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Abstract
Background

Mesenchymal stem cells (MSCs) possess immunomodulatory properties that provide therapeutic
potential for the treatment of in�ammatory diseases. While the therapeutic and clinical effects of MSCs
are partially known, the effects of its administration to the airway in asthma, a chronic airway
in�ammatory disease, remain unclear.

Methods

Six-week-old female BALB/c mice were sensitized and challenged with ovalbumin. The effects of
intratracheally administered umbilical cord MSCs were evaluated by measuring airway
hyperresponsiveness, airway in�ammatory cell analysis, histological analysis, �ow cytometry, and
quantitative real-time PCR. Furthermore, ex vivo experiments con�rmed the effect of MSC treatment on
macrophages that originated from bronchoalveolar lavage �uid and were treated with interleukin (IL)-4 to
induce M2 activation. Additionally, an in vitro transwell assay con�rmed the effect of MSCs on
macrophage activation through direct or indirect treatment using the CRL-2019 alveolar macrophage
(AM) cell line.

Results

Intratracheal administration of MSCs signi�cantly decreased the elevated levels of in�ammatory cells
and airway resistance in the murine asthma model. MSC administration also signi�cantly decreased the
numbers of Th2 cells, ILC2, and macrophages in the lungs of asthmatic mice. In particular, MHCII and
CD86 expression was prominently reduced in dendritic cells and AMs following MSC treatment.
Suppressed SiglecF+CD11c+CD11b- resident AMs, presenting strong negative correlation with type II
in�ammatory cells such as Th2 cells, ILC2, and eosinophils, were restored by intratracheal MSC
treatment. Typical macrophage polarization to M2, particularly M2a, was signi�cantly diminished.
Expression levels of markers presenting M2 polarization and Th2 in�ammation were decreased in the
asthma model upon MSC administration. Ex vivo experiments of IL-4 treated AMs con�rmed that MSC
treatment reduced Il-12 and Tnfa expression as well as that of M2 markers such as Cd206 and Retnla. In
vitro experiments of IL-4 treated AMs con�rmed that both direct and indirect MSC treatments through
transwells signi�cantly reduced Il-5 and Il-13 expression. No difference between the two treatment
methods was found.

Conclusions

Umbilical cord MSCs appear to regulate pulmonary macrophages, suppress Th2 in�ammation, and
mediate anti-asthmatic effects via soluble mediators.

Background
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Asthma is a chronic in�ammatory disease characterized by airway hyperresponsiveness (AHR), airway
obstruction, and remodeling. Allergic asthma is characterized by type 2 T-helper (Th2) in�ammation
exhibiting elevated levels of IgE and eosinophil in�ltration [1]. Severe asthma is refractory to high-dose
inhaled corticosteroids, and requires new safe and effective anti-in�ammatory treatment [2].

Mesenchymal stem cells (MSCs) are progenitor cells with multipotent, non-hematopoietic, self-renewing
capabilities. Typically, they differentiate into bone marrow-derived MSCs (bmMSCs), umbilical cord-
derived MSCs (ucMSCs), or adipose tissue-derived MSCs (ASCs) [3]. It was recently discovered that MSCs
affect various immune cells as well [4]. Additionally, although MSCs have been reported to affect
macrophage polarization, the details of macrophage subtype changes in response to MSC treatment are
not �rmly established in asthma [5].

Macrophages, the most common immune cells in the airway, take charge of the innate immune response
and can differentiate into M1 or M2 macrophages upon stimulation [6, 7]. Macrophage differentiation is
in�uenced by stimuli as well as the microenvironment. More speci�cally, crosstalk with Th cells can
largely drive macrophage differentiation. M1 macrophages are induced by Th1 stimulation, such as by
interferon-γ (IFN-γ), and are characterized as pro-in�ammatory macrophages [8]. In contrast, M2
macrophages are induced by Th2 stimulation, such as by interleukin (IL)-4 and IL-13, and are
characterized as anti-in�ammatory macrophages [9]. Although individual types of macrophages are
known to play a variety of roles in different diseases, recent experiments with murine asthma models
have con�rmed the relationship between M2 macrophages and the pathophysiology of asthma. This has
led to the proposal that regulating macrophage activation is a potential target for asthma treatment [10].

This study investigated the anti-asthmatic effects of intratracheally administered ucMSCs in an
ovalbumin (OVA)-induced murine asthma model. Furthermore, the effect of ucMSCs on macrophage
subtypes and innate immune cell activation was characterized.

Materials And Methods
Murine asthma model

Female 6-week-old BALB/c mice were purchased from Orient Bio (Anyang, Korea). The experiments were
approved by the Institutional Animal Care and Use Committee of the Institute of Laboratory Animal
Resources at Seoul National University (SNU-200302-2-2).

Mice were sensitized with 100 μg OVA and 2 mg aluminum hydroxide (Alum, Sigma-Aldrich; St. Louis,
MO) by intraperitoneal injection on days 0 and 7, and allergen challenge was performed by intraperitoneal
injection of 50 μg OVA on days 14, 15, 16, 21, 22, and 23.

All human uc-MSCs used in this study were cultured, and prepared from Professor In-kyu Kim's laboratory
(College of Medicine, Seoul National University, Seoul, Korea). A total of 1 × 105 ucMSCs were applied
intratracheally on day 17 (Fig. S1). To identify changes in AHR and airway in�ammation after ucMSC



Page 4/21

treatment, mice were divided into the following four groups (n = 4): PBS (control group), ucMSC-treated
(ucMSC group), OVA asthma (OVA group), and ucMSC-treated OVA asthma (OVA+ucMSC group).

Measurement of airway hypersresponsivemenss and in�ammation

On day 24, AHR was measured using a Buxco® FinePointe system (FinePointe RC System, Buxco;
Wilmington, NC). Mice were anesthetized with pentobarbital sodium (50 mg/kg), and lung resistance (RL)
was measured for 3 min. The measured RL values were subtracted from the baseline values and
converted to a percentage.

On the same day, bronchoalveolar (BAL) �uid was obtained, and lung excision was performed. BAL cell
slides were stained with Diff-Quik (Systmex; Kobe, Japan) and more than 300 cells were counted in each
sample to determine the number of macrophages, neutrophils, eosinophils, and lymphocytes.

To con�rm the pathological changes and characteristics of the lung parenchyma, the left lung of the
mouse was �xed in 2% paraformaldehyde, embedded in para�n, cut into 4 sections, and stained with
hematoxylin and eosin.

Cell analysis by �ow cytometry

Single-cell suspensions were treated with FcγR-blocking monoclonal antibody, and the cell surface and
intracellular cytokines and transcription factors were stained accordingly (Figs. S2 and S3). Cells were
analyzed with an LSR Fortessa X-20 (BD Biosciences; San Jose, CA) and FlowJo10 software (TreeStar;
Woodburn, OR). After single-cell and lymphocyte gating, T helper cells were de�ned as CD45+CD3+CD4+

cells. Regulatory T cells (Treg) were de�ned as those that expressed Foxp3, while cytokine-secreting
effector Th cells were those that expressed IL-5, IL-13, IFN-γ, and IL-17A (Fig. S2). After eosinophils were
gated out, macrophages were de�ned as CD45+F4/80+ cells, and dendritic cells (DCs) were de�ned as
CD45+F4/80-CD11c+ cells.

M1 and M2 macrophages were de�ned as CD11c and CD206 single-positive cells, respectively, and M2
subtypes were subdivided into M2a (CD206+MHCII+CD86-), M2b (CD206-MHCII+CD86+), and M2c
(CD206+MHCII-CD86-) [11-13]. In addition, by using CD11c and CD11b [14, 15], four clusters
(CD11c+CD11b-, CD11c+CD11b+, CD11cintCD11b+, CD11c-CD11b+) were classi�ed and analyzed (Fig. S3),
and SiglecF+CD11c+CD11b- were de�ned as resident AMs [16-18].

Quantitative real-time PCR

mRNA expression levels were measured with a 7500 real-time PCR system (Applied Biosystems; Foster
City, CA) after converting the extracted RNA to cDNA using a SensiMix II probe kit (Bioline; London, UK).
Expression levels in each sample were standardized against GAPDH expression using the ΔΔCt method,
and the relative expression level for the control sample was calculated. The following primer sequences
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were used and veri�ed by PrimerBank (Harvard, MA) (Table S1): Gapdh, Arg1, Retnlα1, Il-5, Il-13, Cd86, Il-
12, Tnfα, Cd206, and Tgfb1.

Ex vivo and in vitro transwell experiments

Macrophages from BAL �uid were cultured in 48-well plates (1 × 104 cells/well) for 6 h and then
stimulated with 20 ng/L of recombinant IL-4 (R&D Systems; Minneapolis, MN) for 32 h (Fig. S4). Four
groups were set up for ex vivo experiments: PBS (control group), ucMSC (ucMSC-treated group), IL-4 (IL-4-
stimulated group), and IL-4+ucMSC (IL-4-stimulated group treated with ucMSC). ucMSCs (1 × 104

cells/mL) were treated for 18 h after stimulation with recombinant IL-4 (Fig. S4A).

In vitro transwell experiments were conducted using Transwell Permeable Support (Costar; Kennebunk,
ME). The CRL-2019 AM cell line was stimulated with IL-4 and treated with ucMSC as in the ex vivo
experiment. Four groups were set up for the experiments: PBS (control group), IL-4 (IL-4-stimulated
group), IL-4+DucMSC (IL-4-stimulated group directly pretreated with ucMSC), and IL-4+TucMSC (IL-4-
stimulated group indirectly treated with ucMSC via transwell system) (Fig. S4B).

Statistical analysis

All data are expressed as means ± standard error of the mean (SEM). To analyze the correlation analysis
between two groups, Spearman's rank-order correlation test was performed. Statistical analyses were
performed using GraphPad Prism 7 software (GraphPad Software; San Diego, CA). The Mann–Whitney
test was used to compare the two groups and p-values less than 0.05 were considered statistically
signi�cant.

Results
Reduction of airway hyperresponsiveness and in�ammation by ucMSC treatment in a murine asthma
model

To test the effect of ucMSCs on asthma, an OVA-induced asthma model was established, followed by
intratracheal ucMSC treatment. ucMSC treatment signi�cantly decreased AHR and airway in�ammation
enhanced by OVA challenge (Fig. 1A, B). The macrophage and eosinophil in�ltration found in the OVA
group around the bronchi and the blood vessels was strikingly reduced in the histological analysis of the
OVA+ucMSC group (Fig. 1C). In addition, the increase in eosinophils in the lungs seen in the OVA group
was signi�cantly decreased in the OVA+ucMSC group, whereas the number of neutrophils did not change
in the OVA+ucMSC group in �ow cytometry analysis (Fig. S5).

Reduction of Th2 and ILC2 by ucMSC treatment in a murine asthma model

The number of total CD4+T cells and IL-5/IL-13-secreting CD4+ T cells was signi�cantly increased in the
OVA group. Intratracheal ucMSC treatment signi�cantly decreased the number of IL-5/IL-13-secreting
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CD4+ T cells (Fig. 2A). On the other hand, no signi�cant change was observed in IFN-γ- or IL-17A-secreting
CD4+T cells or Treg cells following ucMSC treatment (Fig. 2A).

The total number of innate lymphoid cells (ILCs) and IL-5/IL-13-secreting type 2 ILCs (ILC2s) signi�cantly
increased in the OVA group, and ucMSC treatment signi�cantly reduced total ILCs and ILC2s. Similar to
Th1 and Th17 cells, IFN-γ-secreting ILC1s and IL-17A-secreting ILC3s increased in the OVA-induced group
but were not changed by intratracheal ucMSC treatment (Fig. 2B).

Changes in dendritic cells and macrophages by ucMSC treatment in a murine asthma model

OVA challenge increased the number of DCs in the lung, especially those with enhanced expression of
MHCII and CD86. Although ucMSC treatment did not reduce the total number of DCs, mature DCs with
antigen-presenting properties (MHCII+CD86+DCs) diminished signi�cantly by ucMSC treatment. In
contrast, immature DCs without MHCII and CD86 expression were reduced in the OVA group and were
partially recovered by ucMSC treatment (Fig. 3A). Similarly, the increase in MHCII+CD86+AMs in the OVA
group was also reduced by treatment with ucMSC, whereas the diminished immature MHCII-CD86-AMs in
the OVA group were restored to normal levels by intratracheal treatment with ucMSCs (Fig. 3B).

OVA challenge increased both M1 and M2 macrophages, which were decreased by ucMSC treatment. Of
the two subsets, M2 macrophages were more effectively reduced by ucMSCs, considering that the
M2/M1 ratio signi�cantly decreased in the OVA+ucMSC group (Fig. 3C).

Among M2 subtypes, ucMSC treatment signi�cantly reduced M2a and M2c populations, which showed
very strong positive correlations with type II immune cells such as IL-5- or IL-13-secreting CD4+T cells, IL-
5- or IL-13-secreting ILC2s, and eosinophils (Fig 3E and S6). However, the M2b population, which also
showed a signi�cant increase in the OVA group, did not change upon ucMSC treatment (Fig. 3D).

As a result of analyzing F4/80+ macrophages based on CD11c and CD11b, it was possible to classify
them into different clusters: CD11c+CD11b-, CD11c+CD11b+, CD11c-CD11b+, and CD11c-CD11b‐ (Fig. S7).
SiglecF expression was very high in CD11c+CD11b- macrophages (Fig. 4A), and this population was
regarded as resident AMs. These resident AMs were signi�cantly reduced in OVA-treated groups, and they
were restored by ucMSC treatment (Fig. 4B). SiglecF+CD11c+CD11b- macrophages showed strong
negative correlations with type 2 immune cells (Fig. 4C).

Changes in mRNA expression by ucMSC treatment in in vivo, ex vivo, and in vitro experiments

Analysis of mRNA expression levels in mouse lung homogenates con�rmed that ucMSC treatment
downregulated the expression levels of both M1 and M2 markers upregulated by OVA challenge.
Enhanced expression of M2 markers (Arg1 and Retnlα) and Th2 cytokines (Il-13 and Il-5) in the OVA group
were signi�cantly reduced by ucMSC treatment (Fig. 5A). Similarly, ucMSCs also downregulated CD86, Il-
12, and Tnfα, classi�ed as M1 markers, upregulated by OVA challenge (Fig. 5B).
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In order to directly specify the effect of ucMSCs on macrophages, BAL �uid macrophages were collected
and stimulated with IL-4 ex vivo to induce M2 macrophage polarization in the presence and absence of
ucMSC treatment. mRNA expression of M1 markers (Il-12 and Tnfα), M2 markers (Cd206 and Arg1), and
Th2 cytokines (Il-5, IL-13, and Tgfb1) were enhanced by IL-4 treatment and normalized by ucMSC
treatment (Figs. 6A, 6B).

In addition, to determine whether ucMSCs directly or indirectly affect macrophages, the CRL-2019 AM cell
line stimulated with IL-4 was treated with ucMSCs directly or indirectly via transwells, which suppressed
Th2 cytokines in both groups (Fig. 6C).

Discussion
In this study, treating OVA-induced murine asthma models with ucMSCs resulted in anti-asthmatic effects
by reducing type II airway in�ammation and AHR. Particularly, ucMSC treatment decreased DCs and
macrophages with antigen-presenting capacity. It also promoted the recovery of resident AMs, which
contributed to the suppression of in�ammation and maintenance of homeostasis in the lung.
Additionally, ucMSCs affected macrophages even without direct cell-to-cell contact, suggesting that
soluble factors mediate the effect of ucMSCs.

Stem cells are undifferentiated cells that self-renew via cell division and multiply into differentiated cells
specialized for tissues and organs depending on the environment. MSCs are adult stem cells derived
from several sources, such as the placenta, umbilical cord, and adipose tissue, and they can differentiate
into various lineages [19-22]. A recent study con�rmed that transplanted MSCs retain their
immunoregulatory properties even in allogenic treatment [23-26]. When mice were treated with human
bmMSCs, the development and function of immune effector cells and T-cells were affected [27, 28]. When
bmMSCs were intravenously injected in the murine asthma model, bmMSCs were localized in the lung,
resulting in downregulated airway in�ammation and Th2 cytokines [25]. Compared to MSCs originating
from the bone marrow or other adult organs [29, 30], ucMSCs are favorable because they can be
harvested non-invasively and mass-produced for in vitro experiments, and most importantly, with less
ethical limitations [31, 32]. In comparison with bmMSCs, ucMSCs have reportedly demonstrated superior
immunosuppressive effects and have thus been identi�ed as a potential treatment for patients with
asthma [29, 33-35]. Until now, human-derived bmMSC studies account for the majority of MSC studies
[36]. Recent ucMSC studies demonstrating its anti-asthmatic effect mainly proved its inhibitory effect on
Th2 and eosinophilic in�ammation [37, 38].

Consistent with previous studies, we also successfully demonstrated the reduction of type II
in�ammation. In vivo experiments in this study con�rmed that Th2 lymphocytes and ILC2s that produce
IL-5 and IL-13 and induce type 2 in�ammation in the lungs were decreased, con�rming that ucMSCs
affect not only adaptive immunity but also innate immunity. Studies have reported activation of Tregs as
an inhibitory mechanism of the Th2 response to the effect of ucMSCs [35]. However, while this study
demonstrated that Tregs, which were de�ned as Foxp3+CD4+ T cells, do indeed increase in the OVA group,
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there was no signi�cant change in Tregs following intratracheal ucMSC administration. Therefore, it
appears that when ucMSCs were intratracheally administered, the anti-asthmatic effects were not
mediated by Tregs. Therefore, this study aimed to con�rm the effect on lung macrophages induced by
intratracheally ucMSC treatment by analyzing the macrophages and their subsets responding to external
stimuli in the airway and intratracheally administered ucMSCs.

Macrophage activation is a dynamic process in which early macrophages react to environmental signals,
such as cytokine signaling, and develop into functional macrophages [39]. When exposed to foreign
substances, changes in tissue microenvironments cause macrophage polarization. In this experiment, the
numbers of MHCII+CD86+ DCs and AMs were far higher in the OVA model than in the control group, but
treatment with ucMSCs suppressed these numbers. This suggests that MSCs are involved in the
alleviation of asthma by regulating the antigen-presenting ability of DCs as well as AMs. In an OVA-
induced murine asthma model treated with bmMSCs, the reduction in the antigen-presenting ability of
DCs suggests that bmMSCs possess anti-asthmatic properties by regulating DC activation [40].

Recently, several studies have been conducted to functionally classify macrophages, and it is suspected
that macrophage subtypes are related to endotypes of asthma [41-43]. In asthma patients, an increase in
M2 macrophages is generally observed. In particular, M2a macrophages are known to secrete IL-5 and IL-
13, which induce the activation of Th2 cells and the in�ltration of eosinophils into the lungs [44]. In
accordance with the severity of asthma, M2a macrophages expressing CD206 and MHCII increase
dramatically, suggesting that M2a macrophages are closely involved in the pathophysiology of asthma
[45]. Additionally, M2c macrophages have been reported to be crucial in the development of pulmonary
�brosis [46, 47], and in vitro experiments have con�rmed that ASCs can regulate M2c macrophage
activation [48]. This study further con�rmed that treating an OVA-induced asthma model with ucMSCs
resulted in a change in M2 macrophage subtypes. More speci�cally, M2a and M2c macrophages were
found to have a strong positive correlation with Th2 cells, ILC2s, and eosinophils. The reduction of M2a
and M2c macrophages suggested that the anti-asthmatic effects of ucMSCs may be mediated by the
regulation of these M2 macrophage subtypes.

AMs are principal immune cells that reside in the lungs and come in close contact with foreign
substances through gaseous exchange. As the �rst line of defense against invading respiratory
pathogens, AMs suppress inappropriate immune responses to antigens [49, 50]. Previous studies
con�rmed the immunosuppressive properties of AMs by demonstrating that AM depletion leads to
enhanced antigen-presenting abilities in DCs, which then results in increased formation of secondary
antibodies when an antigen is inhaled [51, 52]. Additionally, AM-starved, OVA-sensitized mice
demonstrated an increase in eosinophilic in�ammation and Th2 response, verifying that AMs suppress
the Th2 response in an OVA-induced murine asthma model [53].

In order to con�rm the role of ucMSCs in airway in�ammation through macrophage, this study analyzed
the overall changes in macrophages due to ucMSC treatment through CD11b and CD11c gating [14, 15].
CD11b, the subunit that constitutes the integrin αMβ2, was found to aid the adhesion and migration of
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macrophages, and thus helps regulate phagocytosis and cell activation [54-56]. CD11c, the subunit that
constitutes the integrin αXβ2, allows macrophages to bind to lipopolysaccharide (LPS) or act as a
complement to engulf opsonized bacteria [57, 58]. SiglecF, a marker related to eosinophil apoptosis, is
expressed in eosinophils and AMs, yet is not found in interstitial macrophages or in�ammatory
macrophages [16-18]. Although SiglecF is a marker of eosinophils, eosinophils are CD11c- cells and could
be excluded from this study, which analyzed CD11c+ cells. Therefore, SiglecF+CD11c+CD11b-

macrophages may represent typical resident AMs with homeostatic function in a steady state.
Interestingly, ucMSCs increased SiglecF+CD11c+CD11b- resident AMs, and this population was strongly
negatively correlated with Th2 cells, ILC2s, and eosinophils in this study. These results show that ucMSCs
alleviate asthma by suppressing type 2 in�ammation by recovering the depleted SiglecF+CD11c+CD11b-

macrophage population. In accordance with this study, another study using OVA-induced asthma models
reported that CD11c+CD11blow AMs were signi�cantly reduced upon OVA challenge but were also
restored upon treatment with human MSCs, and in vivo depletion of AMs abrogated the therapeutic
effects of human MSCs on allergic airway in�ammation and AHR [29].

Recent studies con�rming the immunosuppressive properties of allogenic MSCs have proposed that
soluble factors may be the main cause of their immunomodulatory effect [59-64]. Immune function
regulation by human MSCs in mice may be mainly due to these immunosuppressive water-soluble
agents, rather than direct cell-to-cell contact. When MSC-treated media were intratracheally administered
to LPS-stimulated mice, in�ammatory cells in BAL �uid were decreased [59], and other studies suggested
that MSCs mediate immunosuppressive functions by secreting water-soluble agents such as IL-6, IL-10,
prostaglandin E2, and nitric oxide [60-64].

Through ex vivo experiments, we con�rmed that the expression of M1-, M2-, and Th2-related markers
decreased with ucMSC treatment. Through in vitro experiments, we found that administering ucMSCs
directly or indirectly via transwell decreased the expression of both IL-5 and IL-13, with no signi�cant
difference between the two experimental groups. This further supports the idea that ucMSCs suppress
type 2 in�ammation by regulating macrophage activation via soluble mediators rather than direct cell-to-
cell contact.

This study con�rmed the effect of intratracheally administered ucMSCs on lung macrophage
differentiation in a murine asthma model, suggesting that direct delivery of ucMSCs to airways are a
potential treatment for asthma. Further studies are needed to show the in vivo effects of MSC-induced
SiglecF+CD11c+CD11b- macrophages and to investigate the mechanisms by which ucMSCs regulate
macrophage activation via soluble mediators.

In conclusion, intratracheally administered ucMSCs inhibit AHR and type II in�ammation, which may be
mediated by macrophage regulation in the asthmatic lung. In particular, ucMSC reduced the levels of M2a
and M2c macrophages, suppressed the antigen-presenting capacity of DCs and AMs, and increased
resident AMs. These regulatory properties of ucMSCs support the potential therapeutic implication of
ucMSCs in allergic asthma.
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BAL: bronchoalveolar lavage
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ucMSC: human umbilical cord-derived mesenchymal stem cell
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Figure 1

Effect of ucMSC on AHR and Lung In�ammation in a murine asthma model. (A) Methacholine
hyperresponsiveness was measured 24 h after the last intranasal challenge. (B) The number of total
in�ammatory cells, including macrophages, neutrophils, eosinophils, and lymphocytes in BAL �uid. (C)
H&E stain (×100) of lung histology after allergen challenge (i: PBS, ii: ucMSC, iii: OVA, iv: OVA + ucMSC
group). n=4-5 for each group, * indicates p < 0.05, ** indicates p < 0.01. All results are representative of at
least three independent experiments. BAL: bronchoavleolar lavage
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Figure 2

Effect of ucMSCs on Th2 and ILC2 by ucMSC treatment in a murine asthma model (A) The number of
lung CD4+ T cells, IL-5+CD4+ T cells, IL-13+CD4+ T cells, IFN-γ+ CD4+ T cells, IL-17A+CD4+ T cells and
Foxp3+CD4+ T cells. (B) The number of lung ILC, IL-5+ ILC, IL-13+ ILC, IFN-γ+ ILC, and IL-17A+ ILC. n=4-5
for each group, * indicates p < 0.05, ** indicates p < 0.01. All results are representative of at least three
independent experiments.
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Figure 3

Effect of ucMSCs on DC and macrophages by ucMSC treatment in a murine asthma model (A, B) The
number of lung DC, MHCII+CD86+ DC, MHCII-CD86- DC (A), AM, MHCII+CD86+ AM, MHCII-CD86- AM (B).
(C) The number of lung M1, M2, and DN and the ratio of M2/M1. (D) The number of M2a, M2b, and M2c.
(E) Correlation plots between M2a macrophages and CD4+IL-5 T cells, IL-5+ILCs, and eosinophils. (F)
Correlation plots between M2c macrophages and CD4+IL-5 T cells, IL-5+ILCs, and eosinophils. n=4-5 for
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each group, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.0001. All results are
representative of at least three independent experiments.

Figure 4

Effect of ucMSCs on CD11c+CD11b- macrophages in a murine asthma model. (A) Expression level of
SiglecF on CD11c+CD11b- macrophages. (B) The number of CD11c+CD11b- macrophages. (B)
Correlation plots between CD11c+CD11b- macrophages and CD4+IL-5+ T cells, CD4+IL-5+ T cells,
eosinophils, IL-5+ ILCs, and IL-13+ ILCs. n=4, * indicates p < 0.05, *** indicates p < 0.0001. All results are
representative of at least three independent experiments.
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Figure 5

Effect of ucMSCs on mRNA expression of lung macrophages in a murine asthma model. (A, B) Changes
in lung macrophage mRNA expression of Arg1, Retnlα, IL-5, Il-13(A), Cd86, Il-12, and Tnfα (A),. n=4 for
each group, * indicates p < 0.05. All results are representative of at least three independent experiments.
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Figure 6

Effect of ucMSCs on mRNA expression of ex vivo and in vitro macrophage. (A and B) Changes in ex vivo
BAL �uid macrophage mRNA expression of Retnlα, Cd206, Il-12, Tnfα(A), Il-5, Il-13, and Tgfb1 (B). (C)
Changes in in vitro macrophage mRNA expression of Il-5 and Il-13. n=3-4 for each group, * indicates p <
0.05. All results are representative of at least three independent experiments. BAL: bronchoalveolar lavage
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