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Abstract
Background: Acute graft versus host disease(aGVHD) occurs when immunocompetent T cells in the
donated tissue recognize the recipient as foreign after allo-HSCT, which can severely affect quality of life.
Although previous studies indicated that MSC may be a salvage therapeutic agent for aGVHD, the
mechanism is not yet fully clear. The aim of this study was to explore the therapeutic e�cacy and
underlying mechanisms of hAMSCs transplantation for humanized aGVHD mouse model.

Methods: We established a novel xenogeneic (xeno)-aGVHD humanized mouse models by transplanting
puri�ed human T cells from peripheral blood into immunode�cient NOD-PrkdcscidIl2rγnull (NPG) mouse. In
those mouse models, lymphocyte in�ltration of target organs was detected by HE staining method and
immunohistochemistry respectively. The biological characteristics of hAMSCs were investigated.
hAMSCs labeled with GFP were administered to NPG mice to explore the homing ability of hAMSCs. Mice
are divided into normal(control) group, aGVHD group and hAMSCs treatment group. After 3 days of
injection of PBMC, hAMSCs and PBS were given into the different groups. T effector and Treg cells levels
of each group in target organs were detected by �ow cytometry and cytometric bead array (CBA).

Results: We successfully established xenogeneic aGVHD “humanized model” by using NOD-
PrkdcscidIl2rγnull (NPG) mice, which showed lymphocytes in�ltration in the liver, spleen and lung. hAMSCs
therapy improved systemic in�ammation and inhibited aGVHD in humanized mouse through reduced
villous blunting and lymphocyte in�ltration into the lamina propria of the gut while reducing vascular
endothelialitis and lymphocyte in�ltration into the parenchyma of the liver and lung. In addition, hAMSCs
suppresses xenogenesis CD3+/CD4+ and CD3+/CD8+ T cell concentration and increases the proportion
of Treg cells. Our data also show that hAMSC can reduce the level of IL-17A, INF-γ, TNF and IL-2 that
involved in the pathogenesis of aGVHD target organs.

Conclusions: NPG murine environment is capable of activating human T cells to produce aGVHD
pathology to mimic aGVHD in humans. hAMSCs controlled aGVHD by decreasing in�ammatory cytokine
secretion within target organs through modulating balance of Treg versus T effector cells in humanized
mice.

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 appropriate �rst line treatment for this disease,
however, there are many treatment-related complications [3]. Besides, around half of patients develop
aGVHD, even when preventive measures are adequately used [4]. Thus, there is an urgent need to develop
more potent immunosuppressive 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.
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Mesenchymal stem cells (MSCs) are non-hematopoietic adult multipotent progenitor cells that can be
isolated from various adult tissues. Therapeutic infusion of MSCs is now a leading strategy for the
treatment of aGVHD in clinical [5]. Human amniotic mesenchymal stem cells (hAMSCs) are a sort of MSC
which can be easily and safely isolated from amniotic membrane of health pregnant women (medical
waste) and have been recognized as one of the most promising stem cells in the �eld of regenerative
medicine [6]. Well-growing hAMSCs express CD90, CD105, CD73 but not hematopoietic cell markers such
as CD45, CD34, HLA-DR and CD11b. hAMSCs possess immunomodulatory properties that are thought to
enable damaged tissues to form a balanced in�ammatory and regenerative micro-environment in the
presence of vigorous in�ammation generally [7]. Furthermore, immunomodulatory activity of hAMSCs is
equal to or higher than that of human bone marrow MSCs [8]. Thus, the active proliferative potential, low
immunogenic pro�le, anti-in�ammatory function of hAMSCs can be bene�cial to the therapy of
in�ammation-related diseases, and immunosuppression. Kenichi Yamahara et al [9] found that patients
with steroid-refractory aGVHD infusion of hAMSCs is safety and e�cacy. Our previously study
demonstrated that hAMSCs can induce Th1cells into Th2 cells in vitro [10]. However, reports about the
mechanisms by which hAMSCs exert their therapeutic effects in vivo are rare.

Due to ethical constraints, relevant research cannot be conducted on humans, GVHD pathogenesis has
been mostly studied in mouse-to-mouse models of transplantation. Until recently, C57/Bl6 (H2b) donors
into BALB/c (H2d) recipients has been widely used in the establishment of aGVHD model mice. However,
mouse to mouse aGVHD model still has some limitations. To generate a system whereby human T-cell-
mediated aGVHD can be studied and manipulated in vivo, xenogeneic transplant models have been
rapidly developed [11]. Currently, the most popular immune de�cient mouse strains, NOD/SCID-IL2Rγ-/-,
NOD.Cg-Prkdcscid Il2rγtm1Wjl/SzJ (NSG) and NOD.Cg-Prkdcscid-Il2rγtm1Sug/Jic (NOG), play an important
role in study of immunological pathologies mechanism of GVHD and the improvement of therapy. Those
mice lack T, B and NK cells, and also have reduced function of macrophages and dendritic cells that
make human peripheral blood mononuclear cells (PBMCs) engraftment well. Transplantation of PBMCs
can cause an aGVHD syndrome because of human APCs process mouse antigens and present them in
the presence of class II MHC [12]. 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 a high genetic diversity, and the possibility of using older donors
previously exposed to various pathogens [13]. Here, we used NOD-PrkdcscidIl2rγnull (NPG) mice to
establish xenogeneic aGVHD “humanized model” and investigated the therapeutic potential of hAMSCs
in preventing aGVHD in vivo. We demonstrate that hAMSCs can ameliorate aGVHD in an allospeci�c
manner via addition of Tregs cell and reduction of in�ammatory cytokine secretion in target organs. Our
results support further application of human amniotic mesenchymal stem cells to prevent and treat
aGVHD in clinical.

Methods
Isolation and culture of cells
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Human placentas were obtained from caesarean sections from healthy women with informed consent.
The amnion layer was separated from chorion layer and washed several times with PBS and cut into
pieces of 1.0cm2 and digested with 0.25% trypsin at 37°C for 30 min. After that, amniotic epithelial cells
were removed gently. And then, the amnion was digested again under the same condition. Finally, the
amnion was washed by PBS and cut into 1mm2 and cultured in α-MEM (1×; Gibco, USA, C12571)
supplemented with 10% FBS (Gibco, Brazil, A31608-02). All the hAMSCs used in experiments were third-
passage to �fth-passage. Suspension of P3 hAMSCs were counted and adjusted into 1×106 cells/mL.

Identi�cation of human amniotic mesenchymal stem cells

For cell identi�cation, cells were incubated with mouse anti-human CD90-PE antibody (BD Pharmingen™,
catalog number: 561970), mouse anti-human CD105-PE antibody (eBioscience, catalog number: 12-1057-
42), mouse anti-human CD73-PE antibody (BD Pharmingen™, catalog number: 561014), mouse anti-
human CD45 -PE antibody (BD Pharmingen™, catalog number: 560975), mouse anti-human CD11b-PE-
Cy™7antibody (BD Pharmingen™, catalog number: 561098), mouse anti-human CD34-PE antibody (BD
Pharmingen™,catalog number: 560941) mouse and anti-human HLA-DR-PE antibody (BD Pharmingen™,
catalog number: 560943) at 4℃ for 30min. Cells were washed by PBS and adjusted into 400μL and then
analyzed by �ow cytometry.

Adipogenic and osteogenic differentiation

To analyze adipogenic and osteogenic differentiation, passage 3 hAMSCs were seeded at a density of
1.5×105 cells/well in a six-well plate. When the cells reached 100% con�uence, cells were incubated in
human mesenchymal stem cell 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 mesenchymal stem cell osteogenic differentiation
medium (Pythonbio, catalog number: 20191009) for 21 days, 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.

Animals

NPG mice 8-10 weeks of age were obtained from Beijing Vitalstar Biotechnology Co.,Ltd (laboratory
animal production license No.SCXK2016-0167). Animals were housed in a speci�c pathogen-free facility
in microisolator cages, given autoclaved food and maintained on acidi�ed 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 about laboratory animal care and use.

Human peripheral blood mononuclear cells collection
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Human PBMC were collected from healthy volunteers. Each donor singed written informed consent.
PBMC were collected in sodium citrate and puri�ed by Ficoll-Hypaque (Solarbio) density centrifugation
and washed in phosphate-buffered saline (PBS). Then suspended in red blood cell lysis buffer (Solarbio)
at 4℃ for 15min and washed again in PBS. And �nally suspended in PBS for injection into NPG mice
from tail vein.

Induction of xenogeneic aGVHD in NPG mice

All mice were given 200 cGy irradiation 3-4h before cell injection unless indicated otherwise. Then were
injected with 3×106 of PBMC suspended into 500μL PBS intravenously. During all experiments, each
mouse was graded according xeno-aGVHD clinical scoring system (Table 1). The symptoms of xeno-
GVHD including weight loss, hunched posture, ru�ed fur, reduced mobility and diarrhea. Mice survived till
the 28 day endpoint and those which suffered from severe xeno-GVHD (weight loss 25%, severe hunched
posture, severe ru�ed fur, less or no mobility or hematochezia) were euthanized.

GFP-labelled hAMSCs and tracing hAMSC in vivo

hAMSCs were planted to 24-well plate, cell concentration was 3×105/mL, 500μL per well. Then the 24-well
plate was placed in an incubator condition of 37℃ and 5% CO2. 24 hours later, culture media was
disposed, 250μL culture media and 1.6μL GFP-pseudovirion (Hanbio) were added, the rest of the 250μL
culture media was added 4 hours later and then placed in the incubator. After 24 hours, culture media
was disposed, 500μL culture media was added and then placed in the incubator. GFP labeled hAMSCs
could be found by �uorescence microscope in two to three days. The suspension of GFP labeled hAMSCs
was adjusted into 5×105 cells/mL and injected into NPG mice via tail vein. These mice were euthanized
after 24h and 72h respectively, blood and tissues such as liver, spleen, lung and gut were collected. Single
cell suspensions were obtained by grinding liver, spleen, lung, gut. Finally, single cell suspensions of
tissues and blood were analyzed by �ow cytometry to detected GFP labeled signal. For
immuno�uorescence, target organs were �xed with 4% paraformaldehyde for 24 hours and then
dehydrated with 30% sucrose. After more than 48 hours target organs were embedded in a frozen slicer at
-25°C and made into frozen slices. Recipient cells were distinguished by DAPI counterstaining.

Histopathological analyses

Tissues were collected at the time of necropsy, �xed in 10% buffered formalin, and embedded in para�n.
For routine histology, sections were stained with hematoxylin and eosin. For immunohistochemistry,
sections were heated at 60°C for 20 min, then depara�nized and hydrated with xylene and alcohol baths
for staining. The slides were heated in 0.01M citrate-buffer solution (pH 6.0) for 10 min in a microwave
oven, then cooled down to room temperature. Immunohistochemical staining was performed with mAbs
speci�c for human CD45 (Abcam, Massachusetts, US). For immuno�uorescence, target organs were �xed
with 4% paraformaldehyde for 24 hours and then dehydrated with 30% sucrose. After more than 48 hours
target organs were embedded in a frozen slicer at -25°C and made into frozen slices. Recipient cells were
distinguished by DAPI counterstaining.
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Flow Cytometric Analysis

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), mouse anti-human Foxp3-PE(eBioscience Catalog Number: 12-4777-42). Peripheral
blood, livers, spleens, lungs and guts were collected at the time of necropsy and analyzed by �ow
cytometry. Single cell suspensions were obtained by grinding liver, spleen, lung, gut and blood sample
was processed with red blood cell lysis buffer (Solarbio) at 4℃ according to the protocol. All samples
were stained with antibodies or isotype matched control IgG for 30min at 4℃ in the dark. Then analyzed
on a BD FACS CantoII with FlowJo 10.0.

Analysis of the cytokines by cytometric bead array (CBA)

Cytometric bead array (CBA) human Th1/Th2/Th17 cytokine kit (BD, Catalog Number: 560484).

Peripheral blood and single cell suspensions of each target organ were centrifugate in a condition of 4℃,
3000rpm/min and 20min. Mixing human Th1/Th2/Th17 cytokine capture beads, vortex the mixed
Capture Beads and add 50 µL to all assay tubes, add 50 µL of each sample to the appropriately labeled
sample tubes and add 50 µL of the Human Th1/Th2/Th17 PE detection reagent to all assay tubes.
Incubate the assay tubes for 3 hours at room temperature, protected from light. add 1 mL of Wash Buffer
to each assay tube and centrifuge at 200g for 5 minutes, carefully aspirate and discard the supernatant
from each assay tube. add 300 µL of Wash Buffer to each assay tube to resuspend the bead pellet.
Acquire the samples on the �ow cytometer (BD FACS cantoII), analyze Human Th1/Th2/Th17 Cytokine
data using FCAP Array software.

Statistical analysis

Comparisons between two means used the independent samples t-test. Comparisons of three or more
means used one-way ANOVA. Survival curves were made with the Kaplan–Meier method. P 0.05 were
considered as signi�cant, and for all �gures, *p<0.05, **p<0.01, ***p<0.001.

All statistical analyses were performed with GraphPad Prism 8.0.

Results
A human xenogeneic acute GVHD model was successfully established in NOD-PrkdcscidIl2rγnull (NPG)
mice

To mimic GVHD in humans, we established a xenogeneic (xeno)-aGVHD humanized mouse by using NPG
mice. First, to �gure out whether low-dose irradiation is necessary for establishing xeno-aGVHD model,
three groups of NPG mice were set up to receive PBS only, PBMC only or PBMC following 200 cGy-
irradiation [Fig 1A]. NPG mice received 200 cGy irradiation before human PBMC injected from tail vein
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with 3×106 all developed symptoms of xeno-aGVHD, which can mimic human aGVHD process, including
weight loss, hunched posture, ruffed fur, reduced mobility, damaged skin, diarrhea and hematochezia
compared with those mice implanted PBMC only. NPG mice received 200 cGy irradiation before 3×106

human PBMC injected from tail vein died within 12 to 14 days after cell transfer. In contrast, those NPG
mice only received human PBMC survived for 28 days, suggesting that no signi�cant xenogeneic
response was involved in this model [Fig 1B, C]. Similar to humans, NPG mouse with aGVHD showed
severe in�ammation, leukocyte in�ltration, necrosis, and tissue damage in target organs such as lung,
liver and spleen [Fig 1D]. Lump-like PBMC in�ltration were found in liver, spleen and lung [Fig 1E]. These
results indicated that the aGVHD induced by xenogeneic donor hPBMCs in NPG mice was mediated
mainly by human T cells. PBMC in blood were detected by �ow cytometry, which con�rmed that PBMC
were injected into body [Fig 1E].

Identi�cation of hAMSCs in vitro and GFP labelled hAMSCs tracer cells in vivo

Passage 3 hAMSCs appeared to be spindle- or polygon-shaped in morphology and reached 70-80%
fusion after 48h in culture [Fig 2A]. hAMSCs possessed adipogenic and osteogenic differentiation
potentials in vitro [Fig 2 B, C]. Flow cytometry analysis of hAMSCs surface antigen phenotype revealed
that CD90, CD105, and CD73 were expressed, while CD45, CD34, HLA-DR and CD11b were not. [Fig 2D].
As GFP gene was present in GFP-pseudovirion, the hAMSCs transduced with pseudovirion produced high
level of GFP under �uorescence microscopy [Fig 2E]. After 24 and 72 hours hAMSCs-GFP injected into
NPG mice, experimental mice were euthanized. hAMSCs-GFP could be detected in liver, spleen, lung and
gut after 24 hours. However, few GFP labeled cells could be found in target organs except lung after 72
hours [Fig 3A]. Flow cytometry showed the same results. The frequency of hAMSCs-GFP after 72 hours
was higher than that after 24 hours in lung, whereas the proportion of GFP labeled cells after 72 hours
was lower in liver, spleen and gut [Fig 3B]. These results demonstrated that after intravenous injection,
hAMSCs-GFP can migrate to the damaged target organs.

hAMSCs alleviated the clinical symptoms and improved overall survival in murine model of aGVHD

In order to verify the immunosuppressed ability of hAMSCs in vivo, we tested hAMSCs in the xeno-aGVHD
model [Fig 4A]. hAMSCs were collected from healthy maternal placenta that used for establishing the
humanized recipient mice. As shown in [Fig 4B], hAMSCs can signi�cantly ameliorated the severity of
acute GVHD in terms of weight loss and disease score. Moreover, xeno-aGVHD model injected with
hAMSCs survived for 26 to 28 days, in contrast, xeno-aGVHD model received PBS died within 6 to 18
days after transplantation. hAMSCs signi�cantly ameliorated the severity of acute GVHD in terms of
weight loss and disease score within 28 days of transplantation. Moreover, hAMSCs prevented leukocyte
in�ltration and reduced pathology in the lung, liver, gut and spleen on day 6 after transplantation [Fig 4C].
These results demonstrated that hAMSCs control aGVHD clinical symptoms in xeno-aGVHD mouse.

hAMSCs modulate the balance of Treg versus T effector cells in humanized mice.
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To investigate the effect of hAMSCs on T effector cells and Treg cells, target organs of mice were
grinding and analyzed by �ow cytometry. We found that the proportion of CD3+/CD4+ T cells of liver,
spleen, lung and gut in mice receiving hAMSCs treatment were signi�cantly lower than those untreated
mice [Fig 5A]. Consistent with CD3+/CD4+T cells, the proportion of CD3+/CD8+ T cells in target organs of
mice injected hAMSCs was also lower compared with untreated mice [Fig 5B]. We further found that
CD4+CD25+FOXP3+Tregs from all target organs of xeno-aGVHD mice injected with hAMSCs were
increased, especially in gut and peripheral blood [Fig 5C]. Our data support the �nding that hAMSCs
treatment signi�cantly inhibited the proportion of donor hCD3+/CD4+T and hCD3+/CD8+T cells and
increased the proportion of Treg cells in target organs in vivo from day 3 to day 6 after transplantation.

hAMSCs control aGVHD by decreasing in�ammatory cytokine secretion in target organs

hAMSCs treatment signi�cantly inhibited the secretion of human in�ammatory cytokines, like IL-17A, IFN-
γ, TNF and IL-2 from the lung, liver, gut or blood on day 3 after transplantation. [Fig 6A-D]. Especially in
gut, which is the important aGVHD target organ, we found that IL-2, IFN-γ, IL-17A were suppressed by
hAMSCs signi�cantly. These results demonstrated that hAMSCs ameliorate human allogeneic acute
GVHD by reduction of in�ammatory cytokines secretion in target organs.

Discussion
Numerous reports have shown that mesenchymal stem cells (MSCs) yield a favorable therapeutic bene�t
for GVHD and most clinical trials have used MSCs [5, 14], nevertheless, the controversy about their safety
and e�cacy still remains. Although, BM is the main source of MSCs, the use of BM-MSCs is not always
acceptable because of the invasive harvesting procedure, besides, the number of BMSCs declines with
increasing age [15, 16]. Placenta tissue-derived MSCs have the advantage of being readily available and
easy to collect from a waste product, which has been reported to contain a population of multipotent
stem cells exhibiting characteristics of MSCs [17]. Therefore, MSC from amniotic membrane might be a
better option than BM-MSCs. However, it is rarely reported that human amniotic mesenchymal stem cells
(hAMSCs) can reduce GVHD in vivo and its mechanism is unowning this current study, we establish a
human allogeneic acute GVHD model in “humanized mice” by adoptive transfer of allogeneic hPBMCs
into NOD-PrkdcscidIl2rγnull (NPG) mice that with an immunode�ciency system [18, 19]. The humanized
aGVHD model is mediated mainly by donor T cells and characterized by disease appearance (hunching,
activity, ru�ing, and diarrhea), recruitment of alloreactive cells in target organs, and dysregulation of
proin�ammatory cytokines [18]. Although important differences remain between GVHD in humanized
NPG mouse models within humans, key mechanisms of GVHD pathogenesis are shared in human and
xenogeneic aGVHD. The pathogenesis of xeno-aGVHD shares important features with human GVHD such
as TCR/co-stimulatory-mediated expansion of selected T cell clones that acquire mainly a Th1/Tc1
pro�le [20]. Furthermore, signi�cantly increased human cell reconstitution and better immune responses,
including immunoglobulin class switching and elevated human IgG responses, were also observed in
NPG mice [21]. Thus, human allogeneic acute GVHD model established here may provide a more relevant
approach for studies of human immunopathogenesis and therapeutics for aGVHD after BMT. Our data
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show that the murine in�ammatory environment is capable of activating human T cells to produce acute
GVHD pathology regardless of whether human APCs are co-transplanted. We elected to infuse 3 ×106

PBMCs from donors following 200 cGy irradiation, since we previously found that infusion of 3 × 106

PBMCs from donors induced a moderate GVHD in that model while administration of 7 × 106 to 9× 106

PBMCs resulted in very severe GVHD (data not publish). In addition, irradiation dose is proportional to the
degree of tissue damage and the subsequent cytokine storm, and thus is directly proportional to aGVHD-
related mortality in the mouse [22, 23], our results show that low dose irradiation before PBMCs
translation is necessary cause mouse antigen exposure and succeed induce x-aGVHD model.

hAMSCs are a novel source of stem cells that can be obtained in large quantities. Different from BMSC,
MSCs isolated from placenta exhibit greater proliferative and differentiative potentials than BMSCs, most
likely because of the early embryologic origin of amniotic membrane (AM-) and placenta (PL-) MSCs as
compared with BMMSCs [24, 25]. hAMSCs have intermediate levels of HLA major histocompatibility
complex (MHC) class I molecules, but do not have HLA class II antigens, FAS ligand, and the co-
stimulatory molecules, therefore, do not activate alloreactive T cells [26, 27, 28]. Our results indicated that
hAMSCs showed �broblast-shaped morphology and adherence to plastic, the cell-surface markers of
more than 90% of the hAMSCs were positive for CD90, CD105 and CD73 while negative for CD45, CD11b,
HLA-DR and CD34. These �ndings met the criteria for MSCs identi�cation by The Association of
International Cell Therapy. Our observations further demonstrate GFP-labeled hAMSCs have better growth
for tracers in the mouse, the labeling rate was 95%. hAMSCs labeled with GFP �uorescence could be
reproducibly and noninvasively detected by immuno�uorescence and �ow cytometry in lung, liver, spleen
and gut on the �rst day and 3th day respectively after cell infusion via the mouse tail vein. This
phenomenon may be caused by secreted cytokines such as �broblast growth factor, chemokine receptors
and stem cell homing factors[29, 30, 31]secreted by hAMSCs and rich marginal blood �ow in that region,
which are bene�cial for cell migration. We also found that from day one to day three, GFP labeled cells
increased gradually and were observed on lung but also can track to liver, spleen and gut. It has been [32]
reported that BMSCs are largely trapped in the lungs, liver, and spleen with abundant capillaries after
intravenous transplantation, our data were similar to this research but hAMSCs also can still reach the
target organ early such as small intestine and liver. Therefore, hAMSC owns the ability of homing to the
damaged tissues, relieving the severity of in�ammation and accelerating tissue repair. Homing of MSCs
may also be associated with local microvascular changes, increased capillary permeability, hemostasis,
and passive retention.

We then analyzed the function of human amniotic mesenchymal stem cells (hAMSCs) in xeno-aGVHD by
using the humanized mice. We revealed that hAMSCs therapy reduced villous blunting and lymphocyte
in�ltration into the lamina propria of the gut while reducing vascular endothelialitis and lymphocyte
in�ltration into the parenchyma of the liver and lung. In addition, hAMSCs suppresses xenogenesis
CD3+/CD4+ and CD3+/CD8+ T cell proportion and increase the frequency of Treg cells 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 [33]. L.M. Tobin et al [34] found that BMSCs
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can block TNFα secretion by DC as promoting IL-10 and IL-4 secretion, which impedes T cell
differentiation into Th1 cells, directing these cells to differentiate into Treg and Th2 cells respectively [35].
However, few reports about the related effect of hAMSC in vivo. We examined the CD3+CD4+ and
CD3+CD8+ T cell in peripheral blood and aGVHD target organs, and found a signi�cant decrease in the
proportion of CD3+CD4+ and CD3+CD8+ T cells in those above tissues of mice treated with the hAMSCs
compared to the PBS controls.

Our observations further demonstrate that the proportion of CD4+CD25+Foxp3+ Treg cells are increased
after hAMSCs treatment in liver, spleen, lung, gut and blood. Our current data is similar with the group
who shown that murine CD4+CD25+Foxp3+ Tregs were induced during GVHD after allogeneic BMT, and
the induction of these Tregs was correlated positively with the protection of GVHD in mice [36]. GVHD
involves a pathophysiology that includes host tissue damage, increased secretion of proin�ammatory
cytokines (TNF-α, IFN-γ, IL-1, IL-2, IL-12), and the activation of DCs and macrophages, NK cells, and
cytotoxic T cells [37]. Inhibition of proin�ammatory cytokines has been shown to be bene�cial in
resolution of the severity and incidence of GVHD [38, 39] Although some in vitro studies suggest that IL-
10 or TGF-β may be involved in the suppression of MSC [40, 41], 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, TNF and IL-2 in target organs such as liver, lung and gut decreased after hAMSCs
treatment. IL-17A was initially reported to be produced by T helper 17(Th17) cells [42].

Our data also show that hAMSC treatment can inhibit IL-17A, INF-γ, TNF and IL-2 that involved in the
pathogenesis of GVHD target organs. Th17 cells and Th17-associated cytokines play a central role in the
occurrence of aGVHD [43, 44]. IL-17 contributed to the development of aGVHD in recipient mice by
recruiting or priming Th1 cells during the early stages of the disease, re�ecting a shift from Th1 to Th17
cells in the physiopathology of aGVHD [43]. A subset of Th17 cells in the gut has been described as
having regulatory properties with high levels of IL-10 and low TNF and IL-2 production [45]. We found that
both IL-17A and TNF are increased in the gut of aGVHD humanized model, after hAMSC treatment, the
level of IL-17A, TNF were signi�cantly decreased. It has become well established from both murine
studies and immune reconstitution data in the clinic that IFN-γis an adverse effect of GVHD-associated
cytokine[46, 47, 48]. Sudeepta Aggarwal et al [49] suggested that MSCs can inhibit IFN-γand increase IL-4
secretion, may orchestrate a shift from the prominence of proin�ammatory Th1 cells toward an increase
in anti-in�ammatory Th2 cells, bene�cial for GVHD management. Other studies also showed that high
level of IL-2 might favor the exacerbation of T cell-mediated in�ammation rather than the survival of
Tregs under proin�ammatory conditions [50]. Furthermore, hAMSC can decreased the level of IFN-γin liver,
lung, gut and blood and decreased the level of IL-2 in gut and blood simultaneously. hAMSCs possess
potent immunomodulatory properties capable of suppressing allogeneic T cell responses in vivo. The
immune suppressive activity of hAMSCs in vivo was associated with a signi�cant decrease in Th1
cytokines, including IFN-γ and TNF-α IL-17A and IL-2.
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In summary, using humanized mice with a complete human immune system, we successfully established
a human allogeneic acute GVHD model. Using this model, we demonstrated that hAMSCs can control
acute GVHD by regulating balance of Treg versus T effector cells. Therefore, our study provided a proof
of concept of treatment using hAMSCs to control GVHD after BMT. This strategy could readily be
extended to human clinical trials using hAMSCs alone or in combination with minimal conventional
immunosuppression to control GVHD. Furthermore, our data also demonstrate that the pathogenesis of
aGVHD shares important features with human GVHD and that NOD-PrkdcscidIl2rγnull (NPG) mice could
serve as better model to study GVHD.

Conclusions
NOD-PrkdcscidIl2rγnull (NPG) mice are a valuable tool for studying Graft versus-Host-Disease induced by
human immune cells. hAMSCs can control acute GVHD via

decreasing in�ammatory cytokine secretion within target organs through modulating balance of Treg
versus T effector cells in humanized mice. This strategy could be extended to human clinical trials using
human hAMSC alone or incombination with minimal conventional immunosuppression to control acute
GVHD.
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Figure 1

Low-dose irradiation before PBMC injection induced xeno-aGVHD in NPG mice. (A)Protocol for
establishment of xeno-aGVHD model. NPG mouse injected with allogeneic hPBMCs or PBS after
irradiated sub lethally. (B) Measurement of weight change, clinical score and survival at different time
points treated with PBS, PBMC or 200 cGy followed by PBMC. The result showed that low-dose irradiation
pre-conditioned accelerated the induction of xeno-aGVHD. (C) Representative clinical manifestation
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including hunched posture, ruffed fur, damaged skin and hematochezia in xeno-aGVHD mouse model.
(D) Representative histology of target organs, including liver, spleen and lung, showed that in�ammatory
cell in�ltration and tissues damaged were observed in low-dose irradiation pre-conditioned NPG mice
group. 400×. (E) Representative immunohistochemistry of target organs. in�ammatory cell in�ltration
and tissue damage in target organs such as lung, liver and spleen, human CD45+ cells were also detected
by immunohistochemistry in these target organs. 400×. (F) human CD3+ T cells from each target organ
were detected by �ow cytometry after 3 days human PBMCs injected in vivo.

Figure 2

Identi�cation of human amnion mesenchymal stem cells. (A) Characteristics of passage 3 hAMSCs. (B)
Osteogenic differentiation of hAMSCs which indicated by alizarin red S. 100×. (C) Adipogenic
differentiation of hAMSCs,that indicated by oil red O staining. 100×. (D) Surface antigen of hAMSCs were
detected by �ow cytometry. The result showed that cells were positive for CD90, CD105 and CD73 while
negative for CD45, CD11b, CD34 and HLA-DR. (E) GFP labeled hAMSCs can be detected by �uorescence
microscope after 3 days transfected with GFP-pseudovirion. 100×.
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Figure 3

Human amnion mesenchymal stem cell migrated to target organs. (A) GFP labeled hAMSCs detected by
confocal microscope in target organs after 24 hours injected in vivo, after 72 hours, the GFP �uorescence
signal in the spleen, liver, and gut is signi�cantly weakened while increased in lung. (B) Target organs
were analyzed by �ow cytometry after grinding, GFP signal could be detected in 24 hours and 72 hours
respectively.
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Figure 4

hAMSCs signi�cantly inhibit the development of xeno-aGVHD. (A) Protocol for �guring out the
immunosuppressed ability of hAMSCs in vivo. PBS or allogeneic hPBMCs were injected in mouse after 3
days establishing xeno-aGVHD model. (B) Measurement of weight change, clinical score and survival at
different time points treated with PBS, PBMC or PBMC followed by hAMSCs. Results showed that
hAMSCs can slow down the development of aGVHD. (C) Representative histology of target organs,
including liver, spleen, lung and gut. Compared with hAMSCs treatment group, the in�ammatory cell
in�ltration and tissues damaged of aGVHD group were more severe. 400×. (*, p<0.05, **, p<0.01, ***,
p<0.001)
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Figure 5

hAMSC suppresses CD3+CD4+ and CD3+CD8+ T cell and increases the proportion of
CD4+CD25+FOXP3+Treg cells (A) T cells from each target organ were collected and then detected by �ow
cytometer. The frequencies of CD3+CD4+ T cells from each organ were shown. (B) The frequencies of
CD3+CD8+ T cells from each organ were shown. (C) Gated on CD4, the frequencies of Tregs from each
target organ were shown. (*, p<0.05, **, p<0.01, ***, p<0.001)
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Figure 6

hAMSC inhibits cytosines secretion in target organs after hPBMC transplantation Concentration of
cytokines (A-D) in livers, lungs, guts and blood on day 3 after transplantation in humanized GVHD mice
with or without hAMSC treatment. Data are means ±SEM and represent three independent experiments.
(*, p<0.05, **, p<0.01, ***, p<0.001)


