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Abstract. Food allergy prevalence has steadily increased 
worldwide over the past decades and immunotherapeutic 
treatment strategies are gaining attention. Human umbilical 
cord‑derived mesenchymal stem cells (hUC‑MSCs) exhibit 
similar immune regulatory properties to bone marrow‑derived 
MSCs. hUC‑MCSs can be prepared with fewer ethical 
constraints and are potential candidates for allergic disorder 
therapies. The current study aimed to investigate potential 
antiallergic properties of hUC‑MSCs in mice with ovalbumin 
(OVA)‑induced food allergy. Administration of hUC‑MSCs 
cells intraperitoneally combined with oral gavage of the 
culture medium significantly alleviated OVA‑induced diar-
rhea symptoms. Additionally, this treatment significantly 
decreased IgE levels and the percentage of T helper 2 cells in 
the blood, which were increased in mice with OVA‑induced 
food allergy. The mRNA levels of the inflammatory cytokines 
interleukin‑4 and tumor necrosis factor‑α, and inflammatory 
cell infiltration in mouse colons were significantly decreased 
in hUC‑MSCs‑treated animals compared with mice with 
OVA‑induced food allergy. Goblet cells were detected in colons 
of allergy‑induced mice and their numbers were reduced 
following treatment with hUC‑MSCs. In addition, treatment 
with hUC‑MSCs reestablished the gut flora. The results 
revealed that hUC‑MSCs may have a potential application in 
food allergy therapy.

Introduction

Food allergy is a pathological immune response triggered 
by the exposure to allergenic foods and it results in clinical 
symptoms, including gastrointestinal disorders (1). Allergenic 

reactions may be triggered by dairy and other food products, 
including milk, peanuts, nuts, shellfish and eggs (2). This broad 
allergenic food spectrum suggests a high prevalence of food 
allergies worldwide (3). A retrospective study demonstrated 
that ≤6.7% of children in the United States have allergies to 
different food������������������������������������������������ �����������������������������������������������(4). A similar or increased food allergy preva-
lence in other countries has been reported in recent years (5). 
A previous study in China declared that the prevalence of food 
allergy in schoolchildren of Guangzhou and Shaoguan was 
4 and 3.5% respectively, in 2015 (6). Such prevalence results 
in an increased number of food allergy anaphylaxis‑associated 
hospital admissions and high costs to healthcare systems 
worldwide (5,7,8). The elucidation of the mechanisms and the 
development of preventive methods and novel therapies for 
patients with food allergies are of great value.

Sensitization to food antigens can result in inflammation and 
clinical symptoms similar to various common food allergies, 
which can be mechanistically classified into IgE‑mediated, 
non‑IgE‑mediated and mixed‑food allergies (9,10). Generally, 
the immune system in mammals distinguishes pathogenic 
antigens from harmless environmental antigens and maintains 
a state of tolerance to common food antigens  (11). Oral 
tolerance is an active process that depends on diverse immune 
cell collaborations, including resident CD103+ dendritic cells 
(DCs) and regulatory T cells (Tregs) in the mucosa (12‑14). 
Epithelial damage or inflammation in the gut allows an 
increased antigen entry and promotes epithelial cells to secrete 
inflammatory cytokines, including interleukin (IL)‑33, IL‑25 
and thymic stromal lymphopoietin  (15). These cytokines 
reprogram the properties of mucosal DCs and Tregs and 
induce the immune system towards a T helper 2 (Th2) cell 
response (16). The data from mouse models and patients with 
allergies demonstrated that food allergy is associated with a 
Th2 dominant response (17,18). Therefore, Th2 cells mediate 
the immune response and Th2‑derived cytokine signaling 
pathways are potential targets in food allergy treatment.

Mesenchymal stromal cells (MSCs) are multipotent stem 
cells with self‑renewing abilities, a differentiation potential 
and they were identified by Friedenstein et al in 1968 (19). 
In the last decade, accumulating data have suggested that 
MSCs have distinct immune properties and these cells have 
gained considerable attention as candidates for therapy in 
immune‑associated diseases (20‑22). MSCs express the major 
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histocompatibility complex (MHC) class I molecule, but not 
MHC class II or co‑stimulatory molecules, including CD80 and 
CD86 (23). This expression enables MSCs to avoid allogeneic 
rejection, which is mediated by alloreactive T and natural killer 
cells (24). MSCs have been applied as immunomodulators for 
autoimmune diseases and transplantation rejection (23,25). In 
inflammation, MSCs can suppress T cell‑mediated responsive-
ness through the concerted action of chemokines and nitric 
oxide, and can promote regulatory cell differentiation (26,27). 
MSCs further regulate adaptive immunity by reprogramming 
the maturation and phenotype of DCs (28,29). Therefore, MSCs 
regulate the effects of various immune cells through multiple 
mechanisms, which include immunomodulatory soluble factor 
secretion and membrane‑membrane direct contact (20).

Bone marrow (BM)‑derived MSCs were the first MSCs to 
be identified and are best characterized. However, the special 
handling of BM‑MSCs limits their clinical application due 
to a low frequency of cells and the invasive isolation proce-
dure  (30). Therefore, other tissues are now used to isolate 
MSCs, including adipose tissue and the umbilical cord (22,31). 
Human umbilical cord (hUC)‑derived MSCs exhibit an immu-
nosuppressive capability, which is similar to BM‑MSCs, with 
regards to T cell activation and proliferation (32). Increasing 
numbers of experimental and clinic studies suggest that 
hUC‑MSCs further exhibit therapeutic effects in autoimmune 
diseases, including diabetes, Crohn's disease and systemic 
lupus erythematosus  (33‑35). As an alternative source of 
MSCs, preparation from the hUC exhibits fewer ethical 
constraints and increased maneuverability compared with 
human BM (30). Furthermore, hUC‑MSCs can be prepared in 
large quantities for therapeutic application in the clinic (30).

In the current study, the therapeutic effects of hUC‑MSCs 
in food allergy treatment were investigated using an oval-
bumin (OVA)‑induced mouse model. Following treatment 
with hUC‑MSCs, the main clinical symptoms and enteropathy 
in the allergy model significantly improved. Simultaneously, 
the levels of Th2 cells and IgE in the blood, and IL‑4 mRNA 
levels in the colon were significantly decreased. The current 
experiments demonstrated a potential therapeutic function of 
hUC‑MSCs in the treatment of food allergies.

Materials and methods

hUC‑MSC culture. hUC‑MSCs were isolated as previously 
described (36). Fresh human umbilical cords were obtained 
from 6 patients (age, 23‑38 years) in the Fourth Affiliated 
Hospital of Jiangsu University (Jiangsu, China) from 
March  2016 to May  2017. Maternal blood samples were 
previously screened and patients were screened and found 
negative for infectious disease markers, including HIV I & II, 
HBV, HCV and syphilis. Umbilical cord samples were cut into 
1‑2 mm3 pieces and were floated on Dulbecco's modified Eagle's 
medium (DMEM)/F12 (1:1; L310KJ; Shanghai Basalmedia 
Technologies Co., Ltd., Shanghai, China) with 10%  fetal 
bovine serum (FBS; Biowest, Nuaillé, France), 100  U/ml 
penicillin and streptomycin at 37˚C with 5% CO2. Medium 
was replaced every 3 days. When the adherent cells reached 
80‑90% confluence, cultures were trypsinized and transferred 
into a new flask for further expansion. The phenotypes of 
hUC‑MSCs were analyzed via flow cytometric analysis. 

Following trypsinization and washing with PBS solution 
twice, the single cell suspensions were blocked with 2% rabbit 
serum (Stemcell Technologies, Vancouver, BC, Canada) at 
room temperature for 30 min. Samples were then labeled with 
different fluorescent antibodies (1:200), from Thermo Fisher 
Scientific, Inc. (Waltham, MA, USA) at 4˚C for 30 min. Cells 
were further washed with PBS in triplicate, re‑suspended 
with PBS (1 mM EDTA) and analyzed with a FACS Calibur 
flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA). 
All data were analyzed using FlowJo (version 8.7; Tree Star, 
Inc., Ashland, OR, USA). The following fluorescent antibodies 
(Thermo Fisher Scientific, Inc.) were utilized: Anti‑human 
CD73‑Fluorescein isothiocyanate (FITC; cat. no. 11‑0739‑41), 
anti‑human CD90‑FITC (cat. no. 11‑0909‑41), anti‑human 
CD105‑phycoerythrin (PE; cat. no. 12‑1057‑41), anti‑human 
CD34‑FITC (cat. no. 11‑0349‑41), anti‑human CD45‑FITC (cat. 
no. 11‑0459‑41), anti‑human‑CD14‑FITC (cat. no. 11‑0149‑42), 
anti‑human‑CD19‑PE (cat. no. 50‑102‑58) and anti‑human 
HLA‑DR‑FITC (cat. no. 11‑9952‑41). The protocol for human 
tissue collection was approved by the Ethical Committee of 
Jiangsu University and informed consent for umbilical cord 
tissue collection was provided by the patients.

hUC‑MSC differentiation in  vitro. Differentiation studies 
were performed as described previously with few modifica-
tions (37). Briefly, for adipogenic differentiation, cells were 
cultured at 37˚C with 5% CO2 in DMEM/F12 (1:1) complete 
medium supplemented with 0.5 µM isobutylmethylxanthine, 
1 µM dexamethasone, 10 µM insulin and 60 µM indomethacin 
(all Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) for 
14 days. For osteogenic differentiation, cells were cultured 
at 37˚C for 28 days with 5% CO2 in the complete medium 
with 0.1 µΜ dexamethasone, 10 mM β‑glycerol phosphate 
and 50 µΜ ascorbate (all Sigma‑Aldrich; Merck KGaA) for 
28 days. Oil Red O and Alizarin Red staining was performed 
to visualize the adipogenic and osteogenic differentiations, 
respectively. Differentiated adipogenic cells were stained 
on day  14 with Oil Red O (ORO) staining kit (Solarbio 
Technology Co., Ltd, Beijing, China) according to the 
manufacturer's protocol. Cells were fixed with ORO fixative 
buffer for 10‑15 min at room temperature, freshly prepared 
ORO staining solution was (mixed previously in the kit with 
distilled water in a 3:2 ratio) and dipped for 15 min at room 
temperature. The staining solution was then removed and 
cells were rinsed with 60% isopropyl alcohol for 20‑30 sec. 
Samples were rinsed with PBS and stained with Mayer 
hematoxylin for 2 min at room temperature. ORO buffer was 
then added for 1 min. Cells were then washed with distilled 
water and dried. To perform Alizarin Red staining on day 28, 
differentiated osteogenic cells were stained using an Alizarin 
Red staining kit (Solarbio Technology Co., Ltd, Beijing, china) 
according to the manufacturer's protocol. Cells were fixed with 
95% ethanol for 10‑15 min at room temperature. The fixative 
solution was added for alizarin red S staining and dipped for 
20 min. Following washing, cells were then dried. All stained 
cells were observed under microscope (Nikon Corporation, 
Tokyo, Japan) and photographs were obtained.

Food allergy model. A total of 20 mice Female BALB/c mice 
(H‑2d; age, 6‑8 weeks; weight, 25±2 g) were obtained from 
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the Comparative Medicine Centre of Yangzhou University 
(Yangzhou, China) and divided into four groups. Mice were 
housed in microisolator units under a 12 h light/dark cycle at 
a temperature of 24‑26˚C and a humidity of 30‑50%, and with 
ad libitum access to food and water. To induce food allergy, 
Mice (n=5 per group, a total of 15 mice in three OVA chal-
lenged groups) were intraperitoneally (i.p.) injected with 50 µg 
OVA (Grade V; A‑5503; Sigma‑Aldrich; Merck KGaA) in 1 mg 
alum adjuvant on days 0 and 14 as previously described (38). 
From day 28, the mice were challenged intragastrically with 
50 mg of OVA in 250 µl PBS every other day for 12 days 
(6 administrations). As immune regulatory functions of MSCs 
depend on the cell‑cell contact and the secreted soluble factors 
in the medium, mice were treated with MSCs and MSC condi-
tioned medium (39,40). Mice in the different groups (n=5 per 
group) were respectively challenged with 500 µl of PBS, OVA, 
medium/OVA and MSC supernatant/OVA (MSC/OVA group) 
by oral gavage on day 28, 30, 32, 34, 36 and 38. Subsequently, 
all mice were deprived of food for 3 h to limit antigen degrada-
tion in the stomach. In addition, mice in the MSC/OVA group 
were i.p. injected with 5x105 hUC‑MSCs in 200 µl PBS every 
other day from days 21‑38. Symptoms of allergic diarrhea were 
assessed 1 h following OVA oral challenge (day 28, 30, 32, 34, 
36 and 38) and severity was classified as follows: Normal, soft 
and loose stool, mild and severe diarrhea, and fluid stool. Mice 
with profuse liquid stool (mild or severe diarrhea, or fluid 
stool) were recorded as having diarrhea (41). On day 38, all 
mice were sacrificed and their colons and mesenteric lymph 
nodes were collected. The amounts of solid faeces within colon 
specimens were observed and lymph nodes were weighed. All 
animal protocols have been approved by the Animal Care and 
Use Committee of Jiangsu University.

Concanavalin (Con) A‑induced CD4+ T cell proliferation. 
To detect the immunosupression of hUC‑MSC cells or 
MSC cell culture supernatant on CD4+ T cell activation 
and proliferation, 6‑week old BALB/c mice were sacrificed 
via CO2 exposure at a flow rate of 3 l per min and spleens 
were collected to prepare cell suspensions for experiment as 
previously described (42). Spleens were collected, grinded and 
passed through strainers in PBS to prepare cell suspensions. 
Red blood cells in these splenocyte suspensions were removed 
using ACK lysis buffer. Cells were subsequently mixed with 
5 µM carboxyfluorescein succinimidyl ester (Sigma‑Aldrich; 
Merck KGaA) and incubated at 37˚C for 10 min. Following 
incubation in 1640 medium (PAA Laboratories; GE Healthcare 
Life Sciences, Little Chalfont, UK) containing 10% FBS at 
room temperature for 10 min, cells were washed with PBS 
(3X) and plated at 2x106/well in 48‑well plates with 5 µg/ml 
Con A (Sigma‑Aldrich; Merck KGaA). To assess the direct 
immunosuppressive effects of MSC supernatants or hUC‑MSC 
cells on ConA activated T cells, half of the medium was 
replaced with hUC‑MSC culture supernatant or hUC‑MSC cells 
(2x105/well) in wells following splenocyte seeding, which were 
then cultured at 37˚C in 5% CO2 for 72 h. Cells were collected 
and stained with fluorescein‑labeled anti‑mouse CD4 (1:200; 
cat. no. 17‑0041‑81; eBioscience; Thermo Fisher Scientific, 
Inc.) at 4˚C for 30 min. 7‑aminoactinomycin D (7‑AAD) was 
then added prior to analysis (cat. no. 00‑6993‑50; eBioscience; 
Thermo Fisher Scientific, Inc.). The proliferation of CD4+ cells 

was analyzed by flow cytometry. All the data were analyzed 
using FlowJo (version 8.7; FlowJo LLC, Ashland, OR, USA).

Intracellular cytokine staining. On day 38, mice were sacrificed 
and mesenteric lymph nodes were collected and mononuclear 
cells were prepared by gently pressing the tissues through a 
strainer (40 µm; BD biosciences) in cold PBS containing 
1% FBS. Cell suspensions were washed twice with cold PBS. On 
day 38, prior to sacrifice, murine blood (300 µl) was collected 
from the orbital sinus to use for intracellular cytokine staining, 
or to prepare serum by storing samples at room temperature 
for 1 h following centrifugation at 1,500 x g for 15 min at 4˚C. 
For intracellular staining, red blood cells (RBCs) in samples 
were removed using RBC lysis buffer (cat. no. 00‑4333‑57, 
eBioscience; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. Cells were resuspended in the pres-
ence of a Cell Stimulation Cocktail plus protein transport 
inhibitors (eBioscience; Thermo Fisher Scientific, Inc.) at 37˚C 
in 5% CO2 for 4 h. Then, cells were incubated with anti‑mouse 
CD4‑allophycocyanin (eBioscience; Thermo Fisher Scientific, 
Inc.) at 4˚C for 20 min. Following washing with cold PBS 
(2X), cells were fixed with IC Fixation buffer (eBioscience; 
Thermo Fisher Scientific, Inc.) at 4˚C for 30 min. Cells were 
washed twice more with permeabilization buffer (eBioscience; 
Thermo Fisher Scientific, Inc.) and incubated with anti‑mouse 
interleukin (IL)‑4‑phycoerythrin (eBioscience; Thermo Fisher 
Scientific, Inc.) for 45 min at 4˚C. Cells were washed twice 
with PBS and suspended in PBS‑bovine serum albumin (1%; 
Sigma‑Aldrich; Merck KGaA) for the flow cytometry analysis 
as described above.

ELISA analysis. Total IgE serum levels were measured using an 
ELISA kit (cat. no. 88‑50460‑22, eBioscience; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocols 
(eBioscience; Thermo Fisher Scientific, Inc.). Briefly, 96‑well 
plates were coated overnight at 4˚C with 100 µl/well capture 
antibody (provided by the kit). Following two washes with 
wash buffer, plates were blocked with 250 µl blocking buffer at 
room temperature for 2 h. Plates were washed twice with wash 
buffer and 100 µl serum sample (1:50) was added to each well. 
Plates were further incubated at room temperature for 2 h. 
Next, 100 µl/well biotinylated detection antibody (obtained 
from the kit) was added and incubated at room temperature for 
1 h. Following 4 washes, 100 µl/well streptavidin‑horseradish 
peroxidase was added and incubated at room temperature for 
30 min. Wells were further washed 4 times, 100 µl substrate 
solution was added per well and samples were incubated for 
30 min at room temperature. Finally, stop solution was added 
and OD values were measured at 450 nm.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. For PCR analysis, the transverse colon 
was excised following the last OVA challenge on day 38 and 
flushed with ice‑cold PBS. Tissue samples were snap‑frozen 
in liquid nitrogen and stored at ‑80˚C for further experi-
ments. Tissue was homogenized and total RNA was extracted 
with RNAiso Plus (Takara Biotechnology Co., Ltd., Dalian, 
China) according to the manufacturer's protocol. The cDNA 
was synthesized using a PrimeScript RT Master mix (Takara 
Biotechnology Co., Ltd.) for 15 min at 37˚C and then 15 sec 
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at 85˚C according to the manufacturer's protocol. qPCR ampli-
fication of the target cDNA was performed using the SYBR 
Premix Ex Taq (Takara Biotechnology Co., Ltd.) according 
to the manufacturer's protocol. Thermocycling conditions 
were as follows: 30 sec at 95˚C, followed by 40 cycles of 5 sec 
at 95˚C and 20 sec at 58˚C. Alterations in expression of target 
genes in treated vs. untreated samples were observed; mRNA 
levels were quantified using the 2‑∆∆Cq method (43). Levels were 
normalized to β‑actin (internal control) and the PBS group with 
three replicates was used as calibrator. Primer sequences are as 
follows: IL‑4 forward, 5'‑GGT​CTC​AAC​CCC​CAG​CTA​GT‑3' 
and reverse, 5'‑GCC​GAT​GAT​CTC​TCT​CAA​GTG​AT‑3'; tumor 
necrosis factor (TNF)‑α forward, 5'‑GAA​CTG​GCA​GAA​
GAG​GCA​CT‑3' and reverse, 5'‑GGT​CTG​GGC​CAT​AGA​ACT​
GA‑3'; and β‑actin forward, 5'‑TGG​CGC​TTT​TGA​CTC​AGG​
AT‑3' and reverse, 5'‑GGG​ATG​TTT​GCT​CCA​ACC​AA‑3'.

Histological staining. Transverse colons were collected as afore-
mentioned in PCR analysis. Following snap‑freezing, tissues 
were fixed with 4% paraformaldehyde solution for 48 h at 4˚C. 
Following ethanol treatment for dehydration (70% ethanol for 
120 min, 80% ethanol for 120 min, 90% ethanol for 60 min, 
95% ethanol for 40 min, 100% ethanol for 40 min, 100% ethanol 
for 40 min) at room temperature, colons were then embedded 
in paraffin (first wax, 58˚C for 1 h; second wax, 58˚C for 1 h) 
and cut into 4‑µm‑thick sections. Subsequently, sections were 
stained with hematoxylin and eosin at room temperature using 
the following procedure: Samples were washed twice with 
Xylene for 10 min, then twice with 100% ethanol for 5 min, 
95% ethanol for 2 min, 70% ethanol for 2 min and rinsed with 
water. Hematoxylin solution was then added for 8 min, rinsed 
with water and added to 1% acid ethanol for 30 sec. Following 
a further rinse with water, 0.2% ammonia water was added for 
1 min and samples were rinsed. Samples were dipped 10 times 
in 95% ethanol, stained with eosin‑phloxine solution for 45 sec, 
added to 95% ethanol and 100% ethanol 5 min each and finally 
washed with xylene twice for 5 min. For the periodic acid‑Schiff 
(PAS) staining, sections of the colons were stained with the 
Glycogen PAS Staining kit (Yeasen Biotechnology, Shanghai, 
China) (www.yeasen.com) according to the manufacturer's 
protocol. Briefly, paraffin‑embedded slices were deparaffinized 
with xylene twice for 10 min, hydrated with 100% ethanol twice 
for 5 min, 95 and 70% ethanol for 2 min, washed with distilled 
water and oxidized at room temperature in periodic acid solu-
tion for 10 min. All deparaffinization and hydration steps were 
performed at room temperature. Subsequently, sections were 
placed in Schiff reagent for 10 min and counterstained with 
Mayer's hematoxylin stain for 20‑30 sec at room temperature. 
All stained sections were sealed overnight at room temperature 
using neutral resin and digital photographs were taken using an 
automatic digital slide scanner under a microscope (ECLIPSE 
Ti, Nikon corporation; magnification, x100, x400, x1,000).

Sequencing of 16S ribosomal (r)RNA in the stool. The 
sequencing of 16S ribosomal (r)RNA was performed by 
Zhenjiang Tianyi Biotechnology Co., Ltd. (Zhenjiang, 
China). Each kit was used according to the manufacter's 
protocol. Stool in the colon was collected on day 38 under 
sterile conditions and genomic DNA was extracted and 
purified using the QIAamp DNA Stool Mini kit and the 

QIAquick PCR Purification kit, respectively (Qiagen GmbH, 
Hilden, Germany). The PCR amplification of the target 
V4‑V5 regions of the bacterial 16S rRNA genes was firstly 
performed using the primers 515F (5'‑GTG​CCG​CCG​CCG​
CGG​TAA‑3') and 806R (5'‑GGA​CTA​CHV​GGG​TWT​CTA​
AT‑3') and 2x Taq Master Mix (Vazyme Biotech Co., Ltd., 
Nanjing, China). The thermocycling conditions were as 
follows: 3 min at 95˚C, followed by 35 cycles of 30 sec at 
95˚C, 45 sec at 55˚C and 60 sec at 72˚C, and 5 min at 72˚C. 
DNA products were used for further PCR amplification 
using a 2X Taq Master Mix (Vazyme Biotech Co., Ltd., 
Nanjing, China) and the following primers  (44,45): 515F 
forward primer, barcoded [5'‑AAT​GAT​ACG​GCG​ACC​ACC​
GAG​ATC​TAC​ACG​CT (5' Illumina adapter) XXX​XXX​
XXX​XXX (barcode) TAT​GGT​AAT​T (pad) GT (linker) 
GTG​YCA​GCM​GCC​GCG​GTA​A‑3' (515F forward primer)] 
and 806R reverse primer [5'‑CAA​GCA​GAA​GAC​GGC​ATA​
CGA​GAT (3' Illumina adapter) AGTCAGCCAG (pad) CC 
(linker) GGA​CTA​CNV​GGG​TWT​CTA​AT‑3' (806R reverse 
primer)]. Barcodes in the 515F forward primer enables the 
usage of various reverse primer constructs to obtain longer 
amplicons. Additional degeneracy (such as Y in 515F and N 
in 806R) was used to add bias against environmental archaea 
Crenarachaeota/Thaumarchaeota and the aquatic bacteria 
SAR11  (44,45). The Thermocycling conditions for the 
second PCR assay were as follows: 3 min at 95˚C, followed 
by 35 cycles of 45 sec at 95˚C, 60 sec at 55˚C and 90 sec at 
72˚C, and then 10 min at 72˚C. Amplicons were then purified 
using the Agencourt AMPure XP kit (Beckman Coulter, 
Inc., Brea, CA, USA) and quantified using a Qubit 3.0 
fluorometer (Thermo Fisher Scientific, Inc.). DNA samples 
were further submitted to the Illumina sequencing platform 
(www.illumina.com) for analysis. The raw reads were filtered 
for noise deletion and then analyzed using the open source 
software package, Quantitative Insights into Microbial 
Ecology (version 1; http://qiime.org/). Operational taxonomy 
units (OTUs) of 16S rRNA were identified based on an 
open reference OTU pick using UCLUST (version 4.1.93; 
http://qiime.org/), which clustered at a threshold of 97% 
pair‑wise identities and were classified taxonomically using 
the Ribosomal Database Project classifier 2.3 (ttps://rdp.cme.
msu.edu/) (46).

Statistical analysis. The experiments were repeated at least 
three times and data are presented as the mean ± standard 
deviation. All statistical comparisons were made using 
one‑way analysis of variance followed by the Newman‑Keuls 
multiple comparison post‑hoc tests using GraphPad Prism 5.0 
(GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Characterization of hUC‑MSCs. Human umbilical cord tissues 
were cultured for >15 days and spindle‑shaped fibroblastic cells 
were observed to grow to confluence (Fig. 1A). hUC‑MSCs 
were identified using a phenotype analysis and the capability 
of adipogenic and osteogenic differentiation  (36,47). The 
phenotype of the cells was determined by flow cytometry. 
Fig. 1B demonstrates that cells were positive for CD73, CD90 
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and CD105, and negative for CD34 (hematopoietic stem 
cell), CD45 (leukocyte), CD14 (myeloid cell), CD19 (B cell) 
and HLA‑DR (DC, macrophage and B cell) (47‑49). When 
the cells were cultured in adipogenic medium to analyze 
adipocyte differentiation, a portion of the cells contained lipid 
droplets and tested positive for Oil‑Red‑O staining (Fig. 1C). 
The differentiation of cells in osteogenic medium revealed a 
portion of cells with positive Alizarin Red staining (Fig. 1D). 
Fig. 1E further revealed that the hUC‑MSCs alone and the 
hUC‑MSC‑cultured supernatant inhibited the proliferation of 
CD4+ T cells. These results suggested that the cells cultured 
from umbilical cord tissues present with MSCs features.

hUC‑MSCs alleviate OVA‑induced food allergy symptoms. To 
explore effects of hUC‑MSCs on food allergy, a mouse model 
was prepared by OVA i.p. sensitization and oral challenge 
(Fig. 2A). In the MSC/OVA group, hUC‑MSCs were i.p. injected 
every other day from day 21 to day 38. These mice were also 
intragastrically administered with MSC culture supernatant 
and simultaneously challenged with OVA antigen on 6 alter-
nating days. To account for medium effects, an equal volume of 
medium was administered by oral gavage in conjunction with 
OVA (medium/OVA group). The data in Fig. 2B demonstrated 
that OVA challenge induced diarrhea on day 30, following 
3 days of treatment, in the PBS and medium/OVA groups. 
Following sacrifice on day 38, compared with mice in the PBS 
and medium/OVA, an increased amount of solid faeces was 
observed in the gut of the MSC/OVA mice (Fig. 2C). These 
results demonstrated that hUC‑MSC treatment attenuated the 
allergic diarrhea scores of OVA‑induced allergy in mice.

hUC‑MSCs inhibit Th2 cells and IgE production in mice. 
IgE‑mediated degranulation of mast cells or basophils results in 
the rapid manifestation of symptoms of food allergy (50). The 
current study detected the levels of IgE in the peripheral blood of 
mice. The results indicated that IgE levels were increased in the 
PBS and medium/OVA groups compared with the MSC/OVA 
mice (Fig. 3A). A Th2‑type immune response, stimulated by 
food allergens, contributes to the initiation and development of 
allergies and associates with enteropathy (18). The percentage 
of IL‑4+ Th2 cells in the peripheral blood and mesenteric lymph 
nodes were further determined. Fig. 3B suggests that OVA chal-
lenge markedly increased the percentage of IL‑4+ Th2 cells in 
CD4+ T cells in the blood. Treatment with hUC‑MSCs inhibited 
the frequency of IL‑4+ Th2 cells. Comparable IL‑4+ Th2 cell 
results were detected in the mesenteric lymph nodes (Fig. 3C). 
No difference in the weight of the lymph nodes was determined 
between the groups (Fig. 3D).

Treatment with hUC‑MSCs reduces inflammation and the 
numbers of goblet cells in the colons of mice with food allergy. 
Cytokine profiles in mouse colons were analyzed using 
RT‑qPCR. The data in Fig. 4 indicates that OVA challenge signifi-
cantly upregulates IL‑4 and TNF‑α mRNA levels in the colons 
of the OVA group compared with the PBS control. hUC‑MSC 
treatment (MSC/OVA) significantly reversed the OVA‑induced 
higher mRNA levels of IL‑4 and TNF‑α in the OVA and the 
medium/OVA groups. The data indicated that the inflammation 
in the colon was suppressed by hUC‑MSCs. This was further 
confirmed by histological data of the colons (Fig. 5). Fewer infil-
trating inflammatory cells were detected in the lamina propria of 

Figure 1. Characterization of hUC‑MSCs. (A) Morphological observations of hUC‑MSCs. Umbilical cord tissues were cultured for >15 days and long 
spindle‑shaded fibroblastic cells were observed around the tissue using Zeiss light microscopy (scale bar, 100 µm). (B) Phenotyping of hUC‑MSCs. hUC‑MSCs 
were stained with a fluorescein‑labeled antibodies (CD34, CD45, CD73, CD90, CD105, CD14, CD19 and HLA‑DR) and analyzed with a flow cytometer. 
(C) Adipogenic and (D) osteogenic differentiation of hUC‑MSCs. hUC‑MSCs were cultured in adipogenic and osteogenic medium, respectively. Lipid droplets 
in the adipocytes are presented with Oil Red O staining (scale bar, 100 µm). hUC‑MSCs‑derived osteoblasts were detected with Alizarin Red staining 
(scale bar, 200 µm). (E) hUC‑MSCs inhibit the proliferation of CFSE‑labeled CD4+ T cells, which were activated by Con A stimulation. Experiments were 
repeated three times and representative graphs and images are presented. hUC‑MSC, human umbilical cord‑derived mesenchymal stem cell; MSC Sup, culture 
supernatant of hUC‑MSCs; Con A, concanavalin A; CFSE, carboxyfluorescein succinimidyl ester.
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the intestinal mucosa in the MSC/OVA group compared with the 
OVA and medium/OVA groups (Fig. 5). By using PAS staining, 

more goblet cells were detected in the OVA and medium/OVA 
group than in the PBS control group (Fig. 6). If treated with 

Figure 3. Treatment with hUC‑MSCs inhibits the frequency of Th2 cells and IgE levels in the periphery. Mice were divided into PBS, OVA, Medium/OVA and 
MSC/OVA treatment groups. (A) Total IgE levels determined in the different groups. IgE levels in the serum were detected by ELISA and OD450 values are 
presented. The percentage of IL‑4+ Th2 cells in (B) blood and (C) MLNs were analyzed using a flow cytometer by gating the CD4+ cells. Quantitative analysis 
on the percentage of Th2 cells in (B) and (C) was also performed. Numbers in the graphs represent the percentage of CD4+IL‑4+ Th2 cells. (D) Weight of the 
MLNs of mice in the different treatment groups, representative of four independent experiments. *P<0.05; **P<0.01; ***P<0.001. hUC‑MSC, human umbilical 
cord‑derived mesenchymal stem cell; Th2, T helper 2 cell; IL, interleukin; OD, optical density; MLN, mesenteric lymph node; OVA, ovalbumin; n.s., not 
significant; Medium/OVA, group challenged with OVA and administered Dulbecco's modified Eagle's medium/nutrient mixture F12; MSC/OVA, group chal-
lenged with OVA, intraperitoneal injection of hUC‑MSCs and oral gavage of MSC culture supernatant.

Figure 2. Treatment with hUC‑MSCs alleviates symptoms of OVA‑induced food allergy in mice. (A) Timeline of the experimental food allergy procedure. 
Female BALB/c mice were divided into PBS, OVA, Medium/OVA and MSC/OVA groups (all n=5). (B) Diarrhea scores evaluated on the OVA oral challenge 
day (day 28 to 38). (C) Representative photographs of the caecum and colon of the mice. hUC‑MSC, human umbilical cord‑derived mesenchymal stem cell; 
OVA, ovalbumin; SAC, sacrifice; Medium/OVA, group challenged with OVA and administered Dulbecco's modified Eagle's medium/nutrient mixture F12; 
MSC/OVA, group challenged with OVA, intraperitoneal injection of hUC‑MSCs and oral gavage of MSC culture supernatant.
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hUC‑MSCs, the number of goblet cells was markedly decreased 
in the colon compared with other OVA‑challenged groups (Fig. 6). 
Collectively the data suggested that treatment with hUC‑MSCs 
inhibited the OVA‑induced inflammation and decreased the 
numbers of goblet cells in the colon.

Treatment with hUC‑MSCs recovers the flora populations 
in the gut. Recently, accumulating evidence suggested that 
the gut microbiota influences the development of allergic 
manifestations (51). Effects of treatment with hUC‑MSCs 
on gut microbiota populations were explored using 16S 
rRNA gene sequencing. The data in Fig. 7 suggest that the 
population and relative abundance of the microbiota in gut 
significantly changed following OVA challenge. Following 
OVA challenge, the relative abundance of the genus 

Helicobacter and Mucispirillum significantly increased. 
At the same time, the relative abundance of the genus 
Bacteroides, S24‑7 and Lachnospiraceae, which is known 
as butyrate‑producing bacteria, significantly decreased (52). 
Fur thermore, t reatment with hUC‑MSCs recovered 
the population and abundance of commensal bacteria 
in the gut, particularly for S24‑7 and Lachnospiraceae. 
The results indicated that treatment with hUC‑MSCs may 
partially alleviate food allergy symptoms by maintaining 
the population of gut microbiota.

Discussion

Due to their high potential expansion capacity ex  vivo, 
multi‑lineage differentiation potential and immune suppression 

Figure 4. hUC‑MSCs reduce mRNA levels of inflammatory cytokines in the colon. Mice were divided into PBS, OVA, Medium/OVA and MSC/OVA treatment 
groups. Distal colons were collected following sacrifice on day 38. mRNA levels of (A) IL‑4 and (B) TNF‑α in the colon tissues were quantified using reverse 
transcription‑quantitative polymerase chain reaction. **P<0.01; ***P<0.001. hUC‑MSC, human umbilical cord‑derived mesenchymal stem cell; IL, interleukin; 
OVA, ovalbumin; TNF, tumor necrosis factor; Medium/OVA, group challenged with OVA and administered Dulbecco's modified Eagle's medium/nutrient 
mixture F12; MSC/OVA, group challenged with OVA, intraperitoneal injection of hUC‑MSCs and oral gavage of MSC culture supernatant.

Figure 5. Histology of the colon in allergic mice. Mice were divided into PBS, OVA, Medium/OVA and MSC/OVA treatment groups. Representative histo-
logical photomicrographs of the colons stained with hematoxylin and eosin and observed under a microscope. Scale bar, 200 µm or 50 µm. hUC‑MSC, human 
umbilical cord‑derived mesenchymal stem cell; OVA, ovalbumin; Medium/OVA, group challenged with OVA and administered Dulbecco's modified Eagle's 
medium/nutrient mixture F12; MSC/OVA, group challenged with OVA, intraperitoneal injection of hUC‑MSCs and oral gavage of MSC culture supernatant.
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Figure 7. Sequencing of the 16S rRNA gene in gut microflora. The composition and relative abundance of the microflora in the colon were detected using the 
Illumina MiSeq System. rRNA, ribosomal RNA.

Figure 6. Goblet cell staining in the colon. Mice were divided into PBS, OVA, Medium/OVA and MSC/OVA treatment groups. (A) Representative images of 
the goblet cells in the colon, stained using periodic acid‑Schiff stain. Scale bar, 100 and 50 µm. (B) Quantification of the goblet cells in the fields under the 
microscope. hUC‑MSC, human umbilical cord‑derived mesenchymal stem cell; OVA, ovalbumin; Medium/OVA, group challenged with OVA and adminis-
tered Dulbecco's modified Eagle's medium/nutrient mixture F12; MSC/OVAOVA/MSC, group challenged with OVA, intraperitoneal injection of hUC‑MSCs 
and oral gavage of MSC culture supernatant. ***P<0.001. ns, not significant.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  16:  4445-4456,  2018 4453

functions, MSCs have emerged as attractive therapeutic 
tools in transplantation, tissue regeneration and autoimmune 
diseases (25). In the past decades, MSCs were prepared from 
different tissues, including adipose tissue, bone marrow, 
tonsils and umbilical cords, for clinical and experimental 
disease therapies (21,49). These experimental therapies include 
allergic diseases, particularly experimental asthma, allergic 
rhinitis and allergic contact dermatitis (25,26,53). Compared 
with other tissues, the umbilical cord is an extra‑embryonic 
tissue and is easily obtained in large quantities ex vivo (54). 
Therefore, the umbilical cord provides a novel source of 
MSCs for clinical therapy. Many different isolation and 
expansion procedures have been explored to efficiently 
prepare hUC‑MSCs ex vivo, including enzymatic digestion 
and tissue explant culture  (33,34,55). In the current study, 
explants of umbilical cords were cultured directly to avoid 
effects of enzymatic digestion on the biological properties of 
the MSCs. Spindle‑shaped fibroblastic cells were observed 
to migrate from the tissue and adhered to the culture dish, as 
previous reported (48,54). Biological properties, including the 
transcriptomic profile of hUC‑MSCs were not compared with 
BM‑MSCs. However, cells met the basic criteria of multipotent 
MSCs, which are defined by the International Society for 
Cellular Therapy (48). Using flow cytometry analysis, it was 
observed that cells were positive for CD73, CD90 and CD105, 
and negative for CD34, CD45, CD14 and HLA‑DR. Additionally, 
these fibroblastoid shaped cells differentiated into adipocytes 
and osteoblasts in conditional differentiation medium and 
exhibited an immune‑suppressive function. Although, the 
immune suppression and its associated mechanisms for various 
MSCs and MSC‑conditioned medium in autoimmune diseases 
have been widely explored  (34,35,40,56), effects on food 
allergy and on the gut microbiota population have not been 
reported. In the current study, using hUC‑MSC‑conditioned 
medium by oral gavage and hUC‑MSCs by direct injection, 
it was observed that treatment with hUC‑MSCs alleviated 
allergy symptoms and recovered the population of the gut flora. 
Unfortunately, because no MSC supernatant/OVA control was 
utilized in the current study, the exact role of MSC culture 
supernatant on allergy was unlcear.

Food allergy in an adverse immunity to common food 
and is associated with significant morbidity, particularly if 
accidental ingestion is not prevented or adequately treated (1). 
Previously, a number of immunotherapeutic strategies have 
been investigated for the treatment and prevention of this 
disease, including allergen desensitization, anti‑IgE antibodies 
injection for IgE blocking and other non‑antigen specific 
therapies (57). In the current study, it was observed that the 
treatment with hUC‑MSCs and MSC‑conditioned medium 
significantly alleviated clinical symptoms of food allergy, 
which was further confirmed by histological data of the colon. 
As van Halteren et al (50) first described in 1997, this OVA 
intragastric challenge allergy model is food allergen‑specific, 
IgE‑dependent and relevant to Th2 cytokines. Following OVA 
challenge by oral gavage six times, IgE levels and Th2 cell 
percentages in the blood in OVA and Medium/OVA groups 
were significantly increased in the mice compared with the PBS 
group. Levels of IgE and percentage of Th2 cells in the blood 
were significantly decreased in the mice treated with hUC‑SCs 
compared with other OVA‑challenged groups. Protein levels of 

Th2 cytokines, including IL‑4, were not determined in the blood. 
However, IL‑4 mRNA levels in the colon were increased in 
OVA‑challenged mice compared with the PBS‑treated control. 
Treatment with hUC‑MSCs decreased these OVA‑induced 
effects. Published works declared that different mechanisms 
are involved in the immune regulation of IL‑4 expression 
mediated by various MSCs, including TGF‑β secretion and 
Treg cell differentiation (21,53,58). Although, levels of TGF‑β 
and Treg cells in the blood were not detected here, the previous 
studies indicate that these immune‑suppression mechanisms 
mediated by direct injection of MSCs may also serve potential 
roles in the results of the current study.

Goblet cells are columnar epithelial cells in the gastro-
intestinal, respiratory and reproductive tract. The basic 
function of goblet cells is to secrete gel‑forming mucins in 
order to protect mucous membranes, including mucin‑2 in 
the intestine and mucin‑5AC in the airway (59). Generally, 
allergen‑induced asthma promotes goblet cell metaplasia 
to secrete more mucins protecting the mucosa  (60). 
Mechanistically, published data suggested that histamine and 
inflammatory cytokines, including IL‑13 and IL‑7, contribute 
to this goblet cell hyperplasia in the respiratory tract (61,62). 
In the intestinal tract, nutrition and probiotics regulate the 
number of goblet cells (63). These goblet‑like shaped cells 
further act to preferentially deliver antigens to CD103+ DCs 
and do contribution to oral tolerance in the gut (64). Similar 
to the goblet cell metaplasia in asthma, an increased number 
of these cells in the intestinal tract indicates its protection in 
food allergy (65).

Recently, by sequencing the bacterial 16S rRNA gene to 
study the composition of the intestinal microbiota and the 
microbial metabolism, evidence from experimental models 
and clinical investigations suggested that a disturbed gut 
microbiota is associated with the development of allergic 
manifestations�������������������������������������������� �������������������������������������������(51,66). The decreased gut microbiota rich-
ness, the decreased Bacteroidaceae/Enterobacteriaceae 
ratio or a lower relative abundance of Lachnospiraceae 
are associated with sensitization to allergens in the gut or 
airway (67). This was further observed and confirmed in 
the current study. Accumulating data demonstrated that 
butyrate‑producing bacteria use fiber to produce short fatty 
acids, including butyrate, in order to maintain gut homeo-
stasis and immune tolerance by promoting differentiation 
of Treg and resident CD103+ DCs������������������������ �����������������������(68,69). DC‑ or regula-
tory T cell‑meditated tolerance can be reprogrammed by 
inflammation‑associated cytokines to alter food‑allergic 
immunity, which is mediated by Th2 cells or type 2 innate 
lymphoid cells  (48,54). In an asthma model, MSCs were 
reported to alleviate clinical symptoms through multiple 
mechanisms, including promoting Treg or inhibiting Th1 
cell differentiation, and modifying the phenotype of resi-
dent DCs and macrophages  (50,53,57,58). However, the 
exact functions of the treatment with hUC‑MSCs in the 
current study on the population and abundance of the gut 
microbiota requires further investigation. It is well known 
that a specific diet may promote particular bacterial strains 
to grow through altering the microbiota metabolism and 
drive the development of the pathological flora microenvi-
ronment in the gut (42,70). Additionally, published studies 
revealed that treatment with induced pluripotent stem 
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cell‑derived MSCs and adipose‑derived MSCs partially 
restored the microbiome in mice with colitis (71). Similar 
to these reports, OVA by oral gavage in the current study 
successfully modified the richness and composition of the 
gut microbiota, which is associated with allergies in the gut. 
Treatment with MSC culture supernatant by oral gavage 
partially recovered the gut microbiota. The nutritional 
ingredients from the MSC supernatant in the treatment 
group may contribute to this restoration of the gut flora. 
In addition, it has been demonstrated that immunomodula-
tors, including immunoglobulin and mammalian target of 
rapamycin inhibitors, affect the immune regulation through 
directly altering the phenotype of immune effector cells 
and by modifying the gut flora (72‑74). Supported by these 
studies, it is suggested that hUC‑MSCs as strong immune 
regulators may alter the gut f lora. Collectively, though 
the exact mechanism is yet to be elucidated, these results 
indicate that treatment with hUC‑MSCs may regulate the 
immune functions partially through modifying the bacte-
rial richness and composition in the gut flora, particularly 
by increasing the abundance of butyrate‑producing bacteria, 
including S24‑7, Lachnospiraceae and Bacteroidaceae.

In conclusion, treatment with hUC‑MSCs alleviated 
an IgE‑dependent food allergy by modifying the immune 
balance, which included decreasing the IgE levels and the 
number of Th2 cells. Furthermore, treatment with hUC‑MSCs 
exhibited restorative effects on goblet cells and commensal 
bacteria in the gut. Therefore, the present study suggested that 
hUC‑MSCs affected the regulation on the intestinal immune 
system and the modification of the gut microenvironment. 
hUC‑MSCs may have a potential clinical application in food 
allergy therapy.
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