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Abstract 

Background: Mesenchymal stem cells (MSCs) have multiple immunomodulatory properties and hold 

therapeutic potential for inflammatory diseases. However, the therapeutic and immunologic effects of 

human umbilical cord blood-derived MSCs (huMSCs) remain largely unexamined for asthma.  

Objective: This study was to investigate the immunomodulatory properties of huMSCs in an 

ovalbumin (OVA)-induced murine asthma model.  

Methods: Mice were injected intraperitoneally with OVA and an aluminum hydroxide adjuvant. 

huMSCs were administered via the tail-vein (5x105 cells/100uL) to female BALB/c mice prior to the 

initial OVA challenge. The effects of huMSCs were assessed by investigating airway 

hyperresponsiveness, histological changes, inflammatory cell numbers, serum allergen-specific 

antibodies, cytokine production in spleen, lung tissue, and BAL fluid as well as expansion of 

regulatory T cells. 

Results: Administration of huMSCs significantly reduced methacholine bronchial 

hyperresponsiveness and eosinophil counts in BAL cells. Similarly, there was a significant decrease in 

serum OVA-specific IgE and IgG1 levels along with Th2 cytokine production (IL-4, IL-5, and IL-13) 

in the lung and spleen tissues, whereas increased percentage of regulatory T cells was observed after 

treatment with huMSCs. 

Conclusions: Our results suggest that huMSC treatment reduces OVA-induced allergic inflammation, 

which could be mediated by regulatory T cells. 
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Introduction 

Asthma is a chronic respiratory disease characterized by persistent airway inflammation and 

remodeling [1]. Traditional management strategies for asthma focus on two therapies: controllers to 

treat the underlying inflammation and relievers that relax the airway muscles. Despite these strategies, 

asthma remains uncontrolled in numerous patients [2, 3]. Thus, alternative treatment options are 

required. Recent study suggests that transplantation of mesenchymal stem cells (MSCs) could inhibit 

airway inflammation and remodeling for treatment of heterogeneous airway diseases [4]. Human 

mesenchymal stem cells (hMSCs) are non-hematopoietic multipotent stromal cells that can 

differentiate into multiple connective tissue lineages, including adipocytes, chondrocytes, osteoblasts, 

myocytes, and neuronal cells [5, 6]. hMSCs can also repair damaged and inflamed tissue and regulate 

innate and adaptive immune responses [7-9]. hMSCs are well tolerated following allo- and xeno-

transplantation and are isolated from bone marrow, adipose tissue, skeletal muscle, synovium, spleen, 

thymus, lung, amniotic fluid, and the umbilical cord [10]. Human umbilical cord blood-derived 

mesenchymal stem cells (huMSCs) are readily isolated and can be expanded following a painless and 

noninvasive isolation procedure [11]. Several reports of allogeneic and xenogeneic MSCs have 

revealed the immunomodulatory properties of MSCs; however, none has investigated the 

immunomodulatory outcomes of huMSCs in a murine asthma model [12-20]. Thus, the 

immunomodulatory effects of huMSCs were investigated using an ovalbumin (OVA)-induced murine 

allergic asthma model.  

 

Methods 

Mouse model 

Six-week-old female BALB/c mice (16–18 g) were purchased from SLC Inc. (Hamamatsu, Kotoh-

cho, Japan), and maintained under specific pathogen-free conditions. All experiments were approved 

by the Institutional Animal Care and Use Committee at the Institute of Laboratory Animal Resources 

at Seoul National University (SNU-130829-3-2). A total of 18 BALB/c mice were divided into 3 
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groups and used in this study: Group A (control group, n=6), Group B (ovalbumin-induced asthma + 

PBS, n=6), and Group C (ovalbumin-induced asthma + huMSCs, n=6).  

 

Preparation of human umbilical cord blood-derived mesenchymal stem cells 

Isolation and multiplication of huMSCs were performed as previously described [21, 22]. huMSCs 

were collected from the umbilical vein following neonatal delivery with maternal informed consent, 

and prepared according to the proper manufacturing practices at MEDIPOST Co., Ltd (Seoul, Korea). 

huMSCs were collected using a 16-gauge needle that was joined to a huMSCs collection bag 

containing 23 ml of CPDA-1 anticoagulant (Greencross Co., Yongin, Kyunggi-do, Korea). huMSCs 

were harvested within 24 hr of collection, and cell viability was always greater than 90%. 

Mononuclear cells were isolated by centrifugation in a Ficoll-Hypaque gradient (density 1.077 g/cm3, 

Sigma, St Louis, MO, USA). The separated mononuclear cells were washed, suspended in a-

minimum essential medium (α-MEM, GibcoBRL, Carlsbad, CA, USA), supplemented with 10% fetal 

bovine serum (HyClone, Logan, UT, USA). Cultures were maintained at 37 °C in a humidified 

atmosphere containing 5% carbon dioxide with a twice-weekly medium change. One to three weeks 

later, when the monolayer of adherent cell colonies reached confluence, the cells were trypsinized 

(0.25% trypsin, HyClone), re-suspended in culture medium (α-MEM supplemented with 10% FBSand 

50ug/ml gentamicin) and subcultured at a concentration of 5 x 105 cells/cm2. We used the sixth 

passage cells for experiments. Flow cytometric analysis was performed to verify the cultured cells at 

passage 6, which were stained with antibodies against human CD13, CD14, CD34, CD45, HLA-DR 

(FITC, Becton Dickinson, San Jose, CA, USA), CD31, CD90, CD51/61, CD64 (FITC, Pharmingen, 

Los Angeles, CA, USA) and CD29, CD44, CD106 (PE, Pharmingen, Los Angeles, CA, USA). 

Corresponding mouse isotype antibodies were used as controls. The labeled cells were analyzed by 

FACSCalibur flow cytometer using Cell Quest Pro software (Becton Dickinson, San Jose, CA, USA). 
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OVA sensitization and airway challenge 

BALB/c mice in Groups B and C were treated intraperitoneally on days 1 and 14 with 75 μg of 

ovalbumin (Grade V, Sigma-Aldrich, St. Louis, MO, USA) and 2 mg of aluminum hydroxide (Alum, 

Pierce, Rockford, IL, USA) in 200 μL of phosphate-buffered saline (PBS). Mice in Group A were 

treated with saline with aluminum hydroxide only. Following sensitization, huMSCs were 

administered via the tail-vein (5 x 105 cells/100uL) to Group C mice prior to the initial OVA challenge. 

As the control, PBS was administered to mice in Groups A and B prior to the initial OVA challenge. 

All mice were challenged intranasally with 50 μg OVA in 20 μL of PBS on days 29, 30, and 31 (Fig. 

1). 

 

Airway physiology 

One day after the final OVA challenge, airway hyperresponsiveness (AHR) after methacholine 

exposure was measured using a barometric plethysmographic chamber (OCP 3000, Allmedicus, 

Anyang, Korea). The 3-min enhanced pause (Penh) value was also measured. 

 

Analysis of bronchoalveolar lavage  

Twenty-four hours after assessing AHR, mice were sacrificed, and bronchoalveolar lavage (BAL) 

fluid were collected. BAL was performed by inserting a cannula into the bronchi and infusing 2ml of 

PBS. BAL fluid was recovered by aspirating with a syringe. Cells were separated from the lavage 

fluid, and microscope slides were prepared using Cytospin 3 (Thermo Scientific, Pittsburgh, PA, USA) 

and stained using the Diff-Quik staining kit (Sysmex Co., Kobe, Japan). A total of 300 cells per slide 

were assessed by light microscopy using specific morphological criteria to quantify for each 

inflammatory cell type.  
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Histopathological analysis 

Lung tissues were obtained from the middle zone of the left lung to evaluate pathological changes of 

lung parenchyma. Samples were fixed in 4% neutral buffered formalin, processed, paraffin embedded, 

sectioned at 3-mm intervals. Two different staining methods were used for light microscopic 

evaluation. Hematoxylin and eosin (H&E) stain was used for recognizing peribronchial and 

perivascular inflammation and thicknesses of epithelium as well as subepithelial smooth muscle 

layers. Mucous secreting goblet cells were detected in Periodic acid-Schiff (PAS) staining. All sample 

slides for comparison were observed under same magnification. The degree of peribronchial and 

perivascular inflammation was evaluated on a subjective scale of 0-3, as described previously [23, 24]. 

A value of 0 represents no detectable inflammation, a value of 1 for occasional cuffing with 

inflammatory cells, a value of 2 for most bronchi or vessels surrounded by a thin layer (1-5 cells thick) 

of inflammatory cells, and a value of 3 for most bronchi or vessels surrounded by a thick layer (> 5 

cells thick) of inflammatory cells. To grade the extent of goblet cell hyperplasia, subjective five-point 

scoring system (PAS score) was used as described elsewhere [25, 26]. The scoring criteria were as 

follows: 0, < 0.5% PAS positive cells; 1, < 25%; 2, 25–50%; 3, 50–75% and 4, > 75%. Eight random 

fields were counted for each slide and mean score was calculated from six mice. Analyses were 

performed by a pathologist in a blinded fashion, and slides were presented in random order for each 

examination. 

 

Analysis of cytokine expression in the lung, spleen tissue and BAL fluid 

To measure cytokine responses in lung tissue, lung lysates were prepared and assayed from all mice 

used in this study. Total RNA (2μg) was reverse transcribed into cDNA using a single-strand cDNA 

synthesis kit (Promega, Madison, WA, USA). Gene expression was measured using an ABI 7500 

real-time polymerase chain reaction system (Applied Biosystems, Foster, CA, USA) with cDNA, 

gene-specific primers, and SYBR Green master mix. The expression of each gene was normalized 

against β-actin and presented as fold changes compared with untreated cells. Mouse primer sequences 

used for PCR analysis were as follows; 
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Interleukin-4: 

(Forward primer) 5'-ACTTGAGAGAGATCATCGGC-3' 

(Reverse primer) 5'-ACTTGAGAGAGATCATCGGC-3' 

Interleukin-5: 

(Forward primer) 5'-ACCACAGTGGTGAAAGAGAC-3' 

(Reverse primer) 5'-CATCGTCTCATTGCTTGTCA-3' 

Interleukin-13: 

(Forward primer) 5'-CCTGGCTCTTGCTTGCCT T-3' 

(Reverse primer) 5'-GGTCTTGTGTGATGTTGCTCA-3' 

 

The protein levels of IL-4, IL-5 and IL-13 in spleen as well as IL-4, IL-10, IL-13 and TGF-β in BAL 

fluid were determined by a sandwich ELISA (R&D Systems Inc., Minneapolis, MN, USA) according 

to the manufacturer's protocol. Erythrocyte-depleted splenocytes were obtained to measure cytokine 

concentrations from supernatant after re-stimulation with OVA (100 μg/ mL) for 72 hours. 

 

Analysis of serum OVA-specific antibody  

Forty-eight hours following the final OVA challenge, blood samples were obtained by cardiac 

puncture, and OVA-specific antibody concentrations (IgG1, IgG2a, and IgE) were measured. OVA-

specific antibody concentrations were measured by sandwich ELISA (R&D Systems Inc., 

Minneapolis, MN, USA) using 5-μg/ml grade V OVA (Sigma-Aldrich, St. Louis, MO, USA) for 

coating and anti-mouse isotype-specific antibodies (Southern Biotechnology Associates, Birmingham, 

AL, USA) for detection.  

 

Flow cytometric analysis of lung-draining lymph nodes and spleen 

To evaluate whether injected huMSCs affected regulatory T (Treg) cell expansion, single-cell 

suspensions of lung-draining lymph nodes and spleen were prepared from non-treated and huMSCs-

treated samples. A phenotypic analysis of Treg cells was performed using three-color flow cytometry, 
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where cells were stained with anti-mouse CD4-FITC, anti-mouseCD25-PE, and anti-mouse Foxp3–

PE–cyanine 5. For the Foxp3 antibody, an isotype-matched control was used to determine the 

background. Treg cells were identified as CD4+CD25+Foxp3+ triple-positive and expressed as the 

percentage of total CD4+ T cells. Data were collected using an LSRII flow cytometer (BD 

Biosciences, San Jose, CA, USA) and analyzed using FlowJo 10.0 software (Tree Star, Ashland, OR, 

USA).  

 

Statistics 

Data were analyzed using Stata 14.1 software (StataCorp LP, College Station, TX, USA). All values 

were expressed as the means ± standard error (SEM). All experiments were repeated at least three 

times. Comparisons among all groups were made using the Kruskal–Wallis test, whereas the Mann-

Whitney U-test was used to compare two groups. A p-value < 0.05 was considered statistically 

significant. 

 

Results 

Methacholine AHR 

Methacholine significantly increased AHR in the OVA groups compared with the control group. 

However, BALB/c mice receiving huMSCs showed a significant decrease in the development of AHR 

following methacholine treatment (Fig. 2). 

 

BAL and histologic findings 

To examine if huMSCs could modify allergen-driven airway inflammation in mice, lung histologies 

and cellularity were assessed in tissue and bronchoalveolar lavage samples from BALB/c mice. As 

shown in Figure 3A, non-OVA challenged mice exhibited minimal cellularity in BAL fluid, whereas 
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OVA-challenged mice exhibited significant cell increases in macrophages, neutrophils, lymphocytes, 

and eosinophils. Even though there were significant decreases in inflammatory cells of the huMSC-

treated mice, the lung inflammation, especially the eosinophilic infiltration, was more significantly 

reduced by more than 50% compared with OVA challenged mice. Microscopically, OVA exposure 

significantly increased peribronchial and perivascular infiltration of inflammatory cells with 

eosinophil, lymphocytes, and goblet cells compared with PBS-treated mice. The basement membrane, 

epithelium, and subepithelial smooth muscle layers were thickened in those cells. Treatment with 

huMSCs alleviated the thickness of the basement membrane, epithelium, and subepithelial smooth 

muscle layers in the OVA-treated group (Fig. 3B). PAS staining of the lung tissue showed that the 

mucus production was also markedly decreased after huMSC treatment (Fig. 3B). Microscopic 

findings as described above were further confirmed by subjective scoring of the inflammation and 

PAS positive cells showing significant reduction in the airway inflammation and goblet cell 

hyperplasia upon treating with huMSCs, as compared with those of OVA-treated group alone (Fig. 

3C). 

 

ELISA analysis of ovalbumin-specific immunoglobulin expression 

To evaluate whether huMSCs affected the production of serum OVA-specific antibodies, the 

concentrations of OVA-specific IgG1, G2a, and IgE were determined by ELISA. As shown in Figure 

4, IgG1and IgE levels were elevated in the OVA groups compared with controls. Notably, IgG1 and 

IgE levels in the OVA-treated groups were significantly lower in mice treated with huMSCs. No 

significant differences in IgG2a levels were observed under any conditions (data not shown). 

Levels of cytokines measured by RT-qPCR and ELISA 

The physiologic and histologic findings described above could be explained by huMSCs-mediated 

inhibition of airway hyperreactivity and Th2-mediated eosinophilic lung inflammation. Therefore, the 

effect of huMSCs on T cell-mediated immunity was examined by quantitative real-time RT-PCR and 

ELISA. huMSCs treatment significantly reduced IL-4, IL-5, and IL-13 mRNA expression in lung 
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tissue in the OVA-treated group (Fig. 5). Cytokine levels of IL-10 and TGF-β in BAL fluid 

determined by ELISA were also increased in huMSCs-treated OVA group as compared with non-

treated OVA group, whereas concentrations of IL-4 and IL-13 were decreased with huMSCs-treated 

OVA group (Fig. S1). However, protein levels changed by treatment in BAL fluid were minimal 

when converted into protein concentration. The levels of IL-4 and IL-5 levels in the supernatants of 

OVA-treated splenocytes were significantly higher in the OVA-treated group compared with control 

and were significantly reduced upon treatment with huMSCs (Fig. 6), while IL-13 levels detected in 

spleen was too low to compare differences between groups (data not shown).  

 

Comparison of regulatory T cells in lymph nodes and spleen by flow cytometry  

The expansion of the Treg population was assessed in the lung-draining lymph nodes and spleen of 

huMSCs-treated and untreated cells challenged with OVA. The percentage of CD4+CD25+Foxp3+ 

Treg cells in the OVA-treated group was significantly higher following treatment with huMSCs 

compared with group challenged with OVA alone in lung lymph nodes. The frequency of Treg cells 

from the spleen was also observed an increasing trend in corresponding huMSCs treatment (Fig. 7). 

 

Discussion 

MSCs are present in multiple tissue types, including bone marrow, adipose tissue, amniotic fluid, and 

the umbilical cord [10]. Unlike hematopoietic stem cells, MSCs differentiate into almost any cell type, 

which makes them appealing for regenerative medicine applications [4]. Moreover, due to the hypo-

immunogenic properties of MSCs, they survive and differentiate in MHC-mismatched allogeneic or 

xenogeneic transplant recipients [27]. Bone marrow-derived MSCs (BM-MSCs)are the major source 

of human MSC and the most widely studied [28]. BM-MSCs elicit immunomodulatory effects and 

downregulate the Th2 response in airways in allergic inflammatory diseases [13-19]. BM-MSCs, 

however, are difficult to obtain in sufficient quantities from total bone marrow cells. Moreover, BM-
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MSCs decrease in concentration and proliferative/differentiation capacity with age. In contrast, 

umbilical cord cells are easily collected without pain, and the procedure avoids other ethical and 

technical issues [11]. huMSCs harvested from umbilical cords exhibit multipotency and self-renewal 

capacities. They accumulate at the site of damage or inflammation and promote tissue repair and 

modulate the immune response [29-33].Thus, huMSCs are being used in multiple clinical trials for the 

treatment of patients with neurodegenerative disease, autoimmune disease, liver disease, and severe 

acute graft-versus-host disease (www.clinicaltrials.gov) [34-37]. Therefore, umbilical cord cells 

exhibit significant clinical benefits, including their ease of accessibility and regenerative capacities.  

In the present study, we demonstrated that all the data collectively support a role for huMSCs in 

regulation of Th2-induced inflammation in a murine asthma model. To determine whether injected 

huMSCs migrated into the lung, we performed in vivo bioluminescent imaging as described 

previously [14]. We observed that huMSC are deposited in the lungs whereas virtually no cells were 

seen in other organs within 48 hours after tail vein injection of huMSCs (data not shown). huMSCs 

significantly attenuated airway hyperresponsiveness and eosinophilic infiltration into lung tissue and 

BAL fluid. huMSCs also conferred multiple histopathological changes. huMSCs downregulated IL-4, 

IL-5, and IL-13 and decreased the production of IgE and IgG1, which are indicative of a Th2 response.  

These findings are comparable with those of previous studies using allogeneic bone marrow or 

adipose-derived MSCs in in an asthmatic mouse model [12-20]. The mechanisms of action both 

innate and adaptive responses have been reported in MSCs immunomodulation, which encompass the 

induction of soluble factors, anergy, apoptosis, tolerogenic dendritic cells, and regulatory T (Treg) 

cells [38]. Treg cells defined by expression of transcription factor Foxp3 have an important role in the 

regulation of immune responses and in the prevention of allergic disease. Recent studies have shown 

the ability of MSCs to generate Treg cells, and MSC expansion or induction of Treg cells has been 

associated with protection allergic airway disease [13, 14]. To evaluate the mechanism underlying the 

immunomodulatory effects of huMSCs in a murine asthma model, Treg cell populations derived from 

lung lymph nodes and spleen as well as regulatory cytokines IL-10 and TGF-β from BAL fluid were 

explored as reported by Cho et al[20]. We showed that huMSCs increased the population of FoxP3+ 
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Treg cells in lung lymph node together with increasing trends from the spleen. Previous studies have 

demonstrated that regulation of an active immune response by Treg cells occurs in the draining lymph 

node as well as at the site of inflammation [39, 40]. We also found that the expansion of FoxP3+ Treg 

cells was accompanied by upregulation of IL-10 and TGF-β1 production. These findings are in 

agreement with those of a previous report in a murine model of allergic asthma demonstrating that 

Treg cells from adipose tissue by activated MSCs might secrete anti-inflammatory cytokines such as 

IL-10 and TGF- β, which ultimately lead to decrease of lung eosinophilic inflammation, as well as 

allergy-specific Th2 cytokines and IgE antibody production [20]. However, this is a limitation that the 

differences were low when converted into protein concentration determined by ELISA. In our studies, 

albeit with limitation, not only did huMSCs decrease the pathology and inflammation in a murine 

asthma model, but also there was a significant decrease in serum OVA-specific antibodies (IgE and 

IgG1) and Th2 cytokine levels in lung (IL-4, IL-5, and IL-13 mRNA) as well as spleen (IL-4 and IL-5 

protein) consistent with decreased allergic inflammation as seen by systemic effects. Therefore, we 

reasoned that huMSCs could provide immunomodulatory effects in asthma and speculated that their 

immunomodulatory effects might be related to Treg cells. We fully acknowledge that this study could 

not rigorously prove mechanistic link between huMSCs and Treg cells function, and must be 

interpreted with caution, but therapeutic outcomes of huMSCs on alleviation of allergic inflammation 

were obvious. As far as we know, this is the first investigation detailing the effects of xenogenic 

huMSCs on allergic inflammation in an acute asthma model. Despite our remarkable findings, further 

studies should be accumulated to clarify whether huMSCs efficiently regulate T cells and protect 

against allergen-driven pathology in a murine asthma model. 

In conclusion, our study demonstrated that xenogeneic huMSCs attenuate allergic airway 

inflammation in a murine asthma model. The therapeutic effects of huMSCs are similar to those of 

bone marrow- or adipose-derived MSCs and do not have any serious immunologic consequences. 

These findings support further investigations into the mechanisms and development of huMSCs for 

the prevention or treatment of asthma. 
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