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Abstract
Objective
Intrinsic inflammatory characteristics play a pivotal role in stem cell recruitment and homing
through migration where the subsequent change in niche has been shown to alter these
characteristics. The bone marrow mesenchymal stem cells (bmMSCs) have been demonstrated to migrate to the endometrium contributing to the stem cell reservoir and regeneration of endometrial tissue. Thus, the aim of the present study was to compare the
inflammation-driven migration and cytokine secretion profile of human bmMSCs to endometrial mesenchymal stem cells (eMSCs) and endometrial fibroblasts (eSFs).

Materials and methods
The bmMSCs were isolated from bone marrow aspirates through culturing, whereas
eMSCs and eSFs were FACS-isolated. All cell types were tested for their surface marker,
proliferation profiles and migration properties towards serum and inflammatory attractants.
The cytokine/chemokine secretion profile of 35 targets was analysed in each cell type at
basal level along with lipopolysaccharide (LPS)-induced state.

Results
Both stem cell types, bmMSCs and eMSCs, presented with similar stem cell surface marker
profiles as well as possessed high proliferation and migration potential compared to eSFs.
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In multiplex assays, the secretion of 16 cytokine targets was detected and LPS stimulation
expanded the cytokine secretion pattern by triggering the secretion of several targets. The
bmMSCs exhibited higher cytokine secretion of vascular endothelial growth factor (VEGF)A, stromal cell-derived factor-1 alpha (SDF)-1α, interleukin-1 receptor antagonist (IL-1RA),
IL-6, interferon-gamma inducible protein (IP)-10, monocyte chemoattractant protein (MCP)1, macrophage inflammatory protein (MIP)1α and RANTES compared to eMSCs and/or
eSFs after stimulation with LPS. The basal IL-8 secretion was higher in both endometrial
cell types compared to bmMSCs.

Conclusion
Our results highlight that similar to bmMSCs, the eMSCs possess high migration activity
while the differentiation process towards stromal fibroblasts seemed to result in loss of stem
cell surface markers, minimal migration activity and a subtler cytokine profile likely contributing to normal endometrial function.

Introduction
The human endometrium has a unique ability to regenerate rapidly, increasing its thickness
from 2–4 mm in the early proliferative phase to 10–15 mm by the end of the secretory phase
[1,2]. The growth of the endometrial tissue is under steroid hormone (estradiol [E2] and progesterone [P4]) control, where the monthly cycles of growth, differentiation and shedding
occur in response to ovarian hormonal fluctuations [3]. With blastocyst implantation, the
endometrium is challenged with immune tolerance, the regulation of trophoblast invasion and
vasculature formation, in which a balanced hormonal and immune environment, the niche is
crucial for successful and healthy pregnancy [4–6]. In a non-conception cycle, the endometrium goes through a complex inflammatory process involving cell drift and immune cell
migration leading to the activation of degradative enzymes and apoptosis, subsequent tissue
breakdowns and menstruation. Simultaneously, the molecular processes ensuring tissue regeneration, revascularization and histoarchitectural development are initiated, most likely through
inflammatory triggers related to menstruation-induced hypoxia, to prepare the endometrium
for the next menstrual cycle [7].
Endometrial mesenchymal stem cells (eMSCs) have been reported to reside in the perivascular space in the human endometrium, most likely contributing to the monthly regeneration and repair of this tissue [1,3,8]. These very rare adult stem cells are defined by their
functional properties, such as substantial self-renewal, high proliferative potential and the
ability to differentiate into one or more cell lineages, including osteocytes, adipocytes and
chondrocytes [1,8]. The global gene profile analysis has revealed that eMSCs and endometrial stromal fibroblasts (eSFs) have similar genomic signatures, suggesting that eMSCs are
progenitors of eSFs, the most common cell type in the endometrium [2,9]. The mesenchymal stem cells of different tissues have been described as having migration activity towards
the site of injury in response to secreted cytokines and chemokines [10,11]. In terms of
endometrium repair, several studies have suggested that eMSCs have a bone marrow origin:
signals related to tissue damage (menstruation) initiate bone marrow mesenchymal stem
cells’ (bmMSCs) migration to the endometrium, where they differentiate into eMSCs,
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contributing to the endometrial stem cell reservoir and thereby endometrial regeneration
[12–14].
In the human endometrium, cytokine/chemokine secretion is regulated by hormonal
fluctuations, which is one of the key factors orchestrating implantation and monthly endometrial regeneration [15,16]. Steroid hormone withdrawal during the late secretory phase
leads to hypoxia, the initiation of several inflammatory processes including leucocyte recruitment and increased synthesis of cytokines like interleukin 1β (IL-1β), and other inflammatory modulators within the cells most likely providing the key event for homing the
bmMSCs in the endometrium [15,17,18]. Interestingly, previous studies have suggested that
mechanisms for the initiation and regulation of bmMSCs’ migration to different tissues
involve the secretion of distinct sets or even individual cytokines [19–24]. In the human
endometrium, IL-1β, a major pro-inflammatory cytokine regulating many of the endometrial functions, may be considered as a potential trigger for bmMSCs’ recruitment due to its
expression response to hypoxia [25–28]. On the other hand, the endometrial stem cells have
also been shown to possess migratory abilities [29,30]. However, to date, comparative studies
assessing the migratory characteristics of bmMSCs in response to inflammatory triggers
compared to the assumable endometrial progeny, eMSCs and further down in the line the
eSFs, are scarce.
Traditionally, MSCs are thought to regulate the immune response and exhibit niche-dependent pro- and anti-inflammatory properties via cytokine and chemokine secretion [31]. As the
bmMSCs serve as a source for stem cells for several tissues, it is acquired that upon cell migration and change in niche, also the cytokine secretion profile and thereby paracrine signalling is
changed. Thus, the new cytokine profile may also have an effect on migration signalling of this
tissue [22]. Indeed, previous studies have assessed the cytokine secretion patterns between
MSCs of different tissues [31], however, the endometrium as a relatively new source for MSCs
remains poorly characterized, especially regarding the comparative data between bmMSCs
and different endometrial cell populations. Furthermore, it is well recognized that the basal
cytokine patterns do not correlate with the total secretion potential of the cells [32–34]. In fact,
the majority of the previous studies describe only the basal cytokine secretion profiles but not
the profiles under stimulation.
Given the plausible role of bmMSCs in endometrial regeneration through migration and
the differences in bone marrow and endometrial niche the first aim was to investigate the surface marker signature and IL-1β triggered migration of bmMSCs and compare these characteristics to their assumed endometrial progeny, the eMSCs and eSFs. Secondly, we also
compared for the first time the basal and stimulated cytokine secretion profiles of bmMSCs,
eMSCs and eSFs in the same study setting in order to reveal their paracrine properties that
may relate to endometrial regeneration and migration signalling but also to normal endometrial function. Our results show that indeed there is a specific surface marker as well as inflammation driven migration profile for the bmMSCs, eMSCs and eSFs enabling more detailed
characterization of these three cell types. Moreover, the results suggest a niche effect on the
cytokine secretion characteristics that was shown as distinct cytokine secretion pattern in
bmMSCs compared with endometrial eMSCs and eSFs.

Materials and methods
Study subjects
Bone marrow aspirates (n = 12) were obtained from fertile-aged women undergoing surgery
for scoliosis in the Department of Paediatric Surgery, Oulu University Hospital, Finland. The
endometrial tissue biopsy samples (n = 15, whole uterus n = 4) were obtained from fertile-aged
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Table 1. Clinical characteristics of the study subjects.
Obtained cell

Age (years)

BMI

Histology

Diagnosis

Sample Collection

Hormonal Medication

Smoking

Endo 1 a, b

ID

eMSC, eSF

42

19.6

PE

Myoma

Pipelle

No

No

Endo 2 a, b

eMSC, eSF

39

22.3

SE

Polysuscipion

Pipelle

No

No

Endo 3 a, b

eMSC, eSF

40

26.3

PE

Myoma, Menorrhagia

Pipelle

No

No

a, b

Endo 4

eMSC, eSF

23

23.1

SE

Hypertophic Labia

Pipelle

No

Yes

Endo 5 b

eMSC, eSF

44

33.5

SE

Myoma

Pipelle

No

No

Endo 6 b, c, e

eMSC, eSF

41

19.3

PE

Left ovarian Cyst

Pipelle

No

No

Endo 7 b, c, e

eMSC, eSF

44

24.4

SE

Endometrial Polyp

Pipelle

No

No

Endo 8 b, c, e

eMSC, eSF

22

18.8

SE

Left ovarian Cyst

Pipelle

No

Yes

Endo 9 c

eMSC, eSF

40

26.1

SE

Left ovarian Cyst

Pipelle

No

No

Endo 10 c

eMSC, eSF

37

24.6

PE

Myoma

Pipelle

No

Yes

Endo 11 b

eMSC, eSF

44

36.1

N/A

Pelvic floor prolapse

Pipelle

No

No

Endo 12

b, e

eMSC, eSF

41

25.6

PE

Volunteer

Pipelle

No

No

Endo 13 b

eMSC, eSF

34

24.9

PE

Volunteer

Pipelle

No

No

Endo 14 b

eMSC, eSF

42

38.4

PE

Volunteer

Pipelle

No

No

Endo 15 d

N/A

42

27.2

SE

Menorrhagia

Uterus

No

Yes

Endo 16 d

N/A

40

24.2

DQ

Myoma, Menorrhagia

Uterus

No

Yes

Endo 17 d

N/A

43

30.1

PE

Menorrhagia

Uterus

No

No

Endo 18 d

N/A

39

24

PE

Endometriosis

Uterus

No

No

Endo 19 e

eMSC

36

20.5

SE

Cysta dermoidea ovarii

Pipelle

No

No

BM 1 a, b, c

bmMSC

36

N/A

N/A

Scoliosis

BMA

N/A

N/A

BM 2 a, b, c

bmMSC

34

N/A

N/A

Scoliosis

BMA

N/A

N/A

BM 3 a, b, c

bmMSC

26

N/A

N/A

Scoliosis

BMA

N/A

N/A

BM 4 a, b, c

bmMSC

37

N/A

N/A

Scoliosis

BMA

N/A

N/A

BM 5 a, b, c

bmMSC

44

N/A

N/A

Scoliosis

BMA

N/A

N/A

BM 6 a, b, c

bmMSC

46

N/A

N/A

Scoliosis

BMA

N/A

N/A

BM 7 a, b, c

bmMSC

36

N/A

N/A

Scoliosis

BMA

N/A

N/A

BM 8 a, b, c

bmMSC

45

N/A

N/A

Scoliosis

BMA

N/A

N/A

BM 9

e

bmMSC

16

N/A

N/A

Scoliosis

BMA

N/A

N/A

BM 10 e

bmMSC

16

N/A

N/A

Scoliosis

BMA

N/A

N/A

BM 11 e

bmMSC

16

N/A

N/A

Scoliosis

BMA

N/A

N/A

BM 12 e

bmMSC

16

N/A

N/A

Scoliosis

BMA

N/A

N/A

eMSC, endometrial mesenchymal stem cell; eSF, endometrial stromal fibroblast; bmMSC, bone marrow mesenchymal stem cell
PE, proliferative phase; SE, secretory phase; DQ, desquamation; BMA, bone marrow aspirate; N/A, Not Acquired
a
b

Sample used in surface marker analysis
Sample used in differentiation studies

c

Sample used in migration and assays

d

Sample used in immunofluorescence
Sample used in Luminex Multiplex assay

e

https://doi.org/10.1371/journal.pone.0175986.t001

women undergoing surgery for benign gynaecological conditions, or from healthy volunteers
in the Department of Obstetrics and Gynaecology, Oulu University Hospital, Finland. One full
thickness endometrial sample from endometriosis was used in co-localization in immunofluorescence and was not used in any other experiments. Clinical data on the study participants is
shown in Table 1. Informed written consent was obtained from all participants in accordance
with the guidelines of the Declaration of Helsinki, and the Ethics Committee of Oulu University Hospital approved the study.
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Tissue processing and the Fluorescence-Activated Cell Sorting (FACS)
of endometrial cell populations
Endometrial samples were divided into two groups and processed separately for FACS and for
histological examination, as described earlier [35]. Briefly, for FACS the tissues were digested
with collagenase type I (Sigma) at 6.4 mg/ml and hyaluronidase (Sigma) at 125 U/ml and filtered with a 40 μm cell strainer to separate single cells. Contaminating red cells were lysed with
0.155 M of NH4Cl, 0.1 M of KHCO3 and 0.1 mM EDTA, at a pH of 7.3 (Sigma), and the dissociated cellular elements were treated with DNase (Mediq) at 4 mg/ml.
For FACS isolation, single-cell fragments of endometrial samples (n = 15) were blocked
and labelled with the following fluorochrome-conjugated antibodies (BD Biosciences) in phosphate-buffered saline (PBS) containing 10% human serum and 1% BSA for an hour: cluster of
differentiation (CD) 45 (phycoerythrin-Cy7 anti-CD45) at a 1:20 dilution to remove contaminating leucocytes; epithelial cell adhesion molecule (EPCAM; allophycocyanin anti EPCAM)
at a 1:20 dilution) to label contaminating endometrial epithelial cells, cluster of differentiation
146 (CD146, melanoma cell adhesion molecule [MCAM], fluorescein isothiocyanate antiMCAM) at a 1:5 dilution to label perivascular cells; β-type platelet-derived growth factor
receptor (PDGFRβ; phycoerythrin anti-PDGFRβ) at a 1:5 dilution to label eSFs (PDGFRβ+/
CD146-). Endometrial MSCs were sorted using double labelling with PDGFRβ and CD146
antibodies, both at 1:5 dilutions. DAPI staining was used for distinguishing live/dead cells
(NucBlue1, Life Technologies). The FACS-isolation protocol has previously been shown to
produce pure cell populations [2,36].

Cell culturing and the isolation of bmMSC populations
FACS-isolated eMSCs and eSFs were plated with a density of 1000–2000 cells in 10-cm plate
for eMSCs and with 200,000 cells in 10-cm plate for eSFs. Similarly to previous study, no epithelial cell contamination were found in the eMSC or eSF cultures after careful monitoring
during the entire culture period [9,37]. eMSCs were cultured in phenol red-free high-glucose
DMEM growth medium (Life Technologies) supplemented with 25% MCDB-105 (Sigma),
0.676 mM of sodium pyruvate (Sigma), 10% charcoal-stripped foetal bovine serum (FBS; Seralab, UK), 1% penicillin-streptomycin mix (Life Technologies) and 50 μg/ml of gentamycin
(Life Technologies). In addition, 25 μg/ml of basic fibroblast growth factor (FGFb; Life Technologies) was added to eMSC primary cultures. Growth media (without FGFb) was used in the
culturing of the eSF with 5 μg/ml of insulin (Sigma). Growth media was changed every 2–3
days and the confluency of eMSCs was maintained below 80% during culturing. The eMSCs
and eSFs were cultured up to passage two.
For the bmMSC culture, a bone marrow aspirate was plated in alpha modified essential
growth medium (Sigma) supplemented with 20 mM of Hepes, 2 mM of L-glutamine (Sigma),
10% heat-inactivated FBS (Bioclear), 10,000 U penicillin/ml and 10 mg/ml of streptomycin
(Sigma). After two days, unattached cells were removed. Half of the growth media was changed
twice per week. The confluency of bmMSCs was maintained below 80% [38]. For the final
analysis and experiments, all the cultured cells were washed with PBS and adherent cells were
detached using trypsin-EDTA solution (Gibco).

Co-localization of eMSC with markers for PDGFRβ+/ CD146+
Endometrial tissue sections obtained from hysterectomies (n = 4) were embedded in a TissueTek Optimal Cutting Temperature (OCT) compound (Miles Laboratories), frozen in liquid
nitrogen and stored at -80˚C. Perpendicular tissue samples containing both endometrium and
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myometrium were taken from the posterior uterine wall. Histological evaluation was performed by a pathologist.
Frozen sections (~6μm) were fixed in methanol (-20˚C) for 10 min and permeabilized for
10 min using 0.5% Tween20 in 0.01 M of PBS (Sigma) rinse solution. The sections were
blocked in antibody dilution buffer (two parts 0.01 M of PBS, 2% BSA and 0.5% Tween20, and
one part glycerol; (Sigma)) containing 10% normal goat serum (Vector laboratories) for 1h at
room temperature (RT). Sections were washed with PBS/Tween and incubated with antiCD146 (Abcam, 5 μg/ml) for 1 h at RT and then overnight at +4˚C. After washing, the sections
were incubated with Alexa fluor 488 goat anti-mouse antibodies (Molecular Probes, 8 μg/ml)
for 4 h and washed in rinsing solution. The sections were then incubated for 1 h at RT and
then overnight at +4˚C with anti-PDGFRβ (Abcam, 5μg/ml). After washing, the sections were
incubated with Alexa fluor 594 goat anti-rabbit antibody (Molecular Probes, 8 μg/ml) for 4 h
at +4˚C and washed in rinsing solution at RT. The sections were then mounted in a Vectashield antifade mounting medium containing DAPI (Vector, H-1200). Images were captured
using an AxioCam MRm microscope fitted with high-resolution Imager.D2 software (Carl
Zeiss).

Stem cell surface marker analysis using flow cytometry
Selected cell surface markers were identified by flow cytometry (FACS Calibur). Cultured
eMSCs, eSFs and bmMSCs (n = 4/cell type) were incubated for 20 min at RT with the following antibodies at a dilution of 1:50: CD105, CD73, CD90, human leucocyte antigen (HLA)
ABC, CD44, CD49d, CD49f, HLA-DR1, CD34, CD45, CD14, CD19, c-MET, PDGFRβ/
CD140b or CD146 (CD90 from The Cell Technologies, all others from BD Biosciences).
Unbound antibodies were washed off and the cells were analysed using flow cytometry. Stain
intensities were recorded as follows: -, negative; +, <35%. ++, 35–70%; +++, 95–100%, indicating the proportion of cells staining positively.

Proliferation/migration assessment of cultured cells using scratch
assays
Proliferation/migration potential was analysed using a cell culture scratch assay protocol.
bmMSCs, eMSCs and eSFs (n = 4) were seeded into 24-well plates (100,000 cells/ well). Immediately after reaching confluency on day 3, crisscross scratches were made with p10 pipette tips
and the medium was replaced with a culture medium containing 2% FBS. The scratched area
was monitored and photographed regularly using an EVOS Digital Inverted Microscope
(Advanced Microscopy Group, Bothell, WA, USA), starting immediately after the scratching
and ending when one of the cell types showed 100% repair of the scratched area. The empty
areas were measured using ImageJ software (version 1.50), and the results were calculated as a
percentage of the area closed by the cell growth.

Transwell® migration assays
To study vertical cell migration, Corning Transwell1 8.0 μm polycarbonate membrane 6.5
mm inserts (24-well plate, Costar 3422, Sigma) were used. bmMSCs, eMSCs or eSFs (n = 4/cell
type) were seeded (20,000 cells/well) into the upper chamber in 2% FBS culture medium in
duplicate in several repetitions. In addition, 10% FBS culture medium or 2% FBS medium
with IL-1β (Sigma) at 10 ng/ml were added to the lower chamber as attractants; 2% FBS culture
medium in both the upper and lower chamber was used as the baseline. After 24, 48, 72 and 96
h of migration, the inserts were fixed with 4% paraformaldehyde and stained with 1% toluidine
blue + 1% sodium tetraborate. Non-migrating cells from the top of the membrane were
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removed using a cotton swab. The dye attached to the migrated cells was eluted by dipping the
inserts into 1% sodium dodecyl sulphate (Roche), followed by measuring the absorbance at
650 nm using a Wallac Victor 2™ Multilabel counter.

Lipopolysaccharide (LPS) stimulation and Luminex multiplex assays
For the cytokine secretion analysis, eMSCs, eSFs and bmMSCs (n = 4/cell type) were plated to
24-well plates with a seeding density of 20,000–50,000 cells/well. After reaching 80% confluency, the cells were switched to growth media containing 2% FBS. After 48 h, the cells were
challenged with 10 ng/ml of LPS supplemented in 2% FBS growth media, keeping control cells
in 2% FBS growth media. After 24 h of LPS treatment, the cell culture media was collected and
the cells were harvested from the wells with trypsin-EDTA solution (Gibco).
Cytokines, chemokines and related proteins like Eotaxin, granulocyte macrophage colony
stimulating factor (GM-CSF), melanoma growth stimulatory activity alpha (GRO-α), interferon
alpha 1 (FNA1), interferon gamma (FNG), interleukin (IL)-10, IL-12p70, IL-13, IL-15, IL-17A,
IL-18, IL-1a, IL-1β, IL-1RA, IL-2, IL-21, IL-22, IL-23, IL-27, IL-31, IL-4, IL-5, IL-6, IL-7, IL-8,
IL-9, interferon-gamma inducible protein-10 (IP-10), monocyte chemoattractant protein
(MCP-1), macrophage inflammatory protein 1-alpha (MIP-1α), macrophage inflammatory
protein 1-beta (MIP-1β), regulated on activation, normal T-cell expressed and secreted
(RANTES), stromal cell-derived factor 1 alpha (SDF-1α), tumour necrosis factor-alpha (TNFα), tumour necrosis factor-beta (TNF-β) and vascular endothelial growth factor VEGF-A) were
quantified with eBioscience ProcartaPlex Human Cytokine & Chemokine 34plex supplemented
with VEGF-A Simplex kit using a Luminex MagPix system and Luminex xPonent Software.
The culture medium samples were assayed both undiluted and after a 1:10 dilution. Milliplex
Analyst software (VigeneTech) was used for the multiplex assay data extraction. The coefficient
of determination (R2) of the 5-parameter logistic regression standard curves were between
0.999 and 1.000 in all assays, and the standard curve CVs were between 0.15% (MIP-1β) and
2.7% (IL-27). Total protein was isolated from the cells using Tri Reagent for RNA, DNA and
protein isolation (Sigma), and the results were normalized (using a dilution factor) against total
protein measured with a Direct Detect1 Infrared Spectrometer (Merck Millipore).

Statistical analysis
The results are presented as the mean ± SD. Analysis of variance between groups was performed with one-way ANOVA, using a nonparametric approach when appropriate. T-tests
and nonparametric Mann-Whitney, when appropriate, were carried out as post-hoc tests. Pvalues < 0.05 were considered statistically significant. IBM SPSS statistics software version
22.0 and Graphpad prism 6 was used for all statistical analyses.

Ethical approval
The sample collection was approved by the ethics committee of Oulu University Hospital
(PPSHP) under the statement number 22/2013 at 18/02/2013. The data did not include any
identification information from the patients and was handled only by the members of the
research team.

Results
FACS isolation and co-localization of (PDGFRβ+/CD146+) markers
In FACS analysis, epithelial cells (epithelial cell adhesion molecule (EPCAM+)), leucocytes
(CD45+) and endothelial cells (β-type platelet-derived growth factor receptor (PDGFRβ-)
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Fig 1. FACS sorting of eMSCs, eSFs and localization of eMSCs in the human endometrium. (A) Endometrial cell populations were isolated
from a single live cell fraction using DAPI stain. (B) Contaminating epithelial cells (EP) (Epcam+) and leucocytes (CD45+) were gated out. (C) eSFs
positive for β-type platelet-derived growth factor receptor (PDGFRβ) and negative for cluster of differentiation 146 (CD146, melanoma cell adhesion
molecule [MCAM]) and eMSCs (PDGFRβ+/CD146+) were isolated (areas Q1 and Q2). (D-G) eMSCs were identified in the perivascular space in the
basal layer of proliferative phase human endometrium by identifying co-localization of CD146 (green) and PDGFRβ (red) expression (white arrows).
Scale bar 5 μm.
https://doi.org/10.1371/journal.pone.0175986.g001

/CD146+)) were gated out (Fig 1A and 1B), and eMSCs and eSFs were isolated according to
their staining patterns (eSFs, PDGFRβ+/CD146-; eMSCs, PDGFRβ+/CD146+; Fig 1C). The
eMSCs clustered separately from the eSFs, indicating the purity of downstream cell culture
populations. In immunofluorescence, eMSCs were located in the perivascular space in the
basal layer (Fig 1D–1G), as well as in the functional layer (data not shown).

BmMSCs and eMSCs present with similar stem cell surface marker
profiles
Both bmMSCs and eMSCs presented with a typical stem cell surface antigen profile showing
positive staining for CD105, CD90, CD73, CD44, CD49d and CD49f. All cell types were negative for haematopoietic cell markers CD45, CD34, CD19, CD14, human lymphocyte antigenDR (HLA-DR), the carcinoma cell marker (c-MET) and EPCAM (Fig 2D). The surface marker
analysis of passage 2 cultured cells revealed that eMSCs were still strongly positive for PDGFRβ
and CD146, whereas bmMSCs and eSFs were positive only for PDGFRβ (Fig 2A–2C).

BmMSCs and eMSCs demonstrate high proliferation potential and a
robust migration response to inflammatory attractant
In the scratch assay protocol, the closing of the scratched area was measured until one of the
cell types showed 100% closing of the scratch (Fig 3A). From 27 h onwards, eMSCs and
bmMSCs showed similar proliferation/migration capacities (85–88%), both presenting closing
of the scratch at 45 h. Interestingly, the eMSCs had the highest proliferation/migration rate
compared with bmMSCs and eSFs at the early time points (22 h: 72% vs. 57% and 50%,
P<0.05) (Fig 3B). The eSFs had a significantly lower proliferation/migration capacity than
eMSCs and bmMSCs at all time points, but showed a confluence of up to 90% at 45 h (Fig 3B).
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Fig 2. Surface marker analysis of bmMSCs, eMSCs and eSFs. (A, C) bmMSCs and eSFs were positive only for PDGFRβ and negative for
CD146. bmMSCs were also strongly positive for CD105 and CD44, whereas eSFs were negative for CD105 and showed only low expression of
CD44. (B) eMSCs presented with double staining for PDGFRβ and CD146 and were strongly positive for CD105 and CD44. (D) A summary table of
surface marker analysis.
https://doi.org/10.1371/journal.pone.0175986.g002

After assessing the optimal vertical migration time period, the end point was set to 96 h for
all cell types (Fig 4). The cell migration from 2% towards 10% serum attractant revealed the
high migration potential of bmMSCs compared with endometrial cells up to 48 h (p< 0.05).
However, eMSCs showed the highest migration activity at 96 h while no significant migration
was observed among eSFs (Fig 4A). When the cells were subjected to cytokine chemoattraction
with IL- 1β, the migration activity of bmMSCs and eMSCs increased up to 72 h. The eMSCs
demonstrated the highest migration activity at 72 h with IL- 1β trigger (+125% compared with
bmMSCs, +200% compared with eSFs), whereas the eSFs did not show any significant migration (Fig 4B).
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Fig 3. Migration/proliferation capacity of bmMSCs, eMSCs and eSFs in scratch assays at 0, 27 and 45 h. (A) Demonstration of one
of the eMSCs samples at 0 h (left), 27 h (middle), and 45 h time points (right). All eMSCs reached 100% closure of the scratch by 45 h.
Pictures captured at 10x magnification; scale bar 50 μm. (B) Quantitative data of closed scratch areas over time in bmMSCs, eMSCs and
eSFs showing higher proliferation/migration potential in eMSCs and bmMSCs compared with eSFs. Statistical analysis: *bmMSCs vs.
eSFs, †eMSCs vs. eSFs, §bmMSCs vs. eMSCs; p<0.05.
https://doi.org/10.1371/journal.pone.0175986.g003

LPS-stimulated eMSCs and eSFs possess a quiescent cytokine/
chemokine secretion pattern compared with bmMSCs
From the original 35 analytes, the following 16 analytes were detected in the Luminex analysis
in a basal and/or LPS-stimulated state: VEGF-A, SDF-1α, IL-1RA, IL-6, IP-10, MCP-1, MIP1α, RANTES, IL-8, MIP-1β, GRO-α, GM-CSF, IL-1α, IL-2, IL-31 and Eotaxin. The expression
of all targets is presented in Table 2. In general, the cytokine secretion pattern of bmMSCs was
pronounced compared with the endometrial cell types, and only a few differences were shown
between eMSCs and eSFs. bmMSCs showed eminently higher levels of VEGF-A, SDF-1α, IL1RA, IL-6, IP-10, MCP-1, MIP-1α and RANTES than eMSCs and/or eSFs with most of the differences being shown after LPS stimulation (p<0.05, Fig 5A, Table 2). The VEGF-A and SDF1α secretion in bmMSCs was high at both basal levels as well as after LPS stimulation compared with eMSCs and eSFs. The basal IL-8 secretion was significantly higher in the endometrial cell populations than bmMSCs, and after LPS stimulation the secretion tended to be still
lower in bmMSCs compared with endometrial cells types (p<0.05, Fig 5B, Table 2). MIP-1β,
and GRO-α were similarly expressed before and after LPS stimulation in all three cell types
(Fig 5B, Table 2). Interestingly, the eMSCs and eSFs showed overall a relatively low cytokine
secretion pattern compared with bmMSCs, and there were only a few differences between
eMSCs and eSFs showing higher expression of IL-1RA, IP-10 and RANTES in eSFs compared
to eMSCs. Several cytokines undetected at the basal state, however, presented with high
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Fig 4. Vertical migration assays of bmMSCs, eMSCs and eSFs followed up till 96 h. (A) Using serum
attractant (2% serum in upper and 10% in lower chamber), the eMSCs seemed to accelerate migration
activity compared to other cell types up till 96 h (B) Inflammatory attraction was assessed by using IL-1β (10
ng/ml) in the lower chamber. The migration response was high in both stem cell population whereas no
significant migration activity was observed in eSFs. § p<0.05 bmMSCs vs. eMSCs; * p<0.05 bmMSCs vs.
eSFs; † p<0.05 eMSCs vs. eSFs.
https://doi.org/10.1371/journal.pone.0175986.g004

(IL1-RA and IP-10) or moderate response (GM-CSF, IL-1α, IL-2, IL-31 and Eotaxin) after LPS
stimulation (Fig 5A and 5B, Table 2).

Discussion
This is the first study to compare the surface marker characteristics, migration potential and
cytokine profiles between bmMSCs, eMSCs and eSFs in the same study setting. The results
reveal that both bone marrow and endometrial stem cells share similar surface markers along
with the high proliferation activity and migration potential compared to eSFs implying that
differentiation process towards eSF-phenotype alters these characteristics. Interestingly, the
bmMSCs show distinct differences in their cytokine secretion profiles whereas the endometrial
cells have more similar profile plausibly due to sharing the similar niche compared with
bmMSCs (Fig 6).
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Table 2. Cytokine secretion analysis of bmMSCs, eMSCs and eSFs with Luminex multiplex assay.
Target

Basal secretion (pg/ml ± STDEV)

Detection limit (pg/ml)

LPS stimulated secretion (pg/ml ± STDEV)

bmMSCs

eMSCs

eSFs

bmMSCs

eMSCs

eSFs

IL-1α

0.45

UDL

UDL

UDL

3.6 ± 2.2

4.2 ± 4.8

2.8 ± 0.6

IL-1β

0.59

ND

ND

ND

ND

ND

ND

25.46

UDL

UDL

UDL

6372 ± 7060

71.1 ± 84.6

1017 ± 1260

IL-2

4.47

UDL

UDL

UDL

15.5 ± 2.5

10.5 ± 2.4

10.6 ± 2
ND

IL-1RA
IL-4

10.99

ND

ND

ND

ND

ND

IL-5

8.8

ND

ND

ND

ND

ND

ND

IL-6

9.2

771 ± 1090

215 ± 140

310 ± 200

23939 ± 22420

4342 ± 1730

3862 ± 1320

IL-7

0.26

ND

ND

ND

ND

ND

ND

IL-8 (CXCL8)

2.01

7.4 ± 5.8

168 ± 110

220 ± 180

7837± 7120

21090 ± 10160

24900 ± 13900

IL-9

7.46

ND

ND

ND

ND

ND

ND

IL-10

1.57

ND

ND

ND

ND

ND

ND

IL-12p70

3.23

ND

ND

ND

ND

ND

ND

IL-13

1.0

ND

ND

ND

ND

ND

ND

IL-15

0.8

ND

ND

ND

ND

ND

ND

IL-17A

1.87

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

IL-18

12.6

IL-21

6.93

ND

ND

ND

ND

ND

ND

IL-22

6.94

ND

ND

ND

ND

ND

ND

IL-23

14.81

ND

ND

ND

ND

ND

ND

IL-27

18.67

ND

ND

ND

ND

ND

ND

p-value

*, #

*, ^
$, "

IL-31

6.3

UDL

UDL

UDL

10.8 ± 2.4

9.5 ± 3.5

12.8 ± 8.4

TNF-α

7.02

ND

ND

ND

ND

ND

ND

TNF-β

5.6

ND

ND

ND

ND

ND

ND

IFN-α

0.51

ND

ND

ND

ND

ND

ND

IFN-γ

10.82

ND

ND

ND

ND

ND

ND

GM-CSF

5.57

UDL

UDL

UDL

13.0 ± 5.7

16.4 ± 7.9

17.1 ± 8.2

MCP-1 (CCL2)

1.02

231 ± 310

5.0 ± 4.6

64.5 ± 67.3

8606 ± 8540

66.5 ± 67.7

551 ± 440

*, ^, $

MIP-1α (CCL3)

0.54

4.6 ± 5

UDL

2.2 ± 2

25.7 ± 8.8

3.5 ± 3.3

9.9 ± 4.9

*, ^

MIP-1β (CCL4)

1.56

49.4 ± 47

10.3 ± 3.5

31.2 ± 24.8

576 ± 320

217 ± 160

406 ± 130

RANTES

0.54

3.3 ± 3.3

0.6 ± 0.03

2.7 ± 1.5

106 ± 150

5.6 ± 3.2

22.3 ± 17.5

*, #

EOTAXIN (CCL11)

0.6

UDL

UDL

UDL

4.3 ± 1.6

1.8 ± 0.6

2.7 ± 0.6

*

GRO-α (CXCL1)

2.57

8.5 ± 7.9

3.3 ± 0.9

6.7 ± 5.1

642 ± 460

456 ± 480

619 ± 290

IP-10 (CXCL10)
SDF-1α (CXCL12)
VEGF-A

0.9

UDL

UDL

2.0 ± 1.3

544 ± 740

6.0 ± 5.8

60.4 ± 71

*, #

10.15

383 ± 290

87.1 ± 48.6

175 ± 120

1634 ± 450

298 ± 200

738 ± 330

*, ^

3.3

870 ± 430

5.0 ± 2.7

43.6 ± 50.9

1438 ± 830

101 ± 85.5

257 ± 120

*, ^, $, "

ND = not detected, UDL = under detection limit
* p<0.05 bmMSCs vs.eMCs after LPS stimulation
^ p<0.05 bmMSCs vs.eSFs after LPS stimulation
#
$

p<0.05 eMSCs vs.eSFs after LPS stimulation
p<0.05 bmMSCs vs.eMCs in basal state

”p<0.05 bmMSCs vs.eSFs in basal state
https://doi.org/10.1371/journal.pone.0175986.t002

According to the previous studies, the bmMSCs serve as progenitors for endometrial
eMSCs [12,39]. On the other hand, recently, the link between eMSCs and eSFs was strengthen,
as these two cell types revealed similar gene expression profiles and in vitro, the eMSCs were
shown to differentiate into eSFs [2,9]. In keeping with this, the present data showed the
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Fig 5. Basal and LPS-stimulated cytokine secretion analysis of bmMSCs, eMSCs and eSFs with Luminex multiplex assay. The overall
cytokine pattern was shown to be pronounced in bmMSCs compared to endometrial cell types. (A) Cytokines highly expressed by bmMSCs vs.
eMSCs and eSFs. (B) Cytokines having equal or higher expression in eMSCs and eSFs compared with bmMSCs. UDL = under detection limit; *
p<0.05 bmMSCs vs. eMSCs or eSFs; # p<0.05 eMSCs vs. eSFs. Basal level (black), LPS stimulated (gray).
https://doi.org/10.1371/journal.pone.0175986.g005

bmMSCs and eMSCs presenting with similar, well-known stem cell surface marker characteristics and eMSCs with high clonogenic potential compared with eSFs [1,40,41]. Furthermore,
supporting the idea that the eMSCs are more likely to be of bmMSCs origin rather than direct
progeny of the haematopoietic stem cell lineage, all three cell types were negative for haematopoietic cell surface antigens [42].
In accordance with the data showing stem cells being involved in different repair processes,
the bmMSCs and eMSCs were found to have higher proliferation potential than differentiated
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Fig 6. Schematic depiction of bmMSC migration to human endometrium in response to hormonal/cytokine driven homing signals. (A) The
migration of bmMSCs to the human endometrium contributes to the endometrial stem cell pool (the endometrial mesenchymal stem cells, eMSCs) and
thereby endometrial renewal. The change in niche and the differentiation process towards eSFs will alter the migration properties and the cytokine
secretion profile of these cells. (B-C) The estrogen (E2) and progesterone (P4) effect and their withdrawal will drive endometrial collapse and
subsequent hypoxia during the late secretory phase of the menstrual cycle most likely triggering the homing signal for the bmMSCs for the subsequent
cycle.
https://doi.org/10.1371/journal.pone.0175986.g006

eSFs. Furthermore, the stem cells also showed high migration activity, an important ability
enabling homing into the site of injury in regenerative processes. Even though the endometrial
stem cells are not known to have any specific role as migratory cells, the data is in line with previous study validating also high migration potential in adipose tissue driven MSCs compared
to bmMSCs [43]. Furthermore, the data underline the notion that also harboured stems cells
retained the migration potential that may be activated with certain triggers as also suggested to
be the case for human endometrial stem cells [44]. On the other hand, the eSFs did not present
with significant migration potential indicating that differentiation process towards eSF-phenotype alters the migration capacity and thus limit the number of migratory cells in human endometrium. In fact, similar to the findings by Barragan et al., in the present study the eMSCs also
started rapidly differentiating in vitro into eSFs shown as loss of CD146 expression [9]. At Passage 2, only 70% of the eMSCs expressed CD146, indicating an active differentiation process
towards eSFs even though the cells were cultured only for a relatively short time and they were
not allowed to reach 100% confluence. Whether this feature relates to decreased migration
activity in eMSCs cannot be concluded from the present data, however, one may hypothesize
that in case of impaired differentiation process towards eSFs, as shown by Barragan et al., the
retained migration ability of eMSCs might be of relevance regarding pathologies like endometriosis and adenomyosis.
The collapse of the endometrium during menstruation leads to hypoxia and a vast inflammatory cascade that most likely serve as recruitment signals for stem cells to harbour
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endometrium [28,45–47]. IL-1 is a potent cytokine with several functions, including a role in
immune balance during the implantation process along with the regulatory role in menstruation by modulating inflammatory cascades. Ex utero studies have also shown that the bmMSCs
are being recruited by specific growth factors/cytokines, one of them being IL-1β [48]. Given
that IL-1β is abundant during menstruation and its expression is strongly linked to hypoxia, it
may play as one of the endometrium-related recruiting signals for bmMSCs [26–28]. In the
present data IL-1β was able to trigger high migration response both in bmMSCs and eMSCs,
with eMSCs presenting even higher migration response to IL-1β than the bmMSCs. Whether
this is of clinical importance in maintaining eMSCs in the endometrium is not clear but potentially high peripheral IL-1β could recruit eMSCs to ectopic locations. Moreover, recently endometrial stromal cell SDF-1 expression was shown to be involved in bmMSC recruitment where
estrogen promoted the expression of SDF-1 receptor CXCR4 [46]. Given that IL-1β has been
shown to promote SDF-1 expression [49], it may be that these signals together with hormonal
regulation play a role driving bmMSC recruitment and harbouring to the human
endometrium.
The change in niche upon stem cell migration and its effect on intrinsic inflammatory characteristics may also give insight into the differences between bmMSCS, eMSCs and eSFs. To
date, only few studies have been done regarding the comparison between bmMSCs’ cytokine
secretion profile to eMSCs’ or eMSC cytokine profile compared to other endometrial cell types
[37,50,51] and no data exist on PDGFRβ+/CD146+ isolated eMSCs. Furthermore, most of the
studies have only investigated the basal cytokine secretion profile, although it is well established that it is not sufficient to characterize the full secretion potential of these cells [30,32,33].
Indeed, in the present data, the major differences in cytokine secretion profiles between the
different cell types were shown under LPS-induced inflammation. The LPS response in the
cells might occur through toll-like receptor 4 (TLR4) activation shown recently in mesenchymal stem cells [52] but also in rodent and human endometrium [53,54]. The bmMSCs exhibited a robust cytokine expression of several targets (VEGF-A, SDF-1α, IL-1RA, IL-6, IP-10,
MCP-1, MIP-1α and RANTES) in response to LPS stimulation compared with endometrial
cell types. IL-1β, on the other hand, was not detected in either eMSC or eSF secretome, thus
implying immune cells most likely being the major source for this particular cytokine during
endometrial shedding [37]. The secretion of VEGF-A, a growth factor necessary for endometrium vasculature repair related to hypoxia [55–59], was demonstrated in all three cell types;
however, the bmMSCs presented with higher expression than endometrial cells. This is in line
with the important role of bmMSCs in regeneration processes in general [48]. Interestingly,
the VEGF-A secretion pattern was not in line with the previous data by Gaafar et al. showing
higher VEGF-A expression in endometrial cells than bmMSCs [60]. The reason for this discrepancy might be due to the fact that the eMSCs in the Gafaar´s work were obtained through
culturing and not by FACS isolation, thus possibly including also other cells than mesenchymal stem cells. On the other hand, in line with previous studies, the bmMSCs were shown to
produce high levels of SDF-1α [46], whereas the secretion was moderate from the endometrial
cells. The SDF-1/CXCR4 signalling is considered crucial for bmMSC recruitment in general,
and, as mentioned earlier, recently the endometrial stromal cell SDF-1α was also shown to
attract mouse bmMSC through CXCR4 activity promoted by estrogen [46,61]. As for both
VEGF-A and SDF-1 secretion profile it might be that in order to avoid abundant endometrial
bmMSC migration and balanced bmMSC recruitment, the endometrium presents with more
quiescent secretion profile for these pivotal signals.
IL-8 has been found to have an important role regulating the recruitment of leucocytes to
the endometrium and promoting endometrial stromal viability and proliferation [62,63]. The
LPS-stimulated IL-8 levels were comparable in all three cell types; however, interestingly, the
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basal IL-8 levels were slightly elevated in endometrial cells compared with the bmMSCs. Furthermore, some of the cytokine targets that have been demonstrated to play a role in implantation processes and correlate with the implantation success in IVF treatments were expressed
evenly by bmMSCs and both endometrial cell types (MIP-1β, GRO-α) or even more robustly
by bmMSCs (MCP-1, IP-10) [64,65]. These data are of importance, especially considering a
recent study where bmMSCs therapy was carried out successfully for patients with thin endometrium leading to the endometrial repair and live birth [13]. As expected, a subset of cytokines was not detected at the basal level, but their secretion was triggered by the inflammatory
stimuli extending the cytokine profile of these cells (IL-1RA, IP-10, GM-CSF, IL-1α, IL-2, IL31 and Eotaxin). From these specifically ILR1A, IP-10, GM-CSF and EOTAXIN are all shown
to be involved in implantation process controlling trophoblast cell attraction/invasion [66–
70]. Altogether, one can speculate that the subtle cytokine expression pattern of the endometrial cell types compared with the bmMSCs might serve normal endometrial function by facilitating a balanced endometrial niche and by providing a non-hostile environment for the
implanting embryo.
The strength of the study lies in the rigorously collected rare human sample depository with
paired endometrial samples. Although obtaining bmMSCs and endometrial cell population
from the same patient would result into even more rigorous data, in practice this was not feasible. As MSCs have been shown to lose some of their properties with ageing [71,72], only samples from reproductive-aged women were included. Regarding the endometrial cell types,
Schwab et al. demonstrated that FACS sorting of the eMSCs with PDGFRβ+/ CD146+ double
staining yielded cells with a more stem cell-like phenotype compared to magnetic sorted
eMSCs [1]. Thus, in our study, the purity of endometrial cell types was enhanced by FACS isolation with PDGFRβ/CD146-labeling. There are also several limitations that need to be
addressed. Due to the small sample size, the study is considered as a pilot in vitro study that
lays ground for future experiments regarding the investigations on endometrial renewal and
endometrium-related pathologies like endometriosis and adenomyosis. Moreover, the hormonal and paracrine secretion or the interaction of other endometrial cells types on the metabolic/immunuosecretory properties of MSC populations was not assessed. As for the
migration assay, the effects of other cytokines/chemokines and growth factors or the synergistic effects of other endometrial cell types cannot be concluded.

Conclusions
This is the first study including bmMSCs, eMSCs and their progeny eSFs in the same study setting, allowing the simultaneous and more precise comparison of these three cell types regarding their proliferative, migratory and inflammatory characteristics. The data showed similar
surface marker profiles and high migration potential towards inflammatory attractants in
bmMSCs and eMSCs, while the endometrial cell population sharing similar niche had distinct,
subtler, cytokine profile compared with bmMSCs. While bmMSCs’ high proliferation and
migration potential supports their role in different renewal processes, including human endometrium, one can hypothesize, that the change in the cytokine secretion profile along differentiation process towards eSFs might enable a subtler cytokine profile possibly contributing to
normal endometrial function.

Acknowledgments
We would like to acknowledge Elina Huikari, Riitta Vuento and Virpi Glumoff for skillful
technical assistance.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175986 April 18, 2017

16 / 21

BmMSCs’ migration and cytokine profile compared with endometrial cells

Author Contributions
Conceptualization: M. Khatun TP.
Data curation: AS MS AL OV.
Formal analysis: M. Khatun AS.
Funding acquisition: TP JT.
Investigation: M. Khatun TP.
Methodology: M. Khatun TP AS OV SL MS.
Project administration: TS PL JT TP.
Resources: TP JT TS PL.
Software: M. Khatun AS TP.
Supervision: TP.
Validation: M. Khatun AS TP.
Visualization: M. Khatun TP.
Writing – original draft: M. Khatun TP.
Writing – review & editing: JC M. Khatun TP AS OV SL MS TS PL M. Kangasniemi AL JT.

References
1.

Schwab KE, Gargett CE. Co-expression of two perivascular cell markers isolates mesenchymal stemlike cells from human endometrium. Hum Reprod. 2007; 22: 2903–2911. https://doi.org/10.1093/
humrep/dem265 PMID: 17872908

2.

Spitzer TL, Rojas A, Zelenko Z, Aghajanova L, Erikson DW, Barragan F, et al. Perivascular human
endometrial mesenchymal stem cells express pathways relevant to self-renewal, lineage specification,
and functional phenotype. Biol Reprod. 2012; 86: 58. https://doi.org/10.1095/biolreprod.111.095885
PMID: 22075475

3.

Gargett CE, Ye L. Endometrial reconstruction from stem cells. Fertil Steril. 2012; 98: 11–20. https://doi.
org/10.1016/j.fertnstert.2012.05.004 PMID: 22657248

4.

Arici A, Senturk LM, Seli E, Bahtiyar MO, Kim G. Regulation of monocyte chemotactic protein-1 expression in human endometrial stromal cells by estrogen and progesterone. Biol Reprod. 1999; 61: 85–90.
PMID: 10377035

5.

Mor G, Cardenas I, Abrahams V, Guller S. Inflammation and pregnancy: the role of the immune system
at the implantation site. Ann N Y Acad Sci. 2011; 1221: 80–87. https://doi.org/10.1111/j.1749-6632.
2010.05938.x PMID: 21401634

6.

Norwitz ER, Schust DJ, Fisher SJ. Implantation and the survival of early pregnancy. N Engl J Med.
2001; 345: 1400–1408. https://doi.org/10.1056/NEJMra000763 PMID: 11794174

7.

Maruyama T, Yoshimura Y. Molecular and cellular mechanisms for differentiation and regeneration of
the uterine endometrium. Endocr J. 2008; 55: 795–810. PMID: 18580040

8.

Gargett CE, Schwab KE, Zillwood RM, Nguyen HP, Wu D. Isolation and culture of epithelial progenitors
and mesenchymal stem cells from human endometrium. Biol Reprod. 2009; 80: 1136–1145. https://doi.
org/10.1095/biolreprod.108.075226 PMID: 19228591

9.

Barragan F, Irwin JC, Balayan S, Erikson DW, Chen JC, Houshdaran S, et al. Human Endometrial
Fibroblasts Derived from Mesenchymal Progenitors Inherit Progesterone Resistance and Acquire an
Inflammatory Phenotype in the Endometrial Niche in Endometriosis. Biol Reprod. 2016; 94: 118. https://
doi.org/10.1095/biolreprod.115.136010 PMID: 27075616

10.

Ding DC, Shyu WC, Lin SZ. Mesenchymal stem cells. Cell Transplant. 2011; 20: 5–14. https://doi.org/
10.3727/096368910X PMID: 21396235

11.

Stagg J. Immune regulation by mesenchymal stem cells: two sides to the coin. Tissue Antigens. 2007;
69: 1–9. https://doi.org/10.1111/j.1399-0039.2006.00739.x PMID: 17212702

PLOS ONE | https://doi.org/10.1371/journal.pone.0175986 April 18, 2017

17 / 21

BmMSCs’ migration and cytokine profile compared with endometrial cells

12.

Taylor HS. Endometrial cells derived from donor stem cells in bone marrow transplant recipients.
JAMA. 2004; 292: 81–85. https://doi.org/10.1001/jama.292.1.81 PMID: 15238594

13.

Santamaria X, Cabanillas S, Cervello I, Arbona C, Raga F, Ferro J, et al. Autologous cell therapy with
CD133+ bone marrow-derived stem cells for refractory Asherman’s syndrome and endometrial atrophy:
a pilot cohort study. Hum Reprod. 2016; 31: 1087–1096. https://doi.org/10.1093/humrep/dew042
PMID: 27005892

14.

Aghajanova L, Horcajadas JA, Esteban FJ, Giudice LC. The bone marrow-derived human mesenchymal stem cell: potential progenitor of the endometrial stromal fibroblast. Biol Reprod. 2010; 82: 1076–
1087. https://doi.org/10.1095/biolreprod.109.082867 PMID: 20147733

15.

Evans J, Salamonsen LA. Decidualized human endometrial stromal cells are sensors of hormone withdrawal in the menstrual inflammatory cascade. Biol Reprod. 2014; 90: 14. https://doi.org/10.1095/
biolreprod.113.108175 PMID: 24227758

16.

van Mourik MS, Macklon NS, Heijnen CJ. Embryonic implantation: cytokines, adhesion molecules, and
immune cells in establishing an implantation environment. J Leukoc Biol. 2009; 85: 4–19. https://doi.
org/10.1189/jlb.0708395 PMID: 18784344

17.

Lydon JP, DeMayo FJ, Funk CR, Mani SK, Hughes AR, Montgomery CA Jr, et al. Mice lacking progesterone receptor exhibit pleiotropic reproductive abnormalities. Genes Dev. 1995; 9: 2266–2278. PMID:
7557380

18.

Hu C, Yong X, Li C, Lu M, Liu D, Chen L, et al. CXCL12/CXCR4 axis promotes mesenchymal stem cell
mobilization to burn wounds and contributes to wound repair. J Surg Res. 2013; 183: 427–434. https://
doi.org/10.1016/j.jss.2013.01.019 PMID: 23462453

19.

Zhang Y, Zheng J, Zhou Z, Zhou H, Wang Y, Gong Z, et al. Fractalkine promotes chemotaxis of bone
marrow-derived mesenchymal stem cells towards ischemic brain lesions through Jak2 signaling and
cytoskeletal reorganization. FEBS J. 2015; 282: 891–903. https://doi.org/10.1111/febs.13187 PMID:
25559502

20.

Gao Y, Zhou Z, Lu S, Huang X, Zhang C, Jiang R, et al. Chemokine CCL15 Mediates Migration of
Human Bone Marrow-Derived Mesenchymal Stem Cells Toward Hepatocellular Carcinoma. Stem
Cells. 2016; 34: 1112–1122. https://doi.org/10.1002/stem.2275 PMID: 26763650

21.

Liu N, Tian J, Cheng J, Zhang J. Migration of CXCR4 gene-modified bone marrow-derived mesenchymal stem cells to the acute injured kidney. J Cell Biochem. 2013; 114: 2677–2689. https://doi.org/10.
1002/jcb.24615 PMID: 23794207

22.

Anton K, Banerjee D, Glod J. Macrophage-associated mesenchymal stem cells assume an activated,
migratory, pro-inflammatory phenotype with increased IL-6 and CXCL10 secretion. PLoS One. 2012; 7:
e35036. https://doi.org/10.1371/journal.pone.0035036 PMID: 22496888

23.

Almeida CR, Caires HR, Vasconcelos DP, Barbosa MA. NAP-2 Secreted by Human NK Cells Can Stimulate Mesenchymal Stem/Stromal Cell Recruitment. Stem Cell Reports. 2016; 6: 466–473. https://doi.
org/10.1016/j.stemcr.2016.02.012 PMID: 27052313

24.

Eseonu OI, De Bari C. Homing of mesenchymal stem cells: mechanistic or stochastic? Implications for
targeted delivery in arthritis. Rheumatology (Oxford). 2015; 54: 210–218.

25.

Bellehumeur C, Blanchet J, Fontaine JY, Bourcier N, Akoum A. Interleukin 1 regulates its own receptors
in human endometrial cells via distinct mechanisms. Hum Reprod. 2009; 24: 2193–2204. https://doi.
org/10.1093/humrep/dep192 PMID: 19477877

26.

Rossi M, Sharkey AM, Vigano P, Fiore G, Furlong R, Florio P, et al. Identification of genes regulated by
interleukin-1beta in human endometrial stromal cells. Reproduction. 2005; 130: 721–729. https://doi.
org/10.1530/rep.1.00688 PMID: 16264101

27.

Pretto CM, Gaide Chevronnay HP, Cornet PB, Galant C, Delvaux D, Courtoy PJ, et al. Production of
interleukin-1alpha by human endometrial stromal cells is triggered during menses and dysfunctional
bleeding and is induced in culture by epithelial interleukin-1alpha released upon ovarian steroids withdrawal. J Clin Endocrinol Metab. 2008; 93: 4126–4134. https://doi.org/10.1210/jc.2007-2636 PMID:
18628526

28.

Koivunen P, Serpi R, Dimova EY. Hypoxia-inducible factor prolyl 4-hydroxylase inhibition in cardiometabolic diseases. Pharmacol Res. 2016; 114: 265–273. https://doi.org/10.1016/j.phrs.2016.11.003 PMID:
27832958

29.

Figueira PG, Abrao MS, Krikun G, Taylor HS. Stem cells in endometrium and their role in the pathogenesis of endometriosis. Ann N Y Acad Sci. 2011; 1221: 10–17. https://doi.org/10.1111/j.1749-6632.2011.
05969.x PMID: 21401624

30.

Gargett CE, Schwab KE, Deane JA. Endometrial stem/progenitor cells: the first 10 years. Hum Reprod
Update. 2016; 22: 137–163. https://doi.org/10.1093/humupd/dmv051 PMID: 26552890

PLOS ONE | https://doi.org/10.1371/journal.pone.0175986 April 18, 2017

18 / 21

BmMSCs’ migration and cytokine profile compared with endometrial cells

31.

Kyurkchiev D, Bochev I, Ivanova-Todorova E, Mourdjeva M, Oreshkova T, Belemezova K, et al. Secretion of immunoregulatory cytokines by mesenchymal stem cells. World J Stem Cells. 2014; 6: 552–570.
https://doi.org/10.4252/wjsc.v6.i5.552 PMID: 25426252

32.

Bernardo ME, Fibbe WE. Mesenchymal stromal cells: sensors and switchers of inflammation. Cell
Stem Cell. 2013; 13: 392–402. https://doi.org/10.1016/j.stem.2013.09.006 PMID: 24094322

33.

Dazzi F, Krampera M. Mesenchymal stem cells and autoimmune diseases. Best Pract Res Clin Haematol. 2011; 24: 49–57. https://doi.org/10.1016/j.beha.2011.01.002 PMID: 21396592

34.

Newman RE, Yoo D, LeRoux MA, Danilkovitch-Miagkova A. Treatment of inflammatory diseases with
mesenchymal stem cells. Inflamm Allergy Drug Targets. 2009; 8: 110–123. PMID: 19530993

35.

Chen JC, Roan NR. Isolation and Culture of Human Endometrial Epithelial Cells and Stromal Fibroblasts. Bio Protoc. 2015; 5: e1623. PMID: 27347495

36.

Piltonen TT, Chen J, Erikson DW, Spitzer TL, Barragan F, Rabban JT, et al. Mesenchymal stem/progenitors and other endometrial cell types from women with polycystic ovary syndrome (PCOS) display
inflammatory and oncogenic potential. J Clin Endocrinol Metab. 2013; 98: 3765–3775. https://doi.org/
10.1210/jc.2013-1923 PMID: 23824412

37.

Chen JC, Erikson DW, Piltonen TT, Meyer MR, Barragan F, McIntire RH, et al. Coculturing human
endometrial epithelial cells and stromal fibroblasts alters cell-specific gene expression and cytokine production. Fertil Steril. 2013; 100: 1132–1143. https://doi.org/10.1016/j.fertnstert.2013.06.007 PMID:
23849844

38.

Leskela HV, Risteli J, Niskanen S, Koivunen J, Ivaska KK, Lehenkari P. Osteoblast recruitment from
stem cells does not decrease by age at late adulthood. Biochem Biophys Res Commun. 2003; 311:
1008–1013. PMID: 14623282

39.

Ikoma T, Kyo S, Maida Y, Ozaki S, Takakura M, Nakao S, et al. Bone marrow-derived cells from male
donors can compose endometrial glands in female transplant recipients. Am J Obstet Gynecol. 2009;
201: 608.e1–608.e8.

40.

Lee RH, Kim B, Choi I, Kim H, Choi HS, Suh K, et al. Characterization and expression analysis of mesenchymal stem cells from human bone marrow and adipose tissue. Cell Physiol Biochem. 2004; 14:
311–324. https://doi.org/10.1159/000080341 PMID: 15319535

41.

Lehtonen ST, Karvonen HM, Harju T, Sormunen R, Lappi-Blanco E, Hilli M, et al. Stromal cells can be
cultured and characterized from diagnostic bronchoalveolar fluid samples obtained from patients with
various types of interstitial lung diseases. APMIS. 2014; 122: 301–316. https://doi.org/10.1111/apm.
12146 PMID: 24738160

42.

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, et al. Minimal criteria for
defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy. 2006; 8: 315–317. https://doi.org/10.1080/14653240600855905 PMID:
16923606

43.

Pendleton C, Li Q, Chesler DA, Yuan K, Guerrero-Cazares H, Quinones-Hinojosa A. Mesenchymal
stem cells derived from adipose tissue vs bone marrow: in vitro comparison of their tropism towards gliomas. PLoS One. 2013; 8: e58198. https://doi.org/10.1371/journal.pone.0058198 PMID: 23554877

44.

Machairiotis N, Stylianaki A, Dryllis G, Zarogoulidis P, Kouroutou P, Tsiamis N, et al. Extrapelvic endometriosis: a rare entity or an under diagnosed condition? Diagn Pathol. 2013; 8: 194-1596-8-194.

45.

Evans J, Salamonsen LA. Inflammation, leukocytes and menstruation. Rev Endocr Metab Disord.
2012; 13: 277–288. https://doi.org/10.1007/s11154-012-9223-7 PMID: 22865231

46.

Wang X, Mamillapalli R, Mutlu L, Du H, Taylor HS. Chemoattraction of bone marrow-derived stem cells
towards human endometrial stromal cells is mediated by estradiol regulated CXCL12 and CXCR4
expression. Stem Cell Res. 2015; 15: 14–22. https://doi.org/10.1016/j.scr.2015.04.004 PMID:
25957946

47.

Gargett CE, Masuda H. Adult stem cells in the endometrium. Mol Hum Reprod. 2010; 16: 818–834.
https://doi.org/10.1093/molehr/gaq061 PMID: 20627991

48.

Gao D, Mittal V. The role of bone-marrow-derived cells in tumor growth, metastasis initiation and progression. Trends Mol Med. 2009; 15: 333–343. https://doi.org/10.1016/j.molmed.2009.06.006 PMID:
19665928

49.

Peng H, Erdmann N, Whitney N, Dou H, Gorantla S, Gendelman HE, et al. HIV-1-infected and/or
immune activated macrophages regulate astrocyte SDF-1 production through IL-1beta. Glia. 2006; 54:
619–629. https://doi.org/10.1002/glia.20409 PMID: 16944452

50.

Matteo M, Serviddio G, Massenzio F, Scillitani G, Castellana L, Picca G, et al. Reduced percentage of
natural killer cells associated with impaired cytokine network in the secretory endometrium of infertile
women with polycystic ovary syndrome. Fertil Steril. 2010; 94: 2222–7, 2227.e1–3. https://doi.org/10.
1016/j.fertnstert.2010.01.049 PMID: 20236632

PLOS ONE | https://doi.org/10.1371/journal.pone.0175986 April 18, 2017

19 / 21

BmMSCs’ migration and cytokine profile compared with endometrial cells

51.

Srivastava A, Sengupta J, Kriplani A, Roy KK, Ghosh D. Profiles of cytokines secreted by isolated
human endometrial cells under the influence of chorionic gonadotropin during the window of embryo
implantation. Reprod Biol Endocrinol. 2013; 11: 116-7827-11-116.

52.

Yan H, Wu M, Yuan Y, Wang ZZ, Jiang H, Chen T. Priming of Toll-like receptor 4 pathway in mesenchymal stem cells increases expression of B cell activating factor. Biochem Biophys Res Commun. 2014;
448: 212–217. https://doi.org/10.1016/j.bbrc.2014.04.097 PMID: 24780395

53.

Cronin JG, Turner ML, Goetze L, Bryant CE, Sheldon IM. Toll-like receptor 4 and MYD88-dependent
signaling mechanisms of the innate immune system are essential for the response to lipopolysaccharide by epithelial and stromal cells of the bovine endometrium. Biol Reprod. 2012; 86: 51. https://doi.org/
10.1095/biolreprod.111.092718 PMID: 22053092

54.

Guo J, Chen L, Luo N, Li C, Chen R, Qu X, et al. LPS/TLR4-mediated stromal cells acquire an invasive
phenotype and are implicated in the pathogenesis of adenomyosis. Sci Rep. 2016; 6: 21416. https://doi.
org/10.1038/srep21416 PMID: 26898650

55.

Lockwood CJ. Mechanisms of normal and abnormal endometrial bleeding. Menopause. 2011; 18: 408–
411. https://doi.org/10.1097/GME.0b013e31820bf288 PMID: 21499503

56.

Maybin JA, Hirani N, Brown P, Jabbour HN, Critchley HO. The regulation of vascular endothelial growth
factor by hypoxia and prostaglandin F(2)alpha during human endometrial repair. J Clin Endocrinol
Metab. 2011; 96: 2475–2483. https://doi.org/10.1210/jc.2010-2971 PMID: 21677035

57.

Jabbour HN, Kelly RW, Fraser HM, Critchley HO. Endocrine regulation of menstruation. Endocr Rev.
2006; 27: 17–46. https://doi.org/10.1210/er.2004-0021 PMID: 16160098

58.

Nap AW, Griffioen AW, Dunselman GA, Bouma-Ter Steege JC, Thijssen VL, Evers JL, et al. Antiangiogenesis therapy for endometriosis. J Clin Endocrinol Metab. 2004; 89: 1089–1095. https://doi.org/10.
1210/jc.2003-031406 PMID: 15001592

59.

Sharkey AM, Day K, McPherson A, Malik S, Licence D, Smith SK, et al. Vascular endothelial growth factor expression in human endometrium is regulated by hypoxia. J Clin Endocrinol Metab. 2000; 85: 402–
409. https://doi.org/10.1210/jcem.85.1.6229 PMID: 10634417

60.

Gaafar T, Osman O, Osman A, Attia W, Hamza H, El Hawary R. Gene expression profiling of endometrium versus bone marrow-derived mesenchymal stem cells: upregulation of cytokine genes. Mol Cell
Biochem. 2014; 395: 29–43. https://doi.org/10.1007/s11010-014-2109-0 PMID: 24880484

61.

Segers VF, Tokunou T, Higgins LJ, MacGillivray C, Gannon J, Lee RT. Local delivery of protease-resistant stromal cell derived factor-1 for stem cell recruitment after myocardial infarction. Circulation. 2007;
116: 1683–1692. https://doi.org/10.1161/CIRCULATIONAHA.107.718718 PMID: 17875967

62.

Arici A, Seli E, Senturk LM, Gutierrez LS, Oral E, Taylor HS. Interleukin-8 in the human endometrium. J
Clin Endocrinol Metab. 1998; 83: 1783–1787. https://doi.org/10.1210/jcem.83.5.4754 PMID: 9589693

63.

Chang KK, Liu LB, Li H, Mei J, Shao J, Xie F, et al. TSLP induced by estrogen stimulates secretion of
MCP-1 and IL-8 and growth of human endometrial stromal cells through JNK and NF-kappaB signal
pathways. Int J Clin Exp Pathol. 2014; 7: 1889–1899. PMID: 24966899

64.

Boomsma CM, Kavelaars A, Eijkemans MJ, Lentjes EG, Fauser BC, Heijnen CJ, et al. Endometrial
secretion analysis identifies a cytokine profile predictive of pregnancy in IVF. Hum Reprod. 2009; 24:
1427–1435. https://doi.org/10.1093/humrep/dep011 PMID: 19228761

65.

Gnainsky Y, Granot I, Aldo PB, Barash A, Or Y, Schechtman E, et al. Local injury of the endometrium
induces an inflammatory response that promotes successful implantation. Fertil Steril. 2010; 94: 2030–
2036. https://doi.org/10.1016/j.fertnstert.2010.02.022 PMID: 20338560

66.

Sela HY, Goldman-Wohl DS, Haimov-Kochman R, Greenfield C, Natanson-Yaron S, Hamani Y, et al.
Human trophectoderm apposition is regulated by interferon gamma-induced protein 10 (IP-10) during
early implantation. Placenta. 2013; 34: 222–230. https://doi.org/10.1016/j.placenta.2012.12.008 PMID:
23306067

67.

Dominguez F, Martinez S, Quinonero A, Loro F, Horcajadas JA, Pellicer A, et al. CXCL10 and IL-6
induce chemotaxis in human trophoblast cell lines. Mol Hum Reprod. 2008; 14: 423–430. https://doi.
org/10.1093/molehr/gan032 PMID: 18495678

68.

Montazeri M, Sanchez-Lopez JA, Caballero I, Maslehat Lay N, Elliott S, Fazeli A. Interleukin-1 receptor
antagonist mediates toll-like receptor 3-induced inhibition of trophoblast adhesion to endometrial cells in
vitro. Hum Reprod. 2016; 31: 2098–2107. https://doi.org/10.1093/humrep/dew171 PMID: 27412245

69.

Robertson SA, Roberts CT, Farr KL, Dunn AR, Seamark RF. Fertility impairment in granulocyte-macrophage colony-stimulating factor-deficient mice. Biol Reprod. 1999; 60: 251–261. PMID: 9915988

70.

Chau SE, Murthi P, Wong MH, Whitley GS, Brennecke SP, Keogh RJ. Control of extravillous trophoblast function by the eotaxins CCL11, CCL24 and CCL26. Hum Reprod. 2013; 28: 1497–1507. https://
doi.org/10.1093/humrep/det060 PMID: 23477905

PLOS ONE | https://doi.org/10.1371/journal.pone.0175986 April 18, 2017

20 / 21

BmMSCs’ migration and cytokine profile compared with endometrial cells

71.

Beane OS, Fonseca VC, Cooper LL, Koren G, Darling EM. Impact of aging on the regenerative properties of bone marrow-, muscle-, and adipose-derived mesenchymal stem/stromal cells. PLoS One.
2014; 9: e115963. https://doi.org/10.1371/journal.pone.0115963 PMID: 25541697

72.

Kilpinen L, Tigistu-Sahle F, Oja S, Greco D, Parmar A, Saavalainen P, et al. Aging bone marrow mesenchymal stromal cells have altered membrane glycerophospholipid composition and functionality. J Lipid
Res. 2013; 54: 622–635. https://doi.org/10.1194/jlr.M030650 PMID: 23271708

PLOS ONE | https://doi.org/10.1371/journal.pone.0175986 April 18, 2017

21 / 21

