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Human amniotic epithelial stem cell is a cell therapy candidate
for preventing acute graft-versus-host disease
Peng-jie Yang1, Xiang-yu Zhao2, Yao-hui Kou1,3, Jia Liu1,3, Xiang-yi Ren1,3, Yuan-yuan Zhang2, Zhi-dong Wang2, Zhen Ge4,
Wei-xin Yuan3,5, Chen Qiu1,3, Bing Tan1,3, Qin Liu5, Yan-na Shi3, Yuan-qing Jiang1,3, Cong Qiu1,3, Li-he Guo5,6, Jin-ying Li1,3✉,
Xiao-jun Huang2,7✉ and Lu-yang Yu1,3✉

Graft-versus-host disease (GVHD), an immunological disorder that arises from donor T cell activation through recognition of host
alloantigens, is the major limitation in the application of allogeneic hematopoietic stem cell transplantation (allo-HSCT). Traditional
immunosuppressive agents can relieve GVHD, but they induce serious side effects. It is highly required to explore alternative
therapeutic strategy. Human amniotic epithelial stem cells (hAESCs) were recently considered as an ideal source for cell therapy
with special immune regulatory property. In this study, we evaluated the therapeutic role of hAESCs in the treatment of GVHD,
based on our previous developed cGMP-grade hAESCs product. Humanized mouse model of acute GVHD (aGVHD) was established
by injection of huPBMCs via the tail vein. For prevention or treatment of aGVHD, hAESCs were injected to the mice on day -1 or on
day 7 post-PBMC infusion, respectively. We showed that hAESCs infusion significantly alleviated the disease phenotype, increased
the survival rate of aGVHD mice, and ameliorated pathological injuries in aGVHD target organs. We demonstrated that hAESCs
directly induced CD4+ T cell polarization, in which Th1 and Th17 subsets were downregulated, and Treg subset was elevated.
Correspondingly, the levels of a series of pro-inflammatory cytokines were reduced while the levels of the anti-inflammatory
cytokines were upregulated in the presence of hAESCs. We found that hAESCs regulated CD4+ subset polarization in a paracrine
mode, in which TGFβ and PGE2 were selectively secreted to mediate Treg elevation and Th1/Th17 inhibition, respectively. In
addition, transplanted hAESCs preserved the graft-versus-leukemia (GVL) effect by inhibiting leukemia cell growth. More
intriguingly, hAESCs infusion in HSCT patients displayed potential anti-GVHD effect with no safety concerns and confirmed the
immunoregulatory mechanisms in the preclinical study. We conclude that hAESCs infusion is a promising therapeutic strategy for
post-HSCT GVHD without compromising the GVL effect. The clinical trial was registered at www.clinicaltrials.gov as #NCT03764228.
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INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (HSCT) is the
most effective strategy to cure malignant blood disease in the
clinic [1–3]. However, the incidence of graft-versus-host disease
(GVHD) remains the major cause of morbidity and mortality after
transplantation, as the common issue confronted by the main-
stream HSCT protocols worldwide [3–6]. GVHD is initiated via
recognition of host alloantigen by the donor T cells infused during
HSCT [2, 3]. The activated donor T cells are involved in extensive
tissue injuries in the recipient patients [7, 8]. Currently, high-dose
corticosteroids administration is still the main first-line therapeutic
medication for GVHD after HSCT in clinic and other

immunosuppressive drugs are employed as preventive treatments
[9–11]. Regrettably, more than 50% aGVHD patients exhibited
steroid-resistant responses [12–14]. Moreover, as non-specific
immunosuppressive agents, those drugs usually delay the
reconstitution of immune system and therefore increase the
opportunity for infections in patients receiving HSCT [14, 15]. On
the other hand, graft versus leukemia (GVL), the immune response
executed by graft lymphocytes to remove residual leukemia cells
in HSCT recipients, was suppressed indiscriminately during the
GVHD treatment, which raised the risk of leukemia relapse [16–18].
Therefore, alternative strategy against GVHD that retains GVL is
urgently required to improve the therapeutic effect of HSCT.
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Biologically, GVHD can be regarded as a severe inflammatory
state in the HSCT recipients after breakdown of the host immune
balance. Therefore, administration of immunomodulatory cells,
which potentially regulates immune homeostasis with enduring
effect, is accepted as a better intervention treatment of GVHD. To
date, the regulatory T cells (Tregs) and mesenchymal stromal cells
(MSCs) are most universal candidates in this category. Never-
theless, the low number of Tregs in both peripheral and umbilical
cord blood, the major sources of Treg cellular products, limits the
administration dose for patients [19, 20]. In addition, the function
of Treg cells in suppressing antiviral immune responses may bring
safety concern in GVHD patients [21, 22]. Furthermore, MSCs are
the most extensively investigated cells for the GVHD therapy due
to their immunosuppressive activities. However, clinical trials
including ours yielded paradoxical results in the prevention and
treatment of steroid-refractory GVHD, with positive and negative
therapeutic effects [23, 24]. Impairing the GVL effect, higher
relapse rate (RR) [24, 25] and more frequent occurrence of severe
infection limit their further clinical applications [26].
Human amniotic epithelial stem cells (hAESCs), isolated from the

amniotic epithelium layer that is closest to the fetus in the term
placenta, have been drawing attention as an attractive candidate for
cellular therapy in immune disease. This is based on the
characterized features of hAESCs, in which the most attractive one
is their immunoregulatory property. It has been demonstrated that
hAESCs or their conditioned medium alone could dampen
inflammatory reactions by suppressing the proliferation, inflamma-
tory cytokine production, and cytotoxic activity in different immune
cell subtypes in vitro and in vivo [27, 28]. The immunoregulatory
mechanisms of hAESCs are attributed to the antibacterial and anti-
inflammatory functions of amniotic membrane that help the fetus
adapt the intricate preterm immune environment, although the
detailedmechanisms have not been clearly illustrated. Furthermore,
therapeutic effect of hAESCs administration were determined in
different preclinical inflammatory disease models, including Crohn’s
disease, fibrotic disease, and autoimmune disease, according to
others and our previous studies [29–34]. Also, other characteristics
of hAESCs appropriately meet the criteria of cellular product. Unlike
the embryonic stem cells and induced pluripotent stem cells,
hAESCs have no tumorigenicity due to the lack of telomerase, which
is upregulated during oncogenesis. More intriguingly, immune
privilege of hAESCs has been demonstrated after transplantation in
mammalian animal species [35–37] and in human volunteers [38],
mainly based on the absence of HLA class II molecules and the high
expression of non-classical HLA class I molecules, corresponding to
amniotic membrane serving as the barrier for maintaining feto-
maternal tolerance during pregnancy. Moreover, sufficient supply
(more than 100 million hAESCs harvested from a placenta) without
ethical debates potentially fulfills hAESCs as an applicable source of
biological product. Taken together, hAESCs have special and
attractive potential as a superior candidate of cell therapy for GVHD
in clinic. Aiming the clinical application, we have developed a
current Good Manufacturing Practice (cGMP)-grade hAESCs cellular
therapy product in a serum-free system, based on our previous
study [35].
In the present study, the therapeutic effect of the hAESCs

product on GVHD was investigated in a humanized mouse model
and haploidentical related HSCT (HDR-HSCT) patients in a
preliminary clinical study with small sample size. We demon-
strated that hAESCs infusion can efficiently improve GVHD by
repolarizing CD4+ T cells while maintaining the GVL effect in both
preclinical and clinical studies.

MATERIALS AND METHODS
hAESCs collection, preparation, and release
The human amniotic epithelial stem cell (hAESC) injection is liquid
cell suspension that is manufactured and provided under current

Good Manufacturing Practice (cGMP) guidelines by Shanghai iCell
Biotechnology Co., Ltd.
Briefly, the amnion was peeled away from the underlying

chorion within the operating theater. After being rinsed with
sterile saline, the amnion was immersed in tissue preservation
solution and then transferred to the cell procedure center of
Shanghai iCell Biotechnology Co., Ltd. There, all reagents,
equipment, and procedures utilized for hAESCs manufacturing
process were following cGMP and the guidance on cell-based
therapy products. Proceeded hAESCs at passage 1 (15 mL) were
packaged in the cryogenic cell storage bags (Miltenyi Biotec,
Germany) and stored in vapor-phase liquid nitrogen.
Before being released for clinical settings the finial products

should be proved that ≥90.0% of the cells were positive for the
surface antigen CD324 (cat# 324120, Biolegend, CA, USA), and
≤2.0% were negative for CD146 (cat# 361036, Biolegend, CA, USA),
CD34 (cat# 378602, Biolegend, CA, USA), and HLA-DR (cat#
307614, Biolegend, CA, USA). Furthermore, the final products were
tested for cell viability, biological potency, impurity residue,
sterility, mycoplasma, endotoxin, and viral pathogens.
On the day of cell intravenous infusion, the sealed bag of

hAESCs was retrieved from vapor-phase liquid nitrogen and
thawed in a 37–38 °C water bath for 1–2min. Then 35mL sterilized
water for injection was aseptically added into the infusion bag for
a final volume of 50 mL cell suspension. All patients intravenously
received hAESCs injection consistent with the ethically permitted
clinical study.

GVHD and GVL mouse models
All animal studies were approved by the Institutional Animal Care
and Use Committee of Zhejiang University (ZJU20210127) and
adhered to the NIH guidelines for the ethical treatment of animals.
NCG mice (NOD-Prkdcem26Cd52Il2rgem26Cd22/Nju) were purchased
from Model Animal Research Center of Nanjing University. The
mice were acclimated to the room for 1 week after arrival and
were maintained on a normal 12 h light-dark cycle. The mice were
housed in conventional cages with free access to a standard pellet
diet and water in specific pathogen-free conditions with a
temperature of 24 ± 2 °C and 60%–70% relative humidity. Eight-
week-old NCG mice were injected with 1 × 107 huPBMCs or 2 × 107

huPBMCs, respectively, via the tail vein to induce aGVHD. Mice
receiving PBS alone were used as control group. In the aGVHD
prevention group, 2 × 106 hAESCs were injected one day before
PBMC. In the aGVHD treatment group, 2 × 106 hAESCs were
injected on day 7 post-PBMC transfusion.
For GVL studies, 5 × 106 GFP-labeled HL60 cells and 107

huPBMCs were transplanted into the NCG mice via the tail vein
to induce graft vs leukemia model. To determine the role of
hAESCs in GVL, 2 × 106 hAESCs were co-transplanted into the GVL
mice on day 0. Mice with an equivalent PBS injection were used as
a control group. Mice from different groups were sacrificed
2 weeks post-transplantation to examine the HL60 in peripheral
blood by flow cytometry or 3 weeks after cell transplantation to
examine livers and spleens.

Histopathological evaluation of GVHD in mouse
The mouse GVHD assessment scale was according to the grading
system established by Cooke KR et al. [39]. The body weight and
clinical phenotypes, including weight loss, posture, activity, fur
ruffling and diarrhea, as well as the survival status, were recorded
every other day. The mice were sacrificed at day 10 after hAESCs
injection. The aGVHD target organs were fixed in 4% paraformal-
dehyde and embedded in paraffin for histopathological analysis
with H&E staining or anti-CD3 (cat# ab16669, Abcam, Cambridge,
UK) immunohistochemistry staining. Histopathological scoring
was assessed according to the system established by Polchert D
et al. [40]. In vascular adhesion molecule staining, the arteries of
target mice were harvested and embedded in optimal cutting
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temperature compound (OCT). The frozen sections were stained
by anti-PECAM1 (cat# sc-376764, Santa Cruz, CA, USA), anti-ICAM1
(cat# 771504, Biolegend, CA, USA) or anti-VCAM1 (cat# MA134974,
BD Pharmingen, Shanghai, China) followed by fluorescence-
conjugated secondary antibodies. All experiments were repeated
at least three times.

Flow cytometry and magnetic cell sorting
After washing with PBS, the hAESCs were incubated with the
fluorescence-conjugated antibodies of anti-huCD34 (cat# 378602,
Biolegend, CA, USA), anti-huCD45 (cat# 982322, Biolegend, CA,
USA), anti-HLA-DR (cat# 307614, Biolegend, CA, USA) and anti-
HLA-DQ (cat# 318104, Biolegend, CA, USA) and the HUVECs were
stained with the fluorescence-conjugated monoclonal antibodies
of anti-ICAM1 (cat# BMS313, Ebioscience, CA, USA) and anti-
VCAM1 (cat# hzA547Ra, Ebioscience, CA, USA) for 30 min on ice.
For detection of CD4 T cell subsets, PBMCs isolated from different
groups of mice were incubated with fluorescence-conjugated
antibodies of anti-CD4 (cat# 980804, Biolegend, CA, USA), anti-
CD25 (cat# 985812, Biolegend, CA, USA), anti-HLA-DR (cat#
307614, Biolegend, CA, USA), anti-IFNγ (cat# 517901, Biolegend,
CA, USA), anti-IL2 (cat# 503805, Biolegend, CA, USA), anti-IL17
(cat# 506907, Biolegend, CA, USA) and anti-FOXP3 (cat# 364702,
Biolegend, CA, USA). Cells were permeated with a Fixation &
Intracellular Permeabilization Kit (cat# 421002, Biolegend, CA,
USA) for detection of intracellular proteins. Flow cytometry
analysis was performed with a FC500 flow cytometer (Beckman-
Coulter, CA, USA) and FlowJo software (Tree Star, Inc, OR, USA.).
Isotype controls were used in each experiment. Magnetic cell
sorting (MACS) assays were performed with the MojoSort
isolation kit for human CD4+ T cells according to the manufac-
turer’s instructions. All experiments were repeated at least
3 times.

Immunocytofluorescence
After PBS wash, cells were fixed in 4% paraformaldehyde for
30min on ice followed by treatment with 0.2% Triton X-100 for
30min at room temperature. After blocking in 3% horse serum for
1 h, cells were incubated with primary antibody overnight at 4 °C.
Primary antibodies against Pan-Cytokeratin (cat# ab7753, 1:200,
Abcam, Cambridge, UK), E-cadherin (cat# ab233611, 1:200, Abcam,
Cambridge, UK), OCT4 (cat# SC8826, 1:50, Santa Cruz, CA, USA),
SSEA4 (cat# FCMAB116P, 1:100, Millipore, MA, USA) and NANOG
(cat# AF1997, 1:40, R&D Systems, CA, USA) were diluted in
blocking buffer. Fluorescent secondary antibodies were incubated
for 1 h at room temperature. Cell nuclei were stained with DAPI
(cat# D9542, Sigma-Aldrich, Shanghai, China).

Quantitative real-time PCR
Tissue homogenates or cell lysates were prepared in TRK lysis
buffer (cat# PR021, Omega, GA, USA). Total RNA was isolated using
an E.N.Z.A. total RNA kit (cat# R6874-02, Omega, GA, USA)
according to the manufacturer’s instructions. RNA was reverse
transcribed into cDNA using the ReverTra Ace qPCR RT kit (cat#
FSQ-101, Toyobo, Japan) according to the manufacturer’s instruc-
tions. Quantitative PCR was performed with SYBR FAST QPCR Kit
(cat# SFUKB, KAPA Biosystems) using a Bio-Rad iCycler real-time
PCR detection system (Bio-Rad, CA, USA). GAPDH was used as an
internal control. The primer sequences are listed in Supplementary
Table S1. All experiments were repeated at least 3 times.

Cytokine assay
The cytokines GM-CSF, IFNγ, IL-4, IL-8, IL-10, TGFβ, and TNFα in
mouse serum were each quantified with the appropriate ELISA kits
(all from Ebioscience, CA, USA) according to the manufacturer’s
instructions. The analyses were performed with Bio-Plex 200
Systems (Bio-Rad, CA, USA). PGE2 were detected with an ELISA kit
(Cayman, MI, USA) according to the manufacturer’s instructions

and analyzed by Nanoquant (Tecan, Switzerland). All experiments
were repeated at least 3 times.

Leukocyte-endothelial adhesion and transmigration assays
For adhesion assays, PHA-blasted human T cells were labeled with
Calcein (cat# C3100MP, Invitrogen, CA, USA), and were then co-
cultured with HUVECs in different conditional medium from
hAESCs, PBMCs (with or without 5 μg/mL PHA) or co-cultured
hAESCs+PBMCs for 30min, followed by gently washing twice to
remove non-adherent cells and microphotographs. Cell nuclei
were stained with Hoechst. Transmigration was performed using
6.5 mm transwell filters with an 8 μm pore size (Costar, NY, USA).
HUVECs were seeded on an insert coated with 0.1% gelatin (cat#
1288485, Sigma-Aldrich, Shanghai, China) and cultured until
confluent. Calcein-labeled T cells were then added to the upper
transwell chamber containing different conditional medium as
described above for 12 h. Afterwards, the cells that transmigrated
to the bottom compartment were imaged and quantified. All
experiments were repeated at least 3 times.

Clinical trial design
The clinical trial was approved by the institutional review board of
Peking University People’s Hospital (2018PHD006-01) and con-
ducted under an investigational new stem cell application from
the National Health Commission of China. All patients and donors
provided written informed consent according to the Declaration
of Helsinki. The trial was registered at https://
www.clinicaltrials.gov/ as #NCT03764228. Patients with high risk
for aGVHD were assessed for inclusion as follows: acute leukemia
(≤CR2), myelodysplastic syndromes (MDSs, RA, RARS, RCMD, EB-1,
EB-2), or chronic myeloid leukemia (CML) (CP or AP), underwent
haploidentical hematopoietic stem cell transplantation with
haplotype sibling female donor or with donor age >30 years
old, adequate performance status, and organ function. Cryopre-
served cGMP-grade hAESCs (Shanghai iCell Biotechnology, Shang-
hai, China) were I.V. infused into haploHSCT patients at days −1
and +7 of HSCT. Dose escalation was planned in cohorts of a
minimum of 3 patients starting at 1 × 106 cells/kg per dose and
escalating to 2 × 106 cells/kg per dose and up to 5 × 106 cells/kg
per dose. The primary objectives were to evaluate the safety of
hAESCs infusion and determine the maximum tolerated dose
(MTD) of 3 doses of hAESCs cells administered in conjunction with
haploHSCT (days −1 and +7 post-transplant). All involved subjects
were monitored for 100 days after the first intravenous infusion of
hAESCs. All untoward medial occurrences after the first hAESCs
treatment were considered adverse events (AEs). The severity of
AEs was graded according to the National Cancer Institute
Common Terminology Criteria for Adverse Events 5.0. Monitoring
for safety included vital signs (heart rate, respiration rate,
temperature, and blood pressure), serial blood tests, and physical
examination at the day 1, 2, 3, 4, 7, 10, 14, 21, 30, 60, and 100 after
the first hAESC administration. To the purpose of dose finding,
“toxicity” was defined as any of the events (1) death, (2) grade
3− 4 infusion reaction, (3) grade 4 organ toxicity (not including
mucositis or myelosuppression) within 28 days of the first hAESCs
cell infusion. Secondary objectives were to determine the efficacy
of hAESCs infusion on GVHD prophylaxis, estimate the proportion
of patients with engraftment/graft failure, 100-day nonrelapse
mortality (NRM), cumulative incidence (CI) of aGVHD, RR, overall
survival (OS), and disease-free survival (DFS).

Haplo-HSCT procedure
All patients received a myeloablative conditioning regimen (MAC)
without in vitro T-cell depletion. All patients received haploiden-
tical allo-HSCT, the conditioning regimen was modified as
BUCY+ ATG (thymoglobulin) consisting of cytarabine 4 g/m2

per day intravenously on days −10 to −9; busulfan (3.2 mg/kg
per day, intravenously on days −8 to −6); cyclophosphamide (CY,
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1.8 g/m2 per day) intravenously on days −5 to −4; Me-CCNU
(250mg/m2), orally once on day −3; and thymoglobulin (ATG,
Sang Stat, Lyon, France; 2.5 mg/kg per day) intravenously for 4
consecutive days from days −5 to −2. All subjects received fresh
granulocyte colony-stimulating factor (G-CSF) mobilized periph-
eral blood cells. Ganciclovir was administered during conditioning
(through day −2) and acyclovir (400mg twice a day) was given
until the discontinuation of all immunosuppressive agents.
Patients also received prophylactic drugs to prevent infection
by fungi.

Definitions and endpoints
hAESCs engraftment was defined as over 0.08% using Chimerism
analyses (Shanghai Tissuebank Diagnostics) [41]. White blood cell
engraftment was defined as an ANC count of 0.5 × 109 cells/L or
more for 3 consecutive days. Platelet engraftment was defined as a
platelet count of 20 × 109 cells/L or more for 7 consecutive days
without transfusion. Acute and chronic GVHD were diagnosed and
graded according to established criteria [42, 43]. CMV infection was
defined as a plasma PCR result above 1000 copies/mL. EBV infection
was defined as a plasma PCR result above 1000 copies/mL. OS times
were measured as the date of HSCT until death from any cause. DFS
was defined as the time from transplantation to relapse or death
from any cause. Surviving patients were censored on the date of
their last follow-up. Non-relapse mortality (NRM) was defined as
death after allo-HSCT without disease progression or relapse.
Relapse was defined by the appearance of morphological evidence
of the disease obtained from testing samples from the peripheral
blood, bone marrow, or extramedullary sites or else by the
recurrence and sustained presence of pre-transplantation chromo-
somal abnormalities.

Clinical blood sample preparation and immunoassays
Blood samples of the 10 subjects underwent hAESCs trials were
obtained at day 7, 14, 30, and 90 after HSCT and were then
analyzed by flow cytometry for detecting the reconstitution of T,
B, NK cells and monocytes. The plasma sample at day +7 were
collected and screened the plasma cytokine levels with Luminex
assay (Luminex, TX, USA) or ELISA kit (R&D Systems, CA, USA).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 5
(GraphPad Software). The data are presented as the mean ± SEM.
Comparisons between two groups were by unpaired t-test,
between more than two groups by one-way ANOVA followed by
Bonferroni’s post-hoc test or by two-way ANOVA. P < 0.05 was
considered to reach statistically significance.

RESULTS
hAESCs isolation and identification in a serum-free system
To exclude the serum-derived contamination, we set up a specific
serum-free isolating and culture system for the cGMP-grade
hAESCs [35]. Morphological observation of primary-cultured
hAESCs showed the normal cobblestone-like monolayer cells
(Fig. 1a). Negative expression of the hematopoietic marker CD45
and CD34 (Fig. 1b), and the full expression of signature epithelial
marker pan-Cytokeratin and E-cadherin (Fig. 1c) were detected by
flow cytometry, indicating the purity of hAESCs without contam-
ination of blood cells. Moreover, compared to human umbilical
cord MSCs (hUC-MSCs), low level of classical mesenchymal marker
group, and abundant expressions of classical epithelial marker
group and epithelial-associated protein group were detected in
hAESCs by proteomic analysis (Fig. 1d). The extensive expression
of pluripotent marker OCT4, NANOG and SSEA4 proved the
homeostatic and low-differentiated status of hAESCs (Fig. 1e). On
the other hand, little expression of HLA class II molecules HLA-DR
and HLA-DQ was detected in hAESCs (Fig. 1f). Taken together,

these data demonstrate that hAESCs, different from MSCs, are a
certain kind of epithelial stem cells; the cGMP-grade hAESCs show
decent homogeneity and maintain their biological characteristics.

hAESCs inhibit the development of aGVHD in humanized
mice model
NCG mice, a novel immune-deficient mouse strain lacking T, B,
and NK cells, were employed to establish an aGVHD humanized
mice model. As reported in NOG mice, we also found that total
body irradiation was not necessary to induce aGVHD in NCG mice.
To investigate the therapeutic effect of hAESCs in aGVHD, NCG
mice were divided into four groups: aGVHD group (human PBMCs
transplantation only), aGVHD prevention group (hAESCs injection
1 day before PBMCs transplantation), aGVHD treatment group
(hAESCs injection on day 7 after PBMCs transplantation) and
control group (PBS injection only) (Fig. 2a). High chimerism of
transplanted cells of human origin (huCD45+) was detected in the
peripheral blood of recipient NCG mice at day 14 after PBMCs
transplantation (Fig. 2b). Most transfused huCD45+ cells were
found as human CD3 positive (huCD3+), suggesting a robust
expansion of human T cells in recipient mice (Fig. 2b). The
engraftment rates were comparable in mice with or without
hAESCs injection.
The aGVHD disease phenotypes began to be observed around

the second week after PBMCs transfusion in the aGVHD group,
including body weight loss, mobility decrease, hunching, diarrhea,
and ruffled hair (Fig. 2c–e). By contrast, in the hAESCs-injected
groups, particularly the aGVHD prevention group, the aGVHD
disease phenotypes were postponed and relieved significantly
(Fig. 2c–e). Moreover, the survival durations were prolonged and
survival rates were increased in hAESCs-injected groups compared
with the aGVHD group; the anti-aGVHD effect of hAESCs was
better in the prevention group than the treatment group (Fig. 2f).
To highlight the advantages of hAESCs in the prevention and

treatment of GVHD, we included human umbilical cord mesench-
ymal stem cells (hUCMSCs) and two widely utilized immunosup-
pressants, Cyclosporine A and Mycophenolate Mofetil, as control
treatment groups. Similar preventive effects were observed in
both the immunosuppressant groups and the aGVHD prevention
group (Supplementary Fig. S1a–d). However, while the aGVHD
treatment group did not demonstrate superior therapeutic effects
compared to the immunosuppressant groups, it exhibited super-
iority over the hUCMSCs group.

hAESCs ameliorate the pathological injuries of aGVHD
To determine the effect of hAESCs on pathological injuries of
aGVHD, histological analysis was conducted on the major GVHD
target organs from all mouse groups. In the aGVHD group,
pathological progression resulted in significant regions of
inflammation around the hepatic ducts in the livers, perivascular
cuffing, and infiltration in alveolar in the lungs, dropsy in the renal
tubulars and blunting of the villi in the intestines. In the presence
of hAESCs, these pathological injuries were reduced markedly,
with a more pronounced rescue effect was observed in the
prevention group compared to the treatment group (Fig. 3a, b).
Similarly, consistent with the aforementioned phenotypic descrip-
tions, the aGVHD prevention group exhibited superior mitigation
of pathological injuries, resembling the outcomes observed in the
immunosuppressant groups. However, the aGVHD treatment
group did not manifest superior therapeutic effects compared to
the groups treated with immunosuppressants but exhibited
superiority over the hUCMSCs group (Supplementary Fig. S1e, f).
Corresponding to the trend of pathological injuries, immunohis-

tochemical staining for human CD3 showed remarkable T cell
infiltration into these GVHD target organs in the aGVHD groupmice,
whereas decreased infiltration of T cells as observed in these organs
in the aGVHD treatment mice, and further inhibition in the
prevention group (Fig. 3c). Intriguingly, fibrosis in the lungs,
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identified as a manifestation of chronic GVHD, was also observed in
our mouse model. In the aGVHD group, Masson’s staining exhibited
collagen accumulation, which was ameliorated in both mouse
groups with hAESCs injection (Fig. 3d). To identify the residence of
hAESCs in the GVHD target organs and whether PBMCs would affect
hAESCs distribution, transduced EGFP in hAESCs (Fig. 3e) were
checked by RT-PCR in the main target organs. Strong EGFP signal
was detected in the lungs, liver, and kidney, while moderate signal
was detected in the intestine, spleen, and lymph nodes, with or
without PBMC transplantation (Fig. 3f).

hAESCs modulate cytokine production and CD4+ T cell
polarization in mouse aGVHD model
Based on hAESCs modulation of tissue injury and immune cell
infiltration during aGVHD, we asked whether infused hAESCs
directly modulated the immune system. To this end, cytokine level
was first examined in mouse serum of different groups. Compared
with the aGVHD group, the pro-inflammatory cytokines TNFα,
IFNγ, GM-CSF and IL8 decreased and the anti-inflammatory
cytokines TGFβ and IL10 increased in both aGVHD prevention
and aGVHD treatment groups (Fig. 4a–f), while no change in the
IL4 level among all mouse groups (Fig. 4g). Notably, the
expression of the alloantigen HLA-DR, indicative of T cell
activation and cytokines generation in GVHD, was highly inhibited
in the hAESCs prevention group and partially inhibited in the
hAESCs treatment group (Fig. 4h, i). These results implied that the
hAESCs modulation targeted the T cell population in aGVHD.

There is accumulated evidence that the composition of CD4+ T
cell subsets is a significant factor to evoke aGVHD [21, 22, 44, 45].
In the present study, Th1 and Th17 subsets were found to decline
in CD4+ T cells in mice of hAESCs-injected groups, especially in the
aGVHD prevention group, compared with the aGVHD group
(Fig. 4j, k and Supplementary Fig. S2a, b), while the proportion of
Th2 subset was not affected by hAESCs infusion (Fig. 4l and
Supplementary Fig. S2c). However, the Treg subset was specifically
elevated in the aGVHD prevention group (Fig. 4m, n).
Pathologically, the pro-inflammatory cytokines induce endothe-

lial dysfunction for organ immune infiltration. To examine whether
hAESCs impacted the failure of the first barrier against aGVHD, the
endothelial activation and consequent dysfunction were exam-
ined. hAESCs infusion reduced expression of endothelial ICAM1
and VCAM1 in vivo (Supplementary Fig. S3a), indicating the
inhibition on inflammatory endothelial activation, which was
confirmed in human umbilical vein endothelial cells (HUVECs)
treated with conditional medium from hAESCs, PBMCs or co-
cultured PBMCs-hAESCs (Supplementary Fig. S3b, c). Correspond-
ingly, hAESCs effectively sequestered the T cell-endothelial
adhesion and transmigration in the same in vitro system
(Supplementary Fig. S3d, e).

hAESCs polarize the CD4+ T cell subsets by producing TGFβ
and PGE2
To further investigate the mechanism of CD4+ subset polarization
regulated by hAESCs in the pathological environment of GVHD, a

Fig. 1 The identification of cGMP-grade hAESCs isolated and cultured in a serum-free system. a Morphology of hAESCs in light field; scale
bar= 50 μm. b Expression of blood cell markers CD45 and CD34 (blue) in hAESCs by flow cytometry; isotype antibodies were used as control
(light red). c Immunocytochemistry for indication of epithelium marker Pan-cytokeratin (green) and E-cadherin (green) expression in hAESCs.
Nuclei were stained with DAPI (blue); scale bar= 50 μm. d Heatmap representing color-coded log2 transformed relative abundance ratio from
proteomics analysis of signature genes in hUC-MSCs and hAESCs. e Immunocytochemistry for indicating the pluripotent marker OCT4 (green),
Nanog (red), and SSEA4 (green) expression in hAESCs. Nuclei were stained with DAPI (blue); scale bar= 50 μm. f Flow cytometry detection of
the human MHC class II cell surface markers HLA-DR, DQ (blue) in hAESCs; isotype antibodies were used as the control (light red).
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hAESCs-PBMCs co-culture system was employed. Consistent with
the result in vivo, the proportion of Treg subset in CD4+ cells
increased (Fig. 5a and Supplementary Fig. S4a), concomitant with
up-regulation of FOXP3, the key transcription factor of Treg cells
(Fig. 5b). A decrease of the pro-inflammatory cytokines TNFα and
IFNγ and increase of anti-inflammatory factors IL-10 was detected
in PBMC co-cultured with hAESCs, when compared with PBMC
cultured alone (Fig. 5c). To further determine the regulation of
hAESCs in CD4+ subset polarization, CD4+ cells were sorted and
co-cultured with hAESCs. Again, the presence of hAESCs enhanced
Treg proportion as expected (Fig. 5d and Supplementary Fig. S4b).
However, the hAESCs-induced Treg elevation was not affected by
IFNγ pretreatment (Fig. 5d and Supplementary Fig. S4b) or Toll-like
receptors (TLRs) induction (Fig. 5a, b, d and Supplementary
Fig. S4a–f). This is different from the case in MSCs, in which IFNγ
stimulation and TLRs activation were considered to be essential to
upregulate Treg [46].
Since TLR-mediated Treg elevation is dependent on cell contact

as reported, we hypothesized that the hAESCs-regulated CD4+ T

cell polarization could be in a cell non-contact pattern. Thereby,
hAESCs and CD4+ cells were co-cultured in different chambers in
a transwell system. Flow cytometry showed that the polarization
profile of CD4+ subsets in the non-contact transwell group was
similar to the contacted co-culture group (Fig. 5e–i and
Supplementary Fig. S5a–d). Similar results were also observed in
the hAESCs conditional medium-treated CD4+ cells (Fig. 5e–i and
Supplementary Fig. S5a–d). In addition, expression of the lineage-
specific transcription factors FOXP3 (Treg), T-BET (Th1), RORc
(Th17) and GATA3 (Th2) demonstrated comparable switch trends
in all the groups with hAESCs co-culture (Fig. 5i), correlating to the
results of immunophenotype shifts. Taken together, these data
indicated that hAESCs mediated CD4+ subset polarization by
cytokine secretion but were independent of cell contact.
Thereby, our study further focused on the potential roles of

critical soluble cytokines in hAESCs regulation. In the transwell co-
culture system, the administration of the TGFβ neutralizing
antibody abolished the effect of hAESCs on Treg up-regulation
but did not affect the regulation of Th1 and Th17 subsets (Fig. 5j–l

Fig. 2 hAESCs inhibit the development of aGVHD in humanized mouse model. a Illustration of the experimental design. The human PBMCs
(2 × 107 cells/mouse) and hAESCs (2 × 106 cells/mouse) were injected via caudal vein; the mice injected with PBS were used as controls. b Two
weeks after human PBMCs transplantation, the engraftment rate of each group was determined by detection of huCD45 and huCD3 immune
cells. c Representative images of disease phenotype in each group on day 21 after human PBMCs transplantation. d The body weight change
of each group was recorded every other day (n= 10). e The aGVHD clinical scores of each group were recorded every other day (n= 10). f The
survival rates of each group were recorded every day (n= 10). Data are presented as the mean ± SEM, ns no significance; ***P < 0.001;
****P < 0.0001.
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and Supplementary Fig. S5e–g). On the other hand, the
prostaglandin E2 (PGE2) inhibitor, indomethacin, disabled the
suppression of both Th1 and Th17 subsets by hAESCs, but had no
effect on hAESCs-induced Treg elevation (Fig. 5j–l and Supple-
mentary Fig. S5e–g). Indeed, high PGE2 concentration was
detected in the hAESCs culture medium, particularly after being
co-cultured with CD4+ PBMCs, compared with PBMC controls
(Fig. 5m). However, 1-MT, an inhibitor of IDO, another potential
cytokine candidate, had little effect on the regulation of hAESCs in
CD4+ subset polarization (Fig. 5j–l and Supplementary Fig. S5e–g).
Therefore, hAESCs regulated CD4+ subset polarization in a
paracrine mode, in which TGFβ and PGE2 were selectively
secreted to mediate Treg elevation and Th1/Th17 inhibition,
respectively.
To investigate the impact of hAESCs on the transcriptome of

CD4+ T cells, we conducted high-throughput RNA sequencing
analysis on CD4+ T cells following coculture of hAESCs. Transcrip-
tome analysis revealed the upregulation of 721 genes, notably
including anti-inflammatory genes (FCGBP, GPNMB, GBP1, CISH), in

the hAESCs-cocultured group compared to the control group.
Conversely, 1220 genes exhibited downregulation in the hAESCs-
cocultured group. Among them, SOCS3, IGHG2, DEFA3, and CXCR4
(Supplementary Fig. S6a), recognized for their potential to promote
inflammation, contributes to pro-inflammatory responses. Through
KEGG analysis, these downregulated genes were enriched in the
pathway of PI3K-Akt signaling pathway, TNF signaling pathway, and
MAPK signaling pathway, as well as Hippo signaling pathway, Wnt
signaling pathway, and calcium signaling pathway, which were
reported to induce Th1 and Th17 polarization (Supplementary
Fig. S6b) [47–53].

hAESCs infusion does not impair the GVL effect
Furthermore, to determine whether hAESCs impair the GVL effect
in inhibition of aGVHD, leukemia cell lines were employed in co-
culture with hAESCs. Flow cytometry of Annexin V/PI indicated
that hAESCs did not facilitate the cell growth of the leukemia cells
but propelled their apoptosis slightly (Fig. 6a and Supplementary
Fig. S7a). Next, the effect of hAESCs on GVL was examined in a

Fig. 3 hAESCs ameliorate the pathological injuries of aGVHD. a H&E staining of the major aGVHD target organs, including the liver, intestine,
lung, and kidney from eachmouse group. The mice were sacrificed on day 12 after human PBMCs transplantation. b The pathological score of the
major aGVHD target organs from each mouse group (n= 5). c Immunohistochemistry detection of infiltrated donor cells in sections of target
organs from each group with huCD3 staining. The mice were sacrificed on day 12 after human PBMCs transplantation. dMasson staining of lung
sections from each group. Themice were sacrificed on day 12 after human PBMCs transplantation. e hAESCs were labeled with EGFP via lentivirus
infection for 48 h. The EGFP expression (bottom) and light field (upper) of hAESCs are shown. f Localization of hAESCs in the main organs when
transplanted with or without PBMCs. Mice were sacrificed on day 5 after hAESCs injection and the EGFP expression was detected by RT-PCR. Data
are presented as the mean ± SEM, ns no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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leukemia mouse model, which was established by transplanting
EGFP-labeled leukemia cells into the NCG mice (Supplementary
Fig. S7b). PBMCs infusion in the leukemia mice mitigated the body
weight loss, prolonged the survival of mice, and ameliorated
local pathological lesions in the liver and spleen, indicating the
GVL effect, while co-transplantation of hAESCs with PBMCs

demonstrated similar GVL phenotypes in the leukemia mice
(Fig. 6b–d). Moreover, comparable cellular growth inhibition of
leukemia cells in vivo was detected in the GVL group and the GVL
+hAESCs group (Fig. 6e–g and Supplementary Fig. S7c), corre-
sponding to the in vitro results (Fig. 6a). All the data above
suggested that hAESCs infusion did not disturb the GVL effect.

Fig. 4 hAESCs modulate cytokines production and CD4+ subsets polarization in mouse aGVHD model. a–g On day 10 after human PBMCs
transplantation, the peripheral blood was collected for cytokine concentration evaluation by ELISA. h–n Two weeks after human PBMCs
transplantation, the mice were sacrificed and spleens were harvested for CD4+ subset analysis. The activation marker, HLA-DR, in CD4+

lymphocytes (h, i), Th1 (CD4+IFNγ+) in CD4+ lymphocytes (j), Th17 (CD4+IL17+) in CD4+ lymphocytes (k), Th2 (CD4+IL4+) in CD4+

lymphocytes (l) and Treg (CD4+CD25hiFOXP3+) in CD4+ lymphocytes (m, n) of each group were detected by flow cytometry. Data are
presented as the mean ± SEM, ns no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Clinical outcomes of hAESCs treatment for aGVHD in HRD-HSCT
patients
The detailed features and clinical outcomes of hAESCs treatment
for HRD-HSCT patients at high risk of aGVHD are summarized in
Table 1. The median follow-up duration for survivors was 6
months. All 10 patients achieved primary engraftment of HSC,

white blood cells, and platelets. Eight patients achieved hAESCs
engraftment, while no detection was found in the other 2 patients.
Among the 10 patients, 3 developed grade I, 2 developed grade II,
and 1 developed grade III aGVHD, which was controlled by
systemic steroids and/or anti-CD25 antibodies. Interestingly,
among the 8 patients who achieved hAESCs engraftment, only 1

Fig. 5 hAESCs regulate CD4+ subsets polarization by secreting TGFβ and PGE2 independent of cell contact. a, b hAESCs, with or without
LPS (5 μg/mL) pretreatment for 1 h, were co-cultured with human PBMCs (hAESCs:PBMC= 1:10). After 5 days, the PBMCs were collected and
the Treg in CD4+ cells were analyzed by flow cytometry (a) and the relative mRNA level of FOXP3, the key transcription factor of Treg, was
determined by real-time RT-PCR (b). c The relative mRNA level of TNFα, IFNγ and IL10 in human PBMCs or PBMCs co-cultured with hAESCs
were determined by real-time RT-PCR. d Human CD4+ T cells were isolated from human PBMCs by magnetic cell sorting (MACS) and treated
with IFNγ (500 U) or LPS (5 μg/mL) before co-culturing with hAESCs (hAESCs:CD4+ PBMC= 1:10). After 5 days, Treg cells in the CD4+ cells were
analyzed by flow cytometry. Human CD4+ cells were isolated from human PBMCs by MACS and co-cultured with hAESCs (hAESCs:CD4+

PBMC= 1:10) in contact, separated by transwell or treated with hAESCs conditional medium. After 5 days, the CD4+ cells were collected and
the Treg (e), Th1 (f), Th17 (g) and Th2 (h) in CD4+ cells were analyzed by flow cytometry and the relative mRNA level of corresponding lineage-
specific transcription factors Foxp3, T-BET, RORc and GATA3 were determined by real-time RT-PCR, respectively (i). j–l Human PBMCs were co-
cultured with hAESCs (hAESCs:PBMC= 1:10) with the TGFβ neutralizing antibody, an IDO inhibitor (1-MT), and a PGE2 inhibitor
(indomethacin), respectively. Five days later, the percentages of Treg (j), Th1 (k), and Th17 (l) were analyzed by flow cytometry. m The culture
media of hAESCs, PBMCs or hAESCs-PBMCs were collected for PGE2 analysis by ELISA.
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developed grade II aGVHD. However, the 2 patients who failed to
achieve hAESCs engraftment suffered from grade III and II aGVHD,
respectively. No patient relapsed and died from NRM within day
+100 post-HSCT. There were no toxicities or AEs attributable to
hAESCs infusion. Concerning the viral reactivation, 5 patients (4/8
with hAESCs engraftment, 1/2 without hAESCs engraftment)
experienced cytomegalovirus (CMV) reactivation, while only 1
patient (0/8 with hAESCs engraftment, 1/2 without hAESCs
engraftment) had asymptomatic EBV reactivation. The outcomes
of aGVHD and viral reactivation are summarized in Table 2.
Considering the significant morbidity and mortality associated

with CMV reactivation, the observation of CMV reactivation
occurring in 4 out of the patients with hAESCs engraftment
compared to 1 out of 2 without hAESCs engraftment is
noteworthy. In the context of viral immunology, T cell-mediated
immunity is essential for controlling CMV reactivation in patients
undergoing allo-HSCT. Specially, CMV-specific CD8+ T cells play a
crucial role in clearing systemic CMV infection and establishing
lifelong immune protection against reactivation in animal CMV
infection models [54]. As depicted in Supplementary Fig. S8, we

demonstrated that hAESCs did not impact the proportion of CD8+

T cells and did not impair the cytotoxic effect of CD8+ T cells,
which may explain the observed equal percentages of CMV
reactivation with or without hAESCs engraftment. Therefore, it is
likely that hAESCs did not exacerbate viral reactivation, further
evidenced by the absence of EBV reactivation.

Reconstitution of immune cell subsets in HRD-HSCT patients with
hAESCs engraftment
Immunologic T-cell reconstitution was evaluated at days +14,
+30, and +90 in patients with hAESCs engraftment. The numbers
of NK cells (Fig. 7a), CD3+ T cells (Fig. 7b), CD8+ T cells (Fig. 7d),
NKT cells (Fig. 7e), and monocytes (Fig. 7f) recovered to donors’
levels by day 90 or earlier post transplantation and the numbers of
CD4+ T cells (Fig. 7c) also recovered to some extent by day 90.
Compared with the donor group, decrease of Th1 proportion of
CD4+ T cells was detected at day 30 post transplantation (Fig. 7g)
and Treg subset of CD4+ T cells increased at day 14 post
transplantation (Fig. 7i), while no significant change was observed
in the Th17 subset (Fig. 7h). The higher expression of Ki67 (Fig. 7j)

Fig. 6 hAESCs infusion does not impair the GVL effect. a hAESCs were co-cultured with HL60, U937, Kasumi or Nalm6 cell lines for 48 h. The
leukemia cell lines were collected for flow cytometry detection of Annexin V/PI. b–g EGFP-labeled leukemia cells (5 × 106/mouse) alone or with
PBMCs (1.5 × 107/mouse) were transplanted into NCG mice, set as Leukemia group and Leukemia+PBMC (GVL) group. In another group of
mice, hAESCs (2 × 106/mouse) were injected at the time of leukemia and PBMC co-transplantation, set as Leukemia+ PBMC (GVL)+ hAESCs
group. Mice injected with PBS were used as control group. The body weights of each group were recorded every other day (n= 10) (b). The
survival rates of each group were recorded every day (n= 10) (c). The disease phenotype and the representative images of spleens and livers
3 week after cell transplantation are shown. Note that hAESCs infusion ameliorates the pathological lesion in spleens and livers (d). The
percentage of EGFP-labeled leukemia cells in the peripheral blood of the mice on day 14 after cell transplantation (e). The EGFP-labeled
leukemia cells in livers of the mice on day 7 after cell transplantation are shown in representative images of liver sections (f) with cell number
quantification (g). Nuclei were stained with DAPI (blue); scale bar= 50 μm. Data are presented as the mean ± SEM, ns no significance; *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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but lower expression of BCL-2 (Fig. 7k) in Treg cells of the patients
than donors’ Treg cells indicated that there was rapid proliferation
of Treg cells but with reduced anti-apoptosis ability after hAESCs
infusion. Additionally, the proportion of HLA-DR+ CD45RA- Treg
subset was enhanced (Fig. 7l) and the expression of HELIO in Treg
cells was comparable to those of donors’ (Fig. 7m), suggesting the
expanded Treg subset was mainly derived from the peripheral
blood. Together, the effect of hAESCs on T cell subsets polarization
in patient is mostly consistent with the observation in mouse
GVHD model.

Immunocytokine production in HRD-HSCT patients with or
without hAESCs engraftment
To explore the potential role of hAESCs in immunocytokine
production in post-HSCT aGVHD, patient plasma samples were
collected at day +7 and the concentrations of a series of cytokines
were measured. Compared to the patients without hAESCs
engraftment, the level of proinflammatory cytokines including
IFNγ, CD40L, IL3, IL 33, and IL17 exhibited a decreased trend in
patients with hAESCs engraftment and a lower trend in hAESCs-
engrafted patients without aGVHD (Fig. 8a–e). On the other hand,
a slightly increased trend of anti-inflammatory cytokines including
TGFβ, IL4, IL13, and IL1ra in patients with hAESCs engraftment
were observed, compared to those in the patients without hAESCs
engraftment (Fig. 8f–i).

DISCUSSION
The amniotic membrane has been used as surgical dressing to
promote injury repairing for more than 100 years. Afterwards, the
low immunogenicity of hAESCs was uncovered and recently
further confirmed in our non-serum isolation/culture system,
indicating potential immune tolerance after transplantation.
Coupled with the high engraftment ratio of hAESCs in patients
(8 out of 10), it also indicates that hAESCs transplantation could be
accessible in most patients without the concerns of HLA matching
and immune disorder. On the other hand, a preclinical safety
evaluation in our previous study, following the form of drug safety
evaluations, exhibited that hAESCs administration led to neither
hemolytic, allergy, toxicity issues, nor tumorigenicity (tumor
generation and tumor promotion) [35]. More significantly, multiple
high-dose of cGMP-grade hAESCs was successfully transplanted in
all the patients without any infusion reactions and did not cause
direct toxicity and other AEs within long-term observation in the
present study. In addition, hAESCs are readily isolated in large
quantities from placentae, which are in the category of newborn
postpartum waste. Therefore, the safety and ethical concerns of
our cGMP-grade hAESCs could be negligible for GVHD therapy in
clinic.
Aiming clinical application, the therapeutic effect of the human-

derived hAESCs therapy product was evaluated in a humanized
GVHD mouse model and post-HSCT patients. GVHD arises from
the incompatibility between donor immune cells and recipient
antigens. The activated immune response leads to the secretion of
pro-inflammatory cytokines, the so-called “cytokine storm”, and
donor T cells expansion, followed by organ damage by infiltrated
T cells. In the present study, hAESCs infusion did not affect the
PBMC engraftment rate in aGVHD mice but ameliorated the
disease progression. More importantly, the hAESCs delivery post-
HSCT did not disrupt the T cell and other immune cell
reconstitution and demonstrated potential improvement of GVHD
in our clinical trial. Thus, these results suggest that hAESCs

Table 2. The outcomes of aGVHD and viral reactivation in HRD-HSCT
patients receiving hAESCs treatment.

hAESCs engrafted (8) hAESCs non-engrafted (2)

aGVHD (II-IV) 1 (12.5%) 2 (100%)

EBV reactivation 0 (0%) 1 (50%)

CMV reactivation 4 (50%) 1 (50%)

Fig. 7 Reconstitution of immune cell subsets in HRD-HSCT patients with hAESCs engraftment. On day 14, 30, and 90 after HSCT, the
peripheral blood samples were collected from patients with hAESCs engraftment, and the counts of NK cells (a), CD3+ T cells (b), CD4+ T cells
(c), CD8+ T cells (d), NKT cells (e) and monocytes (f) or percentages of Th1 (g), Th17 (h) and Treg (i–m) subsets in CD4+ cells were analyzed by
flow cytometry. Data are presented as the mean ± SEM, ns no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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mitigate GVHD but not at the expense of impairing immune
reconstitution. Large-scale clinical trials will be valuable to further
determine the details of the therapeutic effect of hAESCs on GVHD
and GVL in correlated patients.
Our results from both preclinical and clinical studies demon-

strate that hAESCs infusion directly mediated the polarization of
donor CD4+ T cells during aGVHD. Intriguingly, this modulation of
hAESCs resulted in a decrease of Th1 and Th17 cells, the major T
cell subsets responsible for amplification of the “cytokine storm”;
correspondingly, the inhibition of pro-inflammatory cytokines was
observed. By contrast, hAESCs enhanced Treg cells, the key
modulators of immune tolerance in suppressing aGVHD. This
correlated to increased levels of TGFβ and IL10, which, in turn,
further facilitated the expansion of Treg cells. Moreover, hAESCs
also restrained the aggravated injury in endothelium, the interface
between donor T cells and GVHD target organs, as well as
consequent pathological damages. Thus, hAESCs infusion has a
protective effect on both the first and second stages of GVHD
pathogenesis. Of note, we observed that the therapeutic effect of
the prevention group was better than the treatment group in
mouse GVHD model. Accordingly, we employed the hAESCs
administration strategy in advance and at the early stage of HSCT
in the clinical trial and observed the potential therapeutic effect of
hAESCs on post-HSCT GVHD. Therefore, hAESCs in the prevention
strategy may establish an immune rectifying microenvironment
that reconstructs immune cell compartments to better minimize
the GVHD disorder. To our knowledge, this is the first demonstra-
tion of the hAESCs therapy against GVHD.
Regarding the cellular mechanism against GVHD, hAESCs work

via non-contact secretion of TGFβ and PGE2, along with other
anti-inflammatory cytokines. This mechanism is distinct from the
IFNγ-induced IDO up-regulation or TLR induction observed with
MSCs, as reported in existing literature [50]. In terms of signaling
pathway mechanism, MSCs inhibit the NF-κB and MAPK signaling
pathways to suppress Th1 and Th17 activation and Treg induction
[50, 55]. On contrast, in our study, transcriptome analysis revealed
different regulation under the influence of hAESCs. CD4+ T cells
favored shifting polarization from Th1 and Th17 activation to Treg
induction likely through the downregulation of the PI3K-Akt, TNF
and MAPK signaling pathway as well as Hippo, Wnt, and Calcium
signaling pathway. Localization of hAESCs in mice revealed that
they could inhabit the major GVHD target organs regardless of the
presence of immune cells, while MSCs require pro-inflammatory
“licensing” for therapeutic effect [56]. Therefore, in contrast to

MSCs, hAESCs maintain a robust survival capability and steady
immune modulatory effect in the GVHD environment.
In summary, infusion of cGMP-grade hAESCs can efficiently

improve GVHD by repolarizing CD4+ T cells while preserving the
GVL effect by inhibiting leukemia cell growth. Importantly, the
transplanted hAESCs product does not induce safety issues and
affect immune system reconstitution in recipients. hAESCs work to
normalize, rather than repress, the immune system in GVHD
patients. This notion is supported by the preserved GVL effect and
absence of exacerbated viral reactivation in HSCT patients.
Therefore, hAESCs infusion could be a promising therapeutic
strategy for post-HSCT GVHD and may apply to treatment for
other GVHD diseases.
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