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Abstract

Asherman syndrome (AS) has an adverse effect on reproductive health and fertility by affecting endometrial regeneration.
Stem cell-based therapies hold promise for future use in activating non-functional endometrium and reconstructing the
endometrium in vivo. It has been postulated that various endometrial stem cells (EnSCs) are responsible for endometrial
regeneration. Numerous studies have focused on bone marrow-derived stem cells (BMDSCs), which may provide new ideas
for repairing endometrial lesions and reconstructing the endometrium. Other sources of stem cells, such as menstrual blood,
umbilical cord, and amniotic membrane, have also attracted much attention as candidates for transplantation in AS. This
review discusses the features and specific biomarkers among four types of resident endometrial stem cells, applications of four
different sources of exogenous stem cells in AS, and development of stem cell therapy using biomaterials and exosomes.
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Introduction of Asherman Syndrome

Asherman syndrome (AS), a severe intrauterine adhesion
(IUA), is the complete obliteration of the endometrium with
fibrous tissue' that often occurs after various gynecological
surgeries or pregnancy complications, as a result of damage
to the endometrium?.

The incidence of AS and IUA among women ranges
between 2% and 22%, and its rate is influenced by the num-
ber of abortions performed, the incidence of genital tubercu-
losis, and the criteria used to detect [UA®™.

Patients with mild I[UA may present with menstrual
abnormalities, including irregular bleeding, hypomenorrhea,
or amenorrhea. Severe adhesion can lead to infertility, mis-
carriage, and poor implantation®®. The remaining endome-
trium becomes atrophic because of poor uterine perfusion’.
The gold standard for diagnosis and treatment is
hysteroscopy”.

Certain adjunctive therapies after surgery, such as
intrauterine contraceptive devices, anti-adhesive barriers,
low-dose aspirin, and periodic hormone treatments have
also been applied for preventing the reformation of adhe-
sion and for restoring the normal endometrium’. Besides,
an integrated approach combining various mentioned
measures was proposed to restore the endometrium and

achieve better fertility outcomes®. However, none of these
therapies have proven clinical effectiveness and satisfac-
tory pregnancy outcomes’. In order to prevent recurrence
and prompt tissue regeneration, it is necessary to uncover
the underlying pathology and molecular mechanisms of
AS and investigate more effective and precise treatments.
IUA therapy is thought to inhibit adhesion formation, pro-
mote endometrial regeneration, and improve pregnancy
outcomes. Studies have revealed that severe injury to the
basal layer of the endometrium leads to a decrease in the
number of resident endometrial stem/progenitor cells'® 2.
Therefore, most studies have focused on stem cell-based
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Table |I. Resources and Features of Stem Cells which Contribute to Endometrium Regeneration.

Cell types  Major resources Cell marker Properties
eMsSC?® Endometrium CD146; Easy to collect and separate. Multipotent, highly proliferative and
PDGF-RB(CD 140b); SUSD2(W5C5); self-renewing. Weak immunogenicity
NTPDase2
EpC?’ Endometrium SSEA-1(CD15); SOX9; Highly proliferative. Responsible for monthly endometrial
N-carherin glandular regeneration
ESP3° Endometrium ABCG2 Able to efflux the Hoechst dye. Mixed population including
endometrial endothelial, epithelial, and stromal cells. Abundant
in proliferative and menstrual stages. High efficiency to
regenerate endometrial with EMP
ERC?! Endometrium OCT4; SSEA; Nanog; CXCR4 Highly proliferative and multipotent. Shed every menstrual cycle
BMDSC®?  Bone Marrow  CD73; CD90; CD105; CD133; ANp63 Low quantity in bone marrow. Declined differentiation potency
with age. Aggressive collection routine
UC-MSC*  Umbilical Cord  C105; CD73; CD90 Highly proliferative. Easy and painless collection method. Low
immunogenicity
MenSC?**  Menstrual Blood CD9; CD29; CD44; CD73; CD90; Non-invasive isolation. Abundant source material. Classical stem
CD105; OCT-4; CD166; MHC I; cell features
CXCR4
HAMSC?*®  Amniotic CD90; CD105; CD59; CD44 Great proliferative. Easy to obtain.

eMSC, endometrial mesenchymal stem cell; EPC, epithelial progenitor cell; ESP, endometrial side populations; ERC, endometrial regenerative cells; BMDSC,
Bone marrow-derived stem cell; UC-MSC, Umbilical cord-derived mesenchymal stem cell; menSC, menstrual blood-derived stem cell; HAMSC, human

amnion-derived mesenchymal stem cell.

therapy to treat damaged endometrium and restore
fertility.

Stem Cell-Related Pathogenesis of AS

The underlying pathology of AS remains largely unknown.
From a histological point of view, biopsies of AS patients
show decreased densities of epithelia and glands and
replacement of stroma by fibrous tissue in both endometrial
and myometrial layers. The epithelium becomes non-
responsive to hormonal stimulation, leading to the absence
of functional endometrium®'?.

Continuous menstrual cycles through the female repro-
ductive life suggest remarkable regenerative capacity of the
human endometrium, which may be associated with stem/
progenitor cells residing in the endometrium. Current evi-
dence suggests that resident endometrial stem/progenitor
cells may be damaged because of deep trauma involving the
basalis and myometrium. Insufficient resident stem cells
with limited capacity finally lead to the failure of functiona-
lis regeneration®'*!>. On one hand, potential vascular occlu-
sion after various forms of damage may prevent the
replenishment of hematopoietic stem cells and tissue
repair-related molecules from the bone marrow (BM) via the
circulatory system and further result in dysfunctional stem
cell niches, which are located perivascularly in the stroma, as
the communication between the niches and stem cells is
regulated by paracrine factors and cellular signaling path-
ways'®. On the other hand, the downregulation of vascular
endothelial growth factor (VEGF) in patients with AS
impairs angiogenesis, which also requires the participation
of endothelial progenitor cells released from the bone
marrowl 1,17,18.

Reconstructing Endometrium by Activating
Endometrial Stem/Progenitor Cells

It has been widely demonstrated that human endometrium
has both endogenous and exogenous sources of stem cells,
which are indispensable to its remarkable regeneration capa-
bility'®. The endogenous stem/progenitor cells are derived
from the tissue-resident reserve and are crucial in restoring
the uterine cavity and recovering endometrial function. Chan
et al. isolated endometrial stem cells from endometrial tissue
in 2004%°. Subsequently, numerous studies have been carried
out on the identification and application of EnSCs''!-*,
The EnSCs include several types of cells, such as the endo-
metrial mesenchymal stem cells (eMSCs), epithelial pro-
genitor cells (EPCs), endometrial side populations (ESPs),
and endometrial regenerative cells (ERCs), that are respon-
sible for endometrial regeneration (Table 1). These cells can
be identified by their functional attributes, such as clono-
genicity, long-term culturing capability, multi-lineage dif-
ferentiation potential, expression of stem cell markers, and
most accurately, by verifying their capacity for in vivo endo-
metrium reconstruction in xenograft animal models® >’
Great efforts have been made to investigate specific surface
markers of these EnSCs for the purpose of isolation and
targeting certain cells as cell-based therapies.

Endometrial Mesenchymal Stem Cells (eMSCs)

The eMSCs in the endometrium were detected by the co-
expression of CD146 and platelet-derived growth factor
receptor B (PDGF-RP), called CD140b in 2007°%. Located
on the outer layer of small vessels in both the functionalis
and basalis, the eMSCs act as perivascular cells or pericytes
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that promote endometrial regeneration, maturation, and
hemostasis®®*’. Human endometrial CD1467CD140" cells
have gene profiles similar to those of menstrual blood-
derived MSC-like cells®® and other types of MSCs®’ in
immunomodulatory potential and low immunogenicity.

Another significant cell surface marker, sushi domain
containing-2 (SUSD?2), also known as W5CS, can aid in
detecting clonogenic MSCs from the endometrium®=°. In
vivo endometrium reconstruction shows that human endo-
metrial stromal cells are primarily composed of stromal
fibroblasts and blood vessels, both of which are derived from
W5C5" cells***74°. The W5C5™ cells may also act as a
stem cell niche for endometrial progenitor cells**. In accor-
dance with clonogenicity, higher colony forming units
(CFUs) could be observed in magnetic bead-selected
WS5C5* cells, rather than in flow cytometry-sorted W5SC5+
cells®.

Recently, Trapero et al. identified NTPDase2 as a marker
of the endometrial stromal basal layer, which is expressed by
the SUSD2+ endometrial MSC, rendering it useful in
improving the isolation of MSCs needed for regenerative
medicine therapies®'.

Epithelial Progenitor Cells (EPCs)

EPCs are observed in the basalis in the human endometrium
and are not normally shed during menstruation®***. They are
characterized as large, single-cell-derived epithelial CFUs
with high proliferative potential, and can be differentiated
into large gland-like structures in a three-dimensional (3D)
cell culture®’. The 3D cultures contain abundant EPC niche
factors in the stromal feeder layer, which can promote dif-
ferentiation and morphogenesis.

Previous studies suggest that stage-specific embryonic
antigen 17 (SSEA-1 or CD15) and nuclear SOX9™ epithe-
lial cells are capable of generating gland-like structures in
vitro***3. SSEA-1 expression is the strongest in the gland-
ular epithelium of endometrial tissue in menstruating and
postmenopausal women. In comparison to SSEA-1"
epithelial cells, SSEA-1" cells show greater telomerase
activity with longer telomeres and lower proliferation
rates, which are the properties of progenitor cells**. It is
hypothesized that the human endometrium may contain
multiple epithelial progenitor cell pools. The basalis is
SSEA-1T"SOX9""LGR5™, which provides a cellular
basis for massive regeneration of the functional layer after
menstruation or childbirth. Another cell with a different
phenotype known as LGR5""SSEA-1"SOX9", may
facilitate embryo implantation and replenish the luminal
epithelial cells that are likely to be shed every day*®.

Recently, it has been shown that N-cadherin serves as a
specific EPC marker. The EPCs associated with N-cadherin
can differentiate into large gland-like structures with
cytokeratin™ epithelial lumen in vitro®. N-cadherin™ EPCs
are located on the endometrial gland bases at the endome-
trial/myometrial interface?®. After analyzing the spatial

relationship of N-cadherin™ EPC and SSEA-1" EPC, obvi-
ous epithelial differentiation can be observed among the
epithelia in the endometrial glands® (Fig. 1).

Endometrial Side Population (ESP)

The ESP has been studied thoroughly in vitro and in vivo,
and has the most references among all endometrial stem/
progenitor cell candidates®. It was identified using dual-
color flow cytometry with the efflux DNA-binding dye,
Hoechst 33342%”. The ESP accounts for 1.68% to 2.7% of
the epithelial part and 0.4% to 3.1% of the stromal part***’
and higher percentages are observed in proliferative and
menstrual stages*®*?. Most of the freshly isolated human
ESP cells are in the GO phase of the cell cycle and show
little clonogenic growth and intermediate levels of telomer-
ase; on the contrary, cultured ESPs are in G1 and G1/M/S
phases and show raised clonogenicity*”**. In a study by
Masuda, immunostaining with the ESP marker ABCG2
revealed their co-localization with CD31 in the capillaries
and small vessel walls in both the functionalis and basalis,
further confirming their endothelial phenotypes®*. However,
human ESP is a mixed population, consisting mainly of
endothelial cells(CD317", 51%), as well as epithelial
(CD326™, 27%) and stromal SP cells(CD10" or CD140b ™,
10-14%)°.

The ESP cells have a high clonogenic activity with a
phenotype similar to that of the MSCs. Interestingly, there
are four different types of tissue that may differentiate in
vivo with different dominant structures or cell components,
including glandular, vascular endothelial, migrating
endothelial, and stromal type***>*°. However, the efficiency
of endometrium reconstruction remains fairly low due to the
lack of a niche, which may be provided by the endometrium
main population (EMP, unable to excrete Hoechst, signifi-
cantly fewer CD31" endothelial cells than ESP). Even
though EMP alone is incapable of differentiation into the
endometrium tissue, the coculture of EMP and ESP shows
a high rate of success with a mimicked uterine microenvir-
onment®*?*3°_ Another experiment using a xenograft mouse
model also suggested that human SP is a heterogeneous
population with the optimum ability to regenerate
endometrial-like tissue. In contrast, in the absence of
niche-like cells, SUSD2" and ICAM17 cells alone have the
lowest functional regeneration capacity™’.

Endometrial Regenerative Cells (ERCs)

The ERCs refer to multipotent MSCs and stromal fibroblasts
isolated from menstrual blood, with high proliferative poten-
tial*!. The ERCs are localized in the functional layer and
basalis layer around the vasculature and are shed every men-
strual cycle, providing an alternative source in a non-
invasive manner for research in regenerative medicine’'.
Cultured ERCs express telomerase reverse transcriptase and
the markers of embryonic stem cells (Oct4*", SSEA™,
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Nanog™, CXCR4") but not specific BM MSC marker,
STRO-1°". The ERCs have a wide differentiation potential
for producing all mesodermal lineages, including skeletal,
cardiomyocytes, and neural lineages>>>*. When transplanted
into immunocompetent mice, ERCs have low immunogeni-
city and may have immunomodulatory properties®®. With
such a high proliferation rate, stable genetic characteristics,
and remarkable pluripotency, these new type of stem cells
may exhibit therapeutic properties beyond expectation®*.

Activated EnSCs in AS Cases

The presence of stem cells in the human endometrium
implies that these cells may be activated in the presence of
dysfunctional or atrophic endometrium. Indeed, cytokines
essential for endometrial proliferation and angiogenesis,
including VEGF and basic fibroblast growth factor (bFGF),
were proven to be effective when injected or delivered by
collagen scaffold or other biomaterials in AS patients and
prompted tissue regeneration before the application of stem
cell-based therapy>*>. Concurrent curette may also activate
resting adult stem cells and initiate cellular renewal, fulfill-
ing their role in recovering tissue homeostasis by releasing
tissue repair-related cytokines, thereby generating a thicker
endometrium that gives rise to prompted rates of pregnancy
and live birth in patients undergoing IVF>%>’,

The human endometrium is the only source of tissue-
derived MSCs that can be separated with minimal invasive-
ness without the need for anesthetics. EnSC-specific markers
facilitate the isolation and purification of MSCs using mag-
netic bead or flow cytometry sorting, and provide insights
for further identification and application in cell-based thera-
pies. It is expected that future studies will clarify the rela-
tionship between these stem cells in the endometrial stem/
progenitor cell hierarchy in detail.

Reconstructing Endometrium by
Replenishing Exogenous Cells and Organs

Until now, the most promising treatment for AS has been
stem cell transplantation. There have been many reports
about the therapeutic effects of MSC transplantation to AS
in animals and humans. The MSCs extracted from the adi-
pose tissue, bone marrow, placenta, and umbilical cords are
characterized by their non-immunogenic, angiogenic, antifi-
brotic, antiapoptotic, and anti-inflammatory properties
(Table 1). Various paracrine signaling molecules, including
cytokines, chemokines, and growth factors secreted from
MSCs, are required for tissue repair®>’.

Bone Marrow-Derived Stem Cells (BMDSCs)

Adult BM is a reservoir for several types of stem cells,
including hematopoietic stem cells, MSCs, and progenitor
cells. Numerous studies on humans and mice have shown
that a small number of BMDSCs are integrated into the

endometrium and transdifferentiate into epithelial, stromal,
and endothelial cells, remodeling the endometrium.

The MSCs are defined by their plastic adherence, clono-
genicity, and multilineage differentiation into mesodermal
lineages in vitro. They can be distinguished from hemato-
poietic stem cells by their surface phenotypes (CD73,
CD90", CD105", CD34", CD45", and HLA-DR")*’.

Donor-derived endometrial epithelial cells and stromal
cells were detected in endometrial sample of a patient with
leukemia who had received bone marrow from a single-HLA
antigen mismatched donor for the first time in 2004%°, sug-
gesting that BMDSCs are responsible for endometrial injury
repair and tissue regeneration'’. Subsequently, this phenom-
enon was observed in a mouse allogeneic transplantation
model, showing that BMDSCs can be implanted in the uterus
and positioned in the endometrium when transplanted
through the tail vein or intrauterine injection?.

Numerous animal studies have focused on the underlying
therapeutic effects of BMDSCs in AS. It has been demon-
strated that BMDSCs can be recruited to the endometrium in
response to damage, and pregnancy rates of AS mice
increase substantially after BMDSC transplant, compared
to the control group'®. Another study suggested that
BMDSCs might play a crucial role in the reconstruction of
damaged endometrium and have great potential for improv-
ing endometrial receptivity, which may be due to the expres-
sion of endometrial receptivity marker, leukemia inhibitory
factor (LIF). The implantation and conception rates of AS
rats treated with BMDSCs were equivalent to those of rats
with normal uteruses®'.

CD133 is considered a marker of immature hematopoietic
and progenitor cells with high proliferative potential and
circulating cells with endothelial regenerative capacity.
After being injected into an immunodeficient AS mouse
model, human CD133%" BMDSCs were found primarily
implanted around stem cell niche, located at the blood ves-
sels of wounded endometrium. Both direct injection into the
uterus and tail vein injection are proven to be effective when
comparing Ki-67 expression with the non-treated group, sug-
gesting that CD133" BMDSCs induce the proliferation of
peripheral cells via paracrine molecules, such as thrombos-
pondin 1 and insulin-like growth factor 1, which activate
mitosis in surrounding cells, thereby initiating regeneration
of the endometrium®. The VEGF gene transfected BMDSC
transplantation is supposed to promote the regeneration of
endometrium and improve the endometrial receptivity. The
combination revealed a better therapeutic effect than
BMDSC treatment alone®’. BMDSCs show greater ability
to migrate to the uterus by systemic injections than EnSCs,
resulting in a higher proportion of in situ donor cells®*.

Clinical studies showed a significant increase in endome-
trial thickness (ET) and enhanced pregnancy rates after
BMDSC treatment in infertile AS patients. Autologous stem
cells were selected as an alternative treatment in a woman
with severe AS in 2011, after failure of an intrauterine con-
traceptive device (IUCD) and cyclical hormonal therapy.



Gao et al

susDz2*
MSC

Pericyte
CD140b*CD146*SP

Endothelial SP

N-cadherin'SSEA-1-
Epithelial Cell
N-cadherin'SSEA-1*
Epithelial Cell
N-cadherin*SSEA-1*
Epithelial Cell
N-cadherin*SSEA-1
Epithelial Cell

Figure |. Localization of human resident endometrial stem/progenitor cells. SUSD2" MSCs are located perivascularly and
CDI140b*CDI146" cells are mostly pericytes in vessels in both basalis and functionalis. ESP cells are also components of blood vessels.
N-cadherin™ epithelial progenitor cells localize to endometrial gland bases in the basalis adjacent to the myometrium. There may be an
epithelial cell hierarchy in the human endometrium. N-cadherin"SSEA- I cells (red) may be the most primitive, which may give rise to
double-positive cells (yellow) located closer to the functionalis, which in turn generates N-cadherin™SSEA- 1 cells (green) lining the glands at
the boundary of the basalis and functionalis. Double-negative cells (blue) comprise the luminal epithelium.

CD9/90/144" BMDSCs were isolated and inserted into the
endometrial cavity after curettage with ultrasound guidance.
When the ET was 8 mm and blood vessels grew well, in vitro
fertilization and embryo transplantation were performed.
This resulted in a positive biochemical pregnancy, and the
subsequent ultrasound examination confirmed the existence
of a fetal sac, a yolk sac, and embryonic heart activity on
ultrasound examination, indicating that BMDSCs were suc-
cessfully applied for the first time in an AS patient®. In
2014, six cases of refractory AS were involved in mono-
nuclear stem cell (MNC)-based treatment. The MNCs were
implanted in the sub-endometrial area and treated with exo-
genous oral estrogen, resulting in endometrial regeneration
reflected by resumption of menstruation in five out of six
cases®®. Later, Santamaria et al.®’ transplanted autologous
CD133" BMDSCs into 11 AS and 5 endometrial atrophies
(ET < 5 mm) via spiral arterioles by catheterization, and
endometrial function recovered two months after cell ther-
apy. All the patients showed prompted uterine cavities, and
three of them became pregnant spontaneously, while another
seven became pregnant after using assisted reproductive
technology. Another clinical trial showed that five patients
with severe AS and secondary infertility received autologous
BM MNC:s supported by collagen scaffolds transplanted to
the endometrium, and satisfactory pregnancy outcomes were

achieved in all these patients. In this study, ANp63 was also
demonstrated as a biomarker of AS, giving rise to endome-
trial quiescence. At the same time, ANp63™ cells showed a
distinct AS stemness alteration. It was concluded that
BMDSCs reverse quiescence and stemness alterations
induced by ANp63 in the endometria of AS patients, even
though further studies are needed to clarify how different
stemness properties change cell fate'>.

The implantation rate of BMDSCs into the endometrium
is 0.2% to 48% for endometrial epithelial cells and 0.3% to
52% for stromal cells, depending on the method of detection
and time after BM transplantation®%®°,

In ischemia-reperfusion injury or inflammation of the
uterus, the recruitment of BMDSCs into the endometrium
is dramatically promoted, independent of the menstrual
cycle, gonadal hormone, or granulocyte-colony stimulat-
ing factor (G-CSF) treatment®®. Moreover, cigarette
smoking is detrimental to the recruitment and differentia-
tion of BMDSCs to the endometrium®. It has been pro-
ven that treatment with CXCL12 leads to increased
migration of BMDSCs to the uterus in AS, which in turn
leads to increased fertility’’. In other words, BMDSCs
participate in both physiological regeneration and patho-
logical repair as well as endometrium reconstruction after

injury.
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The mechanism by which these cells are mobilized and
directed to the endometrium may involve the CXCL12/
CXCR4 signaling pathway. To be more specific, human
endometrial stromal cells secrete the chemokine C-X-C
motif chemokine 12(CXCL12). Its receptor is C-X-C che-
mokine receptor type 4 (CXCR4), which is expressed by BM
cells, and their combination drives BMDSCs to endome-
trium. In response to this injury, endogenous CXCL12
expression is increased, thereby enhancing the recruitment
of BMDSCs’'. In the late proliferative phase, elevated E2
causes increased expression of CXCL12/CXCR4 in the
endometrium and BM, which subsequently prompts the
migration of stem cells to endometrium’2.

The effect of exogenous CXCL12 has been investigated
using a mouse model”®. Mice were treated with recombinant
CXCL12, AMD3100 (CXCR4 antagonist), or both after BM
transplantation and endometrial scratch. Administration of
CXCL12 increased the degree of BMDSC implantation in the
injured uterus, which was significantly blocked by AMD3100.
It was speculated that expansion of CXCL12 directed the stem
cell migration to uterus, inhibited fibrosis formation, enhanced
uterine function, increased litter size, resulted in shorter con-
ception time, and possibly improved fertility in AS mice, even
without complementary BM transplantation. This evidence
indicates that based on the biological effects of CXCL12 on
stem cell mobilization, CXCL12 has therapeutic value in stem
cell-related therapies, which suggests that it can be used as a
substitute or replacement for stem cell transplantation’”.

To date, the regenerative characteristics of transplanted
BMDSCs may be attributable to the following mechanisms:
direct engraftment, transdifferentiation into endometrial
stem/progenitor cells, or cell-to-cell contact and secretion
of related molecules. Although the transdifferentiation of
stem cells into organ-specific cells is believed to be the main
principle of stem cell therapy, the number of BMDSCs
implanted into the endometrium is low in all injury models,
and they do not replace the entire endometrium by clonal
expansion'®®*. In a new 5-fluorouracil (FU)-based non-
gonadotoxic sub-myeloablation mouse BMT model, it was
demonstrated that BMDSCs could migrate to the endome-
trium, but only to stromal compartment. It is worth noting
that only a portion of stromal cells originate from the BM
instead of endothelial or epithelial cells’”. However, in an
irradiated mouse BMT model, no bone marrow-derived
stroma, epithelium, or endothelium was observed in the
endometrium’®. Although BMDSCs have been considered
to be the origin of endometrial stem cells, current data indi-
cate that the possibility of BMDSCs being ancestors is very
low. In addition, only a small number of transdifferentiated
cells (<0.1% of all tested cell types) can be detected in the
damaged organs after transplantation’”, suggesting that
attractions of secreted molecules are the most likely mechan-
ism of recruitment’® (Fig. 2).

Further study of these molecular mechanisms is needed to
investigate the therapeutic effects of stem cell therapy’®"’.
In fact, BMDSCs secrete many nutritional factors, including

chemokines, cytokines, and growth factors, which stimulate
angiogenesis, immune regulation, and stem/progenitor cells,
thereby enhancing the endogenous repair system’®. The ther-
apeutic effects of MSCs may depend on their capacity to
secrete soluble factors that promote several key biological
activities’®’®. Extracellular vesicles and membrane nano-
tubes play an important role in cell-to-cell communication.
As with other mechanisms in stem cell research, such
research can enrich the further development of new strate-
gies and treatments in regenerative medicine’®.

Umbilical Cord-Derived Mesenchymal
Stem Cells (UC-MSCs)

Human umbilical cord mesenchymal stem cells, also known
as WIMSCs, are located in the umbilical cord Wharton’s
jelly and areas around the blood vessels and are widely
applied in regenerative medicine. Compared with BMSCs,
UC-MSCs are highly proliferative with a higher cartilage
differentiation rate’®. Moreover, owing to their advantages,
including easy availability, painless collection method, and
low immunogenicity, UC-MSCs are more suitable candi-
dates for endometrial damage repair®. Finally, quality man-
agement during the standardized acquisition of UC-MSCs is
easy to control. UC-MSCs are capable of moderately dama-
ging human endometrial stromal cells (ESCs) in vitro or in
vivo®'#2 indicating their potential application value in AS
for stem cell-based therapy.

In AS chronic phase, Zhang et al.** injected UC-MSCs
through the tail vein once, twice, or thrice into AS rats and
found that UC-MSC transplantation might repair endome-
trial damage and restore fertility by inhibiting excessive
fibrosis and inflammation, and enhancing endometrial cell
proliferation and vascular remodeling. Some circRNAs,
such as hsa_circRNA_ 0111659, may be involved in the
biological pathways associated with endometrial injury and
repair through various regulatory mechanisms. Additionally,
the association of circRNA-miRNA-mRNA may also partic-
ipate in regulating the repair of endometrial injury®*.

Cao’s group® conducted a phase clinical trial by trans-
planting UC-MSCs and degradable collagen scaffold (CS) as
a carrier into the uterine cavity of patients undergoing adhe-
siolysis. By collecting stem cells, maintaining their viability,
and increasing the contact time with the damaged part of the
endometrium, the proliferation and differentiation ability of
the endometrium was significantly improved. As a result, 10
out of 26 patients successfully became pregnant, and 8 out of
10 patients gave birth without placental complications. This
process involves the downregulation of ANp63, which may
be a contributing element for endometrial regeneration.

Recently, another CS loaded with UC-MSCs was manu-
factured and applied for endometrial regeneration. The CS/
UC-MSC complex accelerated the proliferation of endome-
trial stromal cells and suppressed cell apoptosis in vitro
through paracrine effects. The transplantation of CS/UC-
MSCs can maintain normal endometrium structure, facilitate



Gao et al

C)(C R4

p CXCL12
—-» \)-—» u LR

Bone Marrow Stem Cells trDmai cell

Differentiating to
endometrial component cells »
Secreting VEGF to
promote angiogenesis ’
Mechanism of stem cells Activating proliferation of
homing in the uterus endogenous EnSCs

Uterus with intrauterine adhesion

Therapeutic mechanism of
BMDSC transplantation

Y

Restored Uterus

Figure 2. Therapeutic effects of BMDSC transplantation for AS patients. Stem cells are isolated from bone marrow and then injected
through vein or into injured uterus directly. CXCLI2/CXCR4 signaling pathway is involved in the process of homing of BMDSCs. After
transplantation, stem cells can differentiate to stromal cells, epithelial and endothelial cells. Stem cells also stimulate the angiogenesis and
proliferation of endogenous cells through the secretion of trophic factors.

endometrial regeneration and collagen remodeling, and
upregulate the expression of estrogen receptor alpha and
progesterone receptor. It has been confirmed that the regen-
erated endometrium has an improved capacity to receive
embryos®®

Menstrual Blood-Derived Stem Cells (MenSC)

MenSC-based stem cell therapy has received a lot of atten-
tion because of the outstanding features of stem cells, such
as a non-invasive isolation protocol, abundant source mate-
rial, their ability to be regularly donated, excellent prolif-
erative capabilities, and potential for use in autologous
transplantation’*.

One group transplanted human endometrial stem cells
from menstrual blood organized in spheroids into AS rats.
MenSCs retain all the properties of MenSCs in monolayers
but with increased synthesis of angiogenic and anti-
inflammatory factors. The application of MenSCs signifi-
cantly improved rat fertility, compared to autologous BM
cells*’. It was shown that MenSCs could differentiate into
endometrial cells in vitro and reconstruct endometrial tissue
in NODSCID mice in vivo, with impaired cloning efficiency
and OCT4 expression of MenSCs from patients with TUA™,
MenSCs may promote the repair of endometrial lesions in
mice by increasing the expression of vimentin, VEGF, and
keratin®. MenSCs are able to recover the proliferation and
migration abilities of impaired endometrial stromal cells
and inhibit their apoptosis, which may involve the AKT and
p38 signaling pathways’®. The Hippo signaling pathway is
also involved in the induction of endometrial damage repair.
When combined with platelet-rich plasma (PRP), this cell
therapy was more effective’’

In a non-controlled prospective clinical study, autologous
MenSC transplantation significantly increased the ET in
seven women with AS; in five of them it was increased to
7 mm, which is the optimum thickness for embryo

implantation. Four of them underwent frozen embryo trans-
fer (FET). Surprisingly, only one patient became pregnant
after the second MenSC transplantation, indicating that auto-
logous MenSC transplantation is an alternative for AS
treatment”?

Human Amnion-Derived Mesenchymal
Stem Cells (HAMSCs)

Human amnion-derived mesenchymal stem cells (HAMSCs)
are a novel source of human mesenchymal stem cells iso-
lated from discarded human tissue. They are easy to obtain
and are not ethically problematic. In addition, HAMSCs
express stem cell markers, including CD90, CD105, CD59,
CD49d, and CD44, and possess differentiation poten-
tials*>*. Thus, HAMSCs may play an important role in both
xenograft and allograft transplantation along with other
well-established stem cells, such as BMDSCs. HAMSCs
have already been used in many preclinical treatments, and
their role in IUA has been clarified.

Yang et al. observed the migration of HAMSCs by label-
ing them with PKH26 in the endometrium of AS rats’*. The
PKH26 labeling technique proved to be a reliable method for
tracing HAMSC:s in the treatment of IUA and AS, according
to their results. In addition, PKH26 staining had no obvious
effect on cell activity.

Gan’s group investigated the therapeutic effect of
HAMSCs in AS rats®>. In the HAMSC transplant group, the
endometrium was found to be thicker with alleviated fibro-
sis. In addition, HAMSC transplantation can promote the
regeneration of the endometrium while reducing the expres-
sion of pro-inflammatory cytokines (interleukin-1f, tumor
necrosis factor-o, and interleukin-8), and upregulating anti-
inflammatory cytokines (interleukin 6 and interleukin 10),
VEGF, bFGF, and hepatocyte growth factor.
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Another type of stem cells that also have multiple differ-
ential potential are human amniotic epithelial cells (hAECs).
It has been demonstrated that hAECs have the capability to
restore fertility in IUA mice by activating the autophagy
pathway and accelerating damage repair”®.

However, current research has focused only on animal
models, and further studies are required to explore the fea-
sibility and efficiency of HAMSC engraftment in AS
patients.

Challenges and Concerns of Stem
Cell Therapy

In spite of the promising prospect of stem cell therapy, we
have to face its limitations and difficulties when it comes to
clinical application, including the lack of public understand-
ing, the endless ethical arguments and ambiguities in
national legislation and regulations. More importantly, there
are unsolved barriers in the development of stem cell tech-
nology. To be more specific, current obstacles include deter-
mining the optimal source of stem cells and the effective
mode of cell delivery, establishing perfect criteria for clin-
ical evaluation and assessment of therapeutic effects, and
reducing risk of transplantation rejection. The source of
another inevitable problem resides in its specialty of high
proliferative capacity, which will contribute to endometrio-
sis or the formation of endometrial carcinomas when ectopic
endometria grow>2.

A number of strategies are currently being pursued to
overcome these limitations. Selecting the proper mode of
delivery is key for efficacy. Various targeted delivery meth-
ods including intra-arterial catheterization, trans-myometrial
injection and intra-uterine infusion show different positive
effects depending on the cell types® . Additionally, the
timing of transplantation is another controversial factor since
the immune cells may act differently during menstrual
cycle”. Therefore, deep investigation is essential to clearly
define the mechanism of each stem cell population in order
to carry on individual therapy with satisfied safety and
efficacy®.

Future Perspectives on Stem
Cell-Based Therapy

Cell Therapy Combined with Biomaterials

For stem cell engraftment to the uterine cavity, proper stem
cell delivery tools or systems need to be considered. There
are several new approaches in the field of cell engineering
that fit this criterion, such as cell sheets and membranes””.
Oral mucosal epithelial cell sheets (OMECS) have been pro-
ven to be effective in preventing IUA in rat models, as
epithelial cells are observed after transplantation'®’.
Recently, Chen et al. investigated the role of decellularized
and lyophilized amniotic membrane (DL-AM) seeded with

OMECs in inhibiting the progression of IUA in rats'®'.

There are many advantages of amniotic membrane
(AM), including non-immunogenicity, lower cost, anti-
inflammatory, and few ethical issues; thus, AM is thought
to be an ideal scaffold for cell delivery'®%. The removal of
AM epithelial cells promotes tighter cell adhesion, prolifera-
tion, and differentiation, while lyophilization facilitates the
recovery of AM. When DL-AM is used alone, there is no
regeneration within the epithelium and glands. However, the
process can be enhanced with the OMEC combination after
14 and 28 days, for stromal cells may transdifferentiate into
epithelial cells in this condition.

Administration of Extracellular Vesicles and Exosomes

The factors released by MSCs, including extracellular vesi-
cles (EVs) and exosomes, make a huge difference in the
therapeutic effect of stem cell transplantation'®®. Recently,
cell-derived EVs were shown to be a special mechanism for
communication between cells'®. EVs are defined as vesicles
originating from the plasma membrane, and are released into
the microenvironment by stem/progenitor cells. Addition-
ally, EVs may enhance the angiogenic process in endothelial
cells or regulate the phenotypes of cells damaged by a hor-
izontal transfer with miRNA or mRNA'%. The EVs derived
from UC-MSCs also show an impressive ability to decrease
inflammation and fibrosis in IUA rats, especially when com-
bined with estrogen. The synergistic effect of UCMSCs-EVs
and estrogen results in a highly regenerative agent for AS
treatment'*°.

The exosomes derived from MSCs are highly active para-
crine components with the potential to repair damaged tissue
and promote angiogenesis, and act as mediators of cell-cell
communication by transferring mRNAs, miRNAs, and pro-
teins'®”1%. The exosomes have an edge over other cells, as
they can be sterilized by filtration with a longer shelf life.
They can easily reach the damaged sites through circula-
tion'?. The exosomes are also less immunogenic, and there
is no risk of tumor formation without replication ability''°.
Xiao et al.''' found that effective antifibrotic function of
BMDSCs allows the exosomes to transfer microRNA-340
(miR-340) to ESCs in rats with damaged endometria, which
leads to the conclusion that prompting the transfer of
BMDSC-derived miR-340 is another way to prevent intrau-
terine adhesion. Yao et al.''? concluded that like BMDSCs,
the effect of BMDSC-derived exosomes is the reversal of
endothelial-mesenchymal transition (EMT) induced by
TGF-P1 in rabbits. Saribas et al.'® transplanted uterine-
derived MSCs or exosomes derived from MSCs into AS rats
uteri and found increased proliferation and vascularization in
uterine tissue and decreased fibrosis in both groups. Further-
more, exosomal administration can improve the damage
from AS in a shorter period of time, compared to the MSCs.
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These findings suggest that MSC-derived exosomes may be
a promising alternative therapy for AS.

Conclusion

As a disease that plagues millions of women in childbearing
age, AS urgently needs effective treatment methods other
than adhesiolysis and assistant management. Stem cell-
based therapy has gained considerable attraction in the
recent years for treating refractory diseases. It has been
shown that there are four types of stem cells in the endome-
trium that are capable of regenerating endometrial tissue and
reconstructing the endometrium in vivo. In the future,
researchers should focus on the discovery of specific mar-
kers for human EnSC in order to increase the feasibility of
using endometrial stem/progenitor cells in AS and IUA.

Other sources of adult stem cells, including the bone mar-
row, menstrual blood, umbilical cord, and amniotic mem-
brane, that have the potential to differentiate into human
endometrial stromal cells, epithelial cells, and endothelial
cells, provide alternative approaches for rebuilding the endo-
metrium in cases of AS and [UA. Obstacles that need to be
overcome include the risk of tumor formation after transplan-
tation and ethical controversy. Fortunately, the availability of
both new technology as well as materials makes the research
and application of stem cell base therapy more attractive and
practical.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: Fund-
ing for this work was provided by the Provincial Natural Science
Foundation of China (20180101140JC and 20190201148JC), the
Health Technology Innovation Project of Jilin Provin-
ce(3D517DS93429), and the Science and Technology Develop-
ment Project of Jilin Province(20200404169YY).

ORCID iD

Lianwen Zheng (® https://orcid.org/0000-0001-8856-5513

References

1. Asherman JG. Amenorrhoea traumatica (Atretica). J Obstet
Gynaecol Br Emp. 1948;55(1):23-30.

2. Friedler S, Margalioth EJ, Kafka I, Yaffe H. Incidence of post-
abortion intra-uterine adhesions evaluated by hysteroscopy—a
prospective study. Hum Reprod 1993;8(3):442-444.

3. Panayotidis C, Weyers S, Bosteels J, van Herendael B. Intrau-
terine adhesions (IUA): has there been progress in understand-
ing and treatment over the last 20 years? Gynecol Surg. 2009;
6(3):197-211.

4. Yu D, Wong Y-M, Cheong Y, Xia E, Li T-C. Asherman syn-
drome—one century later. Fertil Steril. 2008;89(4):759-779.

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Conforti A, Alviggi C, Mollo A, De Placido G, Magos A. The

management of Asherman syndrome: a review of literature.
Reprod Biol Endocrinol. 2013;11:118.

. Myers EM, Hurst BS. Comprehensive management of severe

asherman syndrome and amenorrhea. Fertil Steril. 2012;97(1):
160-164.

. Yaffe H, Ron M, Polishuk WZ. Amenorrhea, hypomenorrhea,

and uterine fibrosis. American J Obstet Gynecol. 1978;130(5):
599-601.

. Di Guardo F, Palumbo M.Asherman syndrome and insufficient

endometrial thickness: a hypothesis of integrated approach to
restore the endometrium. Med hypotheses. 2020;134:109521.

. Senturk LM, Erel CT. Thin endometrium in assisted reproduc-

tive technology. Curr Opin Obstet Gyn. 2008;20(3):221-228.
Alawadhi F, Du H, Cakmak H, Taylor HS. Bone marrow-
derived stem cell (BMDSC) transplantation improves fertility
in a murine model of Asherman’s syndrome. PloS One. 2014;
9(5):296662.

Gargett CE, Nguyen HPT, Ye L. Endometrial regeneration and
endometrial stem/progenitor cells. Rev Endocr Metab Disord
2012;13(4):235-251.

Verdi J, Tan A, Shoae-Hassani A, Seifalian AM. Endometrial
stem cells in regenerative medicine. J Biol Eng. 2014;8:20.

. Zhao G, Cao Y, Zhu X, Tang X, Ding L, Sun H, Li J, Li X, Dai

C, Ru T, Zhu H. Transplantation of collagen scaffold with
autologous bone marrow mononuclear cells promotes func-
tional endometrium reconstruction via downregulating ANp63
expression in Asherman’s syndrome. Sci China Life Sci. 2017;
60(4):404—-416.

Knopman JM, Copperman AB. Endometrial thickness mea-
sured by ultrasound scan in women with uterine outlet obstruc-
tion due to intrauterine or upper cervical adhesions. Hum
Reprod. 2008;23(5):1234; author reply 1234-1234; author
reply 1235.

Schenker JG, Margalioth EJ. Intrauterine adhesions: an
updated appraisal. Fertil Steril. 1982;37(5):593-610.
Scadden DT. The stem-cell niche as an entity of action. Nature.
2006;441(7097):1075-1079.

Smith SK. Angiogenesis, vascular endothelial growth factor
and the endometrium. Hum Reprod Update. 1998;4(5):
509-519.

Saribas GS, Ozogul C, Tiryaki M, Alpaslan Pinarli F, Hamdemir
Kilic S. Effects of uterus derived mesenchymal stem cells and
their exosomes on asherman’s syndrome. Acta histochem. 2020;
122(1):151465.

Santamaria X, Mas A, Cervello I, Taylor H, Simon C. Uterine
stem cells: from basic research to advanced cell therapies. Hum
Reprod Update. 2018;24(6):673—693.

Chan RWS, Schwab KE, Gargett CE. Clonogenicity of human
endometrial epithelial and stromal cells. Biol Reprod. 2004;
70(6):1738-1750.

Gargett CE, Schwab KE, Deane JA. Endometrial stem/pro-
genitor cells: the first 10 years. Hum. Reprod Update. 2014;
22(2):137-163.

Teixeira J, Rueda BR, Pru JK. Uterine stem cells. StemBook.
2008.


https://orcid.org/0000-0001-8856-5513
https://orcid.org/0000-0001-8856-5513
https://orcid.org/0000-0001-8856-5513

Cell Transplantation

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Masuda H, Anwar SS, Biihring H-J, Rao JR, Gargett CE. A
novel marker of human endometrial mesenchymal stem-like
cells. Cell Transplant. 2012;21(10):2201-2214.

Masuda H, Matsuzaki Y, Hiratsu E, Ono M, Nagashima T,
Kajitani T, Arase T, Oda H, Uchida H, Asada H, Ito M. Stem
cell-like properties of the endometrial side population: impli-
cation in endometrial regeneration. PLoS One. 2010;5(4):
e10387.

Cervello I, Mas A, Gil-Sanchis C, Peris L, Faus A, Saunders
PTK, Critchley HOD, Simén C. Reconstruction of endome-
trium from human endometrial side population cell lines. PloS
One. 2011;6(6):¢21221.

Miyazaki K, Maruyama T, Masuda H, Yamasaki A, Uchida S,
Oda H, Uchida H, Yoshimura Y. Stem cell-like differentiation
potentials of endometrial side population cells as revealed by a
newly developed in vivo endometrial stem cell assay. PLoS
One. 2012;7(12):e50749.

Cervello 1, Gil-Sanchis C, Santamaria X, Faus A, Vallvé-Jua-
nico J, Diaz-Gimeno P, Genolet O, Pellicer A, Simoén C.
Leucine-rich repeat-containing G-protein-coupled receptor 5-
positive cells in the endometrial stem cell niche. Fertil Steril.
2017;107(2):510-519. €3.

Schwab KE, Gargett CE. Co-expression of two perivascular
cell markers isolates mesenchymal stem-like cells from human
endometrium. Hum Reprod. 2007;22(11):2903-2911.
Nguyen HPT, Xiao L, Deane JA, Tan K-S, Cousins FL,
Masuda H, Sprung CN, Rosamilia A, Gargett CE. N-
cadherin identifies human endometrial epithelial progenitor
cells by in vitro stem cell assays. Hum Reprod. 2017;32(11):
2254-2268.

Masuda H, Maruyama T, Gargett CE, Miyazaki K, Matsuzaki
Y, Okano H, Tanaka M. Endometrial side population cells:
potential adult stem/progenitor cells in endometrium. Biol
Reprod. 2015;93(4):84.

Khoury M, Alcayaga-Miranda F, Illanes SE, Figueroa FE. The
promising potential of menstrual stem cells for antenatal diag-
nosis and cell therapy. Front Immunol. 2014;5:205-205.

Du H, Taylor HS. Contribution of bone marrow-derived stem
cells to endometrium and endometriosis. Stem cells (Dayton,
Ohio). 2007;25(8):2082-2086.

Liau LL RB, Ng MH, Law JX. Characteristics and clinical
applications of Wharton’s Jelly-derived mesenchymal stromal
cells. Curr Res Transl Med. 2020:68(1):5-16.

Chen LJ, Qu JJ, Xiang C. The multi-functional roles of men-
strual blood-derived stem cells in regenerative medicine. Stem
Cell Res Ther. 2019;10(1):1.

Miki T, Lehmann T, Cai H, Stolz DB, Strom SC. Stem cell
characteristics of amniotic epithelial cells. Stem Cells. 2005;
23(10):1549-1559.

Caplan Al All MSCs are pericytes? Cell Stem Cell. 2008;3(3):
229-230.

Spitzer TLB, Rojas A, Zelenko Z, Aghajanova L, Erikson DW,
Barragan F, Meyer M, Tamaresis JS, Hamilton AE, Irwin JC,
Giudice LC. Perivascular human endometrial mesenchymal
stem cells express pathways relevant to self-renewal, lineage

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

specification, and functional phenotype. Biol Reprod. 2012;
86(2):58-58.

Murphy MP, Wang H, Patel AN, Kambhampati S, Angle N,
Chan K, Marleau AM, Pyszniak A, Carrier E, Ichim TE, Rior-
dan NH. Allogeneic endometrial regenerative cells: an “Off the
shelf solution” for critical limb ischemia? J Transl Med. 2008;
6:45-45.

Sivasubramaniyan K, Harichandan A, Schumann S, Sobiesiak
M, Lengerke C, Maurer A, Kalbacher H, Biihring H-J. Pro-
spective isolation of mesenchymal stem cells from human bone
marrow using novel antibodies directed against Sushi domain
containing 2. Stem Cells Dev. 2013;22(13):1944—-1954.
Masuda H, Maruyama T, Hiratsu E, Yamane J, Iwanami A,
Nagashima T, Ono M, Miyoshi H, Okano HJ, Ito M, Tamaoki
N, et al. Noninvasive and real-time assessment of reconstructed
functional human endometrium in NOD/SCID/gamma c(null)
immunodeficient mice. Proc Natl Acad Sci U S A. 2007,
104(6):1925-1930.

Trapero C, Vidal A, Rodriguez-Martinez A, Sevigny J, Ponce
J, Coroleu B, Matias-Guiu X, Martin-Satue M. The ectonucleo-
side triphosphate diphosphohydrolase-2 (NTPDase2) in human
endometrium: a novel marker of basal stroma and mesenchy-
mal stem cells. Purinergic Signal. 2019;15(2):225-236.
Gargett CE, Masuda H. Adult stem cells in the endometrium.
Mol Hum Reprod. 2010;16(11):818-834.

Gargett CE, Schwab KE, Zillwood RM, Nguyen HPT, Wu D.
Isolation and culture of epithelial progenitors and mesenchy-
mal stem cells from human endometrium. Biol Reprod. 2009;
80(6):1136-1145.

Valentijn AJ, Palial K, Al-Lamee H, Tempest N, Drury J, Von
Zglinicki T, Saretzki G, Murray P, Gargett CE, Hapangama
DK. SSEA-1 isolates human endometrial basal glandular
epithelial cells: phenotypic and functional characterization and
implications in the pathogenesis of endometriosis. Hum
Reprod. 2013;28(10):2695-2708.

Turco MY, Gardner L, Hughes J, Cindrova-Davies T, Gomez
M, Farrell L, Hollinshead M, Marsh SGE, Brosens JJ, Critchley
HO, Simons BD, et al. Long-term, hormone-responsive
organoid cultures of human endometrium in a chemically
defined medium. Nat Cell Biol. 2017;19(5):568-577.

Tempest N, Baker AM, Wright NA, Hapangama DK. Does
human endometrial LGRS gene expression suggest the exis-
tence of another hormonally regulated epithelial stem cell
niche? Hum Reprod. 2018;33(6):1052—-1062.

Cervello I, Gil-Sanchis C, Mas A, Delgado-Rosas F, Martinez-
Conejero JA, Galan A, Martinez-Romero A, Martinez S,
Navarro I, Ferro J, Horcajadas JA, et al. Human endometrial
side population cells exhibit genotypic, phenotypic and func-
tional features of somatic stem cells. PLoS One. 2010;5(6):
¢10964.

Tsuji S, Yoshimoto M, Takahashi K, Noda Y, Nakahata T,
Heike T. Side population cells contribute to the genesis of
human endometrium. Fertil Steril. 2008;90(4 Suppl):
1528-1537.

Kato K, Yoshimoto M, Kato K, Adachi S, Yamayoshi A,
Arima T, Asanoma K, Kyo S, Nakahata T, Wake N.



Gao et al

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Characterization of side-population cells in human normal
endometrium. Hum Reprod. 2007;22(5):1214-1223.
Lopez-Pérez N, Gil-Sanchis C, Ferrero H, Faus A, Diaz A,
Pellicer A, Cervelld I, Simon C.Human endometrial reconsti-
tution from somatic stem cells: the importance of niche-like
cells. Reprod Sci. 2019;26(1):77-87.

Patel AN, Park E, Kuzman M, Benetti F, Silva FJ, Allickson
JG. Multipotent menstrual blood stromal stem cells: isolation,
characterization, and differentiation. Cell Transplant. 2008;
17(3):303-311.

Liu Y, Niu R, Li W, Lin J, Stamm C, Steinhoff G, Ma N.
Therapeutic potential of menstrual blood-derived endometrial
stem cells in cardiac diseases. Cell Mol Life Sci. 2019;76(9):
1681-1695.

Liu Y, Niu R, Yang F, Yan Y, Liang S, Sun Y, Shen P, Lin J.
Biological characteristics of human menstrual blood-derived
endometrial stem cells. J Cell Mol Med. 2018;22(3):
1627-1639.

Li Xa, Sun H, Lin N, Hou X, Wang J, Zhou B, Xu P, Xiao Z,
Chen B, Dai J, Hu Y. Regeneration of uterine horns in rats by
collagen scaffolds loaded with collagen-binding human basic
fibroblast growth factor. Biomaterials. 2011;32(32):
8172-8181.

Lin N, Li Xa, Song T, Wang J, Meng K, Yang J, Hou X, Dai J,
Hu Y. The effect of collagen-binding vascular endothelial
growth factor on the remodeling of scarred rat uterus following
full-thickness injury. Biomaterials. 2012;33(6):1801-1807.
Gargett CE, Healy DL. Generating receptive endometrium in
Asherman’s syndrome. J] Hum Reprod Sci. 2011;4(1):49-52.
Gargett CE, Ye L. Endometrial reconstruction from stem cells.
Fertil Steril. 2012;98(1):11-20.

Gao F, Chiu SM, Motan DAL, Zhang Z, Chen L, Ji HL, Tse
HF, Fu QL, Lian Q. Mesenchymal stem cells and immunomo-
dulation: current status and future prospects. Cell Death Dis.
2016;7(1):e2062—e2062.

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I,
Marini F, Krause D, Deans R, Keating A, Prockop D, Horwitz
E.Minimal criteria for defining multipotent mesenchymal stro-
mal cells. the international society for cellular therapy position
statement. Cytotherapy. 2006;8(4):315-317.

Taylor HS. Endometrial cells derived from donor stem cells in
bone marrow transplant recipients. JAMA. 2004;292(1):81-85.
Gao L, Huang Z, Lin H, Tian Y, Li P, Lin S. Bone marrow
mesenchymal stem cells (BMSCs) restore functional endome-
trium in the rat model for severe asherman syndrome. Reprod
Sci. 2019;26(3):436-444.

Cervello I, Gil-Sanchis C, Santamaria X, Cabanillas S, Diaz A,
Faus A, Pellicer A, Simon C. Human CD133(+) bone marrow-
derived stem cells promote endometrial proliferation in a mur-
ine model of Asherman syndrome. Fertil Steril. 2015;104(6):
1552-1560.e1-3.

Jing Z, Yi Y, Xi H, Sun LQ, Yanping L. Therapeutic effects of
VEGF gene-transfected BMSCs transplantation on thin endo-
metrium in the rat model. Stem Cells Int. 2018;2018:3069741.
Liu Y, Tal R, Pluchino N, Mamillapalli R, Taylor HS. Sys-
temic administration of bone marrow-derived cells leads to

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

better uterine engraftment than use of uterine-derived cells or
local injection. J Cell Mol Med. 2018;22(1):67-76.

Nagori CB, Panchal SY, Patel H. Endometrial regeneration
using autologous adult stem cells followed by conception by
in vitro fertilization in a patient of severe Asherman’s syn-
drome. J Hum Reprod Sci. 2011;4(1):43-48.

Singh N, Mohanty S, Seth T, Shankar M, Bhaskaran S,
Dharmendra S.Autologous stem cell transplantation in
refractory Asherman’s syndrome: a novel cell based
therapy. ] Hum Reprod Sci. 2014;7(2):93-98.

Santamaria X, Cabanillas S, Cervello I, Arbona C, Raga F,
Ferro J, Palmero J, Remohi J, Pellicer A, Simon C. Autologous
cell therapy with CD133+ bone marrow-derived stem cells for
refractory Asherman’s syndrome and endometrial atrophy: a
pilot cohort study. Hum Reprod. 2016;31(5):1087-1096.

Du H, Naqvi H, Taylor HS. Ischemia/reperfusion injury pro-
motes and granulocyte-colony stimulating factor inhibits
migration of bone marrow-derived stem cells to endometrium.
Stem Cells Dev. 2012;21(18):3324-3331.

Zhou Y, Gan Y, Taylor HS. Cigarette smoke inhibits recruit-
ment of bone-marrow-derived stem cells to the uterus. Reprod
Toxicol. 2011;31(2):123-127.

Ersoy GS, Zolbin MM, Cosar E, Moridi I, Mamillapalli R,
Taylor HS. CXCL12 promotes stem cell recruitment and uter-
ine repair after injury in Asherman’s syndrome. Mol Ther
Methods Clin D. 2017;4:169-177.

Hill WD, Hess DC, Martin-Studdard A, Carothers JJ, Zheng J,
Hale D, Maeda M, Fagan SC, Carroll JE, Conway SJ. SDF-1
(CXCL12) is upregulated in the ischemic penumbra following
stroke: association with bone marrow cell homing to injury. J
Neuropathol Exp Neurol. 2004;63(1):84-96.

Wang X, Mamillapalli R, Mutlu L, Du H, Taylor HS. Che-
moattraction of bone marrow-derived stem cells towards
human endometrial stromal cells is mediated by estradiol regu-
lated CXCL12 and CXCR4 expression. Stem cell Res. 2015;
15(1):14-22.

Tal R, Liu Y, Pluchino N, Shaikh S, Mamillapalli R, Taylor
HS. A Murine 5-fluorouracil-based submyeloablation model
for the study of bone marrow-derived cell trafficking in repro-
duction. Endocrinology. 2016;157(10):3749-3759.

Ong YR, Cousins FL, Yang X, Mushafi AAAA, Breault DT,
Gargett CE, Deane JA. Bone marrow stem cells do not con-
tribute to endometrial cell lineages in chimeric mouse models.
Stem Cells. 2018;36(1):91-102.

Lee YJ, Yi KW. Bone marrow-derived stem cells contribute to
regeneration of the endometrium. Clin Exp Reprod Med. 2018;
45(4):149-153.

Fu Y, Karbaat L, Wu L, Leijten J, Both SK, Karperien M.
Trophic effects of mesenchymal stem cells in tissue regenera-
tion. Tissue Eng Part B Rev. 2017;23(6):515-528.

Liu F, Hu S, Wang S, Cheng K. Cell and biomaterial-based
approaches to uterus regeneration. Regen Biomater. 2019;6(3):
141-148.

Togel F, Westenfelder C. Adult bone marrow-derived stem
cells for organ regeneration and repair. Dev Dyn. 2007;
236(12):3321-3331.



Cell Transplantation

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Hua J, Gong J, Meng H, Xu B, Yao L, Qian M, He Z, Zou S,
Zhou B, Song Z. Comparison of different methods for the
isolation of mesenchymal stem cells from umbilical cord
matrix: proliferation and multilineage differentiation as com-
pared to mesenchymal stem cells from umbilical cord blood
and bone marrow. Cell Biol Int. 2013.

Wang D, Chen K, Du WT, Han ZB, Ren H, Chi Y, Yang SG,
Bayard F, Zhu D, Han ZC. CD14+ monocytes promote the
immunosuppressive effect of human umbilical cord matrix
stem cells. Exp Cell Res. 2010;316(15):2414-2423.

Yang X, Zhang M, Zhang Y, Li W, Yang B. Mesenchymal
stem cells derived from Wharton jelly of the human umbilical
cord ameliorate damage to human endometrial stromal cells.
Fertil Steril. 2011;96(4):1029-1036.

Chen X, Yang X, Wu R, Chen W, Xie H, Qian X, Zhang Y.
Therapeutic effects of Wharton jelly-derived mesenchymal
stem cells on rat abortion models. J Obstet Gynaecol Res.
2016;42(8):972-982.

Zhang L, LiY, Guan CY, Tian S, Lv XD, Li JH, Ma X, Xia HF.
Therapeutic effect of human umbilical cord-derived mesench-
ymal stem cells on injured rat endometrium during its chronic
phase. Stem Cell Res Ther. 2018;9(1):36.

Sun B, Shi L, Shi Q, Jiang Y, Su Z, Yang X, Zhang Y. Circular
RNAs are abundantly expressed and upregulated during repair
of the damaged endometrium by Wharton’s jelly-derived
mesenchymal stem cells. Stem Cell Res Ther. 2018;9(1):314.
Cao Y, Sun H, Zhu H, Zhu X, Tang X, Yan G, Wang J, Bai D,
Wang J, Wang L, Zhou Q, et al. Allogeneic cell therapy using
umbilical cord MSCs on collagen scaffolds for patients with
recurrent uterine adhesion: a phase I clinical trial. Stem Cell
Res Ther. 2018;9(1):192.

Xin L, Lin X, Pan Y, Zheng X, Shi L, Zhang Y, Ma L, Gao C,
Zhang S. A collagen scaffold loaded with human umbilical
cord-derived mesenchymal stem cells facilitates endometrial
regeneration and restores fertility. Acta Biomater. 2019;92:
160-171.

Domnina A, Novikova P, Obidina J, Fridlyanskaya I,
Alekseenko L, Kozhukharova I, Lyublinskaya O, Zenin V,
Nikolsky N. Human mesenchymal stem cells in spheroids
improve fertility in model animals with damaged endome-
trium. Stem Cell Res Ther. 2018;9(1):50.

Zheng SX, Wang J, Wang XL, Ali A, Wu LM, Liu YS. Fea-
sibility analysis of treating severe intrauterine adhesions by
transplanting menstrual blood-derived stem cells. Int J Mol
Med. 2018;41(4):2201-2212.

Hu J, Song K, Zhang J, Zhang Y, Tan BZ. Effects of menstrual
blood-derived stem cells on endometrial injury repair. Mol
Med Rep. 2019;19(2):813-820.

Zhu H, Jiang Y, Pan Y, Shi L, Zhang S. Human menstrual
blood-derived stem cells promote the repair of impaired endo-
metrial stromal cells by activating the p38 MAPK and AKT
signaling pathways. Reprod Biol. 2018;18(3):274-281.

Zhang S, Li P, Yuan Z, Tan J. Platelet-rich plasma improves
therapeutic effects of menstrual blood-derived stromal cells in
rat model of intrauterine adhesion. Stem Cell Res Ther. 2019;
10(1):61.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Tan J, Li P, Wang Q, Li Y, Li X, Zhao D, Xu X, Kong L.
Autologous menstrual blood-derived stromal cells transplanta-
tion for severe Asherman’s syndrome. Hum Reprod 2016;
31(12):2723-2729.

Lindenmair A, Hatlapatka T, Kollwig G, Hennerbichler S,
Gabriel C, Wolbank S, Redl H, Kasper C. Mesenchymal stem
or stromal cells from amnion and umbilical cord tissue and
their potential for clinical applications. Cells. 2012;1(4):
1061-1088.

Yang Y, Mao Y, Wang J, Sun C, Zhang Y, Chen X. [In vivo
tracing of human amniotic mesenchymal stem cells labeled
with PKH26 in rat intrauterine adhesions model]. Sheng Wu
Gong Cheng Xue Bao. 2018;34(10):1660-1667.

Gan L, Duan H, Xu Q, Tang Y-Q, Li J-J, Sun F-Q, Wang S.
Human amniotic mesenchymal stromal cell transplantation
improves endometrial regeneration in rodent models of
intrauterine adhesions. Cytotherapy. 2017;19(5):603-616.

Li B, Zhang Q, Sun J, Lai D. Human amniotic epithelial cells
improve fertility in an intrauterine adhesion mouse model.
Stem Cell Res Ther. 2019;10(1):257.

Starkey PM, Clover LM, Rees MC. Variation during the men-
strual cycle of immune cell populations in human endome-
trium. Eur J Obstet Gynecol Reprod Biol. 1991;39(3):
203-207.

Queckborner S, Davies LC, von Grothusen C, Santamaria X,
Simoén C, Gemzell-Danielsson K.Cellular therapies for the
endometrium: an update. Acta Obstet Gynecol Scand. 2019;
98(5):672-677.

Ayala P, Caves J, Dai E, Siraj L, Liu L, Chaudhuri O, Haller
CA, Mooney DJ, Chaikof EL. Engineered composite fascia
for stem cell therapy in tissue repair applications. Acta Bio-
mater 2015;26:1-12.

Kuramoto G, Takagi S, Ishitani K, Shimizu T, Okano T,
Matsui H. Preventive effect of oral mucosal epithelial cell
sheets on intrauterine adhesions. Hum Reprod. 2015;30(2):
406-416.

Chen X, Sun J, Li X, Mao L, Cui L, Bai W. Transplantation of
oral mucosal epithelial cells seeded on decellularized and
lyophilized amniotic membrane for the regeneration of
injured endometrium. Stem Cell Res Ther. 2019;10(1):107.
Riau AK, Beuerman RW, Lim LS, Mehta JS. Preservation,
sterilization and de-epithelialization of human amniotic mem-
brane for use in ocular surface reconstruction. Biomaterials.
2010;31(2):216-225.

Rani S, Ryan AE, Griffin MD, Ritter T.Mesenchymal stem
cell-derived extracellular vesicles: toward cell-free therapeu-
tic applications. Mol Ther. 2015;23(5):812-823.

Roy S, Hochberg FH, Jones PS. Extracellular vesicles: the
growth as diagnostics and therapeutics; a survey. J Extracell
Vesicles. 2018;7(1):1438720.

Chen Y, Qian H, Zhu W, Zhang X, Yan Y, Ye S, Peng X, Li
W, Xu W. Hepatocyte growth factor modification promotes
the amelioration effects of human umbilical cord mesenchy-
mal stem cells on rat acute kidney injury. Stem Cells Dev.
2011;20(1):103-113.



Gao et al

106.

107.

108.

109.

Ebrahim N, Mostafa O, El Dosoky RE, Ahmed IA, Saad AS,
Mostafa A, Sabry D, Ibrahim KA, Farid AS. Human
mesenchymal stem cell-derived extracellular vesicles/estro-
gen combined therapy safely ameliorates experimentally
induced intrauterine adhesions in a female rat model. Stem
Cell Res Ther. 2018;9(1):175.

Yang M, Chen J, SuF, Yu B, SuF, Lin L, Liu Y, Huang J-D,
Song E. Microvesicles secreted by macrophages shuttle
invasion-potentiating microRNAs into breast cancer cells.
Mol Cancer. 2011;10:117.

Phinney DG, Pittenger MF. Concise review: MSC-derived
exosomes for cell-free therapy. Stem Cells. 2017;35(4):
851-858.

Mendt M, Kamerkar S, Sugimoto H, McAndrews KM, Wu
C-C, Gagea M, Yang S, Blanko EVR, Peng Q, Ma X, Marszalek

110.

111.

112.

JR, et al. Generation and testing of clinical-grade exosomes for
pancreatic cancer. JCI insight 2018;3(8): €99263.

Zhang Y, Chopp M, Meng Y, Katakowski M, Xin H,
Mahmood A, Xiong Y .Effect of exosomes derived from mul-
tipluripotent mesenchymal stromal cells on functional
recovery and neurovascular plasticity in rats after traumatic
brain injury. J Neurosurg. 2015;122(4):856-867.

Xiao B, Zhu Y, Huang J, Wang T, Wang F, Sun S. Exosomal
transfer of bone marrow mesenchymal stem cell-derived
miR-340 attenuates endometrial fibrosis. Biol Open. 2019;
8(5):bi0039958.

Yao Y, Chen R, Wang G, Zhang Y, Liu F. Exosomes derived
from mesenchymal stem cells reverse EMT via TGF-betal/
Smad pathway and promote repair of damaged endometrium.
Stem Cell Res Ther. 2019;10(1):225.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


