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Abstract

The current treatment for Asherman syndrome is limited and not very effective. The aim of this review is to summarize the most
recent evidence for stem cells in the treatment of Asherman syndrome. The advent of stem cell therapy has propagated exper-
imentation on mice and humans as a novel treatment. The consensus is that the regenerative capacity of stem cells has demon-
strated improved outcomes in terms of fertility and fibrosis in both mice and humans with Asherman syndrome. Stem cells have
effects on tissue repair by homing to the injured site, recruiting other cells by secreting chemokines, modulating the immune
system, differentiating into other types of cells, proliferating into daughter cells, and potentially having antimicrobial activity. The
studies reviewed examine different origins and administration modalities of stem cells. In preclinical models, therapeutic sys-
temic injection of stem cells is more effective than direct intrauterine injection in regenerating the endometrium. In conjunction,
bone marrow-derived stem cells have a stronger effect on uterine regeneration than uterine-derived stem cells, likely due to their
broader differentiation potency. Clinical trials have demonstrated the initial safety and effectiveness profiles of menstrual, bone
marrow, umbilical cord, and adipose tissue-derived stem cells in resumption of menstruation, fertility outcomes, and endometrial

regeneration.
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This is a review of the most recent literature regarding the role
of stem cells in natural regeneration of the uterine endometri-
um as well as in experimental treatments for Asherman syn-
drome in humans and animals. A PubMed search was done for
journal articles published through February 2020 using com-
binations of the terms “Asherman syndrome,” “stem cell ther-
apy,” “endometrial stem cells,” “uterine regeneration,” and
“intrauterine adhesions.” This article reviews epidemiology,
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pathologic features, classification systems, treatments, and
areas of research regarding stem cells. It focuses on and ana-
lyzes the different types and characteristics of stem cells, their
effects on tissue repair, and the different administration mo-
dalities used for the experimental treatment of Asherman
syndrome.

Asherman syndrome is a gynecologic disorder first de-
scribed by Israeli gynecologist Joseph Asherman in 1948 that
is marked by intrauterine adhesions (IUA, formerly known as
gynatresia or synechiae), causing a partial or complete oblit-
eration of the cavity combined with symptomatology. The
acquired syndrome arises from the destruction of the endome-
trium and often leads to infertility or recurrent pregnancy loss,
chronic pelvic pain, menstrual irregularities (hypo- or amen-
orrhea), or dysmenorrhea. The most common risk factors in-
clude post-abortion or postpartum curettage, infection, myo-
mectomy, and hysteroscopic surgery, i.e., procedures that dis-
rupt the endometrial basalis layer. The syndrome is character-
ized by a loss of functional endometrium, a uterine cavity
obliterated by scar tissue, recurrent pregnancy loss or infertil-
ity, as well as obstetric issues, such as abnormal placentation,
i.e., previa or accreta. Hysterosalpingography (HSG) and
hysterosonography/saline infusion sonography (SIS) are use-
ful and sensitive diagnostic modalities but are not as specific
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as hysteroscopy (HSC); therefore, they should only be used if
HSC is not available. MRI should not be used for diagnosis.
HSG has a 75% sensitivity, 95% specificity, 50% positive
predictive value (PPV), and 98% negative predictive value
(NPV), while SIS has a sensitivity of 75%, specificity of
93%, PPV of 43%, and NPV of 98% for diagnosing [UA
[1]. There is no standard classification system for intrauterine
adhesions; they are all based on the severity of adhesions
visible on hysteroscopy, with the prognosis correlating to se-
verity (Table 1) [2]. The various classification systems make
comparative studies difficult to analyze. In the status quo,
there are no promising modalities for full recovery, but the
three standard modes of treatment center on surgery, adhesion
prevention, and restoration of the normal endometrium with
hormones.

Intrauterine adhesion formation

The etiology of intrauterine adhesions is believed to be
due to fibrosis of the opposing uterine walls after destruc-
tion of the endometrial basalis layer. It is a catastrophic
process whereby uncontrolled deposition of extracellular
matrix (ECM) and fibrillar collagens occurs. The stromal
compartment is replaced by fibrous tissue, and the glands
are replaced by inactive cubo-columnar epithelium.
Myofibroblasts, which are activated by CTGF (connective
tissue growth factor) via TGF-3, are highly metabolically
active and express o-smooth muscle actin (SMA), which
is involved in the production of ECM, e.g., fibrillar col-
lagen types I, III, V, and VI [3]. TGF-f3 is a central me-
diator of fibrogenesis and is found in significantly higher
concentration in the endometrium scarred with [UA com-
pared to normal; it modulates fibroblast phenotype and

function as well as myofibroblast trans-differentiation
[3]. Fibrotic factors, such as TGF-31, x-SMA, CTGF,
collagen I and III, are key to development of IUA, and
their increased expression leads to an altered environmen-
tal niche, thereby inhibiting normal regeneration by endo-
metrial mesenchymal stem cells (eMSC); the subsequent
scarring inhibits normal myometrial contractility and re-
duces the perfusion by steroids, resulting in atrophy [3,
4]. Moreover, increased expression of a disintegrin and
metalloproteinase (ADAMs) has been found in uterine
adhesions, thereby inhibiting the activities of ECM-
degradation enzymes [5]. ADAM-17 activates TNF-« as
well as membrane-associated ligands of the epidermal
growth factor receptor (EGFR), triggering an immune
and inflammatory cascade; similarly, ADAM-15 interacts
with beta-integrin-3 and Src protein-tyrosine kinases, suggest-
ing its involvement in cell adhesion and signaling [6].
Therefore, a catastrophic pathologic cascade follows, disrupting
the normal endometrial regeneration [3, 4]. Although some
studies have not demonstrated significant benefit, one study
concluded that postoperative hormonal therapy after surgical
abortion improves endometrial thickness, indicating an en-
hanced regeneration of the uterus while preventing adhesion
formation [7]. Similarly, injection of hyaluronic acid (HA) in
the uterine cavity has been shown to decrease these fibrotic
factors by acting as a mechanical barrier in the uterine cavity
to prevent apposition of the opposing walls [4]. Moreover, it is
theorized to have other indirect effects on attenuating the fibro-
sis via immunomodulation. Hyaluronic acid interacts with
CD44 (found on endometrial stromal and epithelial cells) and
other receptors, such as TLR-2, TLR-4, RHAMM, and
LYVEL; it also may inhibit the function of TGF-31, as it has
been shown to decrease the degree of fibrosis in mice induced
with AS and treated with HA [4].

Table 1 Classifications of intrauterine adhesions

March, 1978 Minimal (< ¥4 of cavity; thin, filmy), moderate (4— of cavity; no agglutination of walls, partial occlusion of ostia) or
severe (> % of cavity, agglutination of walls, thick bands or involving tubal ostia) based on hysteroscopic (HSC)
assessment of cavity involvement

Hamou, 1983 Isthmic, marginal, central or severe based on HSC

Valle, 1988 Mild (filmy adhesions composed of basal endometrium producing partial or complete uterine cavity occlusion),

moderate (fibromuscular adhesions with thick bands covered with endometrium that may bleed when divided) or
severe (bands composed of connective tissue lacking endometrium) based on HSC and extent of occlusion based on

HSG

American Fertility Society,
1988 menstrual characteristics

European Society of
Hysteroscopy, 1989

Donnez, 1994

Nasr, 2000

Mild, moderate or severe based on endometrial cavity obliteration, appearance of adhesions on HSC/HSG and patient

Grade I-IV based on HSC, HSG and clinical symptoms

Six grades based on location; HSC, HSG used for assessment
Prognostic score by incorporating menstrual and obstetric history with IUA findings on HSC

Adopted from: AAGL practice report: practice guidelines on intrauterine adhesions developed in collaboration with the European Society of

Gynecological Endoscopy (ESGE) [2]
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Current treatment for Asherman syndrome

Primary prevention of IUA is key since once the pathological
cascade begins, the reversal becomes much more difficult.
AAGL’s guideline for primary prevention of [UA states: the
application of an adhesion barrier following surgery that may
lead to endometrial damage significantly reduces the develop-
ment of I[UAs in the short term, although limited fertility data
are available following this intervention, grading the evidence
as level A. The second guideline with level B evidence em-
phasizes the key point: that operative procedures that disrupt
the endometrial basalis, especially postpartum, more likely
contribute to IUA than those that resect intracavitary patholo-
gy, e.g., polypectomy and myomectomy of type 0 fibroids [8].

Treatment of [UA should be considered only for patients
with AS, as the risk of treating asymptomatic [UA outweighs
the benefit. Because of the risk of uterine perforation and false
tract formation, blind cervical probing and uterine curettage is
discouraged now with the advent of ultrasound and hysteros-
copy [8]. Hysteroscopic adhesiolysis has been performed
using scissors, needles, blunt dissection, and electrosurgery.
Monopolar and bipolar electrosurgical instruments as well as
the Nd-YAG laser have been used for precision cutting and
hemostasis, but using them risks damaging the endometrium
further [8]. Fluoroscopically guided blunt dissection with a
hysteroscopically directed Tuohy needle is another technique,
but it is limited by its high cost, technical difficulty, and use of
ionizing radiation [8]. The use of intraoperative ultrasound,
fluoroscopy, or concomitant laparoscopy with hysteroscopy
has been used for guidance to decrease the risk of perforation,
yet the AAGL guideline states that these adjunctive interven-
tions have not been shown to prevent perforation or improve
outcomes.

The biggest challenge to treating Asherman syndrome is
preventing the recurrence of adhesions after initial treatment,
which is as high as 66% [8]. Treatment with estrogen has
historically been used following adhesiolysis to stimulate re-
generation and re-epithelization of the endometrium. The
AAGL Practice Guideline recommends postoperative hor-
mone therapy with estrogen after adhesiolysis, yet there is
no standard dosage or regimen [8]. Different regimens with
and without opposing progesterone have been used. Although
estrogen alone is beneficial for all stages of [UA, its combina-
tion with adjunctive treatments is necessary for maximal effect
in patients with moderate to severe adhesions [9]. One RCT
evaluated the efficacy of different doses of estrogen treatment
after hysteroscopic adhesiolysis. The low-dose group received
2 mg estradiol daily while the high-dose group received 6 mg
daily for three cycles after surgery. Hysteroscopy was per-
formed twice for each group at 4 and 8 weeks after the initial
surgery. Using the American Fertility Society’s (AFS) classi-
fication of TUA, the results revealed significantly lower scores
in both groups at the subsequent two time points. In addition,

no significant difference was found between the two groups,
suggesting that the low-dose therapy is sufficient in
preventing adhesion reformation [10]. Another study admin-
istered estradiol preoperatively for 2 to 8 weeks to enhance
endometrial proliferation. Hysteroscopic adhesiolysis under
ultrasound guidance was then performed using scissors along
with a controlled flow pump for distention. A triangular bal-
loon catheter was left inside the uterine cavity for 3—7 days,
after which it was replaced with a copper IUD. Oral estradiol
with 4-6 mg daily was supplemented for 4-10 weeks, after
which the IUD was removed. The 12 women with severe [UA
by the AFS classification had all resumed menses after this
regimen [11]. Six of the nine women under age 39 subse-
quently became pregnant, with four of those delivering at or
near term.

As the trend toward minimally invasive modalities flour-
ishes, treatment of Asherman syndrome (AS) has shied away
from the antiquated method of hysterotomy in favor of hys-
teroscopic resection, intrauterine devices, hormones, adhesion
barriers, and most recently, stem cells [12, 13]. Prior to 2010,
there had been no controlled comparative studies for the ef-
fectiveness of the different modalities [14]. Currently, the gold
standard treatment modality for Asherman syndrome is hys-
teroscopic resection of the adhesions [13]. After hysteroscopic
adhesiolysis, 88% of patients with menstrual abnormalities
restored normal menstruation in one study [15]. Surgical treat-
ment is useful in patients with mild or moderate disease se-
verity but not with severe AS [16]. In 2019, an RCT examined
the effects of an inert IUD relative to a hyaluronan gel. The
three groups included (1) IUD only, (2) IUD + hyaluronan gel,
and (3) gel only. The results revealed similar efficacy in all
three groups in preventing adhesion reformation after hyster-
oscopic adhesiolysis in patients with moderate to severe [UA.
However, thicker endometrium was found in the groups that
received the gel, suggesting that the hyaluronan gel was more
effective in improving the endometrial thickness than the hor-
monal IUD [12]. Ongoing pregnancy rates after [IVF cycles
were not statistically significantly different though.

Other adhesion barriers used include amnion grafts, stents
and gels made of hyaluronic acid, or polyethylene oxide-
sodium carboxymethylcellulose. Gan et al. experimented with
a freeze-dried amnion graft covering a balloon catheter and
concluded that it reduced the risk of adhesion reformation
after hysteroscopic adhesiolysis compared to those patients
that received the balloon alone [17]. Another study claimed
that blunt adhesiolysis with a flexible hysteroscope after pri-
mary adhesiolysis is also effective in maintaining cavity pa-
tency [18]. Zhu et al. examined the effects of hyaluronic acid
(HA) in mice with iatrogenic AS, and they concluded that
high molecular weight HA attenuated fibrosis but low molec-
ular weight HA did not [4]. These effects are due to HA’s
regulatory interaction with CD44, thereby inhibiting
TGF-1. AAGL’s guidelines for secondary prevention of
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intrauterine adhesions state that intrauterine stents, balloons,
or IUDs appears to reduce the risk of adhesion reformation
(grade A evidence); the risk of infection with these devices is
minimal (grade A evidence); the use of antibiotics for preop-
erative, intraoperative, or postoperative therapy is controver-
sial (grade C evidence); inert [UDs are preferable to copper
and hormonal ones (grade C evidence); semi-solid barriers,
such as HA or crosslinked HA gel, reduce adhesion reforma-
tion (grade A evidence); postoperative hormonal therapy may
reduce the risk of recurrence of [UA (grade B evidence); ad-
juvant medications to improve vascular flow are still experi-
mental (grade C evidence); and stem cell therapy is still ex-
perimental (grade C evidence) [8].

Recently, there have been experiments transplanting autol-
ogous and allogeneic stem cells to treat AS in animal as well
as human subjects. One study demonstrated that fertility out-
comes improved after administration of a bone marrow-
derived stem cell transplant in mice with iatrogenic AS [19].
Likewise, autologous bone marrow stem cell transplant in
humans is the latest advancement in treatment for patients
with refractory AS [20-22]. The pioneer studies include two
case series in India, which have demonstrated efficacy in re-
storing menstruation and fertility in humans, whereby bone
marrow-derived stem cells were injected into the uterus
followed by administration of estrogen therapy [20, 23].
Similarly, one prospective clinical study in China restored
fertility using autologous menstrual stem cell transplants
[22]. However, stem cell transplantation for Asherman syn-
drome is far from becoming commonplace.

Endometrial regeneration with stem cells

The uterus, like most other organs in the body, has regenera-
tive capacity. With each menstrual cycle, the endometrial lin-
ing undergoes a process of degeneration, cellular proliferation,
differentiation, and regeneration. Stem cells in the basalis lay-
er of the endometrium exhibit self-renewal as well as
multipotency, thereby regenerating the functionalis layer,
which sheds with every menses as well as postpartum [19,
21, 24]. Although slightly more differentiated than mesenchy-
mal stem cells and not capable of self-cloning, stromal fibro-
blasts have a broad multilineage differentiation potential for
mesodermal, endodermal, and ectodermal lineages and con-
tribute to the endometrial regeneration as well [25, 26]. Stem
cells, on the other hand, also exert a myriad of other effects on
tissues, including trophic support, self-renewal, regeneration
of endogenous cells, immunosuppression, regulatory interac-
tions, and paracrine signaling with endogenous cells.

Stem cells are undifferentiated or partially differentiated
cells with the potential to differentiate into more mature cells
and self-replicate into daughter cells. They owe their regener-
ative capability to telomerase activity. Aside from their multi-
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lineage differentiation potential and clonogenicity, stem cells
are defined by their capability to be cultured long-term, their
cell-surface markers, and their capacity for in vivo reconstruc-
tion. There are two types of stem cells: embryonic, originating
from blastocysts, and adult stem cells, located in regenerating
tissues. Embryonic stem cells are highly proliferative but also
tumorigenic. Adult stem cells have a low malignant potential
and thus are the type used for cell therapy. Stem cell potency
denotes the degree of cell-lineage possibilities, whereby toti-
potent cells originating in blastocysts can differentiate into
whole embryonic germ layers, including trophoblastic tissue.
The disadvantage of using embryonic stem cells for research
is the ethical dilemma since the embryo will be destroyed. The
next category on the spectrum of differentiation is pluripotent
stem cells, which can differentiate into any cell of the three
germ layers; however, they cannot develop into trophoblasts.
Further along, the multipotent stem cells can differentiate into
a confined number of cell types limited to the same lineage,
such as mesenchymal stem cell (MSC). For example,
menstrual-derived stem cells can differentiate into neurons,
osteoblasts, chondrocytes, adipocytes, and endotheliocytes.
Unipotent stem cells, with the narrowest differentiation poten-
tial, can only become one cell type. MSC are advantageous for
transplantation because they are easily extracted, highly pro-
liferative, weakly immunogenic, immunomodulatory, and
highly trophic. For this reason, they are most commonly used
for cell therapy and regenerative medicine. Somatic cells can
undergo dedifferentiation as well to become induced pluripo-
tent stem cells (iPSC) by introduction of Myc, Sox2, Oct3/4,
and KLF genes, which encode transcription factors to repro-
gram the cells into embryonic-like cells.

Stem cells are harbored in specialized microenvironments,
or niches, which regulate their functions. Uterine sources of
stem cells include endometrial epithelial, stromal, and endo-
thelial cells, all of which contribute to endometrial regenera-
tion [27]. The endometrium consists of two cell types: epithe-
lium and supporting mesenchyme/stroma. The epithelium is
categorized by glandular (GE) and luminal epithelium (LE),
which are the majority of the functionalis layer but the minor-
ity of the basalis layer; the basalis mostly comprises stroma
and harbors most of the putative endogenous stem cells. Stem
cells are found in both basalis and functionalis layers as
perivascular cells and pericytes, mural cells that wrap around
the endothelium lining the capillaries and venules. The LE and
GE (comprising leukocytes and vasculature) are derived from
Miillerian duct epithelial cells, whereas the stromal cells de-
rive from mesenchyme. Mesenchymal stromal cells are
multipotent somatic stem cells that have the potential to dif-
ferentiate into mesodermal and non-mesodermal lineages. In
Asherman syndrome, the LE is largely lost, the stroma is re-
placed by fibrous tissue, and the endometrium thins and loses
responsiveness to estrogen and progesterone [26]. The surface
epithelium develops from proliferating epithelium near the
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tips of the GE. Epithelial stem cells are CD44*, which is a cell
surface marker present on label-retaining cells (LRC). LRC
are mostly quiescent and retain DNA labels over a longer
period of time than more mature cells, which have a more
rapid turnover [26].

Stem cells found in the uterus are also derived from non-
uterine sources. These sources, such as bone marrow-derived
stem cells (BMDSC), human embryonic stem cells (hES), and
induced pluripotent stem cells (iPS), also partake in endome-
trial restoration [19, 28, 29]. BMDSC engraft into the uterine
stroma after ischemia/reperfusion injury. Their mechanism of
action is most likely via the production of trophic factors for
recruitment of other cells. However, there is conflicting evi-
dence on the role of these extra-uterine sources of stem cells in
the natural regenerative processes. The HSC derived from
bone marrow provide a supportive microenvironment, or
niche, for hematopoiesis; they also help develop, stabilize,
and maintain the sinusoidal network [30]. The bone marrow-
derived MSC (bmMSC) are the subtype that contributes to
endometrial regeneration. Recruitment of BMDSC to the en-
dometrium is independent of hormonal stimulation; it is likely
a reparative response to injury or pregnancy rather than for
menstrual regeneration [19]. In the setting of AS, the quantity
of stem cells is the limiting factor for repair. With loss of the
uterine stem cell cohort, the recruitment of BMDSC may not
suffice. Transplanting BMDSC has demonstrated a beneficial
effect on the function of target organs, likely due to
immunomodulation, recruitment of growth factors, and para-
crine effects. Embryonic stem cells are totipotent but are tu-
morigenic when transplanted in mice. Using tissue recombi-
nation, embryoid bodies (3-D aggregates) of pluripotent stem
cells generated from hES have been shown to regenerate the
endometrium with differentiation by growth factors, such as
BMP-4 and Activin A, which induce stem cells to differentiate
into mesendoderm, an obligate intermediate during embryonic
genital development; in response to estrogen, the epithelium
proliferates and expresses glycodelin A (also known as
progestogen-associated endometrial protein, PAEP) as
well as other Miillerian markers, e.g., LIM1, PAX2, and
HOXAT10 [31]. This demonstrates induction of hES by the
endometrial mesenchyme. Glycodelin A is secreted from
the endometrial glands and decidual glandular epithelium
in early pregnancy, and it has been shown to modulate the
immune system by inducing apoptosis of T cells and
monocytes, thereby stimulating production of IL-6 and
IL-13 from NK cells and inducing immunologic tolerance
of dendritic cells [32].

There are two subtypes of endometrial cells: main popula-
tion (MP) and side population (SP). The SP phenotype is <
5% of the total, yet it identifies stem cells by way of rapid
efflux of Hoechst dye 33342, which binds DNA via the ATP-
Binding Cassette (ABC) G2 protein/Berpl (breast cancer re-
sistance protein) transporter [26, 28, 33]. This dye is

commonly utilized when identifying the stem cells that local-
ize to a certain tissue in a transplanted subject since the slow-
cycling cells, i.e., stem cells, retain the dye for a longer period
of time than other endometrial cells. SP cells exhibit preferen-
tial expression of endothelial cell markers compared to MP
cells; the stem cells are located in the perivascular niche.
Moreover, only SP cells exhibit telomerase activity and
pluripotency markers, such as Oct4. SP cells are most abun-
dant during the menstrual and proliferative phases, suggesting
their crucial role in endometrial regeneration; they have great-
er clonogenicity than MP cells, and they differentiate into
endothelial, stromal, and epithelial cells, whereas MP cells
only differentiate into stromal cells [28, 34]. Despite their
relationship to the menstrual cycle, SP cells do not contain
steroid receptors, yet they demonstrate histologic changes at
different points in the menstrual cycle. This suggests that sex
steroids have no direct effect on the stem cells; however, the
surrounding stromal cells respond to the hormones. Cervelld
et al. hypothesizes that signals coming from the stem cell
niche may maintain the somatic stem cell population in a
naive state but become responsive to steroids after differenti-
ating into transient amplifying cells. Basalis glands contain
ER-o throughout the menstrual cycle, whereas the
functionalis layer only expresses it in the proliferative phase;
neither eMSC (endometrial mesenchymal stem cells) nor SP
cells contain ER-a or PR receptors [26]. During the
decidualization process though, SP cells express the markers
prolactin and IGFBP-1, and their cytoplasm expands, giving
them a polygonal morphology. Moreover, the basalis ex-
presses stage-specific embryonic antigen (SSEA-1), while
the functionalis does not; SSEA-1 is also a marker of post-
menopausal endometrial epithelium [35]. Markers such as
Bcl-2, CD34, and c-kit/CD117 are also expressed in the stro-
ma of the basalis. Bcl-2, an anti-apoptotic marker, is found at
high levels during the proliferative phase and lower levels
during the secretory phase. CD34 functions as a cell-cell ad-
hesion factor that mediates the attachment of HSC to the ECM
of bone marrow or directly to stromal cells; it also facilitates
cell migration. C-kit/CD117 is a cytokine receptor expressed
on many cells that binds to stem cell factor, activates intrinsic
tyrosine kinase activity and activates signal transduction mol-
ecules to modulate cell proliferation and differentiation. N-
cadherin, a marker of epithelial progenitor cells, plays a role
in endometrial proliferative disorders, such as adenomyosis,
endometriosis, and thin dysfunctional endometrium [35]. As
part of the normal cycle of reproduction, these endometrial
cells can be found in menstrual blood and are an easily ac-
quired source of stem cells [26].

In contrast to epithelial stem cells, endometrial mesenchy-
mal stem cells (eMSC) are similar to bone marrow stem cells
in that they are multipotent, highly proliferative stem cells
with immunomodulatory properties yet distinct from stromal
fibroblasts [25]. However, cultured fibroblasts from the
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endometrium, bone marrow, and many organs also exhibit
bone marrow-MSC (bmMSC) properties in vitro. Dissimilar
to the ability of bmMSC to generate heterotropic bone or bone
marrow organs in vivo, eMSC have not been able to generate
a vascularized stroma with the capacity to differentiate into
decidualized stroma when transplanted into an animal at the
single-cell level [26].

Uterine ischemia or injury has been shown to recruit bone
marrow stem cells to the uterus even in the absence of sex
steroids [19, 36]. However, BMDSC do not seem to be in-
volved in the monthly regeneration of estrous/menstrual cy-
cles [36]. This concept has stimulated research regarding iat-
rogenic injury of the uterus in order to home stem cells to that
region. Concomitantly, pluripotency transcription factors,
e.g., Sox-2 and Oct-4, have been shown to increase expressiv-
ity after acute uterine injury [37]. The unproven theory is that
the uterine-derived stem cells suffice for the monthly regener-
ation of the endometrium, but other sources are required in
times of greater need [19, 36].

An important aspect of stem cell homing is the chemokine
system that is secreted by the injured tissue in order to recruit
stem cells. The CXCL12/CXCR4 protein-ligand is one
chemokine-receptor complex that promulgates homing of
stem cells to the uterus [38]. Stem cells generally express
CXCR4 on their surface, which interacts with CXCL12, also
known as stromal cell-derived factor-1 (SDF-1). ADM3100,
an immunostimulant used to mobilize HSC into blood, is an
antagonist of CXCR4. CXCLI12 is also expressed on injured
tissue [39]. SDF-1 plays a central role in the homing of bone
marrow stem cells, which express CXCR4. In most of the
experiments tracking the stem cells migration, a low number
(<5%) of those injected were actually found in the
regenerating endometrium, implicating the importance of
homing specifically to the site of injury as well as the strong
effect of stem cells in regeneration despite their low concen-
tration. As an example of homing in other organs, G-CSF has
been shown to mobilize HSCs from the bone marrow to the
blood, thereby reducing the amount of migration to the endo-
metrium [36]. G-CSF also augments the expression of
cytokeratin, vimentin, integrins, and leukemic-inhibiting fac-
tor (LIF), which all regulate endometrial function [39]. These
stem cells then undergo trans-differentiation into endometrial
stem cells after recruitment. Similarly, 173-estradiol has been
demonstrated to stimulate differentiation of bmMSC into ep-
ithelial cells in vitro [40].

Paracrine signaling and trophic factors play a key role in
cell homing. Paracrine-signaling genes, such as BMP-6,
PDGF-f3, thrombospondin-1, TNF-«, and IGF-1, are markers
of stem cell recruitment [24]. Cell damage due to radiation,
chemotherapy, or hypoxia has been shown to induce expres-
sion and secretion of chemokines [41, 42]. Chemokines and
cytokines are secreted by damaged tissue and are crucial for
homing of stem cells to injured sites. For example, SDF-1,
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which is upregulated at sites of tissue injury, acts as a
chemoattractant by binding to chemokine receptor-4 (CR-4)
that is expressed on bone marrow stem cells [43]. There are
many types of chemokine receptors; thence, knockout of CR-
4 only is not sufficient to prevent homing of MSCs to the
damaged site [41]. Decidualized SUSD2" cells are a major
source of several cytokines, including LIF and CCL7 [26].
More on the chemokine system is described in the immuno-
modulatory section that follows.

In animals, a labeling retention method can be used to
identify the origin of stem cells. By injecting thymidine analog
5-bromo-2'-deoxyuridine (BrdU), one can identify its locali-
zation in the tissue, whereby the LRCs get incorporated into
the newly replicated DNA. These newly formed cells identify
the somatic stem cells. LRCs have been found in kidneys,
hair, liver, and bone marrow as well as in the endometrium
when injected with bmMSCs [21, 24, 42, 44]. This method
allows for researchers to identify the stem cells that have
homed to the damaged tissue.

Endometrial mesenchymal stem cell markers

According to the International Society for Cellular Therapy,
MSCs are classified according to three criteria: (1) must be
plastic-adherent in standard culture conditions; (2) must ex-
press CD105, CD73, and CD90 and cannot express CD45,
CD34, CD14, CD11b, CD79«, CD19, and HLA-DR surface
molecules; and (3) must be able to differentiate into osteo-
blasts, adipocytes, and chondroblasts in vitro [45].
Endometrial MSCs have demonstrated similar properties to
other MSCs in vitro through clonogenicity assays, adherence
to plastic, fibroblast-like morphology, and differentiation to
adipogenic, chondrogenic, and osteogenic fates. They are lo-
cated in perivascular sites in the basalis and functionalis
layers; moreover, they contain the same surface markers as
other MSCs, e.g., CD29, CD44, CD73, CD90, CDI105,
MSII1, NOTCHLI [26, 34]. Markers specific for eMSC include
CD146 and CD140b (also known as PDGFR-f3, platelet-
derived growth factor receptor-3) as well as SUSD2 (Sushi
domain containing-2, the epitope for the W5C5 antibody),
SSEA-1, and LGRS [26, 28]. Other markers that have been
expressed in the stroma include Bcl-2, CD34, c-Kit/CD117,
and Ki-67. Bcl-2 is limited to the embryonic endometrium,
and it is expressed mostly in the proliferative phase. These
markers are also used to detect MSC location in transplanted
tissue. STRO-1, the most widely used marker for detecting
bmMSC, is not found on eMSCs or stromal fibroblasts [26].
MSCA-1 is a bone marrow-derived MSC marker also known
as tissue non-specific alkaline phosphatase (TNAP) that
immunolocalizes to perivascular spaces in the endometrium;
thus, it has been suggested as a specific eMSC marker [26].
However, TNAP also localizes to epithelium, so EpCAM is
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used to differentiate them. SSEA-1, or CD15, an epitope of a
glycoprotein expressed in differentiating hES, is another sur-
face marker commonly found in the endometrial basalis
glands [26]. SSEA-17 epithelial cells have greater telomerase
activity and are more quiescent than SSEA-1" cells [26]. Cells
with this marker express lower levels of ER-« and PR (pro-
gesterone receptor) than SSEA-1" cells, suggesting a less dif-
ferentiated phenotype and lower reliance on growth factors to
mediate estrogen-induced proliferation signals.

Genes involved in endometrial regeneration

There are many genes/proteins responsible for the development
and regeneration of endometrium, of which Wnt, c-kit
(CD117), Oct-4, CD34/KLF4, and Musashi-1 are best classi-
fied. The Wnt gene activates a signal cascade (Fig. 1) whereby
secreted proteins (Wnts) bind to cell surface markers of the
Frizzled family and direct the fate of the cell [28]. For example,
Wnt7a is involved in endometrial regeneration, and its suppres-
sion by progesterone in the latter half of the menstrual cycle is

TGF- signal

= Wnt
Dickkopf-1 — i

likely the cause of transformation of the epithelium to a secre-
tory phenotype [47]. Wnt4 is responsible for the structural de-
velopment of internal genitalia in mice as well as stromal
decidualization and proliferation during embryo implantation
and growth [48]. Wnt signaling regulates Miillerian duct for-
mation, differentiation, and regression [49]. Similarly, postmen-
opausal endometrium upregulates Wnt expression in the setting
of high gonadotropin levels, suggesting the persistent presence
of stem cells despite endometrial atrophy [28]. In addition, tran-
scription factors (TFs) are critical to the activation of stem cells.
Sex-determining region Y-box 2 (Sox2), Octamer-4 (Oct-4),
and Nanog homeobox (Nanog) are three pluripotent TFs that
are upregulated at times of uterine damage, which is itself an
instigator of stem cell activation [37]. Oct-4 is a transcription
factor involved in self-renewal of undifferentiated embryonic
stem cells (ESCs). Xiao et al. demonstrated an increased ex-
pression of TFs after injection of lipopolysaccharide (LPS, an
endotoxin) into mice uteri. CD34 and Sca-1 are expressed on
vascular adventitial progenitor cells with broad differentiation
capabilities. Scal*CD34™" cells can be generated in situ by up-
regulating the reprogramming transcription factor Kruppel-like
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Fig. 1 A schematic diagram of the relationship between Wnt and TGF-(3
signaling pathway in EMT. TGF-f signal is involved in many steps of
Whnt signaling pathway, which ultimately accumulate (3-catenin and then
promote the EMT and fibrosis. TGF-[3 mediates decreased expression of
the Wnt antagonist Dickkopf-1 via a p38-dependent manner while also

stimulates Wnt signaling by inhibiting GSK-33 or promoting Smad4 and
Smad2/3 complex to increase (3-catenin in the cytoplasm and nucleus.
TGF-3 signal is also activated by SOX2 through the repression of TIF1vy.
SOX2 could also promote the Wnt signaling pathway by transcriptional
enhancement of 3-catenin [46]
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factor 4 (KLF4) in differentiated smooth muscle cells [50].
Additionally, post-translational modification by SUMOylation
(small ubiquitin-like modifier) has an important effect on ESC
renewal and differentiation [50]. Nanog is essential for main-
taining the pluripotency and self-renewal of hES; Oct4 and
Sox2 repress Nanog expression [50].

ANp63, a member of the p53 family that lacks the N-
terminal transactivation domain, is hypothesized to regulate
the development of ectoderm and epithelium through the bal-
ance of stemness, differentiation, and quiescence via the
epithelial-mesenchymal transition [51, 52]. ANp63, a target
of the PI3K pathway, is barely detectable in healthy endome-
trium yet is significantly upregulated in endometrial epithelial
cells of patients with AS [52]. Mature epithelium primarily
expresses ANp63, and Oh et al. demonstrated that retroviral
transduction of ANp63« into rapidly proliferating human
keratinocytes led to epithelial-mesenchymal transition and ac-
quisition of stem-like properties [51]. Zhao et al. demonstrated
that in patients with AS, Nanog, W5CS5 (SUSD2), and SSEA-
1 were downregulated on all ANp63™ cells in the endometria,
while KLF4 and LGRS were upregulated, suggesting that
ANp63 plays a pathologic role by disrupting the normal re-
generative properties of the endometrium and keeping it qui-
escent [52]. Hence, Sox2 and Oct4 were not found in these
patients either. Their group investigated the effects of co-
culturing bone marrow mononuclear cells (BMNCs) with
ANp63* epithelial cells of the endometrium. Expression of
ANp63 mRNA was abated in the presence of BMNCs, sug-
gesting that BMNCs have a modulatory effect to counteract
the quiescence induced by ANp63 [52].

Mesenchymal-to-epithelial transition

One of the key capacities of stem cells is cellular trans-differ-
entiation, whereby one somatic mature cell can transform into
another without undergoing an intermediate pluripotent state.
The mesenchymal-to-epithelial transition (MET) is one such
example and plays another crucial role in endometrial epithe-
lial repair. This well-described phenomenon is critical during
embryogenesis, menstruation, and postpartum, the three pe-
riods of a woman’s life when uterine regeneration is signifi-
cant [49, 53]. For instance, during embryonic development of
genital tissues, stromal (mesenchymal) cells adopt an epithe-
lial phenotype [49]. Patterson et al. proposes that prenatal
developmental programming of the uterus remains intact in
the adult for times in need of regeneration. Miillerian duct
cells are known to have meso-epithelial properties as seen
by their positive staining for cytokeratin, an epithelial marker,
and vimentin, a mesenchymal marker. As the ducts develop,
vimentin expression decreases, cytokeratin expression is
maintained, and E-cadherin expression, an epithelial cell
marker, increases. This change in expression of mesenchymal
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and epithelial cell markers is indicative of the MET in embry-
onic development [54]. Using genetic fate mapping, stromal
cells have been identified in the endometrial epithelium in
postpartum mice using LRC [54]. During endometrial regen-
eration, a unique population of pan-cytokeratin-expressing
cells exists within the stroma and is shown to move from the
stromal-myometrial border to the luminal interface where the
LE will re-form. These cells do not appear to originate from
the GE, as they do not connect to glands at any point during
the transition.

Epithelial-to-mesenchymal transition (EMT), the counter-
part to MET, is implicated in tumor metastases and dediffer-
entiation, whereby cancer cells transition from an epithelial to
mesenchymal phenotype [55]. This involves signal transduc-
tion pathways, such as receptor tyrosine kinases and TGF-f3
receptors, and transcriptional repressors of the E-cadherin
gene allow for the cancer cells to lose the epithelial phenotype.
Similarly, altering p63 level in normal human epidermal
keratinocytes has been described as a method of inducing
mesenchymal multipotency [51]. Zhao et al. showed that the
EMT was accelerated when cells transduced with a vector
expressing ANp63 were treated with TGF-3. The TGF-f3
signaling cascade leads to EMT through activation of ERK
MAPK, Rho GTPases, and the PI3K/AKT pathways via up-
regulation of Snail and ZEB family proteins, key TFs involved
in EMT [52]. The EMT may be induced by other pathways
too, including the Smad cascade, whereby TGF-f3 leads to
phosphorylation and nuclear translocation of Smad 2/3 [52].

Immunomodulatory and antimicrobial effects
of stem cells

Besides for trans-differentiation and paracrine signaling
through chemokines, stem cells also aid in the regenerative
process by immunomodulation. Mesenchymal stem cells sup-
press both the innate and adaptive immune systems. In the
innate system, MSCs inhibit NK cell activation, proliferation,
and cytotoxicity [34]. In the adaptive system, MSCs inhibit B
and T cell proliferation and differentiation into pro-
inflammatory Ty1 and T,,17 cells as well as to “tolerogenic”
Teg cells, which are suppressor T cells that downregulate ef-
fector T cells [34]. On the contrary, MSCs secrete a multitude
of cytokines and signaling molecules that promote growth,
such as IGF-1, TGF-f3, bFGF, HGF, IL-6, SDF-1, M-CSF,
VEGEF, PIGF, and MCP-1 [34]. They cause mature type I den-
dritic cells (DC) to decrease TNF-« secretion and type II DCs
to increase IL-10 secretion; they cause Tj,1 and NK cells to
decrease IFN-y and T2 cells to increase IL-4; and they cause
an increase in the proportion of T, cells when co-cultured with
immune cells [56]. Interestingly, MSCs have been shown to
have the capacity to polarize into a pro-inflammatory pheno-
type, pending interaction with IFN-y and LPS, or they can
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exhibit an anti-inflammatory phenotype, pending interaction
with IL-4 [57]. MSCs express toll-like receptors (TLR-3,4) as
well, and their migration, invasion, and secretion of immune-
modulating cytokines depend on the ligand that binds the TLR.
When MSCs bind TLR4, pro-inflammatory cytokines are se-
creted, yet anti-inflammatory cytokines are secreted when
MSCs bind TLR3 [57]. Moreover, co-culturing TLR3-primed
MSCs with peripheral blood mononuclear cells led to anti-
inflammatory markers being expressed and vice versa with
TLR4-primed MSCs [57].

Stem cells have been shown to upregulate anti-
inflammatory cytokines, e.g., 1L-2, IL-4, IL-10, and
TGF-f3, as well as downregulate pro-inflammatory cyto-
kines, e.g., IL-1, IL-6, IL-17, and TNF-«, depending on
their surrounding niche [39]. In a pro-inflammatory envi-
ronment with high concentration of TNF-« and IFN-vy,
MSC secrete anti-inflammatory mediators, e.g., IL-10,
TGF-f3, PGE2, HLA-G, IDO, and become MSC-2, which
suppress dendritic, T, B, and NK cell activation [26]. On
the other hand, when LPS activates TLR-4 on MSC, the
MSC adopts a pro-inflammatory phenotype (MSC-1) and
recruits immune effector cells [57]. Zhao et al. corrobo-
rated the immunomodulatory effects of stem cells by
injecting bmMSCs directly into the uterine cavity of mice.
This induced the same effects as the study by Gan et al.:
(1) higher expression of cytokeratin, vimentin, integrin
«yf33, and leukemic-inhibiting factor (LIF); (2) a greater
amount of anti-inflammatory cytokines (bFGF, IL-6); and
(3) a lower expression of pro-inflammatory cytokines
(TNF-e, IL-1) [52, 58]. Another study noted a significant-
ly decreased concentration of macrophages in the endo-
metrium of patients with AS, which was hypothesized to
be due to decreased levels of CSF-1 [59].

Menstrual stem cells have demonstrated immunomodula-
tory effects via inhibiting the generation and maturation of
monocytes into dendritic cells. Dendritic cells (DC), or
antigen-presenting cells, play a key role in directing the T cell
response toward a Typl, Ty2, Tyl7, or Ty, pathway [60].
Menstrual stem cells prevent monocytes from maturing into
immature DCs, thereby inhibiting an allogeneic mixed lym-
phocyte reaction. This is partly due to increased IL-6 and IL-
10 levels. Additionally, one of the main reasons menstrual
stem cells are not immunogenic when transplanted is due to
the weak expression of HLA-DR.

G-CSF, or stem cell releasing factor, has also been studied
for its stimulatory effect on stem cell recruitment as well as
immunomodulation in injured tissue. Schneider et al. demon-
strated the immunomodulatory effects of filgrastim, a recom-
binant human G-CSF analog, in 60 patients undergoing elec-
tive surgery. They demonstrated a blunted response to trau-
ma: a greater increase was noted in anti-inflammatory medi-
ators, such as TNF-R p55/p75 and IL-1ra (antagonists to
TNF-« and IL-1), than in the pro-inflammatory cytokines,

such as their ligands [61]. As such, studies then assessed
these effects in the endometrium of mice after injection of
G-CSF. Sabry et al. compared MSC to G-CSF and estrogen
and assessed the extent of fibrosis, vascularization, and in-
flammation. The mice that received a combination of MSCs
and G-CSF had the greatest attenuation of fibrosis and stim-
ulation of angiogenesis, as measured by IL-1, IL-6, TNF-«,
VEGF, RUNX, TGF-{3, and CTGF. The effects were signif-
icantly improved compared to all the other groups, including
those that received MSCs and estrogen together, MSC alone,
or G-CSF alone [62]. G-CSF modulates the inflammatory
cascade, shifting the response toward the anti-inflammatory
state.

In addition to immunomodulatory effects, stem cells al-
so have antimicrobial activity. MSCs secrete the antimicro-
bial factors lipocalin-2 and indoleamine 2,3-dioxygenase
(IDO) in response to LPS [63—65]. MSC in equine endo-
metrium expressed lipocalin-2 at higher concentrations
than MSC in bone marrow or adipose tissue [64].
Unstimulated MSCs have been shown to inhibit the growth
of gram-negative and gram-positive bacteria by secreting
the cathelicidin peptide LL-37, which disrupts the bacterial
cell membrane [66]. The antibacterial properties of umbil-
ical cord and bone marrow-derived MSC have been vali-
dated via their secretion of (-defensin-2 and LL-37, re-
spectively [64]. Besides for killing microorganisms, LL-
37 also has chemotactic, immunomodulatory, angiogenic,
reparative, and anti-apoptotic effects [66]. MSCs stimulat-
ed with IFN-y have been found to secrete the tryptophan-
catabolizing enzyme IDO, which depletes tryptophan,
leading to accumulation of toxic kynurenines, thereby
inhibiting bacterial growth [65]. Domnina et al. demon-
strated an enhanced immunomodulatory effect with
MSCs organized in spheroids compared to monolayers.
The spheroids revealed an enhanced paracrine secretion
of TNF-o-stimulated gene (TSG-6, an anti-inflammatory
protein), hepatocyte growth factor (HGF, an anti-
apoptotic and pro-angiogenic protein), and prostaglandin
receptor 2 (EP2) [67]. Menstrual blood stem cells also sup-
press inflammation by secreting immunomodulatory fac-
tors, e.g., IL-6, IL-8, monocyte chemoattractant protein
(MCP-1), chemokine ligand-5 (CCLS5), and TLR-4, there-
by decreasing proliferation and activation of CD4" T cells,
downregulating central memory T cells, and upregulating
effector memory T cells [64, 68]. They also inhibit mono-
cyte differentiation to immature dendritic cells, likely due
to upregulation of IL-6 and IL-10 [60].

Menstrual blood-derived stem cells

Menstrual blood stem cells are a source of endometrial mes-
enchymal stem cells and have the added benefits of being
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easily and ethically attainable, genetically stable, and highly
proliferative without being tumorigenic or immunogenic [67].
Menstrual blood stromal fibroblasts exhibit stem cell-
associated anti-inflammatory and immunomodulatory proper-
ties [26]. These MSCs are a potential autologous source of
therapy for uterine injuries, i.e., Asherman syndrome, and
have been studied in both preclinical models and clinical
trials.

Menstrual stem cells (menSC) are also known as endome-
trial regenerative cells but are phenotypically different than
endometrial stem cells. They are broadly multipotent, with
the capability of becoming endothelial, cardiomyocytic,
neurocytic, cartilaginous, myocytic, respiratory epithelial, pan-
creatic, hepatic, adipocytic, and osteogenic lines as well as
germ cells and endometrial cells [69, 70]. They are defined
by these characteristics: (1) must be derived from menstrual
fluid rather than the endometrium; (2) express the cell-surface
markers CD9, CD29, CD44, CD49f, CD73, CD90, CD105,
and CD166, HLA-ABC, and lack hematopoietic/endothelial
markers; and (3) can be cultured and passaged in plastic-
adherent containers and differentiate into adipocytes,
chondrocytes, and osteocytes [71]. MenSC also have embry-
onic stem cell markers Oct-4 and SSEA-3/4 and eMSC
markers CD146 and PDGFR-[3 [22, 26]. Expression of the
embryonic markers c-Kit (CD117) and SSEA-4 is controver-
sial though as some studies have not found expression of these
markers on menSC [71]. They exert their effects on injured
tissue in a similar manner to other stem cells: differentiation,
immunomodulation, paracrine signaling, and homing and
engrafting into target tissue. MenSC have been shown to in-
hibit cell death of neurons in rats through secretion of VEGF,
BDNF, and NT-3 in vitro [71]. They can differentiate into
various cells, and they can be reprogrammed to become iPSC
to have a broader differentiation capacity [72] (Fig. 2). MenSC
have demonstrated the capacity to differentiate into endome-
trial cells in vitro when cultured with TGF-f3, 17(3-estradiol,
PDGF, and EGF; moreover, they create endometrial tissue in
NOD-SCID mice in vivo [73]. They have also been found to
have strong effects on inhibition of fibrosis. Zhu et al. extracted
menSC from the proliferative phase of three healthy premen-
opausal females and cultured them with endometrial stromal
cells. Their group noted an inhibition of myofibroblast activity
by downregulating x-SMA and collagen I, thereby resulting in
more rapid proliferation of endometrial stromal cells [74].
They concluded that menSC suppress endometrial
myofibroblast differentiation by inducing the Hippo/TAZ
pathway, which exports TAZ, a transcriptional regulator, from
the nucleus. Subsequently, rapid proliferation of endometrial
stromal cells and inhibition of TAZ led to attenuation of
TGF-3 and restoration of the cell’s natural wound healing
ability [74].

MenSC isolated from humans express lower levels of Oct-
4 and have worse cloning efficiency in patients with [UA
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compared to controls. When transplanted into NOD-SCID
mice induced with AS, menSC have rebuilt the endometrium.
Differentiation was tracked by detecting cytokeratin and
vimentin expression by immunocytochemistry, which was
significantly greater after induction with cytokines [73].
Autologous menSC transplantation has been studied in
humans with AS. Tan et al. experimented with menSC to
determine their effect on pregnancy and endometrial growth
in patients with severe AS. MenSC were extracted from the
menstrual effluent of seven infertile women with severe [UA
who had already failed traditional management with
adhesiolysis and hormone therapy. The stem cells were cul-
tured and injected into the uterus. Subsequently, hormone
therapy with estradiol was administered; progesterone was
added if the endometrial thickness (ET) was <7 mm. All
seven patients had a significant increase of endometrial thick-
ness after menSC transplant; in regard to pregnancy outcome,
one patient with infertility for 3.5 years and grade V IUA had
conceived spontaneously after transplant. Two others had
conceived with IVF, one of which ended in a viable birth [22].

Amniotic fluid-derived stem cells

Stem cells from amniotic fluid have also been extracted and
studied for the treatment of Asherman syndrome in preclinical
models. Similar to menstrual blood stem cells, human amniotic
fluid stem cells (AFSC) have the benefit of being ethically
unrestricted (since they are not embryonic), easily extracted,
multipotent, non-tumorigenic, and immunomodulatory. They
are described as an “intermediate” stem cell as they express
markers of both embryonic (Oct-4, c-Myc, Sox2, Nanog, ALP,
SSEA3/4, CD117) and adult (CD29, CD90, CD105, CD44,
CD73, CD324) stem cells, and they secrete transcription fac-
tors of pluripotency (Oct-4, Nanog, SSEA-3/4, ALP, SCF,
Sox2) as well as mesenchymal commitment (vimentin, keratin,
fibronectin); they can also be reprogrammed to become iPSC
[75, 76]. AFSC can differentiate into mesodermal (bone, fat,
cartilage, hematopoietic) and non-mesodermal (endothelial,
hepatic, neuronal) lineages [76]. Early pregnancy (first trimes-
ter) AFSC have a less differentiated phenotype than AFSC
extracted in the latter portion of pregnancy, as demonstrated
by their embryonic surface markers (SSEA3/4, Tra-1-60, Tra-
1-81, ALP) and expression of TFs, i.e., Oct-4, c-Myc, Sox2,
and Nanog [76]. CD117/SSEA3* AFSC have similarities to
primordial germ cells, such as expression of c-Kit, FGF-8,
Sox17, STELLA, DAZL, NANOS, VASA, SSEAI1,
FRAGILIS, and PUM2 [76]. First trimester AFSC also express
high levels of several MSC markers, i.e., CD29, CD44, CD73,
CD90, and CD105. In contrast, AFSC extracted in the latter
portion of pregnancy express c-Myc and Oct-4 but not Nanog
or KLF4. They are also positive for SSEA4 but not for SSEA3,
Tra-1-60, Tra-1-81, or ALP. This suggests that second and



J Assist Reprod Genet (2020) 37:1511-1529 1521
<
[ Duchenne muscular dystrophy | ]
-
=
K
z E
g :
I3 z
g o
=, -
& £
& ]
g g
z A

<
<

>
&

[ |

1

Behavioral -i

[ 0.3 dIUAYIS| |

[eruauasy qui mapa |

QULIDEBIBY
JLOSOXH

> Acute lung injury
Epithelial ovarian cancer

Akt/Erk/Stat3 4
p38 pathway ¥

miR-21/Pten/Akt4

Fig. 2 The effect of menstrual blood-derived stem cells on different tis-
sues. Adopted from: Chen, Lijun et al. “The multi-functional roles of
menstrual blood-derived stem cells in regenerative medicine.” Stem Cell

third trimester AFSC are more mesodermally committed, yet
they retain some embryonic stem cell-like properties [76].

Stem cells from amniotic fluid have been used in preclini-
cal models for tissue engineering and regeneration. Some ex-
amples of their effects include shortened healing time in fetal
lambs with intentional skin wounds, improved epidermal re-
generation at intentional excisional wounds in mice, clustering
of neural placodes in fetal lambs with neural tube defects, as
well as tissue engineering for body-wall defects,
myelomeningocele, bladder exstrophy, and congenital dia-
phragmatic hernia [77]. To date, however, there are no clinical
data examining the effects of amniotic fluid stem cells in
humans for the prevention or treatment of AS.

Bone marrow-derived stem cells

The role of bone marrow stem cells on uterine regeneration
has been elucidated by many studies seemingly due to their
extensive investigation in other disorders. Bone marrow-
derived stem cells are the most common source for clinical

Myocardial infarction
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Research & Therapy (2019) [71]. The Creative Commons license: https://
creativecommons.org/publicdomain/zero/1.0/legalcode

transplantation. However, the process of extraction, the risks
of complications, and the age-dependent decline of their self-
renewal capacity limits their use and hinders clinical trials.
Bone marrow-derived stem/progenitor cells include HSCs
and MSCs, which migrate to injured sites and participate in
tissue regeneration via engraftment, secretion of cytokines,
recruitment of other cells, and trans-differentiation. It is
known that irradiation, chemotherapy, and hypoxia all stimu-
late stem cell recruitment for tissue repair. Moreover, SDF-1,
the ligand for CXCR-4 expressed on BMDSC, is a
chemoattractant that plays a central role in the homing pro-
cess. When transplanted into uteri, BMDSCs can be found in
the uterine stroma as well as the epithelia. Gil-Sanchis et al.
experimented with different types of bone marrow stem cells
in order to compare each type with its effect on the
endometrium.

The types of stem cells revealed different effects on the
endometrial histology, morphology, proliferation, and apopto-
sis. Freshly isolated MSCs and endothelial progenitor cells
(EPCs) induced a greater degree of endometrial regeneration
than cultured MSCs and multipotent adult progenitor cells
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(MAPCs), with the EPCs contributing most to the epithelia and
the MSCs contributing most to the stroma and endothelium.
The mice that received cultured MSCs and Oct4™ BM-
MAPCs had lower proliferation indices in the uteri than the
mice that received the other BMDC:s. In addition, the uteri from
animals treated with fresh unfractionated bone marrow (UBM),
MSC, EPC, and hematopoietic progenitor cell (HPC) subpop-
ulations and mOct4™ BM-MAPCs displayed thicker endome-
trium than those that received the cultured MSCs and mOct4
BM-MAPCs [42]. Similar results were seen in regard to gland
concentration. In terms of engraftment into the uterus, a smaller
proportion of the cultured stem cells reached the target tissue
than the fresh ones. The loss of cell surface receptors in cultured
cells is likely the reason for this difference [42, 78].
Overcoming the hurdle of stem cell engraftment in dam-
aged tissue has been a major barrier to transplants for endo-
metrial regeneration. Preparing MSCs in a 3D culture, or
spheroid, has been shown to increase the survival and efficacy
of stem cells as well as their expression of angiogenic and anti-
inflammatory factors [63]. Domnina et al. demonstrated sim-
ilarities and differences between spheroids and monolayers.
Both express CD140b, CD105, CD73, CD90, CD44, HLA-1,
and lack CD34, CD45, and HLA-DR. However, spheroids
lack CD146. Spheroids upregulate pluripotency genes
Nanog and Sox2 but less so than hES [63]. Their group also
demonstrated improved fertility outcomes in the mice
transplanted with spheroid eMSCs compared to those that
received bone marrow or monolayer eMSC transplantation.
Many preclinical models have demonstrated significant im-
provements in mice with iatrogenic AS treated with stem cells.
Cervell6 et al. investigated the engraftment and proliferation
of human bmMSC in mice. CD133* bmMSC were extracted
from humans with Asherman syndrome and labeled with
super-paramagnetic iron oxide nanoparticles (SPIO).
CD133, also known as VEGF-R2, is a marker expressed in
immature hematopoietic and progenitor cells with high prolif-
erative activity as well as circulating cells with endothelial
regenerative capacity [24]. These stem cells were injected into
mice either directly into their uterus or systemically, with the
thought that direct injection may improve stem cell homing to
the injured tissue. Quantitative PCR was performed to indicate
paracrine-signaling genes, e.g., BMP-6, PDGF-f3,
thrombospondin-1, TNF-«, and IGF-1. Four parameters were
measured: (1) the accumulation of collagen and glycosamino-
glycan deposits detected by trichrome staining, (2) the per-
centage and localization of engrafted bmMSC by Prussian
blue stain, (3) cell proliferation using Ki-67, and (4) paracrine
factors by RT-PCR. The induction of Asherman syndrome
was confirmed with visualization of the fibrotic factors, i.e.,
collagen and glycosaminoglycan. As a result, there was a sig-
nificant increase in cell proliferation and paracrine factors in
the treated damaged horns relative to the untreated damaged
horns, regardless of administration modality. This

@ Springer

corroborates the notion that uterine injury recruits stem cells
following an increase in paracrine signals. Furthermore, these
stem cells were not found in other organs. This suggests three
key points: (1) the paracrine factors are responsible for recruit-
ment of stem cells to the site of injury, (2) the stem cells induce
proliferation of the neighboring endometrial cells indirectly,
and (3) the stem cells are directed to the damaged tissue [24].
The engrafted cells were mostly localized around the endome-
trial blood vessels, thereby inducing proliferation of the sur-
rounding cells through paracrine signals. The limitation of this
study was its use of NOD/SCID mice, so research is needed to
see if the same effects would occur in mice with a functional
immune system.

Liu et al. experimented with two types of stem cells in mice
with a mild uterine injury but no adhesions. Stem cells were
obtained from the uterus and bone marrow of GFP-labeled
mice. A comparison was done between local and systemic
administration after injuring only one of the uterine horns.
Mice that were injected intravenously with bone marrow-
derived stem cells (BMDSCs) or uterine-derived stem cells
(UDCs) had an increased recruitment of GFP* cells to either
an injured or non-injured horn compared to those that were
injected directly into the uterus. Less than 1% of the endome-
trial cells were labeled with GFP, implicating the strong effect
these cells have despite their paucity [79]. Systemic injection
of BMDSCs led to greater recruitment of GFP* cells to both
the non-injured and injured horns compared with local injec-
tion at 2 and 3 weeks post-injection. Systemic injection of
UDCs demonstrated greater recruitment of GFP* cells com-
pared to local injection at 3 weeks post-injection. Their group
concluded that systemic injection is superior to local injection
in homing stem cells to the uterus. Additionally, there was no
difference in cell recruitment between the injured and non-
injured horns. This implies that homing of stem cells occurs
diffusely in the uterus rather than specifically to the site of
injury [79].

Another study by Zhao et al. demonstrated encouraging
effects of bmMSC transplantation not only on endometrial
regeneration but also on its receptivity. Rats were adminis-
tered ethanol in the uterine cavity to induce thin endometrium.
Bone marrow mesenchymal stem cells were transplanted di-
rectly into the uterus; saline was injected into the control. The
expression of integrin oty 33 and LIF was significantly greater
in rats with thin endometrium that received bone marrow stem
cells compared to those that did not [80]. In addition, the
endometrial thickness was significantly thicker, pro-
inflammatory cytokines (IL-13, TNF-x) were attenuated,
anti-inflammatory cytokines (IL-6, bFGF) were upregulated,
and markers of endometrial regeneration (cytokeratin,
vimentin) were significantly greater in the treatment group
compared to the control.

Many factors play a role in stem cell recruitment and en-
graftment to the endometrium, but the reasons for the



J Assist Reprod Genet (2020) 37:1511-1529

1523

difference between UDCs and BMDSCs have not been clearly
elucidated. Santamaria et al. proposes that UDCs are partially
differentiated toward an endometrial cell line and thus have a
narrower potency than BMDSCs, which likely have a broader
potency [21]. In regard to the mode of injection, the engraft-
ment of the stem cells requires homing to their niche environ-
ment, and this is propagated via the circulation due to the
strong effect of paracrine signals. Homing is the key aspect
to stem cell efficacy since their effect is substantiated only if
appropriately located. Hence, systemic injection of BMDSCs
led to a greater recruitment of GFP™ cells compared to UDCs
[21]. It is hypothesized that blood provides the stem cells with
various trophic factors, which may enhance their survival
when injected systemically as compared to local injection into
the uterus [79].

BMDSCs have been used in clinical trials for regenerative
therapy and have been shown to contribute to neo-
angiogenesis during wound healing and limb ischemia, post-
myocardial infarction, atherosclerosis, and tumor growth [21].
Santamaria et al. piloted the first clinical study of BMDSC
transplantation in patients with AS. Eleven patients with re-
fractory AS and five with endometrial atrophy had their own
peripheral blood bone marrow-derived stem cells extracted
using G-CSF for hematopoietic mobilization. CD133* cells
were isolated through apheresis. These autologous BMDSCs
were then injected into the spiral arterioles by catheterization
via interventional radiology into the 11 patients with AS. All
patients were prescribed HRT before and after the transplan-
tation. Endometrial effects were then assessed by resumption
of menses, endometrial thickness, adhesion score, neo-angio-
genesis, and ongoing pregnancy rate. Menstrual history was
recorded with a diary; endometrial cavity was assessed by
hysteroscopy 3 and 6 months later; transvaginal ultrasound
and endometrial biopsies were used for endometrial thickness
and histology; lastly, patients were invited to undergo ART.
Neo-angiogenesis was assessed using immunofluorescence
for CD31 and x-SMA, markers of angiogenesis. After trans-
plantation, menstrual cycles resumed with HRT within
1 month in all the patients, except for one with endometrial
atrophy. All patients with stage III IUA improved to stage I,
one patient with stage Il showed a normal cavity, and the other
with stage II improved to stage I post-transplant. There also
was a significant increase in the total number of mature blood
vessels as detected by CD31*/a-SMA™* cells. In regard to
functional status, 3 patients became pregnant spontaneously
and 7 pregnancies resulted from 14 embryo transfers.

Umbilical cord-derived stem cells

Mesenchymal stem cells have also been derived from the um-
bilical cord (UC-MSC), and they express similar properties to
placental MSCs: intermediate differentiation potential

between embryonic and adult stem cells. They share common
surface markers as other MSCs, i.e., CD29, CD44, CD73,
CD90, and CD105, and lack CD31, CD45, and HLA-DRS5.
They express the pluripotency markers Sox2 and SSEA-4.
Similar to other adult stem cells, UC-MSC are ethically unre-
stricted as they are normally discarded after birth. They are
easy to harvest, and they are non-tumorigenic and non-
immunogenic because they lack MHC-II and other co-
stimulatory molecules. However, they are primarily hemato-
poietic lineage cells with < 1% multipotent cells [77]. They do
express HLA-G though, which is a protein that induces the
expansion of T, cells and suppresses cytotoxic T cells and
NK cells [81]. They have demonstrated stronger proliferation,
differentiation, and migration abilities than bmMSC [82].
MSC can be isolated from the umbilical cord lining,
subendothelial layer, perivascular zone, and Wharton’s jelly,
the gelatinous matrix. UC-MSC have been used for therapy in
animal models with ovarian and endometrial dysfunction [83].
Yang et al. first demonstrated the effects of UC-MSC on the
proliferation, fibrosis, angiogenesis, and apoptosis of dam-
aged endometrial stromal cells via secretion of VEGF. They
noted a significant increase in proliferation and decrease in
apoptosis in the stromal cells damaged by mifepristone that
were co-cultured with UC-MSC compared to the controls
[84]. This suggests that the UC-MSC can potentially prevent
the damage to the endometrium by mifepristone. The UC-
MSC also increased expression of VEGF and decreased ex-
pression of caspase-3,8,9 [84]. Zhang et al. examined fertility
outcomes, endometrial morphology, angiogenesis, and cell
proliferation in mice induced with AS. UC-MSC were
injected systemically, and their group noted decreased fibrosis
markers (x-SMA, TGF-3), increased cell proliferation (Ki-
67), increased stromal and epithelial markers (vimentin,
cytokeratin), increased vascular markers (CD-31, VEGF,
MMP9), and decreased pro-inflammatory markers (IFN-y,
TNF-a, and IL-2) [85]. Shi et al. demonstrated the capacity
of UC-MSC to differentiate into endometrial epithelial and
stromal cells via different induction systems. The cAMP/
PKA pathway was significantly involved in the differentiation
of UC-MSC into endometrial stromal-like cells [82].
Recently, extracellular vesicles (EV), vesicles discharged
from the cell membrane into the environment, have been
found to play a role in paracrine signaling. Ebrahim et al.
looked at the effect that vesicles derived from human UC-
MSC (hUCMSC-EV) had on endometrial regeneration. Rats
induced with TUA were treated with estrogen alone,
hUCMSC-EV alone or the combination. The inflammatory
cytokines (TGF-f3, IL-1, IL-6, and TNF-x) were downregu-
lated, and the stem cell marker (CD140b) was upregulated in
the mice that received hUCMSC-EV alone or in combination
with estrogen compared to the control mice with [UA but no
treatment [86]. In addition, RUNX2, an anti-fibrotic factor,
was significantly increased in the groups that received
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hUCMSC-EV, either alone or in combination. Estrogen treat-
ment alone had no effect on the expression of inflammatory
cytokines and fibrotic factors.

In humans, a landmark prospective phase I clinical trial has
been performed in 26 women with recurrent [UA. UC-MSCs
loaded onto a collagen scaffold were transplanted into the
uterus following adhesiolysis. Three months later, the maxi-
mum endometrial thickness increased, the intrauterine adhe-
sion score decreased, markers of proliferation (ER-c,
vimentin, Ki-67, vWF) increased, ANp63 decreased, and fer-
tility outcomes improved (10 of the 26 patients became preg-
nant, 8 live births were documented) [41]. This suggests that
UC-MSC can be used as an adjunctive treatment in patients
with refractory AS in a safe and efficacious manner.

Placenta-derived stem cells

Similar to other regenerating organs, the placenta is a rich
source of stem cells. There are four types of placenta-
derived stem cells: human amniotic epithelial (hAEC), amni-
otic mesenchymal stromal (hAMSC), chorionic mesenchymal
stromal (hCMSC), and chorionic trophoblastic (hCTC) [87].
Some studies also include stem cells in the umbilical cord
blood and tissue as well as amniotic fluid as derivations of
the placenta. The amniotic membrane consists of two layers: a
single layer of amniotic epithelial cells attached to the base-
ment membrane and an outer mesenchymal layer containing
fibroblasts and MSC. Stem cells have been isolated from both
layers, and there is no ethical restriction in their use. Both fetal
and maternal stem cells have been found in terminal chorionic
villi. Amniotic epithelial stem cells can differentiate into the
three germ lines and have demonstrated a higher proliferative
rate than adult MSCs. They express the embryonic antigen
SSEA-3/4 in addition to the pluripotency markers Sox2,
Oct4, and Nanog. The chorion consists of the mesenchyme
and trophoblast layers that encapsulate the amniotic tissue and
embed into the maternal decidual layer. Human CMSC show
greater immunosuppressive and angiogenic potential com-
pared to umbilical cord tissue and decidual cells [87].
Mesenchymal cells isolated from fetal membranes (amnion,
chorion, umbilical cord) should be termed mesenchymal stro-
mal cells, either amniotic or chorionic, and should be defined
by the same parameters as other MSC, i.e., adherence to plas-
tic, formation of fibroblast CFUs, differentiation potential to-
ward one or more lineages (osteocyte, chondrocyte, adipo-
cyte, endothelial), and expression of specific cell-surface
markers (positive for CD73, CD90, and CD105; negative for
CD14, CD34, CD45, and HLA-DR) [87]. They have also
been shown to differentiate into neurogenic, myogenic, car-
diogenic, hepatic, and pancreatic lineages using specific in-
duction methods.
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MSC have been cultured from chorionic villi as early as the
first trimester. Early pregnancy chorionic villi show marked
differences in cell marker expression, proliferation, differenti-
ation potential, and functional activity compared to term pla-
centa MSC [88]. Placental MSC contribute to the develop-
ment and function of the placenta through vasculogenesis as
soon as 2 weeks post-fertilization when HSCs aggregate into
cell cords [88]. The HSCs then differentiate into CD34" en-
dothelial cell cords and form a network of vascular structures
during the seventh week of gestation, which is known as an-
giogenesis. Endothelial progenitor cells deriving from the
bone marrow contribute to angiogenesis in adults but have
not been detected in the placenta. Rather, placental MSC
(PMSC) form the non-trophoblast cells, and trophoblast stem
cells (TSC) form the differentiated lineages of the placenta
[88]. The process of vasculogenesis (de novo synthesis of
blood vessels) is mediated by chemokines secreted from the
trophoblast, e.g., VEGF, FGF, PDGF, and angiopoietins,
whereby the placental MSCs differentiate into endothelial
cells [88]. TSCs in mice express the TFs CDX2, ELFS5, and
EOMES. In humans though, a different gene profile is
expressed. CDX2, a totipotent marker, and GATA3, a tran-
scription factor, are specifically expressed in the pre-
implantation trophectoderm of human embryos, with Oct4
concomitantly overlapping expression in the inner cell mass;
CLDNI10, PLACS, and TRIMLI are also only found in
humans [89]. Studies have demonstrated enhanced endotheli-
al cell viability, migration, and tube formation when incubated
in the conditioned medium from cultured PMSCs via upreg-
ulation of pro-angiogenic proteins, e.g., angiogenin,
angiopoietin-1/2, GRO, IL-6, IL-8, MCP-1, thrombopoietin,
TIE-2 (angiopoietin receptor), TIMP-1/2 (tissue inhibitor of
matrix metalloproteinase), and VEGF [90].

PMSCs demonstrated stronger effects on angiogenesis, en-
dothelial cell migration, and network formation in comparison
to amnion-derived avascular MSCs [90]. One study analyzed
the effect of exosomes secreted by PMSCs and noted their
incorporation into endothelial cells and subsequent stimula-
tion of angiogenic gene expression [91]. The exosomes up-
regulated the transcriptional activity and mRNA expression of
Oct4 in fibroblasts in vitro as well as the blood flow of mice
with auricular wounds in vivo [91].

Considering that the placenta is hypothesized to account
for the maternal immunologic tolerance toward the develop-
ing allogeneic fetus, PMSCs demonstrate significant immuno-
modulatory effects. They suppress the proliferation and secre-
tion of IFN-y from activated T lymphocytes [92]. In addition,
they secrete PDL1, an immunosuppressive chemokine that
inhibits T cell proliferation, as well as SDF-1 and SCF (stem
cell factor, the antigen binding the c-kit receptor CD117), two
chemokines that recruit CD34* cells [92]. PMSCs also inhibit
the proliferation of peripheral blood mononuclear cells when
induced by CD3 or by mixed lymphocyte reaction (MLR)
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[90]. A subpopulation of chorionic villi-derived MSCs can be
identified by VCAM-1 (vascular cell adhesion molecule, also
known as CD106), a biomarker with unique immunosuppres-
sive activity [93, 94]. VCAM-1 is extensively expressed on
endothelial cells as well as some stromal cells existing in a
vascular niche. It has been shown to regulate embryonic de-
velopment, as mice deficient with VCAM-1 die early or dis-
play placental dysfunction. VCAM-1" MSCs express angio-
genic genes (CXCL-1,3,5,6 and CCL-7) and proteases
(MMP-1,2) as well as secrete angiogenic cytokines and
growth factors, e.g., IL-6 and IL-8, HGF, VEGF-A, FGF,
TGF-31,3, HIF1A, and ANGPTL2 [94].

In preclinical models, the role of PMSCs in tissue regener-
ation and wound healing in mice has been studied extensively.
Transplantation of PMSCs in mice has demonstrated function-
al improvement on hindlimb ischemia. Gan et al. transplanted
human amniotic mesenchymal stem cells (hAMSC) into mice
and analyzed the endometrial thickness, glandular concentra-
tion, and areas of fibrosis. Engraftment of hAMSC was de-
tected using anti-human nuclear antigen-positive cells in the
endometrial glands. The mice that received the transplant
showed significantly decreased levels of pro-inflammatory
cytokines (TNF-«, IL-1f3), increased levels of anti-
inflammatory cytokines (bFGF, IL-6), and an increase in en-
dometrial epithelial cells compared to the controls [57].

Li et al. experimented with human amniotic epithelial cells
(hAEC) in mice and found increased expression of VEGF,
proliferating cell nuclear antigen (PCNA), and ER, as well
as thicker endometrium, greater concentration of glands, de-
creased amount of fibrosis, and increased microvasculature in
the treatment group. Fecundity and pregnancy outcomes were
also improved in the mice with iatrogenic Asherman syn-
drome [95]. Microvessel density (MVD) using vWF (von
Willebrand factor, an endothelial marker) was lower in the
TUA group compared to the group without IUA. MVD using
vWF and VEGF was increased in the hAEC-treated group
compared to the untreated group with [IUA. PCNA expression,
noting cell proliferation, was decreased in the [UA group and
increased in the hAEC-treated group. Moreover, ER and PR
expression were significantly increased in the hAEC-treated
group compared to the control. HAECs also had improved
effects on autophagy, programmed cell death. LC3, an indica-
tor of autophagy, was significantly upregulated in the hAEC-
treated group. Contrastingly, p62, an indicator of autophagy
flux inhibition, was significantly downregulated in the hAEC-
treated group [93]. The hAEC were then co-cultured with
menSC and restored their normal morphology after exposure
to hydrogen peroxide. The protein level of p62 was signifi-
cantly higher in the menSC exposed to H,O, but lower in
those co-cultured with hAEC. These results indicate that
hAEC could at least partly recover the damaged endometrium
through autophagy induction.

In humans, placenta-derived stem cells have been used for
clinical application in orthopedics [96], gastroenterology [97],
cardiology [88, 98], neurology [97, 99], and recently, obstet-
rics [100]. In one study, patients with Crohn’s syndrome treat-
ed with placental stem cells have shown clinical improvement.
In patients with sports medicine injuries, PMSCs have dem-
onstrated benefit in regard to tibial and Achilles tendonitis,
plantar fasciosis, and osteoarthritis [96]. There are ongoing
clinical trials investigating the effects of PMSC for intrauter-
ine adhesions but there have been no data published as of
February 2020.

Adipose-derived stem cells

Similar to bone marrow-derived stem cells, adipose-derived
stem cells are scarce and require invasive procedures for ex-
traction. However, adipose stem cells can be extracted by
liposuction, a minimally invasive method. Mesenchymal stem
cells derived from adipose tissue have similar gene expression
profiles and tri-lineage differentiation potential to bone
marrow-derived stem cells but are more easily accessible
and more proliferative [43, 101]. Kilic et al. evaluated the
capacity of adipose tissue-derived mesenchymal stem cells
(adMSC) to induce endometrial proliferation and angiogene-
sis in mice with Asherman syndrome. Forty mice were
injected with trichloroacetic acid into the uterine horn to in-
duce fibrosis. The first group was a control. In the second,
adMSCs were injected into the uterus followed by three
intra-peritoneal injections as a systemic modality. The third
group was given oral estrogen 1 week after stem cell trans-
plantation, and the fourth group was administered the adMSC
and estrogen simultaneously. The amount of fibrosis, vascu-
larization, inflammation, cell proliferation, and angiogenesis
was evaluated using THC staining of VEGF, PCNA, and Ki-
67. In all the treatment groups, the amount of fibrosis was
diminished and the vascularization and IHC staining were
increased, suggesting an increase in proliferating cells, pro-
angiogenic signals, and regeneration of healthy tissue [43].
The amount of fibrosis and vascularization were roughly the
same in the second and third groups, suggesting that there is
not a marked difference between the group that received
adMSC and the group that received oral estrogen in fibrosis,
inflammation, and angiogenesis. Also, the group that received
simultaneous injection of adMSCs and oral estrogen had less
fibrosis and higher concentration of VEGF, PCNA, and Ki-67
than the group that only received adMSC injection. This sug-
gests that combining adMSCs with estrogen has a synergistic
effect on the regrowth of the endometrium [43].

The first clinical trial using adipose-derived stem cells in-
vestigated the efficacy of autologous stromal vascular fraction
(SVF) in regenerating the endometrium of patients with severe
AS [102]. Liposuction was performed on six infertile women
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with severe AS classified by the AFS criteria who had thin
endometrium after hysteroscopic adhesiolysis followed by
hormone therapy. The SVF is extracted from adipose tissue
and contains heterogeneous cell populations, including
MSCs, endothelial cells, pericytes, T cells, and macrophages.
The patients had autologous adipose SVF transplanted into
their uteri via transcervical instillation followed by a dose of
steroids and antibiotics. Hormone therapy with oral estradiol
valerate 6 mg for 25 days followed by medroxyprogesterone
acetate 10 mg/day for 5 days was administered after transplan-
tation to support endometrial growth. The outcomes examined
were return of menstruation, endometrial thickness, and preg-
nancy rate with IVF. Two women who previously had amen-
orrhea resumed menstruation with scant bleeding, and the
other three with oligomenorrhea prior to treatment had in-
creased menstrual flow after. The endometrial thickness was
significantly greater post-therapy with a mean of 6.9 mm com-
pared to 3.0 mm. Fresh or frozen-thawed embryo transfer was
then performed. One woman conceived but miscarried at
9 weeks gestation. This study demonstrates clinical efficacy
of adipose-derived stem cells for increasing endometrial thick-
ness and increasing menstrual flow in patients with severe AS.
More investigation, however, is needed to qualify the im-
provement in pregnancy outcomes.

Somatic cell nuclear transfer-derived stem
cells

Somatic stem cells can be reprogrammed to induce
pluripotency via Yamanaka factors or somatic cell nuclear
transfer (SCNT). In one study, mesenchymal progenitor cells
(MPC) were developed using single cell-derived clonal expan-
sion from human fibroblasts reprogrammed to pluripotent stem
cells using SCNT. Jun et al. experimented with these MPCs on
mice induced with AS [103]. Their group noted a significant
increase in angiogenic factors during repair and remodeling,
resulting in better pregnancy outcomes. They hypothesize that
the therapeutic effects relate to an increase in angiogenic cyto-
kines, e.g. HGF, IGF, ANG-1 and VEGF, as well as a dimi-
nution of pro-inflammatory cytokines, e.g., TGF-3, TNF-«,
TIMP-1, and COL1A1. The advantages of using these
SCNT-MPCs were clonality and proliferation resembling
ESCs, low immunogenicity, and no teratoma formation.
Induced pluripotent stem cells also show gene expression, ge-
nomic integrity, and DNA methylation similar to ESCs.

Conclusion
Stem cells are a promising therapeutic modality for endome-

trial regeneration in patients with refractory Asherman syn-
drome. There have been many studies demonstrating their
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therapeutic potential in preclinical models as well as in clinical
trials. Stem cells are involved in the natural regeneration of the
endometrium every menstrual cycle as well as postpartum,
post-abortion, and after iatrogenic procedures that disrupt the
basalis layer. Stem cells have many important functions in
regeneration, including but not limited to clonality, differenti-
ation, paracrine signaling, angiogenesis, immunomodulation,
and inhibition of fibrosis. The stem cells involved in tissue
repair not only originate from the injured tissue but also from
other organs. Experimentation with stem cell therapy in pa-
tients and animals with Asherman syndrome is still in its in-
fancy but has alluded to a few conclusions: (1) less differen-
tiated stem cells may be more effective than more differenti-
ated ones in regenerating the endometrium, (2) systemic ad-
ministration of stem cells may have a greater effect on recruit-
ment to the injured site than does local administration, (3)
stem cells can be isolated from different tissues with each type
having a different capacity and effect on endometrial regener-
ation, and (4) the stem cells exert their effects on the injured
tissues via a multitude of systems, each contributing to the
physiologic regeneration and inhibition of pathologic scar-
ring. In conclusion, stem cells may be a reasonable therapy
for humans with recalcitrant Asherman syndrome. More re-
search is needed on the long-term safety profile and effective-
ness for patients with Asherman syndrome.
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