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Introduction

Summary

Bone marrow-derived mesenchymal stromal cells (BM-MSCs) have immuno-
suppressive properties and have been used to treat steroid-refractory acute
graft-versus-host disease (GVHD) in stem cell transplant patients. Cells with
similar capacities can also be found in term placental tissue. We have isolated
stromal cells from term fetal membrane (FMSCs), umbilical cords (UCSCs)
and placental villi (PVSCs) as well as from bone marrow and compared their
immunoregulatory capacity in allogeneic settings. We found that FMSCs and
UCSC:s suppressed proliferation significantly in mixed lymphocyte reactions
(MLRs), whereas PVSCs showed inconsistent suppressive effects. When added
to MLR cultures, FMSCs suppressed the production of interferon (IFN)-yand
interleukin (IL)-17, whereas UCSCs and PVSCs promoted the production of
IL-17 instead. Secretion of IL-10 was increased after addition of FMSCs and
UCSC:s. In this setting, BM-MSCs had no significant effect on secretion of
IEN-y, IL-17 or IL-10 in MLR cultures. When analysing the expression of
adhesion markers, we noted that FMSCs expressed the highest levels of CD29
(B1), CD49d (0i4) and CD54 (ICAM-1) compared to the other types of
stromal cells. Thus, our data indicate that stromal cells isolated from term
fetal membrane have great immunosuppressive capacity in terms of prolifera-
tion and production of proinflammatory cytokines from alloreactive T cells,
and also promote anti-inflammatory IL-10. They express high levels of inte-
grins that may be of importance in homing to inflamed tissues. Fetal mem-
brane may provide a valuable source of cells with immunosuppressive
properties and could possibly be used for treatment of acute GVHD and other
inflammatory disorders.

Keywords: adhesion molecules, allotransplantation, immune regulation,
immunotherapy, stem cell transplantation

shown to suppress alloantigen-induced T cell effector func-
tions in vitro [3]. The mechanisms of suppression by

Haematopoietic stem cell transplantation (SCT) is an estab-
lished therapy for treatment of patients with malignan-
cies and inborn immune disorders [1,2]. New treatment
modalities have improved the outcome for SCT patients,
but there are still problems in handling transplant-related
disorders. One of the most serious conditions in this
setting is steroid-refractory acute graft-versus-host disease
(GVHD), which develops when donor-derived T cells
recognize and become activated by alloreactive recipient
tissue.

Bone marrow-derived mesenchymal stromal cells (BM-
MSCs) have immunoregulatory functions, and have been
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BM-MSCs are still largely unknown, but human BM-MSCs
appear to mediate their immunomodulatory capacity
mainly through soluble factors [4,5], although recent studies
have indicated that contact-dependent mechanisms may also
play arole [6]. Another essential feature of BM-MSCs is their
low immunogenicity, which — together with their immuno-
modulatory effects in the allogeneic setting — has provided a
rationale for their clinical use in GvHD or tissue toxicity.
Infusion of third-party BM-MSCs has been used to treat
steroid-refractory acute GVHD [7,8] and haemorrhagic cys-
titis [9], but there is still a need for further development of
this kind of cell therapy.
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Fetomaternal tolerance is of great importance for preg-
nancy success, as the maternal immune system recognizes
the developing fetus and placenta as semi-allografts [10].
Many systemic and local mechanisms have been proposed to
explain this transient maternal tolerance to fetal histoincom-
patibility [11]. As the fetus is never in direct contact with the
maternal immune system, the tolerance mechanisms may
occur at the placental-maternal interface. Placental tissue
may therefore be a valuable source of cells with intrinsic
immunosuppressive properties, which might be suited for
transplant settings.

Stromal cells from term placental and umbilical cord
tissue share many features with BM-MSCs in terms of
differentiation potential and surface marker expression
[12-17]. Placenta-derived stromal cells are accessible with
little or no need for ethical considerations and without any
invasive procedures, as the placenta is normally discarded
after delivery. Interestingly, fetal membranes from term pla-
centas have been used for almost a century to treat burn
injuries [18]. Most studies on stromal cells derived from
placenta and umbilical cord have focused on possible uses in
regenerative medicine, but there are indications that term
placental tissues may also provide a valuable source of
suppressive cells for adoptive therapy in inflammatory
disorders. Indeed, a few studies have indicated that placental
stromal cells are better at suppressing alloreactive T cells
than are MSCs from adults [19,20].

The fetal part of the placenta is composed of the fetal
membranes, the umbilical cord and placental villi. The fetal
membranes consist of the amnion and the chorion. The
amnion is a thin membrane consisting of a mesoderm layer
and an epithelial layer, which encloses the amniotic cavity
and the developing fetus [13]. The chorion is the outer fetal
membrane and consists of mesodermal and trophoblastic
regions. Fibroblast-like stromal cells have been isolated from
all these placental compartments, but until now their effects
on alloantigen-specific immunity and expression of adhe-
sion molecules have not been compared directly. The main
aim of this study was to determine which placental stromal
cells that would be best suited for clinical protocols in the
setting in which immune suppression and capacity to home
to target tissue are the most important properties.

Materials and methods

Isolation of stromal cells from fetal membrane, villous
placenta and umbilical cord

Term placentas were obtained from healthy mothers, with
informed consent after caesarean section. Ethical approval
was obtained from the Institutional Ethical Review Board.
The placenta was washed in Hanks’s balanced salt solution
(Life Technologies, Gaithersburg, MD, USA) several times to
remove contaminating blood. For isolation of membrane
stromal cells, fetal membrane (both the amnion and the
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chorion) was dissected mechanically by carefully cutting the
membrane free of the placenta 3—4 cm from the placental
structure, and was thereafter cut into smaller pieces (n=4).
Villous placental cells were expanded from pieces of chori-
onic villi that were harvested in the spongy tissue from
the area close to the attachment of the umbilical cord and
minced (n =4) according to a previously published method
[21]. For generation of umbilical cord stromal cells (n = 4),
the amniotic membrane was removed from the cord
and small pieces of Wharton’s jelly were cut from the cord
and minced. To isolate stromal cells from the amnion and
chorion, the membranes were separated mechanically from
each other. The pieces of different tissues were plated under
a cover glass in six-well plates. All tissues were therefore
processed without enzymatic digestion, to avoid unnecessary
damage to the cells and to limit the number of reagents that
would have to be considered regarding good manufacturing
practice (GMP) if adopted for clinical use. In experiments
examining amniotic stromal cells (ASC) and amniotic epi-
thelial cells (AEC), the amniotic membrane was digested in
trypsin-ethylenediamine tetraacetic acid (EDTA) (Gico
BRL, Grand Island, NY, USA) according to a previously pub-
lished paper [22] to isolate AEC before plating the amniotic
membrane. The stromal cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Life Technologies) with
10% fetal calf serum (PAA Laboratories GmbH, Pasching,
Austria) and penicillin—streptomycin (complete DMEM).
When colonies of fibroblast-like cells appeared after 2-7
days, the pieces of tissue were removed and culture was con-
tinued until the wells became 80% confluent. The cells were
harvested with trypsin-EDTA and transferred to a T75
or T175 flask for further expansion. Stromal cells were
expanded up to passage three and then used for experiments.

Preparation of bone marrow-derived mesenchymal
stromal cells

BM-MSCs were isolated and expanded from bone marrow
aspirated from the iliac crest of adult volunteers, following
approval by the ethics Committee of Huddinge University
Hospital, Sweden, and were cultured as reported previously
[3]. Briefly, mononuclear cells were isolated from Percoll-
separated bone marrow and resuspended in complete
DMEM. Cultures were maintained for two to four passages
and harvested by treatment with trypsin. The cells were clas-
sified as BM-MSCs based on their ability to differentiate into
bone, fat and cartilage [3] and by flow cytometric analysis
(positive for CD44, CD29, CD73 and CD105 but negative for
CD14, CD34 and CD45).

Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from buffy coats from blood donors by density
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gradient centrifugation over Lymphoprep (Nycombed, Oslo,
Norway).

Proliferation assay

PBMCs were plated in triplicate at 2 x 10° per well in 96-well
plates in RPMI-1640 medium with 5% human AB serum
and were stimulated with irradiated allogeneic PBMCs
(2% 10° per well) in mixed lymphocyte reactions (MLRs),
the absence or presence of 2x10* irradiated placental
stromal cells or BM-MSCs per well (stromal cell to effector
cell ratio 1:10). After 5 days, PBMCs were pulsed with 1 uCi
[*H]-thymidine (Amersham Biosciences, Little Chalfont,
UK) per well for 18 h. To study the proliferative response of
purified T cells, CD3" cells were first separated from normal
donor PBMCs using the Pan T cell isolation kit (Miltenyi
Biotech, Bergisch Gladbach, Germany), according to the
manufacturer’s directions. CD3* T cells were stimulated
with anti-CD3- and anti-CD28-coated beads (Miltenyi
Biotech) for 4 days in the presence or absence of FMSCs.
[*H]-Thymidine incorporation was measured with a Micro-
Beta TriLux (Perkin-Elmer, Weiterstadt, Germany). The
n-numbers in the figure legends refer to the number of MLR
experiments performed with different responder PBMC,
expressed as the mean of triplicates.

ELISA

Levels of interferon (IFN)-y, interleukin (IL)-10, IL-17 and
IL-6 in supernatants from MLR cultures and purified CD3*
T cells after stimulation for 5 days and 3 days, respectively,
were analysed by enzyme-linked immunosorbent assay
(ELISA) with paired capture and biotinylated detection anti-
bodies according to the manufacturer’s instructions (R&D
Systems, Minneapolis, MN, USA). The detection limits for
the different cytokines were 37 pg/ml for IFN-v, 12 pg/ml for
IL-10, 6 pg/ml for IL-17 and 6 pg/ml for IL-6. When no
cytokine was detected the lowest detectable value was used.

Flow cytometry

For all flow cytometric analyses, a fluorescence activated cell
sorter (FACS) Sort flow cytometer (BD Biosciences, San José,
CA, USA) was used to acquire data and Summit version 4-1
software (Dako, Fort Collins, CO, USA) was used to analyse
the results. The different kinds of stromal cells were stained
with the following antibodies: CD14, CD45, CD34, CD90,
CD73, CD29, CD49d, CD54, CD31, stage-specific embry-
onic antigen (SSEA)-3, SSEA-4 (BD Biosciences), CD105
(Ancell Corporation, Bayport, MN), CD44 (Immunotech,
Marseille, France), human leucocyte antigen (HLA) class 11,
HLA class I (Dako), CXCR4, PD-L1 (BioLegend, San Diego,
CA, USA) and CDI13 (Harlan Sera-Lab, Loughborough,
UK).

© 2011 The Authors
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To analyse the effect of an inflammatory environment on
the expression of markers on FMSCs and BM-MSCs, stromal
cells were preincubated in the presence or absence of 100 U
IFN-vy per ml for 48 h before analysis.

Expression of various markers on stromal cells is either
presented as percentage of positive cells after setting
the gates using fluorochrome-labelled isotype control anti-
bodies or as mean fluorescence intensity (MFI) in cases
where the majority of the cells were positive for the
molecule examined.

Osteogenic and adipogenic differentiation potential

The capacity of placental stromal cells to differentiate
along osteogenic and adipogenic lineages was analysed as
described previously [3]. Briefly, for osteogenic differentia-
tion the cells were grown in complete DMEM supplemented
with dexamethasone (0-1 uM), ascorbic acid (0-05 mM) and
glycerophosphate (10 mM). The cells were stained for calci-
fied structures using Alizarin red stain. For adipogenic dif-
ferentiation, the cells were grown in complete DMEM
supplemented with 1-methyl-3-isobutylxanthine (0-5 mM),
dexamethasone (1 uM), insulin (10 pg/ml) and indometha-
cin (0-2 uM). Adipogenesis was measured by the accumula-
tion of neutral lipids in fat vacuoles, stained with oil red O.

Statistical analysis

Wilcoxon signed-rank test (GraphPad Prism Software, San
Diego, CA, USA) was used to compare the proliferation of or
cytokine production from MLR cultures with or without
stromal cells. Mann—Whitney U-test was used to compare
the expression of surface markers on the different stromal
cells.

Results

Culture and morphology of placental tissue-derived
stromal cells

We have developed protocols for isolation of stromal cells
from fetal membrane, umbilical cord and placental villi, in
which dissected parts of term placental tissues were cultured
without enzymatic digestion. After 2—7 days, cells began to
migrate from the tissue and were left to adhere to and pro-
liferate on tissue culture plates. For the fetal membranes, the
primary cell culture was a heterogeneous population of
epithelial cells and fibroblast-like stromal cells (Fig. 1a), but
after 1-2 passages the cultures were dominated by cells
that morphologically resembled mesenchymal stromal cells
(Fig. 1b). For the umbilical cord (Fig. 1c) and placental
villus-derived cultures (Fig. le), the majority of cells pro-
truding from the tissues had a fibroblast-like morphology.
These retained their morphological structure when
expanded (Fig. 1d,f). The stromal cells were cultured up to
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Fig. 1. Photomicrographs and phenotypic characterization of stromal cells from placental tissues. Panels (a), (c) and (e) illustrate primary

cultures of fetal membrane, umbilical cord and placental villi, respectively, with cells protruding from the tissues. Original magnification:
x4. Panels (b), (d) and (f) show stromal cells from fetal membrane, umbilical cord and placental villi, respectively, at passage 3. Original
magnification: x10. (g) Phenotypic analysis of stromal cells isolated from fetal membrane (FMSC), umbilical cord (UCSC), placental villi
(PVSC) and bone marrow (BM-MSC) in passage 3. Grey and white histograms depict the corresponding markers and isotype controls,

respectively.

passage three and used for subsequent experiments. In an
attempt to generate a large quantity of cells from one of the
FMSC cultures, we managed to expand up to 600 million
cells in passage two, which would be an adequate number for
treating at least four to five GVHD or toxicity patients with
the same cell dose that is used for BM-MSC infusion
(1-2 % 10° cells per kg).
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The cells were negative for haematopoietic cell markers
CD45 and CD34, but were positive for the typical MSC
markers CD29, CD44, CD105, CD90 and CD73 (Fig. 1g). All
kinds of stromal cells showed surface expression of MHC
class I, but were negative for CXCR4 (Fig. 1g), MHC class 11,
SSEA-3, CD31 and CD14 and negative or weakly positive for
SSEA-4 (data not shown).

© 2011 The Authors
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Differentiation capacity of placenta-derived
stromal cells

Stromal cells from different placental tissues (n=3 from
each subset, passage three) were grown in osteogenic and
adipogenic induction media for 3 weeks. BM-MSCs showed
great differentiation capacities into these lineages, but all
placenta-derived stromal cells failed to differentiate to fat
and bone under these conditions (data not shown). There-
fore, due to their poor ability to differentiate into mesoder-
mal lineages, the placenta-derived cells are not referred to as
mesenchymal cells.

Stromal cells from the fetal membrane have strong
immunosuppressive capacity

To examine the suppressive ability of stromal cells derived
from different parts of placental tissue, we stimulated
PBMCs with irradiated allogeneic PBMCs in the absence or
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Immunosuppression by fetal membrane stromal cells

presence of irradiated FMSCs, placental villi (PVSCs) or
UCSCs (10 responder cells per stromal cell) and measured
proliferative responses. We found that stromal cells isolated
from fetal membranes and from umbilical cords inhibited
alloantigen-induced proliferation, whereas cells from pla-
cental villi generally showed poor suppressive capacity
(Fig. 2a). Overall, when comparing all the data with control
MLRs, FMSCs showed the highest median suppressive
capacity (47%, P <0-0001) compared to UCSCs (29%,
P=0-015) and bone marrow-derived MSCs (41% suppres-
sion, P=0-014) (Fig. 2b). As shown in Fig. 2¢c, FMSCs from
all four donors tested showed similar suppression. Thus,
stromal cells isolated from the fetal membrane appeared
to have the most consistent and greatest inhibition of
alloantigen-induced proliferation compared to stromal cells
isolated from other placental tissues, and it was at least as
good as that shown by BM-MSCs. Addition of conditioned
medium from FMSC cultures to the MLRs had no suppres-
sive effect on proliferation (1 = 6, data not shown).
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Fig. 2. Fetal membrane stromal cells show strong immunosuppressive capacity. (a) Effect of proliferation after addition of stromal cells from fetal

membrane (FMSCs) [n = 27 mixed lymphocyte reactions (MLRs) with different responder peripheral blood mononuclear cells (PBMCs)], umbilical
cord (UCSCs) (1 =21 MLRs), placental villi (PVSCs) (n =21 MLRs) and bone marrow-derived mesenchymal stem cells (BM-MSCs) (1 =21 MLRs)
to MLR cultures (responder PBMC to stromal cell ratio 10:1). Proliferation was measured on day 6. (b) Percentage proliferation in MLRs after addi-

tion of the indicated type of stromal cells compared to control MLRs without stromal cells. (¢) Alloantigen-induced proliferation with or without

FMSCs from four different donors (from left to right: n =4, 5, 8 and 8 responder PBMCs, respectively). (d) Stromal cell-induced proliferation of

PBMCs (1 = 15). The data are presented as box-and-whiskers with the maximum, minimum, median, 25th and 75th quartiles, and were generated by
using FEMSC, UCSC, PVSC and BM-MSC from four, three, three and three donors, respectively. *P < 0-05; **P < 0-01; ***P < 0-001 compared to the
MLRs (panels a and c¢) or PBMCs (panel d) in the absence of stromal cells, as analysed by Wilcoxon’s matched-pairs test.
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BM-MSCs have been found previously to have low immu-
nostimulatory effects on allogeneic T cells [4,23]. We there-
fore examined the immunogenicity of third-party stromal
cells on unstimulated PBMCs. These experiments showed
that all kinds of placental stromal cells, as well as BM-MSCs,
induced proliferation of PBMCs to some extent (Fig. 2d).
FMSCs, UCSCs, PVSCs, and BM-MSCs induced median
values of 6-2-, 4-1-, 6:7- and 3-1-fold higher proliferative
response than background proliferation of unstimulated
PBMC:s, respectively.

Stromal cells isolated from different placental tissues
promote different cytokine patterns

Stromal cells may influence cytokine production from T cells
in an alloresponse. In order to examine how alloantigen-
stimulated T cells are affected by stromal cells from different
placental tissues, we next measured IFN-y, IL-10 and IL-17
levels in the supernatants of MLR cultures stimulated in the
presence or absence of placental stromal cells. As shown in
Fig. 3a, we found that the production of IFN-y was reduced
significantly when either FMSCs or UCSCs were added to
the MLR (P =0-:0013 and P = 0-0067, respectively), whereas
there was a trend of a reduction in IFN-y secretion in the
presence of PVSCs (P=0-08). Only a low and non-
significant effect on alloantigen-induced IFN-y was observed
for BM-MSCs (P =0-27). None of the stromal cells tested
showed an IFN-y-inducing effect from unstimulated PBMCs
(Fig. 3a).

Levels of IL-10 were significantly higher in PBMC
and MLR cultures when FMSCs or UCSCs were added
(P=0-0071and P = 0-0001, respectively), whereas PVSCs and
BM-MSCs induced higher levels of IL-10 when cultured with
unstimulated PBMCs, but not in alloantigen-stimulated
cultures (Fig. 3b).

Previous studies have shown that BM-MSCs may promote
production of IL-17 [24], which is a cytokine that may have
harmful effects in patients with inflammatory disorders. We
found that the level of IL-17 in supernatants from MLRs
cultured with UCSCs and PVSCs was significantly higher
than in those from control MLRs, indicating that stromal
cells isolated from placental villi and umbilical cord induced
production of IL-17 (Fig. 3c). In contrast, FMSCs showed
the opposite effect with significantly reduced levels of IL-17
when added to the MLR cultures. For the BM-MSCs, there
was no significant difference between the MLRs with or
without MSCs. All kinds of stromal cells promoted low levels
of IL-17 from unstimulated PBMCs, but FMSCs only
induced an increase in IL-17 levels by a factor of mean 1-3-
fold compared to resting PBMCs, whereas the corresponding
mean figures for UCSCs, PVSCs and BM-MSCs were 3-9-,
4-1- and 3-1-fold, respectively.

There was no production of IFN-y, IL-10 or IL-17 from
stromal cells cultured alone in the absence of PBMC (data
not shown).
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Fig. 3. Fetal membrane stromal cells suppress interferon (IFN)-y
and interleukin (IL)-17 production, but induce IL-10 production.
Peripheral blood mononuclear cells (PBMCs) were stimulated with
irradiated allogeneic PBMCs [mixed lymphocyte reactions (MLRs)]
or were left unstimulated (PBMCs) in the presence or absence of
stromal cells from fetal membrane (FMSCs) (n = 30 MLRs with
different responder PBMCs), umbilical cord (UCSCs) (n =22 MLRs),
placental villi (PVSCs) (n =22 MLRs) and bone marrow-derived
mesenchymal stem cells (BM-MSCs) (1 =20 MLRs). Supernatants
were harvested on day 5 and levels of (a) IFN-y, (b) IL-17 and (c)
IFN-v were analysed by enzyme-linked immunosorbent assay. The
data are presented as the mean cytokine production * standard error
of the mean, and were generated by using FMSC, UCSC, PVSC and
BM-MSC from four, three, three and three donors, respectively.

*P < 0-05; **P < 0:01; ***P < 0-001 compared to the MLRs or

PBMC:s in the absence of stromal cells, as analysed by Wilcoxon’s
matched-pairs test.
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Fig. 4. Fetal membrane stromal cells produce low levels of interleukin
(IL)-6. (a) Peripheral blood mononuclear cells (PBMCs) were
stimulated with irradiated allogeneic PBMCs [mixed lymphocyte
reactions (MLRs)] or left unstimulated (PBMCs) in the presence or
absence of stromal cells from fetal membrane (FMSCs) (n =30 MLRs
with different responder PBMCs), umbilical cord (UCSCs) (n =22
MLRs), placental villi (PVSCs) (n =22 MLRs) and bone marrow-
derived mesenchymal stem cells (BM-MSCs) (n =20 MLRs).
Supernatants were harvested on day 5 and levels of IL-6 were
determined by enzyme-linked immunosorbent assay. (b) Levels

of IL-6 were determined in supernatants from the type of stromal
cell indicated after 5 days of culture. The data are presented as the
mean cytokine production * standard error of the mean and were
generated by using FMSC, UCSC, PVSC and BM-MSC from four,
three, three and three donors, respectively. *P < 0-05; **P < 0-01;

**P < 0-001 compared to the MLRs or PBMCs in the absence of
stromal cells, as analysed by Wilcoxon’s matched-pairs test (a).

The Mann—-Whitney U-test was used to compare the levels of IL-6
produced from different types of stromal cells relative to the level
produced by FMSCs (b).

IL-6 is a pleiotropic cytokine that is produced by stromal
cells, and this cytokine has been shown to be implicated in
the development of IL-17-producing T helper type 17
(Th17) cells [25]. We therefore measured the levels of IL-6 in
our cultures and found that addition of any of the stromal
cells tested dramatically increased the secretion of IL-6, both
under unstimulated and alloantigen-stimulated conditions
(Fig. 4a). However, the amount of IL-6 produced was higher
in cultures to which UCSCs, PVSCs and BM-MSCs
were added, compared to those that received FMSCs. In line

© 2011 The Authors
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with these observations, when measuring the level of IL-6
secreted from stromal cells in the absence of PBMCs, we
found that the UCSCs, PVSCs and BM-MSCs produced
significantly higher levels of this cytokine than FMSCs
(Fig. 4b). We also measured IL-23 levels, but there were no
detectable amounts of this cytokine in these cultures (data
not shown).

Fetal membrane stromal cells express high levels of
adhesion markers

We then examined adhesion markers that are important for
migratory properties and for cell-cell interactions. CD49d
(04-integrin) is of importance for the ability of cells to
migrate over endothelial barriers to sites of inflammation.
As shown in Fig. 5a, FMSCs were found to express higher
levels of this marker than stromal cells isolated from other
placental tissues. BM-MSCs showed the lowest expression
of CD49d with a median proportion of 3-6% of cells as
opposed to 41-8% for FMSCs (P = 0-03). Similarly, the inten-
sity of expression of CD29 (B1-integrin), which together
with CD49d forms VLA-4 that binds to VCAM-1 on endot-
helial cells, was highest on FMSCs (Fig. 5b). CD54 intercel-
lular adhesion molecule-1 (ICAM-1) is a cell-cell adhesion
molecule, and almost all FMSCs and UCSCs were positive
for this marker (median 92:6% and 99-6%, respectively),
whereas the median proportion of PVSCs and BM-MSCs
expressing CD54 was 63-8% and 33-6%, respectively
(Fig. 5¢). CD44, another adhesion molecule, tended to be
expressed at higher intensity on FMSCs than on other pla-
cental tissue stromal cells and BM-MSCs (Fig. 5d), but this
difference did not reach statistical significance.

FMSCs showed the highest intensity of expression of
HLA class I antigen compared to UCSCs, PVSCs and
BM-MSCs (median MFI of 2390, as opposed to 1315, 1412
and 700, respectively), but this observation was not statis-
tically significant (Fig. 5e). CD73, a 5’-ectonucleotidase that
produces extracellular adenosine, which has been impli-
cated in regulatory T cell-mediated suppression [26], was
expressed in significantly higher amounts on FMSCs than
on UCSCs (Fig. 5f), but it also tended to be expressed at
greater intensity on FMSCs than on BM-MSCs (P =0-09).
There was no difference in the expression of other
markers, including CD13, CD90, CD105 and SSEA-4,
when we compared the different stromal cells (data not
shown).

In order to study how an inflammatory environment
affects the expression of MHC molecules and other markers,
we next stimulated FMSCs and BM-MSC with IFN-y before
analysis. We found that IFN-vy increased the expression of
HLA class I molecules on FMSCs and BM-MSCs, but had
little effect on the expression of HLA class II on FMSC,
whereas BM-MSC readily up-regulated the expression of this
marker (Fig. 5g). The expression of CD49d was not affected
by an inflammatory environment on either cell type, whereas
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Fig. 5. Fetal membrane stromal cells express high levels of adhesion molecules. (a—f) Expression of different markers on stromal cells from fetal
membrane (FMSCs), umbilical cord (UCSCs), placental villi (PVSCs) and bone marrow-derived mesenchymal stromal cells (BM-MSCs) were

analysed by flow cytometry (n =4 for each type of stromal cell). The Mann—Whitney U-test was used to compare the mean fluorescence intensity
(MFI) or the percentage expression of cell surface markers on different types of stromal cells. The data are presented as box-and-whiskers with
the maximum, minimum, median, 25th and 75th quartiles. (g) Representative histograms of expression of different markers on unstimulated
(light grey histograms) or interferon (IFN)-y-stimulated (dark grey histograms) FMSCs (n = 6) and BM-MSCs (n = 3). White histograms depict

isotype controls.

IFN-y induced an up-regulation of CD54. IFN-y further FMSCs than on BM-MSCs both in unconditioned and in
strongly induced the expression the negative co-stimulatory IFN-y-stimulated stromal cells (P=0-02). Neither FMSCs
marker PD-L1 on FMSCs and BM-MSCs, but the intensity of nor BM-MSC expressed the co-stimulatory marker CD86
the expression of this marker was significantly higher on after IFN-y treatment.
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Stromal cells generated from intact fetal membrane
provide at least as good suppression as cells from
separated chorion and amnion

When performing MLRs with chorion stromal cells (CSCs)
and amnion stromal cells (ASCs) isolated separately, and
with amnion epithelial cells (AECs), we found that FMSCs
were at least as good, or even better, at depriving pro-
liferation compared to cells isolated from separated
amniotic or chorionic membranes (Fig. 6a). This indi-
cates that contaminating AECs are unlikely to have
affected the suppressive capacity of FMSCs and that

crude preparations of unseparated fetal membrane

generates stromal cells that have great suppressive

effects.
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T cells are targets for fetal membrane stromal
cell-mediated suppression

We next tried to identify the target cell type upon which
FMSCs have its effect. By labelling responder PBMCs with
CFESE before stimulation with alloantigen, we found that
proliferation of CD3" cells were inhibited in the MLR
when FMSC were added to the culture (Fig. 6b). To confirm
further that T cells are targeted by FMSC-mediated suppres-
sion, we examined how purified CD3* T cells were affected in
a system devoid of antigen-presenting cells. We found that
CD3* T cells were suppressed strongly when stimulated with
anti-CD3/anti-CD28-coated beads in the presence of FMSCs
(Fig. 6¢). In this system, production of IFN-y, IL-17 and
IL-10 tended to be suppressed when FMSC were added to the
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Fig. 6. Fetal membrane stromal cells mediate their suppressive effect on T cells. (a) Effect on proliferation in mixed lymphocyte reactions (MLRs)
[n =7 different responder peripheral blood mononuclear cells (PBMCs)] after addition of stromal cells generated from intact fetal membrane
(FMSC), separated chorion (CSC) or amnion (ASC) or amnion epithelial cells (AEC) (n =2 for each type of stromal cell). (b) Responder PBMCs
were labelled with carboxyfluorescein succinimidyl ester (CFSE) before stimulation with allogeneic PBMC (MLR) and the effect of FMSCs were
analysed on T cells by gating on CD3" cells. (c) Effect of FMSCs on proliferation and cytokine production from purified CD3" T cells after
stimulation with anti-CD3- and CD28-coated beads (1 = 4). The data are presented as box-and-whiskers with the maximum, minimum, median,

25th and 75th quartiles.
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purified T cell cultures (Fig. 6¢), which contrasts with the
results with MLRs, where the production of IL-10 was
increased. It should also be noted that FMSCs did not induce
production of either IL-10 or IL-17 from unstimulated T
cells.

Discussion

Bone marrow-derived MSCs have been used therapeutically
in several indications, including acute GVHD, Crohn’s
disease and multiple sclerosis [7,8,27,28]. Very little is
known about the qualities of these cells, which are impor-
tant for their tissue-repairing and immunosuppressive
effects. However, an ability to inhibit alloantigen- or
autoantigen-induced proliferation and promotion of an
anti-inflammatory milieu may be of particular importance.
The capacity to migrate to inflamed tissue after infusion
may also be a significant feature of the cells. Although
BM-MSCs have shown promising results for treatment of
acute GVHD [7,8], there is still a need for improvement of
this kind of immunotherapy. In this study, we have isolated
cells from different placental compartments and examined
immunological properties that are of importance in alloge-
neic transplantation settings.

In accordance with the results from other studies, we have
shown that stromal cells from fetal membrane [29-31] and
umbilical cord [32,33] inhibit proliferative responses in allo-
geneic settings. We were also able to show that these cells
suppress IFN-y secretion and promote IL-10 production
when added to MLR cultures. In our hands, stromal cells
derived from placental villi had no significant suppressive
effect, but there have been other studies showing that cells
isolated from this part of the placenta have an inhibitory
effect [19,34]. We noted a suppressive effect in the responder
cells from more than half the donors, whereas in other
experiments the cells promoted proliferation instead
(Fig. 2b). A stimulating effect in MLR, especially when using
low numbers of stromal cells, has been reported previously
for BM-MSCs [3]. Overall, none of the PVSCs isolated from
any of the four donors showed consistent suppression. Dif-
ferences in isolation techniques might account for the dis-
crepancies in suppressive effect between this and the above
studies, as the other authors prepared their cells by enzy-
matic digestion of the tissues.

When examining the immunogenicity of third-party
stromal cells on unstimulated PBMCs, we found that all kinds
of placental stromal cells, as well as BM-MSCs, induced pro-
liferation of PBMCs to some extent. This may be due either to
an expansion of CD4*CD25*forkfead box protein 3 (FoxP3*)
regulatory T cells, which has been reported previously for
BM-MSC [35], or to the fact that the cells express MHC class
I which promotes an alloreactive response.

There have been studies showing that BM-MSCs may
promote IL-17 production when CD4* T cells are stimu-
lated with phytohaemagglutinin (PHA) [24], and that they
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can aggravate collagen-induced arthritis in an animal model
by increased production of IL-17 and IL-6 [36]. This
contrasts with two other studies showing that murine
BM-MSCs can suppress IL-17 secretion in vitro [37] and in
vivo in an experimental autoimmune encephalomyelitis
model [38]. However, how different populations of stromal
cells from placental tissue affect IL-17 secretion has not
been described. We found that FMSCs suppressed the secre-
tion of IL-17 in MLR cultures, whereas UCSCs and PVSCs
promoted production of IL-17 instead. BM-MSCs had no
significant effect on IL-17 production when added to the
cultures. The reduced production of IFN-y and IL-17 in
the MLR culture in the presence of FMSCs might reflect the
repressed proliferative responses. However, UCSC inhibited
proliferation but still induced production of IL-17, indicat-
ing that factors produced from these cells promoted IL-17
secretion. In line with these observations, UCSCs and
PVSCs produced significantly higher levels of IL-6 than
FMSCs, and IL-6 has been suggested to be important for
induction of IL-17 production from T cells [25]. However,
purified T cells did not produce IL-17 when FMSCs were
added to the cultures, indicating that other cells in PBMCs
provide factors that are needed for IL-17 production, such
as IL-23 and IL-1f, which can be produced from antigen-
presenting cells [39].

The pattern of IL-10 secretion was also different in
purified T cell cultures compared to MLR cultures, as this
cytokine was not induced when FMSCs were added to
unstimulated or anti-CD3/CD28 stimulated T cells. This
indicates that other cells than T cells, such as monocytes or B
cells, are responsible for the production of IL-10 or needed
for induction of IL-10 from T cells.

We further examined potential trafficking molecules on
placental stromal cells. 041, which is also known as VLA-4,
is composed of CD49d and CD29. We have shown that
FMSCs express significantly higher levels of both these
markers than BM-MSCs; they also tended to be expressed at
higher intensity compared to stromal cells isolated from
other parts of the placenta. Although BM-MSCs expressed
CD29 at high intensity, CD49d was virtually absent on
the surface of these cells. Expression of the ligand for
04P1, vascular cell adhesion molecule-1 (VCAM-1), is
up-regulated on endothelium of inflamed tissue, and the
capacity of cells to enter the site of inflammation in an injury
setting is dependent on the interaction between these mol-
ecules [40]. Thus, our data indicate that FMSCs may have
enhanced properties for homing to damaged tissue relative
to BM-MSCs, but it is not known whether expression of
CD49d also may affect the suppressive effects of the cells.
Interestingly, Brooke et al. have shown that stromal cells iso-
lated from term villous placenta show functional binding
to VCAM-1, whereas BM-MSCs fail to show such an
interaction [41].

Another adhesion molecule, ICAM-1, is important
for homing in tissue repair and for cell-cell contacts, in
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particular for T cell interactions with antigen-presenting
cells. Ren et al. used ICAM-1-deficient MSCs from ICAM-
I~ mice to demonstrate that ICAM-1 is essential for the
immunosuppressive effects of murine BM-MSCs, both
in vitro and in vivo, as cell—cell proximity was important
for the efficient delivery of soluble suppressive factors [6].
In contrast, Najar et al. were unable to detect any involve-
ment of ICAM-1 in BM-MSC-mediated suppression when
they blocked this molecule with antibodies [42]. Whether or
not ICAM-1 is of importance for the suppressive effect,
it may nevertheless be crucial for homing to damaged
tissue, and our data indicate that FMSCs express higher
levels of this adhesion marker than the other stromal cells
tested.

It has been reported that amniotic epithelial cells (AECs)
may become stromal-like with expansion [43,44]. As the
fetal membrane cultures were contaminated previously by
AECs in the first passage it is possible that the FMSCs may
contain AECs that have undergone epithelial-mesenchymal
transition and that this may have affected the results. AEC
can be isolated by digesting the amnion with trypsin, which
yields a practically pure preparation of epithelial cells, but
there will be a considerable number of AECs still attached
to the membrane which may contaminate the amnion
stromal cells. We have therefore not been able to start with
pure stromal cell cultures that are completely devoid of
AEC. However, in our hands, purified AECs survived for
one only passage and thereafter stopped growing without
becoming stromal-like, indicating that our culture condi-
tions did not induce epithelial-mesenchymal transition.
This was repeated three times with the same results (data
not shown). Furthermore, chorionic stromal cells, which
were isolated from chorion that were separated mechani-
cally from amnion and hence devoid of AEC before cultur-
ing, should contain a pure population of stromal cells.
These cells showed a better suppressive effect than AEC,
indicating that contaminating AECs are unlikely to have
affected the suppressive capacity of FMSCs.

The placenta-derived stromal cells described in this
study showed a poor capacity to differentiate into fat
and bone. Others have previously shown that stromal cells
from term fetal membranes, umbilical cord and placental
villi have osteogenic, adipogenic and chondrogenic differen-
tiation potential [12,45-48], but there are indications that
placenta-derived stromal cells have lower osteogenic [49]
or adipogenic [12,34] differentiation capacities than bone
marrow-derived MSCs. However, the capacity of stromal
cells to differentiate into different mesodermal lineages may
not be of relevance for their immunosuppressive and tissue
repairing effect in vivo.

The mechanisms by which FMSC have a stronger sup-
pressive effect compared to stromal cells isolated from
other placental compartments is still not known. It could
be due potentially to differences in expression of HLA-G on
the different placental cell types or inductive capacity for
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regulatory T cells, but these assumptions remain to be
determined.

Understanding the fetal escape from an attack by the
maternal immunological system is a central question in
maternal—fetal physiology. It is likely that a number of clas-
sical pregnancy complications, such as preterm labour and
pre-eclampsia, might be associated with a disturbed mater-
nal tolerance. Thus, it will be important to further elucidate
the role of FMSC in this context.

In conclusion, we have shown that stromal cells isolated
from term fetal membranes have strong immunosuppressive
capacity and express adhesion molecules that are important
for homing to damaged tissue. Apart from these immuno-
logical features, another advantage of placental tissue-
derived cells is that they are easily isolated by non-invasive
procedures, with little or no ethical considerations. Fetal
membrane stromal cells may have great therapeutic capabil-
ity, as this placental tissue has been shown previously to have
wound-healing effects [18].
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