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Ovalbumin-Induced Chronic Airway Remodeling
by Suppressing M2 Macrophage Polarization
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Abstract—Chronic asthma is characterized by airway hyperresponsiveness, inflammation,
and remodeling. Previous studies have shown that mesenchymal stromal/stem cells (MSCs)
exert anti-inflammatory effects on asthma via regulation of the immune cells. However,
the therapeutic mechanism of MSCs, especially the mechanism of airway remodeling in
chronic asthma, remains to be elucidated. Here, we aimed to investigate the therapeutic
effect of MSCs on airway remodeling in chronic asthma and explored the mechanisms
by analyzing the polarization phenotype of macrophages in the lungs. We established a
mouse model of chronic asthma induced by ovalbumin (OVA) and evaluated the effect of
MSCs on airway remodeling. The data showed that MSCs treatment before the challenge
exerted protective effects on OVA-induced chronic asthma, i.e., decreased the inflamma-
tory cell infiltration, Th2 cytokine levels, subepithelial extracellular matrix deposition, and
transforming growth factor p (TGF-p)/Smad signaling. Additionally, we found that MSCs
treatment markedly suppressed macrophage M2 polarization in lung tissue. At the same
time, MSCs treatment inhibited NF-kB p65 nuclear translocation, ER stress, and oxidative
stress in the OVA-induced chronic allergic airway remodeling mice model. In conclusion,
these results demonstrated that MSCs treatment prevents OVA-induced chronic airway
remodeling by suppressing macrophage M2 polarization, which may be associated with
the dual inhibition of ER stress and oxidative stress. This discovery may provide a new
theoretical basis for the future clinical application of MSCs.
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Allergic asthma is a common chronic respiratory
disorder characterized by airway hyperresponsiveness
and inflammatory cell infiltration, affecting 1-18%
of people internationally. Allergic airway inflamma-
tion consists of various inflammatory cells, including
eosinophils, macrophages, mast cells, neutrophils, and
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T cells [1]. Long-term inflammatory cell infiltration
and cytokine secretion drive airway microenvironmen-
tal changes, which cause dysregulated tissue repair pro-
cesses and airway remodeling. Airway remodeling is
associated with a progressive decline in lung function,
affecting patients’ quality of life, although current treat-
ment options are limited.

Macrophages are the most abundant immune cells in
the lungs and play a considerable role in innate and adap-
tive immunity. Two functionally different macrophage
phenotypes have been studied: classically activated type I
macrophages (M1) and alternatively activated type Il mac-
rophages (M2). M1 macrophages exert pro-inflammatory
effects response to inflammatory stimuli in the early stage,
while M2 macrophages display anti-inflammatory effects
and participate in tissue repair in the later [2]. Accumu-
lating studies indicate that abnormal differentiation and
dysfunction of M2 macrophages promote the recruitment
and proliferation of fibroblasts and secretion of fibroblast
mediators, which are essential causes of pulmonary fibro-
sis and airway remodeling [3-6].

Mesenchymal stromal/stem cells (MSCs) are pluri-
potent stem cells that can be separated from many tissues,
such as bone marrow (BM), umbilical cord tissue, and
adipose tissue (AD). They provide a new treatment strat-
egy for various diseases because of their simple isolation,
expansion potential, and low immunogenicity. Particu-
larly, MSCs are capable of secreting paracrine factors,
which can regulate immune response [7]. Accumulating
studies have reported that MSCs benefit inflammatory
and autoimmune disorders, including inflammatory
bowel disease, graft-versus-host disease, and rheumatoid
arthritis [8—10]. The role of MSCs in relieving allergic
airway inflammation has also been demonstrated and
is possibly associated with the immune cell regulation
capability of MSCs in the lung [11, 12]. Studies have
shown that MSCs play a therapeutic role in the treatment
of pulmonary fibrosis diseases through M2 macrophage
immunomodulation [13]. Although several studies have
shown that MSCs can reduce extracellular matrix (ECM)
deposition [14, 15], the role and mechanism of MSCs in
allergic airway remodeling by regulating macrophage M2
polarization is still unclear.

The endoplasmic reticulum (ER) is an organelle that
plays a vital role in biosynthesis, correct protein folding, and
post-translational modification of secreted and membrane
proteins. An accumulation of unfolded or misfolded pro-
teins causes an ER stress response, activating the unfolded
protein response (UPR), an important physiological process
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in many inflammatory diseases. Current studies find that
ER stress and associated signaling networks are becoming
important factors in regulating airway inflammation and
immune responses in asthma [16]. Increased ROS produc-
tion is a key feature of asthma [17]. Superoxide dismutase
(SODs) and glutathione peroxidase (GSH-Px) are com-
mon antioxidant enzymes that can help the body resist the
damage of ROS. Heme oxygenase 1 (HO-1) is the target
gene of nuclear factor erythroid 2-related factor 2 (Nrf2),
the main factor regulating redox homeostasis. Targeting
the Nrf2/HO-1 pathway also helps to alleviate reactive
oxygen species (ROS)-mediated airway inflammation and
remodeling [18]. Studies have shown that MSCs can protect
myocardial infarction by regulating macrophage polariza-
tion through Nrf2/HO-1 pathway [19]. Currently, it remains
unclear whether the ER stress and oxidative stress pathway
is involved in MSCs regulation of macrophage polarization
in chronic allergic airway remodeling.

Therefore, we aimed to investigate whether MSCs
treatment can improve chronic allergic airway remodeling
through macrophage polarization, explicitly focusing on
MSCs affect the macrophage polarization in allergic air-
way remodeling through ER stress and oxidative stress.

MATERIALS AND METHODS

Animals

Female BALB/c mice (14+1 g) were purchased from
Laboratory Animal Corporation (China). All experimental
protocols were reviewed and approved by the Institutional
Animal Care and Use Committee of Xinhua Hospital,
Shanghai Jiao Tong University School of Medicine. All
animals had free access to water and food in a specific path-
ogen-free clean environment (light/dark cycle 12 h/12 h)
and were raised for 1 week before the intervention.

Experimental Animal Models and Human
BM-MSCs Transplantation

Mice were divided into four groups: control (phosphate-
buffered saline [PBS]/PBS/PBS group), control treated with
MSCs (PBS/PBS/MSCs group), chronic asthma (ovalbumin
(OVA)/OVA/PBS group), and chronic asthma treated with
MSCs (OVA/OVA/MSCs group) groups. The experimental
chronic asthma mouse model was established as previously
described [20]. The chronic asthma group mice were intraperi-
toneally injected with 20 pg OVA (grade V; Sigma-Aldrich,
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St. Louis, MO, USA) and 2.25 mg aluminum hydroxide on
days 0 and 14 of the experiment. On days 21-27, sensitized
mice were given a 5% OVA aerosol challenge for 30 min.
Then, three times a week for 8 weeks. The control group
mice were treated with an equal volume of PBS. Human
bone marrow mesenchymal stem cells (hBM-MSCs, Cyagen
Biosciences Inc., Guangzhou, China) were used before the
10th passage. The MSCs treated groups were injected with
5%1076 cells/mL (200 uL) MSCs on days 20, 22, and 24 via
the tail vein, while the PBS treated groups were administered
PBS injections (Fig. 1a).

Lung Histology

Lung tissue was fixed with 4% paraformaldehyde
overnight. Lung sections were stained with hematoxylin
and eosin (H&E), periodic acid—Schiff (PAS), or Mas-
son’s trichrome stain to assess airway inflammation and
remodeling. As previously mentioned, amount of inflam-
mation and PAS-positive cells were calculated using a
reproducible scoring system [21]. Masson area analysis
was performed using ImageJ.

Collection of Serum and Bronchoalveolar
Lavage Fluid (BALF)

The serum was obtained by cardiac puncture, cen-
trifuged at 500 g for 15 min, and collected as supernatant.
The serum was used for subsequent cytokine detection;
800 pL PBS was used for bronchoalveolar lavage, and the
obtained BALF was centrifuged at 500 g for 10 min. The
supernatant was collected for subsequent cytokine detec-
tion, and the pellet was analyzed by the Wright-Giemsa
staining method for cell composition.

Serum and BALF Cytokine Analysis

The cytokine expressions of interleukin (IL)-4,
IL-5, and IL-13 in the serum and BALF were assayed
using enzyme-linked immunosorbent assay kits from
Anogen (Mississauga, Ontario, Canada) in accordance
with the manufacturer’s directions.

Real-Time Polymerase Chain Reaction (PCR)

RNA was extracted from the lung tissue using TRI-
zol reagent (Takara Biotechnology, Dalian, China). After
tissue grinding, chloroform, isopropanol, and 75% alcohol
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were added to achieve RNA precipitation and subsequent
synthesis of cDNA using Prime Script RT Master Mix
(Takara Biotechnology). Real-time PCR was conducted
with TB Green® Premix Ex Taq"" (Takara Biotechnol-
ogy) on the ABI 7500 System (Applied Biosystems, Foster
City, CA, USA) following the manufacturer’s instructions.
The relative transcript expressions were determined by the
2-AACT method, normalized to glyceraldehyde-3-phos-
phate dehydrogenase. The primers used were as follows:
TNF-a F-GCGACGTGGAACTGGCAGAAG; R-GAA
TGAGAAGAGACATAGGC; IL-6 F-FACTTCCATCCAG
TTGCCTTCTTGG; R-TTAAGCCTCCGACTTGTGAAG
TGG; IL-1p F-TTCAGGCAGGCAGTATCACTCATTG;
R-ACACCAGCTATCATCATCATCC; CD206 F-AGT
CAGAACAGACTGCGTGG; R-CCAGAGGGATCG
CCTGTTTT; CD68 F-CCTCTTGCTGCCTCTCATCAT
TGG; R-GGCTGGTAGGTTGATTGTCGTCTG; TGF-
B1 F-CACCTGCAAGACCATCGACA; R-CATAGTAGT
CCGCTTCGGGC; iNOS F-GGAGTGACGGCAAACATG
ACT; R-TCGATGCACAACTGGGTGAAC; Argl F-CTC
CAAGCCAAAGTCCTTAGAG; R-AGGAGCTGTCAT
TAGGGACATC; COL-I F-GCTCCTCTTAGGGGCCAC
T; R-CCACGTCTCACCATTGGGG; and COL-II F-CTG
TAACATGGAAACTGGGGAAA; R-CCATAGCTGAAC
TGAAAACCACC. Primer set for GAPDH (CAT# B66130
4) was purchased from Sangon Biotech (Shanghai, China).

Western Blotting

Total protein from the lung was extracted using a lysis
solution comprising radioimmunoprecipitation assay buffer,
phenylmethylsulfonyl fluoride, and phosphatase inhibitors.
The sample protein (30 pg) was loaded in sodium dodecyl
sulfate-polyacrylamide gel and isolated by electrophoresis.
Subsequently, the target proteins attached to the gel were
transferred to polyvinylidene difluoride membranes and
blocked with 5% non-fat milk. The membranes were then
incubated with antibodies against transforming growth fac-
tor B (TGF-pB), p-Smad2/3, Smad2/3, GRP-78 (Cell Sign-
aling Technology, USA), tubulin (Abcam, UK), ATF4,
HO-1 (Santa Cruz Biotechnology, USA), CHOP (HUA-
BIO, China), and Nrf2 (Proteintech, China), overnight at 4
°C. After being washed thoroughly with tris-buffered saline
with Tween-20 (TBST), the membranes were incubated
with a secondary antibody for 1 h at room temperature.
After the membranes were washed thoroughly with TBST
again, an enhanced chemiluminescence kit (Millipore, Bill-
erica, MA) was used to visualize protein expression on the
polyvinylidene difluoride membranes.



Stromal Cell Therapy Alleviates Chronic Airway Remodeling 1301

a Sensitization: Continuous challenge: OVA aerosol 30min
20pg OVA and 2.25mg AL(OH),| 5% OVA aerosol 30min everyday three times a week for 8 weeks
| | | | 1
Day 0 14 202122 24 27 35 \\ 84

MSCs 5x108 cells/ml(200pL)
via the tail vein administration|

b PBS/PBS/PBS PBS/PBS/MSCS OVA/OVA/PBS OVA/OVA/MSCS

c PBS/PBS/PBS OVA/OVA/PBS OVA/OVA/MSCS

%ﬁ%’“}* e

HHHE
d 9 4— s e ;\? 5 0_ dkk
8 *kk 7’/
w % 404
8 o
g 2 2%
E =
£ 1 @ 20 T
T ns &
= & 10-
= ol - < ns
v o p o 2 S o ' ' '
9 O
S Q > IR o
K & & W & & & &
R RS @OA & & o
& & & & K &
L 3

Fig. 1 MSCs treatment reduced airway inflammation in chronic asthma mice. a Schematic diagram showing the mouse model of chronic allergic
asthma. b Representative H&E staining of lung tissue (200x). Scale bar: 50 pm. ¢ Representative PAS staining of lung tissue (200x). Scale bar:
50 pm. d Semi-quantitative analyses of the inflammatory cell in the lung sections. e Semi-quantitative analyses of the PAS-positive cells in the lung
sections. The data represent the means =+ standard errors of the mean (SEM). * represents versus the PBS/PBS/PBS group. *p <0.5, **p<0.01,
*#*%p <0.001. # represents versus the OVA/OVA/PBS group. #p <0.5, ##p <0.01, ###p <0.001.
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Immunohistochemistry

Immunohistochemistry was conducted to assess the
markers of airway remodeling. After deparaffinization,
hydration, and antigen retrieval, the paraffin sections of
lung tissue were blocked after 30 min in 3% bovine serum
albumin (BSA) at room temperature. Then, the sections
were stained with anti-collagen I and anti-collagen III
(Servicebio, China) primary antibodies overnight at 4
°C. The antibody dilution ratio in this experiment was
1:200. Subsequently, a secondary antibody was used for
the incubation of sections at room temperature for 50 min.
The sections were observed under an Olympus micro-
scope at magnification x200.

Immunofluorescence

Lung paraffin slices were retrieved using citrate anti-
gen retrieval solution (pH 6.0). Next, the slices were blocked
with BSA for 30 min in the dark. The slices from each mice
group were subjected to anti-CD206 (Servicebio, China)
and anti-NF-kB p65 (Servicebio, China) primary antibodies
overnight at 4 °C. The antibody dilution ratio in this experi-
ment was 1:100. The next day, the slices were incubated with
a fluorescent-conjugated secondary antibody for 50 min.
The nuclei were stained with 4',6-diamidino-2-phenylindole
in the dark for 10 min. The slices were observed using an
Olympus microscope at magnification x400.

Statistical Analyses

All data in this experiment were analyzed using the
GraphPad Prism 8.0 (La Jolla, CA, USA). Multiple group
comparisons were determined by a one-way analysis of
variance, and the data were expressed as means + stand-
ard errors of the mean (SEM) and considered statistically
significant when p values < 0.05.

RESULTS

Administration of MSCs Reduced Airway
Inflammation in Chronic Asthma Mice

To determine whether MSCs have an effect on
chronic allergic airway inflammation, a chronic asthma
mouse model was established via repeated OVA chal-
lenges. As shown in H&E staining, MSCs injection
did not cause a large inflammatory cell infiltration in
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the PBS/PBS/MSCs group, suggesting that the MSCs
injection had no inflammatory response because of
itself. Simultaneously, H&E staining demonstrated
that prominent inflammatory cell infiltration in the lung
of OVA/OVA/PBS group mice compared with PBS/
PBS/PBS group, while these inflammatory cells were
significantly decreased by MSCs treatment (Fig. 1b,
d). Goblet cell hyperplasia was assessed with PAS-
positive cells. The number of PAS-positive cells was
higher in the OVA/OVA/PBS group, whereas MSCs
administration resulted in a significant decrease in
the number of PAS-positive cells (Fig. 1c, e). Next,
the inflammatory cells and cytokine levels in BALF
and serum of each group were examined. In BALF,
the number of total inflammatory cells and differen-
tial subsets were significantly increased in the OVA/
OVA/PBS group. Then, the MSCs injection reduced
the number of inflammatory cells, such as eosinophils,
lymphocytes, and macrophages recruited to the lungs
in BALF (Fig. 2a). Because Th2 cells play an essen-
tial role in allergic asthma, we subsequently observed
Th2 cytokine expression in serum and BALF in the
different groups. As shown in Fig. 2b-g, IL-4, IL-5,
and IL-13 levels in BALF and serum of the OVA/OVA/
PBS group mice was substantially enhanced than that in
PBS/PBS/PBS group mice. However, MSCs treatment
significantly reversed the enhanced expression of 1L-4,
IL-5, and IL-13 in BALF and serum. These data suggest
that MSCs are able to inhibit the inflammatory cells
infiltration, lower the Th2 cytokine levels, and alleviate
pathology observed in chronic allergic asthma mice.

Administration of MSCs Inhibited Airway
Remodeling in Chronic Asthma Mice

First, based on the analysis of Masson staining, we
confirmed that repeated challenges with OVA exhibited
increased ECM deposition in the subepithelial region.
This increase in ECM deposition was reduced by MSCs
treatment (Fig. 3a, b). Next, the expression of collagen
was detected in the peribronchial lung tissue by real-
time PCR and immunohistochemistry. Both the PCR
and immunohistochemistry results indicated that the
expression of collagen I and collagen III in the lung
tissue was markedly elevated in the OVA/OVA/PBS
group than in the PBS/PBS/PBS group mice; however,
collagen deposition and its expression significantly
decreased with MSCs treatment (Fig. 3c—g). The
above results suggest that MSCs treatment can prevent
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Fig. 2 MSCs treatment reduced airway inflammatory cells and cytokine in chronic asthma mice. a The number of total cells and differential cell
counts in BALF. b—d The levels of IL-4, IL-5, and IL-13 in BALF. e—g The levels of IL-4, IL-5, and IL-13 in serum. The data represent the
means =+ standard errors of the mean (SEM). * represents versus the PBS/PBS/PBS group. *p <0.5, ¥*p <0.01, ***¥p <0.001. # represents versus the

OVA/OVA/PBS group. #p <0.5, ##p <0.01, ###p <0.001.

collagen synthesis and ECM deposition following
repeated OVA challenges.

MSCs Administration Inhibits
the TGF-p1-Smad2/Smad3 Signaling Pathway
in Chronic Asthma Mice

To further validate the effect of MSCs treatment
on the regulation of airway remodeling, we tested the
expression of the TGF-f1-Smad2/Smad3 signaling
pathway. The expression of TGF-f1 in lung tissue was
measured by real-time PCR and western blotting. The
OVA/OVA/PBS group showed a significant increase
in TGF-f1 mRNA and protein levels, whereas MSCs
treatment decreased TGF-p1 levels (Fig. 4a—c). The
expression of p-Smad2/Smad3 and Smad2/Smad3 was
measured by western blotting. Our data showed that
the p-Smad2/Smad3 protein level was increased in the
OVA-induced mice; however, the increased expres-
sion of the p-Smad2/Smad3 was reversed by MSCs

treatment (Fig. 4b, d). Therefore, it is indicated that
MSCs treatment regulates chronic airway remodeling
by weakening the TGF-f1-Smad2/Smad3 signaling in
the OVA-induced chronic asthma mice.

MSCs Suppress OVA-Induced M2 Polarization
of Macrophages in the Lung

We further evaluated the effect of MSCs on mac-
rophage polarization in the chronic asthma mouse model.
Compared with the PBS//PBS/PBS group, the mRNA
expression of CD68, a marker for macrophages, was signif-
icantly increased in the OVA/OVA/PBS group but declined
after treatment with MSCs. In particular, the mRNA
expression of CD206, a marker for M2 macrophages,
was significantly increased in the OVA/OVA/PBS group
but declined after treatment with MSCs (Fig. 5a, b). The
expression of CD206 was also verified by immunofluo-
rescence, and the result was consistent with PCR results
(Fig. 5¢). Moreover, the mRNA expression of arginase-1
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(Argl), another marker of M2 macrophages, was signifi-
cantly higher in the OVA-induced asthma model than that
of the control group, and the MSCs also markedly inhibited
the over-expression (Fig. 5d). However, it had no statisti-
cally significant effect on the expression of the M1 mac-
rophage marker, inducible nitric oxide synthase (iNOS)
(Fig. Se). Similarly, the expression of macrophage cytokine
TNF-a, IL-6, and IL-1p observed a statistical decrease in
the lung tissue after MSCs treatment (Fig. 5f—h). These
data verified that chronic allergic airway remodeling
mouse model is dominated by macrophage M2 polariza-
tion, and MSCs exert immunoregulatory effects on the
polarization of M2 macrophages.

MSCs Administration Inhibits the NF-xB
p65 Nuclear Translocation, ER Stress,
and Oxidative Stress in Lung Tissue

Previous studies have found that NF-xB signaling
pathways, ER stress, and oxidative stress are involved in
macrophage polarization. In our study, we used immunoflu-
orescence to investigate the effect of MSCs on NF-kB p65
nuclear translocation in the lung tissues. The nuclear level of
NF-xB p65 was markedly elevated in the OVA/OVA/PBS
group than in the PBS/PBS/PBS group mice; however, the
nuclear level of NF-xB p65 was remarkably suppressed by
the administration with MSCs (Fig. 6a, b). Previous stud-
ies have found that oxidative stress and ER stress aggravate
airway inflammation involved in the pathogenesis of asthma.
Western blot analysis was used to examine the expression of
ER stress and oxidative stress marker proteins. The OVA/
OVA/PBS group showed a significant increase in ATF4,
CHOP, and GRP78 protein levels, whereas MSCs treatment
decreased ATF4, CHOP, and GRP78 levels (Fig. 7a—d).
Results also showed that OVA treatment markedly inhibited
Nrf2 and HO-1 expression, while Nrf2 and HO-1 expression
levels were significantly increased after MSCs administration
(Fig. 7e—g). The above data indicated that MSCs may regu-
late macrophage M2 polarization by affecting NF-«B signal-
ing pathways, ER stress, and Nrf2/HO-1 signaling pathways
in chronic allergic airway remodeling model (Fig. 8).

DISCUSSION

Currently, inhaled long-acting PB2-adrenergic
agonists and glucocorticoids are the traditional treat-
ments for asthma to relieve symptoms, expand
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broncho-constriction, and inhibit airway inflammation
[22]. However, these methods have a low effect on airway
remodeling, and due to long-term use, some patients still
have low compliance or adverse side effects. Therefore,
as a new method to treat asthma, cell therapy is receiving
more attention.

This study assessed whether MSCs treatment can
improve chronic allergic airway remodeling and the
detailed mechanisms. Based on some reports, green
fluorescent protein (GFP)-transfected iPSC-MSCs were
observed in the lung at 1 h, 4 h, 1 day, and even 4 days
after intratracheal transplantation in OVA-treated mice
[23]. GFP-iPSC-MSCs were present in the lungs on day
1 and day 7 after tail vein transplantation of OVA-treated
mice, but not on day 10 [15]. Therefore, whether the
MSCs with short survival time have a long-term effect on
chronic allergic airway inflammation and remodeling is
one of the key points observed in this study. Studies have
shown that BM-MSCs are more effective than AD-MSCs
in improving lung mechanics and lung remodeling [24,
25]. Therefore, BM-MSCs were studied in this experi-
ment. Our study used an OVA-sensitized and challenged
BALB/c mice asthma animal model, which is now consid-
ered the gold standard for this type of research. In order
to better simulate chronic airway remodeling, our study
extended the modeling time to 84 days. Our experimental
results agreement with previous showed that BM-MSCs
treatment could also attenuate 84 days-repeated OVA-
induced chronic asthma mice inflammatory cell infiltra-
tion, goblet cell hyperplasia, the level of Th2 cytokines,
subepithelial collagen deposition, and the expression of
collagen I and collagen III in the lung tissue.

MSCs are multipotent stem cells with their self-
renewal and differentiation abilities. In recent years, in
addition to their direct differentiation potential, research-
ers have shown great interest in the immunomodulatory
function of MSCs. Macrophages are vital inflammatory
cells in the pathogenesis of asthma. The two phenotypes
of macrophages play different roles in lung inflammatory
injury and tissue repair. Our study explored the pheno-
type of macrophages involved in OVA-induced allergic
airway inflammation and remodeling. We found that
the expression of M2 macrophage phenotype markers,
such as CD206 and Argl, was significantly increased in
chronic allergic asthma mice. In contrast, the expression
of M1 macrophage phenotype markers, such as iNOS,
had no statistically significant change. It suggested that
M2 macrophages are the key cells in chronic allergic air-
way inflammation and remodeling mouse model. And
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Fig. 3 MSCs treatment prevented airway remodeling in chronic
asthma mice. a, b Representative Masson trichrome staining images
and semi-quantitative analysis of lung sections in each group (200x).
Scale bar: 50 pm. ¢, d The mRNA expression of collagen I and col-
lagen III in each group. e-g Immunohistochemistry was performed to
evaluate collagen I and collagen III expression in the lung tissue and
semi-quantitative analysis (200x). Scale bar: 50 um. The data rep-
resent the means =+ standard errors of the mean (SEM). * represents
versus the PBS/PBS/PBS group. *p<0.5, **p<0.01, ***p<0.001.
# represents versus the OVA/OVA/PBS group. #p<0.5, ##p<0.01,
###p < 0.001.

our study found that the expression of M2 polarization
markers, CD206 and Argl, was markedly reduced in
OVA-induced mice after MSCs treatment. This result
is inconsistent with previous research showed that
MSCs can regulate a pro-inflammatory M1 phenotype

a
5
w—n 47 e
(o7} *kk _—
c o [ ———
O g 4]
» X
@0
c <
£z 2 T
o ns
o €
2= M =
il |
& 9 0" 1 T
9
QQ’% & <2Q>6 &
£ W & ¢
2 ) ¥
£ £ &
& B S
C -
@
]
L ###
o 3= ok
|_
Y
5]
g =
Q -
c ns
[} - —_
-oé 1
o
¢
ﬁ 0= T T
a ) S %
4 ¢ ¢ £ &
@ N PP
£ £ O ©
& &£ o ¥

b

Yu, Zhu, Qin, Wang, Guo and Gu

toward anti-inflammatory M2 types capable of regulat-
ing immune responses to alleviate airway inflammation
in asthma mice model [26]. The reason may be related
to the fact that OVA-sensitized and challenged allergic
airway inflammation mainly induces Th2 cell inflamma-
tory response. Studies have shown that M1 macrophages
are mainly involved in non-allergic airway inflammation
associated with the Th1/Th17 inflammatory response.
However, M2 macrophages regulate eosinophilic infil-
tration in Th2 cell inflammation, thereby participating
in allergic airway inflammation [27]. Another reason
may be related to chronic inflammation, as studies have
shown that in chronic injuries, inflammatory mediators
can transform M1 macrophages into M2 macrophages,
which are responsible for ECM deposition. M2 mac-
rophage phenotype includes several subtypes. IL-4 or
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Fig. 4 MSCs treatment decreased the levels of the TGF-p1/Smad2/Smad3 pathway in chronic asthma mice. a The mRNA expression of TGF-p1
was measured by real-time PCR in lung tissue. b Western blot analysis of TGF-p1, p-Smad2/Smad3, and Smad2/3 expression in the lungs from
each group. ¢, d Quantification of TGF-f1, p-Smad2/Smad3, and Smad2/3 expression. The data represent the means + standard errors of the mean
(SEM). * represents versus the PBS/PBS/PBS group. *p <0.5, **p<0.01, ***p <0.001. # represents versus the OVA/OVA/PBS group. #p<0.5,

#ip <0.01, ###p <0.001.
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Fig.5 MSCs treatment inhibited M2 macrophages polarization in chronic asthma mice. a, b The mRNA expressions of CD68 and CD206 were
studied by real-time PCR. ¢ Representative immunofluorescence images of CD206 (400x). Scale bar: 20 um. d, e The mRNA expressions of Argl
and iNOS were determined by real-time PCR. f-h Relative mRNA expression levels of IL-1p, TNF-a, and IL-6 in lung tissue of each group. The
data represent the means +standard errors of the mean (SEM). * represents versus the PBS/PBS/PBS group. *p <0.5, *¥p <0.01, ***p <0.001. #
represents versus the OVA/OVA/PBS group. #p < 0.5, ##p <0.01, ###p <0.001.

IL-13 could induce M2a macrophages with high expres-
sion of CD206, Argl, resist in-like molecule-a, and pri-
mary histocompatibility complex class II involved in
the Th2 immune response. M2b macrophages could be
induced by the immune complex, which produces anti-
and pro-inflammatory cytokines such as IL-10, IL-1§,
IL-6, and TNF-a. M2c macrophages produce IL-10 and
TGF-p, which are associated with tissue remodeling
and matrix deposition [28]. Although several studies
have shown that M2 macrophages are essential for alle-
viating airway inflammation responses, excessive M2
macrophages may promote goblet cell hyperplasia and

collagen deposition, leading to airway remodeling. A
study by Guo et al. showed that inhibiting polarization of
M2 macrophage by Schisandra prevents the development
of idiopathic pulmonary fibrosis [29]. Another study also
demonstrated that microcystin-LR ameliorates pulmonary
fibrosis by suppressing M2 macrophage polarization [30].
This experiment revealed that MSCs could inhibit airway
remodeling in chronic allergic asthma by inhibiting M2
macrophage activation.

TGF-p1 is a pro-fibrotic factor that plays a vital
role in airway remodeling. Smads are vital downstream
signal transduction molecules of the TGF-f superfamily.



1308 Yu, Zhu, Qin, Wang, Guo and Gu

a b
PBS/PBS/PBS

S

[}

3

2

o

PBS/PBS/MSCs 2

c

<

©

o

5

o

s

o
OVA/OVA/PBS
OVA/OVA/MSCs

p65 DAPI Merge

Fig. 6 MSCs treatment inhibited NF-kB pathway in chronic asthma mice. a, b Representative immunofluorescence images of NF-kB p65 (400x).
Scale bar: 20 pm. The data represent the means =+ standard errors of the mean (SEM). * represents versus the PBS/PBS/PBS group. *p<0.5,
*#p <0.01, **¥p <0.001. # represents versus the OVA/OVA/PBS group. #p <0.5, ##p <0.01, ###p <0.001.

a b c d_
ATFS | - 5 3 o g ® w B
g 5 — £ —
8 S o
2 3 4
—— T g g4
CHOP g g, 2 ns _ N
ox O =44
5% 335 == 20 a
- 804 g 2 ns
GRP78 g o 0 —
2 £ 5
———— & 3 o 0 T T T
’ o g 0 ! y x S IS«
TUBULIN 4 ® &F &£ & & &O & ¥
) BN ?@ ) &
& & P < < 9 5V & o O
£ & ® & & £ & §° & &£ F
E & S F ¥ & o 5 Q °
S S
Q<b %6 OA 04‘?\

N2 | — -

{
j
Relative protein expression of
HO-1

Relative protein expression of
Nif2

TUBULIN | s —— 0.
2 S P
< 7 &
¢
& N f @9 2
L o
(O \\?x

Fig. 7 MSCs treatment inhibited ER stress and oxidative stress in chronic asthma mice. a The protein expressions of ER-stress related marker
GRP78, CHOP, and ATF4 were studied by western blot. b—d Quantification of GRP78, CHOP, and ATF4 expression in lung tissue of each group.
e The protein expressions of Nrf2 and HO-1 were studied by western blot. f-g Quantification of Nrf2 and HO-1 expression in lung tissue of each
group. The data represent the means +standard errors of the mean (SEM). * represents versus the PBS/PBS/PBS group. *p<0.5, **p<0.01,
*#%p <0.001. # represents versus the OVA/OVA/PBS group. #p < 0.5, ##p <0.01, ###p <0.001.



Stromal Cell Therapy Alleviates Chronic Airway Remodeling

MSCs

tail vein
administration

1309

(Ner/HO-l) ( NFTKB ) (ER stress)

M2 macrophages

Fig. 8 MSCs treatment prevents OVA-induced chronic asthma mice airway remodeling by suppressing macrophage M2 polarization via ER stress,

oxidative stress, and NF-kB pathway (created with BioRender.com).

Previous studies have shown that the TGF-f1/Smad
pathway leads to collagen synthesis and extracellu-
lar matrix imbalance, contributing to airway remod-
eling [31, 32]. In addition, studies have also shown that
TGF-B1/Smad pathways also mediate macrophage M2
polarization reprogram [33]. In general, when TGF-p1
is activated, TGF-p1 binds to the cell’s TGF-f receptor
type II (TPRII). Then, TPR II recruits and phosphoryl-
ates TGF-f} receptor type I (TPRI) and phosphorylates
Smad2/3, subsequently translocating the activated Smad
complex into the nucleus and regulating other transcrip-
tional factors [34]. However, the TGF-$ dependent M2
phenotype reprogramming was controlled by Smad7.
Smad7 can inhibit Smad2/3 phosphorylation by bind-
ing with TPRI or degrading Smad2/3 by proteasomes
[35]. In our study, we observed a decreased expression
of TGF-P1 and p-Smad2/3 in OVA-induced mice after

MSCs treatment. These results show that MSCs inhib-
ited chronic allergic airway remodeling by regulating the
TGF-p1/Smad2/3 signaling pathway. This may also be
one of the key mechanisms by which MSCs inhibit the
polarization of M2 macrophages in OVA-induced chronic
asthma mice model.

CHOP and GRP-78 are important markers of ER
stress. Recently, studies have shown that abnormal
expression of CHOP has been reported in asthmatic
patients and allergic asthma animal models. ER stress
has been shown to be activated by PERK, which leads
to ATF-4 upregulation through elF2a. Wang et al.
findings showed that loss of CHOP protects mice from
OVA-induced allergic airway remodeling by inhibit-
ing M2 macrophages polarization in the asthma. The
mechanism may be related to regulating macrophage
M2 programming by modulating IL-4 positive feedback
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loops [36]. Our study investigated the effects of MSCs
on ER stress in chronic asthma mice model. The results
showed that the expression of CHOP, GRP-78, and
ATF4 protein was significantly increased in the OVA-
induced chronic allergic asthma mice model, while
MSC:s strongly decreased the ER stress in this study,
which is consistent with the role of MSCs in other mod-
els [37, 38]. Nrf2 is released from the KEAP1-Nrf2
complex in response to stress signals, then translocated
to the nucleus, binds to the target gene promoter’s anti-
oxidant response element (AREs), activates transcrip-
tion of downstream genes, and thus exerts physiological
functions. Nrf2 is a transcription factor that regulates
the cell protection gene HO-1 [39]. The important role
of Nrf2 in pulmonary fibrosis has been reported in pre-
vious studies. Wu et al. revealed that 4-OI inhibits M2
macrophage activation and M2-related TGF-f1 produc-
tion by activating Nrf2 in bleomycin-induced pulmo-
nary fibrosis model [40]. In the present study, we also
found that MSCs strongly activated Nrf2/HO-1 pathway
in chronic asthma mice. Thus, we hypothesized that
MSCs might regulate macrophage M2 polarization by
dual inhibition ER stress and oxidative stress in chronic
allergic airway remodeling.

The therapeutic advantages of MSCs may be
related to their paracrine functions, such as the release
of exosomes. MSC-derived exosomes are therapeu-
tic membrane-derived vesicles through their bioac-
tive components, such as various RNAs, lipids, and
proteins [41]. MSCs-derived exosomes have been
observed to show beneficial effects similar to MSCs
in mouse models of asthma. Dehnavi et al. reported
that sublingual administration of OVA-loaded MSC-
derived exosomes inhibited airway allergic inflam-
mation and improved immunomodulatory responses
[42, 43]. The research by Shan et al. suggested that
MSC-derived exosomes suppress airway remodeling in
asthmatic mice through the miR-188/JARID2/Wnt/f-
catenin axis [44]. In the future, we will explore the role
and mechanism of MSC-derived exosomes in chronic
allergic airway remodeling.

One of the limitations of this study is the lack
of further in vitro studies to better reveal the regula-
tory effect of MSCs on macrophage M2 polarization.
In addition, the use of inhibitors or activators of endo-
plasmic reticulum stress pathways and oxidative stress
pathways may also help to confirm the conclusions of
this in vivo study.

Yu, Zhu, Qin, Wang, Guo and Gu

CONCLUSION

MSCs, as a new cell therapy, was able to prevent
airway remodeling in mouse model of chronic asthma.
In addition, MSCs attenuated chronic allergic airway
remodeling, which is related to the immunomodulatory
function of inhibiting M2 macrophage polarization.
Mechanistically, this may be associated with the dual
inhibition of ER stress and oxidative stress by MSCs,
which regulates the polarization of M2 macrophages in
chronic allergic airway remodeling process. This dis-
covery enriches our knowledge of the therapeutic effect
of MSCs on chronic allergic airway remodeling, which
provides a new theoretical basis for the future clinical
application of MSCs.
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