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SUMMARY

Cells with mesenchymal stem cell properties have been identified in menstrual
blood and termed menstrual blood-derived stem/stromal cells (MenSCs).
MenSCs have been proposed as ideal candidates for cell-based therapy in regen-
erative medicine and immune-related diseases. However, MenSCs identity has
been loosely defined so far and there is controversy regarding their cell markers
and differentiation potential. In this review, we outline the origin of MenSCs in
the context of regenerating human endometrium, with attention to endometrial
eMSCs as reference cells to understand MenSCs. We summarize the cell identity
markers analyzed and the immunomodulatory and reparative properties re-
ported. We also address the recent use of MenSCs in cell reprogramming. The
main goal of this review is to contribute to the understanding of the identity
and properties of MenSCs as well as to identify potential caveats and new venues
that deserve to be explored to strengthen their potential applications.

ORIGIN: THE HUMAN ENDOMETRIUM AND ENDOMETRIAL STROMAL CELLS

Endometrial regeneration stem cell hypothesis

Human endometrium is the mucosal lining of the uterus and consists of luminal epithelium, glandular

epithelium, and an extensively vascularized stroma. It is divided into two regions with different structure

and function: the functionalis and the basalis. The functionalis consists of the upper two-thirds of the glands

lined with pseudostratified columnar epithelium and is surrounded by loose vascularized stroma, and the

lower basalis consists of the lower third of glands, dense stroma, and large vessels. Every month, the func-

tionalis is shed during menses and regenerated while the basalis remains. This level of new tissue growth is

similar to the cellular turnover in the highly regenerative bonemarrow hematopoietic tissue, the epidermis,

and intestinal epithelium. The fact that adult stem cells are responsible for cellular production in these

continuously regenerating tissues inspired the endometrial regeneration stem cell hypothesis, in which

adult stem or progenitor cells are responsible for the cyclical regeneration of the endometrial functionalis

every month and in which these adult stem cells would reside in the basalis (reviewed in Gargett et al.,

2007).

This hypothesis was supported by numerous data using endometrial biopsy tissue that showed the pres-

ence of small populations of adult endometrial stem/stromal cells with classic stem-cell properties of clo-

nogenicity, self-renewal, and differentiation (Schwab et al., 2005; Schwab and Gargett, 2007; Chan et al.,

2004; Gargett et al., 2009). Specific stem/progenitor cells include epithelial stem/progenitor cells, endo-

metrial mesenchymal stem/stromal cells (eMSCs), and endothelial progenitor cells, based on the expres-

sion of specific surface markers by the different cell populations in culture and on their differentiation

potential (reviewed in Gargett et al., 2016). Some authors also include the side population (SP) cells to iden-

tify or to enrich the stem cell fraction within the aforementioned endometrial stem cell populations, accord-

ing to their cellular identity and differentiation potential (Kato et al., 2007; Masuda et al., 2015). SP cells are

defined as a small population of cells capable of effluxing the vital DNA-binding dye, as this assay has been

used to identify potential stem/progenitor cells within a cell population (Challen and Little, 2006).

It has been hypothesized that human endometrial epithelial stem/progenitor cells are located in the ba-

salis layer (Prianishnikov, 1978; Padykula, 1991; Padykula et al., 1984; Gargett, 2007) (Figure 1). They were

first identified as clonogenic cells, comprising 0.22% of single cell suspensions of EpCAM + epithelial cells
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Figure 1. Schematic showing ovarian hormonal changes during proliferative, secretory, and menses phases affecting cellular and tissue processes

in human endometrium

Endometrial MSCs (eMSCs) are located around the vessels (v). A schematic enlargement of blood vessels shows the different vascular cell types according to

their identified surface markers (pericytes, perivascular eMSCs, and endothelial cells). During the secretory phase, increased progesterone levels and other

paracrine molecules induce the differentiation of endometrial stromal/stem cells into secretory decidualized cells that contribute to amplify the

decidualization process within the endometrium stroma. In the absence of conception, hormone withdrawal is sensed by stromal cells that upregulate

intracellular inflammatory signaling, recruit leukocytes, and secrete growth factors, cytokines, and proteolytic enzymes, provoking and propagating the

tissue shedding of menstruation. This signaling also participates in tissue repair after menstruation. Menstrual blood contains a variety of cells whose identity

has not been deeply analyzed, but when they are subjected to adherent culture conditions, a cell type called menstrual-blood derived stromal cell (MenSC)

can be identified by its ISCT surface MSC-markers and multipotent phenotype, although its specific identity markers need further study.
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obtained from hysterectomy tissue, which includes the basalis layer (Chan et al., 2004; Schwab et al., 2005),

and up to 27% of clonogenic EpCAM + cells when only the SP cells are analyzed (Miyazaki et al., 2012; Gar-

gett et al., 2016). Clonally derived EpCAM + epithelial cells differentiate into cytokeratin + gland-like struc-

tures in three dimensional culture (Gargett et al., 2009) and SP EpCAM + cells can reconstitute epithelial

glands when transplanted into immunocompromised mice, although at very low efficiency (0.02–8%)

(Masuda et al., 2010; Cervello et al., 2011). Specific markers identifying the human endometrial epithelial
2 iScience 24, 103501, December 17, 2021
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stem cell population are still under investigation and N-Cadherin and SSEA-1 have been suggested as two

promising candidates (Valentijn et al., 2013; Nguyen et al., 2017), as recently reviewed by Cousins et al.

(Cousins et al., 2021).

It has been postulated that cells expressing CD31 and CD34 (classical endothelial markers) detected

among the SP endometrial cells are endothelial stem cells that are located in the basalis and vascular

endothelium (Tsuji et al., 2008). When endometrial SP cells are transplanted under the kidney capsule of

immunodeficient mice, they generate endothelial cells that migrate into the mouse kidney parenchyma

and form mature blood vessels, thus showing potential for in vivo angiogenesis (Masuda et al., 2010).

More current data would be desirable to confirm the results of the relative presence of endothelial progen-

itor cells in the endometrium, as well as the efficiency of their differentiation potential in vitro and in vivo.

The term MSCs describes a cell population of multipotential stem/progenitor cells commonly referred to

as mesenchymal stem cells, multipotential stromal cells, mesenchymal stromal cells, and mesenchymal

progenitor cells (Pittenger et al., 2019). Almost all human tissues contain a small resident population of

perivascular mesenchymal stem/stromal cells (MSC) (Bozorgmehr et al., 2020). MSCs were originally iden-

tified in bone marrow cultures and the defining features of bone marrow MSCs (bmMSCs), according to

International Society for Cellular Therapies (ISCT), are: plastic adherence, multilineage differentiation

into bone and marrow lineages (osteocytes, chondrocytes, adipocytes) in vitro, and a surface phenotype

(CD29+, CD44+, CD73+, CD90+, CD105+, CD146+, CD31-, CD34-and CD45-) distinguishing them from

hematopoietic stem cells (HSCs), also resident in marrow (Dominici et al., 2006; Caplan, 2007).

However, cultured fibroblasts from the endometrium (stromal cells), bone marrow, and many organs also

display these classic bmMSC properties in vitro, encouraging MSC researchers to question the utility of

these defining features (Hematti, 2012; Bianco et al., 2013; Phinney and Sensebe, 2013) and the necessity

for using the appropriate definition of the cells under study (as perivascular MSC versus fibroblasts).

Human endometrium also contains a small population ofmesenchymal stem/stromal cells called endome-

trial MSCs (eMSCs) (Gargett et al., 2016). Specific surface markers of clonogenic eMSCs demonstrate their

perivascular localization in the endometrial functionalis and basalis and show that these markers enrich for

clonogenic cells (Schwab and Gargett, 2007; Masuda et al., 2012).
The menses phase

Part of the complexity of studying the identity of eMSCs is that the human endometrium is not a tissue with

a single steady state, but its structure, biochemical environment, and function change, not only from birth

to old age, but during each menstrual cycle under the influence of steroid hormones from the ovary, in an

orderly sequence of cellular and tissue processes.

Decidualization is the process of spontaneous terminal differentiation of endometrial stromal cells into

specialized secretory decidual cells, which occurs in the mid-to-late secretory phase of each menstrual cy-

cle driven by the postovulatory increase in circulating progesterone levels, increasing local cAMP produc-

tion and local paracrine factors (Murakami et al., 2014; Evans et al., 2016). In human and other menstruating

species, this process is spontaneous and occurs in response to endocrine signaling; whereas in nonmenstr-

uating species, it is initiated during pregnancy because of embryonic cues (Emera et al., 2012). In humans,

decidualization is initiated by progesterone signaling in stromal cells adjacent to blood vessels. Decidual

regulation is a complex process with many molecules and signaling pathways involved, with estrogen or

glucocorticoid receptors being included, as reviewed elsewhere (Gellersen and Brosens, 2014). Whether

the transformation is initiated in perivascular eMSCs and stromal fibroblast surrounding spiral arterioles

simultaneously or it is a sequential process has not been studied. These cells undergo mesenchymal to

epithelial transition (MET) to become rounded secretory cells expressing the progesterone receptor and

decidual markers as prolactin and insulin-like growth factor-binding protein 1 (Gellersen and Brosens,

2014). Decidual cells secrete factors to create a wave of decidualization that spreads to cover the whole

superficial endometrial layer (including blood vessels surrounding and under the luminal epithelium) as

the cycle progresses.

If pregnancy occurs, decidual cells promote the invasion of fetal extravillous trophoblasts (Grewal et al.,

2008; Gonzalez et al., 2011) that, along with the uterine natural killer (uNK) cells, facilitate spiral-artery
iScience 24, 103501, December 17, 2021 3
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remodeling (Lockwood et al., 2007, 2009) and protect the embryo by conferringmaternal immunotolerance

of the fetal allograft (Nancy et al., 2012; Croxatto et al., 2014). The decidual cells also shelter the embryo

from environmental stress signals (Kajihara et al., 2006; Leitao et al., 2010) and sense embryo viability to

enable maternal rejection of developmentally incapable embryos (Teklenburg et al., 2010).

However, in the absence of conception, the withdrawal of estrogen and progesterone support leads to the

shedding of terminally differentiated cells during menstruation by removal of the functionalis layer through

the menstrual blood, whereas the basalis remains (Figure 1).

Menstruating endometrium is a complex environment that is not fully understood and in which decidual-

ized cells, non-progesterone receptor expressing stromal cells, and leukocytes release inflammatory

mediators, growth factors, and proteolytic enzymes that result in tissue breakdown (reviewed in Evans

and Salamonsen, 2012). Intriguingly, endometrial tissue destruction simultaneously produces cues for

repair and re-epithelialization. Similar inflammatory, growth factors, proteolytic enzymes, and recruited

leukocytes contribute to epithelial repair together withmesenchymal to epithelial transition of stromal cells

and Wnt signaling activation (reviewed in Evans et al., 2016).

The precise mechanisms by which the various endometrial cell populations control extracellular matrix

(ECM) degradation in the functionalis are clear, whereas preserving the basalis and the respective contri-

bution of basalis and functionalis in endometrium regeneration, are still unclear. Nevertheless, the

elevated expression of proteases and gene products involved in extracellular matrix synthesis in stromal

cells of lysed endometrium areas (Gaide Chevronnay et al., 2009; Evans et al., 2011) supports the

hypothesis that fragments of the functionalis participate in endometrial regeneration during late menstru-

ation (Evans et al., 2016).

The endometrial stem cell hypothesis for the regeneration of the endometrium suggests a major role of

activation of basalis endometrial epithelial progenitor cells and both basalis and functionalis perivascular

mesenchymal stem cells, possibly involving Wnt and Notch signaling in the process (Gargett and Masuda,

2010).
eMSCs identity markers

eMSCs were identified by the co-expression of two perivascular cell markers, CD146 and platelet-derived

growth factor receptor beta (PDGFRb or CD140b) (Schwab and Gargett, 2007), as pericytes (Figure 1). The

CD146 + CD140b + subpopulation comprises 1.5% of endometrial clonogenic stromal cells and fulfills the

ISCT MSC criteria (Dominici et al., 2006). These endometrial perivascular cells are distinct from the endo-

metrial stromal CD140b + CD146-fibroblasts showing 762 differentially expressed genes (Spitzer et al.,

2012) and from the endothelial (CD140b-CD146+) population.

SUSD2 was the only marker identified from a panel of perivascular markers assayed by flow cytometry,

capable of isolating clonogenic eMSC from human endometrium (Masuda et al., 2012). This marker, some-

times referred to as W5C5, recognizes the sushi domain containing-2 (SUSD2) antigen (Sivasubramaniyan

et al., 2013). SUSD2+ cells constituted 4.1% of endometrial clonogenic stromal cells and they fulfilled the

ISCT criteria of surface marker expression and differentiation capacity (Masuda et al., 2012).

Most SUSD2+ cells expressed CD140b, whereas all SUSD2+CD146 + cells were positive for CD140b. These

SUSD2+CD146 + cells generated more CFUs than the CD146 + CD140b + subpopulation, suggesting that

the combination of these threemarkers may enrich the perivascular eMSC population (Masuda et al., 2012).

In addition, gene profiling of both freshly isolated CD146 + CD140b + cells (Spitzer et al., 2012) and

cultured SUSD2+ cells (Murakami et al., 2014) confirmed that eMSCs show pericytic, perivascular signature,

which suggest that eMSCs may have and additional role in angiogenesis during stromal regeneration and

placentation (Gargett et al., 2016).

The expression of other bmMSCs markers by SUSD2+ cells was also explored by Masuda et al. using flow

cytometry (Masuda et al., 2012). They found that 60% of the cells express STRO-1 and that 84% express

CD117 (c-KIT). However, the expression of these markers by eMSCs has been controversial, as they are

not routinely analyzed (Rajaraman et al., 2013; Gurung et al., 2015). These results have not been

reproduced in vitro for either STRO-1 (Gargett et al., 2009) or CD117 (Zlatska et al., 2017). Endometrial
4 iScience 24, 103501, December 17, 2021
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CD146 + PDGFRb + cells were found to be negative for STRO-1 (Schwab and Gargett, 2007; Gargett et al.,

2009) and STRO-1 does not enrich for human endometrial stromal CFU when fresh endometrial stromal

cells are analyzed (Schwab et al., 2008) (Table 1), although differences between freshly isolated and

cultured cells can be due to the effect of cell culturing on marker expression.

Despite the incorporation of SUSD2 as a cell surface marker that enriches for endometrial MSCs, the spe-

cific cell definition and discriminatory markers for eMSCs identity is still ongoing. Some authors consider

that the in vivo functional capacity of MSCs is crucial for their cell definition. Using bmMSCs, a single

cell could generate heterotopic bone or bonemarrow organs (ossicles) in vivo (Sacchetti et al., 2007; Bianco

et al., 2013). The equivalent definition for eMSCs would be the generation of a vascularized stroma with the

capacity to differentiate into decidualized stroma when transplanted into an animal at the single-cell level.

Although this has not been achieved yet, in xenografts, side-population cells regenerate human endome-

trium-like tissue consisting mainly of stromal and vascular tissue, with occasional epithelial gland-like struc-

tures (Masuda et al., 2010; Cervello et al., 2011; Miyazaki et al., 2012). Similarly, SUSD2+ eMSCs generate

stromal tissue in xenografts (Masuda et al., 2012). However, in human endometrium in vivo, whether one or

more stem/progenitor cell type regenerates endometrial tissue, or a stem/progenitor cell hierarchy exists

(including slow dividing stem cells, and different highly proliferative transit amplifying cells as described to

potentially participate in glandular epithelium regeneration (Nguyen et al., 2017; Cousins et al., 2021)

needs further investigation.
MENSTRUAL-BLOOD DERIVED STROMAL CELLS: IDENTITY MARKERS AND

INCONSISTENCIES

As mentioned, the presence of perivascular eMSCs in both the basalis and functionalis endometrial layers

suggested that they would appear in the cellular fraction of menstrual blood.

Unlike endometrial tissue, stromal cells derived from menstrual blood have been characterized more

loosely and it was assumed that, besides peripheral blood, menstrual stromal cells (MenSCs) would

comprise endometrial stromal fibroblasts and perivascular eMSCs, anticipating a similar identity to eMSCs

obtained from endometrial biopsies.

First evidence suggesting that endometrial stem/stromal cells are shed in menstrual blood came from cul-

ture onto plastic (similar to bmMSC) of menstrual blood (Cui et al., 2007; Meng et al., 2007). Adherent cells

termed asmenstrual bloodmesenchymal stem cells (mbMSCs) (Hida et al., 2008; Musina et al., 2008), endo-

metrial regenerative cells (ERCs) (Meng et al., 2007), menstrual blood-derived mesenchymal cells (MMCs)

(Hida et al., 2008; Sugawara et al., 2014), or menstrual blood-derived stromal/stem cells (MenSCs or

MnSCs) (Patel et al., 2008; Borlongan et al., 2010; Darzi et al., 2012; Lopez-Caraballo et al., 2020) expand

with a doubling time of 18-36 h (Cui et al., 2007; Meng et al., 2007; Lopez-Caraballo et al., 2020) and

have a high proliferation capacity undergoing 25–40 population doublings (PD) before senescence

(Cui et al., 2007; Hida et al., 2008).

MenSCs express the classic ISCT bmMSC markers (Table 1) and are negative for HLA-DR and for hemato-

poietic lineagemarkers (Cui et al., 2007; Meng et al., 2007; Darzi et al., 2012; Kazemnejad et al., 2012; Khan-

jani et al., 2014; Khanmohammadi et al., 2014; Lopez-Caraballo et al., 2020); besides, similarly to eMSCs,

they express CD146, but not STRO-1 nor CD133 stem markers. However, controversy arises when other

markers are investigated, such as CD117 (c-KIT), which has been used as a marker to purify MenSCs (Patel

et al., 2008; Borlongan et al., 2010) and has been found to be negative when analyzed by other different

groups (Cui et al., 2007; Hida et al., 2008; Musina et al., 2008; Darzi et al., 2012; Wu et al., 2014; Khanjani

et al., 2015). Several inconsistencies inMenSC phenotype have been observed for the pluripotency markers

Oct4, SSEA4, and NANOG. Thementioned data showed that CD117 positive MenSC support Oct4 expres-

sion, although at low expression by nonquantitative PCR (Patel et al., 2008). Cytoplasmic Oct4 has also

been shown in MenSC by cytoplasmic immunofluorescence labeling (Khanjani et al., 2014) and it

has been detected by flow cytometry (Kazemnejad et al., 2012; Khanjani et al., 2014). However, Oct4 has

not been widely analyzed (Hida et al., 2008; Musina et al., 2008; Rossignoli et al., 2013; Sugawara et al.,

2014); therefore, confirmation of Oct4 expression level needs further validation, as quantitative PCR or

flow cytometry analysis indicate low or absent expression compared to pluripotent cells (Lopez-

Caraballo et al., 2020). Similarly, SSEA4 and NANOG expression has been analyzed, with results showing

flow cytometry and immunofluorescence positive labeling in CD117 purified MenSCs (Patel et al., 2008;
iScience 24, 103501, December 17, 2021 5



Table 1. Cell markers on eMSCs and MenSCs

Reference

cell type/

lineage for

the different

set of

markers Marker

Endometrial mesenchymal stromal cells Menstrual blood-derived stromal cells

eMSC

SUSD2+

eMSCs

CD117 +

MenSCs ERC MenSCs MMCs

Mesenchymal
(bm-MSC)

CD29 + + + + + + + + + + + +

CD44 + + + + + + + + + + + + + + +

CD73 + + + + + + + + + + + + + +

CD90 + + + + + + + + + + + + +

CD105 + + + + + + + + + + + + + + +

STRO1 – – + – – –

CD117 + + – –

CD10

Endothelial CD31 – – – – –

Hematopoietic CD34 – – – – – – – – – – – – – –

CD45 – – – – – – – – – – – – – –

HLA-DR – – – – –

Pericyte CD146 + + + + + + + + +

CD140b + + + + +

SUSD2 + +

Pluripotency OCT4 + + + + + –

NANOG – – –

SSEA4 + – + +

hTERT +

Other
markers
analyzed

Negative
expression

CD106-
CD184-
CD271-
CD325-

MHCII -
CD38-

CD14-
CD38-

CD14 -
CD50 -
CD133 -
HLA-DR -

CD133-
CD38-

CD38-
CD133-

CD38- CD14-
CD106-
CD133-

HLADR- CD14-
CD133-

CD14-
CD16-
CD19-
CD133-

Positive
expression

CD166+ MHCI +
CD166 +
CD9+

CD9+
CD59 +
CD41a+

CD13 +
CD54 +
CD55 +
CD59+
HLA-
ABC

CD10+ CD9+
CD10+

CD166+ CD10+ CD13+ CD10 +
CD55 +
CD59 +
CD166+

CD13 +
CD54 +
CD166 +
CD59+
HLA-
ABC+

References (Schwab
and
Gargett,
2007)

(Gargett
et al.,
2009)

(Rajaraman
et al., 2013)

(Zlatska
et al.,
2017)

(Masuda
et al.,
2012)

(Gurung
et al.,
2015)

(Patel et
al., 2008)

(Meng
et al.,
2007) (*)

(Cui
et al.,
2007)

(Musina
et al.,
2008)

(Darzi
et al.,
2012)

(Kazemnejad
et al., 2012)

(Li et al.,
2013)

(Khanjani
et al.,
2014)

(Khanmohammadi
et al., 2014)

(Lopez-
Caraballo
et al.,
2020)

(Hida
et al.,
2008) (*)

(Sugawara
et al.,
2014)

Summary of phenotypic marker expression by endometrial mesenchymal stem cells (eMSCs) or menstrual blood-derived stromal/stem cells (MenSCs) isolated by plastic adherence or by specific marker (SUSD2+ in eMSCs and CD117+ in
MenSCs). Different designations of MenSCs are also included according to the publication where they were described (ERC, endometrial regenerative cells; MMCs, menstrual blood-derived mesenchymal cells; eMSCs, endometrial mesen-
chymal stem/stromal cells) (*) No flow cytometry histogram or dot plots were shown.
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Borlongan et al., 2010); although in these studies no pluripotent control was shown to both ensure the spec-

ificity of the labeling and compare the level of expression, and other studies show either low (Li et al., 2013;

Lopez-Caraballo et al., 2020) or negligible expression (Cui et al., 2007; Meng et al., 2007; Kazemnejad et al.,

2012; Khanmohammadi et al., 2014) of the mentioned markers.

The use of enrichment protocols makes it difficult to compare results and, before using them, it would be

necessary to properly define MenSC cell identity markers as well as the effect of the collection techniques

or menstrual blood sampling day. So far, bmMSCmarkers are routinely used after MenSC collection. How-

ever, taking into account their endometrial origin, it would probably be more informative to add eMSCs

markers such as SUSD2, CD146, and CD140b, as recently performed by Gurung et al. with postmenopausal

endometrium, menstrual blood, placenta decidua basalis, and bone marrow MSCs, showing differential

expression of these markers among cell types in culture (Gurung et al., 2020). In this study an average of

60% of MenSCs express SUSD2. The percentage of SUSD2+ cells has also been analyzed in freshly isolated

menstrual fluid-derived endometrial stem/progenitor cells, where they constitute 1–18% of the total pop-

ulation depending on the cell donor (Wyatt et al., 2021). Again, differences between freshly isolated and

cultured cells can be due to the effect of cell culturing on marker expression and further studies and repli-

cation are needed for robust conclusions.

As mentioned, MenSCs are shed from the endometrium and it has been assumed that a mixture of stromal

fibroblasts and eMSCs should be present. However, their actual presence and/or their cell identity modi-

fication due to the effect of menstruation signaling (such as inflammatory NFKB-mediated cascade, Wnt,

and Notch signaling) and to cell culture effects should be analyzed in depth.

Single-cell transcriptomic of both menstrual-derived freshly isolated cells and in culture from different

donors will shed light into MenSC cell identity and into the selection of specific markers for MenSCs iden-

tification and/or purification. The transcriptomic transformation of human endometrium at single-cell res-

olution across the menstrual cycle (excluding menses days) has been characterized recently, resolving

cellular heterogeneity in multiple dimensions with characteristic signatures for seven endometrial cell

types (Wang et al., 2020), including stromal fibroblast, endothelium, macrophage, lymphocyte, ciliated-

epithelium, and nonciliated-epithelium. Interestingly, they also identified a population with characteristic

smooth muscle cells closely related to the stromal fibroblast population that express SUSD2, CD140b, and

CD146, suggesting that this identified cell type contains previously identified endometrial cells with

mesenchymal stem cell characteristics. This study confirms the informative and valuable role of this type

of approach to study the cellular composition of tissues/samples and potential cellular hierarchies.
CELLULAR PROPERTIES OF MENSCS: REPARATIVE, REGENERATIVE, AND PROTECTIVE

EFFECTS

The MSC field has been criticized due to the limited characterization of MSC, which has resulted in out-

comes of many clinical trials that were not up to the expectations (Sipp et al., 2018). Basic science experts

reiterate the importance of an exhaustive and undirected characterization of the cells before their applica-

tion (Galipeau and Sensebe, 2018). However, several studies have already shown the regenerative, repar-

ative, and protective properties of eMSCs and recently also of MenSCs (Chen et al., 2019; Kong et al., 2021).

The therapeutic potential of MenSCs has been studied based on their immunomodulation properties and

their paracrine effect promoting endogenous cellular repair or regeneration without substantial cell-tissue

integration or differentiation, similarly to MSCs (Caplan, 2016; Galipeau and Sensebe, 2018).
The immunomodulatory properties of MenSC

The immunomodulatory properties of MenSC have been analyzed as, although it is not properly a stem cell

function, both MSC and stromal cells have these properties, and, in some way, the results are not surprising

since, as mentioned, they come from an environment subjected to cyclic menstruation and inflammatory

signaling. Endometrial stromal cells upregulate this intracellular inflammatory activation as well as the

release of inflammatory factors that contribute to uterine blood vessel vasoconstriction and leukocyte

recruitment among menstrual cascade phenomena (reviewed in Evans and Salamonsen, 2012). MenSC

participation in the adaptive and innate immunity has been investigated, often in comparison with bmMSC

(Figure 2).
iScience 24, 103501, December 17, 2021 7



Figure 2. Immunomodulatory effects of MenSC. Both in vitro and in vivo data support the MenSCs impact on the

adaptive and innate immune system

In vivo data support an effect of MenSCs decreasing CD4+ and CD8+ activated T-cells, inhibiting IgG and IgM deposition

while upregulating the presence of Tregs and Bregs and decreasing the expression of MHC II by dendritic cells. This effect

can be mediated in part by the secretion of SDF-1 (also called CXCL12), which also increases the percentage of

macrophages with M2 (anti-inflammatory) profile. In vitro,MenSC affect the proliferation of peripheral mononuclear cells

in a dose-dependent manner and have a weaker immunosuppressive effect on activated T-cells than bmMSCs. MenSCs

secrete IL-6 and IL-10, which inhibit optimal maturation of human monocyte-derived dendritic cells and, when stimulated

with the pro inflammatory cytokines IFN-g and IL-1b, inhibit NK proliferation and cytotoxicity and secrete

immunosuppressive cytokines, although at lower level than bmMSCs.
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In vitro,MenSC’s effect on T cell proliferation is complex and still needs further characterization. These cells

affect differently the proliferation of peripheral blood monocytes (PBMCs) depending of the cell ratio, with

a high MenSC:PBMC ratio suppressing proliferation while a low ratio stimulates it (Nikoo et al., 2012); they

also have a weaker immunosuppressive effect on PBMCs, CD4+IFNg+, and CD8+IFNg + T-cells than

bmMSCs (Luz-Crawford et al., 2016; Aleahmad et al., 2018) (Figure 2, right panel).

MenSC’s secrete IL-6 and IL-10, which inhibit optimal maturation of human monocyte-derived dendritic

cells (Bozorgmehr et al., 2014) and, although they induce Natural Killer (NK) cell proliferation, MnSCs inhibit

both NK proliferation and cytotoxicity when stimulated with the pro inflammatory cytokines IFN-g and IL-1b

(Shokri et al., 2019) (Figure 2, right panel). Uterine NK (uNK) cells constitute the main component of the

endometrial innate immune system, and these results support the importance of MenSC in tight cell-cell

regulation for tissue homeostasis.

MenSCs have also been shown to exert immunomodulatory effects in vivo (Figure 2, left panel). MenSCs

influence the antibody-mediated allograft rejection in mouse models of cardiac transplantation attributed
8 iScience 24, 103501, December 17, 2021
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in part to the cellular immunity regulation via SDF-1 (also known as CXCL12) secretion (Lan et al., 2017) and

to the humoral immunity suppression that decreases IgM and IgG deposition, as well as antibody secretion

of CD19 + B cells (Xu et al., 2017). In an inflammatory murine model of colitis, intravenous treatment with

MenSCs decreased the presence of immature plasma cells in spleen and IgG deposition in colon while it

increased the secretion of IL-10 and the level of Bregs and Tregs (Xu et al., 2018). Some of these effects were

shared in a mice model with acute injury to the liver in which intravenous cell administration increased IL-10

level in serum and spleen levels of Tregs and decreased CD4+ and CD8+ T cells concentration and DC

expression of MHCII (Lu et al., 2016). However, in a murine model of arthritis, MenSCs failed to establish

an anti-inflammatory immune response in T cells (Luz-Crawford et al., 2016).

Taken together, MenSCs have a variety of effects on both the innate and specific immune responses that

have been extensively reviewed (Bozorgmehr et al., 2020; Kong et al., 2021) and are not the focus of this

study. They show inconsistencies between in vitro and in vivo findings and a considerable variation among

experimental models, needing further investigation to identify the underlying mechanisms that organize

the dialogue that MenSC use to modulate the immune system.
Regenerative effects of MenSCs

As mentioned, the paracrine effect of MenSCs in regenerative or reparative medicine has been analyzed

recently as an attractive source with potential clinical applications. Several studies have shown that MenSCs

repair damaged tissues and promote functional recovery through paracrine effects rather than cell differ-

entiation (Bozorgmehr et al., 2020; Kong et al., 2021). Their reparative potential has been shown in several

diseases such as myocardial infarction rat models (Hida et al., 2008; Jiang et al., 2013; Liu et al., 2019) where

intracardiacMenSC transplantation improved left ventricular systolic function and fibrotic areas (Hida et al.,

2008), reduced cell apoptosis, and increased cell proliferation primarily by the effect of secreted cytokines

including PDGF, EGF, nitric oxide (NO), and TGF-b2 on AKT and STAT3 signaling activation. Intravenous

MenSC injection in acute liver failure mouse model (Fathi-Kazerooni et al., 2017) and liver fibrosis (Chen

et al., 2017b) promoted liver structure regeneration and liver function, indicated by the reduction in serum

levels of liver enzymes and metabolites, although no mechanism or involved molecules were analyzed in

this study (Hida et al., 2008), Improvement in liver fibrosis with reduced collagen fiber deposition was shown

to be driven via inhibition of activated stellate cells mainly through the secretion of paracrine cytokines such

as monocyte chemoattractant protein-1 (MCP-1), growth-related oncogene (GRO), IL-6, HGF, osteoprote-

gerin (OPG) and IL-8 (Chen et al., 2017b). The effect of MenSC transplantation on lung disease has also

been tested in acute lung injury (Xiang et al., 2017) and bleomycin-induced pulmonary fibrosis mouse

models (Zhao et al., 2018b). LPS-injured lungs showed improved clinical symptoms and tissue-structure

repair after cell administration. MenSCs attenuated the anti-inflammatory response after lung-injury ac-

cording to the reduced number of lung inflammatory cells and IL-1b levels, whereas increased IL-10 levels

were observed. The repairing effect was also attributed to both an increased microvascular permeability

and stimulation of cell proliferation effect (increased proliferating cell nuclear antigen (PCNA) expression

in lung cells) and to the inhibition of cell apoptosis gathered from the decrease in the levels of caspase-3

detected (Xiang et al., 2017). Analysis of GSK3b, Src, and b-catenin proteins in lung cells showed a decrease

in their phosphorylation after MenSC treatment, indicating a potential role of PI3K/b-catenin and gsk3b/

b-catenin pathways. MenSC injection also reduced collagen deposition and inflammation in a mouse

model of bleomycin-induced pulmonary fibrosis (Zhao et al., 2018b) indicated by the lower levels of

TGF-b, IL-1b, and TNF-a and increased IL-10 detected in serum and lung tissue. The authors also state

an antiapoptotic effect of MenSC supported by the reduced expression of the proapopototic gene Bax,

while increased expression of the antiapoptotic Bcl-2 gene was identified in lung cells. In addition, the anti-

fibrosis factors HGF andMMP-9 were also markedly elevated after MenSC treatment with a potential effect

attenuating pulmonary fibrosis. Decreased muscle necrosis was observed after MenSC injection into the

hindlimb muscle of a mouse model of critical limb ischemia in mice where IL-4, hypoxia inducible factor-

1 alpha (HIF-a), MMP-3, and MMP-10 paracrine secreted factors were detected (Murphy et al., 2008). More-

over, skin wound repair was observed after intradermal injection of MenSC in a surgery-induced mouse

model. The authors reasoned that this effect could be in part because of the upregulation of genes

involved in wound repair (growth factors, cytokines, chemokines, AMPs, and MMPs) as they observed

increased expression of PDGFA, PDGFB, MMP3, ELN, and MMP10 and the pro-angiogenic IL-8 and

VEGF, in MenSC in vitro under pro-inflammatory stimulation (Cuenca et al., 2018). Intravenous injection

of MenSCs has a therapeutic effect in a mouse model of type 1 diabetes mellitus (T1DM), in which MenSCs

treatment partially reverses hyperglycemia and weight loss, prolongs lifespan, and increases insulin
iScience 24, 103501, December 17, 2021 9
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production, recovering islet structures and increasing the b-cell number. MenSCs did not differentiate into

insulin-producing cells, but enhanced neurogenin3 (ngn3) expression, which represented endocrine

progenitors that were activated, thus suggesting that b-cell regeneration occurs through promoting differ-

entiation of endogenous progenitor cells (Wu et al., 2014). MenSC effect has also been evaluated in neural-

related diseases such as stroke in a rat model where MenSC transplantation decreased neuronal cell death

and improved motor symptoms by secreting brain-derived neurotrophic factor (BDNF), vascular endothe-

lial growth factor (VEGF), and neurotrophic 3 (NT-3) (Borlongan et al., 2010). MenSC injection in the injured

site of a rat spinal cord (SC) hemisection model alleviated the hindlimb motor function, increased the num-

ber of neurons, and reduced serum levels of the inflammatory factors TNF-a and IL-1b potentially because

of the observed upregulation of BDNF at the lesion site (Wu et al., 2018). MenSC effect has also been

analyzed in Alzheimer’s disease, in which MenSC transplantation caused a change in the activated micro-

glia that showed a greater capacity for the degradation of Ab plaques and less production of TNF and IL-1b

in APP/PS1 transgenic mice (Zhao et al., 2018a) (Table 2). Such groups of data suggest the promising ther-

apeutic properties of MenSCs for future clinical applications; however, although reparative and regenera-

tive effects are observed in a number of diseases as described here, there is still much information needed

regarding the specific molecules and mechanism of action involved. Such mechanisms have so far been

roughly described and, although potential pathways have been suggested to participate, they deserve

deeper analysis in order to validate and strengthen their significance in the reparative effects observed.

Most of the reparative capacities of MenSCs have been explored to treat infertility due to either premature

ovarian failure (POF) or endometrial injury and intrauterine adhesion (IUA). Intraovarian or intravenous in-

jection of MenSCs in a rat model of POF reduced follicle apoptosis, increasing their number at all devel-

opmental stages. Furthermore, it restored the estrogen and progesterone ovarian hormones in plasma

(Manshadi et al., 2019) and increased the number of live births when grafted into POF mice (Feng et al.,

2019). In vitro studies confirmed the role of MenSCs in the improvement of follicle growth and maturation

(Feng et al., 2019). In a mouse model of IUA, intravascular injection of MenSCs increased microvessel den-

sity and endometrial thickness, improving the rate of conception and implanted embryos (Zhang et al.,

2016). Similarly, intrauterine transplantation in an IUA rat model increased uterine fertility (Zhang et al.,

2019). In vitro, MenSCs co-cultured with endometrial stromal cells promote their proliferation and down-

regulate the expression of genes related to fibrotic generation as ⍺SMA and collagen I (Zhu et al., 2019).

MenSCs and clinical trials

As mentioned, the therapeutic potential of MenSCs has been studied recently, although the mechanisms

involved are still largely unknown and a complete cell characterization is necessary. However, few trials and

clinical studies in humans have already been launched. The study of Tan and collaborators (Tan et al., 2016)

registered in the Chinese Clinical Trial Registry (ChiCTR-ONB-15007464), which used human autologous

MenSCs transplantation in women with severe Asherman’s syndrome (severe IUA), showed reduced

fibrosis, endometrial morphology and functional recovery with a positive effect on pregnancy rates. A

recent trial with women suffering POF registered in the Iranian Registry of Clinical Trials

(IRCT20180619040147N2) showed that intraovarian injection of autologous MenSCs also improves fertility

(Zafardoust et al., 2020).

Other clinical trials were registered in the NIH clinical studies database for the use of MenSCs in patients

with liver cirrhosis (NCT01483248), type 1 diabetes (NCT01496339), and acute lung injury caused by H7N9

bird flu virus infection (NCT02095444), although no results have been posted and their completion status is

currently unknown. It would be necessary to consider whether MenSCs are being rushed into the clinic

before important issues are resolved, including their mechanism of action and cell identity.

Insights into the paracrine effect of MenSCs exosomes

Increasing studies attribute the therapeutic effects of MenSCs to the paracrine action of the extracellular

vesicles (EVs) they secrete (Dalirfardouei et al., 2018). EVs include microvesicles, exosomes, and apoptotic

bodies that behave as carriers of bioactive molecules such as proteins, microRNAs (miRNAs), and lipids,

although most studies are focused specifically on exosomes with homogeneous size (30–170 nm) and

CD81, CD63, and TSG101 expression (Doyle and Wang, 2019). Marinaro et al. identified 895 proteins in

MenSC secreted exosomes related to complement activation, antigen processing and presentation, regu-

lation of immune response, apoptosis control, and signaling pathways according to the gene ontology

and biological function analysis of identified proteins (Marinaro et al., 2019a). They observed that
10 iScience 24, 103501, December 17, 2021



Table 2. MenSCs and regenerative effects

Organ/Disease Animal model

Transplantation

method

Reparative/

Regenerative effect

Pathway/Paracrine

molecules involved References

Myocardial

infarction (MI)

MI Rat model of myocardial

infarction (MI)

Intracardial MenSC

injection

Improve cardiac function.

Minor trans-differentiation

to cardiomyocytes

Secreted cytokines (PDGF,

EGF, NO and TGF-b2.

Activation of Akt/Stat3

pathway. Decrease

apoptosis

(Hida et al., 2008;

Jiang et al., 2013)

MI Rat model of myocardial

infarction (MI)

Intracardial MenSC

exosomes injection

Enhance myocardial cell

survival and microvessel

density

Secreted exosomal miR-21

enhances cell survival

through the PTEN/Akt

pathway

(Wang et al., 2017)

Liver Acute liver failure BALB/c mouse (CCl444

induction)

Intravenous MenSC

injection

Liver regeneration. No

study of molecules

involved

(Fathi-Kazerooni

et al., 2017)

Liver fibrosis BALB/c mouse (CCl4

induction)

Intravenous MenSC

injection

Liver regeneration.

Dicreased collagen

deposition.

Secretion of paracrine

cytokines: MCP-1, GRO, IL-

6, HGF, OPG and IL-8

(Chen et al., 2017b)

Fulminant hepatic

failure (FHF)

D-GalN/LPS-induced

FHF mice

Intravenous MenSC

exosomes injection

Reduced hepatocyte

apoptosis, proliferation of

liver macrophages and

pro-inflammatory

cytokines improving liver

function

Potential role of exosome

cytokines: ICAM-1, Ang2,

Axl, ANG, IGFBP-6, OPG,

IL-6 and IL-8 on the

reduction of the number of

liver MNCs and the amount

of the active apoptotic

protein caspase-3 in

injured liver

(Chen et al., 2017a)

Lung Acute lung injury C57BL6 mouse

(LPS-injury)

Intravenous MenSC

injection

Attenuate inflammation

(decrease IL-1b and

increase IL-10) increase

microvascular permeability

and tissue repair (increase

PCNA and decrease

caspase-3). No study of

molecules involved

Potential molecules

involved in PI3K/b-catenin

cross-talked with the

gsk3b/b-catenin

(Xiang et al., 2017)

Pulmonary fibrosis C57BL6 mouse

(bleomycin)

Intravenous MenSC

injection

- Decrease collagen

production and wet/dry

lung weight - Anti-

inflammatory effect: Lower

TGF-b, IL-1b and TNF-a

and incrased IL-10 in serum

and lung

Potential antiapoptotic

effect via suppression of

Bax expression, while

increasing the

antiapoptotic gene Bcl-2 in

lung cells and antifibrosis

effect via up regulation of

HGF and MMP-9

(Zhao et al., 2018b)

(Continued on next page)
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Table 2. Continued

Organ/Disease Animal model

Transplantation

method

Reparative/

Regenerative effect

Pathway/Paracrine

molecules involved References

Critical limb

ischemia

BALB/c mouse

(surgery induced)

MenSC injection into the

hindlimb muscle

Decreased muscle necrosis Detection of paracrine

secreted factors: IL-4, HIF-

a, MMP-3 an MMP-10

(Murphy et al., 2008)

Skin wound repair C57BL6 mouse

(surgery induced

injury)

Intradermal injection of

MenSC

Improve wound closure

and vascularization

Increase MenSC

expression of ANGPT1,

PDGFA; PDGFB; MMP3;

ELN; and MMP10, IL-8 and

VEGF

(Cuenca et al., 2018)

Diabetes mellitus C57BL/6 mouse

model of diabetes

(STZ induced)

Intradermal injection of

MenSC exosomes

Faster re-epithelialization

and less scar formation

Secreted exosomes

enhance neoangiogenesis

through VEGFA

upregulation and Re-

epithelialization activation

of the NF-kB signaling

pathway

(Dalirfardouei et al.,

2019)

BALB/c mouse type 1

diabetes (STZ induced)

Intravenous MenSC

injection

Reverse hyperglycemia

and weight loss, prolong

lifespan, and increase

insulin production

b- cell regeneration by

facilitating endogenous

progenitor cell

differentiation (increase of

Ngn3+ progenitors)

(Wu et al., 2014)

Rat model of diabetes (STZ

induced)

Intravenous injection

of MenSC exosomes

Enhance the regeneration

b- cell number and

increased insulin

production

Potential induction of islet

regeneration through

pancreatic and duodenal

homeobox 1 (Pdx-1)

pathway

(Mahdipour et al.,

2019)

Neural related OGD stroke Rat oxygen glucose

deprivation (OGD)

stroke model

Intracerebral and

intravenous MenSC

injection

Decreased neuronal cell

death and improved motor

symptoms

MenSC secretion of BDNF,

VEGF and NT-3

(Borlongan et al.,

2010)

SCI Rat SC hemisection

model

MenSC injection into spinal

cord injured site

Improved the hindlimb

motor function. Increase

number of neurons, axon

regeneration. Decrease

inflammatory factors TNF-a

and IL-1b

Regeneration mediated via

the upregulation of BDNF

in injured area

(Wu et al., 2018)

Alzheimer’s

disease

APP/PS1 transgenic

mice

Intracerebral MenSC

injection

Improved the spatial

learning and memory

decrease number amyloid

plaques and reduced tau

hyperphosphorylation

Potential role of MenSC

inducing the conversion of

activated microglia to an

alternative phenotype that

secrete Ab-degrading

enzymes, including insulin-

degrading enzyme (IDE)

and neprilysin (NEP)

(Zhao et al., 2018a)

(Continued on next page)
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Table 2. Continued

Organ/Disease Animal model

Transplantation

method

Reparative/

Regenerative effect

Pathway/Paracrine

molecules involved References

Oral squamous

cell carcinoma

Hamster buccal pouch

carcinoma (DMBA

induced)

MenSCs exosome

intratumoral injection

Decrease tumor growth

and a loss of tumor

vasculature

Induction of apoptosis in

endothelial cells and of

their secretion of VEGF to

increase angiogenesis

(Rosenberger

et al., 2019)

Premature ovarian

failure (POF)

Rat busulfan model Intravenous MenSC

injection

Increase the number of

follicles and restored the

ovarian hormones

estrogen and

progesterone in plasma

MenSC localize in

granulosa cells layer of

immature follicles.

Potential effect on follicle

maturation.

(Manshadi et al.,

2019)

C57BL/6 mouse model

(CTX induced)

Intravenous MenSC

injection

Regulation of normal

follicle development and

estrous cycle and

restoration of ovarian

hormones (FSH, E2 and

AMH) increase number of

live births

Potential activation of

ovarian transcriptional

expression in ECM-

dependent FAK/AKT

signaling pathway

(Feng et al., 2019)

Endometrial injury and

intrauterine adhesion (IUA)

ICR mouse

(electrocoagulation)

Intravenous MenSC

injection

Endometrium restoration

with increased endometrial

thickness and microvessel

density. Increases embryo

number

Secreted molecules (not

identified) with potential

activation of AKT and ERK

pathways that induce the

overexpression of eNOS,

VEGFA, VEGFR1, VEGFR2

and TIE2 in endothelial

cells (pro-angiogenic)

(Zhang et al., 2016)

Rat IUA (mechanical

injured)

Intravenous MenSC

injection

Improved endometrial

proliferation,

angiogenesis, and

morphology recovery and

decreased collagen fibrosis

and inflammation in the

uterus

Detection of secretory

protein IGF-1, SDF-1, and

TSP-1 in the uterus.

Potential involvement of

Hippo signaling pathway

(CTGF, Wnt5a, and Gdf5)

(Zhang et al., 2019)
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Table 3. List of abbreviations used in the text

Abbreviation Full term Abbreviation Full term

AMH Anti-Mullerian hormone MCP-1 Monocyte chemoattractant protein-1

ANG Angiogenin MenSCs Menstrual-blood derived stem/stromal cells

Ang2 Angiopoietin-2 MET Mesenchymal to epithelial transition

ANGPT1 Angiopoietin 1 MHCII Major histocompatibility complex II

APP Amyloid precursor protein MI Myocardial infarction

BDNF Brain-derived neurotrophic factor MMP-9 Matrix metallopeptidase 9

bmMSCs Bone marrow MSC MMP10 Matrix metallopeptidase 10

Bregs Regulatory B cells MMP3 Matrix metallopeptidase 3

CCl4 Carbon tetrachloride MNC Mononuclear cell

CFU Colony forming unit MSC Mesenchymal stem/stromal cells

CTGF (CCN2) Connective tissue growth factor NEP Neprilysin

CTX Dyclophosphamide NF-kB Nuclear factor kappa B

DMBA Dimethylbenzanthracene Ngn3 Neurogenin 3

E2 Estradiol NK Natural killer

ECM Extracellular matrix NO Nitric oxide

EGF Epidermal growth factor NT-3 Neurotrophin-3

ELN Elastin OGD Oxygen glucose deprivation

eMSC Endometrial mesenchymal stem/stromal cells OPG Osteoprotegerin

eNOS Endothelial nitric oxide synthase PBMC Peripheral blood monocytes

EpCAM Epithelial Cell Adhesion Molecule PCNA Proliferating cell nuclear antigen

ERC Endometrial regenerative cells PDGF Platelet-derived growth factor

FHF Fulminant hepatic failure Pdx-1 Pancreatic and duodenal homeobox 1

FSH Follicle-stimulating hormone POF Premature ovarian failure

Gdf5 Growth Differentiation Factor 5 PS1 Presenilin 1

GRO Growth regulated oncogene SCI Spinal cord injury

hADFs Human adult dermal fibroblasts SDF-1 Stromal cell-derived factor 1

HGF Hepatocyte growth factor SP Side population

HIF-⍺ Hypoxia inducible factor-1 alpha STZ Streptozotocin

ICAM-1 Intercellular adhesion molecule-1 SUSD2 Sushi domain containing-2

IDE Insulin-degrading enzyme TGF-b2 Transforming growth factor b 2

IFN-g Interferon gamma TIE2 Angiopoietin-1 receptor

IGF-1 Insulin-like growth factor 1 TNF-a Tumor necrosis factor alpha

IGFBP-6 Insulin-like growth factor-binding protein 6 Tregs Regulatory T cells

IL-6 Interleukin 6 TSP-1 Thrombospondin-1

IL-8 Interleukin 8 VEGF Vascular endothelial growth factor

ISCT International Society for Cellular Therapies VEGFA Vascular endothelial growth factor A

IUA Intrauterine adhesion VEGFR1 Vascular endothelial growth factor receptor 1

LPS/D-GalN Lipopolysaccharide/D-galactosamine VEGFR2 Vascular endothelial growth factor receptor 2

mbMSC Menstrual blood mesenchymal stem cells Wnt5a Wnt Family Member 5A
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IFNgamma-primed cells change the content of their exosomes into a wide range of proteins and miRNAs

with different biological functions,.including immunomodulatory proteins such as CSF-1 (also called

M-CSF). In a mouse model of acute liver function, MenSC-derived exosomes reduced hepatocyte

apoptosis, proliferation of liver macrophages and pro-inflammatory cytokines improving liver function

(Chen et al., 2017a). MicroRNA (miR)-21 of MenSC exosomes exerts a protective effect in a rat model of

myocardial infarction (MI), enhancing myocardial cell survival through the PTEN/Akt pathway (Wang

et al., 2017) (Table 3 for a complete list of abbreviations used in the text).
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The intratumoral injection of exosomes in a hamster buccal pouch carcinoma (as a preclinical model for hu-

man oral squamous cell carcinoma), altered endothelial cells behavior, impeding angiogenesis and growth

of tumor cells (Rosenberger et al., 2019). Exosomes of MenSCs improved non-healing wounds in a diabetic

mouse model throughM2macrophage polarization, increasing neoangiogenesis and activating re-epithe-

lialization via NF-KB signaling (Dalirfardouei et al., 2019). Intravenous administration of MenSCs’ exosomes

on a rat model of streptozotocin-induced diabetes enhanced the regeneration beta-cell number and

increased insulin production (Mahdipour et al., 2019). As MenSCs, their secreted exosomes have also

been used as coadjuvants to improve the in vitro fertilization outcomes in murine models (Blazquez

et al., 2018), and the proteomic analysis of their cargo revealed an abundant expression of proteins

involved in embryo development (Marinaro et al., 2019b) (Table 2).

Exosomes are considered as ideal therapeutic agents because they are non-viable and non-replicating

agents that protect the contents from degradation and preserve their potency and functional integrity dur-

ing handling, storage, and administration (Sun et al., 2016). Although their size facilitates their rapid clear-

ance from the body and thus it would need either repeated administration or tissue-specific targeting, this

constitutes a promising therapeutic approach that needs further research.
INTEREST OF MENSC IN CELL REPROGRAMMING

The great majority of iPSC lines have been generated from dermal fibroblasts. Nonetheless, a multitude of

other cell types have been used (Patel and Yang, 2010) as bone marrow mesenchymal stromal cells

(bmMSCs) (Ohnishi et al., 2011). MenSCs have appeared recently in the reprogramming field, with clear

advantages in accessibility, and also in reprogramming efficiency (de Carvalho Rodrigues et al., 2012;

Li et al., 2013; Lopez-Caraballo et al., 2020). Strikingly they present higher reprogramming capacity than

adult human dermal fibroblasts (hADFs) (Li et al., 2013; Lopez-Caraballo et al., 2020) and then bone marrow

mesenchymal stromal cells (bmMSCs) (Lopez-Caraballo et al., 2020). Their higher reprogramming effi-

ciency has been initially attributed either to their expression of pluripotency markers (specifically Oct4

and SSEA4), although as mentioned before, their expression analysis has been controversial and discor-

dant among publications, or to their multipotent state based on MenSC transdifferentiation capacity.

MenSCs can differentiate into mesodermal lineage (including chondrogenic, osteogenic, adipogenic,

and cardiomyogenic fate), endodermal lineage (hepatocyte), and ectodermal lineage (neural and glial)

as it has been extensively reviewed elsewhere (Bozorgmehr et al., 2020). Overall, most studies agree

that MenSCs can be differentiated toward osteocytes, chondrocytes, and adipocytes. Nonetheless, the ef-

ficiency of this process varies considerably between them and either they do not compare with other cell

types such as bmMSCs (Meng et al., 2007; Patel et al., 2008; Asensi et al., 2014) or they show variable effi-

ciency percentages according to the analyzed markers.

Despite this, collectively, it has been described that the differentiation capacity of MenSCs toward osteo-

blasts and adipocytes is lower than that for bmMSCs. Studies are not conclusive regarding the degree of

differentiation efficiency toward chondrocytes relative to bmMSC (Kazemnejad et al., 2012; Khanmoham-

madi et al., 2012) and recent data even show a markedly lower efficiency (Lopez-Caraballo et al., 2020).

MenSCs have also been transdifferentiated to cardiomyocytes by studying the presence of troponin

T (Hida et al., 2008), and, although there are few comparative studies, Rahimi et al. showed that MenSCs

present increased capacity for differentiation than bmMSCs, although this difference was very reduced

(Rahimi et al., 2014).

The studies by Khanjani et al. show that the ability of MenSCs to transdifferentiate toward hepatocytes is

comparable to bmMSCs’ (Khanjani et al., 2014). Similarly, for transdifferentiation to the neuroectodermal

lineage, although neural and glial cells have been obtained according to the expression of specific markers

(Azedi et al., 2014; Kozhukharova et al., 2018; Liu et al., 2018), their efficiency is again either similar to the

one of bmMSCs (Azedi et al., 2014; Kozhukharova et al., 2018) or clearly lower (Lopez-Caraballo et al., 2020)

depending of the differentiation protocol and identity markers used. It is important to note that the number

of transdifferentiation studies is still very limited and that this field requires more replicates and the use of

several analysis techniques, as well as identity markers, in order to obtain robust conclusions. Moreover, we

cannot discard that differentiation protocols for MenSCs are different to those set up for bmMSCs and ef-

ficiencies may suffer substantial changes. These data suggest that the markedly different reprogramming

capacity of MenSCs over bmMSCs (and hADFs) is not due to their multipotent state, referring to their po-

tential to differentiate to cell types from the same or different germ layer. Of note, MenSCs have also been
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iPSC-reprogrammed with the highest efficiency using not only the canonical reprogramming cocktail

(Oct4, Sox2, and Klf4) (de Carvalho Rodrigues et al., 2012; Li et al., 2013; Lopez-Caraballo et al., 2020)

but also an oocyte-based combination through the over expression of the oocyte-enriched factors

ASF1A, SOX15, and the pluripotency master Oct4 (AOX15 combination) (Lopez-Caraballo et al., 2020).

Interestingly, a number of genes that are significantly overexpressed in MenSCs, compared to bmMSCs

and hADF, are also enriched in the metaphase II human oocyte. Of interest, two of these genes are

ASF1A and SOX15.

Differentiation of human germ-like, and in particular oocyte-like cells, is an inefficient and challenging pro-

cess that has been achieved only from specific cell types using appropriate media (Bharti et al., 2020).

Although the source for the differentiation process is mainly embryonic or induced by pluripotent cells

(Kee et al., 2009; Lin et al., 2014; Sasaki et al., 2015; Jung et al., 2017), or even neonatal Wharton’s jelly cells

(Asgari et al., 2015), MenSCs have also been shown to differentiate into oocyte-like cells expressing char-

acteristic markers such as the luteinizing hormone receptor and follicle-stimulating hormone receptor (Lai

et al., 2016), suggesting again a potential tight connection between these cell types.

MenSCs transcriptomic and methylome profiles have been analyzed, showing that they have the most

distinct expression and epigenetic signatures compared to hADFs and BM-MSCs (Lopez-Caraballo

et al., 2020). Further studies are needed to uncover the molecular mechanisms underlying the reprogram-

ming prone profile of MenSCs, but it is provocative to hypothesize that their oocyte-related signature plays

a crucial role in it.

CONCLUSION

The endometrial stem cell hypothesis establishes that the cyclic regeneration of the endometrium is sup-

ported by a subpopulation of stromal cells called eMSCs with stemness properties of proliferation and differ-

entiation similarly to other adult stem cells as bmMSCs. During menstruation, fragments of shedding endo-

metrial tissue are released in menstrual-blood, and a population of mononuclear stromal cells can be isolated

and cultured on plastic, called Menstrual-blood derived stem/stromal cells (MenSCs). However, although

eMSCs and MenSCs share similar tissue origin and fulfill the ISCT criteria for MSC, they have been character-

ized separately. Comparative studies are still very limited to define their possible connection and they should

be considered different cell types, although related. Specific markers for MenSCs identity have not been

robustly delineated, with certain controversy regarding the expression of pluripotency markers and most

studies still using ISCT bmMSC markers for their characterization, even if they show different proliferating,

cloning, differentiation, and therapeutic effects. MenSCs are consideredmultipotent as they have been differ-

entiated in vitro toward mesodermal, endodermal, and ectodermal cell fates, although more evidence and

better cell characterization are needed to infer robust efficiency data. In vivo reparative properties of these

cells have been attributed to their paracrine effect rather than stem cell function of differentiation and inte-

gration into the tissue, and their secretome has recently been postulated as the major component for this ef-

fect. MenSCs exert immunomodulatory and even angiogenic effects when transplanted and a thorough anal-

ysis of their mechanisms is still needed, as they show differences frombmMSCs.Moreover, wemay bemissing

unique properties of these cells by focusing on the bmMSC as the golden standard.

MenSCs also have a noteworthy high reprogramming efficiency toward pluripotent iPSCs, and their simi-

larities or connection to the oocyte constitute an inspiring beginning to analyze the molecular network un-

derlying it.

Among other variables, lack of proper characterization of MSCs, their mechanism of action, and the hetero-

geneity of MSC products, led to the overall underwhelming results of their clinical trials. Although extensive

and growing research onMSC field is very valuable for MenSCs understanding and application, altogether,

there is still much research needed concerning MenSCs cell identity definition, clonogenicity characteriza-

tion, specific markers expression, effect of cell culture, isolation method, donor origin or marker-based cell

enrichment methods that can affect their reparative/regenerative outputs and must be first defined to

avoid rushing them into the clinic.
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