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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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