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Abstract

Background: As a fatal interstitial lung disease, idiopathic pulmonary fibrosis (IPF) was characterized by the insidi-
ous proliferation of extracellular matrix (ECM)-producing mesenchymal cells. Recent studies have demonstrated that
lung resident mesenchymal/stromal cells (LR-MSC) are the source of myofibroblasts. Endoplasmic reticulum (ER) stress
is prominent in IPF lung. This study sought to investigate the effects of ER stress on the behavior of LR-MSC during
pulmonary fibrosis.

Methods: ER stress and myofibroblast differentiation of LR-MSC in patients with IPF were evaluated. Primary mouse
LR-MSC was harvested and used in vitro for testing the effects of ER stress and C/EBP homologous protein (CHOP) on
LR-MSC. Adoptive transplantation of LR-MSC to bleomycin-induced pulmonary fibrosis was done to test the in vivo
behavior of LR-MSC and its influence on pulmonary fibrosis.

Results: We found that myofibroblast differentiation of LR-MSC is associated with ER stress in IPF and bleomycin-
induced mouse fibrotic lung. Tunicamycin-induced ER stress impairs the paracrine, migration, and reparative function
of mouse LR-MSC to injured type 2 alveolar epithelial cells MLE-12. Overexpression of the ER stress responder C/EBP
homologous protein (CHOP) facilitates the TGFB1-induced myofibroblast transformation of LR-MSC via boosting the
TGFB/SMAD signaling pathway. CHOP knockdown facilitates engraftment and inhibits the myofibroblast transforma-
tion of LR-MSC during bleomycin-induced pulmonary fibrosis, thus promoting the efficacy of adopted LR-MSC in
alleviating pulmonary fibrosis.

Conclusion: Our work revealed a novel role that ER stress involved in pulmonary fibrosis by influencing the fate of
LR-MSC and transformed to “crime factor” myofibroblast, during which CHOP acts as the key modulator. These results
indicate that pharmacies targeting CHOP or therapies based on CHOP knockdown LR-MSC may be promising ways to
treat pulmonary fibrosis.
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present, idiopathic pulmonary fibrosis (IPF) and other
irreversible pulmonary fibrosis caused by various end-
stage lung diseases are a challenge clinically because we
have not fully understood the core mechanism of pul-
monary fibrosis progression. One of the central points
among these unknown issues is the cellular origin that
produces the ECM during pulmonary fibrosis. With the
development of lineage tracing techniques and single-
cell transcriptomics, people gradually recognized that
the pool of fibrogenic lung mesenchymal cells is a het-
erogeneous population with various origins [1]. Besides
lung-resident fibroblasts and pericytes, a mesenchymal
stem cell (MSC)-like group, lung resident mesenchymal
stem cell (LR-MSC), was identified to maintain the dif-
ferentiative capability for myofibroblasts, which act as
the major source of ECM [2]. Evidence shows that LR-
MSC also plays an essential role in maintaining local
homeostasis in tissues under the physiological state
[3, 4]. Like other tissue-derived MSCs, LR-MSC repair
damaged epithelial cells by secreting growth factors [5],
extracellular vesicles [6], and tight binding [7] during
lung injury. However, the biological behavior and the
role of endogenous LR-MSC during pulmonary fibrosis
remain unclear.

Endoplasmic reticulum (ER) stress results from the
dysfunction in ER in protein processing, leading to alter-
ations in cell fate if the prolonged stress persists. Causes
of this malfunction include inadequate cellular energy
metabolism, genetic mutations that cause improper
proteins fold, increased translation, and fewer chaper-
one molecules [8]. Under such conditions, cells undergo
unfolded protein response (UPR) to relieve this stress,
including reducing protein translation, upregulating
chaperone molecules, altering the cell’s state, and induc-
ing apoptosis if this does not work. A growing body of
evidence demonstrated that ER stress was prominent in
IPF, and multiple UPR-associated proteins overexpressed
in IPF lungs [9-11]. Studies have shown that ER stress is
involved in the pathological process of pulmonary fibro-
sis by affecting various cell types in the lung, including
epithelial cells (inducing apoptosis and senescence) [9,
12], macrophages (switching to M2 polarization) [13],
and fibroblasts (promoting fibrogenesis) [14]. However,
the influence of ER stress on LR-MSC in pulmonary
fibrosis remained unknown.

C/EBP homologous protein (CHOP) is a multifunc-
tional transcription factor downstream of ER stress-
induced UPR. Besides the major role in UPR-induced cell
apoptosis, it also affects inflammatory response [15] and
cell differentiation [16]. As for MSC, for example, CHOP
was demonstrated to promote osteoblastic differentiation
of murine stromal cells [17] and the odontoblastic poten-
tial of human dental pulp cells [18], both of which were
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MSC-like stromal progenitor cells. Up to date, there are
no studies about the effects of CHOP on LR-MSC.

In this study, based on the extensive and important
role of ER stress in pulmonary fibrosis and the potential
impact on the biological behavior of MSCs, we hypoth-
esized that ER stress promotes the transformation of
LR-MSC into myofibroblasts, which are involved in the
process of pulmonary fibrosis. The intervention of CHOP
expression of LR-MSC may eliminate the harmful effects
of LR-MSC and is promising in cell-based therapy for
pulmonary fibrosis.

Materials and methods

Collection of human lung tissue

This study was approved by the Ethics Committee of
Peking Union Medical College Hospital (JS-1127). IPF
lung tissue samples (n=6) were obtained from the
department of lung transplantation, the First Affiliated
Hospital of Guangzhou Medical University, Guangzhou,
China. The IPF diagnose was made by the guidance
of the 2018 ATS/ERS/JRS/ALAT guideline [19]. Non-
fibrotic control lung tissues (n=6) were obtained from
patients with tumors from the Thoracic Surgery Depart-
ment of Peking Union Medical College Hospital, Chinese
Academy of Medical Sciences. Information about the
donors for IPF and control lung tissue samples is listed
in Additional file 7: Table E1. Each lung tissue sample
was divided into two parts: One part was stored in liquid
nitrogen for immunoblot analysis, and the other part was
fixed with 4% neutral phosphate-buffered paraformalde-
hyde overnight, dehydrated, transparentized, and embed-
ded in paraffin before being sectioned into 5-pm-thick
slices for pathological and immunofluorescence staining.

Animal care and a mouse model of pulmonary fibrosis
Animal experiments were approved by the Chinese
Academy of Medical Sciences Laboratory Animal Center.
All the operations were conducted in accordance with
the regulations established by the Institutional Commit-
tee for the Care and Use of Laboratory Animals. Six- to
8-week-old male C57BL/6 mice (specific pathogen-free)
were obtained from the Laboratory Animal Center,
Peking Union Medical College Hospital, and housed at a
constant room temperature with a 12-h light/dark cycle.

The mice were injected intratracheally with 50 pl of
5 mg/kg bleomycin. The control group received 50 pl
saline injection intratracheally. On day 21, the mice
were killed, and lungs were collected for subsequent
experiments.

Isolation of mouse LR-MSC
Six 4—6-week-old male C57BL/6 mice were selected for
LR-MSC isolation each time. The finely minced lung
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tissues were immersed into HBSS (with Ca*" and Mg*")
with 200U/mL Collagenase I (Gibco, Grand Island, NY,
USA) and 2U/mL Dispase I (Sigma-Aldrich, St. Louis,
USA) and digested for 1 h in the condition of 37 °C water
bath with frequent agitation. Single-cell suspensions
were harvested by passing through a 70-pm mesh filter
and RBC lysis. LR-MSC was isolated by depleting CD31,
CD45, and EpCam-positive cells and then collecting
Scal-positive cells by MACS (Miltenyi Biotec, Auburn,
CA, USA)’s protocol.

Cell culture and treatment

Isolated LR-MSC was cultured in DMEM medium (Corn-
ing, New York, USA) with 20% FBS (Gibco, Grand Island,
NY, USA), 1% penicillin, and streptomycin, maintained in
a humidified atmosphere of 5% CO, at 37 °C. Cells were
passaged 1:2 using TrypLE" Express Enzyme (Gibco,
Grand Island, NY, USA) when they reached 80-90%
confluence. Mouse alveolar epithelial cell line MLE-12
was purchased from American Type Culture Collection
(ATCC, Manassas, Virginia, USA). MLE-12 was main-
tained in high-glucose DMEM supplemented with 10%
EBS, penicillin, and streptomycin in a humidified atmos-
phere of 5% CO, at 37 °C. Tunicamycin was purchased
from Sigma-Aldrich and TGFp1 from Proteintech.

Immunofluorescence staining

Lung tissue sections were deparaffinized with xylene
for 20 min twice and rehydrated in gradient reduced
ethanol (100% twice, 95%, 90%, 75%, and 50% once) for
5 min each. Antigen retrieval was performed for 30 min
at 95 °C in 0.01 M pH 6.0 sodium citrate buffer. The sec-
tions were then blocked with 10% goat serum in PBST
at room temperature for 1 h. For human lung tissue, the
slides were incubated with primary antibodies as follows:
rabbit anti-CD90 antibody (Cell Signaling, #13,801),
mouse anti-alpha smooth muscle actin antibody (Abcam,
ab119952), and mouse anti-CHOP (DDIT3) antibody
(Abcam, ab11419). For mouse lung tissue, the primary
antibodies were rabbit anti-Scal antibody (Abcam,
ab109211), mouse anti-alpha smooth muscle actin anti-
body (Abcam, ab119952), mouse anti-CHOP (DDIT3)
antibody (Abcam, ab11419), rabbit anti-Collagen I anti-
body (Abcam, ab138492), and rabbit anti-Grp78 anti-
body (Abcam, ab21685). Rabbit IgG (Abcam, ab172730)
and mouse IgG (Abcam, ab37355) were isotypes for pri-
mary antibodies. They were then incubated overnight at
4 °C. The LR-MSC grown on the glass cover was fixed
and permeabilized with 0.2% Triton X 100. After block-
ing, cells were incubated with primary antibodies speci-
fied to a-SMA and Collagen I. The secondary antibodies
were Alexa Fluor 488-conjugated goat anti-rabbit IgG
antibody (Jackson ImmunoResearch, Cambridge, UK)
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and Alexa Fluor 594-conjugated goat anti-mouse IgG
antibody (Jackson ImmunoResearch, Cambridge, UK),
incubated for 1 h at room temperature.

Immunofluorescence image quantification

For quantification of protein expression of LR-MSC,
10 fields were randomly selected, and the fluorescence
intensity for each RGB channel was analyzed with Fiji
software. Cell counts were performed by automatically
calculating for DAPI by Fiji software using the Ana-
lyze Particles tool. For the quantification of the number
of Grp78 and a-SMA-positive GFP™ cells, we randomly
selected 10 fields (200 x) of view and manually counted
them by two separate counters. At least three animals per
group were used.

Fluorescence-activated cell sorting (FACS)

Prepared single-cell suspensions of digested lung tis-
sue or ex vivo cultured LR-MSC were incubated with
fluorescently labeled antibodies for 30 min in the dark
situation. Antibodies for identification of MSC char-
acteristics include anti-Scal-FITC (Miltenyi Biotec,
Auburn, CA, USA), anti-CD31-APC, anti-CD45-APC
(BD Pharmingen, Franklin Lakes, NJ, USA), anti-CD90.2-
FITC (Proteintech, Rosemont, IL), and anti-CD105-
FITC (Abcam, ab184667). Expression of cell surface
marker of LR-MSC was analyzed with FACSCelesta
cytometer (BD Biosciences, San Jose, CA, USA), and
data were acquired with BD FACS Diva software. Data
were analyzed by FlowJo V10 (Tristar). The LR-MSC in
single-cell suspensions of the digested lung was gated
by Scal™CD45-CD31~ and depleted EpCam™ epithe-
lial cells using anti-EpCam-PE (Abcam, ab237387). The
instilled GFP™ LR-MSC was sorted using BD FACSAria
II flow cytometry for qPCR analysis.

Induction of LR-MSC for multilineage differentiation
LR-MSC was seeded in 6-well plates (coat plates with
0.1% gelatin prior to osteogenic differentiation). Medium
for C57BL/6 MSC differentiation induction was pur-
chased from Cyagen Biosciences. After induction, the
adipocytes, osteocytes, and chondrocytes were stained
by oil red O, Alizarin red, and Alcian blue.

Western blot

Total proteins were collected by cell lysis with RIPA
buffer with proteinase inhibitor on ice. Nuclear protein
was prepared with cytoplasmic and nuclear extraction
kits (Invent Biotechnologies, Eden Prairie, MN, USA) fol-
lowing the manufacturer’s instructions. Protein samples
were separated by 10% SDS-PAGE and transferred to a
polyvinylidene fluoride (PVDF) membrane and blotted
with specific antibodies.
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Primary antibodies for western blot

Primary antibodies for IPF lung tissue include ATF6
(Abcam, ab37149), PERK (Abcam, ab229912), IRE1
(Abcam, ab37073), Grp78 (Abcam, ab21685), CHOP
(Abcam, ab11419), «-SMA (Abcam, ab119952), and
Collagen I antibody (Abcam, ab138492). For mouse
LR-MSC, they include ATF6 (Abcam, ab37149), PERK
(Abcam, ab229912), IRE1 (Abcam, ab37073), Grp78
(Abcam, ab21685), CHOP (Abcam, ab11419), a-SMA
(Abcam, ab119952), Collagen I antibody (Abcam,
ab21286), anti-Smad2/3 (Abcam, ab202445), anti-
pSmad2 (Abcam, ab188334), anti-pSmad3 (Abcam,
ab529035), anti-Wntl0a (Abcam, abl06522), and
anti-beta Catenin (Abcam, ab32572). Anti-Lamin
Bl (Abcam, ab16048) was used for loading control of
nuclear protein. Anti-GAPDH (Abcam, ab8245) was
used for loading control for total protein.

Analysis of western blot

The immunoreactive protein bands were detected using
a chemiluminescence device (GE, Amersham Imager
680). The protein expression levels were evaluated by
measuring the gray value of the band by Fiji software,
n=3 in each group, and the relative value to B-actin
was compared.

MTT assay

LR-MSC (2.5 x 10° cells/mL) were seeded into a 96-well
plate. Then, cells were maintained in DMEM with or
without tunicamycin in the incubator at 5% CO, and
37 °C. The plate was removed on 24 h and 48 h for the
MTT assay. Briefly, 10uL MTT solution (5 g/L) (Solar-
bio, Beijing, China) was added to each well. Cells were
then further incubated at 37 °C for 24 h. This was fol-
lowed by the addition of 100pL DMSO. The plate was
then slightly shaken and mixed evenly for 10 min. An
automatic enzyme-labeled reading meter (Thermo) was
used to measure the optical density value at 490 nm.

Apoptosis detection

The adherent cells were digested with trypsin (EDTA
free) and incubated with Annexin V-FITC and cell
death dye 7-AAD. Then, the apoptotic LR-MSC or
MLE-12 was evaluated by the percentage of Annexin
V-positive cells using FACS.

Enzyme-linked immunosorbent assay

Media of cocultured LR-MSC and MLE-12 was col-
lected 48 h after inoculation. The concentration of
KGEF, HGF, and TGFp1 in the media was determined
using KGF kit (R&D Systems), mouse HGF ELISA kit
(Abcam, ab223862), and mouse TGF beta 1 ELISA
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kit (Abcam, ab119557) according to manufacturer’s
instructions.

Transwell migration assay

Transwell migration assay was performed using Mil-
lipore transwell chambers (8 pm pore size, Millipore).
LR-MSC (2 x 10* in each well) were seeded in the upper
chambers of the 24-well plate (Corning, New York, USA)
in 100 uL serum-free medium. MLE-12 (2 x 10* in each
well) were seeded in the lower chambers in 600 uL. com-
plete medium. 5 pg/mL bleomycin or 100 ng/mL tunica-
mycin concentration of the medium is added if necessary.
The chamber was incubated at 37 °C for 24 h. At the end
of incubation, the cells in the upper surface of the mem-
brane were removed with a cotton swab. Cells in the
lower chamber were fixed with methanol and stained
with Giemsa (HiMedia Labs). The images were taken
with an inverted microscope (CX41, Olympus) and ana-
lyzed using NIH Fiji software.

Cell transfection

Lentivirus-packaged CHOP-specific shRNA and over-
expression plasmid were purchased from GenePharma
for ex vivo and in vivo experiments, respectively. Nega-
tive scrambled control senseThe shRNA sequence used
for negative scrambled controls was 5-UUCUCCGAA
CGUGUCACGUTT-3' (sense), and 5-ACGUGACAC
GUUCGGAGAATT-3' (antisense). The shRNA sequence
for CHOPshRNA was 5-UCGCUCUCCAGAUUCCAG
UTT-3' (sense), and 5-ACUGGAAUCUGGAGAGCG
ATT-3' (antisense). CHOP-knockdown LR-MSC for
bronchial installation were constructed by infection of
lentivirus containing CHOPshRNA. After infecting LR-
MSC for 48 h, cells were purified by puromycin. SMAD
luciferase reporter was purchased from Genomeditech
(Shanghai, China), where multiple SMAD-responsive
element was inserted before the luciferase gene.

Immunoprecipitation

The solution and reagents for immunoprecipitation were
purchased from Cell Signaling Technology. Cell lysates
of harvested LR-MSC were pre-cleared by incubating
with protein G magnetic beads to reduce the nonspecific
binding. Then, pre-cleared cell lysates were incubated
with primary antibodies with overnight rotation at 4 °C.
Primary antibody for immunoprecipitation of C/EBPB
and CBP includes anti-CEBP beta antibody (Abcam,
ab32358), anti-CREBBP antibody (Abcam, ab10489),
and rabbit mAb IgG XP® Isotype Control (Cell Signaling
Technology, #3900). The immunocomplex was added to
pre-washed protein G magnetic beads and incubated for
20 min at room temperature. Pellet beads using magnetic
separation rack then resuspend beads pellet and heat



Yang et al. Stem Cell Research & Therapy (2022) 13:279

to 100 °C for disassociation. After removing the beads,
supernatants were used for Western blotting.

Treatment of mice with LR-MSC

The exogenous LR-MSC or LR-MSC-shCHOP (2 x 10°
in 100uL PBS) were given intratracheally once at the
same time to bleomycin administration (day 0). Twenty-
one days later, mice were euthanized for hydroxyproline
assay, histology staining, and immunofluorescence, to
evaluate the severity of pulmonary fibrosis and changes
in adopted LR-MSC.

Hydroxyproline assay

The whole lung was homogenized in ultra-pure water.
The concentration of hydroxyproline was measured
using Hydroxyproline Assay Kit (Colorimetric) (Abcam,
ab222941) according to the manufacturer’s protocol.

Histology staining

Hematoxylin and eosin (HE) and Masson’s trichrome
staining were performed on paraffin-embedded tissue
sections. Ashcroft score was performed by averaging
the scores of 10 random fields from one blinded and one
non-blinded scorer. The fibrotic areas in lung tissue were
evaluated using Fiji software using the collagen volume
fraction.

LR-MSC tracing in the lung

The intratracheally administrated LR-MSC was traced
and quantified by fluorescence intensity of GFP in the
lung by IVIS lumina II. At 1 and 21 days after LR-MSC
treatment, lungs from BLM mice were harvested to eval-
uate the amount of exogenous LR-MSC within the lung.

qPCR
mRNA level of genes in LR-MSC or lung tissue was
quantitated by real-time PCR system, and results were
analyzed after 40 cycles of amplification using ABI 7500
fast real-time PCR system. Relative expression levels of
genes were defined by AACt method and normalizing to
control. Primer sequences are listed in Additional file 8:
Table E2.

Statistical analysis
Data were expressed as the mean=SE. Statistical sig-
nificance between two groups was estimated using the
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unpaired two-tailed Student’s ¢ test. One-way ANOVA
and post hoc Tukey’s test were performed for compar-
ing more than two groups. P value<0.05 was considered
significant. All statistical analyses were performed using
GraphPad Prism 9.0.

Results

LR-MSC in IPF patients undergo myofibroblast
differentiation and ER stress-associated UPR

As reported in previous studies, LR-MSC in the human
lung can be labeled by CD90 [20]. In this study, we col-
lected lung tissues from IPF patients to trace the behav-
ior of endogenous LR-MSC in the diseased setting.
Pathological findings of IPF lung tissue show distortion
of alveoli, thickened alveolar septum, formation of fibro-
blastic foci, and deposition of massive collagen (Fig. 1A).
Immunofluorescence of lung tissues showed that the dis-
tribution of CD90-positive cells in the non-fibrotic lung
was sparse and scattered in the normal lung, whereas
the distribution is very concentrated in the fibroblastic
foci of the IPF lung (Fig. 1B). We also found that a pro-
portion of CD90-labeled cells of IPF patients expressed
myofibroblast marker a-SMA (Fig. 1C) and aggregated in
fibroblastic foci, which suggested that LR-MSC was the
origin of the myofibroblast during fibrotic lung disease.
We also detected excessive expression of UPR-related
proteins, including ATF6, IRE1, PERK, Grp78, and the
downstream transcript factor CHOP, reflecting wide-
spread ER stress in the IPF lung (Additional file 1: Figure
E1). To elucidate the role of ER stress in LR-MSC differ-
entiation, we evaluated the expression of UPR-specific
marker CHOP in LR-MSC. In normal lung, the distribu-
tion of LR-MSC in the alveolar interstitium was sparse
without significant CHOP expression (Fig. 1D), while in
IPF lung, LR-MSC in fibrotic foci showed a higher CHOP
level, which indicated that the LR-MSC suffered from ER
stress during pulmonary fibrosis.

LR-MSC suffers from ER stress and myofibroblast
differentiation during bleomycin-induced mouse lung
fibrosis

We established a bleomycin-induced mouse model of
pulmonary fibrosis (BLM) to track the behavior of LR-
MSC during fibrosis. In normal conditions, LR-MSC
(Scal™) does not express a-SMA and locates in the para-
bronchial or perivascular mesenchyme (Fig. 2A), while

(See figure on next page.)

Fig. 1 LR-MSC in IPF transformed to myofibroblast and suffered from ER stress. A HE and Masson’s staining of IPF lung show extensive fibroblastic
foci and accumulation of extracellular matrix. B Quantification of CD90-positive cells in the normal or fibrotic area of IPF lung in each field. C
Immunofluorescence of IPF and non-fibrotic (normal) lungs show the colocalization of LR-MSC marker CD90 and myofibroblast marker a-SMA.
Arrows indicate positive staining of a-SMA in LR-MSC. The right panel shows the comparison between the percentage of a-SMA-positive CDI0*
cells. D Immunofluorescence of IPF and non-fibrotic (normal) lungs shows CHOP expression in LR-MSC. The right panel shows the comparison

between the percentage of CHOP-positive CD90% cells
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in BLM lung, LR-MSC accumulates in the fibrotic area
and expresses a-SMA. We then evaluated the effect of ER
stress on LR-MSC in bleomycin-treated mice. The LR-
MSC was distributed in fibrotic areas and with a higher
level of CHOP (Fig. 2B). Thus, the clinical phenome-
non in IPF was reproduced in the mouse model by the
expression of a-SMA and CHOP in Scal-labeled mouse
LR-MSC.

Lung stem-like cells with the phenotype of
Scal*CD45-CD31~ were considered LR-MSC in mice
[21, 22]. However, we found that about 8% of these cells
were positive for EpCam, a surface marker for epithelial
lineage (Fig. 2C). Thus, we isolated LR-MSC with the
modified panel of Scal " EpCam~CD45-CD31~ by mag-
netic-activated cell sorting (MACS) to conduct ex vivo
experiments (Fig. 2C). When cultured in dishes, isolated
LR-MSC adhered to the surface with stellate morphol-
ogy like MSC from other origins (Fig. 2D). These cells
neither express hematopoietic marker CD45, CD34,
nor endothelial marker CD31, but they express CD90
and CD105 (Additional file 2: Figure E2A), consistent
with MSC characteristics. We also tested their multipo-
tent potential by inducing mesenchymal differentiation
in vitro, including adipocyte, osteocyte, and chondrocyte
(Additional file 2: Figure E2B). Thus, these extracted cells
met the criteria for LR-MSC.

Abnormalities in LR-MSC were identified in bleomy-
cin-treated mice (Fig. 2E). Firstly, the count of LR-MSC
reduced dramatically (about 2 x 10° per mouse) to half
of that in normal conditions (Fig. 2F). Then, LR-MSC
from model mice expresses a higher level of UPR-asso-
ciated proteins such as ATF6, Grp78, and CHOP than
the control group (Fig. 2G). As expected, myofibroblast
marker a-SMA and fibrogenesis marker Collagen I also
overexpressed. This phenomenon is consistent with that
of IPF patients. However, a cause-and-effect relation-
ship between ER stress and myofibroblast differentiation
remains unknown.

ER stress dampens the epithelium repair function

of LR-MSC

MSC from various origins could maintain alveolar epi-
thelial cells (AEC) homeostasis after injuries. Using the
Transwell system, we cocultured LR-MSC and mouse
type 2 AEC MLE-12 in the presence of bleomycin to
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simulate the injury niche (Fig. 3A). The cytotoxic effects
of canonical ER stress inducer tunicamycin are dose-
dependent (Additional file 3: Figure E3A). To exclude the
effect of apoptosis, a low concentration of tunicamycin
(100 ng/mL), which did not induce significant apoptosis
of LR-MSC (Additional file 3: Figure E3B), was applied
for ER stress induction. LR-MSC coculture alleviated ble-
omycin-induced MLE-12 apoptosis, while tunicamycin
preincubation of LR-MSC weakened its epithelium repair
function (Fig. 3B, C). In terms of mechanism, the trophic
factors in the medium, such as KGF and HGF, decreased
(Fig. 3D). However, the profibrotic factor TGFB1 did not
decrease. LR-MSC achieves its epithelium repair effect by
migrating to the site of injury. In the coculture condition,
we found that tunicamycin pretreatment impaired the
migratory ability of LR-MSC (Fig. 3E). The above results
suggest that ER stress can disrupt the nutritional and
repairing effects of LR-MSC on epithelial cells.

CHOP overexpression facilitates TGFf1-induced
myofibroblast differentiation of LR-MSC

To explore the relationship between ER stress and myofi-
broblast transformation of LR-MSC during lung fibrosis,
we introduced TGEFp1, a classic profibrotic growth factor,
and tunicamycin (TM) to induce myofibroblast transfor-
mation and ER stress of LR-MSC in vitro, respectively.
The TGFP1 induced a change in MSC morphology from
stellate to a more thin and elongated form that resembled
myofibroblasts (Fig. 4A). We found that TGEP1 stimula-
tion alone could not provoke significant ER stress, for the
expression of Grp78 and CHOP was not increased even
in the situation with a high concentration of TGFB1 (up
to 20 ng/mL) (Additional file 4: Figure E4A), indicating
that myofibroblast transformation was not the reason
for ER stress during pulmonary fibrosis. Tunicamycin
pretreatment stimulated CHOP expression but failed
to promote, even inhibit, subsequent TGFB1-induced
myofibroblast differentiation (Additional file 4: Figure
E4B, C).

CHOP is a transcriptive factor associated with stem
cell differentiation. To exclude the sophisticated impli-
cation between ER stress and multiple intracellular
processes, we evaluated the effect of CHOP in the pro-
cess of LR-MSC differentiation. CHOP overexpression
by Lenti-CHOP did not promote LR-MSC apoptosis

(See figure on next page.)

Fig. 2 LR-MSC in bleomycin-induced pulmonary fibrosis (BLM) mirrors the behavior of which in IPF. A Immunofluorescence of BLM and normal
lungs show the colocalization of mouse LR-MSC marker Scal and myofibroblast marker a-SMA. Arrows indicate positive staining of a-SMA in
LR-MSC. Arrowheads indicate the parabronchial distribution of LR-MSC during homeostasis. B Immunofluorescence of BLM and normal lungs show
the expression of CHOP in LR-MSC. C Gating strategy for analyzing the expression of EpCam in ScaltCD45-CD31~ cells by FACS. D Isolated LR-MSC
morphology was revealed by conventional light microscopy after 3 days of culture. E Schematic of the workflow used to isolate LR-MSC during
homeostasis (Saline) and fibrosis (Bleomycin) for subsequent experiments. F Counts of isolated LR-MSC in each normal or BLM C57BL/6 mouse. G
Western blot shows the expression of ER stress and fibrosis-associated proteins in isolated LR-MSC
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(Additional file 5: Figure E5A). Lenti-CHOP alone
could not increase the expression of a-SMA and Col-
lagen I in the absence of TGFB1 through Western blot
(Fig. 4B). However, at the presence of TGFp1 stimula-
tion, Lenti-CHOP strengthens its effects on myofibro-
blast transformation of LR-MSC as evidenced by the
increased Collagen I and a-SMA (Fig. 4B) and deposi-
tion of extracellular collagen fibers (Fig. 4D). We also
evaluated the effect of CHOP in basal level (physiologi-
cal condition without ER stress) by CHOP knockdown
of LR-MSC. Knockdown of CHOP was achieved by
shRNA specifically targeting CHOP mRNA (Additional

file 5: Figure E5B). We found that CHOP was dispen-
sable for LR-MSC transformation without ER stress
(Fig. 4C, D).

CHOP overexpression promotes myofibroblast
differentiation of LR-MSC by sensitizing TGF/SMAD
pathway, but not the Wnt/B-catenin signaling pathway

To elucidate the molecular mechanisms by which CHOP
promotes LR-MSC transformation, we separately exam-
ined the signaling pathways associated with LR-MSC dif-
ferentiation, including TGFB/SMAD and Wnt/f-catenin
signaling pathways.
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Fig. 4 CHOP overexpression facilitates the TGF31-induced myofibroblast differentiation of LR-MSC. A Isolated LR-MSC was cultured in 6-well
plates and incubated with 5 ng/mL TGF(1 for 48 h. The shape of TGFf1-treated LR-MSC changed and showed characters of myofibroblasts with
thin and elongated appearance under phase-contrast microscopy. B Western blots show the effects of CHOP overexpression by Lenti-CHOP
on TGFB1-induced myofibroblast differentiation. C Western blots show the effects of CHOP knockdown by Lenti-shCHOP on TGF@1-induced
myofibroblast differentiation. D Immunofluorescence of LR-MSC for the expression of Collagen | and a-SMA under Lenti-CHOP or Lenti-shCHOP
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qPCR analysis of key gene in the TGFB/SMAD path-
way shows increased transcription of Smad2/3 after
TGFP1 stimulation. Moreover, TGFBR1 upregulated
in Lenti-CHOP-treated LR-MSC compared to Lenti-
shCHOP-treated LR-MSC (Fig. 5A). The Smad2 and
Smad3 transcription also increased but no difference
after CHOP overexpression. Next, we found increased

Smad2/3/4 activation by transducing SMAD luciferase
reporter plasmid containing multiple SMAD-responsive
elements in Lenti-CHOP-treated LR-MSC (Fig. 5B). This
activation effect was verified by the increased phospho-
rated Smad3 using Western blot (Fig. 5C), which indi-
cates the effect of CHOP overexpression on activating
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Fig. 5 CHOP overexpression facilitates the TGFP1-induced myofibroblast differentiation of LR-MSC by influencing the TGF/SMAD signaling
pathway. A Heat map for the mRNA level of TGFB/SMAD signaling-associated genes by gPCR. Data are shown relative to untreated LR-MSC. B The
activation of TGF1/SMAD signaling was evaluated by the transfection LR-MSC with SMAD reporter plasmid using luciferase assay. C The level of
Smad2/3 or phosphorylated Smad2/3 was evaluated by Western blot. D Co-IP analysis for the binding of C/EBP@ with CBP and CHOP, and binding
of CBP with Smad2/3. E The schematic diagram illustrates the molecular mechanism by which CHOP promotes the transcriptional activity of
the SMAD complex by affecting the competitive binding of C/EBP( and Smads to CBP. F The effects of CHOP interference on the Wnt/3-catenin
signaling pathway were evaluated by Western blot

the TGFB/SMAD pathway by increasing phosphorylated
Smad3.

CHOP is an inhibitor of the transcription factor C/EBP
family. CREBBP (CBP) acts as a co-factor assumed with
the SMAD complex for downstream transcription and
cooperates with C/EBPB [23]. There is no alteration in
CBP level after intervening CHOP, whereas in the Lenti-
CHOP-treated LR-MSC, the binding of CHOP and C/
EBPp increased (Fig. 5D). On the contrary, the binding
of CBP and Smad2/3 increased, thus promoting SMAD
signaling pathway activation at the transcription level.
So, C/EBPPB and Smad complex compete for CBP, while
CHOP overexpression breaks the balance and favors CBP

binding to Smad complex. In summary, overexpression
of CHOP in LR-MSC strengthens TGFB/SMAD pathway
either by promoting Smads phosphorylation or by the co-
factor binding (Fig. 5E).

Wnt/B-catenin signaling pathway was also involved
in stem cell differentiation, including LR-MSC. TGFp1
induced Wntl0a upregulation. However, the alteration
in CHOP level does not influence the level of Wntl0a
expression or [-catenin nuclear translocation, which is a
hallmark of Wnt/B-catenin signaling pathway activation
(Fig. 5F).



Yang et al. Stem Cell Research & Therapy (2022) 13:279

CHOP knockdown improves therapeutic efficacy of LR-MSC
on bleomycin-induced pulmonary fibrosis by inhibiting
myofibroblast differentiation

MSC has been evaluated in preliminary trials to treat
pulmonary fibrosis, but the efficacy is not defined.
To track the LR-MSC in the condition of pulmo-
nary fibrosis, we established GFP-labeled LR-MSC
for intratracheal instillation (i.t.) to BLM mice along
with bleomycin administration (Fig. 6A). Although
the number gradually decreases with time, instilled
LR-MSC survived and resident in lung until 21 days
post-bleomycin administration (Additional file 6: Fig-
ure E6A). LR-MSC-shCHOP improved the survival
rate of BLM in 21 days (Fig. 6B). However, after receiv-
ing exogenous LR-MSC, pulmonary fibrosis did not
show significant alleviation (Fig. 6C, D), besides less
collagen content (Fig. 6E). Strikingly, compared to
LR-MSC-GFP, the installation of LR-MSC-shCHOP
alleviates pulmonary fibrosis reflected by fibrosis score
of HE staining (Fig. 6D) and fibrotic area of Masson’s
staining (Fig. 6E). LR-MSC-shCHOP also inhibits the
ECM production compared to LR-MSC-GFPD, reflected
by the mRNA level of a-SMA (Acta2), Fibronectin
(Fnl), and Collagen I (Collal) in the lung (Fig. 6F), as
well as hydroxyproline content (Fig. 6G).

Next, we tracked the behavior of transplanted LR-
MSC. Lenti-shCHOP facilitates LR-MSC survival after
21 days of bleomycin administration (Fig. 6H). The
instilled LR-MSC was grafted and redistributed in the
lung parenchyma, including perivascular (Additional
file 6: Figure E6B), parabronchial (Additional file 6:
Figure E6C), and alveolar interstitium (Fig. 6]). These
exogenous LR-MSC show aggregated properties, sug-
gesting in situ proliferation (Additional file 6: Figure
E6D). We also examined the mRNA level of Acta2
and Collal in sorted GFPT LR-MSC. Results showed
a lower Acta2, Fnl, and Collal in LR-MSC-shCHOP
than LR-MSC-GEFP in BLM mice (Fig. 6I), which sug-
gested less myofibroblast differentiation. Immuno-
fluorescence of lung tissue also showed extensive
colocalization of GFP with Grp78, a-SMA, and Colla-
gen I (Fig. 6]), indicating that these supplied exogenous
LR-MSC suffered from ER stress and transformed to
myofibroblast, which is the likely cause of the failure of
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treatment for pulmonary fibrosis. While in LR-MSC-
shCHOP treated BLM mouse, the LR-MSC-shCHOP
also suffered from ER stress with no difference in the
level for Grp78 (Fig. 6K), the a-SMA-positive LR-MSC
decreased compared to LR-MSC-GFP (Fig. 6L).

Discussion
Our work demonstrated that LR-MSC transformed to
myofibroblasts and was involved in IPF pathogenesis.
Meanwhile, this transition was accompanied by ER stress,
which impaired the normal epithelium repair function of
LR-MSC. Importantly, we found that the ER stress down-
stream transcription factor CHOP modifies LR-MSC
transformation (Fig. 7). Overexpression of CHOP facili-
tates the TGFP1-induced myofibroblasts differentiation
of LR-MSC in vitro. On the contrary, downregulation
of CHOP protects mice from BLM-induced pulmonary
fibrosis by preventing LR-MSC transformation in vivo.
Despite various pathogenic factors, pulmonary fibro-
sis is a common outcome resulting from an abnormal
repair process characterized by excessive proliferation
and activation of mesenchymal cells following epithelial
or endothelial cell injury. Inhibition of stromal hyperpla-
sia is one of the strategies for treating pulmonary fibrosis.
Although this inhibition could not rescue or regener-
ate the lost epithelial cells, neglect of it will lead to the
remodeling of normal lung tissue and irreversible lung
destruction. The mechanisms underlying the activation
and proliferation of mesenchymal cells are not yet fully
understood, thus limiting the development of anti-fibro-
sis medicine and therapies, and thus pulmonary fibrotic
diseases, such as IPF, remain irreversible and incurable.
Myofibroblasts are populations that combine ECM
production with contractile properties similar to those of
myocytes, and it was considered the most active cell type
that participates in pulmonary fibrosis. The conventional
view about the source of myofibroblasts during pulmo-
nary fibrosis is primarily fibroblasts colonized in the
lung, and subsequent studies have found that pericyte-
derived myofibroblasts outnumber those of fibroblast
[24]. In the recent decade, MSC was found to colonize
in the stromal of various postnatal organs, including the
lung (LR-MSC), and also acts as precursor cells to pro-
vide fibroblasts or myofibroblast during fibrosis, thus

(See figure on next page.)

filed

Fig.6 CHOP knockdown inhibits the myofibroblast differentiation of LR-MSC in vivo and moderates bleomycin-induced pulmonary fibrosis. A
Schematic of the workflow used to treat mice. B Kaplan—Meier survival plot for mice treated with bleomycin (n=6 per group). C Representative
image for HE and Masson’s staining for saline, bleomycin, and LR-MSC treated mice after 21 days. D Ashcroft's score (fibrosis) and E collagen volume
fraction in different groups were shown. F mRNA level for fibrosis-associated genes was quantified by gPCR. G Hydroxyproline contents in lung
tissue were quantified by ELISA. H Fluorescence intensity for LR-MSC-expressed GFP in different groups was tested by IVIS lumina II.  The mRNA
level for fibrosis-associated genes in sorted GFP* LR-MSC were tested by gPCR. J Immunofluorescence for the consecutive slides of LR-MSC and
LR-MSC-shCHOP-treated BLM mouse lung showed the expression of Grp78, a-SMA, and Collagen | in GFP-positive LR-MSC. Arrows and arrowheads
in different panels indicate the same LR-MSC, respectively. K Comparison for the counts of a-SMA-positive and L Grp78-positive LR-MSC in each
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Fig. 7 Schematic illustration of the mechanism by which ER stress is involved in pulmonary fibrosis by modulating myofibroblast differentiation of
LR-MSC. On the one hand, ER stress during pulmonary fibrosis dampens the alveolar repair function of LR-MSC; on the other hand, it facilitates the
activation of the TGF3/SMAD signaling pathway and promotes the myofibroblast differentiation of LR-MSC to produce more ECM.

attracting people’s attention [25, 26]. Consistent with
these findings, in our work, we found LR-MSC-derived
myofibroblasts aggregated in fibroblastic foci with typical
morphological presentation both in IPF patients (Fig. 1B)
and in BLM model (Fig. 2A). The aggregated distribution
characteristic suggests that LR-MSC undergoes prolifera-
tion. Previous studies demonstrated that LR-MSC colo-
nized perivascularly [20, 26—28]. Our results showed that
in IPF lung, besides fibroblastic foci, the CD90" stromal
cells aggregated in perivascular areas (Fig. 1C) and, in
the BLM model, distribute peribronchiolar (Fig. 2A). It is
conceivable that LR-MSC migrates to the injured alveo-
lar cells and proliferates, differentiates during pulmo-
nary fibrosis, for LR-MSCs are sparse and dispersed in
the physiological state and thus difficult to observe in the
alveolar septum.

To further study the biological behavior and under-
mined mechanisms for this pathogenic transition of LR-
MSC, reliable primary cell identification and isolation
methods are necessary for in vitro culture. Methods to
isolate human LR-MSC mainly include cloned expansion
of BALF-derived or lung tissue outgrowth cells adherent
to plastic dishes [29]. For murine LR-MSC isolation, the
cellular fraction of Scal*CD45 CD31~ from lung digest
was a widely accepted panel [22, 30-32]. However, as a
pan-stem cell surface marker, Scal could not distinguish

progenitor cells for different lineage. For example, the
recently identified bronchioalveolar stem cells (BASC)
have the same phenotype for Scal™CD45 CD31~ but
can only regenerate descendants of epithelial lineages,
such as club cells, ciliated cells, and alveolar epithelial
cells [33, 34]. We found that approximately 8% of the
ScaltCD45-CD31~ cell population expressed epithelial
markers EpCam (Fig. 2C), consisting of the phenotype
of epithelial stem cells including BASC. The heterogene-
ity in components of isolated LR-MSC may explain the
ex vivo alveolar epithelial cells differentiation of LR-MSC
in some studies [21, 35, 36].

In situ immunofluorescence or ex vivo Western blot for
isolated primary LR-MSC confirmed the transformation
and ER stress of LR-MSC mirrored to IPF in bleomycin-
induced mice pulmonary fibrosis. In BLM mice, we also
noticed a decrease in the number of LR-MSC, consistent
with the finding by Jun et al. [37], but the explanation for
this is uncertain. One possible cause is apoptosis of LR-
MSC, as we also detected an upregulation of the apopto-
genic transcription factor CHOP. Another reason could
be the loss of Scal expression during the transformation
in MSCs, resulting in a reduction in the number of MSCs
we isolate by immunophenotyping.

To reveal the effect of ER stress on the repair func-
tion of LR-MSC, we cocultured tunicamycin-induced
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LR-MSC with alveolar epithelial cells. Our results suggest
that ER stress can disrupt the repair function of LR-MSC
in three aspects: growth factor secretion, epithelial cell
resistance to apoptosis, and migration capacity (Fig. 3).
Multiple external factors can cause LR-MSC to suffer
from endoplasmic reticulum stress and cause impaired
LR-MSC repair capacity. For example, factors that lead
to ER stress like smoking [38], agricultural organic dust
[39], and hyperoxia [40] can cause abnormal LR-MSC
repair in humans.

In addition to losing its repair function, LR-MSC can
transform into myofibroblasts, a potent profibrotic cell
type. To investigate whether ER stress affects this trans-
formation process, we conducted experiments in vitro
using primary LR-MSC. Research, as well as our work,
demonstrated that TGFP1 could stimulate LR-MSC to
undergo phenotype conversion to myofibroblast [41];
therefore, we used TGEf1 to build a model of the myofi-
broblast transformation of LR-MSC (Fig. 4A). Although
ER stress and transformation of LR-MSC exist simul-
taneously, it is necessary to clarify whether there is a
causal relationship between the two processes. Induc-
tion of transformation by TGFf1 did not increase Grp78
and CHOP expression (Additional file 4: Figure E4A).
Therefore, the process of transformation does not induce
ER stress. On the contrary, the addition of tunicamycin
did not show increased myofibroblast differentiation
reflected by the expression of a-SMA and Collagen I
(Additional file 4: Figure E4B, C). Given the critical role
of CHOP in multiple biological processes, we modulated
the expression of CHOP (by overexpression or knock-
down with shRNA) instead of the administration of tuni-
camycin, which seems to incite various biological effects
other than the upregulation of CHOP. Although upreg-
ulation of CHOP during unrelieved ER stress promotes
apoptosis, overexpression of CHOP alone does not cause
significant apoptosis (Additional file 5: Figure E5A),
which was inconsistent in alveolar epithelial cells [42].
We found that the overexpression of CHOP facilitates the
TGFB1-induced myofibroblast differentiation (Fig. 4B,
D). Knockdown of CHOP does not influence transforma-
tion (Fig. 4C, D) because CHOP keeps at a low level with-
out ER stress.

We further sought to elucidate the molecular mech-
anisms by which CHOP promotes transformation.
Firstly, we examined the changes in the expression of
TGEB/SMAD signaling pathway-related components
after interfering with CHOP expression by qPCR. We
found that the components that changed significantly
after the intervention was mainly Smad2 and Smad3
and elevated TGFPR2 after overexpression of CHOP
(Fig. 5A). Conditional knockout of TGFBR2 in lung
fibroblasts has shown to attenuate BLM pulmonary
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fibrosis [43]. In terms of activity, overexpression of
CHOP activated the SMAD signaling pathway as well as
elevated phosphorylation of Smad3 (Fig. 5B, C). CHOP
is a member of the CCAAT/enhancer-binding protein
(C/EBP) family of transcript factors and can inhibit the
function of C/EBPJ by forming a heterodimer with C/
EBPP. Evidence demonstrated that the transcriptive
activity of both C/EBPP and Smad2/3/4 was modulated
by transcriptional coactivator CREB-binding protein
(CBP) [23]. Our study found that in the condition of
CHOP overexpression, the overall level of CBP was not
influenced, and the binding between CBP and C/EBPf
decreased, while CBP and Smad2/3 increased, thus
activating the SMAD signaling pathway. Therefore, we
speculate that C/EBPJ and Smad2/3 would compete to
bind CBP. Overexpression of CHOP would predispose
CBP to bind Smads by inhibiting C/EBPp (Fig. 5E). In
addition, the Wnt/p-catenin signaling pathway involved
in the myofibroblast differentiation [41, 44, 45], and the
ligand Wnt10a were most upregulated prominently and
activated Wnt/p-catenin signaling pathway in an auto/
paracrine manner. Our study did not detect changes
in Wnt/B-catenin signaling after CHOP interfering
(Fig. 5F), indicating that ER stress or CHOP overex-
pression influenced the fate of LR-MSC independent of
Wnt/B-catenin signaling.

As the preliminary use of MSC in IPF treatment, LR-
MSC also attracted people’s attention to pulmonary
fibrosis treatment [46]. Here, we applied the LR-MSC
to bleomycin-treated mice to test whether exogenous
LR-MSC alleviates pulmonary fibrosis. The trans-
planted LR-MSC grafted and resided in the lung but
did not alleviate the pulmonary fibrosis; as similar to
endogenous LR-MSC, they transformed to myofibro-
blast. However, when CHOP in exogenous LR-MSC
was knocked down, the grafted LR-MSC increased,
transformation reduced, and pulmonary fibrosis was
alleviated. However, we could not exclude the influ-
ence on the immunomodulatory effect of LR-MSC.
Previous studies have shown that LR-MSC suppressed
T cells activity via PGE, [47], regulated the balance of
Th17 and Treg cells [48], and regulated the cytokines
production [22]. Given that LR-MSC substantially
reduced during bleomycin-induced pulmonary fibrosis
[37], there is no doubt that the cellular component of
immunosuppression is reduced in the lungs. Since we
transplanted LR-MSC in parallel with BLM perfusion,
LR-MSC must be involved in the inflammatory damage
phase of fibrosis.

Clinically, IPF is more common in older men. In this
study, we used male mice to establish a pulmonary
fibrosis model, representing the clinical characteristics
of most patients with IPF. However, women are also
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affected in some other causes of pulmonary fibrosis,
such as lung involvement caused by certain connective
tissue diseases. It would be interesting if the effect of
gender on LR-MSC could be clarified by extending this
study to a comparative study of LR-MSC between male
and female mice.

Conclusion

In conclusion, our and previous works have shown that
LR-MSC is involved in pulmonary fibrosis. Abnormalities
in LR-MSC function due to multiple factors that dimin-
ish the epithelial repair effect of MSC, such as smoking
[38] and agricultural organic dust [39], might involve in
the pulmonary fibrosis process through enhanced profi-
brotic effects of LR-MSC. In future drug development,
therapies that target and modify LR-MSC function,
such as monoclonal antibody-guided vector for siRNA
[49], may be the strategy for treating pulmonary fibro-
sis by knockdown CHOP of LR-MSC. Exogenous gene-
edited LR-MSC transplanted as an alternative strategy by
enhancing the beneficial therapeutic effects of MSC and
removing the detrimental ones, such as the expression of
CHOP in our study.
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Additional file 1: Figure E1. IPF lung shows a higher level of ECM pro-
duction and UPR. Western blot shows the expression of ECM production-
associated protein (Collagen | and a-SMA), and UPR-associated protein
including (ATF6, IRE1, PERK, Grp78, and CHOP) in non-fibrotic (normal)
lung samples (n=6) and IPF lung samples (n=6). Relative quantifica-

tion of protein expression was shown in histogram (right panel) with
mean = SEM. # represent significant difference on mean by t test (p <0.05).

Additional file 2: Figure E2. Identification of the MSC characteristics of
LR-MSC. (A) Expression of surface markers for MSC, including CD90 and
CD105, and absence of hematopoietic marker CD45, CD34, and endothe-
lial marker CD31 of LR-MSC was evaluated by FACS. A gray area represents
isotype control. (B) Represented images for the adipogenic, osteogenic,
and chondrogenic differentiation of LR-MSC by oil red O, alizarin red, and
alcian blue staining.

Additional file 3: Figure E3. Cytotoxic effect of tunicamycin is dose-
dependent. (A) Treatment LR-MSC with tunicamycin show dose-depend-
ent cytotoxicity when concentration is over 500 ng/mL by MTT assay. (B)
LR-MSC treated with 100 ng/mL of tunicamycin did not show significant
apoptosis.

Additional file 4: Figure E4. Tunicamycin-induced ER stress failed to
facilitate the TGFB1-induced myofibroblast differentiation. (A) Western
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blot demonstrated that TGFR1 treatment did not lead to UPR, as the
chaperone Grp78 and CHOP did not upregulate compared to the positive
control (TM). (B) Western blot shows the addition of tunicamycin failed

to promote the expression of Collagen I and a-SMA. (C) Immunofluores-
cence of LR-MSC shows the addition of tunicamycin failed even inhibited
the expression of a-SMA.

Additional file 5: Figure E5. The effects of overexpression or knockdown
of CHOP in LR-MSC. (A) Overexpression of CHOP did not induce apoptosis
of LR-MSC. (B) Western blot shows the efficiency of knockdown of CHOP
by transfection LR-MSC with lentivirus-loaded nonspecific (NC) or CHOP
ShRNA.

Additional file 6: Figure E6. Transplanted LR-MSC i.t. survived and prolif-
erated in the mouse lung. (A) The detection of fluorescence of GFP indi-
cated the graft of LR-MSC in mouse lung. Furthermore, LR-MSC decreased
along with time within 21 days after installation. (B) and (C) demonstrated
the transplanted LR-MSC located in perivascular or parabronchial areas

in the lung, respectively. The area framed by the dotted line is the blood
vessel in the high magnification image and bronchus in (C). V, vessel. B,
bronchus. (D) The MSCs clustered together, a feature that suggested that
they proliferated in situ.

Additional file 7: Table E1. Characteristics of donors for lung tissue
samples.

Additional file 8: Table E2. Mouse primer sequences for gPCR.

Acknowledgements

The authors thank Shu Xia and Qun Luo from State Key Laboratory of Respira-
tory Disease, National Clinical Center for Respiratory Disease, Guangzhou
Institute of Respiratory Health, The First Affiliated Hospital of Guangzhou
Medical University, Guangzhou, Guangdong, Ching, for their generous share of
IPF lung tissue samples.

Author contributions

X.Y,W.S, and Z X developed the study concepts and design; X.Y, W.S, and X.J
performed the experiments; X.Y and Q.Z analyzed and interpreted the data.
X.Y wrote the manuscript. H.H and Z.X revised the manuscript. All authors read
and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation

of China (No. 82070067) and National Key R&D Program of China (No.
2016YFC0905700). However, the funders had no role in study design, data col-
lection and analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials
Original data can be requested from the corresponding author.

Declarations

Ethics approval and consent to participate
The animal experiments were approved by Ethics Committee of Peking Union
Medical College Hospital (JS-1127).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Respiratory and Critical Care Medicine, Peking Union Medical
College Hospital, Chinese Academy of Medical Sciences and Peking Union
Medical College, No. 1 Shuai Fu Yuan Street, Dong Cheng District, Bei-

jing 100730, People’s Republic of China. ?Department of Respiratory and Criti-
cal Care Medicine, Sichuan Provincial People’s Hospital of Sichuan Academy
of Medical Sciences, Chengdu, People’s Republic of China.


https://doi.org/10.1186/s13287-022-02966-1
https://doi.org/10.1186/s13287-022-02966-1

Yang et al. Stem Cell Research & Therapy

(2022) 13:279

Received: 26 March 2022 Accepted: 19 June 2022
Published online: 28 June 2022

References

1.

20.

Rock JR, Barkauskas CE, Cronce MJ, Xue Y, Harris JR, Liang J, et al. Multiple
stromal populations contribute to pulmonary fibrosis without evidence
for epithelial to mesenchymal transition. Proc Natl Acad Sci USA.
2011;108(52):E1475-83.

Lemos DR, Duffield JS. Tissue-resident mesenchymal stromal cells:
Implications for tissue-specific antifibrotic therapies. Sci Transl Med.
2018;10(426).eaan5174.

Sveiven SN, Nordgren TM. Lung-resident mesenchymal stromal cells are
tissue-specific regulators of lung homeostasis. Am J Physiol Lung Cell Mol
Physiol. 2020;319(2):L197-210.

Foronjy RF, Majka SM. The potential for resident lung mesenchymal stem
cells to promote functional tissue regeneration: understanding microen-
vironmental cues. Cells. 2012;1(4):874.

Cappetta D, De Angelis A, Spaziano G, Tartaglione G, Piegari E, Esposito G,
et al. Lung mesenchymal stem cells ameliorate elastase-induced damage
in an animal model of emphysema. Stem Cells Int. 2018;2018:9492038.
Zulueta A, Colombo M, PeliV, Falleni M, Tosi D, Ricciardi M, et al. Lung
mesenchymal stem cells-derived extracellular vesicles attenuate

the inflammatory profile of Cystic Fibrosis epithelial cells. Cell Signal.
2018;51:110-8.

Badri L, Walker NM, Ohtsuka T, Wang Z, Delmar M, Flint A, et al. Epithelial
interactions and local engraftment of lung-resident mesenchymal stem
cells. Am J Respir Cell Mol Biol. 2011;45(4):809-16.

Oakes SA, Papa FR. The role of endoplasmic reticulum stress in human
pathology. Annu Rev Pathol. 2015;10:173-94.

Korfei M, Ruppert C, Mahavadi P, Henneke |, Markart P, Koch M, et al. Epi-
thelial endoplasmic reticulum stress and apoptosis in sporadic idiopathic
pulmonary fibrosis. Am J Respir Crit Care Med. 2008;178(8):838-46.
Lawson WE, Crossno PF, Polosukhin VV, Roldan J, Cheng DS, Lane KB, et al.
Endoplasmic reticulum stress in alveolar epithelial cells is prominent in
IPF: association with altered surfactant protein processing and herpesvi-
rus infection. Am J Physiol Lung Cell Mol Physiol. 2008;294(6):L1119-26.

. Tanjore H, Blackwell TS, Lawson WE. Emerging evidence for endoplasmic

reticulum stress in the pathogenesis of idiopathic pulmonary fibrosis. Am
JPhysiol Lung Cell Mol Physiol. 2012;302(8):.L721-9.

Borok Z, Horie M, Flodby P, Wang H, Liu Y, Ganesh S, et al. Grp78 loss

in epithelial progenitors reveals an age-linked role for endoplasmic
reticulum stress in pulmonary fibrosis. Am J Respir Crit Care Med.
2020,201(2):198-211.

Yao Y, Wang Y, Zhang Z, He L, Zhu J, Zhang M, et al. Chop deficiency pro-
tects mice against bleomycin-induced pulmonary fibrosis by attenuating
M2 macrophage production. Mol Ther. 2016;24(5):915-25.

Ghavami S, Yeganeh B, Zeki AA, Shojaei S, Kenyon NJ, Ott S, et al.
Autophagy and the unfolded protein response promote profibrotic
effects of TGF-betal in human lung fibroblasts. Am J Physiol Lung Cell
Mol Physiol. 2018;314(3):L.493-504.

Endo M, Mori M, Akira S, Gotoh T. C/EBP homologous protein (CHOP) is
crucial for the induction of caspase-11 and the pathogenesis of lipopoly-
saccharide-induced inflammation. J Immunol. 2006;176(10):6245-53.
Tang QQ, Lane MD. Role of C/EBP homologous protein (CHOP-10) in the
programmed activation of CCAAT/enhancer-binding protein-beta during
adipogenesis. Proc Natl Acad Sci USA. 2000;97(23):12446-50.

Pereira RC, Delany AM, Canalis E. CCAAT/enhancer binding protein
homologous protein (DDIT3) induces osteoblastic cell differentiation.
Endocrinology. 2004;145(4):1952-60.

Wu'Y, Sun H, Song F, Fu D, Wang J. DDIT3 overexpression increases
odontoblastic potential of human dental pulp cells. Cell Prolif.
2014,47(3):249-57.

Raghu G, Remy-Jardin M, Myers JL, Richeldi L, Ryerson CJ, Lederer

DJ, et al. Diagnosis of idiopathic pulmonary fibrosis. An official ATS/
ERS/JRS/ALAT clinical practice guideline. Am J Respir Crit Care Med.
2018;198(5):e44—e68.

Rolandsson S, Andersson Sjoland A, Brune JC, Li H, Kassem M, Mertens F,
et al. Primary mesenchymal stem cells in human transplanted lungs are

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

Page 17 of 18

CD90/CD105 perivascularly located tissue-resident cells. BMJ Open Respir
Res. 2014;1(1): e000027.

Shi G, LvT, Xiang Z, Sun Z, Qian W, Han X. Role of Wnt/beta-catenin
signaling in epithelial differentiation of lung resident mesenchymal stem
cells. J Cell Biochem. 2015;116(8):1532-9.

ChengT, Feng Y, Chen X, Zhou J, Song Y. Lung-resident mesenchymal
stem cells reqgulated the inflammatory responses in innate and adaptive
immune cells through HVEM-BTLA pathway during ARDS. Exp Cell Res.
2020;395(1): 112155.

Imamura T, Imamura C, lwamoto Y, Sandell LJ. Transcriptional Co-
activators CREB-binding protein/p300 increase chondrocyte Cd-rap
gene expression by multiple mechanisms including sequestration

of the repressor CCAAT/enhancer-binding protein. J Biol Chem.
2005;280(17):16625-34.

Hung C, Linn G, Chow YH, Kobayashi A, Mittelsteadt K, Altemeier WA,

et al. Role of lung pericytes and resident fibroblasts in the pathogenesis
of pulmonary fibrosis. Am J Respir Crit Care Med. 2013;188(7):820-30.
Lama VN, Smith L, Badri L, Flint A, Andrei A-C, Murray S, et al. Evidence for
tissue-resident mesenchymal stem cells in human adult lung from stud-
ies of transplanted allografts. J Clin Investig. 2007;117(4):.989-96.
Kramann R, Schneider RK, DiRocco DP, Machado F, Fleig S, Bondzie PA,

et al. Perivascular GliT+4 progenitors are key contributors to injury-
induced organ fibrosis. Cell Stem Cell. 2015;16(1):51-66.

Gaskill CF, Carrier EJ, Kropski JA, Bloodworth NC, Menon S, Foronjy RF,

et al. Disruption of lineage specification in adult pulmonary mesenchy-
mal progenitor cells promotes microvascular dysfunction. J Clin Investig.
2017;127(6):2262-76.

Steens J, Klar L, Hansel C, Slama A, Hager T, Jendrossek V, et al. The vas-
cular nature of lung-resident mesenchymal stem cells. Stem Cells Trans!
Med. 2020;10(1):128-43.

Sinclair KA, Yerkovich ST, Chen T, McQualter JL, Hopkins PM, Wells CA,

et al. Mesenchymal stromal cells are readily recoverable from lung tissue,
but not the alveolar space. Healthy Hum Stem Cells. 2016;34(10):2548-58.
Hou J, MaT, Cao H, Chen Y, Wang C, Chen X, et al. TNF-alpha-induced
NF-kappaB activation promotes myofibroblast differentiation of LR-MSCs
and exacerbates bleomycin-induced pulmonary fibrosis. J Cell Physiol.
2018;233(3):2409-19.

Gadepalli VS, Vaughan C, Rao RR. Isolation and characterization of murine
multipotent lung stem cells. Methods Mol Biol. 2013;962:183-91.
McQualter JL, Brouard N, Williams B, Baird BN, Sims-Lucas S, Yuen K,

et al. Endogenous fibroblastic progenitor cells in the adult mouse

lung are highly enriched in the sca-1 positive cell fraction. Stem Cells.
2009;27(3):623-33.

Liu Q, Liu K, Cui G, Huang X, Yao S, Guo W, et al. Lung regeneration by
multipotent stem cells residing at the bronchioalveolar-duct junction.
Nat Genet. 2019;51(4):728-38.

Kim CF, Jackson EL, Woolfenden AE, Lawrence S, Babar |, Vogel S, et al.
Identification of bronchioalveolar stem cells in normal lung and lung
cancer. Cell. 2005;121(6):823-35.

Ricciardi M, Malpeli G, Bifari F, Bassi G, Pacelli L, Nwabo Kamdje AH, et al.
Comparison of epithelial differentiation and immune regulatory proper-
ties of mesenchymal stromal cells derived from human lung and bone
marrow. PLoS ONE. 2012;7(5): e35639.

Gong X, Sun Z, Cui D, Xu X, Zhu H, Wang L, et al. Isolation and characteri-
zation of lung resident mesenchymal stem cells capable of differentiating
into alveolar epithelial type Il cells. Cell Biol Int. 2014;38(4):405-11.

Jun D, Garat C, West J, Thorn N, Chow K, Cleaver T, et al. The pathology

of bleomycin-induced fibrosis is associated with loss of resident lung
mesenchymal stem cells that regulate effector T-cell proliferation. Stem
Cells. 2011;29(4):725-35.

CruzT, Lopez-Giraldo A, Noell G, Guirao A, Casas-Recasens S, Garcia T,

et al. Smoking impairs the immunomodulatory capacity of lung-resident
mesenchymal stem cells in chronic obstructive pulmonary disease. Am J
Respir Cell Mol Biol. 2019;61(5):575-83.

Nordgren TM, Bailey KL, Heires AJ, Katafiasz D, Romberger DJ. Effects of
agricultural organic dusts on human lung-resident mesenchymal stem
(stromal) cell function. Toxicol Sci. 2018;162(2):635-44.

Mobius MA, Freund D, Vadivel A, Koss S, McConaghy S, Ohls RK, et al. Oxy-
gen disrupts human fetal lung mesenchymal cells. Implications for bron-
chopulmonary dysplasia. Am J Respir Cell Mol Biol. 2019;60(5):592-600.



Yang et al. Stem Cell Research & Therapy

41.

42.

43.

44,

45.

46.

47.

48.

49.

(2022) 13:279

Chen X, Shi C, Cao H, Chen L, Hou J, Xiang Z, et al. The hedgehog and
Wnt/beta-catenin system machinery mediate myofibroblast differentia-
tion of LR-MSCs in pulmonary fibrogenesis. Cell Death Dis. 2018;9(6):639.
Klymenko O, Huehn M, Wilhelm J, Wasnick R, Shalashova |, Ruppert C,

et al. Regulation and role of the ER stress transcription factor CHOP in
alveolar epithelial type-II cells. ] Mol Med (Berl). 2019;97(7):973-90.
Hoyles RK, Derrett-Smith EC, Khan K, Shiwen X, Howat SL, Wells AU,

et al. An essential role for resident fibroblasts in experimental lung
fibrosis is defined by lineage-specific deletion of high-affinity type I
transforming growth factor beta receptor. Am J Respir Crit Care Med.
2011;183(2):249-61.

Cao H,Wang C, Chen X, Hou J, Xiang Z, Shen Y, et al. Inhibition of Wnt/
beta-catenin signaling suppresses myofibroblast differentiation of

lung resident mesenchymal stem cells and pulmonary fibrosis. Sci Rep.
2018;8(1):13644.

Cao H, Chen X, Hou J, Wang C, Xiang Z, Shen Y, et al. The Shh/Gli signaling
cascade regulates myofibroblastic activation of lung-resident mesen-
chymal stem cells via the modulation of Wnt10a expression during
pulmonary fibrogenesis. Lab Invest. 2020;100(3):363-77.

Klein D. Lung multipotent stem cells of mesenchymal nature: cellular
basis, clinical relevance, and implications for stem cell therapy. Antioxid
Redox Signal. 2021;35(3):204-16.

Jarvinen L, Badri L, Wettlaufer S, Ohtsuka T, Standiford TJ, Toews GB,

et al. Lung resident mesenchymal stem cells isolated from human lung
allografts inhibit T cell proliferation via a soluble mediator. J Immunol.
2008;181(6):4389-96.

Wang L, Shi M, Tong L, Wang J, Ji S, Bi J, et al. Lung-resident mesenchy-
mal stem cells promote repair of LPS-induced acute lung injury via
regulating the balance of regulatory T cells and Th17 cells. Inflammation.
2019;42(1):199-210.

JiQ Hou J,Yong X, Gong G, Muddassir M, Tang T, et al. Targeted dual
small interfering ribonucleic acid delivery via non-viral polymeric vectors
for pulmonary fibrosis therapy. Adv Mater. 2021;33(12): 2007798.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Endoplasmic reticulum stress modulates the fate of lung resident mesenchymal stem cell to myofibroblast via CEBP homologous protein during pulmonary fibrosis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Collection of human lung tissue
	Animal care and a mouse model of pulmonary fibrosis
	Isolation of mouse LR-MSC
	Cell culture and treatment
	Immunofluorescence staining
	Immunofluorescence image quantification
	Fluorescence-activated cell sorting (FACS)
	Induction of LR-MSC for multilineage differentiation
	Western blot
	Primary antibodies for western blot
	Analysis of western blot
	MTT assay
	Apoptosis detection
	Enzyme-linked immunosorbent assay
	Transwell migration assay
	Cell transfection
	Immunoprecipitation
	Treatment of mice with LR-MSC
	Hydroxyproline assay
	Histology staining
	LR-MSC tracing in the lung
	qPCR
	Statistical analysis

	Results
	LR-MSC in IPF patients undergo myofibroblast differentiation and ER stress-associated UPR
	LR-MSC suffers from ER stress and myofibroblast differentiation during bleomycin-induced mouse lung fibrosis
	ER stress dampens the epithelium repair function of LR-MSC
	CHOP overexpression facilitates TGFβ1-induced myofibroblast differentiation of LR-MSC
	CHOP overexpression promotes myofibroblast differentiation of LR-MSC by sensitizing TGFβSMAD pathway, but not the Wntβ-catenin signaling pathway
	CHOP knockdown improves therapeutic efficacy of LR-MSC on bleomycin-induced pulmonary fibrosis by inhibiting myofibroblast differentiation

	Discussion
	Conclusion
	Acknowledgements
	References


