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Abstract 

Background Mesenchymal stem cells (MSCs) are a class of adult stem cells with self-renewal and multidirectional 
differentiation potential that may be a treatment for aplastic anemia (AA).

Method Umbilical cord-derived MSCs were cultured in three media (Mesencult-XF, MCL, and StemPro MSC SFM 
CTS). HGF, PGE2, ANG-1, TGF-β1, IFN-γ, and TNF-α were detected using ELISA. The AA mouse model was built via post-
irradiation lymphocyte infusion. After different treatments, routine blood, VEGF, and Tregs were detected every week. 
On day 28, all mice were killed, and their femurs were stained with HE.

Results Umbilical cord-derived MSCs cultured in the three media all conformed to the general characteristics 
of MSCs. HGF secreted by MSCs in the Mesencult-XF, and MCL was greater than that in the StemPro MSC SFM CTS; 
ANG-1 and TGF-β1 in the MCL were more than that in Mesencult-XF and StemPro MSC SFM CTS; PGE2 in the MCL 
and StemPro MSC SFM CTS was more than that in the Mesencult-XF. MSCs in the MCL and StemPro MSC SFM CTS 
inhibited IFN-γ and TNF-α more than those in the Mesencult-XF. The peripheral blood cell in the AA groups was at a 
low level while that in the MSC group recovered rapidly. The Treg ratio and VEGF level in the MSC group were higher 
than those in the AA group. The bone marrow (BM) recovered significantly after MSC infusion.

Conclusion MSCs in the MCL were advantageous in supporting hematopoiesis and modulating immunity and had 
the potential for effective treatment of AA.
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Introduction
Mesenchymal stem cells (MSCs) are a population of 
adult stem cells with the potential for self-renewal and 
multidirectional differentiation [1]. In recent stud-
ies, MSCs were found to have potent immunomodula-
tory activities, which also have potential applications 
in graft versus host disease (GVHD) and autoimmune 
diseases [2–5]. MSCs also support hematopoietic stem 
cells (HSCs) by secreting hematopoietic growth fac-
tors and differentiating into osteoblasts, which are 
important components of the hematopoietic micro-
environment, to promote the reconstruction of the 
hematopoietic microenvironment. Additionally, due to 
the lack of expression of MHC-II, CD80, CD86, CD40, 
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and CD40L, MSCs are immune tolerant and escape 
recognition by allogeneic effector T cells [6]. In addi-
tion to bone marrow (BM), MSCs are present in many 
other tissues such as synovium, fat, umbilical cord, 
cord blood, amniotic membrane, amniotic fluid, and 
placenta [7, 8]. Among these tissues, umbilical cord-
derived cells are easy to collect in large quantities and 
without ethical issues. MSCs can be obtained from dif-
ferent parts of the umbilical cord [9–13], and Whar-
ton’s jelly-derived MSCs have the following advantages: 
minimal contamination of non-MSCs, maximum quan-
tity through the shortest transmission culture, excellent 
stemness, and high differentiation potential that are 
suitable for clinics [14]. In addition to the production 
site, the proliferation, differentiation, and immune reg-
ulation of MSCs are influenced by different serum-free 
culture systems [15].

Aplastic anemia (AA) is a BM failure syndrome charac-
terized by hypoplasia of the BM and a decrease in whole 
blood cells in the peripheral blood, which are caused by 
an increase in interferon-γ (IFN-γ) and tumor necrosis 
factor-α (TNF-α), and a decrease in regulatory T cells 
(Tregs). Allogeneic hematopoietic stem cell transplanta-
tion (allo-HSCT) and immunosuppression therapy (IST) 
are the current standards of care for AA. However, 30% 
of patients remain ineligible for allo-HSCT or experience 
ineffective treatment or relapsed. It was demonstrated 
that the hematopoietic microenvironment also played a 
vital role in maintaining normal hematopoiesis of HSCs. 
Studies found decreased proliferation and increased 
apoptosis of MSCs, reduction in MSC differentiation 
into osteoblasts, and a decrease in stem cell factor (SCF), 
vascular endothelial cell growth factor (VEGF), trans-
forming growth factor-beta1(TGF-β), and angiogenesis 
factor-1 (ANG-1) derived from MSCs in AA patients 
[16–18]. Therefore, MSCs are very important in the for-
mation of a normal hematopoietic microenvironment 
and in maintaining the "stemness" of HSCs.

Since abnormal MSCs are involved in the complex 
pathophysiological process of BM hematopoietic failure, 
transfusion of normal MSCs may replace defective MSCs 
and complete their immunomodulation and hematopoi-
etic support for HSCs, finding a potentially effective 
treatment modality for AA. Herein, we chose umbilical 
cord-derived MSCs to explore and screen out an opti-
mal serum-free culture system and observed hematopoi-
etic reconstruction in mouse models of AA treated with 
MSCs. Furthermore, we also preliminarily explored the 
mechanism of the immunomodulatory and hematopoi-
etic support of MSCs to provide theoretical support in 
AA mouse models for the clinical application of MSCs in 
patients with AA.

Materials and methods
Mice
BALB/c (H2-2d) mice (sixty in total) were purchased 
from Dossy Experimental Animals CO., LTD. (Chengdu, 
China), and DBA/2 (H2-2d) mice (six in total) were pur-
chased from Vital River Laboratory Animal Technol-
ogy Co., Ltd. (Beijing, China). All mice were female and 
6–8  weeks old, and their weight were about 18–23  g. 
BALB/c mice were numbered and then, randomly 
assigned to each group using a random number table. 
As lymphocytes donors, DBA/2 mice were anesthetized 
with isoflurane and dislocated at the neck and executed. 
All mice were housed in a laminar flow chamber (specific 
pathogen free, SPF) at the West China Science and Tech-
nology Park. The animal experimental procedure was 
approved by and compatible with the ethics guidelines of 
the Institutional Animal Care and Treatment Committee 
of West China Hospital. The reporting of animal experi-
ments in our study adhered to the Animal Research: 
Reporting of In  Vivo Experiments (ARRIVE) guidelines 
[19].

Primary culture of umbilical cord‑derived MSC
Wharton’s jelly was obtained after removing blood ves-
sels and amniotic membranes in the umbilical cord from 
fetuses in normal delivery. Tissues from donors followed 
by the written informed consent. The study met the 
Code of Ethical Principles for Medical Research Involv-
ing Human Subjects of the World Medical Association 
(Helsinki Declaration). Wharton’s jelly tissues were cut 
into small pieces and cultured in three serum-free media, 
including the Mesencult-XF purchased from STEMCELL 
Technologies (Vancouver, Canada), the StemPro MSC 
SFM CTS purchased from Gibco (CA, USA), and the 
MCL (A home-made MSC medium based on our previ-
ous experiments) [20, 21]. The components of the home-
made medium in this study were Dulbecco’s Modified 
Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12), 
5% commercialized human platelet lysate, 10  ng/ml 
recombinant endothelial growth factor (EGF) and 10 ng/
ml recombinant basic fibroblast growth factor (bFGF). 
Animal serum and antibiotics were not added to this 
medium.

MSC identification by flow cytometry
The logarithmically grown MSCs were collected and 
resuspended to 100 μl. Then, 20 μl of the following anti-
bodies was added in the tube: anti-Human IgG1-FITC, 
IgG1-PE, CD45-FITC, CD90-FITC, CD105-FITC, 
HLADR-PE (Additional file 1: Table 1), respectively, and 
incubated for 20  min at room temperature. MSCs were 
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washed and resuspended to 200  ul, and detected with 
flow cytometry (FC500, Beckman Coulter, Inc., Brea, CA, 
US).

Multidirectional differentiation ability of MSCs
P3 MSCs were collected and added to a 6-well plate with 
a cell count of 1 ×  105 per well. After 48  h, the medium 
was removed, and osteogenesis induction medium, chon-
drogenesis induction medium, and lipogenesis induction 
medium (the ingredients in Additional file 1: Tables 2–4) 
were added to each well, respectively. After 21 days, the 
media were removed and MSCs were washed by PBS. 
MSCs were fixed with 4% paraformaldehyde for 30 min 
and stained with Alizarin Red working solution (Sigma-
Aldrich, Inc, St Louis, MO, US) at room temperature for 
30  min for osteogenesis induction. MSCs were treated 
with 1% hydrochloric acid for 5  min and stained with 
Alcian Blue working solution (Sigma-Aldrich, Inc, St 
Louis, MO, US) at room temperature for 30  min for 
chondrogenesis induction. MSCs were fixed with 4% 
paraformaldehyde for 30  min and stained with Oil Red 
O working solution (Sigma-Aldrich, Inc, St Louis, MO, 
US) at room temperature for 30  min for lipogenesis 
induction.

MSC functional assay in different media
P3 MSCs were inoculated in a 6-well plate for 72 h, and 
then, the supernatant was collected and centrifuged 
for sample preparation (1000  g, 5  min). Enzyme-linked 
immunosorbent assay (ELISA) kits (R&D Systems Inc., 
Minneapolis, MN, USA) are used to detect the levels of 
hepatocyte growth factor (HGF), ANG-1, prostaglandin 
E2 (PGE2), and TGF-β1. Subsequently, MSCs treated 
with mitomycin were co-cultured with peripheral blood 
mononuclear cells (PMNCs) for three days, and then, 
IFN-γ and TNF-α were detected via ELISA after super-
natant was collected and centrifuged (1000  g, 5  min). 
The ELISA procedure is performed by referring to the 
instructions of the kit and the literature we previously 
published [20, 21].

Establishment of AA mouse model
All mice were randomly divided into three groups: the 
irradiation, AA, and MSC groups. The mice in the irra-
diation group were only irradiated; the mice in the AA 
and MSC groups were based on the mouse model of AA 
which was established by referring to the method of Zhou 
and Huang et al. [22, 23]. The lymph nodes were removed 
from the thymus, neck, submaxilla, axilla, inguinal and 
mesenteric areas of the DBA/2 mice executed by neck 
amputation, ground and then, filtered through a sieve to 
form a single cell suspension. The activity of these cells 
was identified as 95% or more by using Trypan Blue. 

Four hours after irradiation at a dose of 5.5 Gy, BALB/c 
mice in the AA and MSC groups received 1 ×  106 mixed 
cells from the thymus and lymph nodes of DBA/2 mice 
through the tail vein according to a published study 
[24]. Blood count and BM biopsy were used to evaluate 
the success of AA mouse models. The mice in the MSC 
group receive MSC infusion, while the mice in the irra-
diation and AA groups do not. All mice were recorded 
for weight, activity, appearance, diet, and death until the 
end of the experiment on day 28. On days 7, 14, 21, and 
28, the mice in the three groups had transorbital blood 
collection. These blood samples were used for the hemo-
globin (Hb), white blood cell (WBC), and platelet (PLT) 
count by Automatic Hematology Analyzer (HEMAVET), 
and Treg and VEGF detection.

Treg detection by flow cytometry
CD4 (5  µl) and CD25 (5  µl) (Additional file  1: Table  1) 
were added to fresh MNCs (100 µl) that were from col-
lected peripheral blood by disruption of red blood cells 
and incubated for 30 min at 4 °C in the dark. Foxp3 was 
stained by Intracellular Fixation & Permeabilization 
Buffer Set Kit and Foxp3/Transcription Factor Staining 
Buffer Set Kit (eBioscience, San Diego, CA, US). Fixation/
Permeabilization Concentrate: Fixation/Permeabilization 
Diluent (v/v: 1/3) was prepared and added to the washed 
cells for membrane rupture (incubation for 60 min at 4 °C 
in the dark). After cell suspension was washed (2000 rpm, 
5  min) by 1 × permeabilization buffer, Foxp3-PE (4  µl, 
Additional file  1: Table  1) was added and incubated for 
60 min at 4 °C in the dark. Next, the cell suspension was 
washed by permeabilization buffer (2500  rpm, 7  min) 
twice and resuspended to 200  µl for detection by flow 
cytometry (FC500, Beckman Coulter, Inc., Brea, CA, US).

VEGF detection by ELISA
On days 7, 14, 21 and 28 after irradiation, blood was col-
lected from each group of mice for centrifugation (4 °C, 
10000  g, 10  min), and the plasma was collected and 
frozen at -80  °C for storage. VEGF detection by mouse 
VEGF ELISA Kit (Multisciences Biotech Co., Ltd., Hang-
zhou, China) was performed referring to the instruction 
of the kit and the literature we previously published [20, 
21].

HE staining of mouse BM
The femur was dissected from dead or sacrificed mice 
on day 28 for hematoxylin and eosin (HE) staining to 
evaluate the hyperplasia of BM. Femur was fixed in 
10% neutral formalin. Paraffin sections were immersed 
in xylene for 5 min (thrice), placed in 100% anhydrous 
ethanol for 3 min (twice), then placed in 90–70% etha-
nol at all levels for 3 min each in turn; rinsed in water 
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for 3  min, placed in double-distilled water for 3  min, 
and then, rinsed in PBS for 3 times (3  min each) to 
dewax the hydrated tissue sections. The sections were 
stained in hematoxylin staining solution for 3–5  min, 
washed in double distilled water, and then, divided 
into differentiation solution for 5 s, rinsed in blue with 
running water for 5–10 min, and washed in double dis-
tilled water. Next, sections were placed in 75% ethanol 
for 5  s, then put into eosin staining solution for 20  s, 
and washed once with double distilled water. And then 
sections were placed sequentially in ethanol at 75–95% 
levels for 1  min each, then in anhydrous ethanol for 
1 min and dipped in xylene for 2 min to be transparent 
(twice). Finally, the sections were dried and sealed with 
neutral resin and observed under the microscope.

Statistical analysis
The statistical data are presented as percentages 
(%), and the measurement data are presented as the 
mean ± standard deviation (SD). One-way analysis 
of variance (ANOVA) followed by Tukey’s post-test 
was used to test the significance of the means of each 
group. Two-sided P values < 0.05 were considered 
significant. The required number of mice per group 
was calculated based on the significance test level 
(α = 0.05). All analyses were performed with GraphPad 
Prism 8.0 software (GraphPad Software, San Diego, 
CA, USA).

Result
Primary culture of umbilical cord‑derived MSCs
After five days of culture, long spindle-shaped cells 
crawl out from the edge of the umbilical cord in these 
three media. On day 12, the spiral growth of cells could 
be observed. No difference was found among the three 
media in terms of attachment, growth time, and mor-
phology of MSCs (Fig. 1A).

MSC functional assay in different media
MSCs in the three media were examined for osteogenic, 
chondrogenic, and lipogenic abilities. MSCs in the Mes-
encult-XF and MCL showed strong chondrogenesis and 
lipogenesis, and weak osteogenesis while MSCs in the 
StemPro MSC SFM CTS presented osteogenesis and 
chondrogenesis, and weak lipogenesis (Fig. 1B).

P3 MSCs cultured in the three media all strongly 
expressed CD90 and CD105 and did not express CD45 
and HLA-DR. There was no difference in antigen expres-
sion among the three media (Fig. 2).

The levels of HGF, ANG-1, PGE2, and TGF-β1 secreted 
by MSCs in the three media were detected by ELISA. As 
shown in Fig. 3, more HGF was produced in the Mesen-
cult-XF and MCL than in the StemPro MSC SFM CTS 
(P < 0.01); the level of ANG-1 was higher in the MCL 
than in the Mesencult-XF and StemPro MSC SFM CTS 
(P < 0.01); PGE2 in the MCL and StemPro MSC SFM 
CTS was higher than that in the Mesencult-XF (P < 0.01); 
and TGF-β1 was secreted more in the MCL than in the 
Mesencult-XF and StemPro MSC SFM CTS (P < 0.01).

Fig. 1 Morphology and differentiation of MSCs. A Morphology of MSCs in different media, scale bar: 25 μm; B Differentiation of MSCs in different 
media, scale bar: 50 μm (1. Mesencult-XF, 2. MCL, 3. StemPro MSC SFM CTS)
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IFN-γ and TNF-α levels were measured by ELISA after 
the MSCs treated with mitomycin C were co-cultured 
with PMNCs at ratios of 1:10 and 1:5 for 3 days, respec-
tively. The results showed that MSCs in the MCL and 
StemPro MSC SFM CTS exhibited a stronger inhibition 
on PMNC-secreted IFN-γ and TNF-α than those in the 
Mesencult-XF at ratios of 1:10 and 1:5 (P < 0.05). There 
was no significant difference between the MCL and 
StemPro MSC SFM CTS on the inhibition of MSCs, and 
the ratio of MSCs: PMNCs did not significantly affect the 
inhibition of MSCs (Tables 1 and 2). Thus, MCL is a suit-
able choice for subsequent animal experiments due to its 
ability to secrete higher levels of immunomodulatory and 
hematopoietic cytokines and its stronger inhibitory effect 
on IFN-γ and TNF-α secretion, which have important 
pathological effects in AA.

The efficacy of MSC for the AA mouse model
As described in Materials and methods, we have suc-
cessfully established the AA mouse model. All mice were 
included in our study and randomly divided into three 
groups of 20 mice each: the irradiation, AA, and MSC 
groups. Three days later, the mice in the irradiation and 
AA groups were treated with saline and those mice in 
the MSC group were treated with umbilical cord-derived 

MSCs (Fig.  4A). In the irradiation group, the mice 
showed a slight decrease in body weight 1  week after 
irradiation and returned to normal at 3  weeks, and the 
28-day overall survival rate was 80%. In the AA group, 
the mice lost weight 5 days after irradiation and did not 
regain weight significantly during the experiment, and 
the 28-day overall survival rate was 35%. In the MSC 
group, weight changes were similar to those in the irra-
diation group, and the 28-day overall survival rate was 
85% (Fig. 4B).

The levels of VEGF in the three groups on days 7, 14, 
21, and 28 are displayed in Fig. 4C. In the irradiation and 
MSC groups, the level of VEGF increased on days 14 and 
21 and decreased on day 28. In the AA group, no signif-
icant change in VEGF was found from day 7 to day 28. 
Between the irradiation and AA groups, no difference 
in VEGF was found. Between the irradiation and MSC 
groups, there were significant differences on days 14 and 
21 (P < 0.01). Between the AA and MSC groups, differ-
ences also existed on days 14 (P < 0.01) and 21 (P < 0.01).

As illustrated in Fig. 5, WBC, Hb, and PLT counts all 
decreased at the early stage. Subsequently, WBC, Hb, and 
PLT counts increased quickly in the irradiation and MSC 
groups from day 14 while those in the AA group were still 
at low levels until day 28. Compared with the irradiation 

Fig. 2 Immunophenotype of MSCs in different media (1. Mesencult-XF; 2. MCL; 3. StemPro MSC SFM CTS)
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group and MSC group, WBC, Hb, and PLT counts were 
significantly lower in the AA group on days 21 and 28.

Next, we detected the proportion of Tregs on days 7, 
14, 21, and 28 in the three groups via flow cytometry. As 
shown in Fig. 6, the Treg ratio of the AA group was sig-
nificantly lower than that of the irradiation group on days 

14 and 21 (P < 0.05) and was also significantly lower than 
that of the MSC group on days 7, 14, 21, and 28 (P < 0.05). 
And the Treg ratio of the MSC group on day 7 was higher 
than that of the irradiation group (P < 0.05).

The femurs of mice were stained with HE to investigate 
the effect of MSCs on BM hematopoiesis. As shown in 

Fig. 3 Cytokines (HGF, ANG-1, PGE2, and TGF-β1) secreted by MSCs in different media (**P < 0.01)
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Fig. 7, BM was significantly dysplastic, hematopoietic tis-
sues were reduced, and many fat vacuoles and exudates 
were observed in the AA group of mice. In the irradiation 

and MSC groups, BM proliferation was hyperplastic, 
with many karyocytes and little adipose tissue. Compared 

Table 1 Inhibition of MSCs on IFN-γ released by PMNCs (pg/ml) (X ± SD)

*P < 0. 05 Mesencult-XF vs MCL, Mesencult-XF vs. StemPro MSC SFM CTS

△P < 0. 05 Mesencult-XF vs MCL, Mesencult-XF vs. StemPro MSC SFM CTS

MSC:PMNC IFN‑γ MSC:PMNC IFN‑γ

Control 1119.50 ± 234.52 1119.50 ± 234.52

Mesencult-XF 1: 10 1055.55 ± 189.33* 1: 5 653.06 ± 94.85△

MCL 1: 10 218.99 ± 37.39* 1: 5 207.35 ± 30.65△

StemPro MSC SFM CTS 1: 10 139.59 ± 29.85* 1: 5 148.53 ± 31.28△

Table 2 Inhibition of MSCs on TNF-α released by PMNCs (pg/ml) (X ± SD)

*P < 0. 05 Mesencult-XF vs MCL, Mesencult-XF vs. StemPro MSC SFM CTS

△P < 0. 05 Mesencult-XF vs MCL, Mesencult-XF vs. StemPro MSC SFM CTS

MSC:PMNC TNF‑α MSC:PMNC TNF‑α

Control 695.86 ± 110.11 695.86 ± 110.11

Mesencult-XF 1: 10 663.29 ± 121.40* 1: 5 588.91 ± 100.30△

MCL 1: 10 485.12 ± 61.11* 1: 5 389.35 ± 46.72△

StemPro MSC SFM CTS 1: 10 423.86 ± 50.33* 1: 5 335.89 ± 56.76△

Fig. 4 Establishment of AA mouse model and treatment of MSCs in cultured in the MCL medium. A Schematic illustration of the animal 
experiments; B Survival curve of mice in the three groups; C VEGF levels in the three groups of mice at different time points (*P < 0.05; **P < 0.01)
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Fig. 5 WBC, Hb and PLT counts of mice in the three groups at different time points A WBC count; B Hb count; C PLT count (*P < 0.05)

Fig. 6 Tregs of mice in the irradiation, AA, MSC groups at different time points. A Flow cytometry analysis of Treg change in the irradiation group; 
B Flow cytometry analysis of Treg change in the AA group; C Flow cytometry analysis of Treg change in the MSC group; D Quantitative comparison 
of Treg differences among the three groups (*P < 0.05)
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with those of the irradiation group, BM in the MSC 
group has denser karyocytes.

Discussion
In 2006, the Mesenchymal and Tissue Stem Cell Com-
mittee of the International Society for Cellular Therapy 
(ISCT) defined three minimum criteria for the identifi-
cation of MSCs as follows: (1) adherent growth of MSCs 
under standard culture conditions; (2) expression of 
CD105, CD73, and CD90, and non-expression of CD45, 
CD34, CD14, CD11b, CD79a, CD19 and HLA-DR on the 
MSC surface; and (3) osteogenic, lipogenic and chondro-
genic differentiation potential of MSCs in vitro [25].

In our study, serum-free media were chosen to culture 
MSCs due to the need for clinical safety in the future [26, 
27]. A large number of MSCs were harvested via umbili-
cal cord tissue block adherence in kinds of media. By 
examining the differentiation capacity of P3 MSCs and 

the immunophenotype of the cell surface, cells from all 
three media showed the properties of MSCs.

Tregs are a subset of CD4 + T cells that play an 
important role in the negative regulation of the 
immune response and autoimmune tolerance [28], 
which is important in the pathogenesis of AA. Some 
studies have reported that excessive IFN-γ and 
TNF-α inhibit Tregs and damage HSCs in BM in AA 
patients [29, 30]. It has also reported decreased vari-
ous cytokines supporting hematopoiesis, such as SCF, 
VEGF, TGF-β, and ANG-1, which reduced osteoblast 
capacity and further aggravated hematopoietic dam-
age [18, 31, 32]. Furthermore, VEGF can promote the 
growth of vascular endothelial cells and increase the 
permeability of microvessels, thus promoting vascu-
lar neovascularization [33]. In addition, HGF, ANG-
1, PGE2, and TGF-β1, which play important roles 
in maintaining the hematopoietic microenviron-
ment and promoting cell growth, proliferation, and 

Fig. 7 HE staining of the femur of mice in the irradiation, AA, MSC groups at different magnifications (Scale bar at left: 50 μm; Scale bar at right: 
100 μm)
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differentiation as well as immune regulation, were 
used as representative cytokines in MSC culture. 
Therefore, we expected a medium that can reduce the 
levels of IFN-γ and TNF-α and promote the secretion 
of hematopoietic cytokines.

Before our study, numerous studies have investigated 
the efficacy of human MSCs in the treatment of AA 
mouse model. There were many sources of MSCs in 
these studies, including BM, umbilical cord, adipose 
tissue, gingiva tissue, and multi-placenta pooled cells, 
all of which invariably have confirmed that MSCs can 
help restore hematopoietic reconstitution and improve 
the prognosis [34–39]. Nevertheless, these previous 
studies did not go further to optimize the culture sys-
tem of MSC for its excellent hematopoietic function 
of repairing bone marrow, which was also the most 
significantly different from our study. Our study is 
the first to screen the culture system for highly active 
MSCs. It was also demonstrated that umbilical cord-
derived MSCs cultured in the MCL medium could 
be expanded to be capable of secreting higher level 
hematopoietic support cytokines and more potent 
inhibition of IFN-γ and TNF-α secretion compared 
with other candidate culture systems.

In the animal experiment, we found that Tregs 
increased rapidly in a short period in the mice of the 
MSC group and were even more abundant than those 
in the irradiation group. Some studies have reported 
that MSCs regulate the differentiation of CD4 + T cells 
into Tregs by inhibiting the differentiation of CD4 + T 
cells into Th17 cells and inducing Th17 cells to express 
Foxp3, and directly promote the proliferation and dif-
ferentiation of Tregs by regulating the expression of 
cytokines such as TGF-β, IL-6 and IL-10 [40–42]. 
Thus, we supposed that the proliferation and differen-
tiation of Tregs in the MSCs group of mice were both 
promoted, probably for the purpose of greater sup-
pression of immune disorders in mice after AA mod-
eling. In terms of the VEGF level, it was found to be 
significantly higher in the MSC group than that in the 
other two groups, which indicated that these MSCs 
also had an excellent ability to increase VEGF level and 
thus, improve the hematopoietic microenvironment in 
BM.

Although our study is innovative in the MSC culture 
system, some limitations should be also noted. First, 
the MSC cultured in the other two media should be 
also subjected to animal experiments to clarify their 
efficacy in  vivo. Second, Treg study was just limited 
to a phenotyping by flow cytometry, but no Treg func-
tional tests or Treg induction tests. We plan to remedy 
these deficiencies in future experiments.

Conclusion
In our study, umbilical cord-derived MSCs cultured in 
the three media conformed to the general characteristics 
of MSCs. The MCL medium was superior in the secretion 
of cytokines with hematopoietic and immunomodula-
tory properties and a stronger ability to inhibit IFN-γ and 
TNF-α. In the mouse experiment, the results of blood 
counts and BM biopsies suggested that MSCs could 
restore hematopoiesis, and the Treg ratios and VEGF lev-
els in the MSC group were higher than those in the other 
two groups. In conclusion, umbilical cord-derived MSCs 
showed an excellent efficacy in the treatment of AA and 
have the potential to reconstruct hematopoiesis clinically 
in the future.

Abbreviations
AA  Aplastic anemia
IFN-γ  Interferon-γ
TNF-α  Tumor necrosis factor-α
HSCs  Hematopoietic stem cells
MSC  Mesenchymal stem cell
PMNC  Peripheral blood mononuclear cell
ELISA  Enzyme-linked immunosorbent assay
HGF  Hepatocyte growth factor
ANG-1  Angiogenesis factor-1
PGE2  Prostaglandin E2
TGF-β1  Transforming growth factor-beta1
VEGF  Vascular endothelial cell growth factor
Tregs  Regulatory T cells
SCF  Stem cell factor
IST  Immunosuppressive therapy
BM  Bone marrow
Hb  Hemoglobin
WBC  White blood cell
PLT  Platelet

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13287- 023- 03417-1

Additional file 1: Table 1. List of antibodies used in Flow cytometry. 
Table 2. Formulation of osteogenesis induction solution. Table 3. For-
mulation of chondrogenesis induction solution. Table 4. Formulation of 
lipogenesis induction solution.

Acknowledgements
All authors thank the mothers who donated their umbilical cords for this 
study.

Author contributions
CH and TL designed the study. CH, CY, ZL, and FW performed the experi-
ments. CH, CY, FW, and QC contributed to reagents, analysis tools and cells. 
CH and QZ analyzed the data and wrote the paper. All authors have read and 
approved the manuscript.

Funding
This work was supported by grants from Health Department of Sichuan 
Province (No. 18ZD013).

https://doi.org/10.1186/s13287-023-03417-1
https://doi.org/10.1186/s13287-023-03417-1


Page 11 of 12He et al. Stem Cell Research & Therapy          (2023) 14:224  

Declarations

Ethics approval and consent to participate
The “Umbilical Cord-derived Mesenchymal Stem Cells in Aplastic Anemia Ther-
apy” was established according to the ethical guidelines of the Declaration 
of Helsinki and was approved by the Institutional Animal Care and Treatment 
Committee of West China Hospital on 7, February, 2018. The approval number 
was No. 2018261A. MSCs were isolated and collected from human placenta, 
with written consent of donors, which was approved by the ethical commit-
tee of Sichuan Neo-life Stem Cell Biotech Inc.on January, 2018 (No. 201801).

Consent for publication
Written informed consent was obtained from the patient for publication of 
this article and any accompanying images. A copy of the written consent is 
available for review by the Editor-in-Chief of this journal.

Availability of data and materials
Please contact the author for data and materials.

Competing interests
The authors declare that there is no competing interests.

Received: 16 September 2022   Accepted: 18 July 2023

References
 1. Ankrum JA, Ong JF, Karp JM. Mesenchymal stem cells: immune evasive, 

not immune privileged. Nat Biotechnol. 2014;32(3):252–60.
 2. Bernardo ME, Fibbe WE. Mesenchymal stromal cells: sensors and switch-

ers of inflammation. Cell Stem Cell. 2013;13(4):392–402.
 3. Nauta AJ, Fibbe WE. Immunomodulatory properties of mesenchymal 

stromal cells. Blood. 2007;110(10):3499–506.
 4. François M, Romieu-Mourez R, Li M, Galipeau J. Human MSC suppression 

correlates with cytokine induction of indoleamine 2,3-dioxygenase and 
bystander M2 macrophage differentiation. Mol Ther. 2012;20(1):187–95.

 5. Kelly K, Rasko JEJ. Mesenchymal stromal cells for the treatment of graft 
versus host disease. Front Immunol. 2021;12: 761616.

 6. Chamberlain G, Fox J, Ashton B, Middleton J. Concise review: mesenchy-
mal stem cells: their phenotype, differentiation capacity, immunological 
features, and potential for homing. Stem Cells. 2007;25(11):2739–49.

 7. Watson N, Divers R, Kedar R, Mehindru A, Mehindru A, Borlongan MC, 
et al. Discarded Wharton jelly of the human umbilical cord: a viable 
source for mesenchymal stromal cells. Cytotherapy. 2015;17(1):18–24.

 8. Campagnoli C, Roberts IA, Kumar S, Bennett PR, Bellantuono I, Fisk NM. 
Identification of mesenchymal stem/progenitor cells in human first-
trimester fetal blood, liver, and bone marrow. Blood. 2001;98(8):2396–402.

 9. Sarugaser R, Lickorish D, Baksh D, Hosseini MM, Davies JE. Human umbili-
cal cord perivascular (HUCPV) cells: a source of mesenchymal progeni-
tors. Stem Cells. 2005;23(2):220–9.

 10. Ilancheran S, Michalska A, Peh G, Wallace EM, Pera M, Manuelpillai U. 
Stem cells derived from human fetal membranes display multilineage 
differentiation potential. Biol Reprod. 2007;77(3):577–88.

 11. Troyer DL, Weiss ML. Wharton’s jelly-derived cells are a primitive stromal 
cell population. Stem Cells. 2008;26(3):591–9.

 12. Schugar RC, Chirieleison SM, Wescoe KE, Schmidt BT, Askew Y, Nance 
JJ, et al. High harvest yield, high expansion, and phenotype stability of 
CD146 mesenchymal stromal cells from whole primitive human umbilical 
cord tissue. J Biomed Biotechnol. 2009;2009: 789526.

 13. Kita K, Gauglitz GG, Phan TT, Herndon DN, Jeschke MG. Isolation 
and characterization of mesenchymal stem cells from the sub-
amniotic human umbilical cord lining membrane. Stem Cells Dev. 
2010;19(4):491–502.

 14. Subramanian A, Fong CY, Biswas A, Bongso A. Comparative characteriza-
tion of cells from the various compartments of the human umbilical cord 
shows that the Wharton’s Jelly compartment provides the best source 
of clinically utilizable mesenchymal stem cells. PLoS ONE. 2015;10(6): 
e0127992.

 15. Sotiropoulou PA, Perez SA, Salagianni M, Baxevanis CN, Papamichail 
M. Characterization of the optimal culture conditions for clinical 
scale production of human mesenchymal stem cells. Stem Cells. 
2006;24(2):462–71.

 16. Chao YH, Peng CT, Harn HJ, Chan CK, Wu KH. Poor potential of 
proliferation and differentiation in bone marrow mesenchymal stem 
cells derived from children with severe aplastic anemia. Ann Hematol. 
2010;89(7):715–23.

 17. El-Mahgoub ER, Ahmed E, Afifi RA, Kamal MA, Mousa SM. Mesenchy-
mal stem cells from pediatric patients with aplastic anemia: isolation, 
characterization, adipogenic, and osteogenic differentiation. Fetal Pediatr 
Pathol. 2014;33(1):9–15.

 18. Yang SM, Lu SF, Fei XM, Zhang JF, Shen WY, Li JY, et al. Change of cytokine 
expressions on bone marrow mesenchymal stem cells in patients with 
bone marrow failure syndromes and its significance. Zhongguo Shi Yan 
Xue Ye Xue Za Zhi. 2010;18(6):1560–3.

 19. Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al. The 
ARRIVE guidelines 2.0: updated guidelines for reporting animal research. 
PLoS Biol. 2020;18(7):e3000410.

 20. Yang C, Chen Y, Zhong L, You M, Yan Z, Luo M, et al. Homogeneity and 
heterogeneity of biological characteristics in mesenchymal stem cells 
from human umbilical cords and exfoliated deciduous teeth. Biochem 
Cell Biol. 2020;98(3):415–25.

 21. Yang C, Chen Y, Li F, You M, Zhong L, Li W, et al. The biological changes 
of umbilical cord mesenchymal stem cells in inflammatory environment 
induced by different cytokines. Mol Cell Biochem. 2018;446(1–2):171–84.

 22. Zhou YM. Experimental study on mice with immune-mediated aplastic 
anemia. J Exp Hematol. 1998.

 23. Huang LF, Zhou K, Zhang N, Luo L, Zheng M, Zhou S, et al. Establishment 
of a bone marrow failure mouse model by immune injury. Zhonghua xue 
ye xue za zhi = Zhonghua xueyexue zazhi. 2009;30(10):683–8.

 24. Huang YL, Huang SL, Cai Y. Effect of bone marrow mesenchymal stem cell 
infusion on hemato-poiesis in mice with aplastic anemia. Zhongguo Shi 
Yan Xue Ye Xue Za Zhi. 2007;15(5):1005–8.

 25. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause 
D, et al. Minimal criteria for defining multipotent mesenchymal stromal 
cells. The international society for cellular therapy position statement. 
Cytotherapy. 2006;8(4):315–7.

 26. Swamynathan P, Venugopal P, Kannan S, Thej C, Kolkundar U, Bhagwat S, 
et al. Are serum-free and xeno-free culture conditions ideal for large scale 
clinical grade expansion of Wharton’s jelly derived mesenchymal stem 
cells? A comparative study. Stem Cell Res Ther. 2014;5(4):88.

 27. Chatzistamatiou TK, Papassavas AC, Michalopoulos E, Gamaloutsos C, 
Mallis P, Gontika I, et al. Optimizing isolation culture and freezing meth-
ods to preserve Wharton’s jelly’s mesenchymal stem cell (MSC) proper-
ties: an MSC banking protocol validation for the hellenic cord blood bank. 
Transfusion. 2014;54(12):3108–20.

 28. Costantino CM, Baecher-Allan CM, Hafler DA. Human regulatory T cells 
and autoimmunity. Eur J Immunol. 2008;38(4):921–4.

 29. Young NS, Maciejewski J. The pathophysiology of acquired aplastic 
anemia. N Engl J Med. 1997;336(19):1365–72.

 30. Killick SB, Bown N, Cavenagh J, Dokal I, Foukaneli T, Hill A, et al. Guidelines 
for the diagnosis and management of adult aplastic anaemia. Br J Hae-
matol. 2016;172(2):187–207.

 31. Nimer SD, Leung DH, Wolin MJ, Golde DW. Serum stem cell factor levels 
in patients with aplastic anemia. Int J Hematol. 1994;60(3):185–9.

 32. Jiang S, Xie X, Jiang H, Zhou J, Li F, Cao P. Low expression of basic fibro-
blastic growth factor in mesenchymal stem cells and bone marrow of 
children with aplastic anemia. Pediatr Hematol Oncol. 2014;31(1):11–9.

 33. Borgström P, Hillan KJ, Sriramarao P, Ferrara N. Complete inhibition of 
angiogenesis and growth of microtumors by anti-vascular endothelial 
growth factor neutralizing antibody: novel concepts of angiostatic 
therapy from intravital videomicroscopy. Cancer Res. 1996;56(17):4032–9.

 34. Shim S, Lee SB, Lee JG, Jang WS, Lee SJ, Park S, et al. Mitigating effects of 
hUCB-MSCs on the hematopoietic syndrome resulting from total body 
irradiation. Exp Hematol. 2013;41(4):346-53.e2.

 35. Huo J, Zhang L, Ren X, Li C, Li X, Dong P, et al. Multifaceted characteriza-
tion of the signatures and efficacy of mesenchymal stem/stromal cells in 
acquired aplastic anemia. Stem Cell Res Ther. 2020;11(1):59.



Page 12 of 12He et al. Stem Cell Research & Therapy          (2023) 14:224 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 36. Hu KX, Sun QY, Guo M, Ai HS. The radiation protection and therapy effects 
of mesenchymal stem cells in mice with acute radiation injury. Br J Radiol. 
2010;83(985):52–8.

 37. Li J, Chen H, Lv YB, Wang Q, Xie ZJ, Ma LH, et al. Intraperitoneal injection 
of multiplacentas pooled cells treatment on a mouse model with aplastic 
anemia. Stem Cells Int. 2016;2016:3279793.

 38. Zhang J, Zhou S, Zhou Y, Feng F, Wang Q, Zhu X, et al. Adipose-derived 
mesenchymal stem cells (ADSCs) with the potential to ameliorate plate-
let recovery, enhance megakaryopoiesis, and inhibit apoptosis of bone 
marrow cells in a mouse model of radiation-induced thrombocytopenia. 
Cell Transpl. 2016;25(2):261–73.

 39. Zhao J, Chen J, Huang F, Wang J, Su W, Zhou J, et al. Human gingiva 
tissue-derived MSC ameliorates immune-mediated bone marrow failure 
of aplastic anemia via suppression of Th1 and Th17 cells and enhance-
ment of CD4+Foxp3+ regulatory T cells differentiation. Am J Transl Res. 
2019;11(12):7627–43.

 40. Aggarwal S, Pittenger MF. Human mesenchymal stem cells modulate 
allogeneic immune cell responses. Blood. 2005;105(4):1815–22.

 41. Qu X, Liu X, Cheng K, Yang R, Zhao RC. Mesenchymal stem cells 
inhibit Th17 cell differentiation by IL-10 secretion. Exp Hematol. 
2012;40(9):761–70.

 42. Luz-Crawford P, Noël D, Fernandez X, Khoury M, Figueroa F, Carrión F, et al. 
Mesenchymal stem cells repress Th17 molecular program through the 
PD-1 pathway. PLoS ONE. 2012;7(9): e45272.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Umbilical cord-derived mesenchymal stem cells cultured in the MCL medium for aplastic anemia therapy
	Abstract 
	Background 
	Method 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Mice
	Primary culture of umbilical cord-derived MSC
	MSC identification by flow cytometry
	Multidirectional differentiation ability of MSCs
	MSC functional assay in different media
	Establishment of AA mouse model
	Treg detection by flow cytometry
	VEGF detection by ELISA
	HE staining of mouse BM
	Statistical analysis

	Result
	Primary culture of umbilical cord-derived MSCs
	MSC functional assay in different media
	The efficacy of MSC for the AA mouse model

	Discussion
	Conclusion
	Anchor 25
	Acknowledgements
	References


