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Patients with severe asthma have unmet clinical needs 
for effective and safe therapies. One possibility may be 
mesenchymal stem cell (MSC) therapy, which can improve 
asthma in murine models. However, it remains unclear 
how MSCs exert their beneficial effects in asthma. Here, we 
examined the effect of human umbilical cord blood-derived 
MSCs (hUC-MSC) on two mouse models of severe asthma, 
namely, Alternaria alternata-induced and house dust mite 
(HDM)/diesel exhaust particle (DEP)-induced asthma. hUC-
MSC treatment attenuated lung type 2 (Th2 and type 2 
innate lymphoid cell) inflammation in both models. However, 
these effects were only observed with particular treatment 
routes and timings. In vitro co-culture showed that hUC-
MSC directly downregulated the interleukin (IL)-5 and IL-13 
production of differentiated mouse Th2 cells and peripheral 
blood mononuclear cells from asthma patients. Thus, these 
results showed that hUC-MSC treatment can ameliorate 
asthma by suppressing the asthmogenic cytokine production 
of effector cells. However, the successful clinical application 
of MSCs in the future is likely to require careful optimization 

of the route, dosage, and timing.

Keywords: cell therapy, innate lymphoid cells, mesenchymal 

stem cells, severe asthma, Th2 cells 

INTRODUCTION

Asthma is a chronic inflammatory disease with symptoms of 

shortness of breath, dyspnea, and coughing. It is not only the 

most common chronic airway disease, its prevalence is still ris-

ing in many parts of the world (Lundback et al., 2016). Asth-

ma treatment is based on bronchodilators, which provide 

short-term symptom relief, and corticosteroids that depress 

the inflammatory responses (McCracken et al., 2017). How-

ever, some patients have difficulty controlling their symptoms 

even if they adhere closely to such standard treatment reg-

imens. Therefore, new treatment regimens are needed for 

poorly controlled asthma, and one possibility is mesenchymal 

stem cell (MSC) therapy.
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 MSCs (also known as mesenchymal stromal cells) are het-

erogeneous populations of cells that can be obtained from 

various sources, including bone marrow, adipose tissue, and 

umbilical cord blood (Keating, 2012; Ryu et al., 2013). MSCs 

can replace damaged tissues and regulate immune reactions. 

The immunoregulatory role of MSCs is particularly promis-

ing for inflammation-related conditions such as asthma and 

has consequently attracted more attention than its regen-

erative role. The immunomodulatory activities of MSCs are 

exerted by cell-to-cell contact and paracrine effects through 

the release of soluble mediators like cytokines or extracel-

lular vesicles (Fan et al., 2020). These features make MSCs 

an attractive potential therapeutic target for inflammatory 

diseases. Moreover, many studies show that the transfer of 

MSCs to human patients and rodent models can have ben-

eficial effects in a variety of autoimmune diseases (Chae et 

al., 2021; Kim et al., 2016; Munir and McGettrick, 2015). 

Several studies have shown that MSC transfer also reduces 

lung inflammation and tissue remodeling in allergic asthma 

(Hong et al., 2017; Sun et al., 2012). This effect is mediated 

by several critical mechanisms. First, MSCs reduce interleukin 

(IL)-4, IL-5, or IL-13 expression, thereby mitigating asthmo-

genic type 2 inflammation (Castro et al., 2020; Goodwin et 

al., 2011). Second, MSCs activate regulatory T cells (Treg), 

which produce anti-inflammatory cytokines such as IL-10 

and transforming growth factor beta (TGF-β) that suppress 

airway inflammation (Kavanagh and Mahon, 2011; Nemeth 

et al., 2010). Third, MSCs can regulate the functions of den-

dritic cells (DCs) and macrophages, which play essential roles 

in asthma. Specifically, Cahill et al. (2015) showed that MSCs 

inhibit the maturation of DCs in peripheral blood mononucle-

ar cells (PBMCs) from asthma patients; the resulting semi-ma-

ture DCs then promoted the expansion of Treg. MSCs also 

cause macrophages to shift from the M1 phenotype to the 

M2 phenotype, which attenuates asthma (Braza et al., 2016; 

Song et al., 2015). Finally, MSCs reduce airway remodeling 

by inhibiting the mucus production of goblet cells and airway 

smooth muscle cell proliferation (Lee et al., 2011).

 Thus, previous studies have provided important insights 

into how MSC transfer may ameliorate asthma. However, the 

precise details of these mechanisms and the roles of immune 

cells other than T cells, DCs, and macrophages remain to be 

explored. This is particularly true for type 2 innate lymphoid 

cells (ILC2s), which have been shown recently to play import-

ant roles in asthma (Kim et al., 2016; 2021). We, therefore, 

explored the effect of transferring human umbilical cord 

blood-derived MSCs (hUC-MSCs) into two different mouse 

models of severe asthma; namely, asthma induced by Alter-

naria alternata and asthma generated by a combination of 

house dust mite (HDM) and diesel exhaust particles (DEP). 

Our results showed that MSCs directly reduced the IL-5 and 

IL-13 production from both Th2 cells and ILC2s. However, 

the effectiveness of MSCs was largely dependent on treat-

ment dosage, timing, and routes. Co-culture of MSCs with 

differentiated mouse T cells or PBMCs from asthma patients 

inhibits cytokine productions, including IL-5 and IL-13. There-

fore, our results suggest that MSCs are potent therapy for 

airway inflammation of severe asthmatic patients by directly 

modulating both T cells and ILCs.

MATERIALS AND METHODS

Mice
Female BALB/c mice (6-8 weeks old) were purchased from 

Koatech (Korea) and maintained in the Seoul National Uni-

versity Hospital Biomedical Research Institute specific patho-

gen-free animal facility (Korea), which is accredited by the 

AAALAC (Association for Assessment and Accreditation of 

Laboratory Animal Care). All experiments were approved by 

the Seoul National University Hospital Institutional Animal 

Care and Use Committee (No. 17-0150 and 19-0195).

Human umbilical cord blood-derived MSCs
Human umbilical cord samples were obtained from healthy 

full-term donors delivering at Seoul National University Hospi-

tal (Korea). The protocol was approved by the Seoul National 

University Hospital Institutional Review Board (No. 1708-083-

878). All subjects provided written informed consent. hUC-

MSCs were collected and cultured as described previously 

(Jeong et al., 2019). hUC-MSCs that had been cryopreserved 

at passage 4 were cultured to passage 7 and then used in the 

experiments described below.

Asthma mouse models and MSC treatment
Allergic asthma was induced by intratracheal instillation of 

either A. alternata or a combination of HDM and DEP. For 

the A. alternata mouse model, mice were intratracheally ex-

posed to 10 μg A. alternata extract (Greer, USA) on days 0, 

2, 4, and 6 and evaluated on day 8. For the HDM/DEP asth-

ma model, mice were intratracheally sensitized with 10 μg 

HDM allergen from Dermatophagoides pteronyssinus 1 (Der 

p 1) extract (Greer) and 150 μg DEP (Standard Reference 

Material®1650b; National Institute for Standards and Tech-

nology, USA) on day 0. These mice were then intratracheally 

challenged with 10 μg HDM and 75 μg DEP on days 7, 8, 

and 9 and evaluated on day 10. For MSC treatment, MSCs 

were washed in phosphate-buffered saline (PBS) and 1.0 × 

105 cells were either resuspended in 100 μl PBS and injected 

via a tail vein or resuspended in 50 μl PBS and intratracheally 

instilled. MSCs were delivered on day 0 or day 3 (for the A. 

alternata model) or day 0 and/or day 7 (for the HDM/DEP 

model). In the case where allergens and MSCs were admin-

istered on the same day, the MSCs were introduced 4 h after 

the allergen administration.

Measurement of airway hyperresponsiveness (AHR)
Mice were anesthetized with 150 mg/kg of pentobarbital so-

dium, intubated with 18-gauge catheters, and mechanically 

ventilated at a tidal volume of 0.2 ml and a frequency of 140 

breaths per minute. Lung resistance (RL) was measured with 

BUXCO FinePointe Resistance and Compliance (BUXCO Elec-

tronics, USA) in response to aerosolized methacholine (5, 10, 

20, 40 mg/ml) (Sigma-Aldrich, USA).

Preparation of mouse bronchoalveolar lavage and lung 
cells and human PBMCs
The euthanized mice were subjected to bronchoalveolar 

lavage (BAL) to evaluate the immune cells that had infiltrat-

ed the bronchioles. BAL fluid was obtained by flushing the 
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trachea with 1 ml of cold PBS 3 times. Cells from BAL fluids 

were washed and analyzed by flow cytometry using anti-Si-

glec-F (E50-2440; BD Biosciences, USA), anti-CD11b (M1/70; 

Biolegend, USA), anti-CD11c (N418; Biolegend), anti-CD45 

(30-F11; Biolegend), and anti-Ly6G (1A8; Biolegend). To 

obtain single cells from mouse lung, lung tissue was mechan-

ically dissociated into small pieces and incubated with 1 mg/

ml collagenase IV (Worthington Biochemical, USA) and 50 

μg/ml DNase I (Sigma-Aldrich) in RPMI1640 with 10% fetal 

bovine serum (FBS) for 90 min at 37°C in a shaking incuba-

tor. Lung single cell suspensions were obtained after passing 

the samples through 40 μm strainers. Red blood cells were 

lysed with RBC lysis buffer (Sigma-Aldrich) and the remaining 

cells were washed and prepared for further experiments. For 

in vitro experiments on human blood cells, human peripheral 

blood was obtained from asthma patients. All donors pro-

vided written informed consent. The study protocol was ap-

proved by the Seoul National University Hospital Institutional 

Review Board (No. 1607-148-778). Human PBMCs were 

prepared after the centrifugation of PBS-diluted blood with 

Ficoll-PaqueTM PLUS (GE Healthcare, Sweden) at 2,000 rpm, 

20°C with no brakes.

Flow cytometric analysis
To evaluate cytokine production by flow cytometry, 1 × 

106 cells were re-stimulated with 100 ng/ml PMA (Sig-

ma-Aldrich), 1 μg/ml ionomycin (Sigma-Aldrich), and 1 μl/

ml Monensin (BD Biosciences) in RPMI1640 media with 

10% FBS for 4 h. Suspended mouse cells were treated with 

mouse Fc block (BD Biosciences) for 10 min and stained 

with anti-CD90.2 (30-H12; Biolegend), anti-CD4 (RM4-5; 

Biolegend), anti-CD45 (30-F11; Biolegend), and the lineage 

antibody cocktail containing anti-CD3e (145-2C11; BD Bio-

sciences), anti-CD19 (1D3; BD Biosciences), anti-CD49b 

(DX5; BD Biosciences), anti-CD11b (M1/70; BD Biosciences), 

anti-CD11c (HL3; BD Biosciences), anti-F4/80 (BM8; Bioleg-

end), and anti-FcεRIα (MAR-1; Biolegend) on ice for 30 min. 

The mouse cells were then fixed and permeabilized with BD 

Cytofix/CytopermTM solution (BD Biosciences) on ice for 20 

min and stained with anti-IL-5 (TRFK5; Biolegend) and an-

ti-IL-13 (eBio13A, eBioscience) on ice for an hour. All stained 

cells were analyzed by flow cytometry, BD LSRFortessa X-20 

(BD Biosciences). The data were analyzed using FlowJo 

v10.6.1 software (BD Biosciences).

In vitro culture of mouse Th1, Th2, and Th17 cells and hu-
man PBMCs with hUC-MSCs
Naïve mouse CD4 T cells were differentiated into Th1, Th2, 

and Th17 cells in vitro by using the CellXVivo Mouse Th1, 

Th2, and Th17 Cell differentiation kit (R&D Systems, USA) 

according to the manufacturer’s instructions, respectively. 

Briefly, naïve splenic CD4 T cells were isolated by using the 

MojoSort Mouse Naïve CD4 T Cell Isolation Kit (Biolegend) 

and then cultured in Th differentiation media for 6 days. 

hUC-MSCs were added on day 3 at a MSC/T cell ratio of 1:10 

and the cell preparations were subjected to flow cytometric 

analysis 3 days later. Human PBMCs were cultured with hUC-

MSCs at MSC/PBMC ratio of 1:10 for 24 h. The PBMCs were 

then subjected to quantitative polymerase chain reaction 

(qPCR) analysis.

qPCR analysis
RNA from PBMCs was extracted with TRIzol reagent (Invitro-

gen, USA) according to the manufacturer’s protocol. cDNA 

was synthesized from 1 μg RNA by using the SensiFAST 

cDNA synthesis kit (Bioline, UK). The cDNA was used as tem-

plates for qPCR with SensiFAST SYBR Lo-ROX kit (Bioline). All 

primers were purchased from Integrated DNA Technologies 

(USA). The transcripts were normalized to RPLP0 expression 

and the gene expression was expressed as 2-∆∆Cq-value. The 

PCR primer sequences were as follows: RPLP0 forward, TGT 

CTG CTC CCA CAA TGA AAC; RPLP0 reverse, TCG TCT TTA 

AAC CCT GCG TG; IL4 forward, TGC TTC CCC CTC TGT TCT; 

IL4 reverse, AGC CCT GCA GAA GGT TTC; IL5 forward, GGA 

GAG TAA ACC AAT TCC TAG ACT; IL5 reverse, TTG GCC 

CTC ATT CTC ACT G; IL13 forward, CAT CAT TAT TTG CAG 

AGA CAG GAC; and IL13 reverse, GCA CAG GCT GAG GTC 

TAA G.

Statistical analysis
All statistical analyses were performed by using GraphPad 

Prism 7 (GraphPad Software, USA). The results are expressed 

as mean ± SEM. Unpaired or paired two-tailed Student’s 

t-test or one-way ANOVA with a Dunnett post-hoc test was 

used to compare the groups. Two-way ANOVA test was used 

for AHR analysis. P values less than 0.05 were considered sta-

tistically significant.

RESULTS

Intravenous, but not intratracheal, hUC-MSC treatment 
activates immune cells in the lungs of naïve mice
In previous studies, MSCs were transferred into murine 

models of asthma via the intravenous or intratracheal route 

(Boldrini-Leite et al., 2020; Sun et al., 2012). However, these 

studies did not assess the effect of MSC on the immune re-

sponse of naïve lungs. There are many concerns regarding 

the activation of host immune cells caused by the transferred 

foreign cells including allogeneic stem cell transplantation. 

Although authorities have mandated these tests, few reports 

study the immunological effects of hUC-MSCs on healthy 

lungs (Ministry of Food and Drug Safety, 2014a; 2014b). 

To address this issue, 1 × 105 hUC-MSCs were transferred 

intravenously or intratracheally into naïve mice and the 

immune cells in the respiratory system were analyzed (Fig. 

1A). Surprisingly, analysis of the immune cells in the BAL 

fluid showed that MSC transfer significantly increased the 

lymphocyte numbers in the lung when the intravenous route 

was used (Fig. 1B). FACS analysis of the Th2 cells and ILC2s 

in the lymphocytes then showed that intravenous hUC-MSC 

treatment significantly increased the IL-5 and particularly IL-

13 production by the Th2 cells (Fig. 1C). Intravenous hUC-

MSC treatment also slightly increased the IL-5 and IL-13 

secretion by ILC2s, although these changes were not statis-

tically significant (Fig. 1D). On the other hand, intratracheal 

administration of hUC-MSC slightly increased the number of 

lymphocytes in BAL fluids (Fig. 1B) but did not increase cyto-

kine production in Th2 cells or ILC2s (Figs. 1C and 1D). Thus, 



  Mol. Cells 2021; 44(8): 580-590  583

Anti-Inflammatory Effects of MSCs in Asthma
Jae Woo Shin et al.

these data showed unexpectedly that intravenous hUC-MSC 

treatment increased the numbers and activation of type 2 

immune cells in the lungs of naïve mice.

hUC-MSC treatment suppresses lung type 2 immune cell 
activity in A. alternata-induced severe asthma but this ef-
fect depends on the treatment route and timing
We then assessed whether the intravenous transfer of hUC-

MSC ameliorated asthma that was induced by repeated 

exposure to A. alternata, a fungal allergen linked to the 

development of type 2 high severe asthma (Snelgrove et al., 

2014). After confirming that intravenous hUC-MSCs were 

delivered to the lungs (Supplementary Fig. S1), asthmatic 

mice were treated with MSCs on either day 0 or day 3 in-

travenously (Fig. 2A). As expected, A. alternata exposure 

increased AHR and the infiltration of immune cells, including 

eosinophils, into the bronchioles. However, intravenous hUC-

MSC treatment had no effect on AHR and the immune cell 

numbers in the BAL fluid, regardless of whether they were 

delivered early or later during sensitization (Figs. 2B and 2C). 

The treatments also had no effect on the type 2 cytokine pro-

duction of the lung T cells and ILC2s (Figs. 2D and 2E).

 Since intravenous hUC-MSC transfer did not have a ther-

apeutic effect in the A. alternata asthma model and in fact 

induced lung Th2 cell activation in naïve mice, we examined 

the effect of directly delivering hUC-MSC into the lungs intra-

tracheally on day 0 or day 3 (Fig. 3A). Notably, although the 

intratracheal treatments did not affect the development of 

AHR or immune cell infiltration into the bronchioles (Figs. 3B 

and 3C), treatment with MSCs during the asthma induction 

phase (day 0) significantly reduced the IL-13 production by 

both the Th2 cells and ILC2s in the lungs (Figs. 3D and 3E). 

Fig. 1. Association between the route of hUC-MSC administration with the baseline lung lymphocyte profiles. Naïve mice were treated 

intravenously (i.v.) or intratracheally (i.t.) with hUC-MSCs. (A) Schematic depiction of the treatment regimen. (B) Counts of the indicated 

cells in the BAL fluid after treatment. (C and D) IL-5 and IL-13 production of the Th2 cells (C) and ILC2s (D) in the lung after hUC-MSC 

treatment. The data shown represent 3 independent experiments (n = 4 for each group). The data are expressed as mean ± SEM. Groups 

were compared by one-way (C and D) or two-way (B) ANOVA with Dunnett’s post-hoc test. *P ˂ 0.05; **P ˂ 0.01; ***P ˂ 0.001; n.s., 

not significant. AM, alveolar macrophages; Eos, eosinophils; Neu, neutrophils; Lympho, lymphocytes; CTRL, control.
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The same treatment also tended to reduce the numbers of 

IL-5-secreting Th2 cells and ILC2s. These results suggest that 

while hUC-MSC treatment can inhibit the type 2 inflam-

mation in the lung that is mediated by Th2 cells and ILC2s, 

especially with regard to their IL-13 production, this effect de-

pends profoundly on the timing and route of the treatment.

Intratracheal hUC-MSC treatment improves AHR and air-
way inflammation in HDM/DEP-induced severe asthma 
but marked effects depend on repeated administration
A. alternata-induced asthma is an eosinophilic asthma model. 

Since MSC transfer had a marginal effect on this model, we 

assessed the effect of this treatment on a different murine 

model of severe asthma. This model is induced by simultane-

ously exposing mice to an allergen (HDM) and air pollutants 

(diesel exhaust particle, DEP) (Fig. 4A). The mice develop a 

mixed phenotype of eosinophilic and neutrophilic inflam-

mations that reflects the characteristics of severe asthma 

(Acciani et al., 2013; Brandt et al., 2015). These HDM/DEP 

asthma mice were treated intratracheally with hUC-MSCs 

on day 0 and/or day 7 (Fig. 4A). Treatment in the asthma 

progression phase (day 7) had no effect on AHR. In addition, 

while it did significantly reduce lung eosinophils, it did not 

shape lymphocyte numbers in the lung (Figs. 4B and 4C). By 

contrast, treatment in the asthma induction phase (day 0), 

or both the induction and progression phases (days 0 and 

7), significantly reduced AHR and eosinophil in the BAL fluids 

(Figs. 4B and 4C). Analysis of the Th2 cells and ILC2s showed 

that MSC treatment also reduced their type 2 cytokine secre-

tion, with the least pronounced effects being seen with day 7 

treatment and the most marked effects being seen when the 

mice were repeatedly treated on days 0 and 7 (Figs. 4D-4F). 

However, hUC-MSC treatment did not alter interferon gam-

ma (IFNγ) production from T cells or ILCs in vivo (Supplemen-

tary Fig. S2). These results suggest that repeated treatment 

with hUC-MSCs can suppress the mixed cellular phenotype 

Fig. 2. No therapeutic effect of hUC-MSC on A. alternata-induced asthma by intravenous route. Mice were induced to develop A. 

alternata-induced asthma and were then injected intravenously (i.v.) with hUC-MSCs on day 0 or 3. (A) Schematic depiction of the 

treatment protocol. i.t., intratracheally. (B and C) Measurement of AHR (B) and BAL cell counts (C) after treatment. (D and E) IL-5 and IL-

13 production of the Th2 cells (D) and ILC2s (E) in the lung after treatment. The data shown represent 3 independent experiments (n = 

4 for each group). The data are expressed as mean ± SEM. Groups were compared by one-way (D and E) or two-way (B and C) ANOVA 

with Dunnett’s post-hoc test. **P ˂ 0.01; ***P ˂ 0.001; n.s., not significant. CTRL, control; AM, alveolar macrophages; Eos, eosinophils; 

Neu, neutrophils; Lympho, lymphocytes.
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of severe asthma.

hUC-MSCs directly inhibit the type 2 cytokine production 
of murine Th2 cells and PBMCs from asthmatics in vitro
To determine whether hUC-MSCs can regulate the cytokine 

production of Th cells directly, we co-cultured hUC-MSCs 

with in vitro-differentiated mouse Th1, Th2, and Th17 cells 

(Fig. 5A). The treatment significantly reduced the hallmark 

cytokine production of the Th2 and Th17 cells but did not 

influence the IFNγ secretion of the Th1 cells (Figs. 5B-5D).

 We then examined whether co-culture of hUC-MSCs had 

a similar anti-inflammatory effect on PBMCs from asthma pa-

tients. Indeed, the MSCs significantly decreased their mRNA 

expression of IL-5 and IL-13, but not IL-4, by hUC-MSCs (Fig. 

5E). Thus, hUC-MSCs can modulate activated Th2 and Th17 

cell functions.

DISCUSSION

Asthma affects around 339 million people worldwide. Of 

these, approximately 20% have severe persistent asthma 

(Backman et al., 2018; GBD 2016 Disease and Injury Inci-

dence and Prevalence Collaborators, 2017). At present, high-

dose inhaled corticosteroids with a long-acting β2-agonist 

treatment is recommended for severe persistent asthma (Par-

tridge, 2007). Biological agents that target specific immune 

mediators such as type 2 cytokines (IL-4, IL-5, and IL-13) or 

immunoglobulin E (IgE) have also recently emerged as alter-

native treatments for severe asthma (Khurana et al., 2020). 

However, some patients still poorly respond to the costly bi-

ological agents. Thus, patients with severe persistent asthma 

continue to have unmet clinical needs for effective and safe 

treatments.

 Here, we showed that hUC-MSCs not only significantly re-

duced AHR and lung eosinophil in a murine model of severe 

Fig. 3. Reduction of lung type 2 cytokine production in A. alternata-induced asthma by intratracheal hUC-MSC treatment during 

the induction period. Mice were induced to develop A. alternata-induced asthma and were then injected intratracheally (i.t.) with hUC-

MSCs on day 0 or 3. (A) Schematic depiction of the treatment protocol. (B and C) Measurement of AHR (B) and BAL cell counts (C) after 

treatment. (D and E) IL-5 and IL-13 production of Th2 cells (D) and ILC2s (E) in the lung after treatment. The data shown represent 3 

independent experiments (n = 4 for each group). The data are expressed as mean ± SEM. Groups were compared by one-way (D and 

E) or two-way (B and C) ANOVA with Dunnett’s post-hoc test. *P ˂ 0.05; ***P ˂ 0.001; n.s., not significant. CTRL, control; AM, alveolar 

macrophages; Eos, eosinophils; Neu, neutrophils; Lympho, lymphocytes.



586  Mol. Cells 2021; 44(8): 580-590  

Anti-Inflammatory Effects of MSCs in Asthma
Jae Woo Shin et al.

asthma, they also directly inhibited Th2 cells and ILC2s. This 

suggests that stem cells have therapeutic potential for severe 

asthma. This significantly expands the stem cell research 

field, which has shown after decades of research that stem 

cells are a safe and viable alternative treatment for incurable 

diseases such as neurodegenerative and cardiac disorders, 

and cancer (Levy et al., 2020). Indeed, several clinical trials on 

MSC-based therapy are currently being conducted for such 

diseases (Regmi et al., 2019). With regard to asthma, many 

studies with different animal models have explored the ther-

apeutic potential of MSCs in asthma (Mirershadi et al., 2020; 

Srour and Thebaud, 2014). They show that MSCs not only at-

tenuate pathological remodeling in the asthmatic lung, they 

also suppress the lung inflammatory responses. Specifically, 

MSCs reduce eosinophilic inflammation, AHR, collagen fiber 

deposition, and serum IgE levels and regulate the Th1:Th2 ra-

tio (Inamdar and Inamdar, 2013; Nemeth et al., 2010; Zeng 

et al., 2015; Zhang and He, 2019). However, as described 

recently by the review of Mirershadi et al. (2020), these stud-

ies used different asthma models and their MSC treatment 

protocols markedly vary in terms of dose, timing, and route. 

Thus, the optimal MSC treatment regimens for specific types 

of asthma remain unclear. Since this complicates the design 

of clinical trials on the efficacy of MSCs for asthma, we here 

evaluated the efficacy with which MSC transfer protocols 

that differ in route and timing influenced severe asthma in 

Fig. 4. The therapeutic effect of repeated intratracheal treatment of hUC-MSCs in the development of HDM/DEP-induced severe 

asthma. Mice were induced to develop HDM/DEP-induced asthma and were then injected intratracheally (i.t.) with hUC-MSCs on day 0 

and/or 7. (A) Schematic depiction of the treatment protocol. (B and C) Measurement of AHR (B) and BAL cell counts (C) after treatment. 

(D and E) IL-5 and IL-13 production of Th2 cells (D) and ILC2 (F) in the lung after treatment. The data shown represent 3 independent 

experiments (n = 3~4 for each group). The data are expressed as mean ± SEM. Groups were compared by one-way (D and E) or two-

way (B and C) ANOVA with Dunnett’s post-hoc test. *P ˂ 0.05; **P ˂ 0.01; ***P ˂ 0.001. CTRL, control; AM, alveolar macrophages; Eos, 

eosinophils; Neu, neutrophils; Lympho, lymphocytes.
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two animal models.

 We initially found that MSCs had little effect on A. alter-

nata asthma when the cells were delivered intravenously, 

regardless of whether they were administered during the 

induction or progression phases of asthma. However, intra-

tracheal MSC administration during induction significantly 

suppressed the IL-13 production of lung Th2 cells and ILC2s, 

although this effect did not translate to improved AHR. Un-

expectedly, we noted that intravenous, but not intratracheal, 

MSC administration in naïve mice elevated the IL-5 and IL-

13 production of lung Th2 cells. Since this cast doubt on the 

safety of intravenous MSC administration, we then examined 

Fig. 5. The inhibitory effect of hUC-MSCs on type 2 cytokine production from murine Th2 cells and PBMC from asthmatics. (A-D) In 

vitro differentiated Th1, Th2, and Th17 cells were co-cultured with hUC-MSCs (A), after which FACS was used to measure the IFNγ (B), 

IL-5, IL-13 (C), and IL-17A (D) produced by the Th1, Th2, and Th17 cells, respectively. (E) PBMCs isolated from asthma patients were co-

cultured for 24 h with hUC-MSCs (left panel), after which the mRNA expression of IL4, IL5, and IL13 in the PBMCs (right panels) was 

measured. The data in Figs. 5B-5D represent 3 independent experiments (n = 3 for each group). The data in Fig. 5E are from a single 

experiment with PBMC from five asthma patients. All data are expressed as mean ± SEM. Groups were compared by unpaired (B-D) or 

paired two-tailed Student’s t-test (E). *P ˂ 0.05; **P ˂ 0.01; n.s., not significant.
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the effect of intratracheal MSC treatment in the HDM/DEP 

mouse model of severe asthma. Treatment of this model 

during the induction phase of asthma significantly reduced 

AHR, lung eosinophil and lymphocyte numbers, and the IL-5 

and IL-13 production of both Th2 cells and ILC2s. These out-

comes were not observed when treatment was conducted 

during the progression phase of asthma; however, treatment 

during both phases yielded the strongest effects. Moreover, 

the Th2 cytokine-suppressing effect of MSCs was recapit-

ulated in vitro: differentiated mouse T cells or PBMCs from 

asthma patients that were co-cultured with MSCs produced 

less IL-5 and IL-13. These results suggest that (i) MSC treat-

ment may be effective for some, but not necessarily all, forms 

of severe asthma; (ii) MSCs can directly modulate both T cells 

and ILCs; and (iii) in terms of the optimal MSC treatment 

regimen (i.e., the route, dose, and timing) for severe asthma, 

intratracheal MSC administration may be safer and effective 

than intravenous administration, and repeated intratracheal 

treatment may be more effective than single treatments.

 Since asthma is a heterogeneous disease, the immune cells 

in charge of the pathology differ depending on the asthma 

endotype (Kim et al., 2010). Therefore, it is essential to test 

the efficacy of hUC-MSCs using different models of asthma, 

which represent the different endotypes of asthma (Fallon 

and Schwartz, 2020). Here, we adopt two asthma models 

called A. alternata induced-, and HDM/DEP induced-asthma. 

A. alternata-induced asthma is a model reflecting type 2 high 

severe asthma. In our settings, intratracheal treatment of 

hUC-MSCs partially protects the development of A. alterna-

ta-induced asthma and type 2 cytokine productions. Instead, 

we could observe the significant therapeutic effect of hUC-

MSCs, when we treated hUC-MSCs intratracheally into HDM/

DEP, a mixed type of Th2 and Th17 asthma. This discrepancy 

implied that the severe asthma patients with the mixed phe-

notype (Th2 and Th17 high) would benefit from the MSC 

therapy. Also, these results would be helpful to determine the 

target patients for the MSC clinical trials. Thus, MSCs therapy 

may be more suitable for steroid-refractory severe asthmatics 

who currently have clinical-unmet needs.

 A critical element that shapes the efficacy of MSC treat-

ment is the route of delivery. The most common routes of 

MSC administration are intravenous infusion, intra-arterial in-

fusion, or intra-tissue injection (Kurtz, 2008). When we com-

pared intravenous injection and intratracheal instillation, we 

found that intratracheal, but not intravenous, MSC treatment 

significantly reduced the cytokine responses of lung Th2 cells 

and ILC2s. Thus, the route of administration can significantly 

affect MSC treatment efficacy in asthma. We also found that 

intratracheal administration effectively suppressed HDM/

DEP-induced severe asthma in mice. Interestingly, and unex-

pectedly, we also observed that intravenous, but not intra-

tracheal, MSC treatment in naïve mice induced the IL-5 and 

IL-13 production of lung Th2 cells. Moreover, this change 

became more pronounced as the number of MSCs increased 

(data not shown). Notably, intravenous MSC transfer has 

been reported to cause cases of pulmonary thromboembo-

lism (Moll et al., 2019). This may reflect the presence of small 

capillaries in the lung and the strong adhesion properties of 

MSCs. Compared to the intravenous route, the direct de-

livery of MSCs may accompany the invasive bronchoscopic 

approach which makes it difficult to apply repetitively. Nev-

ertheless, our experiments showed that intratracheal MSC 

administration not only induced therapeutic effects in two 

models of asthma, it did not associate with unexpected and 

potentially unwelcome baseline immune profile changes in 

the lung. Thus, the benefits of intratracheal administration 

of MSCs may outweigh its risks, especially in patients with 

severe asthma.

 Another important element in MSC treatment regimens 

is when the treatment should be given. We found that in 

both severe asthma models, MSC treatment just after the 

first sensitization suppressed airway inflammation better 

than treatment during the progression stage. In particular, 

treatment of the HDM/DEP model mice on day 0 alone, but 

not day 7 alone, potently decreased the AHR, the numbers 

of inflammatory cells in the BAL fluid, and the levels of type 

2 cytokines secreted by lung Th2 cells and ILC2s. However, 

repeating the treatment on day 7 did associate with greater 

suppression of lung Th2 cells and ILC2s. Thus, our data sug-

gest that early and multiple treatments with MSCs may have 

the best results in terms of modulating airway inflammation.

 It should be noted that our study is based on xenogeneic 

transplantation of human MSCs into an animal model of 

asthma. However, our study regimen and results are sup-

ported by several studies that showed that like mouse MSCs, 

human-derived MSCs have therapeutic effects in acute or 

chronic mouse asthma models due to their potent immu-

nomodulatory properties (Bonfield et al., 2010; Sun et al., 

2012). Previous studies suggest that human-derived MSCs 

ameliorate asthma by promoting anti-inflammatory M2 

macrophage polarization (Song et al., 2015) and directly sup-

pressing effector T cells via exosomes or extracellular vesicles 

(Cruz et al., 2015; de Castro et al., 2017). This regulatory 

activity also occurs via cell-to-cell contact through receptor 

ligation or mitochondrial transmission (Court et al., 2020; 

Luz-Crawford et al., 2019; Ren et al., 2010; Wang et al., 

2013). However, since this mechanism remains very poorly 

understood, further research is required.

 Despite the apparent advantages and benefits of MSC 

therapy, many questions must be solved before MSCs can be 

used clinically for asthma. They include: how do MSCs me-

diate their beneficial effects on asthma? Moreover, how can 

we ensure MSCs arrive in the target organ? In addition, how 

can we ensure that MSCs are safe for clinical use? Our pres-

ent results showed that optimized treatment regimens that 

are characterized by specific routes, timing, and doses are 

needed to successfully and safely evoke the desired anti-in-

flammatory functions of MSCs in the asthma microenviron-

ment. However, more comprehensive studies are needed to 

elucidate the optimal protocol for MSC isolation and prepa-

ration for clinical use. Moreover, although our study suggests 

that MSCs have beneficial effects in severe asthma, more 

research that improves our understanding of the mechanisms 

by which MSCs exert these effects are needed before stem 

cells can be applied in clinical settings.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org)
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