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Although asthma is a common chronic airway disease that 
responds well to anti-inflammatory agents, some patients 
with asthma are unresponsive to conventional treatment. 
Mesenchymal stem cells (MSCs) have therapeutic potential 
for the treatment of inflammatory diseases owing to their 
immunomodulatory properties. However, the target cells 
of MSCs are not yet clearly known. This study aimed to 
determine the effect of human umbilical cord-derived MSCs 
(hUC-MSCs) on asthmatic lungs by modulating innate 
immune cells and effector T cells using a murine asthmatic 
model. Intravenously administered hUC-MSCs reduced 
airway resistance, mucus production, and inflammation in 
the murine asthma model. hUC-MSCs attenuated not only 
T helper (Th) 2 cells and Th17 cells but also augmented 
regulatory T cells (Tregs). As for innate lymphoid cells (ILC), 
hUC-MSCs effectively suppressed ILC2s by downregulating 
master regulators of ILC2s, such as Gata3 and Tcf7. Finally, 
regarding lung macrophages, hUC-MSCs reduced the total 
number of macrophages, particularly the proportion of the 

enhanced monocyte-derived macrophage population. In 
a closer examination of monocyte-derived macrophages, 
hUC-MSCs reduced the M2a and M2c populations. In 
conclusion, hUC-MSCs can be considered as a potential anti-
asthmatic treatment given their therapeutic effect on the 
asthmatic airway inflammation in a murine asthma model 
by modulating innate immune cells, such as ILC2s, M2a, and 
M2c macrophages, as well as affecting Tregs and effector T 
cells.

Keywords: asthma, immunity, innate, macrophage activation, 

mesenchymal stem cells

INTRODUCTION

Asthma, characterized by airway hyperresponsiveness (AHR) 

and airway remodeling, is denoted as a prototypical T helper  

type 2 (Th2) inflammation, which usually shows a good re-
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sponse to inhaled corticosteroids (ICS) (Bosnjak et al., 2011). 

However, severe asthma is sometimes refractory to high dos-

es of ICS, therefore alternative approaches may be required 

to reduce inflammation and improve corticosteroid response 

(Carr and Szefler, 2016).

	 While the pathogenesis of asthma has traditionally focused 

on adaptive immune responses to environmental stimuli, 

the innate immune system has recently been highlighted as 

a driver of asthma development. Among the diverse innate 

immune cells, innate lymphoid cells (ILCs) have been iden-

tified as linkers of innate and adaptive immunity. Previous 

reports have shown that ILC2s, which secrete interleukin (IL)-

4, IL-5, and IL-13, contribute to eosinophilic inflammation in 

allergic asthma and coordinate adaptive immune responses 

(Doherty and Broide, 2019; Kim et al., 2016). ILC3s are main-

ly found in certain asthma endotypes, especially non-allergic 

and severe asthma, in which the release of IL-17 and/or IL-

22 promotes neutrophilic inflammation. Macrophages are 

the most common immune cells in the airways. Depending 

on the stimulus, macrophages can be polarized into the M1 

or M2 subtypes (Muraille et al., 2014). M1 macrophages are 

polarized by Th1 cytokines such as interferon-γ (IFN-γ). M2 

macrophages, polarized by Th2 cytokines such as IL-4 and 

IL-13, are responsible for tissue repair, regeneration, and 

fibrosis (Bosco, 2019). Recent studies have revealed that M2 

macrophage subtypes in murine asthma models are strongly 

associated with asthma pathophysiology (Kang et al., 2022; 

Lee et al., 2015). In particular, M2a cells triggered by IL-4, IL-

13, and IL-33, initiate allergic responses by releasing IL-4 and 

IL-13. In addition, M2c cells activated by IL-10 and transform-

ing growth factor-β (TGF-β) contribute to tissue remodeling 

(Jiang and Zhu, 2016). Taken together, the modulation of 

ILCs and hence macrophage polarization can be potential 

targets in asthma treatment (Fricker and Gibson, 2017).

	 Mesenchymal stem cells (MSCs) are non-hematopoietic, 

multipotent, self-renewable stromal cells. These can differen-

tiate into various cell types, such as osteoblasts, chondrocytes, 

myocytes, and adipocytes (Wang et al., 2014). In addition, it 

was recently confirmed that MSCs modulate innate immune 

cells. However, the exact role of MSCs in regulating innate 

immune cells has yet to be clarified in asthma (Abumaree et 

al., 2013; Mo et al., 2022). Therefore, we investigated the 

immunomodulatory effects of human umbilical cord MSCs 

(hUC-MSCs) on innate immune cells including ILCs and mac-

rophages in an ovalbumin (OVA)-induced murine allergic 

asthma model.

MATERIALS AND METHODS

Preparation of hUC-derived MSCs
All procedures involving hUC or hUC-derived cells (CTI-195; 

Cell2in, Korea) were conducted in accordance with the 

guidelines of the Seoul National University College of Medi-

cine and Hospital Institutional Review Board (IRB No. C-1708-

083-878). The hUC tissues were obtained immediately after 

full-term births following cesarean section, with informed 

consent. The hUCs were washed with phosphate-buffered 

saline (PBS) to remove vessels and amnion. Wharton’s jelly 

(WJ) tissues within the hUC were isolated and minced. These 

explants were digested for 3 h at 37°C using an umbilical cord 

dissociation kit (Miltenyi Biotec, Germany), filtered through a 

100-μm cell strainer (BD Biosciences, USA), and pelleted by 

low-speed centrifugation at 200 × g for 10 min. The isolated 

WJ-MSCs were cultured in a CellCorTM CD medium (Xcell 

Therapeutics, Korea) supplemented with 2% human platelet 

lysates (StemCell Technologies, Canada) in a 37°C incubator 

under humidified conditions with 5% CO2. The cells were 

harvested once they reached 90% confluence. High levels of 

glutathione (GSH) in hUC-MSCs (CTI-195; Cell2in) were iso-

lated from cultured hUC-MSCs using a fluorescent real-time 

thiol tracer, which is a ratiometric probe capable of monitor-

ing reactive oxygen species-induced GSH changes in living 

stem cells (Jeong et al., 2018).

Murine asthma model
Female 6-week-old BALB/c mice were purchased from Orient 

Bio (Korea). All the experiments were approved and conduct-

ed in accordance with the guidelines of the Seoul National 

University Institutional Animal Care and Use Committee (IA-

CUC No. SNU-200302-2-2).

	 Mice were sensitized with intraperitoneal injections of 100 

μg OVA and 2 mg aluminum hydroxide (Sigma-Aldrich, USA) 

on days 0 and 7, and challenged by intranasal injection of 50 

μg OVA on days 14, 15, 16, 21, 22, and 23.

	 hUC-MSCs (1 × 105) were injected intravenously on day 

17. The mice were divided into the following four groups (n = 

4 per group): PBS (control group), hUC-MSC-treated (MSC 

group), OVA asthma (OVA group), and hUC-MSC-treated 

OVA asthma (OVA/MSC group).

Measurement of airway hyperresponsiveness and inflam-
mation
On day 24, AHR was invasively measured using the 

FinePointe Resistance and Compliance System (Buxco®, USA) 

in response to aerosolized methacholine. After the mice were 

anesthetized with pentobarbital sodium (50 mg/kg), lung 

resistance (RL) was measured over 3 min. The measured RL 

values were subtracted from the baseline values and trans-

formed into percentages.

	 After measuring the RL values, bronchoalveolar lavage 

fluid (BALF) and lung tissue were collected. BAL cells were 

stained with Diff-Quik (Sysmex, Japan) and at least 300 cells 

were counted to determine the differential cell count in each 

sample.

Histological analysis
Left lung tissues were fixed in 4% paraformaldehyde for H&E 

and periodic acid-Schiff (PAS) staining. H&E and PAS staining 

was performed by experts at the pathology core facility at 

the Seoul National University Hospital Biomedical Research 

Institute. The degree of inflammation and mucus production 

were semi-quantitatively measured histologically (Hu et al., 

2017).

Cell analysis by flow cytometry
Minced lung tissue was incubated in RPMI1640 (Biowest, 

France) with 10% type IV collagenase (Worthington Bio-

chemical Corporation, USA) at 37°C for 90 min and sorted 
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using a sterile 40-μm strainer for single-cell preparation.

	 Single-cell suspensions were treated with Fcγ recep-

tor-blocking monoclonal antibodies (BD Biosciences) at 4°C 

for 5 min. To analyze intracellular cytokines and transcription 

factors at the protein level, single-cell suspensions were 

stimulated with PMA (Sigma-Aldrich), ionomycin (Sigma-Al-

drich), and BD GolgiPlug (BD Biosciences) for 3 h on a cell 

plate. Subsequently, cell surface markers were stained, and 

BD Cytofix/Cytoperm Fixation and Permeabilization Solution 

(BD Biosciences) were used to release accumulated intracel-

lular cytokines. Finally, the released extracellular cytokines 

were stained in each cell subtype (Supplementary Table S1). 

The cells were analyzed using the LSR Fortessa X-20 (BD Bio-

sciences) and FlowJo10 software (TreeStar, USA). After sin-

gle-cell and CD4+ lymphocyte gating, regulatory T cells (Tregs) 

were defined as those expressing Foxp3 and CD25, whereas 

cytokine-secreting effector Th cells were those expressing 

lineage, IL-5, IL-13, IFN-γ, and IL-17A (Supplementary Fig. 

S1). ILCs were defined as CD45+Lineage−CD90.2+ cells and 

classified as ILC1, ILC2, and ILC3 according to the secretion of 

IFN-γ, IL-5, IL-13, and IL-17A (Supplementary Fig. S1B). The 

lineage markers are presented in Supplementary Table S1.

	 The gating strategy for macrophages and dendritic cells 

(DCs) was as follows. First, SiglecF+CD11c− eosinophils were 

gated out among CD45+ cells, then macrophages were 

defined as CD45+F4/80+ cells, and DCs were defined as 

CD45+F4/80−CD11c+ cells (Supplementary Fig. S2). Using 

CD11c, CD11b, and SiglecF (Duan et al., 2016; Janssen et 

al., 2011), alveolar macrophages (AMs) were defined as Si-

glecF+CD11c+CD11b− resident AMs, SiglecF+CD11c+CD11b+ 

transient AMs, and SiglecF−CD11b+ monocyte-derived mac-

rophages (MoMs) (McQuattie-Pimentel et al., 2018) (Sup-

plementary Fig. S2B). Also, subclassification was performed 

according to the expression of CD86, CD206, and MHC II 

in MoMs (Gautier et al., 2012); M1 and M2 were defined 

as CD86+SiglecF−CD11c+CD11b+ cells and CD206+SiglecF−

CD11c−CD11b+ cells, respectively. M2 MoMs were further 

subdivided into M2a (CD206+MHCIIhiCD86−) and M2c 

(CD206+MHCIIlowCD86−) subtypes (Klopfleisch, 2016; Liegeois 

et al., 2018). Independently, M2b was defined as CD206−

MHCIImidCD86+ (Swieboda et al., 2020).

Quantitative reverse transcription polymerase chain reac-
tion (RT-qPCR)
Lung tissues were homogenized in 1 ml of Trizol (Thermo 

Fisher Scientific, USA) using a tissue homogenizer (TaKaRa, 

Japan) and total RNA was isolated with chloroform. Re-

verse transcription was performed using a SensiFAST cDNA 

Synthesis Kit (Bioline, UK). RT-qPCR was performed using 

SensiFASTTM SYBR® No-ROX Kit (Bioline) and measured with 

a 7500 real-time PCR system (Applied Biosystems, USA). 

The expression levels in each sample were normalized to the 

housekeeping gene Gapdh using the ΔΔCt method, which 

calculates the relative gene expression against the control 

sample. The primer sequences used were verified using Prim-

erBank (USA) (Supplementary Table S2).

Immune cell isolation
For Treg ex vivo experiments, naïve CD4+ T cells were isolated 

from mouse spleens using the MojoSortTM Mouse CD4 Naïve 

T Cell Isolation Kit (BioLegend, USA) and differentiated into 

Tregs using the CellXVivo Mouse Treg Cell Differentiation Kit 

(R&D Systems, USA). During the differentiation period, Tregs 

(1 × 105) were directly co-cultured with hUC-MSCs (1 × 104). 

Transwell assays were performed with equivalent amounts of 

Tregs and hUC-MSCs.

	 For ex vivo ILC experiments, ILCs were isolated from mouse 

lungs using an EasySepTM Mouse Pan-ILC Enrichment Kit 

(StemCell Technologies). The isolated ILCs were differentiated 

into ILC2s by treatment with mouse recombinant IL-2, IL-7, 

and IL-33 proteins (BioLegend). hUC-MSCs (1 × 104) were 

co-cultured with the differentiated ILC2s (1 × 105) for one 

day. Indirect contact transwell assays were performed to eval-

uate the effect of soluble factors secreted from hUC-MSCs 

using Transwell Permeable Support (Costar, USA).

Co-culture of hUC-MSCs with macrophages
For in vitro experiments on human peripheral blood mono-

nuclear cell (PBMC)-derived macrophages, human peripheral 

blood was obtained from allergic rhinitis patients. Patient 

blood was diluted in PBS and centrifuged with Ficoll-Paque 

PLUS (Sigma-Aldrich). PBMCs were isolated and differen-

tiated using 50 ng/ml human recombinant M-CSF (R&D 

Systems). All patients provided written informed consent, 

and the study was approved by the Seoul National University 

Hospital Institutional Review Committee (1610-062-799).

	 The murine AM cell line MH-S (ATCC, USA) was seeded 

under the same conditions and stimulated with 20 ng/ml re-

combinant IL-13 (R&D Systems), with or without hUC-MSCs. 

In addition, a transwell assay was performed using Transwell 

Permeable Support (Costar). In macrophage in vitro experi-

ments, 1 × 105 macrophages were co-cultured with 1 × 104 

hUC-MSCs.

Statistical analysis
The Mann–Whitney test was used to compare two groups, 

and one-way ANOVA with Tukey’s post-hoc test was used to 

compare four or more groups. Data are represented as the 

mean ± SEM. Statistical significance was set at P < 0.05. All 

statistical analyses were performed with the Prism 10 soft-

ware (GraphPad Software, USA).

RESULTS

Effect of hUC-MSCs on AHR and asthmatic airway changes
To determine the effect of hUC-MSCs on the asthmatic air-

ways, an OVA-induced asthma model was treated with intra-

venous hUC-MSCs (Fig. 1A). hUC-MSCs significantly reduced 

AHR and inflammatory cell populations of macrophages, 

neutrophils, and eosinophils in BALF (Figs. 1B and 1C). In 

addition, the proportion of eosinophils in the lung tissue 

was lower in the OVA/hUC-MSC group than that in the OVA 

group, whereas the level of neutrophils was not significantly 

different between the two groups (Fig. 1D). Next, cytokines 

in BALF were analyzed. In the OVA model, increased IL-5 and 

IL-13 levels were alleviated by hUC-MSCs, whereas IL-17 and 

IFN-γ levels were not altered significantly (Fig. 1E).

	 Immune cell infiltration in the bronchi and the blood ves-
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Fig. 1. Effect of hUC-MSCs on AHR and lung inflammation in a murine asthma model. (A) Establishment of a murine asthma model 

with OVA and Alum administration. (B) AHR was measured 24 h after the last challenge. (C) The number of total inflammatory cells, 

including macrophages, neutrophils, eosinophils, and lymphocytes in BAL fluid. (D) Proportion of eosinophils and neutrophils to CD45+ 

cells in the lungs. (E) IL-5, IL-13, Il-17, and IFN-γ cytokine expression analysis by ELISA in BAL fluid. (F) H&E (100×) and PAS staining (100×) 

for lung histology. (G) Lung inflammation score and PAS score in a murine asthma model. (H) Muc5ac expression in lungs. n = 4 for each 

group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All results are representative of at least three independent experiments. 

Alum, aluminum hydroxide; RL, resistance of lung; BAL, bronchoalveolar lavage; WT, wild type.

Total Macrophage Eosinophil Neutrophil Lymphocyte0

1

2

3

4

5

B
A

L
ce

ll
co

un
t(

x1
05 )

Control
MSC
OVA
OVA/MSC

**** ** **** **

**** **

**** ** ****

D 

F 

0 10 20 40
0

50

100

150

200

250

Control

Methacholine (mg/mL)R
L

(%
ch

an
ge

fr
om

ba
se

lin
e)

MSC
OVA
OVA/MSC

*
*

*

- + MSC 

WT 

OVA 

H&E (x100) PAS (x100) 

- + 

200 μM 200 μM 200 μM 200 μM 

200 μM 200 μM 200 μM 200 μM 

G 

Con
tro

l
M

SC
OVA

OVA/M
SC

0

10

20

30

40

50

M
uc

5a
c/

G
ap

dh

Muc5ac
**** ****

Con
tro

l
M

SC
OVA

OVA/M
SC

0

1

2

3

4

5

In
fla

m
m

at
io

n
sc

or
e

**** ***

Con
tro

l
M

SC
OVA

OVA/M
SC

0

1

2

3

4

5

PA
S

sc
or

e

**** **

H 

C 

A 

Con
tro

l
M

SC
OVA

OVA/M
SC

0

10

20

30

40

E
os

in
op

hi
l/

C
D

45
+

C
el

l%

**** *

Con
tro

l
M

SC
OVA

OVA/M
SC

0

10

20

30

N
eu

tr
op

hi
l/

C
D

45
+

C
el

l%

OVA 
challenge 

    DAY  0                                         7                                        14   15  16   17                   21   22   23  24  

Sacrifice OVA 
sensitization 

OVA 
sensitization 

B 

E 

Con
tro

l
M

SC
OVA

OVA/M
SC

0

2

4

6

8

10

IF
N

-γ
(p

g/
m

L)
Con

tro
l

M
SC

OVA

OVA/M
SC

0

10

20

30

40

IL
-5

(p
g/

m
L

) *** *

Con
tro

l
M

SC
OVA

OVA/M
SC

0

20

40

60

IL
-1

3
(p

g/
m

L
) *** *

Con
tro

l
M

SC
OVA

OVA/M
SC

0

1

2

3

4

5

IL
-1

7
(p

g/
m

L
)

MSC 
injection 



Mol. Cells 2022; 45(11): 833-845  837

Anti-Asthmatic Effect of Mesenchymal Stem Cells
Yosep Mo et al.

sels and goblet cell hyperplasia were improved in the histo-

logical analysis of the OVA/hUC-MSC group (Fig. 1F). In ad-

dition, the histological quantification scores of inflammatory 

cell infiltration and the degree of inflammation in the tissues 

were significantly reduced after hUC-MSC injection (Fig. 1G). 

The increased expression of Muc5ac in the OVA group was 

reduced by hUC-MSCs (Fig. 1H).

Effect of hUC-MSCs on CD4+ T cells
The total numbers of IL-5+ or IL-13+ CD4+ T cells were sig-

nificantly increased in the OVA group, whereas they were 

decreased in the hUC-MSCs group (Fig. 2A). Similarly, the 

number of IL-17A+ CD4+ T cells was markedly increased in the 

OVA group, but was significantly reduced in the hUC-MSC 

group (Fig. 2B). In contrast, the number of IFN-γ+ CD4+ T cells 

in the OVA group was noticeably increased relative to the 

hUC-MSC group (Fig. 2B).

	 Next, we analyzed the effect of hUC-MSCs on Tregs. The 

number of Tregs in the lungs and spleen was increased in the 

OVA group, but was further upregulated in the hUC-MSC 

group (Fig. 2C). In addition, hUC-MSC treatment further 

augmented Foxp3 and Il10 expression in the OVA group (Fig. 

2D).

	 Subsequently, the hUC-MSC-mediated effect on the dif-

ferentiation of spleen-derived naive CD4+ T cells into Tregs 

was analyzed (Fig. 2E). Interestingly, during Treg differentia-

tion, increased Treg population and Foxp3 expression were 

observed in direct and indirect contact hUC-MSC co-culture 

systems (Fig. 2F).

Effect of hUC-MSCs on ILCs
Similar to the results observed in Th2 and Th17 cells, IL-5+ or 

IL-13+ ILC2s and IL-17A+ ILC3s populations were increased 

in the OVA group but significantly reduced by hUC-MSC in-

jection (Figs. 3A and 3B). However, hUC-MSC injection did 

not change the number of increased IFN-γ+ ILC1s in the OVA 

group (Fig. 3B).

	 To analyze whether hUC-MSCs can directly regulate the 

polarization of ILC2s, hUC-MSCs were co-cultured with dif-

ferentiated mouse ILC2 (Fig. 3C). hUC-MSCs significantly 

reduced ILC2s for both direct and indirect contact groups; 

direct contact was more effective (Fig. 3D). The expression of 

Il5 and Il13 in ILC2s were also reduced in both direct and in-

direct contact assays (Fig. 3E). However, Il10 expression was 

increased only when indirectly co-cultured with hUC-MSCs 

(Fig. 3E). The expression of Gata3 and Tcf7, the master reg-

ulators of ILC2s, had a similar pattern to that of type 2 cyto-

kines (Fig. 3F). However, hUC-MSCs did not affect expression 

of ILC2 receptors, such as Il1rl1 and Il7r (Fig. 3G).

Changes in mRNA expression induced by hUC-MSCs
The enhanced expression of Th2 cytokines (Il5 and Il13) and 

master regulators (Gata3 and Rora) in the OVA group was 

significantly reduced after hUC-MSC treatment (Fig. 4A). Sim-

ilarly, the increased expression of Il17a and Rorc in the OVA 

group was also significantly reduced by hUC-MSC injection 

(Fig. 4B). However, no significant difference was observed in 

the elevated expression of Th1 cytokines, including Ifng and 

Tbx21, in the OVA group (Fig. 4C) by hUC-MSC injection.

	 In addition, intravenous hUC-MSC administration modu-

lated the expression levels of macrophage activation markers, 

which were increased by OVA challenge (Fig. 4D). While M1 

activation markers, such as Cd86, were significantly upreg-

ulated in the hUC-MSC administered OVA group (Fig. 4E), 

M2 activation markers, such as  Mrc1, H2-ab, Ym1, Relmα, 

Cd163, Arg1, and Pparg, were significantly downregulated. 

The expression of genes related to monocyte chemotaxis, 

such as Mcp1 and Itgam, encoding CD11b in the OVA group, 

was decreased by hUC-MSC treatment (Fig. 4F).

Changes in DCs and macrophage/monocyte population 
induced by hUC-MSCs
In DC population, hUC-MSC-treated mice showed a de-

creased number of CD11b+ DCs and cDC2s compared with 

the OVA group (Supplementary Fig. S4). 

	 In addition, in the OVA-induced asthma model, hUC-MSC-

treated mice showed a reduced number of macrophages 

compared with the OVA group (Fig. 5A). Next, we subdivid-

ed the macrophages into subgroups according to SiglecF and 

CD11b (Fig. 5B).

	 hUC-MSC treatment did not affect the decreased Si-

glecF+CD11c+CD11b− resident AM population (Fig. 5C). 

However, hUC-MSC treatment replenished SiglecF+CD-

11c+CD11b+ cells, which are transient AMs evolved from 

monocytes.

	 Meanwhile, hUC-MSC treatment significantly reduced the 

proportion of SiglecF−CD11c−CD11b+ MoMs, especially Ly6c+ 

MoMs (Fig. 5D).

Effect of hUC-MSCs on macrophage polarization
Interestingly, hUC-MSCs differentially regulated the MoM po-

larization in the OVA group; they enhanced M1 polarization 

but reduced M2 polarization (Fig. 6A). Among M2 MoMs, 

M2a (CD206+MHCIIhiCD86−) and M2c (CD206+MHCIIlow-

CD86−) populations were increased in the OVA group and 

significantly reduced by intravenous hUC-MSC treatment, 

whereas variations in the M2b (CD206−MHCIImidCD86+) pop-

ulation were non-significant (Fig. 6B).

	 To directly analyze the immunomodulatory effects of hUC-

MSCs on M2 macrophages, we performed an in vitro dif-

ferentiation experiment using a mouse AM cell line (Supple-

mentary Fig. S4A). When hUC-MSCs were treated after M2 

stimulation, M2 macrophage activation was affected not only 

by cell-to-cell contact but also by MSC-derived soluble factors 

(Fig. 6C). 

	 Next, we conducted an in vitro macrophage polarization 

experiment using human PBMCs to determine whether hUC-

MSCs also affected macrophage polarization in humans 

(Supplementary Fig. S4B). Despite IL-13 treatment, hUC-

MSC-treated human PBMCs showed reduced MRC1 and 

HLA-DR mRNA expression, suggesting decreased M2 polar-

ization (Fig. 6D).

DISCUSSION

In this study, we demonstrated the anti-asthmatic effect of 

hUC-MSCs on innate immune cells, especially on ILC2 func-

tion and M2 macrophage polarization.
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Fig. 3. Effect of hUC-MSCs on ILCs in vivo and ex vivo. (A) Dot plot and the number of IL-5+ ILCs, IL-13+ ILCs, (B) IL-17A+ ILCs and IFN-γ+ 

ILCs in the lung homogenate. (C) Protocol for differentiation of ILCs isolated from the lungs and co-culturing of hUC-MSCs in vitro, and 

mechanism-dependent changes in their activation. (D) The number of IL-5+ ILCs and IL-13+ ILCs due to hUC-MSCs treatment ex vivo. 

(E) Il5, Il13, Il10, (F) Gata3, Tcf7, (G) Il1rl1 and Il7r gene expression in ILC2s. Naïve ILCs isolated from the mouse lungs were used as 

the control. n = 4 for each group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All results are representative of at least three 

independent experiments.
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Fig. 4. Effect of hUC-MSCs on lung mRNA expression in a murine asthma model. (A) Changes in Il5, Il13, Gata3, and Rora gene 

expression in the lungs following hUC-MSC treatment. (B) Changes in Il17a, Rorc, (C) Ifng and Tbx21 gene expression in the lungs 

following hUC-MSC treatment. (D and E) Mrc1, H2-ab, Ym1, Relma, Cd163, Arg1, Pparg, and Cd86 gene expression in the lungs 

following hUC-MSC treatment. (F) Mcp1 and Itgam gene expression in the lungs following hUC-MSC treatment. n = 4 for each group, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. All results are representative of at least three independent experiments.
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	 MSCs are known to exert widespread immunomodulatory 

effects on cells of the innate and adaptive immune system by 

both enhancing and inhibiting cell proliferation, and inducing 

cytokine production. However, the exact mechanisms un-

derlying the immunosuppressive effects of MSCs are still not 

clear (Fan et al., 2020; Shi et al., 2010; Shin et al., 2021).

	 Compared with MSCs of other origins, MSCs derived from 

the umbilical cord have demonstrated superior immuno-

suppressive effects, and are not subject to ethical issues, as 

they can be harvested non-invasively in large amounts. Thus, 

they have been identified as a viable option for treatment in 

patients with severe asthma (Huang et al., 2012; Kim et al., 

2022; Mathias et al., 2013). We investigated the immuno-

modulatory effect of hUC-MSCs in an experimental asthma 

model, and demonstrated that the intravenous injection of 

hUC-MSCs can influence both innate and adaptive immune 

cells. Intravenous administration of hUC-MSCs resulted in 

decreased Th2 cell differentiation in OVA-induced murine 

asthma. In contrast, the proportion of Tregs in the lung and 

spleen were increased, accompanied by the upregulation of 

IL-10. Previous reports have also demonstrated that MSCs ac-

tivate Tregs. These cells secrete anti-inflammatory cytokines, 

such as IL-10 and TGF-β, which lead to a decrease in lung 

eosinophilic inflammation, Th2 cytokines, and IgE antibody 

production (Cho et al., 2014). In addition, pathways related 

to Treg soluble factors, such as IDO and TGF-β, prostaglan-
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All results are representative of at least three independent 

experiments. MoM, monocyte derived macrophage.
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din E2, extracellular vesicles, and the reprogramming of 

antigen-presenting cells to tolerogenic phenotypes, have 

emerged as possible mechanisms of immune-modulatory 

Treg cell proliferation (Negi and Griffin, 2020).

	 Recently, GSH has been proposed as a marker to evaluate 

stem cell function. In the asthma model, hUC-MSCs with 

high GSH levels showed elevated anti-asthmatic effect evi-

dent in the histological and immune cell analyses compared 

Con
tro

l
IL

-13

IL
-13

/M
SC

(dire
ct)

IL
-13

/M
SC

(in
dire

ct)
0

2

4

6

M
R

C1
/A

C
TB

MRC1
********

****

Con
tro

l
IL

-13

IL
-13

/M
SC

(dire
ct)

IL
-13

/M
SC

(in
dire

ct)
0

1

2

3

4

H
LA

-D
R

/A
C

TB

HLA-DR
********

****

Con
tro

l
IL

-13

IL
-13

/M
SC (dire

ct)

IL
-13

/M
SC (in

dire
ct)

0

1

2

3

4

5

Pp
ar

g/
G

ap
dh

Pparg
*******

**** *

C 

Con
tro

l
IL

-13

IL
-13

/M
SC

(dire
ct)

IL
-13

/M
SC

(in
dire

ct)
0

4

8

12

C
hi

l3
/G

ap
dh

Chil3
********

****

Con
tro

l
IL

-13

IL
-13

/M
SC

(dire
ct)

IL
-13

/M
SC

(in
dire

ct)
0

1

2

3

4

5

H
2-

ab
/G

ap
dh

H2-ab
******

***

Con
tro

l
IL

-13

IL
-13

/M
SC

(dire
ct)

IL
-13

/M
SC

(in
dire

ct)
0

2

4

6

8

10

R
el

m
a/

G
ap

dh

Relma
********

****

Con
tro

l
IL

-13

IL
-13

/M
SC

(dire
ct)

IL
-13

/M
SC

(in
dire

ct)
0

4

8

12

C
d1

63
/G

ap
dh

Cd163
********

****

Con
tro

l
IL

-13

IL
-13

/M
SC

(dire
ct)

IL
-13

/M
SC

(in
dire

ct)
0

10

20

30

40

50

A
rg

1/
G

ap
dh

Arg1
*******

***

D 

Con
tro

l
M

SC
OVA

OVA/M
SC

0.0

0.5

1.0

1.5

C
D

86
+ C

D
20

6-

Si
gl

ec
F- C

D
11

c+ C
D

11
b+

% * **

Con
tro

l
M

SC
OVA

OVA/M
SC

0.0

0.5

1.0

1.5

M
H

C
II

m
id

C
D

86
+ C

D
20

6-

Si
gl

ec
F- C

D
11

c- C
D

11
b+

% *

Con
tro

l
M

SC
OVA

OVA/M
SC

0

5

10

15

20

M
H

C
II

hi
C

D
86

- C
D

20
6+

Si
gl

ec
F- C

D
11

c- C
D

11
b+

% **** ****

Con
tro

l
M

SC
OVA

OVA/M
SC

0

5

10

15

20

M
H

C
II

lo
w

C
D

86
- C

D
20

6+

Si
gl

ec
F- C

D
11

c- C
D

11
b+

% **** **

Con
tro

l
M

SC
OVA

OVA/M
SC

0

10

20

30

40

C
D

86
- C

D
20

6+

Si
gl

ec
F- C

D
11

c- C
D

11
b+

% **** **

A 

B 

Con
tro

l
IL

-13

IL
-13

/M
SC

(dire
ct)

IL
-13

/M
SC

(in
dire

ct)
0

2

4

6

M
rc

1/
G

ap
dh

Mrc1
*****

***

Fig. 6. Effect of hUC-MSCs on ex vivo and in vitro macrophage 

mRNA expression. (A) Change of M1 and M2 MoMs in the 

lungs. (B) M2 macrophage subtype changes in the lungs induced 

by hUC-MSCs. (C) Changes in M2 activation of mouse AMs MH-S 

(CRL-2019) in vitro by hUC-MSCs. Unstimulated mouse AMs 

were used as controls. (D) Changes in M2 activation of human 

PBMC-derived macrophage direct by hUC-MSC treatment. M1 

and M2 MoM subtypes represent the ratio to total MoMs. The 

unstimulated human PBMC-derived macrophages were used as 

the control. n = 4 for each group, *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001. All results are representative of at least 

three independent experiments.
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to those of low GSH counterparts (Jeong et al., 2018).

	 In this study, high GSH hUC-MSCs especially decreased the 

ILC2 population, which is thought to play a crucial role in the 

pathogenesis of asthma, as ILC2s secrete large amounts of 

Th2 cytokines, such as IL-5 and IL-13, thereby contributing 

to eosinophilic inflammation in allergic asthma. Interesting-

ly, hUC-MSC treatment resulted in decreased expression of 

Gata3 and Tcf7 mRNA in ILC2s, whereas no significant effect 

was observed for Il1rl1 and Il7r mRNA. These results suggest 

that hUC-MSCs regulate ILC2 differentiation by direct cell–cell 

contact, which is unrelated to the regulation of Il1rl1 and Il7r 

(Huang et al., 2017).

	 Macrophage activation is a dynamic process in which early 

macrophages react to environmental signals and differenti-

ate into functionally distinct macrophages (Murray, 2017). 

We found that the administration of hUC-MSCs resulted in 

a pronounced decrease in total macrophage population; 

this finding is consistent with previous reports (Huang et 

al., 2016). Furthermore, macrophage subset populations 

were investigated because the roles of macrophage subsets 

in allergic asthma have been emphasized recently. Macro-

phages are classified into AM and MoM subsets based on 

their expression of CD11c and CD11b. AMs express SiglecF 

and are subdivided according to the expression of CD11b; 

SiglecF+CD11b− resident AMs and SiglecF+CD11b+ transient 

AMs (McQuattie-Pimentel et al., 2018). The intravenous in-

jection of MSC-derived exosomes was found to induce a de-

crease in M2 macrophages in a murine asthma model by reg-

ulating the differentiation of monocytes into macrophages 

(Fang et al., 2020a). Similarly, we found that intravenously 

injected hUC-MSCs modulate MoMs but not SiglecF+ resident 

AMs.

	 Several studies have been conducted to functionally clas-

sify macrophages, and these studies have shown that mac-

rophage subtypes are associated with asthma endotypes 

(Chakarov et al., 2019; Gibbings et al., 2017; Ural et al., 

2020). Increased M2 macrophage polarization and activation 

have been observed in allergic asthma; furthermore, of M2 

macrophage subsets, M2a and M2c are implicated in allergic 

asthma phenotypes. M2a macrophages secrete IL-5 and IL-

13, which induce Th2 cell activation and initiate eosinophil 

infiltration in the lungs (Byers and Holtzman, 2011). M2a 

macrophages expressing CD206 and MHCII have been found 

to increase in accordance with asthma severity, suggesting 

that M2a macrophages are closely involved in the patho-

physiology of severe asthma (Girodet et al., 2016). M2c 

macrophages have been reported to drive pulmonary fibrosis 

(Lu et al., 2013; Mann et al., 2011). Importantly, it has been 

demonstrated in vitro that M2c macrophage activation may 

be subject to regulation by adipose tissue-derived MSCs (Sun 

et al., 2019). 

	 In this study, the reduction of M2a and M2c macrophages 

following intravenous administration of hUC-MSCs suggests 

that the therapeutic effects of hUC-MSCs may be attributed 

to the regulation of these M2 macrophage subtypes; hUC-

MSCs facilitate the resolution of allergic inflammation and 

promote tissue remodeling and repair.

	 Through ex vivo and in vitro experiments, we have shown 

that hUC-MSC treatment decreases the expression of ILC2-, 

M2-, and Th2-related markers. We also found that hUC-MSCs 

can act either directly as demonstrated in co-culture or indi-

rectly via the exchange of soluble factors as demonstrated in 

transwells on innate and adaptive immune cells. Even though 

hUC-MSCs were not separated from macrophages in the di-

rect co-culture group, the contaminating effect of hUC-MSCs 

on the mRNA expression of macrophages was negligible 

(Supplementary Fig. S5).

	 Recent studies confirming the immunosuppressive proper-

ties of MSCs have proposed that paracrine secretion of solu-

ble factors may be the main mechanism by which MSCs exert 

immunomodulatory, angiogenic, antiapoptotic, and antioxi-

dative effects (Bernardo and Fibbe, 2013; Chen et al., 2010; 

Goodwin et al., 2011). Studies have reported that MSCs me-

diate immunosuppressive functions by secreting water-sol-

uble agents, such as IL-6, IL-10, prostaglandin E2, and nitric 

oxide (Bernardo and Fibbe, 2013; Chen et al., 2010; Helal et 

al., 2016). In addition to paracrine effects, cell-to-cell contact 

makes MSCs modulate their immunosuppressive effects and 

promote cell viability. Recently, MSCs have been shown to 

reduce inflammation and increase cell proliferation by releas-

ing exosomes that contain various molecular constituents, 

including proteins, peptides, mRNA, and microRNA (Tang et 

al., 2021).

	 The limitations in our study are as follows. We could not 

rigorously demonstrate the mechanistic link by which hUC-

MSCs exert their immunomodulatory effects by inducing the 

development and differentiation of ILCs, Tregs, and mac-

rophages. However, we have previously uncovered innate 

immune crosstalk in asthmatic airways by determining the 

interaction between ILC and macrophage subtypes (Kim et 

al., 2019). In this study, we confirmed that hUC-MSCs in-

hibited both ILC2 differentiation and M2 differentiation of 

lung macrophages. This suggests that the immune crosstalk 

of the innate immune system might be modulated by hUC-

MSCs, resulting in more effective amelioration of the type 2 

immune response (English et al., 2008; Fang et al., 2020a; 

2020b). Taken together, our present results show that hUC-

MSC treatment can favorably change the outcome of asth-

matic inflammation, especially by targeting innate immune 

cells such as ILCs and macrophages. Based on the results of 

animal studies, we agree that the therapeutic potential of 

hUC-MSCs may be attributed to not only the regulation of 

both innate and adaptive immune cells, but also the cascade 

of molecular interactions. In-depth exploration is, however, 

required for clinical application. 

	 In summary, our work provides evidence that intravenous 

delivery of hUC-MSCs leads to attenuation in AHR and type 2 

inflammation, which may be mediated by innate and adap-

tive cell regulation in asthmatic lungs. In particular, hUC-

MSC treatment has been demonstrated to reduce the levels 

of ILC2s and MoMs, especially M2a and M2c. Based on our 

findings, these regulatory properties of hUC-MSCs may ren-

der hUC-MSC to be a promising novel treatment for severe 

asthma refractory to conventional therapy.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).



844  Mol. Cells 2022; 45(11): 833-845

Anti-Asthmatic Effect of Mesenchymal Stem Cells
Yosep Mo et al.

ACKNOWLEDGMENTS
This research was supported by the Bio & Medical Technology 

Development Program of the National Research Foundation 

(NRF) funded by the Korean government (MSIT) (No. NRF-

2017M3A9B4061887 and 2020R1A2C2007920). Parts of 

figures were created with BioRender.com.

AUTHOR CONTRIBUTIONS
Y.M. involved in all animal experiments and data collection, 

performed the statistical analysis, and drafted the manuscript. 

S.Y.K. drafted the manuscript. J.Y.B. interpreted the data. 

Y.K. and J.J. contributed to revising the manuscript. E.M.J., 

H.Y.K., and S.H.C. made substantial contributions to the con-

ception of the study. H.R.K. contributed to the conception, 

designed the study, supervised the conduction of the study 

and drafting of the manuscript, and revised it critically. All au-

thors read and approved the final manuscript.

CONFLICT OF INTEREST
The authors have no potential conflicts of interest to disclose.

ORCID
Yosep Mo	 https://orcid.org/0000-0003-0095-4464

Sung-Yoon Kang	 https://orcid.org/0000-0001-5505-3028

Ji-Young Bang	 https://orcid.org/0000-0001-6859-4595

Yujin Kim	 https://orcid.org/0000-0002-9838-5441

Jiung Jeong	 https://orcid.org/0000-0002-4726-7226

Eui-Man Jeong	 https://orcid.org/0000-0003-0692-2033

Hye Young Kim	 https://orcid.org/0000-0001-5978-512X

Sang-Heon Cho	 https://orcid.org/0000-0002-7644-6469

Hye-Ryun Kang	 https://orcid.org/0000-0002-2317-4201

REFERENCES

Abumaree, M.H., Al Jumah, M.A., Kalionis, B., Jawdat, D., Al Khaldi, A., 
Abomaray, F.M., Fatani, A.S., Chamley, L.W., and Knawy, B.A. (2013). 
Human placental mesenchymal stem cells (pMSCs) play a role as 
immune suppressive cells by shifting macrophage differentiation from 
inflammatory M1 to anti-inflammatory M2 macrophages. Stem Cell Rev. 
Rep. 9, 620-641.

Bernardo, M.E. and Fibbe, W.E. (2013). Mesenchymal stromal cells: sensors 
and switchers of inflammation. Cell Stem Cell 13, 392-402.

Bosco, M.C. (2019). Macrophage polarization: reaching across the aisle? J. 
Allergy Clin. Immunol. 143, 1348-1350.

Bosnjak, B., Stelzmueller, B., Erb, K.J., and Epstein, M.M. (2011). Treatment 
of allergic asthma: modulation of Th2 cells and their responses. Respir. 
Res. 12, 114.

Byers, D.E. and Holtzman, M.J. (2011). Alternatively activated macrophages 
and airway disease. Chest 140, 768-774.

Carr, W.W. and Szefler, S.J. (2016). Inhaled corticosteroids: ocular safety 
and the hypothalamic-pituitary-adrenal axis. Ann. Allergy Asthma 
Immunol. 117, 589-594.

Chakarov, S., Lim, H.Y., Tan, L., Lim, S.Y., See, P., Lum, J., Zhang, X.M., Foo, S., 
Nakamizo, S., Duan, K., et al. (2019). Two distinct interstitial macrophage 
populations coexist across tissues in specific subtissular niches. Science 
363, eaau0964.

Chen, K., Wang, D., Du, W.T., Han, Z.B., Ren, H., Chi, Y., Yang, S.G., Zhu, D., 
Bayard, F., and Han, Z.C. (2010). Human umbilical cord mesenchymal stem 
cells hUC-MSCs exert immunosuppressive activities through a PGE2-
dependent mechanism. Clin. Immunol. 135, 448-458.

Cho, K.S., Park, M.K., Kang, S.A., Park, H.Y., Hong, S.L., Park, H.K., Yu, H.S., 
and Roh, H.J. (2014). Adipose-derived stem cells ameliorate allergic airway 
inflammation by inducing regulatory T cells in a mouse model of asthma. 
Mediators Inflamm. 2014, 436476.

Doherty, T.A. and Broide, D.H. (2019). Airway innate lymphoid cells in the 
induction and regulation of allergy. Allergol. Int. 68, 9-16.

Duan, M., Steinfort, D.P., Smallwood, D., Hew, M., Chen, W., Ernst, 
M., Irving, L.B., Anderson, G.P., and Hibbs, M.L. (2016). CD11b 
immunophenotyping identifies inflammatory profiles in the mouse and 
human lungs. Mucosal Immunol. 9, 550-563.

English, K., Barry, F.P., and Mahon, B.P. (2008). Murine mesenchymal 
stem cells suppress dendritic cell migration, maturation and antigen 
presentation. Immunol. Lett. 115, 50-58.

Fan, X.L., Zhang, Y., Li, X., and Fu, Q.L. (2020). Mechanisms underlying the 
protective effects of mesenchymal stem cell-based therapy. Cell. Mol. Life 
Sci. 77, 2771-2794.

Fang, S.B., Zhang, H.Y., Meng, X.C., Wang, C., He, B.X., Peng, Y.Q., Xu, 
Z.B., Fan, X.L., Wu, Z.J., Wu, Z.C., et al. (2020a). Small extracellular vesicles 
derived from human MSCs prevent allergic airway inflammation via 
immunomodulation on pulmonary macrophages. Cell Death Dis. 11, 409.

Fang, S.B., Zhang, H.Y., Wang, C., He, B.X., Liu, X.Q., Meng, X.C., Peng, 
Y.Q., Xu, Z.B., Fan, X.L., Wu, Z.J., et al. (2020b). Small extracellular vesicles 
derived from human mesenchymal stromal cells prevent group 2 innate 
lymphoid cell-dominant allergic airway inflammation through delivery of 
miR-146a-5p. J. Extracell. Vesicles 9, 1723260.

Fricker, M. and Gibson, P.G. (2017). Macrophage dysfunction in the 
pathogenesis and treatment of asthma. Eur. Respir. J. 50, 1700196.

Gautier, E.L., Shay, T., Miller, J., Greter, M., Jakubzick, C., Ivanov, S., Helft, J., 
Chow, A., Elpek, K.G., Gordonov, S., et al. (2012). Gene-expression profiles 
and transcriptional regulatory pathways that underlie the identity and 
diversity of mouse tissue macrophages. Nat. Immunol. 13, 1118-1128.

Gibbings, S.L., Thomas, S.M., Atif, S.M., McCubbrey, A.L., Desch, A.N., 
Danhorn, T., Leach, S.M., Bratton, D.L., Henson, P.M., Janssen, W.J., et al. 
(2017). Three unique interstitial macrophages in the murine lung at steady 
state. Am. J. Respir. Cell Mol. Biol. 57, 66-76.

Girodet, P.O., Nguyen, D., Mancini, J.D., Hundal, M., Zhou, X., Israel, E., and 
Cernadas, M. (2016). Alternative macrophage activation is increased in 
asthma. Am. J. Respir. Cell Mol. Biol. 55, 467-475.

Goodwin, M., Sueblinvong, V., Eisenhauer, P., Ziats, N.P., LeClair, L., 
Poynter, M.E., Steele, C., Rincon, M., and Weiss, D.J. (2011). Bone marrow-
derived mesenchymal stromal cells inhibit Th2-mediated allergic airways 
inflammation in mice. Stem Cells 29, 1137-1148.

Helal, M.A.M., Shaheen, N.E.M., and Abu Zahra, F.A. (2016). Immuno
modulatory capacity of the local mesenchymal stem cells transplantation 
after severe skeletal muscle injury in female rats. Immunopharmacol. 
Immunotoxicol. 38, 414-422.

Hu, X., Tian, Y., Qu, S., Cao, Y., Li, S., Zhang, W., Zhang, Z., Zhang, N., and 
Fu, Y. (2017). Protective effect of TM6 on LPS-induced acute lung injury in 
mice. Sci. Rep. 7, 572.

Huang, B., Cheng, X., Wang, H., Huang, W., la Ga Hu, Z., Wang, D., Zhang, 
K., Zhang, H., Xue, Z., Da, Y., et al. (2016). Mesenchymal stem cells and 
their secreted molecules predominantly ameliorate fulminant hepatic 
failure and chronic liver fibrosis in mice respectively. J. Transl. Med. 14, 45.

Huang, Q., Seillet, C., and Belz, G.T. (2017). Shaping innate lymphoid cell 
diversity. Front. Immunol. 8, 1569.

Huang, Y.C., Parolini, O., La Rocca, G., and Deng, L. (2012). Umbilical cord 
versus bone marrow-derived mesenchymal stromal cells. Stem Cells Dev. 
21, 2900-2903.

Janssen, W.J., Barthel, L., Muldrow, A., Oberley-Deegan, R.E., Kearns, M.T., 
Jakubzick, C., and Henson, P.M. (2011). Fas determines differential fates 
of resident and recruited macrophages during resolution of acute lung 

https://orcid.org/0000-0003-0095-4464
https://orcid.org/0000-0001-5505-3028
https://orcid.org/0000-0001-6859-4595
https://orcid.org/0000-0002-9838-5441
https://orcid.org/0000-0002-4726-7226
https://orcid.org/0000-0003-0692-2033
https://orcid.org/0000-0001-5978-512X
https://orcid.org/0000-0002-7644-6469
https://orcid.org/0000-0002-2317-4201


Mol. Cells 2022; 45(11): 833-845  845

Anti-Asthmatic Effect of Mesenchymal Stem Cells
Yosep Mo et al.

injury. Am. J. Respir. Crit. Care Med. 184, 547-560.

Jeong, E.M., Yoon, J.H., Lim, J., Shin, J.W., Cho, A.Y., Heo, J., Lee, K.B., Lee, 
J.H., Lee, W.J., Kim, H.J., et al. (2018). Real-time monitoring of glutathione 
in living cells reveals that high glutathione levels are required to maintain 
stem cell function. Stem Cell Reports 10, 600-614.

Jiang, Z. and Zhu, L. (2016). Update on the role of alternatively activated 
macrophages in asthma. J. Asthma Allergy 9, 101-107.

Kang, H., Bang, J.Y., Mo, Y., Shin, J.W., Bae, B., Cho, S.H., Kim, H.Y., and 
Kang, H.R. (2022). Effect of Acinetobacter lwoffii on the modulation of 
macrophage activation and asthmatic inflammation. Clin. Exp. Allergy 52, 
518-529.

Kim, H.Y., Umetsu, D.T., and Dekruyff, R.H. (2016). Innate lymphoid cells in 
asthma: will they take your breath away? Eur. J. Immunol. 46, 795-806.

Kim, J., Chang, Y., Bae, B., Sohn, K.H., Cho, S.H., Chung, D.H., Kang, H.R., 
and Kim, H.Y. (2019). Innate immune crosstalk in asthmatic airways: Innate 
lymphoid cells coordinate polarization of lung macrophages. J. Allergy 
Clin. Immunol. 143, 1769-1782.e11.

Kim, R.L., Bang, J.Y., Kim, J., Mo, Y., Kim, Y., Lee, C.G., Elias, J.A., Kim, H.Y., 
and Kang, H.R. (2022). Mesenchymal stem cells exert their anti-asthmatic 
effects through macrophage modulation in a murine chronic asthma 
model. Sci. Rep. 12, 9811.

Klopfleisch, R. (2016). Macrophage reaction against biomaterials in the 
mouse model - phenotypes, functions and markers. Acta Biomater. 43, 
3-13.

Lee, H.S., Kwon, H.S., Park, D.E., Woo, Y.D., Kim, H.Y., Kim, H.R., Cho, 
S.H., Min, K.U., Kang, H.R., and Chang, Y.S. (2015). Thalidomide inhibits 
alternative activation of macrophages in vivo and in vitro: a potential 
mechanism of anti-asthmatic effect of thalidomide. PLoS One 10, 
e0123094.

Liegeois, M., Legrand, C., Desmet, C.J., Marichal, T., and Bureau, F. (2018). 
The interstitial macrophage: a long-neglected piece in the puzzle of lung 
immunity. Cell. Immunol. 330, 91-96.

Lu, J., Cao, Q., Zheng, D., Sun, Y., Wang, C., Yu, X., Wang, Y., Lee, V.W., 
Zheng, G., Tan, T.K., et al. (2013). Discrete functions of M2a and M2c 
macrophage subsets determine their relative efficacy in treating chronic 
kidney disease. Kidney Int. 84, 745-755.

Mann, C.J., Perdiguero, E., Kharraz, Y., Aguilar, S., Pessina, P., Serrano, A.L., 
and Munoz-Canoves, P. (2011). Aberrant repair and fibrosis development 
in skeletal muscle. Skelet. Muscle 1, 21.

Mathias, L.J., Khong, S.M., Spyroglou, L., Payne, N.L., Siatskas, C., Thorburn, 
A.N., Boyd, R.L., and Heng, T.S. (2013). Alveolar macrophages are critical 
for the inhibition of allergic asthma by mesenchymal stromal cells. J. 

Immunol. 191, 5914-5924.

McQuattie-Pimentel, A.C., Budinger, G.R.S., and Ballinger, M.N. (2018). 
Monocyte-derived alveolar macrophages: the dark side of lung repair? 
Am. J. Respir. Cell Mol. Biol. 58, 5-6.

Mo, Y., Kang, H., Bang, J.Y., Shin, J.W., Kim, H.Y., Cho, S.H., and Kang, H.R. 
(2022). Intratracheal administration of mesenchymal stem cells modulates 
lung macrophage polarization and exerts anti-asthmatic effects. Sci. Rep. 
12, 11728.

Muraille, E., Leo, O., and Moser, M. (2014). TH1/TH2 paradigm extended: 
macrophage polarization as an unappreciated pathogen-driven escape 
mechanism? Front. Immunol. 5, 603.

Murray, P.J. (2017). Macrophage polarization. Annu. Rev. Physiol. 79, 541-
566.

Negi, N. and Griffin, M.D. (2020). Effects of mesenchymal stromal cells on 
regulatory T cells: current understanding and clinical relevance. Stem Cells 
38, 596-605.

Shi, Y., Hu, G., Su, J., Li, W., Chen, Q., Shou, P., Xu, C., Chen, X., Huang, Y., 
Zhu, Z., et al. (2010). Mesenchymal stem cells: a new strategy for immuno
suppression and tissue repair. Cell Res. 20, 510-518.

Shin, J.W., Ryu, S., Ham, J., Jung, K., Lee, S., Chung, D.H., Kang, H.R., and 
Kim, H.Y. (2021). Mesenchymal stem cells suppress severe asthma by 
directly regulating Th2 cells and type 2 innate lymphoid cells. Mol. Cells 
44, 580-590.

Sun, M., Sun, L., Huang, C., Chen, B.C., and Zhou, Z. (2019). Induction of 
macrophage M2b/c polarization by adipose tissue-derived mesenchymal 
stem cells. J. Immunol. Res. 2019, 7059680.

Swieboda, D., Johnson, E.L., Beaver, J., Haddad, L., Enninga, E.A.L., 
Hathcock, M., Cordes, S., Jean, V., Lane, I., Skountzou, I., et al. (2020). 
Baby’s first macrophage: temporal regulation of Hofbauer cell phenotype 
influences ligand-mediated innate immune responses across gestation. J. 
Immunol. 204, 2380-2391.

Tang, Y., Zhou, Y., and Li, H.J. (2021). Advances in mesenchymal stem cell 
exosomes: a review. Stem Cell Res. Ther. 12, 71.

Wang, Y., Chen, X., Cao, W., and Shi, Y. (2014). Plasticity of mesenchymal 
stem cells in immunomodulation: pathological and therapeutic 
implications. Nat. Immunol. 15, 1009-1016

Ural, B.B., Yeung, S.T., Damani-Yokota, P., Devlin, J.C., de Vries, M., Vera-
Licona, P., Samji, T., Sawai, C.M., Jang, G., Perez, O.A., et al. (2020). 
Identification of a nerve-associated, lung-resident interstitial macrophage 
subset with distinct localization and immunoregulatory properties. Sci. 
Immunol. 5, eaax8756.


