Cyclins (Cyclin A, B, D, and
E) and SMADs (SMADI1, 2, 3,4, 5, 6, and 7) was measured
by qRT-PCR. Briefly, total RNA was extracted using the
TRI Reagent RNA Isolation Reagent (#T19424, Sigma, St.
Louis, MO, USA). 500 ng RNA was used to generate first-
strand cDNA using the Revert Aid First Strand cDNA Syn-
thesis Kit (#K1622, ThermoFisher). Primers for Cyclins
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and SMAD:s as target genes and GAPDH as reference gene
(Supplementary Table 1) were purchased from General
Biosystems (Anhui, China). PowerUp SYBR Green Master
Mix (#A25742, Applied Biosystems, CA, USA) was used.
The reaction was run in the StepOnePlus qRT-PCR system
(Applied Biosystems, Carlsbad, CA, USA) using 1 pL of
the cDNA in a 10 pL reaction solution in triplicate. Fold
changes in mRNA expression were calculated using Ct val-
ues from three independent experiments. Calibration and
normalization were done using the 222CT method, where
ACt = Cr (target gene) — Cr (reference gene).

2.8 Western Blot

Protein expression levels of phosphorylated and to-
tal Smad2 (pSmad2 and Smad2) in 16HBE140- cells were
evaluated by using Western blot. Briefly, I6cHBE14o0- cells
treated with conditioned media from excessively stretched
ASMCs were lysed, and 30 pg of protein was added per
well. Electrophoresis was performed in 10% polyacry-
lamide separating gel with a 5% stacking gel. Proteins were
transferred to polyvinylidene fluoride (PVDF) membranes
(0.45 um, Millipore, Billerica, MA, USA). After 1 h incuba-
tion in blocking solution (5% bovine serum albumin, BSA),
membranes were incubated with respective primary anti-
bodies: Smad2 (AF1300, Beyotime Biotechnology, Shang-
hai, China), pSmad2 (AF2545, Beyotime Biotechnology).
Goat anti-mouse secondary antibody (1:1000, DyLight 800,
ThermoFisher Scientific, #SA5-10036) or goat anti-rabbit
secondary antibody (1:1000, DyLight 680, ThermoFisher
Scientific, #35518) were used as a secondary antibody.

2.9 Statistical Analysis

Statistical analysis was performed using GraphPad
Prism (GraphPad Software, San Diego, CA, USA). All
data that followed a normal distribution, verified using the
Shapiro-Wilk test, were therefore reported as means + stan-
dard deviation (S.D.), and group size (n) represents 3 in-
dependent experiments with different biological replicates
in each group. Comparison of means between two groups
was performed by an unpaired Student’s ¢-test. Compari-
son of means among three or more groups was performed
using One-way analysis of variance (ANOVA), followed by
a Post Hoc test (Tukey HSD method) or Two-way ANOVA,
followed by the Tukey HSD method. Statistical signifi-
cance is represented by asterisks (*p < 0.05; **p <0.01).

3. Results

3.1 Excessive Stretch Induces Soluble Factors From
ASMCs but Not AECs to Inhibit AECs Proliferation

Fig. 2 shows the effects of conditioned media derived
from the stretched-ASMCs or AECs on the proliferation of
AECs. In all cases, AECs, i.e., I6HBE14o0- cells appeared
to grow with time for up to 48 h, in terms of fold change of
cell activity assayed by CCK-8 (panel A), and cell count-
ing (number of cells/cm?, panel B). However, the increase

in cell activity and cell counting of 16HBE140- cells were
both inhibited by ~50% at 48 h when the cells were treated
with conditioned media derived from ASMCs cultured in
13% Stretch, as compared to the cells treated with condi-
tioned media derived from ASMCs cultured in Static (p =
0.001). On the contrary, none of the other conditioned me-
dia had any effect on the proliferation of 16HBE14o0- cells,
whether it was derived from ASMCs cultured in Static, 5%
Stretch, or derived from 16HBE140- cells cultured in Static,
5% Stretch, 13% Stretch. We also analyzed the cellular ac-
tivity and proliferation of ASMCs and AECs under Static,
5% Stretch, and 13% Stretch with CCK-8 assay and cell
counting (Supplementary Fig. 1). The results show that
13% excessive stretch had no significant effect on the cell
activity and proliferation of ASMCs and AECs, thereby ex-
cluding the influence of cell number on the secretion of sol-
uble factors. These data indicate that only excessive stretch
of ASMCs but not AECs could induce certain soluble fac-
tors in the conditioned media, thereby inhibiting the prolif-
eration of AECs.

3.2 Excessive Stretch Activates TGF-f1 in the Conditioned
Media of Cultured ASMCs Depending on Integrin aV

Fig. 3 shows the effects of stretch on the activation
of TGF-B1 in the conditioned media derived from ASMCs
or AECs. We measured active and total TGF-B1 levels, and
then calculated the active/total TGF-B1 ratio (%) in the con-
ditioned media using ELISA. Results from the conditioned
media derived from ASMCs indicate that 13% Stretch in-
creased the active TGF-B1 level by ~3 fold (panel A left,
p =0.001), the total TGF-B1 level by ~45% (panel A mid-
dle, p = 0.029), and the active/total TGF-B1 ratio from 15
+ 2% to 42 + 2% (Panel A right, p = 0.001), whereas 5%
Stretch had no significant effect in any case, as compared
to the Static group.

As shown in panel B, 13% Stretch also significantly
increased the active (p = 0.014) and total (»p = 0.017)
TGF-B1 levels in the conditioned media derived from
16HBE140- cells, as compared to the Static group. How-
ever, the extent of increase of active and total TGF-B1 levels
in the conditioned media from 16HBE14o0- cells appeared
lower than that from ASMCs, and the active/total TGF-B1
ratio was not increased by 13% Stretch, as compared to
the Static group. 5% Stretch also did not affect the TGF-
B1 level in the conditioned media from 16HBE14o0- cells.
These data show that although 13% excessive stretch en-
hanced the TGF-B1 activation of AECs, it did not directly
activate latent TGF-f1 of AECs.

In addition, we found that the increase in TGF-B1 level
in the conditioned media derived from ASMCs cultured in
13% Stretch condition was largely inhibited when the cells
were pretreated with CWHM-12 (integrin aV inhibitor), but
not with the pan-protease inhibitor consisting of 1 mM p-
toluenesulfonyl-l-arginine methyl ester (protease inhibitor)
(panel C). These results indicate that excessive stretch can
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Fig. 2. Effect of conditioned media derived from stretched-ASMCs or 16HBE14o0- cells on the proliferation (cell activity and cell
counting) of 16HBE14o0- cells. (A) Cell activity of 16HBE14o0- cells detected using CCK-8 assay. (B) Cell counting of 16HBE140-
cells detected using the cell counting assay. 16HBE140- cells were cultured in conditioned media derived from ASMCs (left panel) or
16HBE14o0- cells (right panel) cultured in Static, 5% Stretch, or 13% Stretch conditions. Data were presented as means + S.D., n =3

independent experiments in each group (3 biological replicates for each experiment). **p <0.01 compared with the static group. CCK-8,

cell counting Kit-8; S.D., standard deviation.

induce and activate TGF-B1 from ASMCs via integrin aV
pathway.

3.3 Excessive Stretch Activates TGF-1 From ASMCs to
Activate Smad? Signaling in AECs

Using qRT-PCR, we compared the mRNA expres-
sion levels of SMADI, 2, 3, 4, 5, 6, 7 in 16HBE14o-
cells cultured in normal medium. The data indicate that
SMADs mRNA expression levels in 16HBE14o- cells
were rank-ordered as: SMAD2 > SMADS5 > SMAD3 >
SMAD4 > SMAD7 > SMADG6, and SMAD 1 was not detected
(Supplementary Fig. 2). Since SMAD2 was the most ex-
pressed SMAD mRNA in 16HBE14o0- cells, we further eval-
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uated the protein expression levels of phosphorylated and
total Smad2 (pSmad2, Smad2) in 16HBE14o- cells treated
with conditioned media derived from ASMCs under a 13%
stretch condition, using Western blot. As shown in Fig. 4,
unlike the media derived from static ASMCs, the condi-
tioned media derived from excessively stretched ASMCs
caused a significant increase in Smad2 phosphorylation,
which was similar to the effect of treatment with 1 ng/mL
exogenous TGF-B1, reflecting TGF-B1 signaling. In addi-
tion, the Smad2 phosphorylation in 16HBE140- cells cul-
tured in conditioned media from stretched ASMCs was in-
hibited in the presence of TGF-B1 neutralizing antibody or
TGFRI1 inhibitor.
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Fig. 3. TGF-B1 activation in the media of stretched ASMCs or AECs. (A,B) From left to right panel, Active, Total TGF-B1 level
(ng/mL), and Active/total TGF-B1 ratio (%) in the media of ASMCs, AECs (16HBE14o- cells) cultured in Static, 5% Stretch, or 13%
Stretch conditions. (C) From left to right panel, Active, Total TGF-B1 level (pg/mL), and Active/total TGF-B1 ratio (%) in the media of
ASMC s cultured in Stretch condition (13%, 72 h), in the absence or presence of 30 min pretreatment with serine protease inhibitor (1

mM, p-toluenesulfonyl-l-arginine methyl ester) or integrin aV inhibitor (5 uM, CWHM-12). Data are presented as means + S.D.,n=3

independent experiments in each group (3 biological replicates for each experiment), *p < 0.05, **p <0.01 compared to the Static group,

#p <0.01 compared to the Stretch group. TGF-B1, transforming growth factor B1.

3.4 Cell Cycle Arrest of AECs in the Conditioned Media
Derived From Stretched ASMCs

Since conditioned media derived from ASMCs cul-
tured in the excessive stretch condition inhibited AEC pro-
liferation, we then investigated the cell cycle progression of
AECs in the conditioned media from excessively stretched
ASMC:s by using flow cytometry. Cells were stained with
propidium iodide (PI) and analyzed by flow cytometry. The
sequential gating strategy was as follows: debris was ex-
cluded on an FSC-A vs. SSC-A dot plot by gating the
main cell population; doublets and aggregates were ex-
cluded using an FSC-H vs. FSC-A gate to retain singlets;
further doublet discrimination was performed using a PI-A

vs. PI-W plot; and cell cycle distribution was analyzed on
the PI-A histogram, with GO/G1 defined as 2N DNA con-
tent, S phase as the population between 2N and 4N, and
G2/M as 4N. A minimum of 10,000 events within the sin-
glet gate were collected per sample. Data were analyzed
using FlowJo software (version 10, FlowJo LLC). Repre-
sentative cell cycle profiles (percentage of Go/Gy, S, and
G,/M phase) of 16HBE14o0- cells treated with conditioned
media from ASMCs cultured in static or stretch conditions
(Static or 13% Stretch) clearly indicate a blocking effect of
the media from stretched ASMCs on the cell cycle progres-
sion of 16HBE140- cells (Supplementary Fig. 3). Quanti-
tative analysis of the cell cycle profiles further illustrates the
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Fig. 4. Effect of conditioned media derived from stretched ASMCs on the phosphorylation of Smad2 in AECs. (A) Representative
Western blot images showing phosphorylated or total Smad2 (pSmad2, Smad2) in original lanes. (B) Quantified fold change of protein
expression of phosphorylated Smad2 normalized to that of total Smad2 (pSmad2/Smad2). AECs (16HBE14o- cells) were treated with
conditioned media derived from ASMCs cultured in static or 13% stretch conditions (Stretch — or +), with or without 30 min pretreatment
with TGF-B1 neutralizing antibody (7.5 pg/mL), TGFR1 inhibitor (Galunisertib, 10 uM), or exogenous TGF-B1 (1 ng/mL). Cells were
then lysed and used for Western blotting. Data are presented as means + S.D., n = 3 independent experiments in each group, **p < 0.01
(compared to Stretch — group), *p < 0.05, #p < 0.01 (compared to Stretch + group). TGFR1, TGF-p receptor 1.

cell cycle arrest in I6HBE14o0- cells, with an 11% increase
in Go/G, phase (from 53% to 64%), and a 12% decrease in
S phase (from 27% to 15%) in the 13% Stretch group, as
compared with the Static group (Fig. 5A).

Furthermore, the qRT-PCR results show that Cy-
clin D mRNA expression was significantly decreased in
16HBE14o0- cells cultured in conditioned media derived
from stretched ASMCs, but not Cyclin A, B, and E
(Fig. 5B). The migration and stress fiber organization
of 16HBE14o0- cells were also promoted and disorganized
markedly, as demonstrated by the representative images of
wound healing assay and immunofluorescent microscopy,
respectively (Fig. 5C,D).

3.5 TGF-f1 Mediates Proliferation Inhibition and Cell
Cycle Arrest of AECs in the Conditioned Media Derived
From Stretched ASMCs

To confirm whether TGF-B1 mediated the prolifera-
tion inhibition and cell cycle arrest of AECs in the con-
ditioned media derived from stretched ASMCs, we fur-
ther evaluated cell proliferation (cell activity by CCK-8
assay, and cell counting), cell cycle distribution and Cy-
clin D mRNA expression of 16HBE14o0- cells cultured in
the conditioned media derived from ASMCs under static
(Stretch —) or 13% stretch (Stretch +) condition, with or
without pretreatment of TGF-B1 antibody (7.5 pg/mL) or
TGFRI1 inhibitor (Galunisertib, 10 uM). Fig. 6 shows that
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the effects of the conditioned media derived from stretched
ASMC:s on the proliferation inhibition and cell cycle arrest
of 16HBE14o0- cells were all attenuated to variable extents
by TGF-B1 antibody or inhibitor. These together suggest
that TGF-B1 mediates the effect of conditioned media of
excessively stretched ASMCs on the proliferation and cell
cycle of AECs.

4. Discussion

In this study, we found that conditioned media from
ASMC:s but not AECs subjected to MV-associated exces-
sive stretch induced G1-phase cell cycle arrest in AECs, as
exemplified with primary human ASMCs and 16HBE14o0-
cells, respectively. Furthermore, we found that the exces-
sively stretched ASMCs activated TGF-B1 in the culture
media to inhibit AECs proliferation by blocking cell cycle
G1-to-S phase transition via integrin aV pathway, which
could be largely attenuated by inhibiting the TGF-B1 re-
ceptors in 16HBE140- cells. These results indicate that
ASMCs are more sensitive and/or more responsive to MV-
associated excessive stretch in terms of releasing harmful
soluble factors to impair cellular functions such as prolifer-
ation and cell cycle progression of AECs through TGF-B1
mediation, which may result in dysfunction or even damage
of airway epithelia and ultimately contribute to VILI.

Epithelial-mesenchymal interaction is thought to play
a key role in regulating airway injury in VILI. In addition
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Fig. 5. Effect of conditioned media derived from excessively stretched ASMCs on cell cycle progression of AECs. (A) The cell
cycle distribution of 16HBE14o0- cells assessed by flow cytometry. (B) The mRNA expression of Cyclin A, B, D, E of 16HBE14o0-
cells assessed by qRT-PCR. (C,D) Representative images (scale bar, 200 um) of wound healing assay for assessment of time-dependent
migration, and immunofluorescent microscopy (scale bar, 50 um) for assessment of stress fiber organization of 16HBE140- cells treated
with conditioned media derived from ASMCs cultured in Static or 13% Stretch condition. Data were presented as means + S.D., n
= 3 independent experiments in each group (3 biological replicates for each experiment), **p < 0.01. qRT-PCR, quantitative reverse

transcription PCR.

to contractile mechanical functions, ASMCs also possess  we demonstrated that only the mesenchymal ASMCs under
the capacity to produce numerous proinflammatory factors excessive stretch indeed influence multiple cellular func-
that modulate epithelial cell behaviors [13]. In this study, tions, including cell proliferation, cell cycle progression,
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Fig. 6. TGF-p1-dependent proliferation inhibition and cell cycle arrest of AECs cultured in the conditioned media from exces-
sively stretched ASMCs. (A-D) Fold change of cell activity (CCK-8 assay), Cell concentration, Percentage of G1 phase, and fold
change of Cyclin D mRNA expression of 16HBE140- cells cultured in conditioned media derived from ASMCs under static (Stretch —)
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Data were presented as means + S.D., n = 3 independent experiments in each group (3 biological replicates for each experiment), **p <

0.01 compared to the Static group, *p < 0.05, #p < 0.01 compared to the Stretch group.

and stress fiber organization of AECs, not through direct
interactions with the AECs but through indirect paracrine
signaling via the conditioned media. Unlike ASMCs, AECs
under excessive stretch could not directly activate latent
TGF-B1, which underscores the differential mechanosensi-
tivity between mesenchymal and epithelial cells. This find-
ing suggests that ASMCs play a unique role in VILI patho-
genesis through paracrine signaling.

Stretch plays a critical role in the lung tis-
sue under physiological and pathological conditions
[26,27,28,29,30,31,32]. Therefore, lung cells are phys-
iologically adapted to the periodic stretch associated
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with normal breathing. However, during MV, the lung
is exposed to excessive stretch, which may cause lung
injury [33,34]. In this study, we found that MV-associated
13% excessive stretch, but not physiological 5% stretch,
significantly activated TGF-B1 directly, depending on
integrin oV. Understanding the relationship between
stretch magnitude and severity of VILI and the associated
cellular dysfunction may lead to improved MV strategy in
clinical practice.

Several signaling molecules, including mechanosen-
sitive ion channels and intracellular signaling molecules,
impact high stretch-induced TGF-B1 activation [21]. As a
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mechanosensitive ion channel, Piezol may mediate stretch-
induced Ca?" influx in ASMCs, which could activate down-
stream signaling cascades leading to integrin aV activation.
This is supported by our previous finding that Piezol medi-
ates stretch-induced ASMC migration [5], suggesting that
Piezol may serve as an upstream mechanosensor that cou-
ples mechanical stretch to integrin-dependent TGF-f1 ac-
tivation. Focal adhesion kinase (FAK) is a key signaling
intermediate that links integrin engagement to cytoskele-
tal reorganization and force generation. Stretch-induced
integrin aV clustering may activate FAK autophosphory-
lation, which in turn recruits Src family kinases and acti-
vates the RhoA/ROCK pathway to generate the contractile
forces necessary for mechanical dissociation of latent TGF-
B1 from the LAP-integrin complex [23]. This pathway may
represent the final mechanical step linking stretch sensing to
TGF-B1 activation. These proposed pathways are testable
using pharmacological inhibitors (e.g., GsMTx4 for Piezol,
FAK inhibitor VS-4718, Y-27632 for ROCK) and genetic
approaches (siRNA/shRNA), which we plan to pursue in
future studies.

On the other hand, TGF-B1 signaling has been a topic
of intense investigation, and much has been uncovered re-
garding its structure and function [35]. TGF-B1 is typically
secreted as a latent tripartite complex comprising the ma-
ture TGF-B1 dimer, the LAP, and the LTBP1. The mature
TGF-B1 forms a complex with LAP noncovalently, which
is called the small latent complex, and in this configuration,
the mature TGF-B1 dimer is unable to bind to its receptors.
The latent tripartite complex serves as an extracellular sen-
sor in which LAP functions as the detector, LTBP1 as the
localizer, and the mature TGF-B1 dimer as the effector of
TGF-B1 receptor (TGFR1) [36]. The mature TGF-B1 dimer
is typically released from this latent tripartite complex dur-
ing interaction of the Arg-Gly-Asp (RGD) sequence on the
LAP with integrins such as aV. Only the released mature
TGF-B1 dimer can function as active TGF-B1 to bind to
its receptors (e.g., TGFR1) on target cells to initiate intra-
cellular signaling, primarily through the phosphorylation of
Smad2/3 proteins. The extracellular concentration of active
TGF-B1 is primarily regulated by several mechanisms iden-
tified in vitro and in vivo, involving both protease and/or
mechanical stimulation [37]. In this study, we revealed that
excessive stretch directly activated TGF-B1 via integrin o'V,
which has also been shown to cause cytoskeletal reorgani-
zation [22].

Furthermore, TGF-B1 is known to exert multiple lev-
els of control over Cyclin D/E, c¢dk4/6, and cdk inhibitors
[38]. We found that Cyclin D mRNA expression was signif-
icantly inhibited in l6HBE14o0- cells when cultured in con-
ditioned media derived from excessively stretched ASMCs.
Given that the cyclin proteins promote cell cycle transi-
tion through checkpoints and TGF-B1 controls the level
of Cyclin D, together with our finding that TGF-B1 was
activated in cultured ASMCs during excessive stretch as

10

well as the conditioned media from excessively stretched
ASMC:s caused cell cycle arrest with downregulated Cyclin
D mRNA expression in 16HBE140- cells, these results sug-
gest that the excessively stretched ASMCs may block the
cell cycle progression in AECs by downregulating Cyclin
D mRNA expression via TGF-B1 paracrine signaling.

TGF-B1 is also a master regulator of epithelial-
mesenchymal transition (EMT) through downstream
Smad2/3 pathways. Given that our conditioned media
from stretched ASMCs activated Smad2 phosphorylation
in AECs, it is plausible that TGF-B1 signaling could initi-
ate EMT in AECs, particularly under prolonged exposure
conditions that more closely mimic sustained MV. Gl
cell cycle arrest may serve as a permissive state for EMT,
as cell cycle exit can facilitate phenotypic plasticity by
allowing cells to redirect resources from proliferation
to transcriptional reprogramming. This is supported by
evidence that TGF-B1-induced G1 arrest and EMT share
common downstream effectors, including downregulation
of Cyclin D and upregulation of EMT transcription factors
(e.g., Snail, Slug, Twist), suggesting that conditioned
media from excessively stretched ASMCs may induce
EMT of AECs.

Although it is well-known that activated TGF-B1 is
involved in VILI, therapeutics aim at inhibiting freely dif-
fusible TGF-p have been associated with toxicities [39].
Targeting TGF-B activation thus has the potential to in-
crease specificity while limiting toxicities. From a transla-
tional perspective, our findings suggest two complementary
therapeutic strategies for reducing VILI during clinical MV.
First, integrin aV antagonists (e.g., CWHM-12, cilengi-
tide) could be administered prophylactically to prevent M V-
induced TGF-B1 activation in ASMCs, thereby blocking the
upstream initiation of the paracrine injury cascade. Second,
TGFR1 inhibitors (e.g., Galunisertib/LY2157299) could be
used to block paracrine TGF-B1 signaling in AECs, pre-
venting downstream Smad2 activation and cell cycle ar-
rest. The choice between upstream (integrin aV) and down-
stream (TGFR1) targeting may depend on the clinical con-
text: prophylactic use during anticipated prolonged MV
may favor upstream blockade, while therapeutic use after
injury onset may require downstream inhibition. However,
these strategies require rigorous in vivo validation in animal
VILI models before clinical translation.

It needs to be noted that there are some limitations in
this study. First, the study was limited to in vitro models
with cultured ASMCs and AECs, and our findings need to
be further explored in advanced models such as an in vivo
animal model. Second, although integrin aV in ASMCs
was found to be implicated in excessive stretch-induced ac-
tivation of TGF-B1, the detailed mechanisms underlying
this activation remain to be fully elucidated.

Our in vitro model represents a simplified system
that does not capture the complexity of the in vivo air-
way microenvironment during VILI. For example, the het-
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erogeneous lung stretch in vivo produces regional vari-
ations in strain magnitude that cannot be fully recapitu-
lated by our uniform biaxial stretch system. In addition,
infiltrating immune cells, particularly macrophages and
neutrophils, contribute significantly to TGF-B1 activation
through protease-dependent mechanisms (e.g., plasmin,
MMPs), which could synergize with or compete against the
integrin aV-dependent pathway identified in our study. Fi-
nally, extracellular matrix remodeling during VILI may al-
ter the mechanical properties of the airway wall, thereby
modifying the transmission of mechanical strain to ASMCs
and influencing integrin aV-dependent TGF-B1 activation.
These represent apparent translational gaps that need to be
addressed in future studies.

5. Conclusion

Taken together, our findings in vitro reveal that MV-
associated excessive stretch directly activates pleiotropic
TGF-B1 in the mesenchymal ASMCs but not AECs, which
in turn induces G1 phase cell cycle arrest in AECs. These
results suggest that the ASMCs are highly mechanosensi-
tive to abnormal external mechanical stimulation such as
MV-associated excessive stretch in initiating and regulation
AEC dysfunction, which warrants further validation in vivo
models before clinical translation of therapeutically target-
ing ASMC:s for treatment of VILI.
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