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Background: Acute graft versus host disease (aGVHD) remains a leading cause of trans-
plant-related mortality following allogeneic haematopoietic cell transplantation (allo-HCT). 
Human amniotic mesenchymal stem cells (hAMSCs) are a novel mesenchymal stem cells 
(MSCs), which have stronger proliferation and immunomodulatory ability compared with 
bone marrow mesenchymal stem cells (BM-MSCs). Besides, as the amniotic membrane is 
often treated as medical waste after delivery, hAMSCs can be obtained conveniently and 
noninvasively. The aim of this study was to explore the therapeutic efficacy and underlying 
mechanisms of hAMSCs transplantation for the humanized aGVHD mouse model.
Methods: We established a humanized aGVHD mouse model by transplanting human 
peripheral blood mononuclear cells (PBMCs) into NOD-PrkdcscidIL2rγnull (NPG) mice, 
human amniotic membrane collected from discarded placenta of healthy pregnant women 
after delivery and hAMSCs were extracted from amniotic membrane and expanded in vitro. 
Mice were divided into untreated group (Control), aGVHD group (aGVHD), and hAMSCs 
treatment group (aGVHD+hAMSCs), the hAMSCs labeled with GFP were administered to 
aGVHD mice to explore the homing ability of hAMSCs. T effector and regulatory T cells 
(Tregs) levels and cytokines of each group in target organs were detected by flow cytometry 
and cytometric bead array (CBA), respectively.
Results: We successfully established a humanized aGVHD mouse model using NPG mice. The 
hAMSCs have the ability to inhibit aGVHD in this mouse model through reduced villous blunting 
and lymphocyte infiltration of the gut while reducing inflammatory edema, tissue destruction and 
lymphocyte infiltration into the parenchyma of the liver and lung. hAMSCs suppressed CD3+CD4 
+ T and CD3+CD8+ T cell expression and increased the proportion of Tregs, and besides, hAMSCs 
can reduce the levels of IL-17A, INF-γ, and TNF in aGVHD target organs.
Conclusion: The NPG murine environment was capable of activating human T cells to 
produce aGVHD pathology to mimic aGVHD as in humans. The hAMSCs controlled 
aGVHD by decreasing inflammatory cytokine secretion within target organs by modulating 
the balance of Tregs and T effector cells in humanized mice.
Keywords: acute graft versus host disease, humanized mouse model, NPG mice, amniotic 
mesenchymal stem cells, immunomodulatory

Introduction
Graft-versus-host disease (GVHD) is reported as a syndrome in which donor 
immunocompetent cells recognize and attack host tissues in immunocompromised 
allogeneic recipients after hematopoietic stem cell transplantation (HSCT).1,2 

Steroids are the standard first line treatment for this disease with the response 

Correspondence: Baohong Ping  
Department of Hematology, Huiqiao 
Medical Center, Nanfang Hospital, 
Southern Medical University, Guangzhou, 
510515, People’s Republic of China  
Tel +8615625042109  
Fax +862061642231  
Email nfyypingbaohong66@163.com   

Qian Wang  
Department of Laboratory Medicine, 
Nanfang Hospital, Southern Medical 
University, Guangzhou, 510515, People’s 
Republic of China  
Tel +8613822251298  
Fax +862061643018  
Email wangqian@smu.edu.cn

Journal of Inflammation Research 2021:14 3985–3999                                                     3985
© 2021 Gao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                         Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 10 June 2021
Accepted: 27 July 2021
Published: 16 August 2021

http://orcid.org/0000-0003-2760-734X
mailto:nfyypingbaohong66@163.com
mailto:wangqian@smu.edu.cn
http://www.dovepress.com/permissions.php
https://www.dovepress.com


rate of 50~80%.3,4 However, 35~50% of patients become 
refractory to systemic steroid therapy, with higher mortal-
ity risk.5 Likewise, there are many treatment-related com-
plications such as increased risk of infections, osteopenia 
and aseptic necrosis.6 Besides, around half of patients 
develop aGVHD, even when preventive measures are ade-
quately used.7 Unmet need for second-line/third-line treat-
ment including anti-thymocyte globulin, ruxolitinib and 
infliximab to steroid-refractory aGVHD remains.5 Thus, 
there is an urgent need to develop more potent immuno-
suppressive treatment strategies for patients suffering from 
acute steroid refractory aGVHD while maintaining the 
graft versus tumor effect to avoid a potential rise in 
relapse-related mortality.

Mesenchymal stem cells (MSCs) are non- 
hematopoietic multipotent progenitor cells that can be 
isolated from embryonic and adult tissues, such as bone 
marrow, adipose tissue, dental pulp, placenta, and skin. 
MSCs have potent immunomodulatory effects on both 
innate and adaptive immune cells which have been demon-
strated in preclinical and clinical studies concerning the 
variety of inflammatory and autoimmune diseases.8–11 

Currently, the most commonly used sources of MSCs is 
bone marrow, however, bone marrow derived MSCs (BM- 
MSCs) have their own limitations including necessity to 
accompany invasive procedure to procure and decreasing 
ability and number of cells to differentiate with increasing 
donor’s age.12,13 Besides, multiple infusions of MSCs may 
be requiring multiple harvesting of different tissue 
samples.14,15 Human amniotic mesenchymal stem cells 
(hAMSCs) are a type of MSCs that can be easily, mas-
sively and safely isolated from the amniotic membrane of 
placenta from pregnant women when the placenta is deliv-
ered and usually discarded.16 The merits of using hAMSCs 
lie in that they are free from ethical concern in obtain and 
that a relatively enormous of hAMSCs can be readily 
gained. Thus, hAMSCs have been recognized as one of 
the most promising stem cells in the field of regenerative 
medicine.17 The hAMSCs possess immunomodulatory 
properties that are thought to enable damaged tissues to 
form a balanced inflammatory and regenerative micro- 
environment in the presence of vigorous inflammation.18 

hAMSCs have low immunogenicity and high histocompat-
ibility, due to their low expression levels of MHC class 
I antigens (HLA-A, HLA-B and HLA-C) but almost no 
MHC class II antigens (HLA-DR) or co-stimulatory 
molecules.19 Meanwhile, the amniotic membrane is an 
avascular structure only composed of epithelium and 

mesenchyme, which makes it easy to remove epithelial 
layer by Dispase II and thus obtain hAMSCs without 
contamination of endothelial cells and hematopoietic 
cells.20 Our previous study found that the immunomodu-
latory and proliferation activity of hAMSCs is higher than 
that of human bone marrow MSCs in vitro.21,22 Yamahara 
et al confirmed that human amnion-derived MSCs had 
immunomodulatory activity equal to or higher than that 
of human bone marrow MSCs.23 Lee et al also found that 
placenta-derived stem cells may have additional advantage 
over the bone marrow derived MSCs (BM-MSCs) and 
adipose tissue derived MSCs (AD-MSCs) MSCs in terms 
of immunomodulation.13 hAMSCs have already been 
applied in miscellaneous researches for tissue regenera-
tion, including corneal tissue, spinal cord injury, and 
brain infarction. However, relatively research in GVHD 
is few.24 Pianta et al found that, in vitro, hAMSCs could 
inhibit the proliferation of CD4+T cells and CD8+T cells, 
down regulate the proportion of Th1/Th17 cells, and 
induce the proliferation and differentiation of regulatory 
T cells (Tregs).25 Our previous study demonstrated that 
hAMSCs induced Th1 cells into Th2 cells in vitro.22 

Yamahara et al showed that hAMSCs could reduce the 
degree of weight loss and improve the pathological situa-
tion of aGVHD in aGVHD mice, but the mechanism of 
hAMSCs regulating aGVHD inflammation was scarcely 
discussed.23 A Phase I/II clinical trial also found that 
steroid-refractory aGVHD infusion of hAMSCs was safe 
and effective.26 According to our knowledge, there are few 
reports about the mechanisms by which hAMSCs exert 
their therapeutic effects in vivo.

Due to ethical constraints, relevant research cannot be 
conducted on humans and GVHD pathogenesis has been 
mostly studied in mouse models of transplantation. Until 
recently, C57/Bl6 (H2b) donors in BALB/c (H2d) recipi-
ents have been widely used in the establishment of 
aGVHD model mice. However, mouse to mouse aGVHD 
models have some limitations. To generate a system 
whereby human T cell-mediated aGVHD can be studied 
and manipulated in vivo, Immunodeficiency mice, which 
can be humanized, have been rapidly developed.27 

Currently, the most popular immune deficient mouse 
strains, NOD/SCID-IL2Rγ−/-, NOD.Cg-Prkdcscid 

IL2rγtm1Wjl/SzJ (NSG), and NOD.Cg-Prkdcscid- 
IL2rγtm1Sug/Jic (NOG), play an important role in the 
study of the immunological pathological mechanisms of 
GVHD and the improvement of therapy. Those mice lack 
T, B, and NK cells, and also have reduced macrophage and 
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dendritic cell function that allow efficient human periph-
eral blood mononuclear cells (PBMCs) engraftment. 
Transplantation of PBMCs can cause aGVHD syndrome 
because human APCs process mouse antigens and present 
them in the presence of class II MHC.28 Compared to 
mouse models of aGVHD, the humanized model has 
many advantages such as the use of human cells to induce 
and control xenogeneic (xeno)-aGVHD, the possibility of 
using donors with high genetic diversity, and the possibi-
lity of using older donors previously exposed to various 
pathogens.29 Here, we used NOD-PrkdcscidIL2rγnull (NPG) 
mice to establish a xenogeneic aGVHD humanized model 
and investigated the therapeutic potential of hAMSCs in 
preventing aGVHD in vivo. We demonstrated that 
hAMSCs ameliorated aGVHD by modulating the balance 
of Tregs and T effector cells and reducing inflammatory 
cytokine secretion in target organs. Therefore, hAMSCs 
are potential candidate for aGVHD treatment and have 
certain clinical transformation value.

Materials and Methods
Animals
NPG mice 8–10 weeks of age and weighed 25–30g were 
obtained from Beijing Vitalstar Biotechnology Co., Ltd. 
(laboratory animal production license no. SCXK2019-0002). 
Animals were housed in a specific pathogen-free facility in 
microisolator cages, given autoclaved food, and maintained on 
acidified autoclaved water and a solution of gentamicin. All 
animal experiments were approved by the laboratory animal 
ethics review committee of Southern Medical University. All 
animal procedures were in accordance with the National 
Institute regarding laboratory animal care and use.

Human PBMCs Collection
Human PBMCs were collected from healthy volunteers. 
Each donor provided written informed consent. Peripheral 
blood was collected in sodium citrate and PBMCs were 
isolated from peripheral blood by Ficoll-Hypaque 
(Solarbio, catalog number: P8900) density centrifugation, 
washed in PBS, suspended in red blood cell lysis buffer 
(Solarbio, catalog number: R1010) at 4°C for 15 min, 
washed again in PBS, and suspended in PBS for tail vein 
injection into NPG mice.

Induction of aGVHD in NPG Mice
Mice were divided into groups by randomization accord-
ing to weight. In aGVHD group (n=6), mice were given 

200 cGy irradiation 3–4h before cell injection followed by 
tail vein injection of 3×106 PBMCs/mouse suspended in 
500μL PBS while mice of control group (n=3) were just 
injected 500μL PBS from teil vein. During all experi-
ments, each mouse was graded according to the aGVHD 
clinical scoring system from the one originally described 
by Cooke.30 The symptoms of aGVHD included weight 
loss, hunched posture, ruffled fur, reduced mobility, and 
diarrhea. Mice survived to the 28 day endpoint and those 
that suffered from severe GVHD (weight loss of 25%, 
severe hunched posture, severe ruffled fur, less or no 
mobility, or hematochezia) were euthanized.

Histopathological Analyses
Tissues were collected at the time of necropsy, fixed in 
10% buffered formalin, and embedded in paraffin. For 
routine histology, sections were stained with hematoxylin 
and eosin. According to the degree of tissues structure 
destruction and lymphocyte infiltration, the sections of 
each organ were graded as normal, mild, moderate and 
severe, with a histological score of 0, 1, 2 and 3, respec-
tively. For immunohistochemistry, 2μm sections of tissues 
were immunostained with anti-human CD45 antibody 
(Abcam, catalog number: ab40763) at 37°C for 1 hour, 
then rinse 5 times with PBS, and incubated with goat anti- 
rabbit IgG antibody-HRP secondary antibody (Genetech, 
catalog number: GK600711-B) at 37°C for 30 min. 
Develop with DAB for 2min after washing with PBS. 
For immunofluorescence, target organs were fixed with 
4% paraformaldehyde for 24 h and dehydrated with 30% 
sucrose. After more than 48 h, the tissues were embedded 
in a frozen slicer at −25°C to generate slices. Mount the 
slides with anti-fluorescence attenuation mounting tablets 
(including DAPI). The huCD45 positive area were ana-
lyzed by ImageJ 1.52a.

Isolation and Culture of hAMSCs
Human placentas were obtained from caesarean sections 
from healthy women with informed consent. The amnion 
layer was separated from the chorion layer and washed 
several times with phosphate-buffered saline (PBS), cut 
into 0.5–1.0 cm2 pieces, and digested with 0.25% trypsin 
at 37°C for 30 min. Amniotic epithelial cells were 
removed gently and the amnion was digested again 
under the same conditions. Finally, the amnion was 
washed with PBS and cut into 1 mm2 pieces and cultured 
in α-MEM (1×; Gibco, catalog number: C12571) supple-
mented with 10% fetal bovine serum (FBS; Gibco, catalog 
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number: A31608-02), 0.01 mM/mL sodium pyruvate 
(Corning, catalog number: 15719005), 100 U/mL penicil-
lin streptomycin (Corning, catalog number: 15719005), 
and 0.01 mM/mL nonessential amino acids (Solarbio, 
catalog number: N1250) at 37°C and 5% CO2. Cells 
were recovered using 0.25% Trypsin and passaged when 
the cell density reached 80–90% between 5 to 7 days. 
Passaged cells were cultured in 25 cm2 culture flasks at 
a density of 1 × 105/cm2. hAMSCs used in experiments 
were third- to fifth-passage.

Identification of hAMSCs
Biomarkers of hAMSCs. For identification, at 
a concentration of 1 × 106cells/mL in PBS and stained 
with Mouse IgG1 kappa Isotype Control (P3.6.2.8.1), PE- 
Cyanine7 (eBioscience, catalog number: 25-4714-80), 
Mouse IgG1 kappa Isotype Control (P3.6.2.8.1), PE 
(eBioscience, catalog number: 12-4714-42), mouse anti- 
human CD90-PE antibody (BD Pharmingen, catalog num-
ber: 561970), mouse anti-human CD105-PE antibody 
(eBioscience, catalog number: 12-1057-42), mouse anti- 
human CD73-PE antibody (BD Pharmingen, catalog num-
ber: 561014), mouse anti-human CD45-PE antibody (BD 
Pharmingen, catalog number: 560975), mouse anti-human 
CD11b-PE-Cy™7 antibody (BD Pharmingen, catalog 
number: 561098), mouse anti-human CD34-PE antibody 
(BD Pharmingen, catalog number: 560941), and mouse 
anti-human HLA-DR-PE antibody (BD Pharmingen, cata-
log number: 560943) at 4°C for 30 min respectively. Cells 
were washed with PBS, adjusted to 300 μL, and analyzed 
by flow cytometry. Differentiation potential of hAMSCs, 
to analyze adipogenic and osteogenic differentiation, pas-
sage three hAMSCs were seeded at a density of 1.5×105 

cells/well in a six-well plate. When the cells reached 85– 
90% confluence, cells were incubated in human MSCs 
adipogenic differentiation medium (Pythonbio, catalog 
number: 20191008), for 21 days; the adipogenic induction 
medium was replaced every 3 days. Oil red O (Solarbio, 
catalog number: G1260) staining was performed to assess 
the differentiation potential. For osteogenic differentiation, 
hAMSCs were cultured with human MSCs osteogenic 
differentiation medium (Pythonbio, catalog number: 
20191009) for 21 days; the induction medium was 
replaced every 3 days. The differentiation potential for 
osteogenesis was assessed by Alizarin Red (pH 4.2, 40 
mM) (Solarbio, catalog number: G1452) staining.

GFP Labeling Cells and in-vivo Tracing
For hAMSCs GFP labeling, cells were added to a 24-well 
plate at a concentration of 3×105/mL, 500 μL per well. 
The 24-well plate was incubated at 37 °C and 5% CO2. 
After 24 h, the culture media was disposed, and 250 μL of 
culture media and 1.6 μL of GFP-pseudovirion (Hanbio, 
catalog number: HH20191126GYQ-LP01) were added; 
the rest of the 250 μL culture media was added 4 h later 
and the plate was incubated. After 24 h, the culture media 
was disposed, 500 μL of culture media was added and the 
plate was incubated. For 293T (Procell, catalog number: 
CL-0005) GFP labeling, cells were added to a 24-well 
plate at a concentration of 3×105/mL, 500 μL per well. 
The 24-well plate was incubated at 37 °C and 5% CO2. 
After 24 h, the culture media was disposed, and 250 μL of 
culture media and 1.0 μL of GFP-pseudovirion were 
added; the rest of the 250 μL culture media was added 4 
h later and the plate was incubated. After 24 h, the culture 
media was disposed, 500 μL of culture media was added 
and the plate was incubated. GFP-labeled hAMSCs and 
293T were identified by fluorescence microscope after 2–3 
days. The suspension of GFP-labeled hAMSCs was 
adjusted to 5×105 cells suspended in 500 μL PBS and 
injected into NPG mice via the tail vein. These mice 
were euthanized after 24 h and 72 h. Blood and tissues 
such as the liver, spleen, lung, and gut were collected. For 
immunofluorescence, target organs were fixed with 4% 
paraformaldehyde for 24 h and dehydrated with 30% 
sucrose. After more than 48 h, target organs were 
embedded with a frozen slicer at −25°C to generate slices. 
Recipient cells were distinguished by DAPI 
counterstaining.

Effect of hAMSCs in the Treatment of 
aGVHD in vivo
NPG mice of aGVHD group (n=27) and hAMSCs treat-
ment group (n=5) were induced aGVHD according to the 
above protocol. Mice of aGVHD group were injected 
500μL PBS from tail vein on the third day while those 
mice of hAMSCs treatment group were injected 5×105 

hAMSCs suspended in 500μL PBS from tail vein. Mice 
of control group (n=3) were untreated. Each mouse was 
graded according the aGVHD clinical scoring system from 
the one originally described by Cooke.30 Mice survived to 
the 28 day endpoint and those that suffered from severe 
GVHD were euthanized.
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Flow Cytometric Analysis in Lymphocytes 
of Mouse Target Organs
Mouse anti-human CD3-PE-Cyanine7 antibody 
(eBioscience, catalog number: 25-0038-42), mouse anti- 
human CD4-FITC antibody (BD Pharmingen, catalog 
number: 340133), mouse anti-human CD8-PE (BD 
Pharmingen, catalog number: 340046), mouse anti- 
human CD25-APC antibody (Biolegend, catalog number: 
302610), and mouse anti-human Foxp3-PE (eBioscience, 
catalog number: 12-4777-42) Mouse IgG1 kappa Isotype 
Control (P3.6.2.8.1), PE (eBioscience, catalog number: 12- 
4714-42), Mouse IgG1 kappa Isotype Control (P3.6.2.8.1), 
FITC (eBioscience, catalog number: 11-4714-82), Mouse 
IgG1 kappa Isotype Control (P3.6.2.8.1), APC 
(eBioscience, catalog number: 17-4714-42) Mouse IgG1 
kappa Isotype Control (P3.6.2.8.1), PE-Cyanine7 
(eBioscience, catalog number: 25-4714-80) were used. 
Peripheral blood, livers, spleens, lungs and guts were 
collected at the time of necropsy and analyzed by flow 
cytometry. Single cell 1×106/mL suspensions were 
obtained by grinding the liver, spleen, lung, and gut, and 
blood samples were processed with red blood cell lysis 
buffer (Solarbio, catalog number: R1010) at 4°C according 
to the protocol. All samples were stained with antibodies 
or isotype matched control IgG for 30 min at 4°C in the 
dark and analyzed with a BD FACS CantoII flow cyt-
ometer with FlowJo 10.0.

Analysis of the Cytokines by Cytometric 
Bead Array (CBA)
The CBA human Th1/Th2/Th17 cytokine kit (BD, catalog 
number: 560484) was used. Peripheral blood and single 
cell suspensions of each target organ were centrifuged at 
4°C, 3000 rpm/min for 20 min. Human Th1/Th2/Th17 
cytokine capture beads were mixed and added to all 
assay tubes. Then, 50 µL of each sample was added to 
appropriately labeled sample tubes and 50 µL of the 
human Th1/Th2/Th17 PE detection reagent was added. 
The assay tubes were incubated for 3 h at room tempera-
ture in the dark. Then, 1 mL of wash buffer was added to 
each assay tube followed by centrifugation at 1500 rpm/ 
min for 5 min. The supernatant from each assay tube was 
carefully aspirated and discarded, and 300 µL of wash 
buffer was added to resuspend the bead pellet. The sam-
ples were analyzed with flow cytometry (BD FACS 
CantoII) human Th1/Th2/Th17 cytokine data using 
FCAP Array software.

Statistical Analysis
Comparisons between two means were performed using 
the independent samples t-test. Comparisons of three or 
more means were performed using one-way ANOVA. 
Survival curves were generated with the Kaplan-Meier 
method. P < 0.05 was considered significant. All statistical 
analyses were performed with GraphPad Prism 8.0.

Results
aGVHD Animal Model Established by 
NPG Mice
aGVHD group developed symptoms of typical aGVHD, 
including weight loss, hunched posture, ruffed fur, reduced 
mobility, damaged skin, diarrhea, and hematochezia com-
pared with control group (Figure 1A). The weight loss rate 
(aGVHD vs Control: day 14 P=0.008) and clinical score 
increase (aGVHD vs Control: day 14 P=0.029) of NPG 
mice in the aGVHD group are faster than those in Control 
group. aGVHD group died between 12 to 18 days after 
human PBMSCs transfer (P=0.009) (Figure 1B). Similar to 
humans, NPG mice with aGVHD showed severe inflamma-
tion, leukocyte infiltration, necrosis, and tissue damage in 
target organs such as the liver, spleen, lung and gut (aGVHD 
vs Control: Liver P=0.012; Spleen P=0.012; Lung P=0.012; 
Gut P=0.024) (Figure 1C). Brown lump-like human PBMCs 
infiltration was observed by immunohistochemistry in the 
liver, spleen, lung and gut. Compared with the control 
group, the target organ tissues of the aGVHD group showed 
obvious infiltration of PBMCSs (aGVHD vs Control: Liver 
P=0.035; Spleen P<0.001; Lung P=0.035; Gut P=0.448) 
(Figure 1D). These results indicated that the aGVHD NPG 
mice were mediated mainly by human T cells. PBMCs in the 
blood were detected by flow cytometry, which confirmed that 
PBMCs were successfully injected into the body (Figure 1E).

Identification of hAMSC and the Homing 
Ability of hAMSC to aGVHD Target 
Organs
Passage three hAMSCs appeared to be spindle- or poly-
gon-shaped in morphology (Figure 2A). The hAMSCs 
possessed osteogenic and adipogenic differentiation poten-
tials in vitro (Figure 2B and C). Flow cytometry analysis 
of the hAMSCs surface antigen phenotype revealed that 
CD90, CD105, and CD73 were expressed, while CD45, 
CD34, HLA-DR and CD11b were not (Figure 2D). As the 
GFP gene was present in the GFP-pseudovirion, the 
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Figure 1 Induced aGVHD model in NPG mice. (A) Representative clinical manifestations including hunched posture, ruffed fur, damaged skin, and hematochezia in the aGVHD mouse 
model. (B) Measurement of weight change, clinical score, and survival time at different time points with those two groups. The weight loss rate in aGVHD group is faster than in the 
control group, the clinical score of aGVHD was higher than that of the control group, the survival time of the control group was also significantly longer than that of the aGVHD group. 
*p < 0.05 and **p < 0.01. (C) Representative histology of target organs, including the liver, spleen, lung and gut, showed inflammatory cell infiltration and tissue damage in aGVHD group. 
400×. *p < 0.05 and **p < 0.01. (D) Representative immunohistochemistry of target organs. Human CD45+ cells were detected by immunohistochemistry in these target organs. 400×. 
*p < 0.05 and ***p < 0.001. (E) Human CD3+ T cells were not detected by flow cytometry in the control group. Human CD3+ T cells from each target organ were detected by flow 
cytometry in the aGVHD group.
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hAMSCs transduced with pseudovirion produced a high 
level of GFP (aGVHD+hAMSCs vs Control P<0.001); the 
efficiency of labeling was > 80% (84.33±1.73%) (n=6) 
(Figure 2E). GFP-hAMSCs were injected into NPG 
mice, after 24 and 72 h, mice were euthanized separately. 
GFP-labeled hAMSCs were detected in the liver, spleen, 
lung, and gut after 24 h. However, few GFP-labeled cells 
were observed in target organs except the lung after 72 
h (Figure 3). The results demonstrated that after intrave-
nous injection, hAMSCs migrated to damaged target 
organs.

Therapeutic Effect of hAMSCs on 
aGVHD Mice
To verify the immunosuppressive ability of hAMSCs in vivo, 
we tested hAMSCs in the aGVHD model. As shown in 
Figure 4A, hAMSCs significantly ameliorated the severity 

of acute GVHD in terms of weight loss (aGVHD vs aGVHD 
+hAMSCs: day 7 P=0.043, day 14 P=0.037) and disease 
score (aGVHD vs aGVHD+hAMSCs: day 14 P=0.002). 
Moreover, aGVHD mice injected with hAMSCs survived 
for 26–28 days, while the aGVHD mice that received PBS 
died 6–18 days after transplantation (aGVHD vs aGVHD 
+hAMSCs P<0.001). The hAMSCs significantly ameliorated 
the severity of acute GVHD in terms of weight loss and 
disease score within 28 days of transplantation. Moreover, 
hAMSCs prevented leukocyte infiltration and reduced 
pathology in the liver, spleen, lung, and gut on day 6 after 
transplantation (aGVHD vs aGVHD+hAMSCs: Liver 
P=0.002; Spleen P=0.003; Lung P=0.002; Gut P=0.003) 
(Figure 4B). Immunohistochemistry experiments further 
confirmed this phenomenon (aGVHD vs Control: Liver 
P=0.002; Spleen P<0.001; Lung P=0.004; Gut P=0.711) 
(Figure 4C). These results demonstrated that hAMSCs con-
trol aGVHD clinical symptoms in the aGVHD mouse.

Figure 2 Identification of human amnion mesenchymal stem cells. (A) Characteristics of passage three hAMSCs. (B) Osteogenic differentiation of hAMSCs indicated by 
Alizarin Red S. 100×. (C) Adipogenic differentiation of hAMSCs indicated by Oil Red O staining. 100×. (D) Surface antigens of hAMSCs were detected by flow cytometry. 
Cells were positive for CD90, CD105, and CD73 and negative for CD45, CD11b, CD34, and HLA-DR. (E) GFP-labeled hAMSCs and 293T cells were detected by 
fluorescence microscopy at day 3 following transfection with GFP-pseudovirion. 100×. ***p < 0.001.
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Regulation of hAMSCs on T Cells in 
Target Organs of aGVHD Mice
To investigate the effect of hAMSCs on T effector and Tregs, 
single cell suspensions of target organs were analyzed by 
flow cytometry. The cell concentration was 1×106 cells/mL. 
We found that the proportion of CD3+CD4+ T cells in the 
liver (P=0.018), spleen (P=0.021) and lung (P=0.015) of 
mice in hAMSCs treatment group was significantly lower 
than that in aGVHD group, there was no significant statisti-
cally difference in gut (P=0.218) (Figure 5A). The proportion 
of CD3+CD8+ T cells in the liver (P=0.012), spleen 
(P=0.048), lung (P=0.0004) and gut (P=0.014) of mice in 
hAMSCs treatment group was lower compared with aGVHD 
group (Figure 5B). We further found that CD4+CD25 
+Foxp3+ Tregs from liver (P=0.037), spleen (P=0.013), 
and gut (P=0.011) in hAMSCs treatment group were 
increased, especially in the gut, there was no significant 
statistically difference in lung (P=0.072) (Figure 5C). Our 
data supported the finding that hAMSCs treatment signifi-
cantly inhibited the proportion of donor CD3+CD4+ T and 
CD3+CD8+ T cells and increased the proportion of Tregs in 
target organs from day 3 to day 6 after transplantation.

Inflammatory Cytokines Secretion in vivo
The hAMSCs treatment significantly inhibited the secre-
tion of human inflammatory cytokines, including IL-17A, 
IFN-γ, and TNF from the target organs. Level of IL-17A 
was significantly decreased in lung (P=0.017) and gut 
(P=0.008) in aGVHD+hAMSCs group than that in 
aGVHD group (n=3) (Figure 6A). Level of IFN-γ was 
significantly decreased in liver (P=0.032) and gut 
(P=0.046) in aGVHD+hAMSCs group than that in 
aGVHD group (n=3) (Figure 6B). Level of TNF was 
significantly decreased of the liver (P=0.033) and blood 
(P=0.004) in aGVHD+hAMSCs group than that in 
aGVHD group (n=3) (Figure 6C). Especially in the gut, 
an important aGVHD target organ, we found that both 
IFN-γ, and IL-17A were significantly suppressed by 
hAMSCs. These results demonstrated that hAMSCs ame-
liorated human allogeneic acute GVHD by reduction of 
inflammatory cytokine secretion in target organs.

Discussion
MSCs have been widely used in several clinical trials and 
numerous reports have shown that MSCs yielded 

Figure 3 Human amnion mesenchymal stem cells migrated to target organs. GFP-labeled hAMSCs detected by confocal microscopy in target organs at 24 after injection 
in vivo. At 72 h, GFP fluorescence in the spleen, liver, and gut was weakened while increased in the lung.
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a favorable therapeutic benefit for GVHD.17,31 

Nevertheless, controversy about their safety and efficacy 
remains. Although bone marrow is the main source of 
MSCs, BM-MSCs have some deficiency that prevent 
wider application including invasive harvesting procedure, 
and the number of BM-MSCs declines with increasing cell 
aging, and the possibility of virus contamination.32,33 

hAMSCs are readily available and easy to obtain from 
a waste product after delivery with abundant sources, no 
ethical and moral disputes, which have been reported to 
contain a population of multipotent stem cells exhibiting 
characteristics of MSCs. hAMSCs have no tumorigenicity, 
low immunogenicity and high histocompatibility.34 

Furthermore, placenta is an organ that originates during 

Figure 4 The capacity of hAMSCs inhibited the development of -aGVHD in vitro. (A) Measurement of weight change (aGVHD vs aGVHD+hAMSCs day 7 P=0.043, day 14 
P=0.037), clinical score (aGVHD vs aGVHD+hAMSCs day 14 P=0.002), and survival in the different groups (aGVHD vs aGVHD+hAMSCs P<0.001). *p < 0.05 and **p < 
0.01. (B) Representative histology of target organs, including the liver, spleen, lung, and gut. Compared with the hAMSCs treatment group, inflammatory cell infiltration and 
tissue damage in the aGVHD group were more severe. 400×. *p < 0.05 and **p < 0.01. (C) Representative immunohistochemistry of target organs, including the liver, 
spleen, lung, and gut. Infiltration and tissue damage in the aGVHD group were more severe than that of hAMSCs treatment group and Control group. 400×. **p < 0.01 and 
***p < 0.001.
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the first period of embryological development and is fun-
damental for maintaining fetomaternal tolerance during 
pregnancy, which probably omen that hAMSCs might 

harbor similar characteristic as well.35 Therefore, amniotic 
membranes might be an alternative source of mesenchy-
mal stem cells. The hAMSCs have intermediate levels of 

Figure 5 hAMSCs suppressed effector T cell and increased Tregs in target organs. (A) After hAMSCs treatment, the proportion of CD3+CD4+ T cells in liver, spleen and 
gut was significantly lower than that of aGVHD group. *p < 0.05. (B) After hAMSCs treatment, the proportion of CD3+CD8+ T in liver, spleen, lung and gut was significantly 
lower than that of aGVHD group. *p < 0.05 and ***p < 0.001. (C) After hAMSCs treatment, the proportion of CD4+CD25+Foxp3+ Tregs in liver, spleen, and gut was 
significantly increased compared with that of aGVHD group. *p < 0.05.

Figure 6 hAMSCs can inhibit the secretion of inflammatory cytokine in target organs. (A) IL-17A level in lung and gut were significantly decreased in aGVHD+hAMSCs 
group than that in aGVHD group. *p < 0.05 and **p < 0.01. (B) IFN-γ level in liver and gut were significantly decreased in aGVHD+hAMSCs group than that in aGVHD 
group. *p < 0.05. (C) TNF level in liver and blood were significantly decreased in aGVHD+hAMSCs group than that in aGVHD group. *p < 0.05 and **p < 0.01.
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HLA MHC class I molecules, but do not have HLA class 
II antigens, FAS ligand, and the co-stimulatory molecules, 
and therefore, do not activate alloreactive T cells.36–38 The 
hAMSCs exhibited a fibroblast-shaped morphology and 
adherence to plastic, our data show that the cell-surface 
markers of the hAMSCs were positive for CD90, CD73 
and CD105 while negative for CD45, CD11b, HLA-DR 
and CD34. These findings met the criteria for MSCs 
identification by International Society for Cell & Gene 
Therapy. Our observations further demonstrated GFP- 
labeled hAMSCs with a labeling rate of 84%. The 
hAMSCs labeled with GFP fluorescence could be repro-
ducibly detected by immunofluorescence in the lung, liver, 
spleen, and gut at day one and day three, respectively, after 
cell infusion via the mouse tail vein. This phenomenon 
may be caused by secreted cytokines such as fibroblast 
growth factor, chemokine receptors, and stem cell homing 
factors39–41 secreted by hAMSCs and rich marginal blood 
flow in that region, which are beneficial for cell migration. 
We also found that from day one to day three, GFP labeled 
cells increased gradually and were observed in the lung 
but also can track to the liver, spleen, and gut. However, 
the number of hAMSCs gradually decreased over time in 
those organs. It has been reported that BM-MSCs were 
largely trapped in the lungs, liver, and spleen with abun-
dant capillaries after intravenous transplantation.42 Our 
data were consistent with this research; we also found 
that hAMSCs reached target organs such as the small 
intestine and liver in early period. Therefore, hAMSCs 
exhibited homing ability to target damaged tissues, reliev-
ing the severity of inflammation and accelerating tissue 
repair. Homing of MSCs may also be associated with local 
microvascular changes, increased capillary permeability, 
hemostasis, and passive retention.

In the present study, we established an acute GVHD 
mouse model by adoptive transfer of hPBMCs into immu-
nodeficient NOD-PrkdcscidIL2rγnull (NPG) mice,43,44 then 
analyzed the function of hAMSCs in the aGVHD mouse 
model. We revealed that hAMSCs therapy reduced villous 
blunting and lymphocyte infiltration of the gut while redu-
cing inflammatory edema, tissue destruction and lympho-
cyte infiltration into the parenchyma of the liver and lung. 
In addition, hAMSCs suppressed of the CD3+CD4+ T and 
CD3+CD8+ T cell proportions and increased the expres-
sion of Tregs in target organs. The induction of immune 
tolerance involves a precise balance between activation 
and inhibition of T cell responses, which is important in 
the development of aGVHD.45 Tobin et al46 found that 

BM-MSCs blocked TNF-α secretion by dendritic cells via 
promotion of IL-10 and IL-4 secretion, which impeded 
T cell differentiation into Th1 cells, directing differentia-
tion of these cells into Tregs and Th2 cells, respectively.47 

A recent study showed that AMSCs reduced the activity of 
human CD8+T cells and TNF-α in the peripheral blood of 
GVHD mice. They also compared the immunomodulatory 
effects of AMSCs and BM-MSCs in vitro, and found that 
both AMSCs and BM-MSCs reduced the concentration of 
TNF-α and IFN-γ expressed by PBMCs.48 However, this 
study did not detect T cell and inflammatory cytokine 
levels in the target organs of aGVHD mice. We examined 
CD3+CD4+ T and CD3+CD8+ T cells in the main target 
organs of our aGVHD mice, and found a significant 
decrease in the proportion of CD3+CD4+ T and CD3 
+CD8+ T cells in these tissues of mice treated with 
hAMSCs compared to control group. MSCs further favor 
Tregs expansion in vitro indirectly by inhibiting dendritic 
cell maturation, and CD8+ T cell and NK cell 
expansion.49,50 Our observations demonstrated that the 
proportion of CD4+CD25+Foxp3+ Tregs cells was 
increased after hAMSCs treatment in the liver, spleen, 
and gut. Our data is consistent with the group that showed 
that murine CD4+CD25+Foxp3+ Tregs were induced dur-
ing GVHD after allogeneic BMT, and the induction of 
these Tregs was positively correlated with the protection 
of GVHD in mice.51 GVHD involves a pathophysiology 
that includes host tissue damage, increased secretion of 
proinflammatory cytokines (TNF, IFN-γ, IL-1, IL-2, and 
IL-12), and activation of dendritic cells, macrophages, NK 
cells, and cytotoxic T cells.52 Inhibition of proinflamma-
tory cytokines has been shown to be beneficial in resolu-
tion of the severity and incidence of GVHD.53,54 Although 
some in vitro studies have suggested that IL-10 or TGF-β 
may be involved in the suppression of MSCs,55,56 it 
remains unknown whether these molecules participate in 
the suppression mediated by hAMSCs in vivo. Here, we 
found that the amounts of IL-17A, IFN-γ, and TNF in 
target organs such as the liver, lung, and gut decreased 
after hAMSCs treatment. IL-17A was initially reported to 
be produced by T helper 17 (Th17) cells.57 In general, pro- 
inflammatory cytokines such as IFN-γ, TNF-α, IL-1α, or 
IL-1β have been extensively reported in MSCs activation 
in vitro.58 However, there are few studies on inflammatory 
cytokines by hAMSCs in vivo. Our data also showed that 
hAMSCs treatment inhibited IL-17A, INF-γ, and TNF, 
which are involved in the pathogenesis of GVHD target 
organs. Th17 cells and Th17-associated cytokines play 
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a central role in the occurrence of aGVHD.59,60 IL-17 
contributed to the development of aGVHD in recipient 
mice by recruiting or priming Th1 cells during the early 
stages of the disease, reflecting a shift from Th1 to Th17 
cells in the physiopathology of aGVHD.59 A subset of 
Th17 cells in the gut has been described as having regu-
latory properties with high levels of IL-10 and low TNF 
and IL-2 production.61 We found that IL-17A, and IFN-γ 
were increased in the gut of the aGVHD model; after 
hAMSCs treatment, the levels of IL-17A, and IFN-γ 
were significantly decreased, which means hAMSCs can 
suppressed Th1 and Th17 cells in those aGVHD target 
organs. It has been well-established from both murine 
studies and immune reconstitution data in the clinic that 
the production of IFN-γ was an adverse effect of GVHD- 
associated cytokines.62–64 Aggarwal et al suggested that 
MSCs inhibited IFN-γ and increased IL-4 secretion, and 
may orchestrate a shift from the prominence of proinflam-
matory Th1 cells toward an increase in anti-inflammatory 
Th2 cells, beneficial for GVHD management.65 The 
hAMSCs possessed potent immunomodulatory properties 
capable of suppressing allogeneic T cell responses in vivo. 
The immune suppressive activity of hAMSCs in vivo was 
associated with a significant decrease in Th1 and Th17 
cytokines, including IL-17A, IFN-γ, and TNF.

In summary, using humanized mice with a complete 
human immune system, we successfully established an 
aGVHD mouse model. Furthermore, our data also demon-
strated that NPG mice could serve as a better model to study 
GVHD. Using this model, we demonstrated that hAMSCs 
could control acute GVHD by regulating the balance of 
Tregs and T effector cells. Our study provided a proof of 
concept of hAMSCs treatment to control GVHD, which 
providing a theoretical foundation for potentially preventing 
and treating GVHD clinical using hAMSCs alone or in 
combination with minimal conventional immunosuppres-
sion. Rigorous clinical research design needs to evaluate 
the safety and efficacy of hAMSCs in patients with steroid- 
refractory aGVHD after HSCT, which is thus a limitation of 
our study. Our follow-up research aimed at understanding the 
mechanisms underlying the immunomodulatory effects of 
hAMSCs on aGVHD afterallogeneic hematopoietic stem 
cell transplantation.

Conclusions
NPG mice are a valuable tool for studying GVHD induced by 
human immune cells. The hAMSCs could control acute 
GVHD by decreasing inflammatory cytokine secretion within 

target organs through modulating the balance of Tregs and 
T effector cells in aGVHD mice. Our study may provide 
a theoretical basis for the clinical application of hAMSCs.
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