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Abstract: A comparative analysis of the cell surface markers and immunological properties of cell
cultures originating from normal endometrium and endometrioid heterotopias of women with ex-
tragenital endometriosis was carried out. Both types of cell cultures expressed surface molecules
typical of mesenchymal stromal cells and did not express hematopoietic and epithelial markers.
Despite similar phenotype, the mesenchymal stromal cells derived from the two sources had different
immunomodulation capacities: the cells of endometrioid heterotopias but not eutopic endometrium
could suppress dendritic cell differentiation from monocytes as well as lymphocyte proliferation in
allogeneic co-cultures. A comparative multiplex analysis of the secretomes revealed a significant in-
crease in the secretion of pro-inflammatory mediators, including IL6, IFN-y, and several chemokines
associated with inflammation by the stromal cells of ectopic lesions. The results demonstrate that the
stromal cells of endometrioid heterotopias display enhanced pro-inflammatory and immunosuppres-
sive activities, which most likely impact the pathogenesis and progression of the disease.

Keywords: endometriosis; mesenchymal stromal cells; dendritic cells; lymphocytes; immunosup-
pression; inflammation; secretome

1. Introduction

Endometriosis is an estrogen-dependent disease characterized by a benign growth
of abnormal endometrial tissue beyond the uterine cavity [1]. It is quite common among
women of reproductive age. The estimated prevalence of endometriosis in the female
population is about 1-10% depending on sampling and diagnostic methods [2,3]. Extra-
genital endometriosis usually occurs in the pelvic organs, but like cancer, it can spread
seeding into the brain [4], lungs [5], or other sites. Circulating endometrial cells capable of
disseminating were found in about 80% of patients with endometriosis [6]. Although the
lethal outcomes in endometriosis are not typical, there are registered cases of malignant
transformation of endometrioid heterotopias resulting in the formation of adenocarcino-
mas, or even sarcomas, arising from the stromal component of endometriotic lesions [7,8].
The most clinically relevant symptoms of endometriosis seriously affecting the quality
of life and the incidence of depression among women are infertility and chronic pain
associated with inflammation [9,10]. The conventional treatment of endometriosis includes
hormonal therapy and surgery, but often it fails to prevent the recurrence of ectopic lesions.
Further advanced research aimed at new insights into the pathogenesis of endometriosis is
required to develop more effective treatments.
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The mechanism of endometriosis progression is still not fully understood. The most
widely accepted hypothesis suggests reflux of eutopic endometrial fragments through the
fallopian tubes during menstruation and subsequent implantation onto the peritoneum and
the ovary [11]. However, eutopic origin does not explain the incidence of endometriosis
in newborns, prepubertal and postmenopausal females, women with congenital absence
of the uterus, and even in men [12]. In these cases, endometriosis can be explained by
its occurrence and development in situ. Within this concept, metaplasia of the coelomic
epithelium or embryonic cell rests is considered the source of endometrioid cells [13]. It
is possible that various pathogenetic mechanisms lead to the initiation of endometrioid
heterotopias, where the accumulation of genetic alterations in the ectopic endometrium, in-
cluding cancer-related mutations, causes their formation and progression. This assumption
is supported by a significantly higher frequency of mutations in the endometrioid lesions
than in the eutopic endometrium [14]. On the other hand, there is evidence that specific
alterations in the eutopic endometrium are required to form heterotopias [15].

The endometrium contains stem cells, which can be involved not only in physiolog-
ical regeneration during the menstrual cycle, but also in the formation of endometrioid
heterotopias. Two distinct types of stem cells have been identified in the endometrium:
mesenchymal stromal cells (MSC) localized in the basal layer (eMSC) [16] and less studied
epithelial stem/progenitor cells [17]. eMSC are phenotypically similar to MSC isolated
from other tissues and capable of multipotent differentiation [18-20]. Since large quantities
of eMSC are present in the menstrual blood [21], they can be brought to the peritoneal
cavity during retrograde menstruations. It is assumed that eMSC can form the stroma of
endometrioid heterotopias. Supposedly, the MSC of the endometrioid heterotopias (gMSC)
can spread further by lymphatic and hematogenic routes and contribute to developing
more endometrium-like foci by setting up their stroma, and probably even by producing
their epithelial cells [22,23]. Interestingly, only eMSC, but not epithelial progenitor cells,
can induce the growth of human endometrium-like tissue containing endometrial glands
after transplantation into NOD-SCID mice [24].

It has been experimentally established that differences between eMSC and gMSC
include a higher proliferative and migratory activity of the latter combined with an en-
hanced secretion of angiogenic factors [25]. These distinctions are probably due to the
characteristics of the microenvironments of MSC in eutopic and ectopic endometrium
(eutopic and ectopic niches) [26]. The ectopic niche probably includes immune cells as an
essential element involved in regulating the progression of endometriosis either through
direct contact with gMSC or by a paracrine mechanism.

The emergence and progression of endometriosis are accompanied by significant
changes in the immune system and the formation of an inflammatory microenvironment
in the ectopic niche. At the same time, the sensitivity of the ectopic endometrium to
the effectors of cellular immunity changes significantly. Early studies in this field have
demonstrated a strong inhibition of specific T cell-mediated cytotoxicity to autologous
endometrial cells in endometriosis [27]. Much interest is drawn to the inability of natural
killers (NK) to eliminate ectopic endometrium. NK failure to stop the progression of
ectopic endometriosis may be due to the increased expression of inhibitory NK receptors,
the presence of human leukocyte antigen G (HLA-G) at the surface of endometrial cells, or
other mechanisms of suppression [28]. Thus, immunosuppression in the proinflammation
environment is an essential factor in the pathogenesis of endometriosis. On the other hand,
there is ample evidence that MSC can exert negative immunoregulation mediated by the
pro-inflammatory factors [29].

The data presented above substantiate further comparative assessment of the im-
munoregulatory properties of eMSC and gMSC. In this study, we evaluated the ability
of MSC isolated from eutopic and ectopic endometrium of the endometriosis patients to
affect in vitro the critical mechanisms of adaptive immunity, namely the differentiation
of monocytes into dendritic cells (DCs), the maturation of DCs, and the antigen-induced
T-lymphocyte proliferation.



Biomedicines 2021, 9, 1286

30f16

2. Experimental Section
2.1. Endometrial Tissue Samples and Mesenchymal Stromal Cell Cultures

The primary cultures of endometrial stromal cells were derived from the biopsies
taken in the National Medical Research Center of Obstetrics, Gynecology, and Perinatology
from the patients with histologically confirmed extragenital endometriosis of the abdomi-
nal cavity. The study was approved and supervised by the Institutional Ethics Committee
(Approval Protocol No. 11, 7 December 2017). Written informed consent was obtained
from all patients. Biological samples were handled using anonymous codes in accordance
with the Federal Law on Personal Data (No. 152-FZ, 27 July 2006). Pipelle biopsy samples
of eutopic endometrium and samples of ectopic endometrium retrieved during surgical
removal of the endometrioid heterotopias of the gut were used in this study. The tissues
were put into cold PBS (PanEco, Moscow, Russia), thoroughly minced using a scalpel,
transferred to Hanks’s solution (PanEco, Moscow, Russia) containing 100 units/mL of
collagenase type IV (Sigma-Aldrich, St. Louis, MC, USA), and incubated for 2 h at 37 °C.
The generated suspension was filtered through the 40-micron pore diameter filter (Corning
Life Sciences, Tewksbury, MA, USA) and twice washed by centrifugation at 300x g. The
final pellet containing the endometrial cells was transferred into T75 cell culture flasks and
maintained at standard culture conditions (37 °C, 5% CO,) in the DMEM/F-12 GlutaMAX
medium supplemented with 10% fetal bovine serum (FBS) and the antibiotic/antimycotic
mix (all components from Thermo Fisher Scientific, MA, Waltham, USA). The cells were
allowed to adhere for two days, and non-adherent cells were removed by replacing the
medium. Upon reaching 70-90% confluence, adherent cells were harvested by trypsiniza-
tion and subcultured at 1:3 ratio in T75 cell culture flasks or 24-well plates. The cell cultures
were cryopreserved at the 2nd passage in liquid nitrogen and thawed to be used as needed.
The cells were counted using the Countess II (Thermo Fisher Scientific, Waltham, MA,
USA) cell counter. Cell cultures were observed and photographed employing the Axiovert
40 CFL (Carl Zeiss, Oberkochen, Germany) inverted microscope and the Nikon D5000
digital camera (Nikon, Tokyo, Japan).

2.2. Dendritic Cell Differentiation and Maturation in the MSC Co-Culture

Mononuclear cells were isolated from the peripheral blood of healthy donors by
Ficoll (1.077 g/mL) (PanEco, Moscow, Russia) density gradient centrifugation. Mono-
cytes were obtained by immunomagnetic separation using the Dynabeads™ Untouched™
Human Monocytes Kit (Thermo Fisher Scientific, Waltham, MA, USA), transferred to
the 24 well cell culture plates (Corning Life Sciences, Tewksbury, MA, USA) containing
pre-plated MSC (2 x 10° cells per well), and maintained in the RPMI-1640 GlutaMAX
medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-
inactivated FBS (Thermo Fisher Scientific, Waltham, MA, USA), 50 pg/mL gentamycin
(PanEco, Moscow, Russia), 5 MM HEPES buffer (STEMCELL Technologies Inc., Vancouver,
BC, Canada), and 100 pg/mL sodium pyruvate (Sigma-Aldrich, St. Louis, MC, USA) at
normal culture conditions (37 °C, 5% CO,). Monocytes-to-DCs differentiation was induced
by the addition of granulocyte-macrophage colony-stimulating factor (GM-CSF) and inter-
leukine 4 (IL4) (both from ProSpec, Ness-Ziona, Israel) at final concentrations of 80 and
50 ng/mL, respectively. Differentiation efficacy was evaluated on the fourth co-culture
day by the onset of CD1a expression and loss of CD14 expression. DCs maturation was
stimulated by adding 1 pg/mL lipopolysaccharide (LPS) (Sigma-Aldrich, St. Louis, MC,
USA). The degree of the DCs maturity was assessed 48 h later by the appearance of the
CD83 co-stimulation molecule combined with the enhanced expression of HLA-DR. Wells
with desquamated MSC monolayer were excluded from the subsequent analysis.

2.3. T-Lymphocyte Proliferation in the MSC Co-Culture

Lymphocytes were separated from monocytes by the incubation of blood mononuclear
cells for 2 h at 37 °C and 5% CO; in the RPMI-1640 GlutaMAX medium supplemented
with 10% heat-inactivated FBS, 50 ug/mL gentamycin, 5 MM HEPES, and 100 ug/mL
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sodium pyruvate. Non-adhesive cells (lymphocytes) were collected, stained with 5 uM
carboxyfluorescein diacetate succinimidyl ester (CFSE) (Sigma-Aldrich, St. Louis, MC,
USA) following the standard protocol [30], transferred to 24-well plates containing pre-
plated MSC, and co-cultured with them for 4 days. T-lymphocyte proliferation was induced
by the addition of the Dynabeads™ Human T-Activator CD3/CD28 for T Cell Expansion
and Activation (Thermo Fisher Scientific, Waltham, MA, USA) that simulates antigens and
then evaluated by the intensity of the CFSE fluorescence.

2.4. Flow Cytometry

For flow cytometric analysis, the cells were resuspended in PBS, supplemented with
2% heat-inactivated FBS and 0.05% sodium azide, and stained for 30 min at 4 °C with
monoclonal antibodies against cell surface markers (BD Bioscience, Franklin Lakes, NJ,
USA) conjugated with fluorescein isothiocyanate (FITC), phycoerythrin (PE), allophyco-
cyanin (APC), or PE-Cy™5 tandem fluorochrome. Stained cells were washed with PBS
twice, fixed with Cytofix (BD Bioscience, Franklin Lakes, NJ, USA), and analyzed using
the FACSAria III flow cytometer/cell sorter (BD Bioscience, Franklin Lakes, NJ, USA).
Non-specific isotypic antibodies conjugated with the same fluorochrome served as negative
controls. FACSDiva 7 and Flow]o V10 software (BD Bioscience, Franklin Lakes, NJ, USA)
were used to process the flow cytometric data.

To assess the proliferation of lymphocytes during co-cultivation with MSC, all non-
adherent cells from every single well were suspended in 2 mL of the medium. Then, 1 mL of
each suspension was used to compare cell counts in individual wells at identical instrument
parameters (sample pressure—>5, sheath pressure—70 psi, t = 120 s) in the absence of beads.
The rest of each suspension was used for the CFSE distribution analysis. In both cases, the
lymphocytes were gated according to their side and forward scatter parameters.

2.5. Multiplex Analysis of the Cytokine Secretion

The profiling of the cytokines secreted by MSC was carried out by the multiplex
immunoenzyme analysis. The media conditioned by MSC monolayer cultures were col-
lected at the third passage, centrifuged, and the supernatants were frozen and kept at
—80 °C. Cytokine concentrations were measured in undiluted supernatants and at 1:10
dilution using the Bio-Plex Pro Human Chemokine Panel 40-plex Assay and the laser
immunoanalyzer Bio-Plex 200 equipped with Bio-Plex Manager 6.0 Properties software
(both assay and analyzer from Bio-Rad Laboratories, Hercules, CA, USA) according to the
manufacturer’s protocol.

2.6. Statistical Analysis

All measurements were performed in at least three replicates. Statistical differences
between groups were calculated by Student’s t-test or non-parametric Mann-Whitney
U-test; p-values of less than 0.05 were regarded as significant.

3. Results
3.1. Isolation of Cell Cultures from Eutopic and Ectopic Endometrium

In this study, cultures of MSC originating from the biopsies of eutopic (eMSC) and
ectopic (gMSC) endometrium of six patients with extragenital endometriosis were estab-
lished and characterized. All cultures actively proliferated and consisted of cells with
fibroblast-like morphology typical for MSC (Figure 1). At the same time, there were slight
differences in cell shape, most evident in cultures from patient #5, where eMSC were
more compact and less spread out than gMSC. It was probably due either to the different
microenvironment in vivo or to distinct lineage descent of eMSC and gMSC. The estab-
lished cell cultures were analyzed at 3-6 passages to compare their molecular markers and
immunological properties.
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Figure 1. Cell cultures initiated from eutopic endometrium (eMSC) and endometrioid heterotopias (gMSC) of the patients
with extragenital endometriosis (passage 3). Phase contrast. Scale bar: 100 microns.

3.2. Expression of Cell Surface Molecular Markers by Cultures Isolated from Eutopic or
Ectopic Endometrium

All eMSC and gMSC cultures were subjected to flow cytometry to analyze their
phenotype and immunological features. The results of the comparative cytometric analysis
of eMSC and gMSC obtained from one of the patients are presented in Figure 2. The
cultures initiated from eutopic and ectopic endometrium expressed MSC markers CD73,
CD90, and CD105, while hematopoietic cell markers CD34, CD45, CD11b, CD19, and
epithelial cell markers CD24 and EpCAM were absent. Therefore, the two studied types of
cell cultures consisted of cells of stromal descent with CD-phenotype usual for MSC [25].
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Figure 2. Expression of surface molecular markers on the mesenchymal stromal cell (MSC) cultures isolated from eutopic
endometrium (eMSC) and endometrioid heterotopias (gMSC). Cell suspensions were treated with fluorochrome-conjugated
monoclonal antibodies (MoAbs) and analyzed by flow cytometry X-axis—fluorescence intensity; Y-axis—normalized
to mode percentage of cells. Blue curves—eMSC-5; red curves—gMSC-5; gray curves—gMSC-5 isotypic control. Since
there are no significant differences between gMSC and eMSC isotypic controls, the eMSCs isotypic control histograms are

not shown.

Remarkably, both eMSC and gMSC actively expressed the CD44 hyaluronic acid
receptor. High levels of this cell surface receptor are known to be associated with the stem
cell phenotype. CD44 is involved in MSC migration and homing [31]. It is also commonly
referred to as a cancer stem cell marker [32].

Elsewhere, we reported that the cell adhesion molecule CD54 (ICAM-1) is a marker
distinguishing human MSC from embryonic and adult skin fibroblasts [33]. ICAM-1 is
the ligand of 32-integrins expressed at the surface of blood cells. It plays an essential
role in the interactions between tissues and immune cells, particularly in inflammatory
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reactions [34]. Both eMSC and gMSC isolated from endometriosis patients had high
levels of the expression of this marker. At the same time, the two cell types only weakly
expressed Class I Major Histocompatibility Complex (HLA-ABC) and did not express Class
II Major Histocompatibility Complex (HLA-DR) molecules or co-stimulation molecules
CD80, CD83, and CD86 involved in the induction of the immune response. Both eMSC and
gMSC showed the same moderate level of expression of the tumor necrosis factor receptor
CD95 involved in inducing apoptosis by the immune cells.

In summary, we found no reliable differences in the expression of the studied surface
molecules by the cells of cultures derived from the eutopic and ectopic endometrium.
Similar expression profiles were found in cultures derived from all patients.

3.3. Influence of the MSC Cultures Isolated from the Eutopic or Ectopic Endometrium on the
Differentiation and Maturation of DCs In Vitro

DCs play an essential role in adaptive immunity since they can process antigens
and present them to the lymphocytes, thus initiating the primary immune response [35].
DCs are derived by the differentiation of monocytes or CD34-positive hematopoietic stem
cells. Depending on the degree and way of further maturation, they can stimulate or
downregulate immune reactions. Assuming that the interactions of MSC from eutopic and
ectopic endometrium with DCs can constitute an essential stage of the pathogenesis of
endometriosis, we studied these processes using an in vitro model.

To assess the possible influence of the MSC cultures on the differentiation of DCs from
monocytes, allogeneic monocytes from the peripheral blood of healthy donors were co-
cultured with eMSC or gMSC. DCs differentiation was induced by adding recombinant GM-
CSF and IL4 to the culture. The differentiation efficiency was assessed by flow cytometry
using the monocyte marker CD14 and the DCs marker CD1a.

Co-culture experiments demonstrated that just one of the six eMSC cultures (eMSC-
3) caused weak suppression of DCs differentiation (Figure 3A). The other five cultures,
including eMSC-5 shown in Figure 3B, did not affect this process. Unlike eMSC, all gMSC
cultures effectively blocked DCs differentiation. Pooled data from co-culture experiments
(Figure 3C) show no significant difference between the efficacy of DCs differentiation in
monoculture and eMSC co-culture (p = 0.350). At the same time, the strong suppressive
effect of stromal cells of endometrioid heterotopias on the DCs differentiation is beyond
doubt (p = 0.005).

To assess the effect of the studied cultures on the maturation of DCs, MSC were co-
cultured with immature DCs obtained from monocytes due to their induced differentiation.
The maturation of DCs in the co-culture was stimulated by adding LPS to the culture
medium. The maturation efficiency was assessed by the appearance of the co-stimulating
molecule CD83 on the DCs surface and the increase of the HLA-DR expression. In our
experiments, neither eMSC nor gMSC cultures affected DCs maturation (Figure 4A) even at
a 1:1 ratio. Only gMSC-3 culture made an exception (Figure 4C), since it reliably (p = 0.032,
n = 3), though not strongly, suppressed this process.

Thus, despite the similarity of phenotypic characteristics, stromal cell cultures gener-
ated from eutopic and ectopic endometrium demonstrated different abilities to suppress
the differentiation of DCs. Somewhat atypical immunological properties of both cultures
obtained from patient #3 could be associated with the specific features of the patient’s
pathology, since the characteristics of the endometrium of patients with endometriosis,
including its immunological properties, can vary significantly [27].
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Figure 3. Effect of stromal cells from eutopic and ectopic endometrium upon the differentiation of dendritic cells (DCs)
in vitro. Monocytes (MO) were co-cultured with stromal cells of eutopic (eMSC) or ectopic (gMSC) endometrium in the
presence of GM-CSF and IL4 (monocytes/MSC ratio 5:1). After 4 days in co-culture, the cells were double-stained with
fluorescent MoAbs against CD14 and CDla and analyzed by flow cytometry to calculate the percentage of monocytes
and DCs. (A,B) Results for co-cultures with MSC-3 and MSC-5 (typical dot plots). Gray dots denote isotype controls.
(C) Processed data combining all measurements of six pairs of MSC co-cultures presenting the percentage of cells in the
subpopulations and SD.
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Figure 4. Effects of stromal cells from eutopic or ectopic endometrium upon the maturation of dendritic cells (DC) in vitro.
Immature DCs were co-cultured with stromal cells of eutopic (eMSC) or ectopic (gMSC) endometrium with or without LPS
(DCs/MSC ratio 1:1). After 2 days, co-culture cells were double stained with fluorescent MoAbs against CD83 and HLA-DR
and analyzed by flow cytometry to evaluate the percentage of DCs expressing the maturation marker CD83 (A) and the
level of HLA-DR expression (B). Processed data combining all measurements of five pairs of MSC co-cultures are presented
(A,B). Whiskers show the SD. MFI—median fluorescence intensity measured in arbitrary units (a.u.). (C) The results of
MSC-3 co-cultures (typical dot plots); gray dots denote isotype controls.

3.4. Influence of MSC Cultures Derived from Eutopic or Ectopic Endometrium on T-Cell
Proliferation In Vitro

T-lymphocytes play a leading role in the effector and regulatory mechanisms of cellular
immunity and are most likely involved in the pathogenesis of endometriosis. Therefore,
the MSC cultures were tested for their ability to stimulate or suppress the proliferation
of T-lymphocytes in vitro. MSC isolated from the eutopic or ectopic endometrium were
co-cultured with allogeneic lymphocytes isolated from the peripheral blood of healthy
donors. Some of them were stimulated to proliferate with magnetic particles carrying the
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antibodies against CD3 and CD28 that simulate contact with antigen. The proliferative
activity was determined by analyzing the distribution of the CFSE dye among the cells and
by direct counting of the lymphocyte’s number after the co-cultivation.

The cells of all cultures generated from the eutopic endometrium had virtually no
effect on the induced lymphocyte proliferation. In contrast, cells derived from the ectopic
endometrium suppressed the lymphocyte proliferation even at an initial ratio of 1:10
(Figure 5). Significant differences in the suppressive capacity of the two types of MSC were
revealed both by the analysis of the CFSE distribution (p < 0.001) and by calculation of
the number of lymphocytes after co-cultivation (p = 0.001). As seen on the histograms
(Figure 5A), despite the suppressive effect of gMSC, some of the stimulated lymphocytes
still pass the first division. The exclusion of the first division from the analysis clearly shows
that gMSC completely suppress lymphocyte proliferation (Figure 5B,C). This conclusion is
fully supported by the lymphocyte’s number calculation data (Figure 5D).

LCs LCs + eMSC LCs + gMSC
600 ] unstimulated unstimulated
nstimul 82,0 )
. 77,5 unstimulated e G 105
— | |
stimulated 4007 1001
2007 € —— ”
3 3 stimulate 3
(4] o [+]
4 200 7 200
A stimulated
o T T T T o L i T a
mo m1 102 m3 1n° 1l11 1IJ2 1u3 100 101 102 103
FITC-H::.CFSE FITC-H::CFSE FITC-H::CFSE
Proliferating LCs LCs passed two or more doubling Relative LC count (x103)
% n=15 n=15
% n=15 n=15 80 - n=15 n=15 120

70
60
50
40 1
30

100

Figure 5. Effects of stromal cells from eutopic or ectopic endometrium upon the proliferation of T-lymphocytes in vitro.
Lymphocytes (LCs) were stained with CFSE, stimulated to proliferate with “Dynabeads”, and co-cultured with stromal cells
of eutopic (eMSC) or ectopic (gMSC) endometrium (LCs/MSC ratio 10:1). After 4 days in co-culture, the cells were analyzed
by flow cytometry to evaluate CFSE distribution and relative LSs counts. (A) distribution of CFSE in MSC-6 co-cultures
(typical histograms). (B-D) Processed data combining all the measurements of six pairs of the MSC co-cultures. (B) The
percentage of proliferating LCs. (C) The percentage of proliferating LCs having passed two or more doubling. (D) Relative
LCs counts. Whiskers represent SD.

3.5. Comparative Profile of Cytokine Secretion by Cell Cultures of Eutopic and
Ectopic Endometrium

Modulating the immunity by MSC isolated from various organs and tissues is well
established [29,36]. It is commonly accepted that MSC induce immunomodulation by
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secreting several cytokines and other biologically active agents [37]. Based on this, we
compared culture media conditioned by the eutopic or ectopic endometrium cultures using
a multiplex immunoassay system that allows assessing 40 cytokines per run.

We found that the stromal cells of the endometrioid heterotopias produce much
more inflammation-associated cytokines. For instance, the mean IL6 concentration in
the media conditioned by the gMSC was approximately 180 times higher than in the
eMSC-conditioned media (Table 1). Interestingly, it has been reported that MSC-secreted
IL6 not only stimulates inflammation but also participates in the suppression of DCs
differentiation from the bone marrow progenitors [38]. Another pro-inflammatory fac-
tor, IFN-y, was also elevated in the media conditioned by the gMSC cultures. IFN-v is
known to combine pro-inflammatory features with the ability to initiate the immunosup-
pressive MSC phenotype [39]. In addition, the enhanced secretion of another important
pro-inflammatory cytokine, IL1b by the gMSC, though statistically non-significant, should
also be taken into account. Besides, gMSC cultures-conditioned media contain much
higher concentrations of the inflammation-associated chemokines. The CCL2, CXCL§,
CCL7, CCL8, CXCL9, and CCL17 chemokines can attract different immune cells, including
monocytes and lymphocytes, activating inflammation [40]. On the other hand, we did not
find substantial differences between eMSC and gMSC in the secretion of another important
pro-inflammatory cytokine, TNF-a. The concentration of IL10, usually associated with
negative immunoregulation, also did not differ in the two types of cell cultures (Table S1).

Table 1. Comparison of cytokine concentration in the culture media conditioned by eMSC or gMSC. Cytokine concentrations

differing 2.5 times or more in at least five pairs of cell cultures are presented.

Cell Cultures
Cytokine eMSC gMSC Fold Change p-Value
Mean (pg/mL) SD SEM Mean (pg/mL) SD SEM

IL1b 0.77 1.38 0.56 8.02 16.14 6.59 10.4 0.18

IL6 222.46 191.36 78.12 40,067.58 42,742.52 17,449.56 180.1 0.002
IFN-y 3.45 4.32 1.76 20.26 11.07 4.52 5.9 0.004
CTACK/CCL27 0.59 0.55 0.23 2.67 1.71 0.70 4.5 0.018
GCP-2/CXCL6 2.23 2.96 1.21 180.61 208.40 85.08 81.0 0.002
MCP-1/CCL2 157.60 226.60 92.51 2647.84 2037.01 831.60 16.8 0.002
MCP-2/CCL8 0.73 1.07 0.44 16.98 2.42 11.19 232 0.026
MCP-3/CCL7 13.49 10.82 441 166.18 118.37 48.32 12.3 0.002
MIG/CXCL9 4.90 3.72 1.52 22.33 5.43 2.21 45 <0.001
TARC/CCL17 3.44 4.87 1.99 19.79 7.74 3.16 5.7 0.001

Thus, the analysis of the secretomes demonstrated that MSC isolated from the en-
dometrioid heterotopias have a pro-inflammatory phenotype and likely contribute to
the pro-inflammatory microenvironment within the endometrioid lesion, supporting the
progression of the extragenital endometriosis.

4. Discussion

It is believed that the central role in the formation of the immunosuppressive and
inflammatory background in endometrioid lesions belongs to the immune cells, such
as activated macrophages secreting the pro-inflammatory factors [41], myeloid-derived
suppressor cells (MDSCs) [42], and regulatory T-cells (Tregs) [43]. In this study, we showed
that the main stromal component of the endometrioid heterotopias, gMSC, can by itself
almost completely suppress DCs and T-lymphocytes that are deeply involved in critical
processes of adaptive immunity. Moreover, gMSC actively secrete cytokines capable of
forming an inflammatory zone and recruiting immune cells into it. Thus, it is possible that
just gMSC trigger the mechanism predetermining the special immunological conditions
within the endometrioid heterotopias that may be a way of escaping immunological control.
This assumption is supported by a report that the depletion of DCs in a mouse in vivo
model reduces the number of activated T-lymphocytes and accelerates the growth of the
endometriosis foci [44].
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The ability of MSC of varying origin to suppress DCs differentiation [45,46] and
lymphocyte proliferation [47] has been well established. Several mechanisms by which
MSCs suppress immune cells are described in the literature. They include direct cell-to-cell
contacts and paracrine interactions. IFN-y alone [39,48] or in combination with TNF-a
and IL1p [49] is commonly regarded as a signal switching on the immunosuppressive
state of MSC. In our experiments, we demonstrated the enhanced secretion of IFN-y from
gMSC (Table 1) as well as the moderate secretion of IL1{3 and TNF-« from both eMSC and
gMSC (Table S1). In this regard, it is possible that gMSC maintain the immunosuppressive
phenotype by autocrine regulation.

In both the DCs differentiation [50] and lymphocyte proliferation [51] experiments,
MSC can directly cause irreversible cell cycle arrest at the GO/G1 phase. Another mecha-
nism is related to the secretion of IL6 [38]. IL6 up-regulates M-CSF receptors’ expression
on monocytes, making them sensitive to the autocrine M-CSF, and shifting monocyte dif-
ferentiation towards the macrophage [52]. Since we observed a significant increase in IL6
secretion by gMSC compared to eMSC, the involvement of this mechanism in negative im-
munoregulation demonstrated in our experiments is highly probable. Indeed, the number
of both M1 and M2 macrophages was significantly higher in ovarian endometriomas than
in functional ovarian cysts [53]. Furthermore, the switch of the monocyte differentiation
from DCs to macrophages has also been reported in the peritoneal fluid of endometriosis
patients [54]. In this regard, it is worth noting that in endometriosis, the level of IL6 in
the peritoneal fluid is usually elevated compared to healthy women and shows a positive
correlation with the size and quantity of the endometrioid lesions [55].

It has been hypothesized that MSC can be polarized towards either a pro-inflammatory
or an immunosuppressive phenotype depending on the prevailing TLR signals [56]. MSC1
display the pro-inflammatory cytokine secretion profile and stimulate lymphocyte activa-
tion in co-culture. In contrast, MSC2 have an immunosuppressive profile and suppress the
activation of lymphocytes. However, in our study, gMSC had a pro-inflammatory cytokine
profile and induced pronounced immunosuppressive effects in vitro. The apparent con-
tradiction between the ability to suppress immune processes and the pro-inflammatory
status may be deceptive. Indeed, the enhanced expression of the CLTA-4 immunosup-
pressive molecule characteristic of the anergic state of lymphocytes is associated with the
maintenance of chronic inflammation in endometriosis [57]. Moreover, the effects of some
pro-inflammatory cytokines, including IL6, depend on their concentration, the state of
target cells, and other factors. It has been shown that IL6-secreting MSC can sustain or
suppress lymphocyte proliferation in a co-culture depending on the lymphocyte/MSC
ratio [58]. Possibly, the ability to turn off certain adaptive mechanisms, specifically in
an inflammatory environment, is a feature of MSC associated with their role in immune
system regulation.

A certain similarity between endometrioid heterotopies and malignant tumors is
obvious. In this regard, applying the theory of cancer stem cells (CSCs) to the pathogenesis
of endometriosis may be helpful. According to modern views, CSCs exhibit plasticity and
can acquire or lose their stemness depending on the microenvironment [59]. These changes
are closely related to the epigenetic profile of the CSCs. There is accumulating evidence that
epigenetic changes may also play a pivotal role in forming endometrioid heterotopias [60].
If so, the stemness of endometrioid cells may be maintained by pro-inflammatory cytokines
and other factors of the ectopic niche. Following this concept, it can also be assumed that
the population of endometrioid cells is hierarchical and consists of cells of varying degrees
of differentiation. In this case, the least differentiated cells (endometrioid stem cells) may
be responsible for relapses and the dissemination of extragenital endometriosis.

The origin of the ectopic stromal cells can be directly related to their role in immunoreg-
ulation. Are gMSC descendants of the eutopic endometrium cells? Are they the result of
differentiation of circulating endometrioid stem cells, or are they former eMSC transformed
by the ectopic microenvironment? Alternatively, the ectopic endometrium stroma could be
formed by attracting MSC-like cells, which were initially immunosuppressive. Recently,
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these questions were partly answered by applying target-gene or whole-exome sequencing
and droplet digital PCR methods. No mutations shared by the epithelium and stroma
of the endometrioid lesions were revealed [61,62], arguing for their independent origin.
Moreover, the analysis of the selection-neutral passenger mutations demonstrated the
clonality of the epithelial but not stromal component of the ectopic endometrium [59]. We
hypothesize that the special immunological features of the endometrioid heterotopias may
result from the recruitment of resident MSC or fibroblasts or bone marrow MSC known to
display stable pronounced immunomodulation activity mediated by IL6 [29,36,63].

5. Conclusions

Despite similar morphology and molecular phenotype, MSC isolated from the stromal
part of the eutopic endometrium (eMSC) and the endometrioid heterotopias (gMSC) have
different immunological properties. Unlike eMSC, gMSC are able to almost completely
suppress the differentiation of DCs from monocytes and the T-lymphocyte proliferation
in vitro. At the same time, MSC from ectopic endometrioid lesions display a pronounced
pro-inflammatory cytokine secretion profile. The immunological characteristics of gMSC
may strongly contribute to the immunological properties of the endometrioid heterotopias
and probably to the disease progression.
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Author Contributions: A.Y.L., conceptualization, manuscript writing, data analysis, flow cytometry;
R.Y.S., manuscript writing, data analysis, cell culture; V.V.V. and L.V.K., multiplex experiments and
data analysis; O.A.B., blood sampling, and analysis; V.D.C. surgery, tissue sampling; R.A.P. primary
cell cultures; S.V.P. literature search, clinical management, and consultations, manuscript editing;
K.N.Y. supervision, manuscript writing, and editing; G.T.S. supervision, manuscript editing. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was financed by the Ministry of Science and Higher Education of the Russian
Federation within the framework of state support for the creation and development of World-Class
Research Centers “Digital biodesign and personalized healthcare” No. 75-15-2020-913.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Ethics Committee of Research Center of
Obstetrics, Gynecology, and Perinatology (Approval Protocol No. 11, 7 December 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Johnson, N.P.; Hummelshoj, L.; Adamson, G.D.; Keckstein, J.; Taylor, H.S.; Abrao, M.S.; Bush, D.; Kiesel, L.; Tamimi, R.; Sharpe-
Timms, K.L.; et al. World endometriosis society consensus on the classification of endometriosis. Hum. Reprod. 2017, 32, 315-324.
[CrossRef]

Sarria-Santamera, A.; Orazumbekova, B.; Terzic, M.; Issanov, A.; Chaowen, C.; Astinsolo-Del-barco, A. Systematic review and
meta-analysis of incidence and prevalence of endometriosis. Healthcare 2021, 9, 29. [CrossRef]

Eisenberg, V.H.; Weil, C.; Chodick, G.; Shalev, V. Epidemiology of endometriosis: A large population-based database study from
a healthcare provider with 2 million members. BJOG Int. ]. Obstet. Gynaecol. 2018, 125, 55-62. [CrossRef]

Meggyesy, M.; Friese, M.; Gottschalk, J.; Kehler, U. Case Report of Cerebellar Endometriosis. J. Neurol. Surg. Part A Cent. Eur.
Neurosurg. 2020, 81, 372-376. [CrossRef] [PubMed]

Huang, H.; Li, C.; Zarogoulidis, P.; Darwiche, K.; Machairiotis, N.; Yang, L.; Simoff, M.; Celis, E.; Zhao, T.; Zarogoulidis, K.; et al.
Endometriosis of the lung: Report of a case and literature review. Eur. |. Med. Res. 2013, 18, 13. [CrossRef] [PubMed]
Pospisilova, E.; Kiss, I.; Souckova, H.; Tomes, P.; Spicka, J.; Matkowski, R.; Jedryka, M.; Ferrero, S.; Bobek, V.; Kolostova, K.
Circulating Endometrial Cells: A New Source of Information on Endometriosis Dynamics. J. Clin. Med. 2019, 8, 1938. [CrossRef]
Yachida, N.; Yoshihara, K.; Yamaguchi, M.; Suda, K.; Tamura, R.; Enomoto, T. How does endometriosis lead to ovarian cancer?
The molecular mechanism of endometriosis-associated ovarian cancer development. Cancers 2021, 13, 1439. [CrossRef]


https://www.mdpi.com/article/10.3390/biomedicines9101286/s1
https://www.mdpi.com/article/10.3390/biomedicines9101286/s1
http://doi.org/10.1093/humrep/dew293
http://doi.org/10.3390/healthcare9010029
http://doi.org/10.1111/1471-0528.14711
http://doi.org/10.1055/s-0040-1701622
http://www.ncbi.nlm.nih.gov/pubmed/32221961
http://doi.org/10.1186/2047-783X-18-13
http://www.ncbi.nlm.nih.gov/pubmed/23634803
http://doi.org/10.3390/jcm8111938
http://doi.org/10.3390/cancers13061439

Biomedicines 2021, 9, 1286 14 of 16

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

Sapalidis, K.; Machairiotis, N.; Zarogoulidis, P.; Vasilakaki, S.; Sardeli, C.; Koimtzis, G.; Pavlidis, E.; Katsaounis, A.; Giannakidis,
D.; Michalopoulos, N.; et al. Genes’ interactions: A major contributor to the malignant transformation of endometriosis. Int. |.
Mol. Sci. 2019, 20, 1842. [CrossRef] [PubMed]

Machairiotis, N.; Vasilakaki, S.; Thomakos, N. Inflammatory mediators and pain in endometriosis: A systematic review.
Biomedicines 2021, 9, 54. [CrossRef]

Warzecha, D.; Szymusik, I.; Wielgos, M.; Pietrzak, B. The impact of endometriosis on the quality of life and the incidence of
depression—A cohort study. Int. |. Environ. Res. Public Health 2020, 17, 3641. [CrossRef] [PubMed]

Dastur, A.E.; Tank, P.D. John A Sampson and the origins of Endometriosis. J. Obstet. Gynecol. India 2010, 60, 299-300. [CrossRef]
Beckman, E.N.; Pintado, S.O.; Leonard, G.L.; Sternberg, W.H. Endometriosis of the prostate. Am. J. Surg. Pathol. 1985, 9, 374-379.
[CrossRef]

Sourial, S.; Tempest, N.; Hapangama, D.K. Theories on the Pathogenesis of Endometriosis. Int. J. Reprod. Med. 2014, 2014, 179515.
[CrossRef] [PubMed]

Koppolu, A.; Maksym, R.B.; Paskal, W.; Machnicki, M.; Rak, B.; Pepek, M.; Garbicz, F; Pelka, K.; KuSmierczyk, Z.; Jacko, J.; et al.
Epithelial Cells of Deep Infiltrating Endometriosis Harbor Mutations in Cancer Driver Genes. Cells 2021, 10, 749. [CrossRef]
[PubMed]

Liu, H.; Lang, ].H. Is abnormal eutopic endometrium the cause of endometriosis? The role of eutopic endometrium in pathogenesis
of endometriosis. Med. Sci. Monit. 2011, 17, 92-99. [CrossRef]

Liu, Y,; Zhang, Z.; Yang, F.; Wang, H.; Liang, S.; Wang, H.; Yang, J.; Lin, J. The role of endometrial stem cells in the pathogenesis of
endometriosis and their application to its early diagnosis. Biol. Reprod. 2020, 102, 1153-1159. [CrossRef] [PubMed]

Ma, S.; Hirata, T.; Arakawa, T.; Sun, H.; Neriishi, K.; Fukuda, S.; Nakazawa, A.; Wang, Y.; Harada, M.; Hirota, Y.; et al. Expression
of ALDHIA Isozymes in Human Endometrium with and without Endometriosis and in Ovarian Endometrioma. Reprod. Sci.
2020, 27, 443-452. [CrossRef] [PubMed]

Gargett, C.E.; Schwab, K.E.; Deane, J.A. Endometrial stem/progenitor cells: The first 10 years. Hum. Reprod. Update 2016,
22,137-163. [CrossRef]

Lupatov, A.Y,; Saryglar, R.Y.; Chuprynin, V.D.; Pavlovich, S.V,; Yarygin, K.N. Comparison of the expression profile of surface
molecular markers on mesenchymal stromal cell cultures isolated from human endometrium and umbilical cord. Biomeditsinskaya
Khimiya 2017, 63, 85-90. [CrossRef]

Savilova, A.M.; Yushina, M.N.; Rudimova, Y.V.; Khil’kevich, E.G.; Chuprynin, V.D. Characteristics of Multipotent Mesenchymal
Stromal Cells Isolated from Human Endometrium. Bull. Exp. Biol. Med. 2016, 160, 560-564. [CrossRef]

Patel, A.N,; Park, E.; Kuzman, M.; Benetti, F; Silva, F].; Allickson, ].G. Multipotent menstrual blood stromal stem cells: Isolation,
characterization, and differentiation. Cell Transplant. 2008, 17, 303-311. [CrossRef]

Vallvé-Juanico, J.; Lopez-Gil, C.; Ballesteros, A.; Santamaria, X. Endometrial stromal cells circulate in the bloodstream of women
with endometriosis: A pilot study. Int. ]. Mol. Sci. 2019, 20, 3740. [CrossRef] [PubMed]

Matsuzaki, S.; Darcha, C. Epithelial to mesenchymal transition-like and mesenchymal to epithelial transition-like processes might
be involved in the pathogenesis of pelvic endometriosis. Hum. Reprod. 2012, 27, 712-721. [CrossRef]

Cervellf, I; Gil-Sanchis, C.; Mas, A.; Delgado-Rosas, F.; Martinez-Conejero, J.A.; Galan, A.; Martinez-Romero, A.; Martinez, S.;
Navarro, L; Ferro, J.; et al. Human endometrial side population cells exhibit genotypic, phenotypic and functional features of
somatic stem cells. PLoS ONE 2010, 5, e10964. [CrossRef] [PubMed]

Liu, Y; Liang, S.; Yang, E; Sun, Y.; Niu, L.; Ren, Y.; Wang, H.; He, Y;; Du, J.; Yang, J.; et al. Biological characteristics of endometriotic
mesenchymal stem cells isolated from ectopic lesions of patients with endometriosis. Stern Cell Res. Ther. 2020, 11, 346. [CrossRef]
[PubMed]

Konrad, L.; Dietze, R.; Riaz, M.A.; Scheiner-Bobis, G.; Behnke, J.; Horné, F.; Hoerscher, A.; Reising, C.; Meinhold-Heerlein, I.
Epithelial—Mesenchymal Transition in Endometriosis—When Does It Happen? ]. Clin. Med. 2020, 9, 1915. [CrossRef] [PubMed]
Kralickova, M.; Vetvicka, V. Immunological aspects of endometriosis: A review. Ann. Transl. Med. 2015, 3, 153. [CrossRef]
ScieZyﬁska, A.; Komorowski, M.; Soszyriska, M.; Malejczyk, ]J. NK Cells as Potential Targets for Immunotherapy in Endometriosis.
J. Clin. Med. 2019, 8, 1468. [CrossRef] [PubMed]

Yarygin, K.N.; Lupatov, A.Y.; Sukhikh, G.T. Modulation of immune responses by mesenchymal stromal cells. Bull. Exp. Biol. Med.
2016, 161, 561-565. [CrossRef]

Quah, B.J.C.; Warren, H.S,; Parish, C.R. Monitoring lymphocyte proliferation in vitro and in vivo with the intracellular fluorescent
dye carboxyfluorescein diacetate succinimidyl ester. Nat. Protoc. 2007, 9, 2049-2056. [CrossRef] [PubMed]

Zhu, H.; Mitsuhashi, N.; Klein, A.; Barsky, L.W.; Weinberg, K.; Barr, M.L.; Demetriou, A.; Wu, G.D. The role of the hyaluronan
receptor CD44 in mesenchymal stem cell migration in the extracellular matrix. Stem Cells 2006, 24, 928-935. [CrossRef] [PubMed]
Kim, Y.S.; Kaidina, A.M.; Chiang, J.-H.; Yarygin, K.N.; Lupatov, A.Y. Molecular markers of cancer stem cells verified in vivo.
Biomeditsinskaya Khimiya 2016, 62, 228-238. [CrossRef]

Lupatov, A.Y.; Vdovin, A.S.; Vakhrushev, I.V.; Poltavtseva, R.A.; Yarygin, K.N. Comparative analysis of the expression of surface
markers on fibroblasts and fibroblast-like cells isolated from different human tissues. Bull. Exp. Biol. Med. 2015, 158, 537-543.
[CrossRef] [PubMed]


http://doi.org/10.3390/ijms20081842
http://www.ncbi.nlm.nih.gov/pubmed/31013963
http://doi.org/10.3390/biomedicines9010054
http://doi.org/10.3390/ijerph17103641
http://www.ncbi.nlm.nih.gov/pubmed/32455821
http://doi.org/10.1007/s13224-010-0046-8
http://doi.org/10.1097/00000478-198505000-00008
http://doi.org/10.1155/2014/179515
http://www.ncbi.nlm.nih.gov/pubmed/25763392
http://doi.org/10.3390/cells10040749
http://www.ncbi.nlm.nih.gov/pubmed/33805315
http://doi.org/10.12659/MSM.881707
http://doi.org/10.1093/biolre/ioaa011
http://www.ncbi.nlm.nih.gov/pubmed/31965165
http://doi.org/10.1007/s43032-019-00041-4
http://www.ncbi.nlm.nih.gov/pubmed/32046407
http://doi.org/10.1093/humupd/dmv051
http://doi.org/10.18097/PBMC20176301085
http://doi.org/10.1007/s10517-016-3218-4
http://doi.org/10.3727/096368908784153922
http://doi.org/10.3390/ijms20153740
http://www.ncbi.nlm.nih.gov/pubmed/31370190
http://doi.org/10.1093/humrep/der442
http://doi.org/10.1371/journal.pone.0010964
http://www.ncbi.nlm.nih.gov/pubmed/20585575
http://doi.org/10.1186/s13287-020-01856-8
http://www.ncbi.nlm.nih.gov/pubmed/32771033
http://doi.org/10.3390/jcm9061915
http://www.ncbi.nlm.nih.gov/pubmed/32570986
http://doi.org/10.3978/j.issn.2305-5839.2015.06.08
http://doi.org/10.3390/jcm8091468
http://www.ncbi.nlm.nih.gov/pubmed/31540116
http://doi.org/10.1007/s10517-016-3461-8
http://doi.org/10.1038/nprot.2007.296
http://www.ncbi.nlm.nih.gov/pubmed/17853860
http://doi.org/10.1634/stemcells.2005-0186
http://www.ncbi.nlm.nih.gov/pubmed/16306150
http://doi.org/10.18097/PBMC20166203228
http://doi.org/10.1007/s10517-015-2803-2
http://www.ncbi.nlm.nih.gov/pubmed/25708341

Biomedicines 2021, 9, 1286 15 of 16

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Song, G.; Lazar, G.A.; Kortemme, T.; Shimaoka, M.; Desjarlais, ].R.; Baker, D.; Springer, T.A. Rational Design of Intercellular
Adhesion Molecule-1 (ICAM-1) Variants for Antagonizing Integrin Lymphocyte Function-associated Antigen-1-dependent
Adhesion. J. Biol. Chem. 2006, 281, 5042-5049. [CrossRef]

Bousso, P. T-cell activation by dendritic cells in the lymph node: Lessons from the movies. Nat. Rev. Immunol. 2008, 8, 675-684.
[CrossRef]

Wang, Y.; Chen, X.; Cao, W.; Shi, Y. Plasticity of mesenchymal stem cells in immunomodulation: Pathological and therapeutic
implications. Nat. Immunol. 2014, 15, 1009-1016. [CrossRef]

Harrell, C.R.; Fellabaum, C.; Jovicic, N.; Djonov, V.; Arsenijevic, N.; Volarevic, V. Molecular Mechanisms Responsible for
Therapeutic Potential of Mesenchymal Stem Cell-Derived Secretome. Cells 2019, 8, 467. [CrossRef]

Djouad, F.; Charbonnier, L.-M.; Bouffi, C.; Louis-Plence, P.; Bony, C.; Apparailly, F.; Cantos, C.; Jorgensen, C.; Noél, D. Mesenchy-
mal Stem Cells Inhibit the Differentiation of Dendritic Cells Through an Interleukin-6-Dependent Mechanism. Stem Cells 2007,
5,2025-2032. [CrossRef]

Klinker, M.W.; Marklein, R.A.; Surdo, J.L.L.; Wei, C.H.; Bauer, S.R. Morphological features of IFN-y-stimulated mesenchymal
stromal cells predict overall immunosuppressive capacity. Proc. Natl. Acad. Sci. USA 2017, 114, 2598-2607. [CrossRef] [PubMed]
Cuesta-Gomez, N.; Graham, G.J.; Campbell, ].D.M. Chemokines and their receptors: Predictors of the therapeutic potential of
mesenchymal stromal cells. J. Transl. Med. 2021, 19, 156. [CrossRef]

Akoum, A.; Kong, J.; Metz, C.; Beaumont, M.-C. Spontaneous and stimulated secretion of monocyte chemotactic protein-1 and
macrophage migration inhibitory factor by peritoneal macrophages in women with and without endometriosis. Fertil. Steril.
2002, 77,989-994. [CrossRef]

Jakubowicz-Gil, J.; Kotarski, J.; Wertel, I. The Role of Myeloid-Derived Suppressor Cells (MDSCs) in the Development and/or
Progression of Endometriosis-State of the Art. Cells 2021, 10, 677. [CrossRef]

Berbic, M.; Hey-Cunningham, A.J.; Ng, C.; Tokushige, N.; Ganewatta, S.; Markham, R.; Russell, P.; Fraser, 1.S. The role of Foxp3+
regulatory T-cells in endometriosis: A potential controlling mechanism for a complex, chronic immunological condition. Hum.
Reprod. 2010, 25, 900-907. [CrossRef] [PubMed]

Stanic, A.K.; Kim, M,; Styer, A K.; Rueda, B.R. Dendritic cells attenuate the early establishment of endometriosis-like lesions in a
murine model. Reprod. Sci. 2014, 21, 1228-1236. [CrossRef]

Nauta, A.].; Kruisselbrink, A.B.; Lurvink, E.; Willemze, R.; Fibbe, W.E. Mesenchymal stem cells inhibit generation and function of
both CD34+-derived and monocytederived dendritic cells. J. Immunol. 2006, 177, 2080-2087. [CrossRef] [PubMed]

Jiang, X.X.; Zhang, Y; Liu, B.; Zhang, S.X.; Wu, Y.; Yu, X.D.; Mao, N. Human mesenchymal stem cells inhibit differentiation and
function of monocyte-derived dendritic cells. Blood 2005, 105, 4120-4126. [CrossRef]

Mareschi, K.; Castiglia, S.; Sanavio, F,; Rustichelli, D.; Muraro, M.; Defedele, D.; Bergallo, M.; Fagioliet, F. Inmunoregulatory
effects on T lymphocytes by human mesenchymal stromal cells isolated from bone marrow, amniotic fluid, and placenta. Exp.
Hematol. 2016, 44, 138-150.el. [CrossRef]

Ren, G.; Zhang, L.; Zhao, X.; Xu, G.; Zhang, Y.; Roberts, A.L; Zhao, R.C.; Shi, Y. Mesenchymal stem cell-mediated immunosup-
pression occurs via concerted action of chemokines and nitric oxide. Cell Stem Cell 2008, 2, 141-150. [CrossRef]

Krampera, M.; Cosmi, L.; Angeli, R.; Pasini, A.; Liotta, F; Andreini, A.; Santarlasci, V.; Mazzinghi, B.; Pizzolo, G.; Vinante, E.;
et al. Role for interferon-y in the immunomodulatory activity of human bone marrow mesenchymal stem cells. Stem Cells 2006,
24, 386-398. [CrossRef]

Ramasamy, R.; Fazekasova, H.; Lam, E.W.; Soeiro, I.; Lombardi, G.; Dazzi, F. Mesenchymal stem cells inhibit dendritic cell
differentiation and function by preventing entry into the cell cycle. Transplantation 2007, 83, 71-76. [CrossRef] [PubMed]
Glennie, S.; Soeiro, I.; Dyson, PJ.; Lam, E.W.; Dazzi, F. Bone marrow mesenchymal stem cells induce division arrest anergy of
activated T cells. Blood 2005, 105, 2821-2827. [CrossRef]

Chomarat, P.; Banchereau, J.; Davoust, J.; Palucka, A.K. IL-6 switches the differentiation of monocytes from dendritic cells to
macrophages. Nat. Immunol. 2000, 1, 510-514. [CrossRef]

Lagana, A.S.; Salmeri, EM.; Ban FrangeZ, H.; Ghezzi, F; Vrta¢nik-Bokal, E.; Granese, R. Evaluation of M1 and M2 macrophages
in ovarian endometriomas from women affected by endometriosis at different stages of the disease. Gynecol. Endocrinol. 2020,
36, 441-444. [CrossRef]

Na, YJ,; Jin, J.O.; Lee, M.S.; Song, M.G.; Lee, K.S.; Kwak, ].Y. Peritoneal fluid from endometriosis patients switches differentiation
of monocytes from dendritic cells to macrophages. Reprod. Immunol. 2008, 77, 63-74. [CrossRef]

Pizzo, A.; Salmeri, EM.; Ardita, FV.; Sofo, V.; Tripepi, M.; Marsico, S. Behaviour of cytokine levels in serum and peritoneal fluid
of women with endometriosis. Gynecol. Obstet. Investig. 2002, 54, 82-87. [CrossRef]

Waterman, R.S.; Tomchuck, S.L.; Henkle, S.L.; Betancourt, A.M. A new mesenchymal stem cell (MSC) paradigm: Polarization into
a pro-inflammatory MSC1 or an immunosuppressive MSC2 phenotype. PLoS ONE 2010, 5, e10088. [CrossRef]

Abramiuk, M.; Bebnowska, D.; Hrynkiewicz, R.; Polak, PN.G.; Kotarski, J.; Rolifiski, J.; Grywalska, E. CLTA-4 expression is
associated with the maintenance of chronic inflammation in endometriosis and infertility. Cells 2021, 10, 487. [CrossRef] [PubMed]
Najar, M.; Rouas, R.; Raicevic, G.; Boufker, H.I.; Lewalle, P.; Meuleman, N.; Bron, D.; Toungouz, M.; Martiat, P.; Lagneaux, L.
Mesenchymal stromal cells promote or suppress the proliferation of T lymphocytes from cord blood and peripheral blood: The
importance of low cell ratio and role of interleukin-6. Cytotherapy 2009, 11, 570-583. [CrossRef] [PubMed]

Batlle, E.; Clevers, H. Cancer stem cells revisited. Nat. Med. 2017, 23, 1124-1134. [CrossRef] [PubMed]


http://doi.org/10.1074/jbc.M510454200
http://doi.org/10.1038/nri2379
http://doi.org/10.1038/ni.3002
http://doi.org/10.3390/cells8050467
http://doi.org/10.1634/stemcells.2006-0548
http://doi.org/10.1073/pnas.1617933114
http://www.ncbi.nlm.nih.gov/pubmed/28283659
http://doi.org/10.1186/s12967-021-02822-5
http://doi.org/10.1016/S0015-0282(02)03082-0
http://doi.org/10.3390/cells10030677
http://doi.org/10.1093/humrep/deq020
http://www.ncbi.nlm.nih.gov/pubmed/20150173
http://doi.org/10.1177/1933719114525267
http://doi.org/10.4049/jimmunol.177.4.2080
http://www.ncbi.nlm.nih.gov/pubmed/16887966
http://doi.org/10.1182/blood-2004-02-0586
http://doi.org/10.1016/j.exphem.2015.10.009
http://doi.org/10.1016/j.stem.2007.11.014
http://doi.org/10.1634/stemcells.2005-0008
http://doi.org/10.1097/01.tp.0000244572.24780.54
http://www.ncbi.nlm.nih.gov/pubmed/17220794
http://doi.org/10.1182/blood-2004-09-3696
http://doi.org/10.1038/82763
http://doi.org/10.1080/09513590.2019.1683821
http://doi.org/10.1016/j.jri.2007.03.013
http://doi.org/10.1159/000067717
http://doi.org/10.1371/journal.pone.0010088
http://doi.org/10.3390/cells10030487
http://www.ncbi.nlm.nih.gov/pubmed/33668701
http://doi.org/10.1080/14653240903079377
http://www.ncbi.nlm.nih.gov/pubmed/19565371
http://doi.org/10.1038/nm.4409
http://www.ncbi.nlm.nih.gov/pubmed/28985214

Biomedicines 2021, 9, 1286 16 of 16

60.

61.

62.

63.

Lagana, A.S.; Salmeri, EM.; Vitale, S.G.; Triolo, O.; Gotte, M. Stem cell trafficking during endometriosis: May epigenetics play a
pivotal role? Reprod. Sci. 2018, 25, 978-979. [CrossRef] [PubMed]

Suda, K.; Nakaoka, H.; Yoshihara, K.; Ishiguro, T.; Adachi, S.; Kase, H.; Motoyama, T.; Inoue, I.; Enomoto, T. Different mutation
profiles between epithelium and stroma in endometriosis and normal endometrium. Hum. Reprod. 2019, 34, 1899-1905. [CrossRef]
[PubMed]

Noé, M.; Ayhan, A.; Wang, T.L.; Shih, .M. Independent development of endometrial epithelium and stroma within the same
endometriosis. J. Pathol. 2018, 245, 265-269. [CrossRef] [PubMed]

Séguier, S.; Tartour, E.; Guérin, C.; Couty, L.; Lemitre, M.; Lallement, L.; Folliguet, M.; El Naderi, S.; Terme, M.; Badoual, C.; et al.
Inhibition of the Differentiation of Monocyte-Derived Dendritic Cells by Human Gingival Fibroblasts. PLoS ONE 2013, 8, e70937.
[CrossRef]


http://doi.org/10.1177/1933719116687661
http://www.ncbi.nlm.nih.gov/pubmed/28100109
http://doi.org/10.1093/humrep/dez155
http://www.ncbi.nlm.nih.gov/pubmed/31621846
http://doi.org/10.1002/path.5082
http://www.ncbi.nlm.nih.gov/pubmed/29604057
http://doi.org/10.1371/journal.pone.0070937

	Introduction 
	Experimental Section 
	Endometrial Tissue Samples and Mesenchymal Stromal Cell Cultures 
	Dendritic Cell Differentiation and Maturation in the MSC Co-Culture 
	T-Lymphocyte Proliferation in the MSC Co-Culture 
	Flow Cytometry 
	Multiplex Analysis of the Cytokine Secretion 
	Statistical Analysis 

	Results 
	Isolation of Cell Cultures from Eutopic and Ectopic Endometrium 
	Expression of Cell Surface Molecular Markers by Cultures Isolated from Eutopic or Ectopic Endometrium 
	Influence of the MSC Cultures Isolated from the Eutopic or Ectopic Endometrium on the Differentiation and Maturation of DCs In Vitro 
	Influence of MSC Cultures Derived from Eutopic or Ectopic Endometrium on T-Cell Proliferation In Vitro 
	Comparative Profile of Cytokine Secretion by Cell Cultures of Eutopic and Ectopic Endometrium 

	Discussion 
	Conclusions 
	References

