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Adult stem cells have been identiﬁed in the highly regenerative human endometrium on the basis of their functional attributes. They can
reconstruct endometrial tissue in vivo suggesting their possible use in treating disorders associated with inadequate endometrium. The
identiﬁcation of speciﬁc markers for endometrial mesenchymal stem cells and candidate markers for epithelial progenitor cells enables
the potential use of endometrial stem/progenitor cells in reconstructing endometrial tissue in Asherman syndrome and intrauterine adhesions. (Fertil SterilÒ 2012;98:11–20. Ó2012 by American Society for Reproductive Medicine.)
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H

uman endometrium is a highly
regenerative tissue, undergoing
more than 400 cycles of growth,
differentiation, and shedding during
a woman's reproductive years (1, 2).
Under the inﬂuence of increasing
levels of circulating estrogen (E)
during the proliferative phase of the
menstrual cycle, the endometrium
grows 4–10 mm each cycle (3).
Endometrial regeneration also occurs
after
parturition,
endometrial
resection, and in postmenopausal
women taking E replacement therapy
(2). This level of tissue regeneration is
similar to that of hemopoietic tissue,
intestinal
epithelium,
and
the
epidermis. In these continuously
regenerating tissues, adult stem cells
maintain cellular production. It was
originally hypothesized that adult stem
or progenitor cells are responsible for
the cyclic regeneration of the
endometrial functionalis layer each
month that these adult stem cells
reside in the basalis layer, and are

present in the atrophic endometrium
of postmenopausal women (2).
However, as endometrial stem/
progenitor cells are being identiﬁed
with speciﬁc markers (4, 5), it
has become apparent that they may
reside in both functionalis and basalis
layers (6). Endometrial stem/progenitor
cells originating from the functionalis
and shed in menstrual debris may
also contribute to eutopic endometrial
regeneration from those fragments
remaining within the uterine cavity
(7, 8).

ENDOMETRIAL STEM/
PROGENITOR CELLS AND
DISORDERS ASSOCIATED
WITH INADEQUATE
ENDOMETRIUM
If endometrial stem/progenitor cells are
responsible for regenerating endometrium each menstrual cycle, then their
diminished numbers and/or function
should result in a thin (<7 mm), dysre-

Received March 2, 2012; revised May 2, 2012; accepted May 3, 2012; published online May 30, 2012.
C.E.G. has nothing to disclose. L.Y. has nothing to disclose.
Supported by Australian National Health and Medical Research Council grants (545992, 1021126,
1021127) and R.D. Wright Career Development Award 465121 (C.E.G.), Monash IVF Foundation
(C.E.G.), the Victorian Government's Operational Infrastructure Support Program and an Australian Postgraduate Award (L.Y.).
Reprint requests: Caroline E. Gargett, Ph.D., The Ritchie Centre, Monash Institute for Medical Research, PO Box 5418, Clayton, Victoria 3168, Australia (E-mail: Caroline.Gargett@monash.edu).
Fertility and Sterility® Vol. 98, No. 1, July 2012 0015-0282/$36.00
Copyright ©2012 American Society for Reproductive Medicine, Published by Elsevier Inc.
doi:10.1016/j.fertnstert.2012.05.004
VOL. 98 NO. 1 / JULY 2012

gulated endometrium, incapable of
supporting embryo implantation (9).
Similarly, in scarred endometrium or
endometrium obliterated with adhesions, functional endometrial stem/
progenitor cells likely are lacking, as
scant functional endometrium is present in the uterine cavity. In Asherman
syndrome there is complete obliteration
of the uterine cavity with adhesions resulting in amenorrhea and infertility
(10). Intrauterine adhesion (IUA) comprise a less severe condition involving
partial replacement of the endometrial
surfaces with ﬁbrotic tissue (11). Symptoms relate to the degree and location
of IUA, and include irregular bleeding
ranging from hypomenorrhea to amenorrhea, infertility, and pregnancy loss.
Between 2% and 22% of infertile
women have Asherman syndrome
and IUA (10, 11). Trauma to the
endometrium, including the basalis
and underlying myometrium may
result from postpartum curettage,
spontaneous miscarriage, termination
of pregnancy, or endometrial ablation
procedures (10–12). In the postpartum
period,
low
E
levels
hinder
endometrial regeneration, although
endometrial stem/progenitor cells
survive in the absence of E (13).
Infection and inﬂammation may
inhibit regeneration of traumatized
endometrium through damage to the
stem/progenitor cells by effector
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molecules, which also contribute to the deposition of ﬁbrotic
tissue.
After menstruation or parturition the endometrial surface
epithelium repairs without scarring (14) in the absence of E
(15). In other mucosal surfaces (e.g., intestine), regeneration
of damaged mucosa occurs without scarring unless the injury
involves the deep muscularis layers. Deep trauma involving
the basalis and underlying myometrium may explain the failure of the endometrial functional layer to regenerate in
Asherman syndrome and IUA (11, 12). Resident endometrial
stem/progenitor cells may be damaged or lost, particularly
if the basalis layer is involved. In these disorders, dense
ﬁbrotic areas of the uterine cavity show little or no
endometrium (16). Where present, the endometrium is thin
and atrophic with inactive glands and scant poorly
vascularised stroma (10).

growth in culture as most were quiescent (G0 phase of the
cell cycle, 85%), a feature of adult stem cells. In contrast
cultured SP cells were primarily in G1 and G1/M/S phases
and showed enhanced clonogenicity (29). Intermediate
levels of telomerase are expressed by freshly isolated
endometrial SP cells (28). Human endometrial SP cells are
a mixed population, comprising predominantly of
endothelial cells (5), but also of epithelial and stromal cells
(28, 29). Both epithelial and stromal SP cells have
characteristics of MSC (28). Immunostaining with the SP
marker ABCG2 revealed ABCG2þ cells as CD31þ endothelial
cells lining blood vessels in both the functionalis and
basalis layers (5, 29). The identiﬁcation of endometrial SP
cells provides further support for adult stem cell populations
residing in human endometrium, but the exact nature of
this population remains unclear.

ADULT STEM CELLS IN HUMAN
ENDOMETRIUM

Tissue-reconstituting Cells

Clonogenic Cells
The ﬁrst evidence for adult stem cells in human endometrium
came from cell cloning studies that identiﬁed small populations of colony-forming unit (CFU) activity in freshly isolated
and puriﬁed epithelial (EpCAMþ) and stromal (EpCAM) cells
(0.22% and 1.25%, respectively) (17, 18). Clones of different
sizes were noted for both cell types. The single cell-derived
large CFU have self-renewal activity, demonstrated by serial
cloning in vitro, and high proliferative potential, undergoing
30–34 population doublings (19). Single large epithelial CFU
differentiated into large cytokeratinþ gland-like structures
when cultured in Matrigel (Becton Dickinson). Large single
stromal CFU were multipotent, differentiating into smooth
muscle cells, adipocytes, osteoblasts, and chondrocytes
when cultured in appropriate induction media. Large stromal
CFU had a typical mesenchymal stem/stromal cell (MSC) phenotype (20). Small CFU had limited expansion capacity and
their differentiation could not be examined. Self renewal, differentiation, and high proliferative capacity are key functional properties of adult stem cells (2, 21). It was concluded
that human endometrium contained small populations of
epithelial progenitor cells and MSC-like cells (19). Cultured
endometrial stromal cells also differentiate into mesodermal
lineages and lineages of ectodermal and endodermal origin
(22–25), indicating that endometrial stromal cells have
considerable plasticity.

Side Population Cells
One way of identifying adult stem cell activity is to examine
side population (SP) cells, which have capacity to rapidly efﬂux a vital DNA-binding dye, Hoechst 33342. The SP cells
form a distinct side population using dual-color ﬂow cytometry (26, 27). The SP cells (0–5%) were identiﬁed in freshly
isolated (5, 28, 29) and short-term cultures (30) of human endometrial cells. The percentage of SP cells was highly variable
between subjects, although higher numbers were found in
menstrual (30) and proliferative (5, 29) stages. Freshly
sorted human endometrial SP cells showed little clonogenic
12

Tissue reconstitution in vivo by xenografting candidate adult
stem cell populations is the most rigorous proof of adult stem
cell activity (2). Transplantation of fully dissociated unfractionated human endometrial epithelial and stromal cell
suspensions directly beneath the kidney capsule of ovariectomized and E-supplemented NOD/Shi-scid/IL-2Rgnull (NOG)
mice reconstructed well-organized endometrial layers of
functional endometrium comprising cytokeratinþCD9þ glandular structures and CD10þCD13þ stroma. The reconstructed
human endometrium responded to cyclic sex steroid hormones, forming glands, and decidualized stroma when E
and P were administered, and large blood-ﬁlled cysts after
hormonal withdrawal, reminiscent of menstruation (31).
Freshly isolated human endometrial SP cells, but not nonSP cells, reconstituted endometrial tissue components and
entire endometrium when transplanted under the kidney
capsule of immunocompromised mice (5, 32). In one
study, the composition of the endometrial constructs was
predominantly vasculature and migrating endothelial cells
(80%), which expressed E receptor-b (ERb), with minor
endometrial stromal (13%) and glandular (8%) components
(Fig. 1) (5). In a second study, endometrial tissue was
reconstructed from epithelial and stromal SP cells, which
immunostained for stroma (vimentin) and epithelium (CD9),
but not endothelium (CD31) (32). Organized endometrial
glands were not readily apparent, possibly due to prolonged
clonal culture of the SP cells before to xenografting. The
xenografted tissue did not express ERs, although some cells
expressed P receptors (32). These important studies indicate
that human endometrial cell subpopulations can reconstruct
endometrial tissue in vivo and could potentially initiate
ectopic endometriosis lesions. The nature of the
transplanted SP cells needs to be clariﬁed with more robust
markers. Administration of the SP population to patients
with Asherman syndrome has the potential to reconstruct
endometrium (Fig. 2). It is also possible that endogenous SP
cells in inadequate endometrium could be stimulated to
regenerate thick, hormone-responsive endometrium capable
of supporting implantation, once more is known about activating this candidate adult stem cell population.
VOL. 98 NO. 1 / JULY 2012

Fertility and Sterility®

FIGURE 1

Side population cells isolated from human endometrial cell suspensions. (A) Flow cytometric analysis of endometrial cells stained with Hoechst
33342 showing endometrial side population (ESP) (left) using 50 mM reserpine (right) to deﬁne the electronic gates for the ESP fraction. ERP ¼
endometrial replicative population; EMP ¼ endometrial main population (nonside population cells). (B) Immunoﬂuorescence images of human
endometrium stained with antibodies against hCD31 and ABCG2. Yellow arrowheads indicate hCD31þABCG2þ endothelial cells. (C)
Hematoxylin and eosin (H & E)-stained and immunoﬂuorescence images of ESP- or EMP-initiated xenografts stained with antibodies against CK
(cytokeratin) and Vm (vimentin). The histogram shows the frequency of the ESP- or EMP-initiated xenografts in mice, which predominantly
possessed human endometrium with glandular structures, vessel-like structures consisting of endothelial cells, migrating endothelial cells, or
stromal cell components. Bars ¼ 200 mm (B, upper), 100 mm (B, lower left), 50 mm (B, lower right). (Reproduced from Masuda et al. PLoS ONE
5 (4) e10387 (5).
Gargett. Endometrial reconstruction from stem cells. Fertil Steril 2012.

Menstrual Blood Stem/Progenitor Cells
Stromal cells have been cultured from menstrual blood in
a manner similar to bone marrow-derived MSC (33–36),
suggesting that endometrial MSC are shed during
menstruation (6). Epithelial cells have not been detected or
have been overgrown by stromal cells (37), suggesting that
epithelial progenitors may not be shed during menstruation
and more likely reside in the basalis. Cultured menstrual
blood cells appear ﬁbroblastic, have substantial proliferative
capacity (34–36), yet maintaining a stable karyotype (35).
They have telomerase activity and expressed human
telomerase reverse transcriptase (hTERT), as well as similar
phenotypic markers as endometrial MSC (33–36). They have
broad differentiation capacity, producing all mesodermal
lineages including skeletal and cardiac muscle cells (33, 34)
and neural lineages (36). Menstrual blood MSC express
major hisotcompatibility complex (MHC) class I but not
class II molecules (33, 36), are of low immunogenicity when
VOL. 98 NO. 1 / JULY 2012

transplanted into immunocompetant mice, and may have
immunomodulatory properties (38). Our own unpublished
studies have also demonstrated that menstrual blood
contains clonogenic, multipotent MSC (39). Shedding of
endometrial MSC during menstruation suggests they may
have a key role in initiating endometriotic lesions (2, 40, 41).

BONE MARROW-DERIVED STEM CELLS IN
ENDOMETRIUM
Bone marrow-derived hemopoietic stem cells, MSC, and endothelial progenitor cells circulate in very low numbers, homing to sites of tissue damage. They incorporate into organs,
contributing to angiogenesis, or transdifferentiate into the
cells of the new tissue in which they reside (42, 43).
Circulating myeloid cells also integrate into damaged
tissues and transdifferentiate into host tissues, including
endometrium (42, 44). Evidence from human and mouse
13
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FIGURE 2
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Schematic showing possible stem/progenitor cell-based therapies to
reconstruct inadequate human endometrium. hES ¼ human
embryonic stem cell; iPS ¼ induced pluripotent stem cell;
MSC ¼ mesenchymal stem/stromal cell; SP ¼ side population.
Gargett. Endometrial reconstruction from stem cells. Fertil Steril 2012.

studies suggest that bone marrow-derived cells incorporate
into the endometrium in low numbers and transdifferentiate
into endometrial epithelial, stromal, and endothelial cells
(45–50). In both single human leukocyte antigen
(HLA-antigen) and gender-mismatched human bone marrow
transplant recipients, 1%–52% of endometrial epithelial, stromal, or vascular cells were of donor origin (45–48). In the
majority of cases the percentage of donor-derived endometrial cells was low (1%–8%). Generally the incorporated
bone marrow cells did not appear to undergo clonal expansion or contribute to new endometrial tissue in an ongoing
manner, suggesting that the incorporating cells may be myeloid cells rather than bone marrow stem cells. This was conﬁrmed in mouse bone marrow transplant studies (reviewed
in Gargett and Masuda (6) and Du and Taylor (43)) and in a human study of female recipients of male donor bone marrow
transplants, in which male XYþ endometrial cells were identiﬁed in the non-SP rather than SP cells (47). However, human
bone marrow-derived MSC can differentiate into decidualized
endometrial stromal ﬁbroblasts in vitro as shown by gene
proﬁling (51).

EPC (49). Gender mismatched bone marrow transplantation
in mice and women has demonstrated that circulating EPC
from male donors contributed to 10% of endothelial cells
in the endometrial vasculature (48, 49).
The vascular location of endometrial SP cells and perivascular endometrial MSC location (discussed later) suggests that
the endometrial stem cell niche is associated with blood vessels, a convenient portal of entry for bone marrow-derived
cells. The overall evidence indicates that resident adult stem
cells in the human endometrium are likely responsible for endometrial reconstruction each month, and in regenerating
atrophic endometrium in women who have undergone chemotherapy or radiotherapy, or are postmenopausal and taking hormones.

RECONSTRUCTING ENDOMETRIUM FROM
ENDOMETRIAL STEM/PROGENITOR CELLS
The substantial evidence indicating that adult stem cell populations exist in human endometrium suggests that it should
be possible to activate endogenous endometrial stem/progenitor cells in cases of thin dysfunctional or atrophic endometrium. It should also be possible to transplant endometrial
stem/progenitor cells into the uterine cavity in Asherman
syndrome or severe cases of IUA as a cell-based therapy for
regenerating endometrium. Furthermore, endometrial stem/
progenitor cells could be used for regenerative medicine applications other than endometrial reconstruction. To target
endometrial stem/progenitor cells as cell-based therapies, it
is necessary to identify them with cell-speciﬁc surface
markers that allow their prospective isolation.

Markers of Human Endometrial Epithelial
Progenitor Cells
Currently there are no publications identifying markers for
human or mouse endometrial epithelial progenitor cells, although several candidates are under investigation in our
and another laboratory. In these ongoing studies, stringent
assays assessing key adult stem cell functions are being undertaken to verify these candidates.

Markers of Human Endometrial MSC
Circulating Endothelial Progenitor Cells and
Vascularization During Endometrial
Reconstruction
Reconstruction of endometrial tissue during the menstrual
cycle or after parturition requires angiogenesis to support
the rapidly growing tissue. Endometrial neovascularization
occurs by vessel elongation, intussusception, and incorporation of circulating endothelial progenitor cells (EPC) (52). Circulating EPC have been detected in women during the
menstrual cycle by ﬂow cytometry, peaking in the proliferative (53), ovulatory (54), or luteal (49) stages. These differences are likely due to methodology, particularly the
combination of surface markers used in the identiﬁcation of
peripheral blood EPC. Human circulating EPC express both
ERa and ERb (54), whereas mouse EPC only express ERa
(49). Estrogen promoted the migration of mouse circulating
14

Speciﬁc markers of human endometrial MSC have been identiﬁed. Coexpression of CD146 and platelet-derived growth
factor receptor beta (PDGF-Rb) isolates the majority of clonogenic stromal cells (CFU), enriching for endometrial MSC 8- to
10-fold versus unfractionated endometrial stromal cells (4).
These CD146þPDGF-Rbþ cells are multipotent, differentiating into typical mesodermal lineages (adipogenic, myogenic,
osteogenic, chondrogenic), have a typical MSC surface phenotype, and are located perivascularly in both the functionalis
and basalis layers, suggesting that they are pericytes (4). A
separate study examining the gene proﬁle of the same human
endometrial populations (CD146þPDGF-Rbþ, endometrial
MSC; CD146PDGF-Rbþ, ﬁbroblast; CD146PDGF-Rb, endothelial cell) sorted by ﬂow cytometry, conﬁrmed that the
double positive population were clonogenic, differentiated
into adipocytes and were located perivascularly (55). The
VOL. 98 NO. 1 / JULY 2012
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gene proﬁle of this CD146þPDGF-Rbþ population indicated
that these cells expressed pericyte markers, and genes associated with angiogenesis/vasculogenesis, steroid hormone/hypoxia responses, inﬂammation, immunomodulation, and
signaling pathways associated with MSC self renewal and
multipotency (Notch, transforming growth factor-b [TGF-b],
insulin-like growth factor [IGF], Hedgehog, G proteincoupled receptors). Further analysis showed this double positive population clustered with endometrial ﬁbroblasts and
was distinct from endothelial cells, indicating that its genetic
program was predictive of its differentiated lineage, the stromal ﬁbroblast (55). The gene proﬁle of human endometrial
CD146þPDGF-Rbþ cells suggest they have immunomodulatory potential, low immunogenicity (low MHC class I gene
expression) similar to menstrual blood-derived MSC-like cells
(38) and other sources of MSC (55). Their perivascular location
in both functionalis and basalis indicates that endometrial
MSC are shed in menstrual blood and may have a key role
in establishing endometriosis implants, indicating their capacity to reconstruct endometrium in ectopic sites (6).
Screening human endometrial tissue and cells with perivascular markers has identiﬁed a single novel marker, W5C5,
which puriﬁes endometrial MSC, with all the in vitro properties of MSC (56). When transplanted under the kidney capsule
into immunocompromised NOD/Scid/g (NSG) mice W5C5þ
cells reconstruct human stromal tissue. The puriﬁcation of
human endometrial MSC has been simpliﬁed using this single
W5C5 marker by allowing magnetic bead sorting, signiﬁcantly increasing the yield (56). Human endometrium is the
only source of tissue-derived MSC that can be isolated with
minimal invasiveness without the need for an anesthetic.
The W5C5þ cells are located in the functionalis (and basalis)
and can be retrieved by endometrial biopsy, as MSC-like cells
have been demonstrated in endometrial biopsies (55, 57). In
summary, W5C5þ and CD146þPDGF-Rbþ are essentially
the same subpopulation of endometrial stromal cells (56)
that have MSC properties and phenotype as deﬁned by the
International Society for Cellular Therapy (20). Both sets of
markers contain all the clonogenic stromal cells including
those initiating large stromal clones. Human W5C5þ and SP
cells reconstitute endometrial stromal tissue in vivo,
although SP cells also produce endothelium and glands
suggesting wider potential of a single adult stem cell
population or that a mix of stem/progenitor cell types
reconstruct these endometrial tissue components. Therefore
the relationship between human endometrial SP cells and
MSC-like cells deﬁned by the markers has not yet been investigated and is currently unclear.

GENERATING HUMAN ENDOMETRIUM FROM
HUMAN EMBRYONIC STEM CELLS
Embryonic stem cells are pluripotent stem cells that have potential to differentiate into any cell type in the body. Since
isolation of human embryonic stem cells (ESCs) in 1998
(58), much research has focused on directing their differentiation in vitro into clinically relevant cell types for potential
use in regenerative medicine (59). A major concern for transplantation of human ESC derivatives into the human body is
VOL. 98 NO. 1 / JULY 2012

that the transplanted cell population may include undifferentiated human ESCs that may differentiate uncontrollably into
unwanted cell types, including tumors. Despite successful
laboratory induction of human ESC toward lineage-speciﬁc
cell types, there have only been two Food and Drug
Administration-approved trials in the United States involving
transplantation of human ESC-derived oligodendrocyte progenitor cells and human ESC-derived retinal pigment epithelial cells (60). The former has been halted due to ﬁnancial
reasons, whereas the latter showed engraftment and a promising safety proﬁle after 4 months.
For many vital organs in the human body, transplantation of human ESC-derived cells may be an option to regenerate damaged tissue, although the discovery of induced
pluripotent stem (iPS) cells (61) will more likely be the source
of patient-speciﬁc pluripotent cells for regenerative medicine.
The use of iPS cells overcomes immunologic barriers posed by
human ESC. The iPS cells generated from ﬁbroblasts from
women suffering with Asherman syndrome may provide an
avenue for generating endometrial epithelial and stromal cells
that could be transplanted into the uterine cavity for reconstructing their endometrium.
The critical ﬁrst step in directing the differentiation of
pluripotent cells (human ESC, iPS cells) to functional
hormone-responsive endometrial epithelial cells is to emulate
the developmental stages leading to M€
ullerian duct development during embryogenesis. In a proof-of-principle study,
human endometrial-like epithelium was generated from undifferentiated pluripotent human ESCs using a two-step differentiation strategy that mimicked speciﬁc stages of
embryogenesis and fetal development (62). This study capitalized on the power of tissue recombination to study the capacity of undifferentiated mouse neonatal uterine mesenchyme
(63) to induce differentiation of human ESC into M€
ullerian
duct epithelium. An advantage of using mouse rather than
human uterine mesenchyme is that it can be readily harvested
from neonatal mice, as unlike in humans, M€
ullerian duct differentiation is a postnatal rather than a fetal event. Mouse
uterine mesenchyme signals to human endometrial epithelium in tissue recombinants (64) and species-speciﬁc markers
can be exploited to determine the role of uterine
mesenchyme-induced differentiation of the human ESC in
this model (62, 65). An initial in vitro induction step that
differentiates human ESCs using growth factors (Bone
morphogenetic protein 4, BMP4 and activin A) and the
inductive neonatal mouse uterine mesenchyme produced
a homogenous population of M€
ullerian precursors
(intermediate mesoderm) (62). These tissue recombinants
were then xenografted in vivo for further differentiation. A
comprehensive analysis of the human ESC-derived epithelium during graft development revealed human ESC-derived
epithelial cells expressing characteristic M€
ullerian markers
including LIM homeobox 1 (LIM1), Paired box gene 2
(PAX2), and Homeobox A10 (HOXA10), and colocalization
of cytoskeletal markers, vimentin and cytokeratin. Over
time the epithelial derivatives demonstrated characteristic
features of mature human endometrial epithelium (CA-125,
ERa expression, and the presence of b-tubulinþ ciliated cells)
(Fig. 3) (62, 65). Functional analysis showed that the human
15
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FIGURE 3

Characterization of human embryonic stem cell (hESC)-derived endometrial-like epithelium. Recombinant (hESC/mouse neonatal uterine
mesenchyme) 8-week xenograft showing b-tubulin expression in (A) ciliated columnar epithelia of human proliferative endometrium and (B) in
hESC-derived endometrial-like ciliated, columnar epithelium (/, cilia). (C) The hESC-derived endometrial-like epithelium (Green ﬂuorescent
protein (GFPþ), green) where b-tubulin (yellow orange) is coexpressed on cell surface (inset high power view of the cilia). Human cells are GFPþ
and derived from differentiated GFP-labeled hESC. Adjacent mouse uterine stromal cells are unstained (GFP). The hESC-derived endometriallike epithelium (GFPþ) colocalized with (D) cytoplasmic CK18, (E) CA-125 on epithelial surface (open /), and (F) nuclear estrogen receptorGargett. Endometrial reconstruction from stem cells. Fertil Steril 2012.
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FIGURE 3 Continued
a (ERa) (pink). Weak ERa expression was present in mouse uterine stromal cells (ﬁlled /) and in (G) human proliferative endometrial gland (/),
dotted line indicates epithelium. The Ki67 expression in hESC-derived endometrial-like epithelium (H) before and (I) after estrogen (E) injections
showing E-induced epithelial cell proliferation. Cytoplasmic expression of glycodelin A (GdA) in hESC-derived endometrial-like epithelium (J)
without and with (K) E injections showing E induction of GdA. Hematoxylin and eosin (H & E) stain of hESC-derived endometrial-like epithelium
lined by simple columnar cells (L) without and (M) with E treatment, showing E-induced increase in epithelial height and stromal edema (/),
classic hormonal responses of (N) endometrial epithelium. (O) Three hESC-derived endometrial epithelial-like structures surrounded by a-SMA
positive cells. Inset in (K) is mouse IgG1 negative control. a-SMA ¼ a-smooth muscle actin; CA-125 ¼ cancer antigen 125; E ¼ epithelium;
E2 ¼ estrogen; G ¼ gland; GdA ¼ glycodelin A; S ¼ stroma. (Reproduced from Ye et al. PLoS ONE 6 (6) e21136 (62).
Gargett. Endometrial reconstruction from stem cells. Fertil Steril 2012.

ESC-derived epithelium proliferated and expressed glycodelin
A in response to exogenous E (Fig. 3). Collectively, the human
ESC-derived epithelium resembled adult human endometrial
epithelium. These studies underscore the ability of mouse endometrial mesenchyme to guide the differentiation of human
ESC. It is likely that patient-speciﬁc iPS cells could be
differentiated into adult human endometrial epithelium
in vitro using a similar strategy using a patient's own endometrial stromal cells to form M€
ullerian derivatives for
transplantation into patients with Asherman syndrome or
IUA (Fig. 2). However, it may be some time before pluripotent
stem cell-derived endometrial epithelial precursors are
available for clinical use.

RECONSTRUCTING OTHER TISSUES FROM
ENDOMETRIAL AND MENSTRUAL BLOOD
STEM/PROGENITOR CELLS
Bone marrow-derived MSC are an attractive source of cells for
regenerative medicine (66). Intravenously infused MSC home
to sites of tissue damage, secreting factors that promote tissue
repair in a paracrine manner without engraftment (67). These
factors are angiogenic, antiﬁbrotic, antiapoptotic, immunosuppressive, and induce mitosis of resident progenitor cells
promoting tissue repair (68). The regenerative potential of
menstrual blood MSC has been demonstrated in an animal
model of Duchenne muscular dystrophy where they incorporated into atrophied skeletal muscle ﬁbers and contributed to
muscle repair (33). Menstrual blood MSC have improved critical limb ischemia induced by femoral artery ligation in
a mouse model (38). Clinical grade menstrual blood-derived
endometrial regenerative cells were administered by IV and
intrathecal routes in a small phase 1 clinical trial of four patients with multiple sclerosis (69). After 1 year no immunologic reactions or other adverse effects were documented.
The ﬁrst phase II double-blind clinical trial using menstrual
blood-derived endometrial MSC-like cells has commenced
for treating 60 patients with congestive heart failure (70). An
alternative approach is to deliver tissue-speciﬁc stem cells in
scaffolds for tissue engineering applications to repair tissues
(66). The scaffolds provide structural support and cell adhesion
substrates allowing large numbers of cells to be delivered directly to the damaged site as a living patch of tissue (71, 72).
Using cell sheet technology, menstrual blood MSC grafted
onto infarcted myocardium in nude rat model differentiated
into striated cardiac muscle cells and signiﬁcantly improved
cardiac parameters (34). Menstrual blood MSC have
VOL. 98 NO. 1 / JULY 2012

potential as a possible cell-based therapeutic for cardiac
disorders and perhaps for reconstructing endometrium if combined with endometrial epithelial progenitors (Fig. 2).
Another tissue engineering application for endometrial
MSC is vaginal repair in women with pelvic organ prolapse
(73), a common disorder resulting from vaginal birth injury.
Current treatment for pelvic organ prolapse is reconstructive
surgery required by 11%–19% of all women (74) with 15%–
29% needing additional operations due to surgical failure or
complications arising from the use of synthetic scaffolds
(75). We are currently designing tissue engineering constructs
incorporating human endometrial MSC (W5C5þ cells) into
novel scaffolds as an autologous cell-based therapy to regenerate the lost and damaged fascia of the vaginal wall and to
support the pelvic organs. Initial studies have shown that
W5C5þ endometrial MSC reconstitute stromal tissue when
transplanted into immunocompromised mice (56). It appears
that human endometrial MSC, whether derived from menstrual blood or from biopsies, have signiﬁcant potential in
regenerative medicine applications.

RECONSTRUCTING ENDOMETRIUM FROM
EXOGENOUS CELL AND ORGAN SOURCES
Innovative approaches have been used to reconstruct endometrial tissue in humans and animal models with the goal of
overcoming uterine factor infertility. Recently, autologous
bone marrow cells selected by magnetic bead sorting for
a mix of ﬁbroblast, MSC and EPCs were instilled into the
uterus of a patient with Asherman syndrome and thin dysfunctional endometrium that failed to respond to E (76). The
cells were implanted after curettage on day 2 of the patient's
menstrual cycle, enabling access to endometrial stem cell
niches through the damaged surface (9). After this treatment,
high doses of E promoted endometrial regeneration within
four artiﬁcial cycles and clinical pregnancy was achieved
with IVF-ET (76). This case raises questions regarding the
mechanisms involved in regenerating the woman's endometrium. It may have resulted from transdifferentiation of the
bone marrow cells or from injury-induced stimulation of
poorly functioning endogenous endometrial stem/progenitor
cells, or a combination of both (9). The observation that curettage or serial biopsy in menstrual cycles preceding the IVF-ET
cycle doubles the pregnancy rate (PR) and live birth rate, suggests that endometrial injury provokes an inﬂammatory and/
or wound healing response with associated release of growth
promoting cytokines inducing decidualization (77, 78).
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Alternatively, tissue damage activates quiescent adult stem
cells to initiate cellular replacement, fulﬁlling their role in
restoring tissue homeostasis. After injury, adult stem cells
often overproduce replacement cells. Maybe biopsy-induced
endometrial injury generates a thicker endometrium that accounts for the increased PR and live birth rate observed in
these biopsied patients undergoing IVF (9) (Fig. 2).
In an innovative rat model of uterine repair, the peritoneal cavity was used as a bioreactor to engineer tissue on
the surface of a uterine-shaped object. Tissue is produced
by encapsulating bone marrow-derived myeloid cells that
differentiate into myoﬁbroblasts (79). The encapsulating
tissue was removed and grafted into lesioned uteri of
autologous rats. As the uterus repaired, it was covered by
a luminal-like epithelium from which simple glands
generated, producing tissue resembling endometrium. Mated
12-week transplanted rats carried embryos close to term. This
study raises the questions on whether the replenishing
epithelial cells arose from transdifferentiation of the myoﬁbroblast, or whether they migrated into the neotissue from
niches in the undamaged part of the uterus, or from the
bone marrow and transdifferentiated into endometrial epithelium. And would cycles of shedding and regeneration
characteristic of human, but not rat, promote or hinder
myoﬁbroblast differentiation (79)?
One way of providing functional endometrium containing resident stem/progenitor cells for women with uterine
factor infertility or without a functional uterus would be to
transplant the entire uterus (Fig. 2) (80). Experimental models
in animals have resulted in the development of protocols for
uterus retrieval surgery, but work is still required on vascular
anastomosis to overcome of thrombosis formation. There has
been one case of a human uterine transplant that lasted 3
months (81). It is predicted that issues relating to ischemiareperfusion and immunosuppression are solvable and that
human uterine transplantation may become an experimental
procedure, although the ethical issues will remain (80).
In conclusion, adult stem cells have been identiﬁed in human endometrium on the basis of their functional attributes.
Their ability to reconstruct endometrial tissue in vivo suggests
their potential use for treating disorders associated with inadequate endometrium. The identiﬁcation of speciﬁc markers
for human endometrial MSC has demonstrated their perivascular location in the basalis and functionalis. Once candidate
markers for epithelial progenitors are veriﬁed the opportunity
for using endometrial stem/progenitor cells in reconstructing
endometrial tissue in Asherman syndrome and IUA will become feasible (Fig. 2). Similarly the role of endometrial
stem/progenitor cells in generating thick functional endometrium can be investigated. New models for differentiating pluripotent stem cells (human ESC, iPS cells) and other sources of
adult stem cells into human endometrial epithelium provide
alternative avenues for reconstructing endometrium for potential therapeutic purposes. Hurdles to be overcome include
culture expansion of adult stem cells without differentiation
and potential immunosuppression for allogeneic transplantation. Endometrial stem cell research is gaining momentum
and the knowledge generated may be translated into the clinic
within the next decade.
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