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Instead as being seen as medical waste, umbilical cord blood
(UCB), placenta-derived cells, and other extraembryonic
tissue are increasingly accepted as a high-quality source of
cells for therapeutic use. The best-known application is the
transplantation of hematopoietic stem cells (HSCT), while
UCB has become an increasingly important graft source
since UCB transplantation (UCBT) has been implemented
in the last 3 decades. Recently, UCB, placenta, and
extraembryonic-derived cells and tissues have been also
investigated as a source for adoptive cell therapy.

The nonhematopoietic stem cell types in UCB as well as
placenta-derived and extraembryonic cells and tissues include
several types that can be used therapeutically and are readily
expanded to sufficient numbers using established methods.
Most notable of these are mesenchymal stromal cells (MSCs)
and endothelial-like vascular progenitors (EPCs). To compli-
cate it further, MSCs from different sources of the placenta
seem to have very different properties.

To even further potentiate the use of extraembryonic-
derived tissues for therapy, the sources have to be elaborately
characterized. In this special edition, the potential use for this
kind of tissues in this was highlighted in several cases illus-
trating its role in future regenerative medicine. Examples of
papers are published in this special edition.

Endometriosis is characterized by the growth of the
endometrium outside the uterus, mainly in the pelvic cavity.
The pathophysiology of the endometriosis is still not
completely understood. Previous reports suggested that there
are several factors contributing to the pathogenesis of endo-
metriosis, such as decreased immunosurveillance in the pelvic
cavity and stem cells. There is a stem cell theory assuming that
because of the retrograde menstruation, mesenchymal stro-
mal cells (MSCs) present ectopically in the pelvic cavity. In this
special issue, A. Fawaz et al. published a manuscript in which
they provide characterization of the functional phenotype of
MSCs in ectopic and eutopic endometria isolated from
women with endometriosis. They examined whether the
stromal cells of endometriotic ovarian cysts (ESCcyst) and
endometrium (ESCendo) have a MSC phenotype. Interest-
ingly, they showed that stromal cells from both ESCcyst and
ESCendo have MSC characteristics and were able to differen-
tiate into other cells, such as adipocytes and osteoblasts. It has
been reported thatMSCs have an immunosuppressive pheno-
type and express immunosuppressive molecules under
increased inflammatory conditions. However, under low level
of inflammation, they have an immunostimulatory phenotype
and express high levels of proinflammatory cytokines. A. Fawaz
et al. found that ESCcyst have more immunosuppressive
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characteristics than does ESCendo. Results published in this
article suggested that the ESCcyst-immunosuppressive phe-
notype enhances immunosuppressive M2 macrophage, lead-
ing to a reduction in the immunosurveillance of ectopic
lesions enhancing the growth of ESCcyst. This data supports
the stem cell theory and the retrograde menstruation. In this
special issue, another article has been published by the same
group. In this article, they investigated the influence of allo-
geneic MSCs on cells isolated from endometriosis in vitro.
Allogeneic MSCs were isolated from adipose tissue (Ad-
MSC), and stromal cells were isolated from ESCendo and
ESCcyst from women with endometriosis. They showed that
Ad-MSCs enhance the proliferation, survival, and adhesion
of ESC. Furthermore, ESCcyst migration was increased by
Ad-MSCs. This article recommends that allogeneic Ad-MSCs
are not suitable for therapeutic purposes of the endometriosis
with ESCcyst, because they increase the growth and survival
of ectopic endometrial tissue.

The placenta is rich with different types of cells and
extracts that can be used for therapeutic approaches. In this
special issue, O. Pogozhykh et al. published an interesting
review article summarizing the types of placental derivatives
and their applications in regenerative medicine. These types
include cord blood cells, placental extracts, cord blood serum,
isolated placental cells, amniotic and chorionic membranes,
placental tissues, and amniotic fluid. The review provides
information about the biobanking of placental components.
Detailed information about the current clinical trial using
placental derivatives is described in this review.

A Marmotti et al. described a method for isolation and
expansion of UC-derived MSCs that were later successfully
differentiated into chondrocytes. Their results would in the
future potentially open the possibility to deliver an
on-demand allogeneic population of cells for cartilage repair
and bone regeneration.
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Therapeutical Possibility

Sofia Berglund ,1 Ahmed Gaballa ,2 Piamsiri Sawaisorn,2,3 Berit Sundberg ,2

and Michael Uhlin 2,4,5

1Department of Medicine, Solna, Karolinska Institutet, Stockholm, Sweden
2Department of Clinical Science, Intervention and Technology, Karolinska Institutet, Stockholm, Sweden
3Center for Research and Innovation, Faculty of Medical Technology, Mahidol University, Bangkok, Thailand
4Department of Applied Physics, Royal Institute of Technology, Stockholm, Sweden
5Department of Immunology and Transfusion Medicine, Karolinska University Hospital, Stockholm, Sweden

Correspondence should be addressed to Sofia Berglund; sofia.berglund@ki.se

Received 12 September 2017; Revised 3 December 2017; Accepted 4 December 2017; Published 7 March 2018

Academic Editor: Kevin D. Bunting

Copyright © 2018 Sofia Berglund et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Gammadelta (γδ) T cells are found in both blood and tissues and have antiviral and antitumor properties. The frequency of
γδ T cells in umbilical cord blood (UCB) is low, and the majority express δ1, in contrast to blood, whereas the main subset is δ2γ9 T
cells. UCB γδ T cells are functionally immature, which together with their scarcity complicates the development of UCB γδ T cell
therapies. We aimed to develop an effective expansion protocol for UCB γδ T cells based on zoledronate and IL-2. We found that
culture with 5 μM zoledronate and 200 IU IL-2/ml medium for 14 days promoted extensive proliferation. The majority of the
cultured cells were γ9δ2 T cells. The fold expansion of this, originally infrequent, subset was impressive (median and maximum
fold change 253 and 1085, resp.). After culture, the cells had a polyclonal γδ T cell repertoire and the main memory subset was
central memory (CD45RO+ CD27+). The cells produced cytokines such as IL-1B, IL-2, and IL-8 and displayed significant
tumor-killing capacity. These results show that development of in vitro expanded UCB γδ T cell therapies is feasible. It could
prove a valuable treatment modality for patients after umbilical cord blood transplantation.

1. Introduction

γδ T cells constitute a unique minor subpopulation of T cells.
Their features place them between innate and adaptive
immunity [1] and include antigen recognition independent
of major histocompatibility complex (MHC) presentation,
cytokine production, and cytotoxicity [2–4].

In humans, there are several subsets of γδ T cells, identi-
fied by the combination of specific TCR γ and δ chains. The
major γδ T cell population in peripheral blood (PB) expresses
a TCR containing δ2 and γ9 chains [4]. This subset, termed
δ2γ9 T cells, recognizes phosphoantigens, phosphorylated
nonpeptidic metabolic intermediates of the isoprenoid bio-
synthesis [5] in both invading microbes and the body’s own
cells, in an MHC-unrestricted manner [4, 6]. Endogenous
phosphoantigens are upregulated in cellular dysregulation,

a state that can result from infection or malignant transfor-
mation, and have been implicated as a key factor in γδ T cell
tumor recognition [4, 7, 8]. This indicates a role for δ2γ9 T
cells in anticancer immunity.

Another important γδ T cell subset expresses the δ1
chain and is known to be predominant in the thymus and
peripheral tissues. These γδ T cells are considered to recog-
nize various stress-related antigens, most of which are
uncharacterized. Known specificities include CD1 family
proteins [9], MICA, and MICB [10, 11].

γδ T cells constitute approximately 5% of circulating
T cells in adult PB [12], but the compartment can increase
substantially in certain situations [13, 14]. In umbilical cord
blood (UCB), γδ T cells are present at a low frequency
(<1% of lymphocytes [15]) and express a naïve phenotype.
The repertoire is polyclonal, with δ1 T cells being the
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predominant subtype [16, 17]. The δ2γ9 T cells are few in
UCB [18, 19] and have been described as functionally imma-
ture: they express low frequencies of high-affinity interleukin
2 receptor (IL-2R) β chain and have reduced interferon-
(IFN-) γ production [20]. However, a higher expression
of the IL-2R α chain has been reported in UCB δ2γ9 T
cells [20], as well as a decreased expression of the com-
mon IL-2Rγ chain on UCB lymphocytes in general [21].

γδ T cell immunotherapy is currently being explored. An
important milestone was the discovery that bisphosphonates,
drugs for osteoporosis, inhibit a downstream enzyme in the
isoprenoid biosynthesis, causing accumulation of metabolites
and making exposed cells γ9δ2 T cell targets. Thus, in vitro
expansion of γ9δ2 T cells can be easily performed with clin-
ically approved and readily available compounds.

Expansion of γδ T cells from adult PB has been explored
with considerable success [22–24], and several early clinical
trials of expanded PB δ2γ9 T cell immunotherapy have been
performed in patients with malignancies [25]. Other trials
have explored treatment of patients with bisphosphonates
and IL-2 to induce in vivo γ9δ2 T cell expansion [25]. Note-
worthy results include those of a phase I/II study of in vitro
expanded γ9δ2 T cell therapy in patients with renal cell car-
cinoma [26], where reduction of lesions or significantly
reduced tumor growth rate could be seen in 6/11 patients.
A commercial product with in vitro expanded Vδ2Vγ9 T cell
has been developed and found safe in a phase I study in
patients with renal cell carcinoma [27, 28].

In vitro expansion of γδ T cells from umbilical cord
blood (UCB) for clinical use includes several challenges,
including the low number of γδ T cells present, the
low percentage of γ9δ2 T cells capable of responding to
phosphoantigens, and their immature phenotype. UCB γδ
T cells have been found to be relatively unresponsive to
model phosphoantigens, but to proliferate in response to
bisphosphonates [15, 18].

IL-2 and IL-15 have been used in combination with
bisphosphonates, and IL-15, both with IL-2 and alone, has
been described to contribute to reduced apoptosis and higher
cytokine and cytotoxic mediator expression upon restimula-
tion [18]. However, in vitro expansion of UCB γδ T cells with
the bisphosphonate alendronate or zoledronate and a low
dose of IL-2 has been described to preferentially induce
differentiation into a cytokine production rather than a
cytotoxic phenotype [15].

The development of γδ T cell products for use after
hematopoietic stem cell transplantation (HSCT) is an attrac-
tive prospect. The clinical significance of γδ T cells in the
HSCT context is clearly demonstrated in reports showing
that higher frequencies of γδ T cells after transplantation
are associated with favorable outcome [29–31]. Importantly,
reconstitution of γδ T cells after HSCT depends mainly on
the graft source, with poor reconstitution of γδ T cells seen
after umbilical cord blood transplantation (UCBT). The
impact of graft source on γδ T cell reconstitution can most
likely be attributed to the number and quality of the γδ T cells
present in the graft [31], stressing the potential of γδ T cell
immunotherapy in UCBT recipients, preferentially with
graft-derived UCB γδ T cells.

The aim of the present study was to further explore the
in vitro culture of UCB γδ T as a potential source of cells
for adoptive cell therapy (ACT), with specific focus on treat-
ment after UCBT. The first step towards the development of
a successful ACT strategy is the establishment of an efficient
production protocol easily conformable to good manufactur-
ing practice (GMP) regulations. We have here initialized the
development of such a protocol, using the experiences of
others, and we are continuing to explore optimal production
conditions. The choice of the reagents for the protocol, zole-
dronate, and IL-2 was based on their availability in formula-
tions conforming to GMP standards. We also chose to focus
on the expansion of δ2γ9 T cells, a subset known to be easily
and reliably expanded in vitro, and to have antitumoral and
anti-infectious properties, making it suited for use as adop-
tive therapy after HSCT.We found that we could successfully
expand products with a high percentage of γδ T cells present,
of which the majority were δ2γ9 T cells in spite of very small
numbers of this subset at baseline. We also found that they
displayed both cytokine production and cytotoxic antitumor
capacity. We see considerable potential in this protocol, espe-
cially in the context of UCBT, and hope to further develop
this culture protocol towards clinical application.

2. Material and Methods

2.1. Umbilical Cord Blood Units.Umbilical cord blood (UCB)
was collected from healthy volunteers giving birth at the
maternity ward at Karolinska University Hospital in
Huddinge, Stockholm, Sweden, for the Swedish Umbilical
Cord Blood Bank, and was made available for research due
to insufficient cell numbers for clinical use. Collected UCB
units were received without any labeling that could enable
tracking of the donor and were given unique numbers
according to order of collection. The UCB donors were three
females and five males. Peripheral blood mononuclear cells
(PBMC) were collected from healthy volunteers, two females
and one male. All donors had given their informed consent
prior to donation in accordance with the guidelines and reg-
ulations stipulated by the Karolinska Institute and with the
declaration of Helsinki. The project was approved by the
regional ethical board (2007/4:10).

2.2. Sample Preparation and Cell Culture.Mononuclear UCB
and PB cells were obtained by density gradient separation
(Lymphoprep, Fresenius Kabi Norge AS) and washed
and cryopreserved in complete medium (as defined
below) supplemented 10% di-methyl sulphoxide (DMSO,
Wak-Chemie Medical GmbH, Steinbach, Germany) in liquid
nitrogen. The frozen samples were thawed and washed prior
to culture, and for all but the preliminary experiment, a
depletion of CD56+ cells was performed for all UCB cultures
using a 2-step positive selection method by first staining the
cells with CD56-APC antibody (BD Bioscience, Franklin
Lakes, NJ, USA) and then adding MACS anti-APC beads
(Miltenyi, Bergisch Gladbach, Germany) according to
manufacturers’ instructions. Cells were then seeded at a
concentration of 1× 106 viable mononuclear cells/ml in com-
plete medium, defined as 1640 RPMI (Life Technologies
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(Gibco)) supplemented with 10% pooled human AB-serum
(Department of Transfusion Medicine at Karolinska Univer-
sity Hospital Huddinge), 100 IU/ml penicillin G, 100mg/ml
streptomycin, 0.25mg/ml amphotericin B (Life Technologies
(Gibco)), and 2mM L-glutamine (Sigma Aldrich Inc, St
Louis, MO). Recombinant IL-2 and the bisphosphonate zole-
dronate were added in varying concentrations (0–500 IU/ml
and 0–10μM, resp.) according to Table 1. Cell culture was
performed at 37°C at 5% CO2. Viable cells were counted
using trypan blue exclusion every other day and replated to
maintain cell concentration. Cells were replated using a
medium containing IL-2 according to protocol, but zoledro-
nate was only added on day 0. On day 7, cells were spun
down by centrifugation, and the supernatant was removed
in order to completely replace the culture medium. On day
14, cells were counted, harvested, and cryopreserved in
complete medium supplemented with 10% DMSO.

2.3. Flow Cytometry. Cell surface staining was performed as
described previously [32]. Briefly, cells were incubated at
4°C for 20min with antibodies diluted in PBS supplemented
with 1% FCS (staining buffer) and washed before FACS
analysis. Acquisition was performed on a FACSCANTO flow
cytometry instrument (BD) using the FACSDiva software
(BD). The acquired data was analyzed with FlowJo (Tree Star
Inc., Ashland, OR) and subsequently using the bh-SNE
algorithm in the CYT software (Dana Pe’er Lab, ref) running
on MatLab (MathWorks Inc., Natick, MA, USA). Control
stained samples were used for gating according to the fluores-
cence minus one technique. The antibodies used in the flow
cytometry panels are described in Table 1.

2.4. Spectratyping. The γδ TCR repertoire with regard to the
main δ families (Vδ1, Vδ2, and Vδ3) and γ families (Vγ9,
Vγ10, and Vγ11) was assessed using the spectratyping
method adapted from Rådestad et al. [33]. Briefly, DNA
was extracted from expanded UCB cells, and amplifications
of 12 δ chain subfamilies and 9 γ chain subfamilies were
performed by multiplex PCR reaction using primers as
described before [34] (Tables S1–3). The PCR was performed
using AmpliTaq Gold 360 Master Mix (Applied Biosystems),
specific primers in a final concentration of 200 or 400 nano-
Moles as indicated in Table S1 and S2, and 100 ng of DNA,
with a thermal cycler PCR machine (PTC-200, MJ Research,
Watertown, MA). The process included the following steps:
initial denaturation at 95°C for 10 minutes, followed by 35
cycles each of 94°C for 30 sec, 60°C for 45 sec, 72°C for
60 sec, and a final elongation step at 72°C for 10 minutes;
and capillary electrophoresis where each PCR product was
mixed with formamid (FA, HiDi Formamide) and size
standard (GeneScan 400HD Rox Size std, Applied Biosys-
tems) in 96-well MicroAmp plates (Applied Biosystems).
Samples were analyzed using 3130× 1 Genetic Analyser
(Applied Biosystems). The results were analyzed using the
PeakScanner software (Applied Biosystems).

2.5. Cytokine Production Assay. Relative expression of cyto-
kine genes was determined for expanded UCB and PB γδ T
cells cultured with 5μM zoledronate and 200 IU IL-2/ml

medium. Briefly, cryopreserved cells were thawed and RNA
was extracted from sorted γδ T cells (TCR γ/δ T cell isolation
kit, Miltenyi) using the PureLink™ RNA Mini Kit (Invitro-
gen, ThermoFisher) and converted to cDNA using Super-
Script™ IV VILO™ Master Mix (ThermoFisher) according
to manufacturer’s instructions. Real-time (Rt) PCR was
performed on 7500 fast real-time PCR instrument (Applied
Biosystems), using TaqMan Gene Expression Assays for IL-
1B, IL-2, IL-6, IL-7, IL-8, IL-12B, IL-15, and IL-17 genes
and human ACTB gene as reference gene.

2.6. Cytotoxicity Assay. γδ killing was assessed using a
cytometry-based assay as previously described [35]. Briefly,
cryopreserved expanded UCB and PB γδ T cells cultured
with 5μM zoledronate and 200 IU IL-2/ml medium were
thawed and cocultured with target tumor cells from the
human cholangiocarcinoma cancer cell line Hucct-1.
Hucct-1 cells were labeled with the CellTrace™ Violet Cell
Proliferation marker (CTV, Thermo Fisher) for easy identifi-
cation and incubated with cultured γδ cells at 37°C, with 5%
CO2 for 24 hours at an effector: target ratio of 10 : 1. Cell
viability was then assessed by flow cytometry in CTV positive
cells using annexin V. The % of target cells killed by γδ T cells
was calculated by the following formula: % γδ T cell
killing= 100− (% viable CTV+Hucct-1 cells in cocultures
with γδ cells)/(% viable CTV+Hucct-1 cells in control culture
without γδ cells)× 100.

2.7. Statistics. Data was analyzed and displayed using Prism 6
(GraphPad, San Diego, CA). The T cells cultured under dif-
ferent conditions were paired according to level of IL-2 and
the presence or absence of zoledronate in the culture media.
Due to the limited sample size, nonparametric pair-wise
comparisons were performed using the Wilcoxon rank-sum
test, and in the instances where 5 or fewer measurements
were available in either group, the Mann–Whitney U test.

The marker expression patterns of cells cultured in differ-
ent culture conditions were also compared using the bh-SNE
algorithm, which, briefly, converts multidimensional data
into bidimensional, mapping similarities by first calculating
a pairwise distance matrix for the high-dimensional space
and transforming it into a similarity matrix using a varying
Gaussian kernel. A random bidimensional map is then
rendered, and pairwise similarities are calculated for the
low-dimensional space created. The map is then optimized
in iteration steps where the calculated similarity between
any given two cells is rechecked to optimally redistribute
them on the map. The analysis was performed using the
CYT software from Dana Pe’ers lab on the Matlab platform
[36]. Here, flow cytometry data was gated to include only
CD3+ single-cell events and exported as separate files using
FlowJo. The fluorescence data was arcsin transformed with
a cofactor of 150 in CYT for comparability, and subsamples
of 5000 events were obtained randomly from the sample files
before bh-SNE analysis.

The analysis of viability and apoptosis was performed
using the SPICE software [37], which generated graphics
illustrating the differences in the proportion of dead and apo-
ptotic cells between the groups, and the statistical analysis

3Stem Cells International

http://downloads.hindawi.com/journals/sci/2018/8529104.f1.zip
http://downloads.hindawi.com/journals/sci/2018/8529104.f1.zip
http://downloads.hindawi.com/journals/sci/2018/8529104.f1.zip


was performed using the built-in test in the software, apply-
ing 1,000,000 permutations, as described previously [37].

3. Results

3.1. The Proliferation of UCB γδ T Cells Is Influenced by the
Concentrations of IL-2 and Zoleronate in the Culture
Medium. UCB units were divided into five parts that were
cultured in complete medium containing 50 IU IL-2/ml
alone or, 50, 100, 200, or 500 IU IL-2/ml combined with
5μM zoledronate. The selection of the experimental condi-
tions was based on an initial experiment where a UCB unit
was divided into 13 parts cultured separately with different

concentrations of IL-2 (50, 100, 200, 400, or 600 IU/ml cul-
ture medium) and zoledronate (5μM or 10μM), or in com-
plete medium only. Assessment on day +14 for viable cell
count using trypan blue exclusion and for phenotype with
flow cytometry indicated that the lower dose of zoledronate
(5μM) resulted in the best results with regard to viability,
proliferation, and percentage of γδ T cells. Zoledronate in
the absence of IL-2 had limited effect on the proliferation of
γδ T cells. IL-2 was found to reinforce the zoledronate-
induced proliferation of γδ T cells already from a low con-
centration (data not shown). A sizeable number of CD56+

CD3− NK cells was seen at the end of expansion, which led
us to introduce bead-based depletion of CD56+ cells into

Table 1: Surface staining.

Target antigen Fluorophore Clone Company, address

CD28 FITC CD28.2

BD Bioscience
Franklin Lakes, NJ, USA

CD56 FITC NCAM16.2

CD69 FITC FN50

CD94 FITC HP-3D9

CD95 FITC DX2

PD-1 FITC MIH4

PD-1 BV421 MIH4

TCRαβ FITC T10B9.1A-31

CD8 FITC SK1

CD8 APC Cy7 SK1

CD8 V500 RPA-T8

CD45RO APC UCHL1

CD4 Alexa Fluor 700 RPA-T4

CD3 PE UCHT1

CD3 V450 UCHT1

CD3 BV510 UCHT1

CD19 PE HIB19

CD27 PE M-T271

CD27 BV421 M-T271

CCR7 PE-Cy7 3D12

TCRγδ FITC IMMU510
Beckman Coulter Inc.
Indianapolis, IN, USA

Cd152/CTLA-4 FITC A3.4H2.H12
LifeSpan Biosciences
Seattle, WA, USA

CD223/LAG-3 FITC 17B4

CD366/TIM-3 APC F38-2E2

TCR Vδ2 FITC B6 BioLegend
San Diego, CA, USATCR Vγ9 FITC B3

TCR Vδ1 FITC TS8.2
Thermo Fisher Scientific
Waltham, MA, USA

TCRγδ PE REA591
Miltenyi

Bergisch Gladbach, Germany

Apoptosis and viability

7AAD
BD Biosciences

Annexin V FITC

Annexin V APC
Immunotools GmbH
Friesoythe, Germany

7-AAD: 7-aminoactinomycin; APC: allophycocyanin; CD: cluster of differentiation; FITC: fluorescein isothiocyanate; PE: phycoerythrin.
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the protocol. After the first experiments indicated that 500 IU
IL-2/ml had limited, if any, additional effect on γδ T cell pro-
liferation compared to 200 IU IL-2/ml, the final cell cultures
were performed with either 50, 100, or 200 IU IL-2/ml and
5μM zoledronate. Lastly, for comparison purposes, periph-
eral blood mononuclear cells (PBMC) from healthy volun-
teers were cultured in medium with 200 IU IL-2/ml and
5μM zoledronate.

Assessment of viable cell counts, using trypan blue exclu-
sion, and the phenotype of the cultured cells was performed
after 14 days of culture. The results, displayed in Figure 1,
indicated that the highest number of viable UCB cells was
obtained using medium containing zoledronate and 200 IU
IL-2/ml (Figure 1(a)). However, the cell counts were compar-
atively lower in cultured UCB cells than in PBMC expan-
sions, as might be expected based on the small numbers of
γ9δ2 T cells in baseline UCB. The percentage of TCRγδ
UCB T cells was high after culture with medium containing
zoledronate with IL-2 concentrations between 50 and
200 IU/ml, with a tendency towards higher percentages γδ
T cells with higher IL-2 concentrations (Figures 1(b) and
1(c)). The percentage of γδ T cells in PBMC cultures tended
to be slightly higher (Figure 1(b)). The change from a T cell
population with a small proportion of γδ T cells in UCB unit
at baseline sample to a postculture T cell population contain-
ing a majority of γδ T cells is illustrated in Figure 1(c), where
graphical “maps” generated using the bh-SNE algorithm are
displayed. The analysis was performed for UCB cultures on
gated CD3+ T cells. The total proportion of γδ T cells in each
group (all included samples assessed together) indicates that,
on a group basis, the highest proportion of γδ T cells was
achieved using 100–200 IU IL-2/ml medium (Figure 1(c),
lower right panel).

The fold expansion of γδ T cells was robust, with median
fold changes of 14, 33, and 47 in UCB expansions cultured
with medium containing zoledronate and 50, 100, and
200 IU IL-2/ml, respectively (Figure 1(d)). The fold change
of PB cultures was higher, with a median of 1099.

There seemed to be no discernable difference with
regard to percentage of γδ T cells at baseline (Supplementary
Figure 1a) or after culture, or with regard to fold expan-
sion at the end of culture (data not shown) between
UCB cultures derived from male newborns compared to
ones from female newborns.

3.2. Superior Viability of Cultured UCB γδ T Cells Is Achieved
Using Medium Level Concentrations of IL-2.We assessed cell
death and apoptosis in the UCB cells before and at the end of
culture by flow cytometry using a combination of the
markers 7-AAD (7-Aminoactinomycin D) and annexin V.
Cells positive for both these markers were defined as dead
or dying, and cells single-positive for annexin V were defined
as apoptotic, as has been described before [38]. Cells negative
for both these markers were defined as viable. We found that
the proportion of viable, apoptotic and dead γδ T cells, dif-
fered significantly after culture with 5μM zoledronate and
100–200 IU IL-2/ml compared with 5μM zoledronate and
50 IU IL-2/ml, with a higher proportion of viable cells and
less dead and apoptotic cells with the former (Figure 2).

3.3. The Majority of Cultured UCB γδ T Cells Express TCR
Vδ2 and TCR Vγ9 and Have a Memory Phenotype. We fur-
ther wanted to establish which subtype of γδ T cells was gen-
erated by our expansion protocol, based on which TCR γ
chains and δ chains made up the TCR of the cultured γδ T
cells. Due to technical factors regarding the flow cytometry
panel setup, the analysis of pan-TCRγδ and Vγ9, Vδ1 and
Vδ2, respectively, in the same panel was not possible. How-
ever, using the known percentage γδ T cells/CD3+ T cells
and comparing it with the percentage Vγ9+, Vδ1+, and
Vδ2+/CD3+ T cells, the proportions of γ9, δ1, and δ2 γδ T
cells could be estimated.

As expected, a majority expressed Vγ9 and Vδ2, respec-
tively, in both UCB and PBMC expansions, while the
percentage of Vδ1+ cells was reduced from baseline
(Figure 3(a)). Interestingly, we noticed that a slightly higher
percentage of cells was consistently found to be positive for
Vγ9 than for Vδ2 in UCB-derived cultures but not PBMC-
derived cultures. At baseline, there was a nonsignificant ten-
dency towards higher proportions of Vδ1+ T cells in UCB
units from male newborns than in units from females (Sup-
plementary Figure 1b). There were no discernable differ-
ences for the other subsets at baseline (Supplementary
Figure 1b) or after culture (data not shown).

The fold expansion of γ9 T cells was impressive in both
PB and UCB cultures. The small numbers of cells found in
UCB at baseline expanded dramatically, with median fold
changes of 50, 110, and 253 in the expansions cultured
with medium-containing zoledronate and 50, 100, and
200 IU IL-2/ml, respectively, and with a maximum fold
change of 1085 in a culture with 200 IU IL-2/ml and
5μM zoledronate (Figure 3(b)). The PB γ9 T cells had a
median fold change of 1109. In contrast, the median fold
expansion for Vδ1+ T cells was moderate (Figure 3(c)).
No visible difference in fold expansion could be seen
between male and female UCB units.

We also studied the memory phenotype, using a standard
definition based on the coexpression of CD45RO and CCR7,
originally defined for conventional PB αβ T cells. Naïve T
cells are CD45RO− CCR7+, central memory is CD45RO+

CCR7+, effector memory is CD45RO+ CCR7−, and termi-
nally differentiated cells are defined as CD45RO− CCR7−.
We found that the predominant phenotype after culture cor-
responded with the effector memory phenotype (CD45RO+

CCR7) in both UCB and PBMC expansions. However, the
baseline UCB and PB γδ T cell population had a high
percentage of terminally differentiated cells according to this
definition (Figure 3(d)). In line with several previously pub-
lished articles, we then analyzed the memory phenotype
using a definition where CCR7 is substituted with CD27
[15, 18, 39, 40]. According to this definition, the majority of
the baseline UCB γδ T cells was naïve (CD45RO− CD27+),
with some representation of central memory (CD45RO+

CD27+) and effector memory (CD45RO+ CD27−) cells, and
almost no terminally differentiated cells (CD45RO− CD27−,
Figure 3(e)). Interestingly, PB γδ T cells were divided almost
evenly between the memory subsets at baseline, with slight
predominance of the naïve and central memory phenotypes.
In the cultured UCB cells, the largest subset was positive for
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Number of viable cells at the end of expansion 
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Figure 1: Expansion of γδ T cells. The number of viable cells after 14 days of culture is displayed according to culture conditions in (a). Here,
and in (c) and (d), the grey box in the left graph encompasses the results of UCB γδ T cells cultured with 5 μM zoledronate and 50, 100, or
200 IU IL-2/ml medium, and in the in right graph, indicated by the arrow, the data inside the box is displayed separately for each cultured UB
unit (each unit is indicated by a differently colored line). In (b) and (c), the proportion of γδ T cells is visualized in two different manners. In
(b), the percentage of TCRγδ+ T cells is shown before and after culture. In (c), the same data is displayed for expansions of UCB cells using the
bh-SNE algorithm to analyze and visualize the data. The panels to the left display the fluorescence intensity in the flow cytometry channel for
TCRγδ, normalized using arcsin transformation with cofactor 150, for every cell in the displayed groups. In the top right panel, an overview of
the cells in all samples is displayed and gated according to where the TCRγδ+ cells are clustered. The lower right panel shows the percentage of
cells in each group found in the TCRγδ+ cell cluster. The fold expansion of γδ T cells is displayed in (d). IL-2: interleukin 2; TCR: T cell
receptor; ZOL: zoledronate.
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CD45RO but had maintained CD27 expression, classifying
them as antigen-experienced cells with a central memory
phenotype, while the largest subset in the PBMC expansions
had upregulated CD45RO but lost CD27 expression, indicat-
ing an effector memory phenotype with this definition.

3.4. Spectratyping Showed a Polyclonal Pattern, Indicating a
Postexpansion Cell Product Containing a Variety of TCR γδ
Specificities. Spectratyping analysis was performed in order
to assess the clonality of the repertoire of the expanded
UCB γδ T cells. The subfamilies of γ and δ chains can be clas-
sified as polyclonal (here defined as >6 peaks), oligoclonal
(defined as 3–6 peaks), or monoclonal (defined as <3 peaks).

The results indicated that the expansion protocol resulted
in similar TCR γδ repertoires in all tested culture conditions
(5μM zoledronate combined with either 50, 100, or 200 IU
IL-2/ml culture medium). The cultured cell populations
had mainly polyclonal repertoires in the Vδ1-Jδ1, Vδ2-Jδ1,
and Vδ3-Jδ1 subfamilies, the Vδ1-Jδ2 and Vδ2-Jδ2
subfamilies, the Vδ1-Jδ3 and Vδ2-Jδ2 subfamilies, and
for the majority of the Vγ9, Vγ10, Vγ11, and Vγfl
subfamilies (Figure 4(a)). This indicates that the culture
procedure caused independent expansion of a multiplicity
of different clones, leading to a final cell population with
a broad TCR repertoire.

Several subfamilies had a predominantly oligoclonal or
monoclonal repertoire or were missing peaks in a several
analyzed samples, however. These included the Vδ3-Jδ2
subfamily and all the Vδ1-Jδ4, Vδ2-Jδ4, and Vδ3-Jδ2 sub-
families. Samples with missing peaks in the Vδ1-Jδ4 and
Vδ3-Jδ4 subfamilies were slightly more common in the
cultures exposed to 50 IU IL-2/ml culture medium (4/5,
in both) than in the expansions cultured with 100 or
200 IU IL-2/ml (2/5 and 1/5, respectively, and 1/5 and 4/5,
respectively, Figure 4).

3.5. Cytokine Production Differed between Cultured Umbilical
Cord Blood and Peripheral Blood γδ T Cells. Cytokine gene
expression was measured by Rt-PCR in expanded UCB and

PBMC γδ T cells cultured with 5μM zoledronate and
200 IU IL-2/ml medium (selected based on superior fold
expansion of UCB γδ T cells, especially of γ9 T cells). IL-
1β, IL-2, IL-6, IL-12β, IL-15, and IL-17 were examined,
and, interestingly, the expression of IL-1β, IL-2, and IL-8
was significantly higher in UCB γδ T cells (Figure 5(a)). This
was especially striking in the case of IL-1β, as the PB γδ T
cells expressed IL-1β at a very small extent. The gene expres-
sion with regard to IL-17 was low in both UCB and PB γδ T
cells (Figure 5(a)).

3.6. The Cultured UCB γδ T Cells Display Cytotoxic Capacity.
A cytotoxicity assay using coculture of γδ T cells and CTV-
labeled cells from the Hucct-1 tumor cell line was performed
to test the killing capacity of the cultured γδ T cells. We
selected expansions that had been cultured with 5μM zole-
dronate and 200 IU IL-2/ml medium for this assay. Target
cell killing, measured as percentage annexin V positivity in
tumor cells, ranged from 33.9–72%, with a median of 49.8%
in the 5 tested UCB culture products (Figure 5(b)). The two
PBMC cultures tested for comparison showed killing rates
of 38.8 and 40.9 (Figure 5(b)).

3.7. The Expression of Phenotypical T Cell Markers Is Affected
by the Culture Process. We wanted to further elucidate the
kinetics of activation markers and cosignaling receptors
on the cultured cells and thus analyze the costimulation
marker CD28, the activation marker CD69, the activa-
tion/proapoptosis marker CD95, and the coinhibitory
receptors CTLA-4, PD-1, LAG-3, and TIM-3. Due to tech-
nical considerations in the setup of flow cytometry panels,
these receptors were assessed on total CD3+ T cells. We
could see that significant downregulation of CD28 and
upregulation of CD95 and CD69 was induced during the
culture process compared to the baseline values in both
UCB- and PBMC-derived culture products (Figures 6(a)
and 6(b)). There was a significantly higher proportion of
CD69+ UCB T cells in expansions cultured in medium
with 200 IU IL-2/ml compared to with 50 IU IL-2 /ml,

50 U IL-2
5 �휇M ZOL

100 U IL-2
5 �휇M ZOL

200 U IL-2
5 �휇M ZOLPreculture

7 AAD
Annexin V + + −

Pie slice
+ − −

p = 0.01 p = 0.006

�훾
�훿

 T
 ce

lls

Figure 2: Cell death and apoptosis. Viability and apoptosis. The mean proportion of viable (annexin V− 7AAD−) cells, apoptotic (annexin V+

7AAD−) cells, and dead (annexin V+ 7AAD+) cells are displayed and analyzed using the SPICE software. Statistical comparisons were
performed using the built-in statistical analysis in the SPICE software. IL-2: interleukin 2; ZOL: zoledronate.
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with a nonsignificant trend towards the same for CD95
(Figure 6(b)). The expression of co-inhibitory receptors
was also affected: PD-1 showed a general increase in

expression in UCB but not PB γδ T cells after culture. For
TIM-3, there was a nonsignificant trend toward the same
(only studied in UCB expansions). The percentage of

V�훾9+ �훾�훿 T cells V�훿1+ �훾�훿 T cellsV�훿2+ �훾�훿 T cells
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Figure 3: γδ chain usage and memory phenotype in cultured γδ T cells. Phenotype of the cultured γδ T cells. The phenotype of the γδ T cells
with regard to the expression of memory markers and specific γ and δ chains was assessed by flow cytometry. In (a), the percentage of γδ T
cells positive for Vγ9 (left panel), Vδ2 (middle panel), and Vδ1 (right panel) is shown. The fold expansion of Vγ9+ T cells and Vδ1+ T cells is
displayed in (b) and (c), respectively. In (b), the grey box in the left graph contains the UCB γδ T cells cultured with 5μM zoledronate and 50,
100, or 200 IU IL-2/ml medium, and in the right graph, indicated by the arrow, the data inside the box is displayed separately for each cultured
UB unit (each unit is indicated by a differently colored line). The memory phenotype of the γδ T cells before and after culture, using a
definition based on the expression of CD45RO and CCR7, is displayed in (d). Naïve T cells were defined as CD45RO− CCR7+, central
memory as CD45RO+ CCR7+, effector memory as CD45RO+ CCR7−, and terminally differentiated cells were defined as CD45RO−

CCR7−. The memory phenotype, defined by the expression of CD45RO and CD27, is displayed in (e). Naïve T cells were defined as
CD45RO− CD27+, central memory T cells as CD45RO+ CD27+, effector memory T cells as CD45RO+ CD27−, and terminally
differentiated T cells as CD45RO− CD27−. IL-2: interleukin 2; TCM: central memory T cells; TCR: T cell receptor; TEM: effector memory
T cells; ZOL: zoledronate.
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CTLA-4+, in UCB and PB cultures, LAG-3+ (only studied in
UCB cultures), and T cells was significantly increased
preferentially in UCB T cells cultured with 50 IU IL-2/ml
compared to baseline and to UCB T cells cultured with
medium containing 200 IU IL-2/ml (Figure 6(c)).

3.8. The Representation of Other Lymphocyte Subsets in the
Final Culture Is Dominated by CD56+ NK− and NKT Cells.
Even the UCB and PB cultures with a predominant γδ T cell
population had a remaining proportion of other lympho-
cytes, containing a mixture of αβ T cells and NK cells
(Figure 6(d), left and middle panel). We also noticed a per-
centage of CD56+ CD3+ cells (Figure 6(d), middle panel).
The remaining percentage of TCRαβ+ T cells was signifi-
cantly reduced in cultures exposed to zoledronate and IL-2
in a manner corresponding to the increased percentage of
TCRγδ+ T cells (Figure 6(d), left panel). At baseline, a non-
significant trend towards higher percentages of NK cells
was seen in UCB units from male newborns compared to
female donors (Supplementary Figure 1a).

No B-cells could be detected in the cultures on day +14
(Figure 6(d), right panel, only tested for UCB cultures).

4. Discussion

In vitro expansion of UCB γδ T cells is a challenge. This is
due to several factors, such as the scarcity of γδ T cells in
UCB [15] and the very low frequency of the γδ T cell
subset known to be easily expanded in vitro: the γ9δ2+

T cells [18, 19]. Also, the functional immaturity of UCB
γδ T cells [15], including a reduced capacity to respond
to IL-2 [20, 21], and the previous observations that
indicate a tendency towards development of cytokine pro-
duction rather than cytotoxicity during in vitro culture
[15] contribute to the difficulties. This is especially true
for the development of a culture protocol robust and
reproducible enough for the production of adoptive cell
therapies for clinical use, as the goal here is to manufac-
ture cell products that are consistent in quality and that
contain the desired cellular phenotype with antitumoral
and anti-infectious properties. This study was performed
with the aim of exploring the possibility of translating
the protocols used for expansion of peripheral blood γδ
T cells to the UCB setting, with the long-term goal to
explore the possibility of adoptive γδ T cell therapy after
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Figure 4: Spectratyping results. TCR repertoire of the cultured γδ T cells. Spectratyping results with the expression of γ and δ chains in the
TCR of the expanded γδ T cells are displayed, with regard to the clonality of each subfamily, for the postculture sample, in (a). Each row
displays the results for one cultured umbilical cord blood unit. Polyclonal populations were defined as having >6 peaks (green squares),
oligoclonal populations had 3–6 peaks (yellow squares), and monoclonal populations were defined as having <3 peaks (red squares). Grey
squares indicate that no peaks were detected for that subfamily. NA, an abbreviation of not assessable, indicates that data could not be
obtained due to technical reasons, such as insufficient DNA material in the test. In (b), representative examples of data analyzed with the
peak scanner software is displayed for the Vγ10 Jγ1.3/2.3, Vγfl Jγ1.3/2.3, Vγ11 Jγ1.3/2.3, and Vδ1 Jδ1, Vδ3 Jδ1, and Vδ2 Jδ1
subfamilies.IL-2: interleukin 2; ZOL: zoledronate.
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UCBT. γδ T cell reconstitution is known to be important
for HSCT outcome [29–31], perhaps due to their MHC-
unrestricted antigen recognition and antitumoral and
anti-infectious properties. The reconstitution of γδ T cells
after UCBT is especially poor, and thus there is a need
for innovative strategies, such as expanded γδ T cells
from an aliquot of the original graft. We see the results
presented here as a stepping-stone toward the development
of such therapies.

We based the choice of zoledronate and IL-2 for the cul-
ture protocol on their easy availability in GMP-compliant
preparations as clinically approved drugs and on the exten-
sive published experience showing that they can be used to
reliably expand γ9δ2 T cells. The choice of zoledronate was
made based on results showing better proliferative response
in UCB γδ T cells to zoledronate compared to pamidronate
[15]. We did consider IL-15, as this cytokine has been

described to confer less apoptotic γδ T cells after culture,
and higher cytokine and cytotoxic mediator expression upon
restimulation [18]. However, the final choice of IL-2 was
based on this cytokine having, in addition to easy availability
in GMP-preparations, the largest documented experience of
in vitro as well as in vivo use.

We found that the protocol here used, combining zole-
dronate and IL-2 at different concentrations, led to a substan-
tial proliferation of UCB γδ T cells. The resulting culture
contained a majority of CD3+ T cells, out of which a varying
proportion expressed a γδ TCR. The proportion of γδ T cells
in UCB cultures seemed to increase with the concentration of
IL-2 in the culturemedium up to 200 IU/ml and the combina-
tion of 5μM zoledronate, and 100–200 IU IL-2/ml resulted in
the highest percentages of UCB γδ T cells (Figure 1(b)). No
significant differences could be noted in fold expansion of
γδ T cells or the percentage of γδ TCR+ in UCB cultures
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Figure 5: γδ T cell cytokine production and cytotoxicity. The results of real-time PCR analysis of the gene expression for the cytokines IL-1,
IL-2, IL-6, IL-7, IL-8, IL-12, IL-15, and IL-17 in UCB and PB γδ T cells cultured with 5 μM zoledronate and 200 IU IL-2/ml medium displayed
in (a). In (b) and (c), the results of a cytotoxicity assay based on coculture of Celltrace Violet®- (CTV-) labeled cholangiocarcinoma cells from
the Hucct-1 cell line and thawed UCB and PB γδ T cells previously cryopreserved after culture with 5 μM zoledronate and 200 IU IL-2/ml
medium. (b) displays the results for all tested units, and (c) shows representative FACS plots of the gating strategy for CTV-labeled tumor
cells (left) and histogram plots of annexin V+ gated cells from a control culture (no γδ T cells added), and from cocultures with UCB and
PB γδ T cells, respectively (three plots to the right). ∗p < 0 05.
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treated with 100 IU or 200 IU IL-2/ml. The only difference
was that the highest IL-2 concentrations were associated with
a tendency towards more CD56+ NK cells at the end of the
culture (Figure 6(d)). Another important aspect was that a
concentration of IL-2 of 100–200 conferred a significantly
higher percentage of viable UCB cells at the end of culture
than a concentration of 50 IU IL-2/ml (Figure 2).

The majority of the cultured γδ T cells expressed Vγ9,
and to a slightly lesser extent, Vδ2. This was not unexpected,
as γδ T cells with a TCR made up by a γ9 chain and a δ2
chain are known to be activated in vitro by the presence of
bisphosphonates, such as zoledronate, in the culture medium
[4, 6, 22, 23, 28]. Two interesting aspects of this finding are
worthy of notice, however. The first is the very substantial
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Figure 6: Marker expression in total T cells. Cosignaling marker expression. The phenotype of the cultured T cells from UCB and PB with
regard to the expression of markers of activation and costimulatory and inhibitory receptors was assessed by flow cytometry. The percentage
of cells expressing the costimulatory marker CD28 (a), the activation markers CD95 and CD69 (b), and the coinhibitory markers CTLA-4,
PD-1, LAG-3, and TIM-3 (c) are displayed. In (d), the percentage of TCRαβ+ T cells before and after expansion is displayed in the left
panel. The percentages of CD56+ CD3− and CD56+ CD3+/viable cells are displayed in the middle panel of (d), and the right panel shows
the percentage of CD19+ lymphocytes before and after culture. IL-2: interleukin 2; TCR: T cell receptor; ZOL: zoledronate.
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fold expansion of γ9 T cells. The median fold expansion and
maximum fold expansion of subset with the expansion condi-
tionswith the highest yield, treatedwith 5μMzoledronate and
200 IU IL-2/ml medium, were 253 and 1085, respectively
(Figure3(b)).Compared toPBcultures treatedwith5μMzole-
dronate and 200 IU IL-2/ml, the fold expansion of total γδ T
cells was considerably lower in UCB cultures, but the differ-
ence with regard to γ9 T cell expansion was noticeably less
(Figures 1(d) and3(b)). This indicates thatUCBγ9Tcellshave
an impressive proliferation potential [13, 14]. This is a prereq-
uisite for the development of potential cell therapy schemes
usingbisphosphonates, as thepercentage of this subset is small
in baseline UCB.

The other interesting feature seen in the UCB cultures,
but not in the PBMC-derived expansions, is the discrepancy
in the percentages of positive cells between Vγ9 and Vδ2,
with a somewhat smaller proportion of the cultured γδ T
cells staining positive for Vδ2. This could indicate that the
cultured cell population contains a smaller subset of Vγ9+

cells with TCRs made up with another Vδ chain, such as
δ1. The TCRs of Vδ1+ T cells are known to include various
Vγ chains [41–43], and thus the low proportion of Vδ1+ T
cells found to persist after culture could indicate that a pop-
ulation of γ9δ1 T cells is maintained through the culture pro-
cess. UCB contains higher levels of this cell subset [18, 44].
High frequencies of γ9δ1 T cells have been described in a
patient with a recurrent fever syndrome [45], indicating that
this subset can be induced to extensive proliferation in spe-
cific situations. The ligands recognized by Vδ1 T cells (with
different Vγ chains) remain largely uncharacterized but
include CD1 family proteins [9, 43] and MICA/B through
activation via the TCR and the NK cell receptor NKG2D
[10, 11]. MICA and MICB expression has been described in
a variety of tumors and has been associated with an increased
tumor infiltration by Vδ1+ T cells [11]. During HIV infec-
tion, Vδ1+ T cell numbers are increased, thus suggesting
the potential involvement of Vδ1+ T cells in antiviral immu-
nity [43].The dual antiviral and antitumor potential of this
subset, analogous with the recognition of phopshoantigens
in both cellular stress and in infection by γ9δ2 T cells [4,
8], suggests that the in vitro expansion of a parallel smaller
population of Vδ1 T cells might bring additional value to
the cultured product.

The published studies on both in vivo and in vitro expan-
sion of γδ T cells have, to the knowledge of the authors of this
paper, almost exclusively focused on the γ9δ2 T cell subset,
with one exception. In this study, in vitro expansion of γδ
T cells was induced with anti-γδ TCR antibodies, and the
resulting cell product contained both Vδ2+ and Vδ1+ T cells
[46]. As the majority of the UCB γδ T cells at baseline are
Vδ1+ [16, 17], this approach may be interesting to explore
also in the UCB setting in the future.

The spectratyping analysis indicated that the expanded
cell populations cultured with zoledronate and varying
concentrations of IL-2 (50–200 IU/ml) were mainly poly-
clonal (Figure 4). This indicates that the expanded γδ T cells,
the majority of which expressed Vγ9+ and Vδ2+, had prolif-
erated in a nonclonal, non-TCR specificity-dependent
manner. This is in accordance with known data regarding

the activation of Vδ2+ T cells by phosphoantigens: a
complex process independent of MHC molecules, includ-
ing the binding of the CD277 receptor and resulting in
nonclonal proliferation [47]. The wide range of TCR spec-
ificities in the expanded cells could increase the chance of
efficiency of adoptive therapy schemes based on the
current protocol.

The memory phenotype of the UCB γδ T cells was of
interest to us, as it has been described that certain T cell sub-
sets are more effective when used as adoptive therapy than
others [48]. We initially utilized the most common T cell
memory definition based on CCR7 and CD45RO. However,
the baseline UCB and PB γδ T cell population had high
percentages of terminally differentiated cells according to this
definition (Figure 3(d)). Both human and animal model-
based studies of skin γδ T cells have shown that this subset
expresses low levels of CCR7 and that their recirculation
between lymph nodes and skin is less dependent on CCR7
expression than the recirculation of αβ T cells [49, 50].
Vδ2+ T cells have been described to express comparatively
higher levels of CCR7 [51]. This might indicate that the stan-
dard definition for memory subsets is less suited to UCB γδ T
cells. We then chose to further study a memory phenotype
definition based on CD27 and CD45RO. This decision was
based on the previous use of this definition in several pub-
lished articles [39, 40]. The results with regard to the memory
phenotype UCB γδ T cells before and after culture were then
more in accordance with expectation: the majority of the
UCB γδ T cells at baseline was naïve (CD45RO− CD27+)
and the largest subset after culture expressed a central mem-
ory phenotype (CD45RO+ CD27+, Figure 3(e)). The latter
finding is reassuring, as this subset has been described to have
the highest efficiency in vivo in a study of adoptive cell ther-
apy with αβ T cells in primates [48]. In contrast, PB γδ T cells
expressed almost equal proportions of the CD27− and
CD45RO-based memory phenotypes, with slightly more
naïve and central memory cells at baseline, while the domi-
nant phenotype after culture was a CD27− CD45RO+ effector
memory phenotype [48].

Exploration of the cytokine gene expression at the end
of culture indicated, interestingly, that there were differ-
ences in the expression patterns of UCB and PB γδ T
cells. There was with significantly higher expression of
IL-1β, IL-2, and IL-8 in UCB-derived cells (Figure 5(a).
This might indicate a preferential development of a
cytokine-producing phenotype, as has been previously
reported [15]. IL-1β is a proinflammatory cytokine, which
is released following activation of inflammosomes in
response to viral infection [52], suggesting that UCB γδ
T cells might have superior properties for mounting
antiviral responses. IL-8 is known to cause chemotaxis
and degranulation in neutrophil granulocytes [53], indicat-
ing a general proinflammatory capacity. The cytokine-
producing phenotype did, however, not exclude cytotoxic
ability. The cytotoxicity assay we performed indicated that
the capacity for tumor cell killing was comparable in UCB
and PB γδ T cells (Figures 5(b) and 5(c)). This is reassuring,
as it indicates antitumor potential in UCB γδ T cell products
cultured in this manner.
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We saw downregulation of CD28 and upregulation of
CD95, CD69 in cultured UCB and PB T cells, and upregula-
tion of PD-1 in UCB T cells only, compared to baseline
values (Figures 6(a) and 6(b)). This probably reflects activa-
tion [54, 55], indicating that the exposure to zoledronate
and IL-2 led to successful antigen recognition-based stimula-
tion. The fact that the percentage of CTLA-4+ and LAG-3+ T
cells was significantly increased preferentially in UCB cells
cultured with 50 IU IL-2/ml compared to baseline and to
UCB T cells cultured with higher IL-2 concentrations
(Figure 6(c)) may be due to expression kinetics or to the fact
that the percentage of γδ T cells in cultures expanded with
50 IU IL-2/ml varied substantially between the UCB units
used, and thus results might partly reflect marker expression
in αβ T cells.

The cultured cell populations contained non-γδ T cells,
consisting of αβ T cells and NK cells (Figure 6(d), left and
middle panel). This might indicate that a final selection step
could be introduced into the protocol, to ensure a pure γδ
T cell product.

Interestingly, there was also a small fraction of CD56+ T
cells present in after culture in the majority of expansions.
As γδ T cells are known to express both CD56 and the NK
cell-associated markers CD16 and NKG2D, these cells could
be part of the expanded γδ T cell population. CD56 has been
associated with cytotoxicity in previous studies of in vitro γδ
T cell expansions [18].

In summary, the protocol for in vitro PB γδ T cell expan-
sion here adapted to UCB induced substantial proliferation
of UCB γδ T cells. Culture for 14 days in the preferred culture
conditions, with 200 IU IL-2/ml combined with 5μM zole-
dronate in the culture medium, resulted in cell products with
a high proportion of γδ T cells, mainly expressing γ9 chains
and δ2 chains, in both UCB- and PBMC-derived cultures,
and with a smaller population of remaining δ1 T cells possi-
bly also expressing the γ9 chain, in UCB-derived cultures.
The cultured UCB γδ T cells expressed a central memory
phenotype. We could demonstrate that the cultured UCB
γδ T cells were based on gene expression and efficient cyto-
kine producers, especially with regard to IL-1β, IL-2, IL-8,
and IL-15, and had a capacity for killing tumor cells compa-
rable to cultured PB γδ T cells. Together, these results
indicate that the development of in vitro expanded UCB γδ
T cell therapies with this protocol is feasible and holds con-
siderable potential, especially for ACT after UCBT.
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Endometriosis is an inflammatory disease marked by ectopic growth of endometrial cells. Mesenchymal stromal cells (MSC) have
immunosuppressive properties that have been suggested as a treatment for inflammatory diseases. Therefore, the aim herein was to
examine effects of allogeneic MSC on endometriosis-derived cells in vitro as a potential therapy for endometriosis. MSC from
allogeneic adipose tissue (Ad-MSC) and stromal cells from endometrium (ESCendo) and endometriotic ovarian cysts (ESCcyst)
from women with endometriosis were isolated. The effects of Ad-MSC on ESCendo and ESCcyst were investigated using in vitro
proliferation, apoptosis, adhesion, tube formation, migration, and invasion assays. Ad-MSC significantly increased proliferation
of ESC compared to untreated controls. Moreover, Ad-MSC significantly decreased apoptosis and increased survival of ESC.
Ad-MSC significantly increased adhesion of ESCendo and not ESCcyst on fibronectin. Conditioned medium from cocultures of
Ad-MSC and ESC significantly increased tube formation of human umbilical vein endothelial cells on matrigel. Ad-MSC may
significantly increase migration of ESCcyst and did not increase invasion of both cell types. The data suggest that allogeneic
Ad-MSC should not be considered as a potential therapy for endometriosis, because they may support the pathology by
maintaining and increasing growth of ectopic endometrial tissue.

1. Introduction

Endometriosis affects approximately 10% of women of
reproductive age, is marked with ectopically growing endo-
metrial cells, and exhibits increased local inflammation lead-
ing to chronic pelvic pain and infertility [1]. Despite medical
and surgical treatments to reduce inflammation and remove
ectopic lesions, recurrence or therapy resistance is very com-
mon [2]. Therefore, there is an urgent need of new therapies
for endometriosis.

Despite active research, the pathogenesis of endometri-
osis remains largely unclear. The most commonly accepted

theory is that endometriosis develops fromrefluxofmenstrual
debris into the pelvic cavity during menstruation, which then
implants resulting in endometriosis [3]. Although almost all
women exhibit retrograde menstruation, only approximately
10% develop endometriosis [4]. This conundrum must be
explained by other factors playing a role in disease devel-
opment [3, 4]. For example, the endometrium of women
with endometriosis displays resistance to apoptosis with a
subsequent increase in cell proliferation, migration, adhe-
sion, and invasion of the mesothelial lining of the pelvic
cavity and increased ability to induce angiogenesis to cause
endometriosis [5].
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The immunosuppressive properties of mesenchymal
stromal cells, also called mesenchymal stem cells (MSC),
have made them a potential treatment for inflammatory
and autoimmune diseases such as graft versus host disease
(GvHD), multiple sclerosis (MS), and Crohn’s disease [6].
It has been suggested that the immunosuppressive properties
of MSC are due to their ability to sense the changing levels of
inflammation in their microenvironment and respond
accordingly [7]. Therefore, MSC may be a potential therapy
for the inflammatory component of endometriosis. More
specifically, previously, it has been reported that allogeneic
MSC derived from adipose tissue (Ad-MSC) have immuno-
suppressive properties with potential to treat inflammatory
diseases such as GvHD and MS [8, 9]. Previously, it has been
found that autologous MSC are altered by the pathology of
endometriosis [10]. In addition, we found that MSC from
the ectopic (ESCcyst) endometrium were phenotypically and
functionally different from MSC from the eutopic (ESCendo)
endometrium in women with endometriosis suggesting that
autologous MSC may be altered by the pathology [11].
Therefore, in the present study, we aimed to investigate the
effects of allogeneic Ad-MSC on endometriosis-derived cells
in vitro as the first step of a long-term goal of developing a
potential therapy for endometriosis. The effects of Ad-MSC
on ESCcyst and ESCendo were examined using proliferation,
apoptosis, adhesion, tube formation (in vitro angiogenesis),
migration, and invasion assays, which are the aforemen-
tioned parameters that are perturbed in endometriosis. It
was found that allogeneic Ad-MSC may promote ESCcyst
proliferation, survival, and migration and support ESCcyst
to promote tube formation of human umbilical vein endo-
thelial cells (HUVEC) but did not affect adhesion or invasion
of ESCcyst in vitro. The data suggest that allogeneic Ad-MSC
should not be considered as a potential therapy for endo-
metriosis because they may support the pathology by
maintaining and increasing growth of ectopic endometrial
tissue. Moreover, since MSC are present in ectopic lesions
in endometriosis as confirmed by us [11] and others [12],
this indicates that MSC are likely involved in the patho-
genesis of endometriosis.

2. Materials and Methods

2.1. Human Tissue Samples. The inclusion criteria for the
study were female women of fertile age suffering from endo-
metriosis that have not undergone hormonal treatment for
three to six months before undergoing laparoscopic surgery
for confirmation of diagnosis and treatment. Three types of
tissues were collected: (i) endometriotic ovarian cysts
(ectopic endometrium) and (ii) endometrium (eutopic endo-
metrium), which were both from women with endometriosis
who underwent surgery for removal of endometriotic ovar-
ian cysts, and (iii) adipose tissue from healthy women under-
going elective caesarean section at term. The endometriotic
ovarian cysts and endometrium were collected from women
aged 31 to 42 (36.3± 5.8 years (mean± SD), n = 4) undergo-
ing laparoscopic surgery for confirmation or treatment of
endometriosis. All women were histologically confirmed to
have endometriosis by a pathologist. Only one woman

underwent hormonal treatment. Moreover, two of the biop-
sies were from the proliferative phase, one was unknown,
and one had amenorrhea. The adipose tissue was collected
from women aged 34 to 39 (36.5± 3.54 years (mean± SD),
n = 2). Informed oral and written consent was obtained from
each participant, and ethical approval was obtained from The
Regional Ethical Review Board in Stockholm (2013/1094-31/
2, 2017/1017-32).

2.2. Isolation of Stromal Cells from Eutopic and Ectopic
Endometrium. Human endometrial and endometriotic ovar-
ian cyst tissues were digested to single cell suspension using
1mg/mL collagenase type I (Sigma, Missouri, United States)
diluted in Hank’s Balanced Salt Solution (Life Technologies,
Paisley, UK) (90min for endometriotic tissue and 30min
for endometrial tissue) at 37°C with shaking every 10min.
The tissue digests were filtered twice through 100μm cell
strainers (Corning, New York, United States), and eventually,
the stromal cells were filtered through a 40μm cell strainer
(Corning), with undigested tissue and epithelial cells being
removed at each of the steps. The cell suspension was washed
twice with phosphate-buffered saline (PBS) (Life technolo-
gies) by centrifugation at 500×g for 10min. Finally, the cell
pellet was resuspended in complete growth medium contain-
ing Dulbecco modified essential medium low glucose
(DMEM-LG) (Life technologies) + 10% MSC certified fetal
calf serum (FCS) (Life technologies) + 1% antibiotic and anti-
mycotic (Life technologies). Viable cells were counted in 1%
eosin (Merck KGaA, Darmstadt, Germany) and cultured at
4000 cells/cm2 in tissue culture flasks at 37°C with 5% CO2.
After two days, the growth medium was changed and there-
after every three to four days. When the cells reached 70–90%
confluency, they were trypsinised using 0.05% trypsin/EDTA
(Life technologies) and cultured as described above. At pas-
sage 2, the stromal cells were cryopreserved in 10% dimethyl
sulfoxide (DMSO) (Sigma) in complete growth medium.
Flow cytometry showed that they were positive for stromal
markers, such as CD73, CD90, and CD105 (data not shown).
To ensure that we were working with a pure population of
cells, ESCendo and ESCcyst were used at passages three to six,
as earlier passages may be contaminated with other cell types.

2.3. Isolation of Allogeneic Ad-MSC from Adipose Tissue.
Human adipose tissue was obtained from healthy pregnant
women undergoing elective caesarean section. The tissue
was digested as described above but for 60min. The tissue
digest was centrifuged at 500×g for 10min at 4°C. Following
centrifugation, the top layer of fat and middle layer of blood
were carefully removed, with the resulting cell pellet resus-
pended in complete growth medium as described above.
The stromal cells were cultured and cryopreserved as
described above. These Ad-MSC were characterized by flow
cytometry for CD73, CD90, CD105, HLA classes I and II,
CD14, CD45, and CD31; formation of colonies in colony-
forming units-fibroblasts; and differentiation assays into the
osteogenic and adipogenic mesenchymal lineages and were
found to be MSC [13]. To ensure that we were working with
a pure population of cells, Ad-MSC was used at passages

2 Stem Cells International



three to six, as earlier passages may be contaminated with
other cell types.

2.4. Cell Coculture Setup. Ad-MSC were investigated for their
effects onESCendo andECScyst using cell proliferation, apopto-
sis, adhesion, migration, and invasion assays. Based on opti-
mization experiments a 1 : 1 ratio of Ad-MSC to ESCendo and
ESCcyst was selected for the transwell and direct cell coculture
experiments (data not shown); the number of cells used were
optimized to be within the optimum capacity of the inserts
(an insert can hold up to 1.12× 105 cells) and the bottomwells
(a well can hold up to 3.8× 105 cells) according to Corning.
The different cell coculture systems that were employed in
the study are shown in Figure 1; each of the cell coculture sys-
temsmimic the effectsMSCmaypotentially be causing in vivo,
and therefore, they are all representative andhence essential to
give an overall picture of the potential effects of MSC.

In the eosin exclusion assay, unprimed Ad-MSC and Ad-
MSC primed with interferon gamma (IFN-γ) (100U/mL,
Sigma) or IFN-γ (100U/mL)+ tumor necrosis factor alpha
(TNF-α) (10 ng/mL, PeproTech, London, UK) and their con-
ditioned medium were used. MSC can be primed using pro-
inflammatory cytokines such as IFN-γ and TNF-α, to make
them more immunosuppressive and secrete more immuno-
suppressive factors, which means that they may be more
therapeutically effective for a disease with an inflammatory
basis such as endometriosis [14, 15]. Therefore, we examined
if priming Ad-MSC to become more immunosuppressive
would give an effect that would be different to unprimed
MSC. For the carboxyfluorescein succinimidyl ester (CFSE),
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide), apoptosis, adhesion, tube formation, migration,
and invasion assays, only unprimed Ad-MSC were used. This
is because primed Ad-MSC had no effect on the proliferation
of ESCendo and ESCcyst compared to unprimed Ad-MSC.

The following cell coculture setup was used, with
slight modifications for each of the assays. When Ad-MSC
were ~70% confluent, the growth medium was removed,
the cells were washed twice with PBS and growth medium

alone, or growth medium with IFN-γ, or growth medium
with IFN-γ+TNF-α were added. After three days, the condi-
tioned medium was collected, Ad-MSC harvested, and were
irradiated at 20Gy to inhibit their proliferation. The condi-
tioned medium was centrifuged at 500×g for 10min to
remove cellular debris, aliquoted, and frozen at −80°C.
ESCendo and ESCcyst were harvested and added to 12-well
plates at 6000 cells/cm2. An equal amount of irradiated Ad-
MSC was added to transwell inserts with a 0.4μm pore size
(Corning) and placed in the wells with ESCendo or ESCcyst
for direct cell coculture. Conditioned medium from Ad-
MSC was also used, and untreated ESCendo or ESCcyst were
used as controls. After 3 days of cell culture, the proliferation,
apoptosis, adhesion, migration, or invasion of ESCendo and
ESCcyst were quantified as described below.

2.5. Cell Proliferation Assays. Cell proliferation was measured
using three different methods in order to confirm the data:
the manual eosin exclusion, CFSE, and MTT assays. For the
eosin exclusion assay, the total number of cells were counted
using 1% eosin.

For the CFSE assay, ESCendo and ESCcyst were stained
with 1μM CFSE (Life Technologies) for 10min at 37°C with
5% CO2 as described previously [16], before they were added
in the 12-well plates as above. The cells were incubated with
5mL of complete growth medium for 10min at 37°C with 5%
CO2 to quench the reaction and to remove the remaining free
dye. The cells were washed three times, resuspended in com-
plete growth medium, and kept for 10min at 37°C with 5%
CO2 to allow the CFSE stain to undergo acetate hydrolysis.
On day 0, CFSE-stained ESCendo and ESCcyst were used to
set voltages on the BD FACSCalibur (Becton-Dickinson,
New Jersey, United States) to ensure the cells were on the
far right of the CFSE histograms. After 3 days of cell culture,
ESCendo and ESCcyst were harvested and analyzed on a BD
FACSCalibur. As described previously, the data was analyzed
using the median fluorescence intensity (MFI) with the
software FlowJo (Tree Star version 10.1r5 Inc., Ashland,
United States), with a lower MFI representing greater cell

Negative control Transwell

Transwell insert

Conditioned medium Direct coculture

Ad-MSC

(a) (b) (c) (d)

ESCendo or ESCcyst
Soluble factors

Figure 1: Schematic image showing the various cell coculture systems employed in the study. ESCendo and ESCcyst were cultured alone as a
negative control (Neg C), with Ad-MSC using 0.4 μm pore inserts as a transwell system in conditioned medium (Cond) derived from
Ad-MSC, or with Ad-MSC in direct cell coculture (Direct).
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proliferation and dilution of the CFSE dye [17]. For direct cell
coculture, gating was only on the CFSE-positive ESCendo and
ESCcyst. The results are shown relative to the untreated con-
trols (ESC alone).

For the MTT assay, after 3 days of cell culture, the growth
medium was removed, centrifuged at 500×g for 10min to
remove cellular debris, aliquoted, and frozen at −80°C, for
later use in the tube formation assay (see below). Then,
ESCendo and ESCcyst were stained with 0.5mg/mL MTT
reagent (Life Technologies) for 4 hours at 37°C with 5%
CO2. Afterwards, the MTT reagent was removed, the MTT
crystals were solubilized in dimethyl sulfoxide (DMSO),
and the plates were kept at 37°C with 5% CO2 for 10min.
Then, the absorbance was measured at 540nm using the infi-
nite F200 Pro Tecan spectrophotometer (Tecan, Mannedorf,
Switzerland), with DMSO used as a blank. The absorbance
for irradiated Ad-MSC cultured alone was subtracted from
the absorbance of the direct cell coculture wells to account
for the absorbance of ESCendo and ESCcyst only.

2.6. Analysis of Apoptosis with Annexin V Assay. The annexin
V assay was used to analyze apoptosis, as previously
described [18], of ESCendo and ESCcyst, which were stained
with CFSE as described above before they were added to
12-well plates and cultured with irradiated Ad-MSC. After
3 days of cell culture, ESCendo and ESCcyst were harvested
and resuspended in 100μL annexin V binding buffer
(10mM of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Life technologies) + 140mM of sodium chloride (Sig-
ma) + 2.5mM of calcium chloride (Sigma)). Then, the cells
were stained with annexin V PE antibody (BioLegend,
California, United States) and 7-AAD (BD Biosciences,
Stockholm, Sweden) for 15min at room temperature (RT)
in the dark. Then, 400μL annexin V binding buffer was
added and the CFSE positive cells were analyzed on a BD
LSR Fortessa (Becton-Dickinson). For direct cell coculture,
gating was only on the CFSE-positive ESCendo and ESCcyst.
The data was analyzed using the software FlowJo.

2.7. Cell Adhesion Assay. Tissue culture-treated 48-well plates
(Corning) were prepared by coating overnight with 10μg/mL
human fibronectin (BD Biosciences) at 4°C, and the cell
adhesion assay was carried out as previously described [19].
The remaining sites were blocked with 0.1% bovine serum
albumin (Sigma) for 2 hours at RT and washed once with
PBS. The 48-well plates were dried and wrapped in parafilm
and stored at 4°C until use for the cell adhesion assay.

After 3 days of cell culture as described above, ESCendo and
ESCcyst were harvested and counted. The fibronectin-coated
plateswerebrought toRTforat least 10min.ESCendo andESC-

cyst were resuspended in serum-free DMDM-LGmedium and
seededat21000cells/cm2.Following2hoursof cell adhesionat
37°C with 5% CO2, the medium was gently removed, and the
wells were washed with PBS containing 2mM calcium chlo-
ride and 2mMmagnesium chloride. The remaining adherent
cells were quantified using theMTT assay as described above.

2.8. Tube Formation Assay. The tube formation assay was
carried out as previously described [20]. HUVEC were kindly

provided by Dr. Nina Heldring (Karolinska Institutet). They
were isolated (n = 2) as previously described [21] and
expanded on 0.1% gelatin- (Kodak) coated surfaces in com-
plete HUVEC growth medium containing human endothe-
lial serum-free basal medium (Fisher Scientific, Göteborg,
Sweden) + 10% FCS (Life technologies) + 1% penicillin and
streptomycin (Life technologies). They were used for experi-
ments at passages two to five. For the tube formation assay,
all pipette tips and plates were prechilled at −20°C. Matrigel
(Corning) was thawed overnight at 4°C on ice, aliquoted at
50μL per well in 96-well plates, and kept at 37°C with 5%
CO2 for 1 hour in order for the matrigel to gel. HUVEC were
harvested and counted with eosin as described above, then
20× 103 were resuspended in 50% complete HUVEC growth
medium+50% conditioned medium collected from the
MTT assay (see above) and added gently on the matrigel.
The cells were kept at 37°C with 5% CO2 for 17-18 hours,
then they were visualized using the Olympus CKX41
inverted microscope (Olympus, Tokyo, Japan), and images
were taken at 4x magnification capturing the whole well in
the 96-well plates. The number of tubes formed per well
were quantified by using the angiogenesis analyzer plugin
on ImageJ (Version 1.48, National Institutes of Health,
Bethesda, United States) as described previously [22].

2.9. Cell Migration Assay. The transwell cell migration assay
was carried out as previously described [23]. After 3 days of
cell culture as described above, ESCendo and ESCcyst were har-
vested and counted. ESCendo and ESCcyst were added at
25× 103 per transwell insert (8μm in pore diameter, Corning)
in serum-free DMEM-LG growth medium in 24-well plates
and were allowed to migrate towards 10% FCS in DMEM-
LG growth medium at 37°C with 5% CO2. The negative con-
trols were untreated ESCendo and ESCcyst. After 20 hours, the
nonmigrated cells on top of the inserts were removed using a
wet cotton swab, the inserts washed with PBS, and the cells
fixed with ice cold methanol for 5 minutes. The inserts were
again washed with PBS, before being stained with 1% eosin
for 1 hour. Finally, the inserts were washed in milliQ water
and dried and 5 random fields per insert of the migrated
cells were captured at 10x magnification. The number of
cells that migrated were analyzed and counted using ImageJ.

2.10. Cell Invasion Assay. The transwell cell invasion assay
was carried out as previously described [23]. After 3 days of
cell culture as described above, ESCendo and ESCcyst were har-
vested and counted. On the same day, transwell inserts (8μm
in pore diameter, Corning) fitting 24-well plates were coated
with 0.1mg/mL matrigel for two hours. ESCendo and ESCcyst
were added at 25× 103 per insert in serum-free DMEM-LG
growth medium, placed in the 24-well plates and allowed to
invade through matrigel towards 10% FCS in DMEM-LG
growth medium at 37°C with 5% CO2. The negative controls
were untreated ESCendo or ESCcyst. After 20 hours, the
invaded cells were stained and quantified as described above
for the migration assay.

2.11. Statistical Analysis. All statistical analyses were per-
formed using GraphPad prism 6. When data was normally
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distributed, the means were analyzed with Student’s t-test,
and when it was not normally distributed, the medians were
analyzed with the Mann–Whitney test. All values are shown
as the mean± standard deviations (SD). For the study, n
refers to the number of biological replicates. Results were
considered to be statistically significant if P < 0 05.

3. Results

3.1. Ad-MSC Increased Proliferation of Stromal Cells. To
study the effects of Ad-MSC on stromal cell proliferation,
Ad-MSC were cocultured with ESC directly or in a transwell

system, or the effects of conditioned medium from Ad-MSC
(either primed or unprimed with IFN-γ or IFN-γ+TNF-α)
on stromal cells was examined. Cell proliferation was mea-
sured by the manual cell count, CFSE, and MTT assays.

Manual cell count showed that both unprimed and
primed conditioned medium from Ad-MSC increased prolif-
eration significantly (P < 0 05) for ESCendo and ESCcyst com-
pared to the untreated controls (Figure 2(a)). Moreover, the
CFSE andMTT assays also showed that conditioned medium
from unprimed Ad-MSC increased proliferation significantly
(P < 0 05) for ESCendo and ESCcyst compared to the untreated
controls (Figures 2(b) and 2(c)). However, in the transwell

ESCendo

⁎

⁎
⁎⁎

⁎

Unprimed
IFN-�훾

TNF-�훼

+
−
−

+
−
−

−
+
−

−
+
−

−
+
+

−
+
+

ESCcyst

⁎

0
25
50
75

100
125
150
175

To
ta

l c
el

l n
um

be
r (

%
 o

f c
on

tro
l)

Cond
Transwell

Unprimed
IFN-�훾

TNF-�훼

+
−
−

+
−
−

−
+
−

−
+
−

−
+
+

−
+
+

Cond
Transwell

0
25
50
75

100
125
150
175

To
ta

l c
el

l n
um

be
r (

%
 o

f c
on

tro
l)

(a)

Transwell Direct Cond

ESCendo

⁎

⁎

In
cr

ea
se

d 
pr

ol
ife

ra
tio

n

In
cr

ea
se

d 
pr

ol
ife

ra
tio

n

Transwell Direct Cond

ESCcyst

⁎

125

100

75

50

25

0

CF
SE

 M
FI

 (%
 o

f c
on

tro
l)

125

100

75

50

25

0

CF
SE

 M
FI

 (%
 o

f c
on

tro
l)

(b)

Cond

ESCendo
⁎

In
cr

ea
se

d 
pr

ol
ife

 ra
tio

n

In
cr

ea
se

d 
pr

ol
ife

 ra
tio

n

ESCcyst

⁎

⁎

⁎

0
25
50
75

100
125
150
175

Ab
so

rb
an

ce
 (%

 o
f c

on
tro

l)

0
25
50
75

100
125
150
175

Ab
so

rb
an

ce
 (%

 o
f c

on
tro

l)

Transwell Direct CondTranswell Direct

(c)

Figure 2: Ad-MSC increased proliferation of ESCendo and ESCcyst. A transwell system using Ad-MSC and conditioned medium (Cond) from
allogeneic unprimed and primed (100U/mL IFN-γ or 100U/mL IFN-γ+ 10 ng/mL TNF-α) Ad-MSC were used in coculture with ESCendo or
ESCcyst. Direct cell coculture of unprimed Ad-MSC and ESCendo or ESCcyst was also carried out. Proliferation of ESCendo and ESCcyst was
determined using the eosin exclusion (a), CFSE (b), and MTT (c) assays. Conditioned medium increased proliferation of ESCendo and
ESCcyst (

∗P < 0 05), and the transwell system had no effect on the proliferation of both cell types. The effect of direct cell coculture was
more ambiguous. The data was normalized to untreated controls for each cell type. Thirty-six independent experiments (n = 3-4 biological
replicates) were carried out in duplicates (mean± SD).
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system, there was no effect on the proliferation of ESCendo
and ESCcyst using manual cell count, CFSE, or the MTT
assays (Figure 2). As measured by the CFSE assay, direct cell
coculture decreased proliferation significantly (P < 0 05) for
ESCendo but had no effect on ESCcyst (Figure 2(b)). On the
contrary, using the MTT assay, the direct cell coculture
system significantly (P < 0 05) decreased proliferation for
ESCcyst but had no effect on ESCendo (Figure 2(c)). Priming
Ad-MSC with the proinflammatory cytokines IFN-γ and
TNF-α resulted in no difference on cell proliferation com-
pared to unprimed Ad-MSC, and therefore, priming was dis-
continued for the rest of the study. Taken together, the results
showed that conditioned medium from Ad-MSC increased
proliferation of ESC, and the transwell system had no effect
on the proliferation of ESC. The effect of direct cell coculture
was more ambiguous.

3.2. Ad-MSC Increased Survival of Stromal Cells. To examine
the effects of Ad-MSC on the survival and apoptosis of

ESCendo and ESCcyst, the annexin V assay using flow cytom-
etry was used. The transwell system, conditioned medium,
and direct cell coculture significantly (P < 0 05) reduced apo-
ptosis and increased survival for both ESCendo and ESCcyst
compared to the untreated controls (Figure 3).

3.3. Ad-MSC Did Not Increase Adhesion of ESCcyst. To exam-
ine the effects of Ad-MSC on the adhesion of ESCendo and
ESCcyst, a fibronectin adhesion assay was employed. The
transwell system increased adhesion significantly (P < 0 05)
for ESCendo but had no effect on ESCcyst compared to the
untreated controls (Figure 4(a)). In contrast, the conditioned
medium system decreased adhesion significantly (P < 0 05)
for ESCcyst but had no effect on ESCendo compared to the
untreated controls (Figure 4(b)). Therefore, it can be con-
cluded that the adhesion of ESCcyst is not increased following
treatment with Ad-MSC. Moreover, although the condi-
tioned medium reduced the adhesion of ESCcyst, the trans-
well system maintained the adhesion of ESCcyst, which does
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Figure 3: Ad-MSC reduced apoptosis and increased survival of ESCendo and ESCcyst. A transwell system using Ad-MSC and conditioned
medium (Cond) from allogeneic unprimed Ad-MSC were used in coculture with ESCendo or ESCcyst. Direct cell coculture of unprimed
Ad-MSC and ESCendo or ESCcyst was also carried out. Apoptosis and survival of ESCendo and ESCcyst was determined using the annexin V
assay by flow cytometry. All three systems reduced apoptosis and increased survival of ESCendo and ESCcyst (

∗P < 0 05). The data was
normalized to untreated controls for each cell type. Four independent experiments (n = 4 biological replicates) were carried out in
triplicates (mean± SD).
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Figure 4: Ad-MSC did not increase adhesion of ESCcyst. A transwell system using Ad-MSC and conditioned medium (Cond) from allogeneic
Ad-MSC were used in coculture with ESCendo or ESCcyst. Adhesion of ESCendo and ESCcyst on fibronectin was determined by quantifying the
number of adherent cells using the MTT assay. The transwell system increased adhesion of ESCendo (

∗P < 0 05), and conditioned medium
reduced adhesion of ESCcyst (

∗P < 0 05). The data was normalized to untreated controls for each cell type. Five independent experiments (
n = 4 biological replicates) were carried out in duplicates (mean± SD).
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not support our assumption that Ad-MSC may be therapeu-
tically useful for endometriosis.

3.4. Ad-MSC Increased Tube Formation. To evaluate the
influence of Ad-MSC on tube formation of HUVEC, the
effects of conditioned medium collected from the Ad-MSC/
ESCendo and Ad-MSC/ESCcyst cocultures on HUVEC tube
formation was studied. Conditioned medium from all three
systems induced a significant (P < 0 05) increase in tube for-
mation compared to the untreated controls for both ESCendo
and ESCcyst, respectively (Figure 5(a)). This shows that con-
ditioned medium derived from cocultures of Ad-MSC and
ESC can support tube formation of HUVEC in vitro.

3.5. Ad-MSC May Promote Migration of ESCcyst. To investi-
gate the migratory activity of ESC, they were allowed to
migrate towards 10% FCS through 8μm pore filters after
being treated with conditioned medium or in a transwell sys-
tem with Ad-MSC. The transwell system increased ESCcyst
migration significantly (P < 0 05) but had no effect on

ESCendo compared to the untreated controls (Figure 6(a), i).
Moreover, the conditioned medium system reduced migra-
tion of both ESCendo and ESCcyst significantly (P < 0 05)
compared to the untreated controls (Figure 6(a), ii). The
results on the effects of Ad-MSC on ESCcyst migration were
conflicting; however, it may be concluded that Ad-MSC
may promote migration of ESCcyst.

3.6. Ad-MSC Did Not Increase Invasion of ESCendo and
ESCcyst. To determine the invasive capacity of ESCendo and
ESCcyst, invasion was analyzed using a matrigel transwell
assay. The transwell system had no effect on the invasive
capacity of ESCendo and ESCcyst compared to the untreated
controls (Figure 7(a), i). Contrary to this, conditioned
medium reduced invasion of both ESCendo and ESCcyst signif-
icantly (P < 0 05) compared to the untreated controls
(Figure 7(a), ii). Therefore, it can be concluded that the inva-
sion of ESCendo and ESCcyst is not increased following treat-
ment with Ad-MSC. Moreover, although the conditioned
medium reduced the invasion of ESCendo and ESCcyst, the
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Figure 5: Conditioned medium from Ad-MSC/ESCendo and Ad-MSC/ESCcyst cocultures increased tube formation of HUVEC on matrigel.
HUVEC were cultured on matrigel for 17-18 hours in conditioned medium (Cond) from cell cocultures of allogeneic Ad-MSC/ESCendo or
Ad-MSC/ESCcyst, and tube formation was determined. All conditions induced tube formation (a) (∗P < 0 05). Representative images
showing connections between HUVEC forming ring or tube structures for each condition for ESCendo (b) and for ESCcyst (c), respectively.
The images are at 4x magnification to image and quantify the whole 96-plate well. The data was normalized to untreated controls for each
cell type. Four independent experiments (n = 4 biological replicates) were carried out in duplicates (mean± SD). Scale bars represent
50μm at 4x magnification.
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transwell system maintained the invasion of both cell types,
which does not support our assumption that Ad-MSC may
be therapeutically useful for endometriosis.

4. Discussion

In this study, we show that allogeneic Ad-MSC may promote
ESCcyst proliferation, survival, and migration, and may sup-
port ESCcyst to increase tube formation of HUVEC but did
not increase adhesion or invasion of ESCcyst in vitro. The
effects of Ad-MSC on ESCcyst shown here suggest that they
should not be considered as a potential therapy for endome-
triosis, because they may support the pathology of endome-
triosis by maintaining and increasing growth of ectopic
endometrial tissue. Moreover, since MSC are present in
ectopic lesions in endometriosis as confirmed by us [11]
and others [12], this indicates that MSC are likely involved
in the pathogenesis of endometriosis.

Li et al. studied the effect of conditioned medium from
MSC on ESCendo and ESCcyst, and similar to our data, they
found that MSC induce a significant increase in ESC

proliferation [24]. Also, MSC isolated from Wharton’s jelly
induced a significant increase in ESCendo proliferation in a
transwell system [25]. In contrast, Xu et al. reported that
umbilical cord-MSC (UC-MSC) significantly reduce prolifer-
ation of ESCcyst [26]. These discrepancies between the studies
may be explained by the different tissue sources for deriva-
tion of MSC, which has previously been described [27].
There are no other studies examining the effects of MSC on
ESC in terms of proliferation. However, MSC have been pre-
viously shown to increase the cell proliferation of other cell
types through their release of cytokines, and growth factors
[28–30]. In our study, conditioned medium induced prolifer-
ation significantly of both ESCendo and ESCcyst. In contrast,
the transwell system had no effect on the proliferation of
ESCendo and ESCcyst. In the transwell system, there is a para-
crine effect between ESC and Ad-MSC; Ad-MSC may
become modulated by factors secreted by ESC, subsequently
hindering their growth-promoting effects on ESC. Paracrine
signaling is the local cell-to-cell communication through
the paracrine factors (e.g., cytokines, hormones, and micro-
vesicles) that are secreted into the extracellular environment
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Figure 6: Ad-MSC may promote migration of ESCcyst. A transwell system using Ad-MSC and conditioned medium (Cond) from allogeneic
Ad-MSC were used in coculture with ESCendo or ESCcyst. Following cell coculture, migration of ESCendo and ESCcyst was determined after 20
hours using the transwell migration assay. Conditioned medium reduced migration of ESCendo (

∗P < 0 05). The transwell system increased
migration, and conditioned medium reduced migration of ESCcyst (

∗P < 0 05). Representative images of migration for each condition for
ESCendo (b) and ESCcyst (c). The 0.4 μm pores of the inserts are the white dots, and the migrated cells are light/dark red in color (10x
magnification). The data was normalized to untreated controls for each cell type. Three independent experiments (n = 3 biological
replicates) were carried out in duplicates (mean± SD).
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[31]. This feedback effect is absent in the conditioned
medium, which contains factors secreted by unmodulated
Ad-MSC. This may explain the different results from the
transwell, and the conditioned medium systems in this study.
Moreover, it is unlikely that the conditioned medium effect
was nonspecific; instead, it is most likely specific for Ad-
MSC since the effects with conditioned medium differ from
the untreated controls. The direct cell coculture system had
no effect, or caused a significant decrease in the proliferation
of ESCendo and ESCcyst. The decrease in cell proliferation
could be due to the growth inhibitory effects of MSC through
direct contact. As previously shown, MSC mediate their
greatest inhibition on cell proliferation in vitro through direct
contact compared to the transwell system [32].

In this study, Ad-MSC significantly decreased apopto-
sis, and increased survival of ESCendo and ESCcyst, which
is in keeping with studies in other cell types [33–35]. These
results suggest that Ad-MSC may decrease apoptosis,
increase survival of ESCendo and ESCcyst, and may support
endometriosis. In contrast, UC-MSC have been reported
to induce apoptosis of ESCcyst in a transwell system by a

mechanism involving the tensin homologue gene (PTEN),
an important housekeeping gene in endometrial tissue
[26]. This discrepancy to our study may be due to the use
of a different source of MSC [27].

Cell adhesion is crucial in the development of endometri-
osis to allow the attachment of endometrial tissue onto the
mesothelial lining in the pelvic cavity following retrograde
menstruation. Treatment via the transwell system was found
to cause a significant increase in the adhesion of ESCendo, but
it had no effect on the adhesion of ESCcyst. Conditioned
medium caused a significant decrease in the adhesion of
ESCcyst, but it had no effect on the adhesion of ESCendo. These
results can be understood in light of the results of cell prolif-
eration, since it is known that cells that divide rapidly are
likely to be less adherent [36]. Moreover, the results may be
explained by differences between the transwell and the condi-
tioned medium systems; there is a paracrine effect in the
transwell system that is absent in the conditioned medium
as described above. To our knowledge, there are no other
studies in the literature that have examined the effects of
MSC on the adhesion of ESCendo and ESCcyst.
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Figure 7: Ad-MSC did not increase invasion of ESCendo and ESCcyst. A transwell system using Ad-MSC and conditioned medium (Cond)
from allogeneic Ad-MSC were used in coculture with ESCendo or ESCcyst. Following cell coculture, invasion of ESCendo and ESCcyst was
determined using the transwell invasion assay after 20 hours. Conditioned medium reduced invasion of ESCendo and ESCcyst (

∗P < 0 05).
Representative images of invasion for each condition for ESCendo (b) and ESCcyst (c). The 0.4 μm pores of the inserts are the white dots,
and the invaded cells are light/dark red in color (10x magnification). The data was normalized to untreated controls for each cell type.
Three independent experiments (n = 3 biological replicates) were carried out in duplicates (mean± SD).
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The tube formation assay is commonly used to quantify
the effects of various treatments on the ability of HUVEC
to form tubes on a gelled membrane matrix as an in vitro
model of angiogenesis [20]. Conditioned medium collected
from Ad-MSC/ESCendo and Ad-MSC/ESCcyst cell cocultures
significantly induced tube formation of HUVEC compared
to untreated controls. There are no previous studies that have
examined the outcome of MSC-treated ESCendo and ESCcyst
on HUVEC tube formation. Our results are in line with pre-
vious reports showing that MSC have the ability to increase
tube formation [37–39].

The transwell system significantly increased the migra-
tion of ESCcyst compared to the untreated control but had
no effect on ESCendo. Moreover, the transwell system had
no effect on the invasion of either cell type. Meanwhile, the
conditioned medium system significantly decreased the
migration and invasion of both ESCendo and ESCcyst. Migra-
tion and invasion require initial cell adherence, and there-
fore, these results are in line with the cell adhesion data and
may be explained by differences between the transwell and
the conditioned medium systems [40]. The transwell system
has a paracrine effect that is absent in the conditioned
medium, as described above. Only one previous study has
examined the effect of MSC conditioned medium on the
migration and invasion of ESCendo and ESCcyst [24]. In con-
trast to our results, they found that migration and invasion of
both cell types were significantly increased compared to
untreated controls [24]. Again, this discrepancy could be
explained by the different sources of MSC [27]. Their study
used MSC isolated from endometriotic ovarian cysts and
the endometrium of women with endometriosis, and we used
allogeneic Ad-MSC [24].

The limited number of donors and the donor hormonal
status did not affect the consistency of data acquired from
the in vitro cell experiments. Statistically significant results
were observed and meaningful conclusions could still be
drawn. Moreover, a similar number of patients have been
used in other studies [10, 41]. Also, the use of Ad-MSC iso-
lated from the adipose tissue of pregnant women may not
be optimal; however, it has been previously shown that preg-
nancy has no detrimental effects on the nature of the isolated
Ad-MSC [42]. Nevertheless, it must be remembered that this
is an in vitro study, and additional in vitro and in vivo studies
are needed to validate the findings of the current study. The
present study suggests that allogeneic Ad-MSC should not
be used as a potential therapy for endometriosis, because they
may support the pathology of endometriosis by maintaining
and increasing growth of ectopic endometrial tissue. In addi-
tion, since MSC are present in ectopic lesions in endometri-
osis, this means they are likely involved in the pathogenesis
of endometriosis. This is the most extensive in vitro study
showing that this may indeed be true, and will be significant
in further understanding the pathogenesis of endometriosis
to potentially find new therapeutics by targeting MSC.

5. Conclusion

In conclusion, Ad-MSC should not be considered as a poten-
tial therapy for endometriosis with endometriotic ovarian

cysts, because they may promote proliferation, survival, and
migration of ESCcyst and support ESCcyst to promote angio-
genesis of endothelial cells to worsen the pathology. How-
ever, further studies examining other sources of MSC are
needed to confirm if MSC are indeed an ineffective therapy
for endometriosis.

Conflicts of Interest

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contributions

Fawaz Abomaray, Sebastian Gidlöf, and Cecilia Götherström
contributed to the idea and design of the paper. Fawaz Abo-
maray contributed to the data acquisition. Fawaz Abomaray,
Sebastian Gidlöf, and Cecilia Götherström contributed to the
data analysis and interpretation. Fawaz Abomaray per-
formed the laboratory assays. Fawaz Abomaray, Sebastian
Gidlöf, and Cecilia Götherström wrote the paper and revised
it critically. Fawaz Abomaray, Sebastian Gidlöf, Bartosz
Bezubik, Mikael Engman, and Cecilia Götherström proof-
read the manuscript. All the authors read and approved the
final paper.

Acknowledgments

The authors thank the staff and patients at the Women’s
Clinic at Karolinska University Hospital for their help in
obtaining and donating adipose, endometrial, and endome-
triotic ovarian cyst tissue. This study was supported by King
Abdulla International Medical Research Centre, Stockholm
County Council, and Karolinska Institutet.

References

[1] C. Mehedintu, M. N. Plotogea, S. Ionescu, and M. Antonovici,
“Endometriosis still a challenge,” Journal of Medicine and Life,
vol. 7, no. 3, pp. 349–357, 2014.

[2] P. Vercellini, P. Vigano, E. Somigliana, and L. Fedele, “Endo-
metriosis: pathogenesis and treatment,” Nature Reviews Endo-
crinology, vol. 10, no. 5, pp. 261–275, 2014.

[3] R. O. Burney and L. C. Giudice, “Pathogenesis and pathophys-
iology of endometriosis,” Fertility and Sterility, vol. 98, no. 3,
pp. 511–519, 2012.

[4] S. Sourial, N. Tempest, and D. K. Hapangama, “Theories on
the pathogenesis of endometriosis,” International Journal of
Reproductive Medicine, vol. 2014, Article ID 179515, 9 pages,
2014.

[5] H. Liu and J. H. Lang, “Is abnormal eutopic endometrium the
cause of endometriosis? The role of eutopic endometrium in
pathogenesis of endometriosis,” Medical Science Monitor,
vol. 17, no. 4, pp. RA92–RA99, 2011.

[6] T. Squillaro, G. Peluso, and U. Galderisi, “Clinical trials with
mesenchymal stem cells: an update,” Cell Transplantation,
vol. 25, no. 5, pp. 829–848, 2016.

[7] A. Dorronsoro, J. Fernandez-Rueda, K. Fechter et al., “Human
mesenchymal stromal cell-mediated immunoregulation:

10 Stem Cells International



mechanisms of action and clinical applications,” Bone Marrow
Research, vol. 2013, Article ID 203643, 8 pages, 2013.

[8] R. Yanez, M. L. Lamana, J. Garcia-Castro, I. Colmenero,
M. Ramirez, and J. A. Bueren, “Adipose tissue-derived mesen-
chymal stem cells have in vivo immunosuppressive properties
applicable for the control of the graft-versus-host disease,”
Stem Cells, vol. 24, no. 11, pp. 2582–2591, 2006.

[9] G. Constantin, S. Marconi, B. Rossi et al., “Adipose-derived
mesenchymal stem cells ameliorate chronic experimental
autoimmune encephalomyelitis,” Stem Cells, vol. 27, no. 10,
pp. 2624–2635, 2009.

[10] S. Nikoo, M. Ebtekar, M. Jeddi-Tehrani et al., “Menstrual
blood-derived stromal stem cells from women with and with-
out endometriosis reveal different phenotypic and functional
characteristics,” Molecular Human Reproduction, vol. 20,
no. 9, pp. 905–918, 2014.

[11] F. Abomaray, S. Gidlöf, and C. Götherström, “Mesenchymal
stromal cells are more immunosuppressive in vitro if they
are derived from endometriotic lesions than from eutopic
endometrium,” Stem Cells International, vol. 2017, Article ID
3215962, 13 pages, 2017.

[12] A. P. Kao, K. H. Wang, C. C. Chang et al., “Comparative study
of human eutopic and ectopic endometrial mesenchymal stem
cells and the development of an in vivo endometriotic invasion
model,” Fertility and Sterility, vol. 95, no. 4, pp. 1308–1315.e1,
2011.

[13] S. H. Al-Saqi, M. Saliem, S. Asikainen et al., “Defined serum-
free media for in vitro expansion of adipose-derived mesen-
chymal stem cells,” Cytotherapy, vol. 16, no. 7, pp. 915–926,
2014.

[14] E. Aktas, C. S. Chamberlain, E. E. Saether et al., “Immune
modulation with primed mesenchymal stem cells delivered
via biodegradable scaffold to repair an Achilles tendon seg-
mental defect,” Journal of Orthopaedic Research, vol. 35,
no. 2, pp. 269–280, 2017.

[15] E. E. Saether, C. S. Chamberlain, E. Aktas, E. M. Leiferman,
S. L. Brickson, and R. Vanderby, “Primed mesenchymal stem
cells alter and improve rat medial collateral ligament healing,”
Stem Cell Reviews and Reports, vol. 12, no. 1, pp. 42–53, 2016.

[16] S. Urbani, R. Caporale, L. Lombardini, A. Bosi, and
R. Saccardi, “Use of CFDA-SE for evaluating the in vitro pro-
liferation pattern of human mesenchymal stem cells,”
Cytotherapy, vol. 8, no. 3, pp. 243–253, 2006.

[17] E. Cosimo, A. M. McCaig, L. J. M. Carter-Brzezinski et al.,
“Inhibition of NF-κB–mediated signaling by the cyclin-
dependent kinase inhibitor CR8 overcomes prosurvival stimuli
to induce apoptosis in chronic lymphocytic leukemia cells,”
Clinical Cancer Research, vol. 19, no. 9, pp. 2393–2405, 2013.

[18] M. A. Borahay, F. Lu, B. Ozpolat et al., “Mullerian inhibiting
substance suppresses proliferation and induces apoptosis and
autophagy in endometriosis cells in vitro,” ISRN Obstetrics
and Gynecology, vol. 2013, Article ID 361489, 6 pages, 2013.

[19] P. A. B. Klemmt, J. G. Carver, P. Koninckx, E. J. McVeigh, and
H. J. Mardon, “Endometrial cells from women with endome-
triosis have increased adhesion and proliferative capacity in
response to extracellular matrix components: towards a mech-
anistic model for endometriosis progression,” Human Repro-
duction, vol. 22, no. 12, pp. 3139–3147, 2007.

[20] I. Arnaoutova and H. K. Kleinman, “In vitro angiogenesis:
endothelial cell tube formation on gelled basement membrane
extract,” Nature Protocols, vol. 5, no. 4, pp. 628–635, 2010.

[21] E. A. Jaffe, R. L. Nachman, C. G. Becker, and C. R. Minick,
“Culture of human endothelial cells derived from umbilical
veins. Identification by morphologic and immunologic cri-
teria,” The Journal of Clinical Investigation, vol. 52, no. 11,
pp. 2745–2756, 1973.

[22] Y. M. Fortenberry, S. M. Brandal, G. Carpentier, M. Hemani,
and A. P. Pathak, “Intracellular expression of PAI-1 specific
aptamers alters breast cancer cell migration, invasion and
angiogenesis,” PLoS One, vol. 11, no. 10, article e0164288,
2016.

[23] A. Moggio, G. Pittatore, P. Cassoni, G. L. Marchino, A. Revelli,
and B. Bussolati, “Sorafenib inhibits growth, migration, and
angiogenic potential of ectopic endometrial mesenchymal
stem cells derived from patients with endometriosis,” Fertility
and Sterility, vol. 98, no. 6, pp. 1521–1530.e2, 2012.

[24] J. Li, Y. Dai, H. Zhu, Y. Jiang, and S. Zhang, “Endometriotic
mesenchymal stem cells significantly promote fibrogenesis in
ovarian endometrioma through the Wnt/β-catenin pathway
by paracrine production of TGF-β1 and Wnt1,” Human
Reproduction, vol. 31, no. 6, pp. 1224–1235, 2016.

[25] X. Yang, M. Zhang, Y. Zhang, W. Li, and B. Yang, “Mesenchy-
mal stem cells derived from Wharton jelly of the human
umbilical cord ameliorate damage to human endometrial stro-
mal cells,” Fertility and Sterility, vol. 96, no. 4, pp. 1029–
1036.e4, 2011.

[26] L. N. Xu, N. Lin, B. N. Xu, J. B. Li, and S. Q. Chen, “Effect of
human umbilical cord mesenchymal stem cells on endome-
triotic cell proliferation and apoptosis,” Genetics and Molecu-
lar Research, vol. 14, no. 4, pp. 16553–16561, 2015.

[27] H. Klingemann, D. Matzilevich, and J. Marchand, “Mesenchy-
mal stem cells – sources and clinical applications,” Transfusion
Medicine and Hemotherapy, vol. 35, no. 4, pp. 2–277, 2008.

[28] J. Mei, X. Y. Zhu, L. P. Jin, Z. L. Duan, D. J. Li, and M. Q. Li,
“Estrogen promotes the survival of human secretory phase
endometrial stromal cells via CXCL12/CXCR4 up-regulation-
mediated autophagy inhibition,” Human Reproduction,
vol. 30, no. 7, pp. 1677–1689, 2015.

[29] Y. Chu, H. Tang, Y. Guo et al., “Adipose-derived mesenchymal
stem cells promote cell proliferation and invasion of epithelial
ovarian cancer,” Experimental Cell Research, vol. 337, no. 1,
pp. 16–27, 2015.

[30] F.-X. Yu, W.-J. Hu, B. He, Y.-H. Zheng, Q.-Y. Zhang, and
L. Chen, “Bonemarrowmesenchymal stem cells promote oste-
osarcoma cell proliferation and invasion,” World Journal of
Surgical Oncology, vol. 13, no. 1, p. 52, 2015.

[31] M. Gnecchi, P. Danieli, G. Malpasso, and M. C. Ciuffreda,
“Paracrine mechanisms of mesenchymal stem cells in tissue
repair,” Methods in Molecular Biology, vol. 1416, pp. 123–
146, 2016.

[32] Y. Z. Paterson, N. Rash, E. R. Garvican, R. Paillot, and D. J.
Guest, “Equine mesenchymal stromal cells and embryo-
derived stem cells are immune privileged in vitro,” Stem Cell
Research & Therapy, vol. 5, no. 4, p. 90, 2014.

[33] X.-B. Wu, Y. Liu, G.-H. Wang et al., “Mesenchymal stem cells
promote colorectal cancer progression through AMPK/
mTOR-mediated NF-κB activation,” Scientific Reports, vol. 6,
no. 1, article 21420, 2016.

[34] Y. Z. Zhang, J. Y. Lou, H. Y. Bai, Y. L. Wang, J. F. Li, and H. L.
Yin, “Protective effect of bone marrowmesenchymal stem cells
on PC12 cells apoptosis mediated by TAG1,” International
Journal of Clinical & Experimental Pathology, vol. 8, no. 10,
pp. 12093–12100, 2015.

11Stem Cells International



[35] M. E. Healy, R. Bergin, B. P. Mahon, and K. English, “Mes-
enchymal stromal cells protect against caspase 3-mediated
apoptosis of CD19+ peripheral B cells through contact-
dependent upregulation of VEGF,” Stem Cells and Develop-
ment, vol. 24, no. 20, pp. 2391–2402, 2015.

[36] L. Bacakova, E. Filova, M. Parizek, T. Ruml, and V. Svorcik,
“Modulation of cell adhesion, proliferation and differentiation
on materials designed for body implants,” Biotechnology
Advances, vol. 29, no. 6, pp. 739–767, 2011.

[37] P. Kuchroo, V. Dave, A. Vijayan, C. Viswanathan, and
D. Ghosh, “Paracrine factors secreted by umbilical cord-
derived mesenchymal stem cells induce angiogenesis in vitro
by a VEGF-independent pathway,” Stem Cells and Develop-
ment, vol. 24, no. 4, pp. 437–450, 2015.

[38] I. Arutyunyan, T. Fatkhudinov, E. Kananykhina et al., “Role of
VEGF-A in angiogenesis promoted by umbilical cord-derived
mesenchymal stromal/stem cells: in vitro study,” Stem Cell
Research & Therapy, vol. 7, no. 1, p. 46, 2016.

[39] Y. N. Li, L. Guo, H. S. Ahn, M. H. Kim, and S.-W. Kim, “Amni-
otic mesenchymal stem cells display neurovascular tropism
and aid in the recovery of injured peripheral nerves,” Journal
of Cellular and Molecular Medicine, vol. 18, no. 6, pp. 1028–
1034, 2014.

[40] C. R. Justus, N. Leffler, M. Ruiz-Echevarria, and L. V. Yang, “In
vitro cell migration and invasion assays,” Journal of Visualized
Experiments, no. 88, 2014.

[41] M. Jafarabadi, M. Salehnia, and R. Sadafi, “Evaluation of two
endometriosis models by transplantation of human endome-
trial tissue fragments and human endometrial mesenchymal
cells,” International Journal of Reproductive BioMedicine,
vol. 15, no. 1, pp. 21–32, 2017.

[42] L. W. C. Ng, S. K. Yip, H. K. Wong et al., “Adipose-derived
stem cells from pregnant women show higher proliferation
rate unrelated to estrogen,” Human Reproduction, vol. 24,
no. 5, pp. 1164–1170, 2009.

12 Stem Cells International



Review Article
Placenta and Placental Derivatives in Regenerative Therapies:
Experimental Studies, History, and Prospects

Olena Pogozhykh ,1,2 Volodymyr Prokopyuk,2 Constança Figueiredo ,1

and Denys Pogozhykh1,2

1Institute for Transfusion Medicine, Hannover Medical School, Carl-Neuberg-Straße 1, 30625 Hannover, Germany
2Institute for Problems of Cryobiology and Cryomedicine, National Academy of Sciences of Ukraine, Pereyaslavskaya Str. 23,
Kharkov 61015, Ukraine

Correspondence should be addressed to Olena Pogozhykh; pogozhykh.olena@mh-hannover.de

Received 15 September 2017; Accepted 20 November 2017; Published 18 January 2018

Academic Editor: Essam M. Abdelalim

Copyright © 2018 Olena Pogozhykh et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the original work is properly cited.

Placental structures, capable to persist in a genetically foreign organism, are a natural model of allogeneic engraftment carrying a
number of distinctive properties. In this review, the main features of the placenta and its derivatives such as structure, cellular
composition, immunological and endocrine aspects, and the ability to invasion and deportation are discussed. These features are
considered from a perspective that determines the placental material as a unique source for regenerative cell therapies and a
lesson for immunological tolerance. A historical overview of clinical applications of placental extracts, cells, and tissue
components is described. Empirically accumulated data are summarized and compared with modern research. Furthermore, we
define scopes and outlooks of application of placental cells and tissues in the rapidly progressing field of regenerative medicine.

1. Background

The human placenta is a unique temporary organ which
ensures mutual coexistence of the organisms of mother and
fetus, determining growth and development of the latter [1].
Initially, it was believed that the fetus and placenta are closely
related genetically to the mother; but with the development of
assisted reproductive technology of the egg donation, it
became clear that their genotypes could be completely foreign
[2], which can be regarded as a natural model of engraftment
after allogeneic transplantation. The main functions of the
placenta are ensuring the supply, growth, and development
of the fetus, as well as removing metabolic products and
preventing immune rejection [1]. Since the placenta is a
provisional organ, it becomes a salvage material after delivery
[3]. For decades, clinicians and researchers work on the appli-
cation of the placenta for therapeutic purposes, initially in the
form of extracts and cell or tissue transplants, thus accumulat-
ing substantial empirical experience [4, 5]. However, at the
same time, a large amount of research was little systemized
and not always correlated with conventional pharmaceutical

and other methods of treatment. Recent developments of cell
therapy approaches along with opportunities for autobanking
significantly increased the interest in the placenta as a source
of biological material. Novel studies revealed a number of
typical features of placental-derived cells, which define the
direction of clinical use [6]. The major aim of this review
was to identify and systemize general properties specific to
various biological products of placental origin and character-
ize themost promising directions for their clinical application
based on the analysis of data available in the scientific litera-
ture. Since placental structures have been used in a broad
range of therapies, in our analysis, we have only considered
the data, which have been confirmed repeatedly by several
independent groups at various time points.

2. Structure and Properties of the Placenta and
Fetal Membranes

2.1. Development of the Placenta. During pregnancy provides
the key to understand its structural and functional
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peculiarities. At the stage of 8 blastomeres, the blastocyst
divides into embryoblast and trophoblast. Trophoblast forms
villi and first primary, containing only the trophoblast, then
secondary, containing the stroma (embryonic mesenchyme),
and later tertiary, containing the vessels (Figures 1(a) and
1(b)). At the same time, division of the trophoblast into syncy-
tium and cytotrophoblast takes place. Implantation processes
and trophoblast invasion occur through the enzymatic
destruction of the endometrium and decidua of the uterus
and layering of the resulting lacunae with trophoblast cells,
replacing the choroid of the spiral arteries with trophoblast,
which prevents thrombosis and makes the arteries refractory
to vasopressor agents. After 6–8 weeks of pregnancy, the villi
remain only on the placental site. The rest of the villi become
atrophied and the smooth chorion, containing significant
amounts of the trophoblast elements, is being formed [6, 7].

2.2. Morphology. Postpartum placenta has a disk-shaped
form 16–20 cm in diameter, weighing 500 g on average.
Trophoblast cells, mesenchymal cells, and endothelial cells
of vessels are the main cell types of the placenta.

Since the use of “early placenta” (from the first two tri-
mesters of pregnancy) encounters a number of ethical issues,
the majority of the researchers are focused on the third-
trimester placenta, also known as “mature placenta” (38–40
weeks of pregnancy) [3, 8]. Mature placenta consists of fetal
and maternal parts. The fetal part includes the chorionic
plate, amnion, and umbilical cord. Fetal membranes
(Figure 1(c)), amniotic and chorionic, are formed on the
basis of the smooth chorion and can be easily separated at
the intermediate layer. Thin, transparent, and smooth amni-
otic membrane is composed of a single layered epithelium
and the amniotic mesenchyme, an avascular connective

Tr
Vess

Mes

(a) (b)

Am

Ch

(c) (d)

Artery

Vein

(e) (f)

Figure 1: Morphology of placental components: (a, b) placental tissue (villi): Tr: trophoblast; Vess: vessels; Mes: mesenchyme; (с) fetal
membranes: Am: amniotic membrane; Ch: chorionic membrane; (d) surface cells of amniotic epithelium; (e) cross-section of the umbilical
cord; (f) umbilical cord tissue. Staining: (a, c, e, and f) hematoxylin-eosin, sections; (b, d) neutral red, native preparation. Scale bars: (a, b,
c, d, and f) 50 μm; (e) 1000μm.
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tissue. Chorionic membrane is composed of fibroblasts and a
large number of trophoblast cells. The chorionic plate repre-
sents the fetal surface of the placenta, which is covered by the
amnion. The umbilical cord enters the chorionic plate and
connects the fetus to placenta. Umbilical cord is 50–70 cm
in length and 1-2 cm in thickness. It is covered by the amni-
otic epithelium and contains two arteries and one vein that
are immersed in the Wharton’s jelly (which contains a large
amount of fibroblast cells and has an intercellular substance
rich in hyaluronic acid) (Figures 1(d)–1(f)) [1, 6]. The
maternal part, or so-called basal plate, is comprised of bed
and walls of lacunae, formed by decidual endometrial
tissue. Additionally, the maternal part contains NK cells,
macrophages, and other immune cells. Therefore, postpar-
tum placental cells possess mainly the fetal genotype with
a certain amount of maternal cells [1, 7].

2.3. Immunological Features. The structure of the placenta
has several features that determine its function as well as
the possibility of effective application in clinics and in bio-
technology. Trophoblast cells are protected from the mater-
nal immune system, due to reduced expression of the major
histocompatibility complex (MHC), apoptosis-inducing
mechanisms, and the influence of hormones and growth fac-
tors on the cells of the immune system [9]. According to
majority of the authors as well as to online gene annotation
portals and databases (e.g., http://biogps.org/), trophoblast
has virtually no expression and other cells of placenta express
very low amounts of classical MHC (HLA-A, HLA-B, and
HLA-C), thus making it difficult for the immune system to
recognize these cells [10, 11]. Furthermore, trophoblast
expresses nonclassical MHC, which is inherent to pregnancy
and includes HLA-E, HLA-F, and HLA-G [2]. In particu-
lar, according to some authors, HLA-G inhibits the migra-
tion of natural killer cells (NK cells) and proliferation of
T-lymphocytes by interacting with the NKR2B4 receptor.
Similar properties were described for the HLA-E expressed
in the trophoblast [2, 7, 12].

Other mechanisms of protection of trophoblast from
the maternal immune aggression involve apoptosis-
inducing ligands FasL and TRAIL, which have the influence
on immunocompetent cells [13]. During pregnancy, an
increase in the number of Th2 lymphocytes occurs, which
secrete anti-inflammatory interleukins IL4, IL5, IL9, IL10,
and IL13, and a decrease in Th1 lymphocytes, which
secrete proinflammatory IFNγ. This phenomenon is
determined by the action of progesterone, as well as the
capability of placental cells to secrete a certain variety of
cytokines. The reduction in NK cells is also detected,
though it is compensated by the activation of nonspecific
immunity [2]. In this regard, it is observed that pregnancy
is often accompanied by remission of a number of autoim-
mune diseases, such as multiple sclerosis and rheumatoid
arthritis [2, 14].

2.4. Endocrine Function. Trophoblast cells synthesize a num-
ber of hormones, such as estradiol, progesterone, and chori-
onic gonadotropin, which regulate growth and development
of the fetus as well as changes in the organism of a mother

during pregnancy [15]. These hormones have the impact
primarily on the reproductive and immune systems, which
explains the therapeutic efficiency of the components of the
placenta in the treatment of respective pathologies. Estradiol
causes proliferation of the endometrium and mammary
glands, causes calcium retention, and possesses feminizing
and antisclerotic effect, as well as it affects sexual behavior.
The main function of progesterone is in providing occur-
rence and preservation of pregnancy. Chorionic gonadotro-
pin is an analogue of gonadotropin hormones, with the
properties of luteinizing and follicle-stimulating hormones.
It possesses the trophic corticotropic function and supports
the development of pregnancy as well as enhanced resistance
to stress. Exogenous administration of human chorionic
gonadotropin stimulates ovulation, synthesis of ovarian
estrogen in females, and androgen synthesis and spermato-
genesis in males [15, 16].

2.5. Trophoblast Deportation. Among the most important
physiological properties of placental cells is the capability of
deportation and long-term existence in the mother’s organ-
ism outside of the placenta itself. Fragments of different sizes,
from multinuclear symplasts to exosomes, are emitted from
the villi and fall into the uterine veins; a part of them are
embolized by pulmonary capillaries and smaller particles fall
in the systemic circulation. Settling in the mother’s tissues,
trophoblast cells can remain viable for some time and can
be traced up to three–four days on average, with certain
cases of reported detection in up to two weeks postpartum
[17]. Elimination of deported trophoblast cells is achieved
through nonspecific immunity and lytic factors. To date,
there is no consensus about the role of trophoblast deporta-
tion in the course of pregnancy. Most researchers believe
that this is a physiological phenomenon and assumes that
the trophoblast in such manner participates in the forma-
tion of tolerance [17, 18]. In the case of preeclampsia
and placental dysfunction, the amount of necrotic and
apoptotic-altered trophoblast cells increases. In modern
medicine, diagnostic methods based on the isolation of
fetal cells from the maternal blood are actively developing.
At the moment, this is primarily a diagnosis of hereditary
diseases and risk of preeclampsia. Therefore, not only the
placenta is a natural model of organ transplantation in
the organism of a mother during pregnancy but also
the trophoblast deportation is a natural model of cell
transplantation [12].

3. History of Clinical Application of
Placental Components

Multicomponent cellular and biochemical composition of
the placenta, along with its ability to perform a wide variety
of functions and availability of a large amount of material,
has always attracted close attention of clinicians and
researchers. Substantial experience in the application of the
placenta in experimental and clinical practice has accumu-
lated over the past 100 years. Various groups of researchers
at different time points often observed similar therapeutic
effects and patterns even by applying different techniques
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and using different dosages and forms (extracts, tissue
fragments, cells, serum, etc.) [4, 8, 16, 19]. Unfortunately,
this immense amount of work and clinical data is little
systemized and many successful approaches received no
follow-up. We believe that analysis of these data will con-
tribute to finding ways of further development of therapies
using the placental material.

The first application of the amniotic membrane in oph-
thalmology was published by Davis, J. (1910) [8]. Results of
the first studies on the effect of placental extracts and tissues
on the reproductive system appear in the literature in the
early 20th century (Aschner B., 1912, Hirose T., 1919) [16].
Majority of the world’s research on devitalized preparations
was published in the 1930s to 1980s. The first successful
transplantation of cord blood cells in Fanconi anemia in
1982 resulted in enhanced interest of researchers in cord
blood stem cells [20]. Since the end of the 20th century, com-
ponents of the placenta (placenta, umbilical cord, and mem-
branes) are increasingly seen as a source of stem cells;
cryopreserved viable placental preparations are successfully
applied [6, 21].

Due to a range of historical reasons, a significant amount
of the studies is unfortunately not included into modern
international databases, such as PubMed. For example, most
of the works of academician Vladimir P. Filatov [22], founder
of the Institute of Tissue Therapy and Eye Diseases (USSR),
in the 1930s to 1960s were not even translated to English,
highly limiting the audience of this valuable publications.
At the same time, his fundamental work on the use of tissue
therapy methods has been published in over 3000 scientific
works; thousands of patients received effective treatment
with devitalized placental medications; and dozens of depart-
ments and institutes on tissue therapy were established on
this basis [23–25]. Also, currently, more information on the
centuries of experience of application of placental derivatives
in traditional Chinese medicine becomes available from the
recent publications [8].

The researchers have used in their studies the frag-
ments of placental tissue, amniotic and chorionic mem-
branes, umbilical cord, amniotic fluid, placental extracts
and lyophilizates, and cord blood serum, as well as various
types of differentiated cells and stem cells (Figure 2). Such
material has been used in native form as well as after
chemical and thermal processing, after cryopreservation
and sublimation. Methods of application widely vary such
as subcutaneous, intramuscular, intravenous, intraorpera-
tive, as biocovers, and substitutive material, as well as via
oral administration [26–32].

The views on the mechanism of action of placental prep-
arations have been changing along with the development of
biology and medicine. The researchers hypothesized and
attempted to explain the patterns of therapeutic effects by
vitamin, mineral, protein, and peptide composition, by the
presence of “resistance factors,” “preservation factors,” cyto-
kines, hormones, and stem cells [4, 21, 23]. Such approach
could explain common features of placental derivatives and
shed light on the mechanism aspect and unique biological
activity. At the same time, very often, the studies of the begin-
ning of 21st century repeat the works from the mid-twentieth

century, explaining obtained results in a different manner,
while observing similar effects under the same pathological
conditions [8, 19].

4. Cord Blood Cells

The greatest attention of researchers and clinicians is tradi-
tionally attracted by cord blood cells. Umbilical cord blood
is an easily accessible rich source of hematopoietic stem cells
which is an alternative to the bone marrow [33–35]. High
rates of success were achieved with allogenic transplantation
of umbilical cord blood cells for the treatment of the patients
with hematologic and metabolic pathologies [20, 36]. Appli-
cation of cord blood stem cells is described to be quite
effective in the treatment of erectile dysfunction and diabetes
mellitus, resulting in improved erectile function and reduc-
tion in fasting blood sugar [37]. In former years, mainly
due to the limited dosage of cord blood cells available
for each transfusion, the application was limited to child
patients [38]. However, recent advances in cord blood cell
expansion methods, isolation of particular units with the
following dosage adaptation, and availability of HLA
matching techniques allowing pooling of the units from
the different donors resulted in significant improvement
of related therapies [20, 39–42].

Besides the transplantation of hematopoietic cord blood
cells, a special interest of the researchers is attracted by eryth-
rocytes and platelets of the cord blood [43–45]. The main dis-
tinction of cord blood erythrocytes from the erythrocytes of
an adult is the content of fetal hemoglobin. The content of
fetal hemoglobin in cord blood erythrocytes is over 90%,
while in adult blood it is less than 10% [46]. Fetal hemoglobin
has a significantly higher affinity to oxygen, which enables

Human placenta

Placenta tissue
fragments

Amniotic membrane;
chorionic membrane

Cord blood cells;
placenta MSCs

Placental extracts;
cord blood serum

Figure 2: Conventional forms of application of placenta-derived
biomaterial in clinics: placental extracts and lyophilizates, cord blood
serum, various types of differentiated and stem cells, amniotic and
chorionic membranes, and fragments of placental tissue.
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the transfer of oxygen through the placenta from the
mother’s blood [47]. Despite the possibility to obtain only
50–100ml of cord blood postpartum, transfusion of the cord
blood erythrocytes is advantageous for the treatment of
infants, especially premature infants, as well as for the intra-
uterine blood transfusions, when the recipient’s blood mainly
contains the fetal hemoglobin. Such approach allows reduc-
ing the number of transfusions and significantly accelerates
recovery [48, 49]. Transfusion of the cord blood erythrocytes
to adult patients results in a more rapid recovery of neutro-
phils and slower recovery of platelets in comparison to trans-
fusion of adult erythrocytes [42]. Transfusion of the cord
blood is also mentioned as a perspective for utilization in
pediatric practice in the countries where the availability of
donated blood is limited [33].

5. Placental Extracts

High number of publications is related to the studies of pla-
cental extracts. Such extracts are obtained by lysing human
placental tissues collected at full-term delivery. Therefore,
the extracts do not contain cells but are rich in a wide
range of proteins, minerals, amino acids, and steroid
hormones [4]. According to the data of various research
groups, such extracts possess anti-inflammatory, analgesic
[26], antioxidant [50, 51], cyto- and radioprotective [52],
and anti-allergic properties and express hormonal activity
[16, 53, 54], as well as stimulate proliferation and repara-
tive processes [14, 55, 56].

Placental extracts were shown to enhance the prolifera-
tion of fibroblasts and cord blood cells in vitro. At the same
time, it was noted that extracts isolated from the late gesta-
tion placenta possess the highest biological activity [53, 56].
Cytoprotective and antioxidant properties of the extracts
are usually associated with the protein components; in
particular, they are correlated with the concentration of
alpha-fetoprotein [50, 51]. Animal model studies showed
that prophylactic administration of the extracts increases
the resistance of animals to oxidative stress [57]. Placental
extracts reduce the concentration of free radicals, inflamma-
tory cytokines IL6, TNF, and IL1, at the same time increasing
the colony formation of progenitor cells in vitro and reducing
oxidative and radiation damage of the cells [52, 57]. Analysis
of biosafety of placental extracts revealed the absence of toxic
or mutagenic influence on cell cultures and adult animal
models; however, fetotoxicity in animals at early gestation
was reported [58].

Placental extracts have been applied for the treatment of a
wide variety of pathological conditions—most commonly in
surgery, neurology, gynecology, and dermatology. Pro-
nounced positive effects were received in the treatment of
wounds, nonhealing ulcers, and burns: rate of epithelializa-
tion was significantly increased and a decrease of infiltration
and reduction of the pain syndrome were observed [27, 59].
The extracts accelerate the wound healing in animals with
the diabetes model, which can be interpreted as a treatment
for diabetic neuropathy and angiopathy [28]. The mecha-
nism of action of placental extracts in the wound healing is
associated with the increase of TGF-β in the early phase of

regeneration and VEGF in the late phase, as well as with
the presence of FGF, amplification of angiogenesis, and the
increase of expression of CD31 [28, 60]. Application of
placental extracts in menopausal disorders allowed reducing
the number and severity of hot flushes, irritability, and nor-
malize hormonal profile [54, 61]; the amount of estrogen
receptors in the experiment was increased, and the effects
of vaginal atrophy were reduced, while the activity of osteo-
blasts was improved [53]. Experimental studies on the effect
of placental extracts on behavior and physical condition in
the animal model showed decrease in symptoms of fatigue
and increased resistance to physical stress [53, 62]. This
phenomenon was explained by the rise of the level of intra-
cellular calcium, activation of splenocytes and T cells, and
reduction of synthesis of proinflammatory cytokines associ-
ated with fatigue (IL6, TNF, and IFNγ) [53, 62]. Similar
results were obtained in preclinical studies [29].

Placental extracts showed expressed efficiency in neu-
rology by supporting regeneration of the nerve tissue in
experimental treatment of the nerve damage and facial
spasm. The authors explain the resulting effect with the
increased synthesis of GAP-43 and Cdc2 regenerative factors
[63, 64]. Placental extracts were effective in the treatment of
rheumatoid arthritis [65] and experimental renal failure
[66]. A certain amount of practical experience in the applica-
tion of placental extracts is also accumulated in veterinary
medicine. Here, the extracts were applied for stimulation of
mammogenesis, lactogenesis, and galactopoiesis [67].

6. Cord Blood Serum

Cord blood serum has been used in ophthalmology in treat-
ment of chemical and thermal damage of the cornea and cor-
neal erosion, as well as recovery after laser operations. A
more complete and rapid epithelialization of the cornea after
application of the preparations containing cord blood serum
in comparison to conventional pharmacological therapies
was demonstrated [30, 68]. Besides, positive effects in the
treatment of neurotrophic keratitis were described [69].

The ability of cord blood serum to stimulate pancreas
cells for insulin synthesis along with the formation of pancre-
atic islets has been demonstrated in vitro [70]. Application of
cord blood serum in obstetrical antiphospholipid syndrome
improves the readiness of preimplantation endometrium
and reduces the number of antiphospholipid antibodies
[71]. Besides, application of cord blood serum has shown effi-
ciency in wound healing [72, 73]. These effects are explained
by the presence of EGF, FGF, HGH, fibronectin, NGF, and
IGF-1 in the composition of cord blood serum [68].

7. Isolated Placental Cells

By now, cells from the amniotic and chorionic membranes,
placental villi, and umbilical cord have been successfully iso-
lated, phenotyped, and characterized [74, 75]. Protocols
based on trypsin, collagenase, or dispase digestion are used
to isolate the cells from the fetal membranes. Isolation of
the cells from placental villi requires application of DNase,
and isolation of the cells from umbilical cord requires
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hyaluronidase or application of the explant technique [6].
Among the variety of cell types, which can be isolated from
the placenta and placental derivatives, mesenchymal stromal
cells (MSCs) receive the highest attention in research and
clinical trials [21]. According to the majority of researchers,
MSCs obtained from all placental sources express CD105,
CD90, CD73, CD29, CD13, CD10, and to a minor extent
HLA-A, B, and C, while not expressing CD14, CD34,
CD45, and HLA-DR [21]. Importantly, the cells obtained
by the mentioned protocols retain the ability to synthesize
chorionic gonadotropin and express cytokeratin-7 and
CD200 [14]. Moreover, placental MSCs possess the capabil-
ity of differentiation not only into three classical mesodermal
lineages (adipogenic, osteogenic, and chondrogenic) but
were also shown to be able to differentiate in myogenic,
angiogenic, pancreatic, cardiogenic, and neurogenic cell
types [6, 21].

In vivo studies in the mouse model showed that placenta-
derived cells inhibit the delayed hypersensitivity reaction,
improve the course of experimental encephalomyelitis, and
induce tolerogenic immune response due to differentiation
of dendritic cells and inhibition of Th1 response in favor of
the Th2. Inhibition of the antigen-specific proliferation of T
cells was observed in vitro [8, 14]. A large number of
in vitro and in vivo studies is devoted to comparative analysis
of the influence of mesenchymal stromal cells from various
sources on the cells of the immune system. It was shown
that the cells derived from the placenta possess more pro-
nounced immunomodulating effect in comparison to the
cells of the adipose tissue and bone marrow [76, 77]. More-
over, placental MSCs possess higher proliferation rates in
comparison to the cells from the other sources [78, 79],
which can be highly valuable in reconstructive therapies
(e.g., tissue engineering) [80].

MSCs of amniotic membrane were efficient in the treat-
ment of premature depletion of ovarian function after che-
motherapy. Direct administration to the murine ovary
resulted in recovery of the estrous cycle and sexual function,
as well as certain other reproductive parameters [81].

It was shown that mesenchymal stromal cells isolated
from the amniotic membrane can differentiate into
hepatocyte-like cells [21, 82]. Intravenous application of
placental cells in experimental models of intoxication with
carbon trichloride enhanced liver regeneration and acceler-
ated recovery of the animals [83, 84]. Transplantation of
placental cells in the heart muscle resulted in their differenti-
ation into cardiomyocytes [85], which improved the regener-
ation after experimental acute myocardial infarction [31, 86].
Efficiency in the heart failure treatment is attributed to para-
crine interactions [87].

Expression of a range of neuronal markers was found
in placental cells, possibly due to the involvement of the
placenta in the metabolism of neurotransmitters [88].
Neuroprotective effect of placental MSCs has been proven
after direct transplantation to the central nervous system
as well as after intravenous administration; the course of
experimental Parkinson’s disease and spinal cord injury
has been improved, and acceleration of rehabilitation after
experimental ischemic stroke in the animal model was

observed [6, 89, 90]. Efficiency of placental cells in the
treatment of ischemic stroke is explained by the influence
of VEGF, HGF, and neurotrophic factors [91]. Moreover,
reduction of beta-amyloid plaques and anti-inflammatory
effect with increasing TGF-β and IL10 was observed in
the treatment of Alzheimer’s disease [92].

Treatment of experimental diabetes with placental cells
(intravenous administration) resulted in normalization of
the weight of the laboratory animals and restoration of
normal glucose levels. The authors detected no teratoma
formation, at least within the few months of the follow-
up observations [93]. Moreover, treatment with placental
cells had positive effects on complications of diabetes.
Namely, it accelerated wound healing in a diabetic animal
model [94].

Antiaging effect of transplantation of placental cells has
been reported in a mouse model [95]. Intravenous applica-
tion of placental cells demonstrated efficiency in the treat-
ment of rare diseases in the experiment, in particular,
pulmonary fibrosis, osteogenesis imperfecta, and muscular
dystrophy [6, 21, 96].

Besides the cells isolated from the term placental mate-
rial, immature placental cells from amniocentesis and chori-
onic villus sampling have been successfully applied in
prospective studies [97, 98]. Since the fetus is not sacrificed
in these cases, the ethical issues surrounding discarded early
gestation placental tissue are avoided.

Cells obtained from prebirth tissues, such as the umbilical
cord blood, amniotic fluid, and chorionic villi, have great
potential in cardiovascular tissue engineering for the fabrica-
tion of heart valves, prevascularization of in vitro engineered
tissue constructs, or in vitro endothelialization of synthetic
blood vessel replacements [99, 100]. Combined with the use
of cell banking technology, this approach may be also applied
for postnatal applications [101].

8. Amniotic and Chorionic Membranes

Amniotic membrane has been used in clinical practice to a
higher extent in comparison to the other components of
the placental complex. Mainly, it is used in surgery as a
biological coating [102, 103]. The first reported treatment
with the amniotic membrane was performed in 1910 by
J. Devis for the closing of skin defects; later, it was applied
as the plastic material in different fields of surgery [32].
Most often, the amniotic membrane is used in ophthal-
mology for the closure of corneal pathology defects. Such
application is determined by a range of unique properties
of the amniotic membrane, such as transparency and the
ability to stimulate proliferation and migration of stem cells
from the limbus area, as well as the ability to suppress vascu-
larization [103, 104]. The method is widely applied in clinics
with expressed long-term effect [105, 106]. Application of
amniotic and chorionic membranes is also convenient for
the treatment of nonhealing trophic ulcers, vaginal recon-
struction surgery, enterocutaneous fistula, prevention of
adhesions, orthopedic pathology, replacement of the pelvic
peritoneum, and so on [8, 19, 107, 108]. The mechanism of
action of placental membranes is explained by the effect
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of biological dressings, activation of epithelialization and
neovascularization, suppression of inflammation, and scar-
ring, as well as by antimicrobial properties [19, 109].

9. Placental Tissues

References on the application of placental fragments are
rarely found in the international scientific literature data-
bases. Successful application of the placental tissue in extra-
corporeal detoxification was reported [110]. The placental
tissue has been used as a biosorbent for the treatment of
chronic inflammatory diseases (peritonitis, suppurative cho-
langitis, mastitis, pancreatic necrosis, and phlegmon). The
treatment resulted in improved general condition, reduction
of bacteria in blood of the patients, lowering of the laboratory
indicators of endotoxemia (bilirubin by 56%, transaminases
by 55%, and creatine by 25%), positive dynamics in parame-
ters of the immune system, strengthening of the central and
peripheral blood flow, and, importantly, the absence of
traumatization of cells in comparison to other conventional
sorbents [110]. The efficiency of application of cryopreserved
placental fragments was shown in experimental atherosclero-
sis: acceleration of atherosclerosis regression and neoangio-
genesis of myocardium were observed [111]. Utilization of
placental fragments in male infertility allowed increasing
the quality of sperm as well as the number of pregnancies
in couples [112].

10. Amniotic Fluid

Amniotic fluid is rarely used in experimental and clinical
studies compared to the other placental material due to a
smaller number of cells and the active compounds, as well
as due to the difficulty of obtaining under sterile conditions.
Nevertheless, certain researchers reported the efficiency of
the amniotic fluid in bone healing [113], regeneration of nerve
tissue [114], and prevention of epidural fibrosis [115].
Recently, an interest in amniotic fluid as a source of stem
cells has increased due to a potential in the correction of
pathologies of the nervous, musculoskeletal, reproductive,
and cardiovascular systems [99, 116, 117]. Preclinical stud-
ies in the ovine animal model showed the possibility of
prenatal implantation of tissue-engineered cell-based heart
valves, composed of biodegradable matrixes with autologous
amniotic fluid cells. Such valves possessed in vivo functional-
ity with intact valvular integrity and absence of thrombosis
[118]. Moreover, amniotic fluid cells have proven high effi-
ciency in neurology: successful spina bifida treatment was
performed in both rodent and ovine animal models [97, 119].

11. Current Research and Clinical Trials

The areas of research and the number of studies and clinical
trials utilizing placental derivatives were analysed on the
basis of open sources of the US National Library of Medicine
(https://www.ncbi.nlm.nih.gov) and the US National
Institutes of Health (http://ClinicalTrials.gov/) (Table 1).
Currently, the highest number of studies and clinical trials
is dedicated to cord blood cells. As hematopoietic cells, they

are traditionally used in the treatment of blood oncology
and bone marrow pathologies. Novel studies focus on reha-
bilitation after chemotherapy, diabetes, and ischemic lesions
of the central nervous system and extremities. MSCs of pla-
cental origin have higher differentiation potential but require
more complicated isolation procedures. The number of
experimental studies and clinical trials with placental MSCs
is generally smaller in comparison to cord blood cells; how-
ever, the range of pathological conditions where they can be
effectively applied is broader. Among others, this includes
autoimmune and endocrine diseases, disorders of the ner-
vous and reproductive systems. Most of the works on MSCs
are fundamental and experimental; the number of clinical
trials is relatively small. Research dedicated to amniotic mem-
branes mainly relates to the coverage of wounds, surgical
defects, ulcers, and burns. Fewer studies are dedicated to
the application of the amnion in the cell culture. At the same
time, the number of publications on clinical application of
the amnion is significantly higher in comparison to the basic
research. The number of studies on placental extracts is rela-
tively low and is mainly associated with degenerative diseases
and disorders of the reproductive system. Works on applica-
tion of cord blood serum are mainly performed in corneal
pathology. Despite the widespread usage of fetal serum as a
rich source of growth factors for the cell culture techniques,
the intensity of cord blood serum-associated research is
rather low.

12. Biobanking of Placental Components

Active work with biological material requires appropriate
biobanks and biobanking technologies. Long-term storage
of placental components may be aimed at clinical application
and scientific research, as well as development and testing of
the novel drugs [3, 120–123].

Methods of chemical preservation, high-temperature
sterilization, hypothermic storage, low-temperature storage,
and cryosublimation have been used for the storage of pla-
cental components. Selection of the storage method depends
on the type of material and the purpose of its further applica-
tion [5, 120, 122, 124].

Methods of sterilization by filtration or autoclaving have
been used for devitalization of the extracts containing pep-
tides [4]. Devitalization methods allow storing the material
at the room temperature without additional equipment;
however, the properties of such biological objects are signifi-
cantly altered. For example, devitalization of amniotic mem-
brane significantly reduces the immunogenicity and highly
extends its biodegradation period [3].

Hypothermic and subnormothermic storage of biomate-
rial ensures preservation for a short period of time, required
for delivery of the material to a laboratory or clinics with
minor structural and biochemical injuries [122, 125–127].

The most conventional method for storage of biological
objects, which provides high levels of preservation for a long
period of time, is cryopreservation [124]. Cord blood serum,
placental extracts, cell suspensions, chorionic and amniotic
membranes, and placental tissue are all suitable for cryopres-
ervation procedures [120, 123]. Possibility to isolate MSCs
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Table 1: Worldwide progress in the research, preclinical studies, and clinical application of the placenta-derived material.

Forms of application of
placental components

In research
(https://www.ncbi.nlm.nih.gov/)

2017

Clinical trials
(http://clinicaltrials.gov/)

2017
Pathology

Cord blood cells

>10,000 351
Aplastic anemia, haematological malignancies,
cancer, traumatic brain injury, virus infection,
limb ischemia, stroke, and brain ischemia

MSCs (derived from
placental tissue, fetal
membranes, Wharton’s
jelly, and amniotic fluid)

>4000 39

Diabetes mellitus, multiple sclerosis, myocardial
infarction, strokes, peripheral neuropathy, trophic
ulcers, Crohn’s disease, graft-versus-host disease,

and pulmonary fibrosis, limb ischemia,
cardiomyopathy, knee osteoarthrosis, diabetes

mellitus, amyotrophic lateral sclerosis, and erectile
dysfunction

Amniotic membrane

>1900 114
Corneal ulcers, corneal melting, injury,

periodontitis, diabetic foot, foot ulcer burns, and
adhesions

Placental extract

65 2

Keratinocytes, wound healing,
rheumatoid arthritis, intervertebral disc

degeneration, and climacteric symptoms in
premenopausal women

Cord blood serum

7 3 Corneal epithelial wound

Amniotic fluid

4 —
Preventing fibrosis, adhesion, nerve, and

bone regeneration
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with a stable genome from cryopreserved placental tissues,
similar to the population of cells isolated from the native
(fresh) tissues, significantly extends the scopes of cryopreser-
vation of the placental material [128]. The placenta is a
unique object for low-temperature biobanking and auto-
banking [6, 120, 122]. In most countries, the application of
placenta does not face ethical issues and women positively
evaluate this possibility, otherwise considering the material
as a “waste.” Donation of the placenta is physiologically
indifferent for the donor. At the same time, it provides a large
amount of material suitable for direct application and for
long-term storage in initial state or after processing, as well
as for the preparation of extracts and isolation of cells or indi-
vidual components [3]. Biobanking technologies might offer
a lifelong availability of the autologous placental material or
tissue-engineered constructs, readily available for immediate
application for a patient [101].

13. Conclusions

Considerable amount of information on the properties,
experimental studies, and possibilities of clinical application
of placental components is accumulated to date (Table 1).
The researchers showed the potential use of placental com-
ponents in various fields of biology and medicine. However,
many findings are not confirmed independently by different
research groups and have not been performed on the amount
of material sufficient enough for clinically significant statisti-
cal conclusions.

Early works were primarily devoted to the study of
placental extracts as hormonal agents and biostimulators, as
well as amniotic membranes as biocovers. Cord blood cells
are the most widely used placental component in modern
medicine, being applied in the stem cell transplantation.
Amniotic membrane is successfully applied in the ophthal-
mic practice, surgery, and wound healing. Novel technologies
based on the application of placental MSCs and autobanking
are considered as the most promising and prospective for the
near future in the field of regenerative and reconstructive
therapies as well as in bioengineering. The interest of
researches in placental extracts and placental blood serum
is still low, despite the widespread application of various fetal
sera in the cell and tissue culture media.

Independent research groups at different time points
received similar data on the properties and effects of applica-
tion of the various components of the placenta for correction
of a wide spectrum of pathologies. In most of their opinion,
general therapeutic properties of various placental compo-
nents are expressed in stimulation of reparative processes
and anti-inflammatory and immunomodulatory effects. The
mechanism of action of the various components of the
placenta on the recipient’s organism is associated with a shift
from Th1 to Th2 type of immune response, suppression of
the synthesis of IL6, TNF, and IFNγ, and enhancement of
the synthesis of IL10, VEGF, and trophic factors.

Various research teams have verified the effects from the
application of placenta and its derivatives on the nonhealing
wounds, ulcers, disorders of the reproductive system (infer-
tility and menopausal syndrome), autoimmune pathologies,

and diabetes, as well as neurological disorders. The use of
stem cell therapy methods is accepted as an addition rather
than an alternative to conventional medical approaches,
since it often does not cover all components of the pathogen-
esis of the targeted diseases.

Considering the clinical potential and high perspectives
of the placental material as an object for autobanking, it
may be recommended to preserve not only the individual cell
populations but also fragments of membranes, tissue, placen-
tal extracts, and cord blood serum.

There are no doubts in the conception of placental
components as a rich source of biologically active substances
and stem cells. At the same time, it should be noted that cur-
rently available results on the positive effects of placental
components in the treatment of a wide spectrum of diseases
have to go through the test of time and statistical observa-
tions in order to determine their potential/real therapeutic
efficacy. Additionally, adverse effects and contradictions
should be carefully and precisely studied and evaluated in
the short- and in the long-term periods.

Ethical Approval

Human placental material used in microscopic images for
Figure 1 was donated in anonymized manner with a written
informed consent of the patients after routine Caesarian
section at the Department of Gynaecology and Obstetrics at
Hannover Medical School, Germany (approved by the
Ethical Commission of Hannover Medical School, ethic
votum number 2396-2014) and in Kharkiv municipal
maternity hospital number 1, Ukraine (approved by the
Bioethics Committee of the Institute for Problems of
Cryobiology and Cryomedicine of the National Academy of
Sciences of Ukraine, ethic votum number 2-0306-2013).
This study did not involve animal experiments.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this article.

Acknowledgments

Authors would like to thank Professor Dr. Anatoliy
Goltsev, Professor Dr. Olga Prokopyuk, and PD Dr. Thomas
Mueller for the qualified consulting and material for
preparation of this review.

References

[1] B. Huppertz, “The anatomy of the normal placenta,” Journal
of Clinical Pathology, vol. 61, no. 12, pp. 1296–1302, 2008.

[2] A. L. Veenstra van Nieuwenhoven, M. J. Heineman, and
M. M. Faas, “The immunology of successful pregnancy,”
Human Reproduction Update, vol. 9, no. 4, pp. 347–357,
2003.

[3] R. S. Yoshizawa, “Review: public perspectives on the utiliza-
tion of human placentas in scientific research and medicine,”
Placenta, vol. 34, no. 1, pp. 9–13, 2013.

9Stem Cells International



[4] J. Zheng, Recent Advances in Research on the Human
Placenta, In Tech, China, 2012.

[5] I. Kotomin, M. Valtink, K. Hofmann et al., “Sutureless
fixation of amniotic membrane for therapy of ocular surface
disorders,” PLoS One, vol. 10, no. 5, article e0125035, 2015.

[6] C. Pipino, P. Shangaris, E. Resca et al., “Placenta as a reservoir
of stem cells: an underutilized resource?,” British Medical
Bulletin, vol. 105, no. 1, pp. 43–68, 2013.

[7] T. R. Regnault, H. L. Galan, T. A. Parker, and R. V. Anthony,
“Placental development in normal and compromised preg-
nancies— a review,” Placenta, vol. 23, no. 23, Supplement
A, pp. S119–S129, 2002.

[8] A. R. Silini, A. Cargnoni, M. Magatti, S. Pianta, and
O. Parolini, “The long path of human placenta, and its deriv-
atives, in regenerative medicine,” Frontiers in Bioengineering
and Biotechnology, vol. 3, p. 162, 2015.

[9] J. K. Riley, “Trophoblast immune receptors in maternal-fetal
tolerance,” Immunological Investigations, vol. 37, no. 5-6,
pp. 395–426, 2008.

[10] S. J. Chen, Y. L. Liu, and H. K. Sytwu, “Immunologic regula-
tion in pregnancy: from mechanism to therapeutic strategy
for immunomodulation,” Clinical and Developmental Immu-
nology, vol. 2012, article 258391, 10 pages, 2012.

[11] C. Kanellopoulos-Langevin, S. M. Caucheteux, P. Verbeke,
and D. M. Ojcius, “Tolerance of the fetus by the maternal
immune system: role of inflammatory mediators at the feto-
maternal interface,” Reproductive Biology and Endocrinology,
vol. 1, no. 1, p. 121, 2003.

[12] K. J. Askelund and L. W. Chamley, “Trophoblast deportation
part I: review of the evidence demonstrating trophoblast
shedding and deportation during human pregnancy,”
Placenta, vol. 32, no. 10, pp. 716–723, 2011.

[13] G. S. Whitley and J. E. Cartwright, “Trophoblast-mediated
spiral artery remodelling: a role for apoptosis,” Journal of
Anatomy, vol. 215, no. 1, pp. 21–26, 2009.

[14] W. Liu, A. Morschauser, X. Zhang et al., “Human placenta-
derived adherent cells induce tolerogenic immune responses,”
Clinical & Translational Immunology, vol. 3, no. 8, article e14,
2014.

[15] A. Schumacher, S. D. Costa, and A. C. Zenclussen, “Endo-
crine factors modulating immune responses in pregnancy,”
Frontiers in Immunology, vol. 5, p. 196, 2014.

[16] L. A. Cole, “Biological functions of hCG and hCG-related
molecules,” Reproductive Biology and Endocrinology, vol. 8,
no. 1, p. 102, 2010.

[17] L. W. Chamley, O. J. Holland, Q. Chen, C. A. Viall, P. R.
Stone, and M. Abumaree, “Review: where is the maternofetal
interface?,” Placenta, vol. 35, no. Supplement, pp. S74–S80,
2014.

[18] P. Pantham, K. J. Askelund, and L. W. Chamley, “Tropho-
blast deportation part II: a review of the maternal conse-
quences of trophoblast deportation,” Placenta, vol. 32,
no. 10, pp. 724–731, 2011.

[19] J. C. Riboh, B. M. Saltzman, A. B. Yanke, and B. J. Cole,
“Human amniotic membrane-derived products in sports
medicine: basic science, early results, and potential clinical
applications,” The American Journal of Sports Medicine,
vol. 44, no. 9, pp. 2425–2434, 2016.

[20] K. K. Ballen, E. Gluckman, and H. E. Broxmeyer, “Umbilical
cord blood transplantation: the first 25 years and beyond,”
Blood, vol. 122, no. 4, pp. 491–498, 2013.

[21] O. Parolini, F. Alviano, G. P. Bagnara et al., “Concise review:
isolation and characterization of cells from human term
placenta: outcome of the first international workshop on
placenta derived stem cells,” Stem Cells, vol. 26, pp. 300–
311, 2008.

[22] “Vladimir Petrovich Filatov; 1875–1956,” The British Journal
of Ophthalmology, vol. 41, pp. 63-64, 1957.

[23] M. Caruselli and F. Tigano, “Effect of Filatov’s placental
extracts on some immunization phenomena,” Giornale di
Batteriologia e Immunologia, vol. 46, no. 1-2, pp. 15–23, 1953.

[24] L. Aberasturis Cabrera, “Local treatment of burns with
placental extracts; technic of application of placental extract
prepared by Filatov’s method in burns, original technic,”
Archivos de Medicina Infantil, vol. 23, no. 2, pp. 123–144,
1954.

[25] I. Brand, “The effect of Filatov’s placental extract on ocular
tension,” Klinische Monatsblätter für Augenheilkunde und
für Augenärztliche Fortbildung, vol. 119, no. 1, pp. 47–55,
1951.

[26] K. H. Lee, T. H. Kim,W. C. Lee, S. H. Kim, S. Y. Lee, and S. M.
Lee, “Anti-inflammatory and analgesic effects of human
placenta extract,” Natural Product Research, vol. 25, no. 11,
pp. 1090–1100, 2011.

[27] A. Chandanwale, D. Langade, V. Mohod et al., “Comparative
evaluation of human placental extract for its healing potential
in surgical wounds after orthopaedic surgery: an open, rando-
mised, comparative study,” Journal of the Indian Medical
Association, vol. 106, no. 6, pp. 405–408, 2008.

[28] J. Y. Park, J. Lee,M. Jeong et al., “Effect ofHominis Placenta on
cutaneous wound healing in normal and diabetic mice,”
Nutrition Research and Practice, vol. 8, no. 4, pp. 404–409,
2014.

[29] S. B. Park, K. N. Kim, E. Sung, S. Y. Lee, and H. C. Shin,
“Human placental extract as a subcutaneous injection is
effective in chronic fatigue syndrome: a multi-center, dou-
ble-blind, randomized, placebo-controlled study,” Biological
and Pharmaceutical Bulletin, vol. 39, no. 5, pp. 674–679,
2016.

[30] E. Erdem, M. Yagmur, I. Harbiyeli, H. Taylan-Sekeroglu, and
R. Ersoz, “Umbilical cord blood serum therapy for the
management of persistent corneal epithelial defects,” Interna-
tional Journal of Ophthalmology, vol. 7, no. 5, pp. 807–810,
2014.

[31] A. Cargnoni, M. Di Marcello, M. Campagnol, C. Nassuato,
A. Albertini, and O. Parolini, “Amniotic membrane patching
promotes ischemic rat heart repair,” Cell Transplantation,
vol. 18, no. 10-11, pp. 1147–1159, 2009.

[32] C. Malhotra and A. K. Jain, “Human amniotic membrane
transplantation: different modalities of its use in ophthal-
mology,” World Journal of Transplantation, vol. 4, no. 2,
pp. 111–121, 2014.

[33] E. Gluckman, “Umbilical cord blood transfusions in low-
income countries,” The Lancet Haematology, vol. 2, no. 3,
pp. e85–e86, 2015.

[34] H. E. Broxmeyer, E. Gluckman, A. Auerbach et al., “Human
umbilical cord blood: a clinically useful source of transplant-
able hematopoietic stem/progenitor cells,” Stem Cells, vol. 8,
Supplement 1, pp. 76–91, 1990.

[35] A. P. Ng and W. S. Alexander, “Haematopoietic stem cells:
past, present and future,” Cell Death Discovery, vol. 3,
p. 17002, 2017.

10 Stem Cells International



[36] A. Dahlberg and F. Milano, “Cord blood transplantation:
rewind to fast forward,” Bone Marrow Transplantation,
vol. 52, no. 6, pp. 799–802, 2017.

[37] J. Y. Bahk, J. H. Jung, H. Han, S. K. Min, and Y. S. Lee, “Treat-
ment of diabetic impotence with umbilical cord blood stem
cell intracavernosal transplant: preliminary report of 7 cases,”
Experimental and Clinical Transplantation, vol. 8, no. 2,
pp. 150–160, 2010.

[38] J. E. Wagner, N. A. Kernan, M. Steinbuch, H. E. Broxmeyer,
and E. Gluckman, “Allogeneic sibling umbilical-cord-blood
transplantation in children with malignant and non-
malignant disease,” The Lancet, vol. 346, no. 8969, pp. 214–
219, 1995.

[39] J. N. Barker, A. Scaradavou, and C. E. Stevens, “Combined
effect of total nucleated cell dose and HLA match on trans-
plantation outcome in 1061 cord blood recipients with hema-
tologic malignancies,” Blood, vol. 115, no. 9, pp. 1843–1849,
2010.

[40] C. Cutler, H. T. Kim, L. Sun et al., “Donor-specific anti-HLA
antibodies predict outcome in double umbilical cord blood
transplantation,” Blood, vol. 118, no. 25, pp. 6691–6697,
2011.

[41] J. J. van Rood, C. E. Stevens, J. Smits, C. Carrier, C. Carpenter,
and A. Scaradavou, “Reexposure of cord blood to noninher-
ited maternal HLA antigens improves transplant outcome
in hematological malignancies,” Proceedings of the National
Academy of Sciences of the United States of America,
vol. 106, no. 47, pp. 19952–19957, 2009.

[42] A. Ruggeri, “Alternative donors: cord blood for adults,” Sem-
inars in Hematology, vol. 53, no. 2, pp. 65–73, 2016.

[43] B. Tesfamariam, “Distinct characteristics of neonatal platelet
reactivity,” Pharmacological Research, vol. 123, pp. 1–9, 2017.

[44] M. Bianchi, C. Giannantonio, S. Spartano et al., “Allogeneic
umbilical cord blood red cell concentrates: an innovative
blood product for transfusion therapy of preterm infants,”
Neonatology, vol. 107, no. 2, pp. 81–86, 2015.

[45] Y. A. Romanov, E. E. Balashova, O. A. Bystrykh et al.,
“Umbilical cord blood for autologous transfusion in the early
postnatal ontogeny: analysis of cell composition and viability
during long-term culturing,” Bulletin of Experimental Biology
and Medicine, vol. 158, no. 4, pp. 523–527, 2015.

[46] E. A. Stiene-Martin, C. A. Lotspeich-Steininger, and J. A.
Koepke, Clinical Hematology: Principles, Procedures, Correla-
tions, Lippincott Williams &Wilkins, Philadelphia, PA, USA,
1998.

[47] D. M. Harmening, Clinical Hematology and Fundamentals of
Hemostasis, FA Davis Company, Philadelpia, PA, USA, 5th
edition, 2009.

[48] P. D. Carroll and R. D. Christensen, “New and underutilized
uses of umbilical cord blood in neonatal care,”Matern Health
Neonatol Perinatol, vol. 1, no. 1, p. 16, 2015.

[49] M. Jansen, A. Brand, J. S. von Lindern, S. Scherjon, and F. J.
Walther, “Potential use of autologous umbilical cord blood
red blood cells for early transfusion needs of premature
infants,” Transfusion, vol. 46, pp. 1049–1056, 2006.

[50] S. Togashi, N. Takahashi, M. Iwama, S. Watanabe,
K. Tamagawa, and T. Fukui, “Antioxidative collagen-derived
peptides in human-placenta extract,” Placenta, vol. 23, no. 6,
pp. 497–502, 2002.

[51] H. Y. Choi, S. W. Kim, B. Kim et al., “Alpha-fetoprotein,
identified as a novel marker for the antioxidant effect of

placental extract, exhibits synergistic antioxidant activity in
the presence of estradiol,” PLoS One, vol. 9, no. 6, article
e99421, 2014.

[52] M. Kawakatsu, Y. Urata, S. Goto, Y. Ono, and T. S. Li, “Pla-
cental extract protects bone marrow-derived stem/progenitor
cells against radiation injury through anti-inflammatory
activity,” Journal of Radiation Research, vol. 54, no. 2,
pp. 268–276, 2013.

[53] N. R. Han, C. L. Park, N. R. Kim et al., “Protective effect of
porcine placenta in a menopausal ovariectomized mouse,”
Reproduction, vol. 150, no. 3, pp. 173–181, 2015.

[54] Y. K. Lee, H. H. Chung, and S. B. Kang, “Efficacy and safety of
human placenta extract in alleviating climacteric symptoms:
prospective, randomized, double-blind, placebo-controlled
trial,” The Journal of Obstetrics and Gynaecology Research,
vol. 35, no. 6, pp. 1096–1101, 2009.

[55] H. R. Cho, J. H. Ryou, J. W. Lee, andM. H. Lee, “The effects of
placental extract on fibroblast proliferation,” Journal of
Cosmetic Science, vol. 59, no. 3, pp. 195–202, 2008.

[56] K. Ma, H. Yao, M. Zhang et al., “Effect of human placental
extract on proliferation of human umbilical cord blood
CD34(+) cells in vitro,” Zhongguo Shi Yan Xue Ye Xue Za
Zhi, vol. 20, no. 5, pp. 1183–1186, 2012.

[57] S. Y. Park, S. Phark, M. Lee, J. Y. Lim, and D. Sul, “Anti-oxi-
dative and anti-inflammatory activities of placental extracts
in benzo[a]pyrene-exposed rats,” Placenta, vol. 31, no. 10,
pp. 873–879, 2010.

[58] Y. Mitsui, M. Bagchi, P. A. Marone, H. Moriyama, and
D. Bagchi, “Safety and toxicological evaluation of a novel, fer-
mented, peptide-enriched, hydrolyzed swine placenta extract
powder,” Toxicology Mechanisms and Methods, vol. 25, no. 1,
pp. 13–20, 2015.

[59] V. K. Shukla, M. A. Rasheed, M. Kumar, S. K. Gupta, and S. S.
Pandey, “A trial to determine the role of placental extract in
the treatment of chronic non-healing wounds,” Journal of
Wound Care, vol. 13, no. 5, pp. 177–179, 2004.

[60] J. W. Hong, W. J. Lee, S. B. Hahn, B. J. Kim, and D. H. Lew,
“The effect of human placenta extract in a wound healing
model,” Annals of Plastic Surgery, vol. 65, pp. 96–100, 2010.

[61] M. Kitanohara, T. Yamamoto, S. Masunaga, M. Ohishi,
Y. Komatsu, and M. Nagase, “Effect of porcine placental
extract on the mild menopausal symptoms of climacteric
women,” Climacteric, vol. 20, pp. 144–150, 2017.

[62] P. D. Moon, K. Y. Kim, K. H. Rew, H. M. Kim, and H. J.
Jeong, “Anti-fatigue effects of porcine placenta and its
amino acids in a behavioral test on mice,” Canadian
Journal of Physiology and Pharmacology, vol. 92, no. 11,
pp. 937–944, 2014.

[63] T. B. Seo, I. S. Han, J. H. Yoon et al., “Growth-promoting
activity of Hominis Placenta extract on regenerating sciatic
nerve,” Acta Pharmacologica Sinica, vol. 27, no. 1, pp. 50–
58, 2006.

[64] N. Y. Jo, J. H. Kim, and J. D. Roh, “Clinical review of the
effects of Hominis placental pharmacopuncture in the treat-
ment of facial spasm patients,” Journal of Pharmacopuncture,
vol. 16, pp. 52–57, 2013.

[65] T. N. Yurchenko, I. I. Kondakov, and V. I. Strona, “Renal
effects following introduction of cryopreserved placental
extract on the background of experimental renal failure,”
Problems of Cryobiology and Cryomedicine, vol. 24, no. 1,
pp. 75–78, 2014.

11Stem Cells International



[66] T. N. Yurchenko, A. A. Kapustyanskaya, and V. I. Shepitko,
“Therapy of gouty arthritis in obese patients using cryopre-
served placental extract,” Problems of Cryobiology and Cryo-
medicine, vol. 23, pp. 326–337, 2013.

[67] G. Cotor, A. Pop, and M. Ghita, “The effect of ovine placenta
extract on mammogenesis, lactogenesis, and galactopoiesis in
sheep,” Turkish Journal of Veterinary and Animal Sciences,
vol. 35, pp. 137–142, 2011.

[68] K. C. Yoon, “Use of umbilical cord serum in ophthalmol-
ogy,” Chonnam Medical Journal, vol. 50, no. 3, pp. 82–85,
2014.

[69] G. Giannaccare, M. Fresina, A. Vagge, and P. Versura, “Syn-
ergistic effect of regenerating agent plus cord blood serum eye
drops for the treatment of resistant neurotrophic keratitis: a
case report and a hypothesis for pathophysiologic mecha-
nism,” International Medical Case Reports Journal, vol. 8,
pp. 277–281, 2015.

[70] D. Xia, H. Y. He, Z. M. Lei, P. M. Zhang, and Y. Guo, “Effects
of human umbilical cord serum on proliferation and insulin
content of human fetal islet-like cell clusters,” Hepatobiliary
& Pancreatic Diseases International, vol. 3, no. 1, pp. 144–
148, 2004.

[71] V. Y. Trifonov, V. Y. Prokoyuk, and A. V. Zaychenko,
“Cryopreserved cord blood serum for reproductive function
restoration during antiphospholipid syndrome,” Problems of
Cryobiology, vol. 21, pp. 75–84, 2011.

[72] Y. O. Popovych, “Cryopreserved cord blood preparations in
combined surgical treatment of purulent complications of
type II diabetes mellitus,” Problems of Cryobiology and
Cryomedicine, vol. 24, no. 4, pp. 332–345, 2014.

[73] G. A. Kovalyov, I. P. Vysekantsev, I. O. Ischenko, L. G.
Abrafikova, A. A. Olefirenko, and B. P. Sandomirskiy,
“Effect of cryopreserved cord blood serum and placental
extract on cold-wound healing,” Problems of Cryobiology
and Cryomedicine, vol. 25, no. 1, pp. 57–66, 2015.

[74] A. Malek and N. A. Bersinger, “Human placental stem cells:
biomedical potential and clinical relevance,” Journal of Stem
Cells, vol. 6, no. 2, pp. 75–92, 2011.

[75] H. R. Asgari, M. Akbari, H. Yazdekhasti et al., “Comparison
of human amniotic, chorionic, and umbilical cord multipo-
tent mesenchymal stem cells regarding their capacity for
differentiation toward female germ cells,” Cellular Repro-
gramming, vol. 19, no. 1, pp. 44–53, 2017.

[76] P. Mattar and K. Bieback, “Comparing the immunomodula-
tory properties of bone marrow, adipose tissue, and birth-
associated tissue mesenchymal stromal cells,” Frontiers in
Immunology, vol. 6, p. 560, 2015.

[77] J. M. Lee, J. Jung, H. J. Lee et al., “Comparison of immuno-
modulatory effects of placenta mesenchymal stem cells with
bone marrow and adipose mesenchymal stem cells,” Interna-
tional Immunopharmacology, vol. 13, no. 2, pp. 219–224,
2012.

[78] O. Pogozhykh, D. Pogozhykh, A. L. Neehus, A. Hoffmann,
R. Blasczyk, and T. Muller, “Molecular and cellular character-
istics of human and non-human primate multipotent stromal
cells from the amnion and bone marrow during long term
culture,” Stem Cell Research & Therapy, vol. 6, no. 1, p. 150,
2015.

[79] J. Y. Chen, X. Z. Mou, X. C. Du, and C. Xiang, “Comparative
analysis of biological characteristics of adult mesenchymal
stem cells with different tissue origins,” Asian Pacific Journal
of Tropical Medicine, vol. 8, no. 9, pp. 739–746, 2015.

[80] O. Gryshkov, D. Pogozhykh, N. Hofmann, O. Pogozhykh,
T. Mueller, and B. Glasmacher, “Encapsulating non-human
primate multipotent stromal cells in alginate via high voltage
for cell-based therapies and cryopreservation,” PLoS One,
vol. 9, no. 9, article e107911, 2014.

[81] G. Y. Xiao, I. H. Liu, C. C. Cheng et al., “Amniotic fluid stem
cells prevent follicle atresia and rescue fertility of mice with
premature ovarian failure induced by chemotherapy,” PLoS
One, vol. 9, article e106538, 2014.

[82] H. J. Lee, J. Jung, K. J. Cho, C. K. Lee, S. G. Hwang, and G. J.
Kim, “Comparison of in vitro hepatogenic differentiation
potential between various placenta-derived stem cells and
other adult stem cells as an alternative source of functional
hepatocytes,”Differentiation, vol. 84, no. 3, pp. 223–231, 2012.

[83] J. Jung, J. H. Choi, Y. Lee et al., “Human placenta-derived
mesenchymal stem cells promote hepatic regeneration in
CCl4-injured rat liver model via increased autophagic mech-
anism,” Stem Cells, vol. 31, no. 8, pp. 1584–1596, 2013.

[84] N. Sakuragawa, S. Enosawa, T. Ishii et al., “Human amniotic
epithelial cells are promising transgene carriers for allogeneic
cell transplantation into liver,” Journal of Human Genetics,
vol. 45, no. 3, pp. 171–176, 2000.

[85] P. Zhao, H. Ise, M. Hongo, M. Ota, I. Konishi, and
T. Nikaido, “Human amniotic mesenchymal cells have some
characteristics of cardiomyocytes,” Transplantation, vol. 79,
no. 5, pp. 528–535, 2005.

[86] K. L. Fujimoto, T. Miki, L. J. Liu et al., “Naive rat amnion-
derived cell transplantation improved left ventricular func-
tion and reduced myocardial scar of postinfarcted heart,” Cell
Transplantation, vol. 18, pp. 477–486, 2009.

[87] H. J. Chen, C. H. Chen, M. Y. Chang et al., “Human placenta-
derived adherent cells improve cardiac performance in mice
with chronic heart failure,” Stem Cells Translational Medi-
cine, vol. 4, no. 3, pp. 269–275, 2015.

[88] N. Sakuragawa, H. Misawa, K. Ohsugi et al., “Evidence for
active acetylcholine metabolism in human amniotic epithelial
cells: applicable to intracerebral allografting for neurologic
disease,”Neuroscience Letters, vol. 232, no. 1, pp. 53–56, 1997.

[89] A. Kranz, D. C. Wagner, M. Kamprad et al., “Transplanta-
tion of placenta-derived mesenchymal stromal cells upon
experimental stroke in rats,” Brain Research, vol. 1315,
pp. 128–136, 2010.

[90] Z. Li, W. Zhao, W. Liu, Y. Zhou, J. Jia, and L. Yang, “Trans-
plantation of placenta-derived mesenchymal stem cell-
induced neural stem cells to treat spinal cord injury,” Neural
Regeneration Research, vol. 9, no. 24, pp. 2197–2204, 2014.

[91] J. Chen, A. Shehadah, A. Pal et al., “Neuroprotective effect of
human placenta-derived cell treatment of stroke in rats,” Cell
Transplantation, vol. 22, no. 5, pp. 871–879, 2013.

[92] K. S. Kim, H. S. Kim, J. M. Park et al., “Long-term immuno-
modulatory effect of amniotic stem cells in an Alzheimer’s
disease model,” Neurobiology of Aging, vol. 34, no. 10,
pp. 2408–2420, 2013.

[93] S. Kadam, S. Muthyala, P. Nair, and R. Bhonde, “Human
placenta-derived mesenchymal stem cells and islet-like cell
clusters generated from these cells as a novel source for stem
cell therapy in diabetes,” The Review of Diabetic Studies,
vol. 7, no. 2, pp. 168–182, 2010.

[94] P. Kong, X. Xie, F. Li, Y. Liu, and Y. Lu, “Placenta mesenchy-
mal stem cell accelerates wound healing by enhancing angio-
genesis in diabetic Goto-Kakizaki (GK) rats,” Biochemical

12 Stem Cells International



and Biophysical Research Communications, vol. 438, no. 2,
pp. 410–419, 2013.

[95] J. Li, H. Zhang, and G. Liu, “Research on anti-aging effect of
mouse placenta cells transplantation,” Sheng Wu Yi Xue
Gong Cheng Xue Za Zhi, vol. 27, no. 6, pp. 1312–1316, 2010.

[96] M. S. Oliveira and J. B. Barreto-Filho, “Placental-derived stem
cells: culture, differentiation and challenges,” World Journal
of Stem Cells, vol. 7, no. 4, pp. 769–775, 2015.

[97] D. O. Fauza, “Regenerative medicine and spina bifida: recent
developments in induced fetal regeneration,” Journal of Pedi-
atric Rehabilitation Medicine, pp. 1–4, 2017.

[98] M. Vanover, A. Wang, and D. Farmer, “Potential clinical
applications of placental stem cells for use in fetal therapy
of birth defects,” Placenta, vol. 59, pp. 107–112, 2017.

[99] B. Weber, S. M. Zeisberger, and S. P. Hoerstrup, “Prenatally
harvested cells for cardiovascular tissue engineering: fabrica-
tion of autologous implants prior to birth,” Placenta, vol. 32,
Supplement 4, pp. S316–S319, 2011.

[100] D. Schmidt, A. Mol, C. Breymann et al., “Living autologous
heart valves engineered from human prenatally harvested
progenitors,” Circulation, vol. 114, no. 1_suppl, pp. I-125–I-
131, 2006.

[101] D. Schmidt, J. Achermann, B. Odermatt, M. Genoni,
G. Zund, and S. P. Hoerstrup, “Cryopreserved amniotic
fluid-derived cells: a lifelong autologous fetal stem cell source
for heart valve tissue engineering,” The Journal of Heart Valve
Disease, vol. 17, no. 4, pp. 446–455, 2008.

[102] N. Koizumi, T. Inatomi, T. Suzuki, C. Sotozono, and
S. Kinoshita, “Cultivated corneal epithelial stem cell trans-
plantation in ocular surface disorders,” Ophthalmology,
vol. 108, no. 9, pp. 1569–1574, 2001.

[103] N. Sharma, S. S. Lathi, S. V. Sehra et al., “Comparison of
umbilical cord serum and amniotic membrane transplanta-
tion in acute ocular chemical burns,” The British Journal of
Ophthalmology, vol. 99, no. 5, pp. 669–673, 2015.

[104] S. Y. Chen, B. Han, Y. T. Zhu et al., “HC-HA/PTX3 purified
from amniotic membrane promotes BMP signaling in lim-
bal niche cells to maintain quiescence of limbal epithelial
progenitor/stem cells,” Stem Cells, vol. 33, pp. 3341–3355,
2015.

[105] A. Paolin, E. Cogliati, D. Trojan et al., “Amniotic membranes
in ophthalmology: long term data on transplantation out-
comes,” Cell and Tissue Banking, vol. 17, no. 1, pp. 51–58,
2016.

[106] C. E. Uhlig, C. Frings, N. Rohloff et al., “Long-term efficacy of
glycerine-processed amniotic membrane transplantation in
patients with corneal ulcer,” Acta Ophthalmologica, vol. 93,
no. 6, pp. e481–e487, 2015.

[107] I. Mermet, N. Pottier, J. M. Sainthillier et al., “Use of amniotic
membrane transplantation in the treatment of venous leg
ulcers,” Wound Repair and Regeneration, vol. 15, no. 4,
pp. 459–464, 2007.

[108] N. Heckmann, R. Auran, and R. Mirzayan, “Application of
amniotic tissue in orthopedic surgery,” American Journal of
Orthopedics, vol. 45, no. 7, pp. E421–E425, 2016.

[109] K. Jirsova and G. L. Jones, “Amniotic membrane in ophthal-
mology: properties, preparation, storage and indications for
grafting—a review,” Cell and Tissue Banking, vol. 18, no. 2,
pp. 193–204, 2017.

[110] A. A. Pisarevskii, N. A. Onishchenko, I. V. Zhuravlev, I. G.
Orzhekhovskaia, and O. V. Polosina, “Functional activity of

placental, splenic and hepatic tissues in pyo-septic diseases
under conditions of extracorporeal detoxication,” Khirurgiia,
pp. 40–43, 1998.

[111] I. I. Kondakov, T. N. Yurchenko, and T. M. Sharlay,
“Effect of cryopreserved placenta tissue implantation on
myocardium morphology under experimental atherosclero-
sis,” Problems of Cryobiology and Cryomedicine, vol. 21,
pp. 416–420, 2011.

[112] S. M. Gibner, I. V. Sudarikov, and Y. O. Miroshnikov, “Cryo-
preserved placenta introduction as a perspective way to
recover male fertility,” Problems of Cryobiology, vol. 17,
pp. 298–304, 2011.

[113] N. Karacal, P. Kosucu, U. Cobanglu, and N. Kutlu, “Effect of
human amniotic fluid on bone healing,” Journal of Surgical
Research, vol. 129, no. 2, pp. 283–287, 2005.

[114] G. Y. Ozgenel and G. Filiz, “Effects of human amniotic fluid
on peripheral nerve scarring and regeneration in rats,” Jour-
nal of Neurosurgery, vol. 98, pp. 371–377, 2003.

[115] E. Bolat, E. Kocamaz, Z. Kulahcilar et al., “Investigation of
efficacy of mitomycin-C, sodium hyaluronate and human
amniotic fluid in preventing epidural fibrosis and adhesion
using a rat laminectomy model,” Asian Spine Journal, vol. 7,
no. 4, pp. 253–259, 2013.

[116] M. Baghaban Eslaminejad and S. Jahangir, “Amniotic fluid
stem cells and their application in cell-based tissue regenera-
tion,” International Journal of Fertility & Sterility, vol. 6,
no. 3, pp. 147–156, 2012.

[117] S. Gholizadeh-Ghalehaziz, R. Farahzadi, E. Fathi, and
M. Pashaiasl, “A mini overview of isolation, characterization
and application of amniotic fluid stem cells,” International
Journal of Stem Cells, vol. 8, no. 2, pp. 115–120, 2015.

[118] B. Weber, M. Y. Emmert, L. Behr et al., “Prenatally engi-
neered autologous amniotic fluid stem cell-based heart valves
in the fetal circulation,” Biomaterials, vol. 33, no. 16,
pp. 4031–4043, 2012.

[119] A. Wang, E. G. Brown, L. Lankford et al., “Placental mesen-
chymal stromal cells rescue ambulation in ovine myelome-
ningocele,” Stem Cells Translational Medicine, vol. 4, no. 6,
pp. 659–669, 2015.

[120] V. Y. Prokopyuk, O. S. Prokopyuk, I. B. Musatova et al.,
“Safety of placental, umbilical cord and fetal membrane
explants after cryopreservation,” Cell and Organ Transplan-
tology, vol. 3, no. 1, pp. 34–38, 2015.

[121] B. Huppertz, V. Kivity, M. Sammar et al., “Cryogenic and
low temperature preservation of human placental villous
explants – a new way to explore drugs in pregnancy disor-
ders,” Placenta, vol. 32, Supplement 1, pp. S65–S76, 2011.

[122] D. Pogozhykh, V. Prokopyuk, O. Pogozhykh, T. Mueller, and
O. Prokopyuk, “Influence of factors of cryopreservation and
hypothermic storage on survival and functional parameters
of multipotent stromal cells of placental origin,” PLoS One,
vol. 10, no. 10, article e0139834, 2015.

[123] D. Pogozhykh, O. Pogozhykh, V. Prokopyuk, L. Kuleshova,
R. Blasczyk, and T. Mueller, “Influence of temperature fluctu-
ations during cryopreservation on vital parameters, differen-
tiation potential, and transgene expression of placental
multipotent stromal cells,” Stem Cell Research & Therapy,
vol. 8, no. 1, p. 66, 2017.

[124] S. Thirumala, W. S. Goebel, and E. J. Woods, “Clinical grade
adult stem cell banking,”Organogenesis, vol. 5, no. 3, pp. 143–
154, 2009.

13Stem Cells International



[125] W. L. Corwin, J. M. Baust, J. G. Baust, and R. G. Van Buskirk,
“Characterization and modulation of human mesenchymal
stem cell stress pathway response following hypothermic
storage,” Cryobiology, vol. 68, no. 2, pp. 215–226, 2014.

[126] M. P. van de Kerkhove, R. Hoekstra, F. C. van Nooijen et al.,
“Subnormothermic preservation maintains viability and
function in a porcine hepatocyte culture model simulating
bioreactor transport,” Cell Transplantation, vol. 15, no. 2,
pp. 161–168, 2006.

[127] N. A. Volkova and A. N. Goltsev, “Cryopreservation effect on
proliferation and differentiation potential of cultured chorion
cells,” Cryoletters, vol. 36, no. 1, pp. 25–29, 2015.

[128] E. A. Roselli, S. Lazzati, F. Iseppon et al., “Fetal mesenchymal
stromal cells from cryopreserved human chorionic villi: cyto-
genetic and molecular analysis of genome stability in long-
term cultures,” Cytotherapy, vol. 15, no. 11, pp. 1340–1351,
2013.

14 Stem Cells International



Research Article
Soft Tissue Repair with Easy-Accessible Autologous Newborn
Placenta or Umbilical Cord Blood in Severe Malformations:
A Primary Evaluation

Åsa Ekblad,1 Magdalena Fossum,2,3 and Cecilia Götherström1

1Department of Clinical Science, Intervention and Technology, Division of Obstetrics and Gynecology, Karolinska Institutet,
Stockholm, Sweden
2Department of Women’s and Children’s Health at Centre of Molecular Medicine, Karolinska Institutet, Stockholm, Sweden
3Patient Area Children with Diseases of the Abdomen and Blood or Cancer, Section of Urology, Astrid Lindgren Children’s Hospital,
Karolinska University Hospital, Stockholm, Sweden

Correspondence should be addressed to Åsa Ekblad; asa.ekblad@ki.se

Received 3 August 2017; Revised 12 October 2017; Accepted 22 October 2017; Published 17 December 2017

Academic Editor: Mohamed Abumaree

Copyright © 2017 Åsa Ekblad et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Disrupted organogenesis leads to permanent malformations that may require surgical correction. Autologous tissue grafts may be
needed in severe lack of orthotopic tissue but include donor site morbidity. The placenta is commonly discarded after birth and has
a therapeutic potential. The aim of this study was to determine if the amnion from placenta or plasma rich of growth factors (PRGF)
with mononuclear cells (MNC) from umbilical cord blood (UCB), collected noninvasively, could be used as bio-constructs for
autologous transplantation as an easy-accessible no cell culture-required method. Human amnion and PRGF gel were isolated
and kept in culture for up to 21 days with or without small intestine submucosa (SIS). The cells in the constructs showed a
robust phenotype without induced increased proliferation (Ki67) or apoptosis (caspase 3), but the constructs showed decreased
integrity of the amnion-epithelial layer at the end of culture. Amnion-residing cells in the SIS constructs expressed CD73 or
pan-cytokeratin, and cells in the PRGF-SIS constructs expressed CD45 and CD34. This study shows that amnion and UCB are
potential sources for production of autologous grafts in the correction of congenital soft tissue defects. The constructs can be
made promptly after birth with minimal handling or cell expansion needed.

1. Introduction

Organogenesis occurs early during embryonic development,
and disruption of normal organogenesis results in permanent
congenital malformations [1]. These malformations affect up
to 3% of all infants [2] and are one of the leading causes of
neonatal death [3]. Congenital malformations are also associ-
ated with morbidity and are responsible for a significant part
of pediatric hospital admissions and costs [4]. Correction of
congenital soft tissue defects such as myelomeningocele
(MMC), giant omphalocele, gastroschisis, and congenital
diaphragmatic hernia (CDH) involves surgical correction
short after birth. Affected newborns without spare tissue
are dependent of donor tissue. Because of the worldwide
perinatal organ donor shortage [1], prosthetic materials

are sometimes being used [5, 6], which might be associated
with complications such as recurrence, graft dislodgement
and/or rejections, erosion of the graft, and infections [7–9].
Biological graft material would be preferable and consists of
the extracellular compartment of human or animal tissue.
They are also associated with a risk for recurrence but have
the advantage of tissue remodeling, neovascularization, and
lower rate of infections [10, 11] and also advantages in the
situation of high-risk contamination areas, such as congeni-
tal high-risk abdominal wall defects [12].

The progress in tissue engineering (TE) paves an alterna-
tive route to the traditional use of prosthetic materials [13].
The most common approach involves a combination of bio-
logical matrices and cells. Populating the matrix with cells
enhances graft integration and restoration of host tissue
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and reduces scar formation and bacterial infections [13, 14].
Small intestine submucosa (SIS) consists of cell-free porcine
extracellular matrix (ECM) (mostly collagens), an absorb-
able biomaterial that contains growth factors and supports
angiogenesis, frequently used for surgical correction of soft
tissue defects [15, 16].

Autologous grafts are considered as the gold standard,
but they often include donor site morbidity where healthy
tissue is removed from one site of the body to replace injured
or missing tissue [17] and have limitations depending on the
graft area size. Allogeneic grafts eliminate the donor site mor-
bidity but may induce an immune response in the recipient
[18], rejection with subsequent necrosis [19], and allograft
removal or replacement.

The placenta is a fetomaternal organ consisting of
three layers: outer maternal decidua, fetal chorion mem-
brane and inner fetal amnion membrane surrounding the
fetus, and the amniotic fluid. The human placenta has
been used in medicine since the 1500s for the treatment
of, for example, leg ulcers, wounds, and in skin transplanta-
tion [20–24]. The amnion contains multipotent cells, both
in the epithelial and the mesenchymal layers, and possesses
anti-inflammatory and regenerative properties and also
antifibrotic, antimicrobial, immune suppressive, and angio-
genic properties [25–29]. Umbilical cord blood (UCB)
contains hematopoietic stem cells and has been used for
transplantation to cure malignant and other severe diseases
for more than 30 years [30]. From UCB, plasma rich of
growth factors (PRGF) can be isolated [31]. Both experimen-
tal and clinical studies have shown that PRGF is clinically
safe and promotes vascularization, tissue regeneration, and
wound healing [32, 33].

To overcome the problems with donor site morbidity,
allogenic immunological reactions, and long production
time, we hypothesized that autologous proangiogenic con-
structs could be produced from derivatives of the term
placenta; amnion and PRGF gel with mononuclear cells
(MNC) from UCB. Both are noninvasive sources for autolo-
gous tissue engineering that are easily available after birth
with no ethical obstacles of their use.

The objective of this study was to analyze amnion and
MNC-enriched PRGF gel with respect to tissue and cell
integrity, morphology, and viability. In addition, amnion
and PRGF gel were combined with SIS in order to improve
mechanical strength and to build a durable graft. The tissue
and cell integrity of the amnion and PRGF-SIS constructs
were analyzed as above, but additionally for changes in cell
morphology and protein expression.

2. Material and Methods

2.1. Isolation of the Amnion. Human term placentas (n = 4)
were obtained after elective caesarian sections from healthy
donors after informed oral and written consent according
to ethical approval from the Regional Ethical Review Board
in Stockholm (Dnr 2012/480-31/1) and in accordance with
the Declaration of Helsinki. The placentas were placed in a
sterile environment with the cord side up and transported
to the laboratory. The amnion was mechanically peeled off

from the chorion membrane starting from the cord. Amnion
pieces were transferred to petri dishes and washed three
times in phosphate buffered saline (PBS) (Life Technologies,
Paisley, United Kingdom) before being further processed as
described below.

2.2. Comparison of Culture Conditions of Amnion. To
evaluate culture conditions, three different culture media
were initially compared in regard to amnion-residing cell
morphology, viability, and proliferation. The culture media
compared were (1) mesenchymal stromal cell culture
medium: modified Eagle medium alpha (MEMα) (Invitro-
gen, Carlsbad, CA, USA) supplemented with 10% inactivated
fetal calf serum (FCS) (PAA Laboratories GmbH, Pasching,
Austria); (2) epithelial cell culture medium (DMEM-EC):
Dulbecco’s modified Eagle’s medium-high glucose (Invi-
trogen) supplemented with 10% FCS (PAA Laboratories),
2mM L-glutamine (Sigma-Aldrich, St. Louis, MO, USA),
1% nonessential amino acid (Sigma-Aldrich), 55 μM 2-
mercaptoethanol (Sigma-Aldrich), and 1mM sodium
pyruvate (Sigma-Aldrich); and (3) endothelial cell culture
medium (DMEM-F12): Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (Invitrogen) supplemented with
10% FCS (PAA Laboratories) and 1% L-glutamine (Sigma-
Aldrich). All culture media were supplemented with 1%
antibiotic-antimycotic solution (Anti-Anti, Life Technolo-
gies). Approximately, 3× 2 cm2 pieces of amnion were
isolated and placed in 12-well cell culture plates (Becton
& Dickinson, Franklin Lakes, NJ, USA) equally divided
between the different culture conditions. The amnion pieces
were maintained at 37°C in a humidified environment con-
taining 5% CO2, and the media was replaced every 3-4 days.
At days 0, 3, 7, 10, 14, and 21, the amnion pieces were washed
twice in PBS and fixed in 4% paraformaldehyde solution
(PFA) (Solveco AB, Rosersberg, Sweden) for 3 days. There-
after, the amnion pieces from all time points and culture
conditions were paraffin embedded, sectioned, and stained
with hematoxylin (HTX) (Meyers HTX, HistoLab Products
AB, Gothenburg, Sweden) and eosin for morphology (0.2%,
HistoLabs Products AB), Ki67 for proliferation, (1 : 500,
Life Technologies), and activated caspase 3 for apoptosis
(1 : 200, Invitrogen). To visualize the staining, biotinylated
secondary anti-mouse IgG antibodies were used (1 : 500,
Vector Laboratories Inc., Burlingame, CA, USA). Avidin-
Biotin complex (Vector Laboratories Inc.) was added and
subsequently DAB (Dako, Glostrup, Denmark). The sections
were counterstained with HTX (HistoLab Products AB).

2.3. Characterization of Migrated Amnion-Derived Cells in
the Different Culture Conditions. To characterize amnion-
derived cells (ADC) that migrated out from the tissue and
adhered to the cell culture surface, the ADC was analyzed
with flow cytometry at day 21. The cells were harvested by
treatment with 0.05% trypsin and 0.53mM EDTA (Invitro-
gen) and resuspended in PBS. The ADC were incubated with
conjugated monoclonal antibodies against CD31, CD73
(Becton-Dickinson), and PCK (Dako) for 30min in the dark
at 4°C. The antibodies were conjugated to fluorescein (FITC),
phycoerythrin (PE), or cyanine 3 (Cy3). Thereafter, the cells
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were washed and resuspended in PBS. The cells were ana-
lyzed with a flow cytometer with 488 nm excitation and emis-
sion filters (FACSCalibur, Becton-Dickinson), and the data
was analyzed using the software Flow-Jo (v. 10, Tree Star
Inc., Ashland, OR, USA).

2.4. Characterization of Amnion-Residing Cells in Constructs
with SIS. To analyze the properties of the amnion-residing
cells in the construct with SIS (amnion-SIS), 2× 2 cm2 pieces
of amnion were placed on dry 4-layer SIS (Biodesign® Tissue
Graft, Cook Biotech Incorporated, IN, USA) and let adhered
for 5 minutes. To increase the contact, the amnion was
sutured onto the SIS matrix (Prolene 6-0, Ethicon Inc., NJ,
USA) (Table 1), and the construct was kept in culture
for up to 21 days in DMEM-EC medium. At days 0, 3,
7, 10, 14, and 21 amnion-SIS pieces were washed twice and
transferred to 4% PFA (Solveco AB) for fixation and thereaf-
ter paraffin embedded and sectioned. The sections were
stained with HTX/eosin (HistoLab Products AB) for mor-
phology or pan-cytokeratin (PCK, epithelium 1 : 500, Dako),
CD31 (endothel, 1 : 500, Dako), and CD73 (common stromal
marker, 1 : 500, Abcam, Cambridge, United Kingdom) for
surface epitope expression, and Ki67 (1 : 500, Life Technolo-
gies) and activated caspase 3 (1 : 200, Invitrogen) as above.
Stained sections of amnion without SIS cultured in DMEM-
EC served as a control.

2.5. Preparation of Cell-Enriched Gel from Plasma Rich in
Growth Factors. Term UCB was collected after birth,
before delivery of the placenta, by puncturing the umbili-
cal vein using a sterile collection system (Macopharma
MSC1206DU cord blood collection kit, Tourcoing, France)
containing 21mL anticoagulant (citrate phosphate dextrose
solution). The UCB was collected by gravity until flow
ceased. Fresh unbanked (because of too low cell counts)
UCB units (n = 3, mean total volume 109± 15mL) were
obtained from the Swedish National Cord Blood bank,
Karolinska University Hospital, Sweden, after informed
oral and written consent according to ethical approval
from the Regional Ethical Review Board in Stockholm
(Dnr 2012/480–31/1) and in accordance with the Declara-
tion of Helsinki.

To produce a gel from PRGF, 45mL of the UCB was cen-
trifuged at 500g for 10min at room temperature. The UCB

separated into red blood cells at the bottom of the tube, PRGF
in the middle layer, and plasma poor in growth factors
(PPGF) in the top layer. 10mL of the PPGF layer was
discarded, and the remaining PRGF, including 3-4mm
of the RBC fraction to maximize the platelet recovery
[34], was transferred to a new tube. To enrich the PRGF
with a high concentration of cells, the remaining UCB
was diluted four times with PBS and the MNC were iso-
lated by density gradient separation (Lymphoprep, density
1.077 g/mL, Axis-Shield PoC AS, Oslo, Norway). The MNC
were counted in Türk’s solution (Merck, KGaA, Darmstadt,
Germany) and resuspended to 60× 106 cells/mL in PRGF.
42 μL of 10% CaCl2 in distilled water per mL PRGF was
added for gel formation.

2.6. Characterization of PRGF-Residing Cells in Constructs
with SIS. To evaluate the durability of the produced gel and
to analyze the protein expression of the MNC in the PRGF,
pieces of SIS (0.9 cm2) were placed in 8-chamber slides
(Merck Millipore, Cork, Ireland) and 350 μL PRGF was
added on top and incubated for 30–45min in room temper-
ature until gel was formed (Table 1). PRGF (1mL) without
SIS was produced as a control. The gel pieces and the
PRGF-SIS constructs were transferred to 12-well plates
(Becton-Dickinson) and 350 μL RPMI 1640 medium (Life
Technologies) supplemented with 10% pooled inactivated
human AB serum, 100U/mL penicillin, and 100mg/mL
streptomycin (HyClone Laboratories, South Logan, UT,
USA), and 20mM L-glutamine (Invitrogen) was added per
well. At days 0, 3, 7, 10, and 14, the PRGF gel and PRGF-
SIS constructs were collected, washed in PBS, and transferred
to 4% PFA for 3 days and thereafter paraffin embedded
and sectioned. The sections were stained as above with
HTX/eosin for morphology, CD34 and CD45 (both hemato-
poietic surface markers, 1 : 100, Dako) for surface epitope
expression, Ki67 (1 : 500, Life Technologies), and for acti-
vated caspase 3 (1 : 250, Invitrogen).

2.7. Statistical Analysis. Data from the flow cytometry
analysis were analyzed using one factor analysis of variance
(ANOVA) and paired Student t-test, assuming unequal var-
iances between samples. Results were considered statistically
significant when p values were <0.05.

Table 1: Components of the two studied constructs.

Amnion-SIS constructs PRGF-SIS constructs

Amnion from term placenta collected from healthy donors
undergoing elective caesarean section

Term umbilical cord blood collected from healthy donors
was used for isolation of the following:

(i) Plasma rich in growth factors (PRGF)

(ii) Mononuclear cells (MNC)

Commercially available 4-layer small intestine submucosa (SIS)
that consists of cell-free porcine extracellular matrix, mainly collagen

Commercially available 4-layer small intestine submucosa (SIS) that
consists of cell-free porcine extracellular matrix, mainly collagen

The components were combined by suturing the amnion onto the SIS.

The components were combined by the following:

(1) Mixing MNC with PRGF

(2) Casting the MNC-PRGF gel onto SIS
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3. Results

3.1. Isolation and Culture of the Amnion. The amnion could
easily be isolated from the placentas and kept in culture to
the endpoint of 21 days. To evaluate different culture media,
amnion pieces were cultured in MEMα, DMEM-EC, and
DMEM-F12. The amnion pieces were evaluated morpholog-
ically with HTX/eosin, which showed that the mesenchymal
cells had maintained morphology throughout the time in cul-
ture, but there was a decreasing integrity of the epithelial
layers at the end of culture in all conditions (Figure 1). There
were no differences in proliferation and viability of the
amnion-residing cells when testing the different culture
media. A uniform low expression of Ki67 was detected at
all time points up to day 21 when no expression was detected
(Figure 2). Expression of caspase 3 was low, but slightly
increased over time (Figure 2). The ADC in MEMα and
DMEM-EC showed fibroblast-like morphology whereas
the cells in DMEM-F12 had neither typical epithelial-like
morphology nor fibroblast-like morphology (Figure 3(a)).
The ADC were further investigated by surface epitope
expression by flow cytometry, and the majority of cells from
the different culture conditions expressed CD73 with a sig-
nificantly higher expression in DMEM-EC compared to
the other cell culture media (DMEM-F12 66.7%, MEMα
87.8%, and DMEM-EC 96.6%, p = 0 03 and 0.008, resp.)
(Figure 3(b)). There was no expression of CD31 or PCK of
the ADC in any of the culture conditions (data not shown).
Based on these results, DMEM-EC was selected for the
remaining experiments.

3.2. Properties of Amnion-SIS Constructs. To investigate
whether the amnion-residing cells would migrate and inte-
grate into SIS and to analyze protein expression, amnion
pieces were combined with SIS and kept in culture for 0–21
days and thereafter stained for protein expression. Amnion
without SIS served as a control. The HTX/eosin staining
showed no morphological differences compared to amnion
pieces without SIS, and no cells were detected in the SIS. Cells

in both the epithelial and mesenchymal layers expressed
CD73, and the epithelial cell layer expressed PCK. There
was a low expression of Ki67; less than 3% of the cells at all
time points. At day 0, a few cells within the inner mesenchy-
mal layer expressed Ki67, and at later time points, no Ki67-
positive mesenchymal cells were detected. At day 0, the epi-
thelial layer contained no Ki67-positive cells, but the Ki67
expression increased with a peak at day 7. At day 21, there
were no Ki67-positive cells detected in any samples. Overall,
there was a low expression of caspase 3 in both mesenchymal
and epithelial cells, but it slightly increased in the epithelial
cells over time. There was no CD31 expression at any time
points (data not shown). There were no differences in protein
expression between amnion-SIS and amnion without SIS
(Figure 4 and Supplementary Figure 1).

3.3. Properties of PRGF-SIS Constructs. The PRGF gel with or
without SIS could be kept in culture for up to 14 days with
sustained morphology, but with decreasing number of cells
and with an increasing degradation of the gel. At day 14,
the gel was completely dissolved and only SIS remained.
Therefore, day 14 was excluded from further analysis. There
were no differences in protein expression if the PRGF gel was
combined with SIS or not. The cells expressed CD45, and a
few CD34-positive cells could be detected at all time points.
Cells were positive for Ki67, but with decreasing number over
time. The caspase 3 expression was low but increased over
time (Figure 5 and Supplementary Figure 2).

4. Discussion

Conventional harvesting of autologous biological starting
material for TE involves at least one invasive donor site, lead-
ing to at least two sites of surgical interventions. To circum-
vent the donor site morbidity, a noninvasive technique for
collection is desirable. In this study, we investigated two
highly proangiogenic types of autologous constructs made
from the noninvasive source term placenta: (1) amnion and
(2) MNC-enriched PRGF gel from UCB.

DMEM-EC

DMEM-F12

MEM�훼

0 3 7 10 14 21

Figure 1: Morphology of amnion-residing cells. Pieces of amnion were kept in culture for up to 21 days in three different culture media and
thereafter stained with HTX/eosin. The different culture conditions did not induce morphological changes, but there was a decreased integrity
of the epithelial layer integrity over time (indicated by the arrows). Magnification 20x.
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This is, to our knowledge, the first study on fresh amnion
and PRGF combined with a biological graft. Our results dem-
onstrate that the placenta and UCB can easily be collected
directly after birth and the amnion can be separated from
the chorion and is ready for use in less than one hour after
birth. The PRGF can be produced within 30min after retriev-
ing the UCB, isolation of MNC took up to one hour with
minimal addition of compliant products (Lymphoprep and
CaCl2), and gel formation occurred within 45min. In total,
a complete MNC-enriched PRGF construct can be prepared
within 2-3 hours after birth. At this point, the constructs
can be used for surgical correction of the defect.

We wanted to investigate if the properties of the amnion
were maintained after being kept in culture. Cell culture con-
ditions such as culture medium is per se selective for different
subpopulations of cells, and therefore, we compared three
different culture media for amnion in regard to morphology
(visualized with HTX/eosin) and viability of the cells (Ki67
for proliferation and caspase 3 for apoptosis). The HTX/
eosin staining showed no morphological differences in the
amnion-residing cells despite different culture media, and
there were no significant dissimilarities in cell viability at
any time points. When the amnion was in direct contact with
the culture surface, cells (ADC) migrated from the amnion
and multiplied. When cultured in DMEM-F12, the ADC
had a nonfibroblast and nonepithelial morphologies whereas
when cultured in MEMα and DMEM-EC, the ADC had a
fibroblast-like phenotype. We next investigated the ADC in

a flow cytometric assay for surface marker expression. We
chose established markers for epithelial (PCK), mesenchymal
(CD73), and endothelial (CD31) cells. All ADC expressed
CD73, but no PCK or CD31 expression was detected, indicat-
ing that mesenchymal and not epithelial or endothelial cells
had migrated from the amnion. ADC cultured in DMEM-
EC had the highest percentage of CD73-expressing cells,
fibroblastic morphology and with no differences in pro-
tein expression of the amnion-residing cells between the
culture medium, and DMEM-EC was used for the forth-
coming analyses.

Amnion and MNC-enriched PRGF gel were combined
with a matrix and thereafter analyzed. Conventional com-
mercially available biological grafts usually consist of decellu-
larized ECM proteins, mainly collagens, from various tissue
sources such as skin (human, bovine, and porcine) and
pericardium (equine and bovine) [35]. One of the most
commonly used grafts is SIS (porcine) [36], and since it is
currently used in the clinic, is well studied, non-cross-linked,
and has a good mechanical strength, we decided to use
4-layer SIS in this study. We wanted to investigate if the
properties of the amnion-residing cells would change over
time when combined with SIS, and therefore, we kept the
constructs in culture for up to 21 days before analysis. We
stained the constructs for PCK, CD73, CD31, Ki67, and
caspase 3. After 21 days of culture, the amnion remained
highly viable with a low apoptotic environment as indicated
by few caspase 3-positive cells, and little activation of cell

Ki67 DMEM-EC

DMEM-F12

MEM�훼

Caspase 3 DMEM-EC

MEM�훼

DMEM-F12

0 3 7 10 14 21

Figure 2: Proliferation and viability of amnion-residing cells in vitro. Pieces of amnion were kept in culture for up to 21 days in three different
culture media and thereafter stained for Ki67 (proliferation) and caspase 3 (apoptosis) at days 0 to 21. There was no significant difference
between the culture conditions. A low expression of Ki67 and caspase 3 was detected up to day 14, and on day 21, Ki67 was not detected
and caspase 3 showed a slight increased expression. Single positive cells stain brown as indicated by the arrows. Magnification 60x.
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proliferation, as indicated by Ki67-positive cells. Also, the
cells present in the amnion when combined with SIS did
not alter their phenotype, and both the epithelial and stromal
cells had a stable protein expression throughout the analysis
period. However, the morphological investigations showed
a reduction of the epithelial cell layer integrity over time,
which means that prolonged storage is not possible or require
further optimization.

In the amnion-SIS constructs, the amnion-residing cells
did not migrate or integrate into the SIS matrix. One explana-
tion to this could be the manufacturing process of SIS where
the tissue is harshly decellularized and sterilized, which may
impact on the collagens and thereby change the protein
properties and influence the biocompatibility and host inte-
gration. The processing is required for the graft to persist
rapid degradation by endogenous collagenases [37, 38]. Spel-
zini et al. could show integration of rat mesenchymal stromal
cells into SIS, but they were isolated single cells in suspension

and not cells migrating from a tissue [39]. In our construct,
the SIS only acts as support and will gradually degrade over
time as endogenous extracellular tissue forms and replaces
the SIS. By these means, cell migration into the SIS is not of
major significance. In summary, these results demonstrate
that in cases of delayed correction of the defect, the
amnion-SIS constructs could be kept in culture for 21 days,
indicating a potential for short-term storage of the construct.

The PRGF-SIS constructs were characterized, which
showed that the MNC in the PRGF gel, with or without
SIS, maintained a robust protein expression of both CD45
and CD34 over time. No increased proliferation (Ki67) was
detected but a small increase in caspase 3 expression was
observed. The increased number of apoptotic cells might be
explained by a loss of PRGF-derived growth factors and cyto-
kines at medium changes through the degradation process.
The gel in the PRGF-SIS constructs slowly degraded and
was completely dissolved at day 14. PRGF releases growth
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Figure 3: Properties of amnion-derived cells (ADC). ADC migrated from cultured amnion and adhered onto the plastic culture surface. (a)
Typical images of the morphology of the ADC at day 14 in the different culture conditions. Magnification 10x. (b) Cell surface expression of
CD73 and PCK by ADC was analyzed by flow cytometry. Typical plots are shown with the mean CD73 expression in percent.
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Figure 4: Morphology and protein expression in amnion-SIS constructs. Amnion sutured to SIS was analyzed for protein expression at
days 0 to 21. All amnion-residing cells expressed CD73, and epithelial cells expressed PCK at all time points (brown staining). A low
expression of Ki67 and caspase 3 was detected up to day 14. On day 21, Ki67 was not detected and caspase 3 showed a slight increased
expression. Single positive cells stain brown as indicated by the arrows. Magnification 40x (CD73 and PCK) and 60x (Ki67 and caspase 3).
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Figure 5: Morphology and protein expression in PRGF-SIS constructs. The PRGF-SIS constructs were kept in culture for up to 14 days and
thereafter analyzed. The HTX/eosin staining showed decreasing number of cells and a complete degradation of the gel at day 14. The cells
expressed CD45 (brown staining), and few CD34-positive cells were detected throughout the time points. Ki67-positive cells were
detected, but with decreasing number over time. The caspase 3 expression was low but increased over time. Single positive cells stain
brown as indicated by the arrows. Magnification 2x and 60x.
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factors and cytokines; promotes cell recruitment, tissue
regeneration, angiogenesis, and reperfusion of damaged tis-
sue; reduces apoptosis [33, 40–42], properties that promote
tissue formation, and wound healing; and reduces the risk
for bacterial colonialization [43]. For these reasons, degrada-
tion of the gel within 14 days may not be a concern in a
clinical setting.

When preparing the PRGF gel, which is induced clotting,
we allowed a small fraction of RBC to be included, following
an established protocol [33]. Even though RBC may be toxic
to the cells, other studies have shown that the maximum
recovery of platelets and leucocytes is when a small por-
tion of the RBC fraction is included in platelet-enriched
blood products [34].

Platelet-enriched derivatives from blood have previously
been characterized in regard to platelet concentration and
growth factor and cytokine content [43, 44]. In our study,
the PRGF was also enriched with MNC, and similarly,
the cellular content of UCB is well known [45]. Therefore,
we judged it unnecessary to include such characterizations.

5. Conclusions

This study demonstrates that amnion and MNC-enriched
PRGF gel, after minimal handling, are promising candidates
as noninvasive sources for autologous grafts in correction of
congenital soft tissue defects. Further studies are needed to
evaluate the full potential of these constructs.
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Supplementary Materials

Supplementary figure 1. Protein expression of amnion-
residing cells. Amnion cultured in DMEM-EC was analyzed
for protein expression at day 0 to 21. All cells expressed
CD73 and the epithelial cells expressed PCK at all time
points. There was a low expression of Ki67 and caspase 3
up to day 14, and at day 21 no Ki67 expression was detected
but a slightly increased caspase 3 expression. Positive cells
stain brown. Magnification 20x (HTX/eosin), 40x (CD73
and PCK) and 60x (Ki67 and caspase 3). Supplementary
figure 2. Morphology and protein expression of MNC in
PRGF gel. MNC-enriched PRGF gel was kept in culture for
up to 14 days and thereafter analyzed. The HTX/eosin stain-
ing showed decreasing number of cells and also a degradation
of the gel to a total absence at day 14. The cells expressed

CD45 and few CD34 positive cells were detected throughout
the time points. Cells positive for Ki67 were detected, but
with decreasing number over time. The caspase 3 expression
was also low but increased over time. Positive cells stain
brown. Magnification 60x. (Supplementary materials)
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The maternal part of the placenta, the decidua, consists of maternal immune cells, decidual stromal cells, and extravillous fetal
trophoblasts. In a successful pregnancy, these cell compartments interact to provide an intricate balance between fetal tolerance
and antimicrobial defense. These processes are still poorly characterized in the two anatomically different decidual tissues,
basalis and parietalis. We examined immune cells from decidua basalis and parietalis from term placentas (n = 15) with flow
cytometry. By using multivariate discriminant analysis, we found a clear separation between the two decidual compartments
based on the 81 investigated parameters. Decidua parietalis lymphocytes displayed a more activated phenotype with a higher
expression of coinhibitory markers than those isolated from basalis and contained higher frequencies of T regulatory cells.
Decidua basalis contained higher proportions of monocytes, B cells, and mucosal-associated invariant T (MAIT) cells. The
basalis B cells were more immature, and parietalis MAIT cells showed a more activated phenotype. Conventional T cells, NK
cells, and MAIT cells from both compartments potently responded with the production of interferon-γ and/or cytotoxic
molecules in response to stimulation. To conclude, leukocytes in decidua basalis and parietalis displayed remarkable phenotypic
disparities, indicating that the corresponding stromal microenvironments provide different immunoregulatory signals.

1. Introduction

During pregnancy, the fetus receives nutrients, gas exchange,
and immunological protection against infections from the
mother via the placenta. At the same time, the maternal
immune system must be kept from attacking the allogeneic
fetus. The fetus, umbilical cord (UC), and placenta are
encased by the decidua, a maternal membrane originating
from differentiated endometrial cells in early pregnancy [1].

The decidua can be divided into two anatomically different
parts; the decidua basalis covers the basal plate of the pla-
centa, while the decidua parietalis lines the fetal membranes.
Decidual stromal cells (DSCs) make up the foundation of the
connective structures of both decidua basalis and parietalis
and have been shown to utilize a specific epigenetic program
of gene silencing in order to minimize the attraction of
maternal effector T cells in mice [2]. In vitro, DSCs have been
shown to induce T regulatory cells as well as suppress T cell
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proliferation by utilizing IDO and PGE2 and mediate an
induced impaired ability of T cells to respond to IL-2 [3–5].
Trophoblast cells make up the outer barrier of the fetal side
of the placenta, and over the course of pregnancy, tropho-
blasts invade the decidual layer surrounding the placenta.
These extravillous trophoblasts lack classical polymorphic
HLA class I molecules but express HLA-C, HLA-G, and
HLA-E [6]. This provides some aspects of how the fetus
escapes immunological recognition and response.

Previous studies on different subsets of maternal immune
cells infiltrating decidual tissues rarely discern between
decidua parietalis and basalis. In early pregnancy, the major-
ity of decidual leukocytes are noncytotoxic NK cells, which
have been shown to be crucial in the forming and remodeling
of the blood supply to placental tissues. Decidual macro-
phages have an important role in maintaining a tolerogenic
environment in healthy pregnancies, but can also respond
with proinflammatory cytokines upon bacterial stimulation
[7]. The decidual macrophage population also contains a
subclass with an M2 phenotype, which produces high levels
of IL-10 [8]. The number of T cells increases over the course
of pregnancy and constitutes between 30 and 80% of the total
lymphocytes in the decidua at term [9]. The number of T reg-
ulatory cells is elevated in both decidual compartments and
has the ability to suppress immune responses against the
fetus [10]. The expression of PD-1 and TIM-3 is greatly
increased on decidual T cells, and in vivo blockade of these
molecules in mice results in increased miscarriage rates [11].

As placental tissues have emerged as a promising source
of stem cells for clinical trials [12], it is of importance to char-
acterize the physiological state of the surrounding immune
cell populations in this compartment. The factors influencing
immune cell composition and activation status in the decidua
basalis and parietalis are still poorly characterized, but it is
likely that these two sites are differentially influenced by the
stromal microenvironment.

The aim of this study was to examine the immune cell
composition of these two decidual tissues. Using flow cytom-
etry, we have made an in-depth characterization of lympho-
cyte populations in the different decidual compartments
from term placentas donated after uncomplicated pregnan-
cies. This provides new basic knowledge of the immunologi-
cal landscape in these tissues, as well as potential insights into
how the stromal environment in different decidual sites can
mediate immune regulation.

2. Material and Methods

2.1. Placental Donors. Following uncomplicated term preg-
nancies (median gestation week 39, range 38–42), healthy
individuals (n = 15, median age 32, range 21–40) donated
their placentas following elective caesarian sections. Written
informed consent was obtained from the donors, and the
regional review board of ethics in research of Karolinska
Institutet approved the donation of peripheral blood and
placentas (entry numbers 2009/418-31/4, 2010/2061-32,
and 2015/1848-31/2). Data on some immune parameters in
decidua parietalis from 11 out of 15 donors have partly been

included in another publication [13], but no data on the
decidua basalis immune cells has previously been published.

2.2. Cell Isolation. Placentas were transported straight to our
laboratory from the operating room in the adjacent building,
and the cell isolation started in less than 30minutes following
the placental delivery. Paired samples of tissue-resident lym-
phocytes were collected from decidua basalis and parietalis
using a method similar to that used by others [14]. The fetal
membranes (including the decidua parietalis) were cut ≥1 cm
from the edge of the placenta and placed in a sterile petri dish
and washed extensively with PBS. The parietalis was dis-
sected from the chorion, which was then discarded together
with the amnion. The tissue was cut into smaller pieces and
placed in PBS. Thereafter, the placenta was placed with the
umbilical cord facing down and washed extensively with
PBS. The basalis is strongly attached to the placental tissue,
and hence we used a scalpel to carefully scrape off the thin
grey basalis membrane which was placed in PBS. The two
types of tissue were washed in PBS by centrifugations at
600g for 1 minute. The supernatant was discarded, and the
process was repeated five times or more until the supernatant
was clear. Lymphocytes were released from the tissue by non-
enzymatic mechanical disaggregation using the gentleMACS
Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany).
The tissue was then consecutively filtered through a 100μm
metal mesh and then through 70μm and 40μm cell strainers
(VWR, Radnor, PA). Following centrifugation, the cell pel-
lets were resuspended in lysis buffer (IOTest 3, Beckman
Coulter, Fullerton, CA, USA), washed once, and stained for
extracellular flow cytometric analysis. The remaining cells
were frozen in liquid nitrogen in RPMI (HyClone, GE Health
Sciences, South Logan, UT) medium supplemented with 10%
fetal calf serum, 100U/ml penicillin, and 100μg/ml strepto-
mycin (complete medium) containing 10% DMSO.

2.3. Flow Cytometry. The majority of the extracellular flow
cytometry experiments were performed directly on fresh
cells, but for six donors, the T cell markers CD69, CD25,
CXCR3, CCR6, CD38, HLA-DR, CD127, and PD-1 were
analyzed on paired frozen samples. Staining was carried out
in 96-well plates with ≤1× 106 cells/well in 50μl CliniMACS
PBS/EDTA buffer (Miltenyi Biotech, Bergish Gladbach,
Germany) supplemented with 0.1% bovine serum albumin.
The cells were incubated with mAbs for 30min at 4°C. Intra-
cellular staining was performed after extracellular staining
using the BD Cytofix/Cytoperm™ kit (BD Biosciences,
Franklin Lakes, NJ) according to the manufacturer’s instruc-
tions. 7AAD staining was used to sort live and dead cells if no
intracellular staining was performed. The antibodies used in
this study are listed in Supplementary Table 1 available
online at https://doi.org/10.1155/2017/8010961. Data was
collected using a BD FACSCanto flow cytometer and ana-
lyzed with FlowJo software (Tree Star, Ashland, OR, USA).
Results from subgating were only included if the parent pop-
ulation consisted of ≥80 cells.

2.4. Bacterial Stimulation Assay. Mononuclear cells were
isolated by density gradient centrifugation (Lymphoprep,
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Axix-Shield, Dundee, Scotland) and resuspended in com-
plete medium. Fresh cells were then cultured at 37°C and
5% CO2, at a concentration of 3× 106 cells/ml, in 96-well
plates alone or together with UV-irradiated Escherichia coli
(E. coli) at a multiplicity of infection of 30 together with
1.25μg/ml anti-CD28mAb (CD28.2, BioLegend, San Diego,
CA). After 12 hours of culture, 10μg/ml Brefeldin-A (BFA,
Sigma-Aldrich, St. Louis, MO) was added, followed by an
additional 4 hours of culture. After the total 16 hours of cul-
ture, cells were harvested and stained for flow cytometry.

2.5. PMA/Ionomycin Stimulation Assay. Frozen cells were
thawed andmononuclear cells were isolated by density gradi-
ent centrifugation (Lymphoprep, Axix-Shield). Peripheral
blood mononuclear cells (PBMCs) from healthy blood
donors (healthy controls) were used as controls. Cells were
resuspended in complete medium and cultured at 37°C and
5% CO2, at a concentration of 2× 106 cells/ml in 96-well
plates. 10μg/ml BFA (Sigma-Aldrich) was added to all wells,
and half of the samples were stimulated with 25 ng/ml PMA
(Sigma-Aldrich) and 1μg/ml ionomycin (Sigma-Aldrich).
After 5 hours of culture, cells were harvested and stained
for flow cytometry.

2.6. Statistics. Multivariate orthogonal projection to latent
structures by means of partial least squares discriminant
analysis (OPLS-DA) was used to obtain a maximum sepa-
ration of X-variables, that is, immune cell variables, based
on class information, that is, basalis and parietalis in
Figures 1(b), 2(a), and 3(b) (SIMCA software, Sartorius
Stedim Biotech, Umeå, Sweden). The contribution of each
X-variable, VIP values, to the OPLS-DA model in
Figure 1(a) was calculated (Supplementary Figure S1). X-
variables with a VIP value below 0.98 were excluded,
and a new model was generated based on remaining vari-
ables (Figure 1(b)). The scale presented on the y-axis of
the OPLS plot is a dimensionless scale; the loading vector
is normalized to unit length. The quality of OPLS analyses is
based on R2, which indicates how well the variation of the
variables is explained by the model, and Q2, an estimate of
the model’s predictive ability. Utilizing the OPLS-DA analy-
sis as screening for differences between the groups, the fac-
tors contributing most to the separation were further
analyzed using a two-tailed Wilcoxon matched-pairs signed
rank test (GraphPad Software, La Jolla, CA). An alpha value
of <0.05 was considered significant.

3. Results

3.1. The Proportions of Several Immune Cell Populations
Differ in Decidua Basalis and Parietalis. By multivariate
OPLS-DA, we examined if the 81 immunological immune
cell variables assessed differed between decidua basalis
and parietalis. As depicted in the observational plot in
Figure 1(a), a clear separation between decidua basalis
and parietalis was found. The X-variables that showed
the strongest association with basalis or parietalis are shown
in the OPLS-DA loading plot in Figure 1(b), a model based
on X-variables with VIP values≥ 0.98. A VIP column plot

for all parameters is shown in Supplementary Figure S1.
Further investigating the two groups using univariate statis-
tical analysis, differences were seen in all main immune cell
populations investigated. The proportions of monocytes, B
cells, and CD56dim NK cells were higher in basalis com-
pared to parietalis, whereas total CD3+ T cells, CD56bright

NK cells, and NKT-like cells were found in higher frequen-
cies in parietalis relative to basalis (Figure 1(c), gating strat-
egies in Figure 1(d)).

3.2. Decidua Parietalis T Cells Display a More Activated
Phenotype Compared to Decidua Basalis. As demonstrated
by the OPLS-DA in Figure 1(b), phenotypic differences in
T cells, B cells, and NK cells were revealed between decidua
basalis and parietalis. Based on CCR7 and CD45RA
expression, we found that CD4+ and CD8+ T cells from
both compartments were dominated by an effector mem-
ory T cell phenotype at the expense of naïve cells
(Figure 4(a)). This contrasts to the general composition
in peripheral T cells in pregnant and nonpregnant women
[13, 15]. Decidua parietalis contained a higher proportion
of both effector memory and central memory CD4+ T cells
compared to decidua basalis (Figure 4(a)). Gating strate-
gies are shown in Figure 4(b). Markers of T cell activation
and homing also had different expression pattern between
the two compartments (Figures 4(c), 4(d), 4(e), 4(f), 4(g),
4(h), and 4(i)). T cells from parietalis had a higher expres-
sion of the early activation and/or tissue residency marker
CD69 (Figure 4(d)), as well as an increased expression of
the α-chain of the IL-2 receptor, CD25 (Figure 4(e)). No
significant difference was observed for the expression of
the late activation marker HLA-DR, although there was a
trend towards an increased expression on T cells from
parietalis (Figure 4(f)). The expression of the α-chain of
the IL-7 receptor, CD127, was significantly decreased in
parietalis, further indicating a more activated phenotype
compared to the T cells from basalis (Figure 4(g)). The
expression of the chemokine receptors CXCR3 and CCR6
was both increased in parietalis compared to basalis
(Figures 4(h) and 4(i)).

Upon stimulation with PMA/ionomycin, both CD4+ and
CD8+ T cells responded with the production of interferon-γ
(IFN-γ) in similar levels to that of PBMCs from healthy
donors (Figure 4(j)). Decidual CD8+ T cells expressed gran-
zyme B (GrzB) in a resting state, but the median expression
was lower compared to peripheral T cells from healthy
donors (Figure 4(j)). As expected, the expression of GrzB
was low in CD4+ T cells.

3.3. Differences in B Cell and NK Cell Subsets and T
Regulatory Cells in Decidua Parietalis and Basalis. B cells
can be divided into immature/transitional, mature/naïve,
and memory cells based on CD24 and CD38 expression
(Figure 5(a)). The frequency of transitional B cells
(CD24highCD38high) among CD19+CD20+ B cells was higher
in basalis compared to parietalis, whereas the mature/naïve
compartment (CD24intCD38int) was higher in parietalis
(Figure 5(a)). There was no significant difference in the B cell
memory compartment (CD24highCD38low/neg).
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Figure 1: Continued.
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It has previously been shown that CD4+CD25+CD127low

T cells in decidual tissues largely overlap with Foxp3+ T reg-
ulatory cells (Tregs) and that they are increased in the first
trimester compared to peripheral blood [16]. We found that
parietalis contained a significantly higher proportion of
CD4+CD25+CD127low Tregs among the CD4+ T cells com-
pared to basalis and that the median intensity of CD25
expression in Tregs was higher in parietalis (Figure 5(b)).

The expression of the Fc receptor CD16 was investigated
on the two NK cell populations residing in decidual tissue.
As expected, the classical CD3−CD56dim NK cells had a high
CD16 expression (Figure 5(c)), whereas the expression on
the decidual CD3−CD56bright NK cells was low (Figure 5(d)).
The CD16 expression was significantly lower on both NK cell
populations in parietalis compared to basalis (Figures 5(c)
and 5(d)). On the other hand, there was a trend towards a
lower expression of CD16 on monocytes in parietalis com-
pared to basalis (Supplementary Figure S2a).

After stimulation with PMA/ionomycin, we observed
that IFN-γ was expressed in the CD56dim, as well as the
CD56bright NK cells from both basalis and parietalis
(Figure 5(e)). The proportion of NK cells from decidua
expressing IFN-γ was as least as high as peripheral NK cells
from healthy donors. We further noted that CD56dim NK
cells showed a pattern of background expression of IFN-γ,
which was not observed in CD56bright cells. Although too
few experiments were performed to do statistical analysis,
the proportion of CD56dim NK cells expressing GrzB
appeared to be lower in decidua compared to peripheral
blood (Figure 5(e)). However, there was no such difference
in GrzB expression in CD56bright NK cells.

3.4. Decidua Parietalis Immune Cells Express Higher Levels of
Coinhibitory Markers Compared to Basalis. The surface
expression of the coinhibitory molecules PD-1, TIM-3,
LAG-3, and CTLA-4 was assayed on CD4+ and CD8+ T cells,
CD19+ B cells, and CD56+ NK cells. Based on these 20
parameters from the flow cytometry results, the OPLS-DA

model demonstrated that there were higher proportions of
cells expressing coinhibitory molecules, mainly B cells and
CD4+ T cells, in parietalis compared to basalis (Figure 2(a)).
Further analysis with univariate statistics in large confirmed
thismodel. Expression of PD-1, LAG-3, and TIM-3 and coex-
pression of both PD-1 and TIM-3 were higher in parietalis
compared to basalis CD4+ T cells (Figure 2(b)). The same
results were seen regarding LAG-3 expression inCD8+T cells,
but only trends were apparent for the other markers
(Figure 2(b)).The expressionofCTLA-4onTcellswasnot sta-
tistically different between basalis and parietalis (Supplemen-
tary Figure S2b). An increased frequency of B cells from
parietalis expressed PD-1, TIM-3, and CTLA-4, as well
as the dual expression of PD-1 and TIM-3 (Figures 2(c)
and 2(e)). Regarding the NK cells, the expression of LAG-3
was higher in samples from parietalis compared to basalis
(Figures 2(d) and 2(e)). Although not significantly different,
we also noted a trend towards a higher median expression
of TIM-3 on NK cells in parietalis (67%) compared to basalis
(51%, p = 0 0537, Supplementary Figure S2c).

3.5. Mucosal-Associated Invariant T (MAIT) Cell Proportion
and Phenotype Differs in Decidual Basalis and Parietalis.
MAIT cells can rapidly respond with secretion of proinflam-
matory cytokines and cytotoxic molecules when stimulated
by microbial-derived vitamin B metabolites in an MHC-
related molecule 1- (MR1-) dependent manner [17], but little
is known about their importance in pregnancy. MAIT
cells were identified as Vα7.2+ and CD161high T cells
(Figure 3(a)). OPLS-DA demonstrated a separation between
decidua basalis and parietalis based on MAIT cell proportion
and phenotype (Figure 3(b)). The frequency of MAIT cells
among CD3+ T cells was higher in basalis compared to parie-
talis (Figure 3(c)). The distribution of CD8+, double negative
(DN), and CD4+ MAIT cells was similar as previously
reported in peripheral blood [17], but the proportion of
CD4+ MAIT cells was higher in parietalis compared to basa-
lis at the expense of the CD8+ MAIT cells (Figure 3(d)).
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Figure 1: Different leukocyte populations in decidua parietalis and basalis. (a) OPLS-DA observation plot displaying a separation between
leukocytes from decidua basalis and parietalis. (b) OPLS plot following a variable influence on projection (VIP) of 0.98, showing
associations between decidual compartment and phenotypic leukocyte markers (n = 8–13 for (a, b)). (c) Distribution of major leukocyte
subsets in paired samples of decidua basalis and parietalis compared with the nonparametric Wilcoxon test. Line in graphs depicts the
median among values (n= 11-12). (d) Representative flow cytometry plots showing the initial gating strategy used throughout the paper,
as well as the gating of the subsets in (c). ∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001.
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Figure 2: Lymphocytes in decidua parietalis express more coinhibitory markers compared to basalis. (a) OPLS plot showing associations
between decidual compartment and phenotypic coinhibitory markers (n= 10–12). (b) Surface expression and representative histograms
and contour plots showing the expression of the indicated extracellular markers on decidua basalis and parietalis T cells (CD3+) compared
to the fluorescent minus one (FMO) control of PD-1 (n = 12), LAG-3 (n = 11), TIM-3 (n = 11), and PD-1+TIM-3+ (n = 10). (c) B cell
(CD19+) surface expression of PD-1 (n = 10), TIM-3 (n = 11), CTLA-4 (n = 11), and PD-1+TIM-3+ (n = 10). (d) NK cell (CD56+CD3−)
surface expression of LAG-3 (n = 11). (e) Representative histograms and contour plots showing the expression of the indicated
extracellular markers on decidua basalis and parietalis cells from (c) to (d) compared to the fluorescent minus one (FMO) control. Line in
graphs depicts the median. Comparisons between the paired samples were made using the nonparametric Wilcoxon test. ns = not
significant; ∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001.
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Figure 3: Continued.
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Similar to what we observed for the conventional T cells, the
MAIT cells from parietalis had a higher expression of CD69
and CD25 than basalis and a lower expression of CD127
(Figures 3(e) and 3(f)). CD38, another marker for MAIT cell
activation [18] and the coinhibitory marker PD-1, was also
increased on parietalis MAIT cells as compared to basalis
(Figures 3(e) and 3(f)). Thus, decidua parietalis MAIT cells
showed a more activated phenotype compared to basalis
MAIT cells.

To examine the functionality of MAIT cells in decidual
tissue, mononuclear cells were stimulated with UV-
irradiated E. coli for 16 hours. The response to the bacteria
was measured by intracellular expression of IFN-γ (two
donors) and GrzB and perforin (one donor). A substantial

proportion of the decidual MAIT cells from both donors
responded with IFN-γ expression (Figure 3(g)). Bacterial
stimulation also induced expression of the cytotoxic mole-
cules GrzB and perforin in decidual MAIT cells (Figure 3(g)).

4. Discussion

This study provides the most comprehensive mapping of
immune cell subsets in decidua parietalis and basalis to date.
By analyzing such a large number of factors using paired
samples, we can present a multifaceted overview of how the
immune system is polarized in the different decidual com-
partments at term pregnancies. Using OPLS-DA to create a
model on which further univariate testing is based provides
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Figure 3: MAIT cells in decidua basalis are more numerous, but parietalis MAIT cells display a more activated phenotype. (a) Representative
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a more objective basis of statistical analysis as all parameters
are used and weighed depending on their relative addition to
the model. The discriminate analysis revealed large differ-
ences in the immune cell composition between decidua par-
ietalis and basalis.

Among the general leukocyte populations, decidua basa-
lis contained more B cells, monocytes, and CD56dim NK cells,
whereas parietalis was comprised of more T cells, NKT-like
cells, and CD56bright NK cells. This pattern is in general in
line with previous publications examining decidual immune
cell subsets [19–22].

Decidual NK cells constitute >70% of decidual leukocytes
during the first trimester and are important for directing the
invasion of trophoblasts into the decidua by cytokine and
chemokine gradients, as well as in the growth and remodel-
ing of spiral arteries. Over the course of pregnancy, these
numbers decline to reach similar levels at term as the endo-
metrium of nonpregnant women [23]. Bartmann et al. found
that CD16 expression on decidual NK cells in basalis
increased over the course of pregnancy [21]. We observed
that CD16 expression was significantly higher in basalis com-
pared to parietalis on both CD56dim and CD56bright NK cells.
It is not known if the decidual NK cells upregulate the

expression of CD16 expression during pregnancy or if there
is an infiltration of CD16+ NK cells as pregnancy proceeds.
Both NK cell subsets produced IFN-γ when stimulated with
PMA/ionomycin, but the CD56dim cells had a background
expression, whereas the CD56bright cells did not. It would be
of interest to further study decidual NK cells and their
responsiveness to physiological stimulus.

The decidual T cell population was polarized towards an
effector memory phenotype at the expense of naïve T cells, a
finding most prominent in parietalis. This is in line with the
findings of Sindram-Trujillo et al., as well as the consecutive
work of Tilburgs et al., who showed an enrichment of effector
memory T cells in decidual tissues compared to peripheral
blood, also with the most prominent changes seen in parieta-
lis [20, 24]. These effector cells contained large amounts of
mRNA coding for cytotoxic molecules, but the translation
into functional proteins was impaired. In line with these find-
ings, we observed a trend towards T cells from both basalis
and parietalis having lower amounts of GrzB than T cells
from peripheral T cells from healthy controls. An elevated
activation status of T cells in decidual tissues has also been
demonstrated previously [20]. Our data confirm these find-
ings, and the observation that CD127 expression is decreased
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in decidual T cells further supports an effector memory status
and activated phenotype [25].

The expression of the chemokine receptors CXCR3 and
CCR6 was higher on T cells from decidua parietalis com-
pared to basalis. This probably reflects the findings of a dom-
inant effector memory phenotype but could also imply a
higher proportion of Th1 cells and Th17 cells [26, 27]. DSCs
have been shown to have an impaired production of the
CXCR3 ligands CXCL9 and CXCL10 [2], but extravillous
trophoblasts infiltrating decidual tissue constitutively pro-
duce CXCL10 [28]. Svensson-Arvelund et al. further showed
a high production of the CCR6 ligand CCL20 by cells from
placental tissue explants [28]. CCR6+ T cells in the 1st tri-
mester decidua were shown to be fewer compared to
matched peripheral blood, indicative of a decreased Th17
polarization during early pregnancy [16]. On the other hand,
Feyaerts et al. showed that decidua parietalis contained
higher proportions of IFN-γ and IL-17 producing T cells
compared to peripheral and endometrial T cells [15]. This,
together with our findings, indicates that the relative fre-
quency of Th1 cells and Th17 cells increases in parietalis over
the course of pregnancy, further promoting the activated T
cell profile in this compartment.

Although B cells have generally been ignored in the con-
text of decidual immunology, their presence has been dem-
onstrated in previous publications both by flow cytometry
[20, 22, 29, 30] and by immunohistochemistry [31]. We have
previously shown that DSCs from both decidua basalis and
parietalis readily produce B cell-activating factor of the
tumor necrosis factor family (BAFF) after stimulation with
interferons [22], suggesting a role for B cell maturation in
the decidua. We found that the frequency of B cells was
higher in basalis compared to parietalis, but that parietalis
contained a higher proportion of mature/naïve B cells at
the expanse of transitional B cells. This may indicate that
microenvironmental factors in parietalis, including BAFF,
induce decidual B cell maturation. Interestingly, it was
recently shown that an altered B cell composition in decidua
and higher BAFF expression were associated with preterm
labor [31].

Tregs have been proposed to play an important role in
fetal-maternal tolerance and have been investigated in decid-
ual tissues by several others [14, 30, 32–34]. Tilburgs et al.
demonstrated a correlation between HLA-C mismatch
between mother and fetus and proportions of both activated
CD4+CD25dim T cells and CD4+CD25high putative Tregs in
decidua parietalis [35]. This indicates that fetal alloantigens
in the decidua promote maternal T cell activation and also
induction of Tregs. In line with the increased activation sta-
tus of T cells in parietalis, we found that the proportion of
CD4+CD25+CD127low Tregs was higher in parietalis than
in basalis. The intensity of CD25 expression on Tregs was
also higher in parietalis, further indicating a more activated
Treg phenotype. We have previously shown that DSCs from
parietalis promoted elevated expression of CD25 on
alloantigen-stimulated T cells, which partly was explained
by an induction of Tregs [4] and also by elevated IL-2 levels
in the supernatant due to a diminished capacity of the T cells
to signal through the IL-2 receptor complex [5]. Thus, DSCs

could potentially have a role in shaping the T cell phenotype
in the decidual tissues.

Although coinhibitory marker expression in decidua has
been investigated to some degree previously, our study pro-
vides a more complete analysis of these markers on T, B,
and NK cell subsets, as well as the comparison between
decidual compartments. The OPLS-DA model based on the
expression of the coinhibitory markers PD-1, TIM-3, LAG-
3, and CTLA-4 gave a clear separation between parietalis
and basalis. Parietalis was associated with an increased
expression of the vast majority of the investigated markers
on several lymphocyte subsets. A large proportion of the T
cells in both decidual compartments expressed PD-1 and
TIM-3, which is in line with other studies showing that
decidual T cells express higher levels of these markers com-
pared to peripheral blood [11, 36]. PD-1, TIM-3, and LAG-
3 expression on T cells was most pronounced in parietalis,
which also contained a substantial CD4+ T cell population
expressing both PD-1 and TIM-3. The ligands for PD-1,
PD-L1 and PD-L2, have been shown to be expressed on
decidual macrophages and stromal cells and to be functional
in suppressing T cell proliferation and cytokine production
[4, 36, 37]. Pregnant mice that were treated with antibodies
blocking PD-1 and TIM-3 had a decreased number of live
fetuses compared to the control animals, thus demonstrating
the importance of these markers for a successful pregnancy
outcome in mice [11]. LAG-3 has not been extensively stud-
ied in pregnancy, but it has been showed that decidual Tregs
express LAG-3 [38]. When we stimulated mononuclear cells
with PMA/ionomycin, we found that both CD4+ and CD8+ T
cells had an IFN-γ response in line with that observed in
PBMCs from healthy controls. It would be of interest to
explore decidual T cell responsiveness to fetal and viral anti-
gens to further investigate the role of coinhibitory markers in
suppressing the decidual T cell response.

A relatively large proportion of the decidual parietalis B
cells expressed PD-1, TIM-3, and CTLA-4, and the expres-
sion was consistently higher in parietalis compared to basalis.
PD-1 expression has been shown to increase in B cells as a
response to activation [39] and to be expressed by a subpop-
ulation of regulatory B cells involved in hepatoma progres-
sion [40]. Although CTLA-4 has mainly been described to
be expressed by T cells, it has been reported that it can also
be expressed by murine B cells after T cell-induced activation
[41]. CTLA-4 expression in decidual B cells has not been
described previously, but we observed a distinct CTLA-4+ B
cell population in parietalis. Direct effects of these markers
on B cells are however still unclear, and the general role of
B cells in fetal-maternal tolerance warrants further
investigation.

MAIT cells are activated by vitamin B metabolites
derived from the metabolism of certain strains of bacteria
[17]. Little is known about MAIT cells in pregnancy, but we
have previously shown that MAIT cells are present in
decidua parietalis and have a similar capacity to respond to
stimulation as peripheral MAIT cells [13]. Interestingly, we
could separate basalis and parietalis in an OPLS-DA model
based on data collected only on MAIT cells, demonstrating
major phenotypic differences on MAIT cells between these
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two compartments. Basalis contained higher frequencies of
MAIT cells among the CD3+ cells, but a larger proportion
of MAIT cells in parietalis were CD4+ at the expense of
CD8+ MAIT cells. Similar to the conventional T cells, the
MAIT cells in parietalis displayed a more activated pheno-
type compared to basalis, but parietalis MAIT cells also had
a significantly higher expression of the activation marker
CD38. In addition, parietalis MAIT cells had higher expres-
sion of the exhaustion marker PD-1, further demonstrating
their chronically activated phenotype in decidual tissues.
Although the number of donors for functional analysis was
few, we found that MAIT cells from both basalis and parieta-
lis rapidly produced IFN-γ, GrzB, and perforin in response to
E. coli stimulation. Our previous work on MAIT cells in
decidua parietalis also showed that decidual MAIT cells pro-
duced these factors at similar proportions as peripheral blood
MAIT cells [13]. PD-1 ligation has been described to hamper
MAIT cell function [42], but despite the high PD-1 expres-
sion on decidual MAIT cells, their functional capacity was
still intact. Our study provides the first evidence of the pres-
ence, phenotype, and functionality of MAIT cells in basalis,
as well as comparison with MAIT cells from parietalis.

The physiological reasons for the differences in lympho-
cyte phenotypes in parietalis and basalis are not known.
One potential explanation is that term basalis is more vascu-
larized compared to parietalis, which could allow a higher
influx of peripheral immune cells with a less activated pheno-
type, whereas the parietalis could be more static in terms of
immunological composition. This could also mean that basa-
lis is more exposed to blood-borne infectious agents, whereas
parietalis mainly provides protection against mucosal patho-
gens as well as commensal microbiota. Another hypothesis is
that labor is induced by an activation or recruitment of
inflammatory immune cells to the membranes [43] and that
parietalis is the site for membrane rupture. Marcellin et al.
recently showed that the area of parietalis overlying the cer-
vix displayed an altered immunological phenotype shift at
term compared to the other parts of the parietalis membrane
[44]. The expression of polymorphic HLA molecules was
upregulated, the NK cell population shifted towards the clas-
sical cytotoxic phenotype, and immunotolerant M2 macro-
phages declined. We isolated lymphocytes from the entire
decidua parietalis membrane and found the general leuko-
cyte population to be dominated by the more activated phe-
notype. It would be interesting to investigate the T cell
phenotype in parietalis tissue overlying the cervix in term
decidua to examine if the effects observed by Marcellin
et al. are also apparent for T cells.

With our isolation method, we aimed at procuring tis-
sue resident immune cells as representative as possible of
physiological conditions. Although the tissue was exten-
sively washed before processing, we cannot be sure that
our samples were completely devoid of contaminating
peripheral blood. Since the decidua basalis is a more vas-
cularized tissue compared to parietalis, it is also possible
that the contamination was larger in the basalis samples.
Also, although we did not use enzymatic digestion of the
tissue, the mechanical disaggregation of the tissue could
possibly have changed the expression of certain surface

molecules. Another limiting factor is that our sample size
was not large enough to investigate whether factors such
as time of placental delivery to analysis, age of the donor,
or the gestation week did influence either the isolation of
immune cells or results of the analysis.

Placenta-derived stromal cells are being explored as
potential candidates for cell therapy, since they are
involved in regulating inflammatory immune responses
[12, 45, 46]. Stromal cells and fibroblasts from different
anatomical sites of the body have been shown to have dis-
tinct transcriptional patterns even after in vitro expansion,
indicating a positional memory of stromal cells [47]. It
may therefore be of importance to consider the immuno-
logical phenotype of the tissue from which the stromal
cells are isolated. Differences between stromal cells isolated
from decidua parietalis and basalis have not been thor-
oughly explored, but as evidenced by our immunopheno-
typing, it is possible that they have different capacities to
affect immune responses.

5. Conclusion

We have performed a comprehensive characterization of leu-
kocyte populations in paired samples from decidua parietalis
and basalis. We found that immune cell populations differ
strongly between the two investigated compartments.
Decidua parietalis lymphocytes as well as MAIT cells dis-
played a more activated phenotype with a higher expression
of coinhibitory markers than those isolated from basalis.
Since decidua parietalis is the site for membrane rupture, it
is interesting that the parietalis generally contained T cells
of a more activated and differentiated phenotype compared
to basalis. Also, these two different anatomical sites could
be influenced by different factors and may play different roles
during pregnancy. The results from this study may also give
clues on how the stromal microenvironments at the different
decidual sites may affect immune cell regulation, which
potentially should be considered when selecting the source
of tissue for stromal cell isolation for cell therapy.
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Immunemodulation at the fetomaternal interface is crucial to ensure that the fetal allograft is not rejected. In the present review, the
focus is to describe basic functions of lymphocyte populations and how they may contribute to fetomaternal immune regulation, as
well as determining what proportions and effector functions of these cells are reported to be present in placental tissues in humans.
Also explored is the possibility that unique cell populations at the fetomaternal interface may be targets for adoptive cell therapy.
Increasing the understanding of immune modulation during pregnancy can give valuable insight into other established fields such
as allogeneic hematopoietic stem cell transplantation and solid organ transplantation. In these settings, lymphocytes are key
components that contribute to inflammation and rejection of either patient or donor tissues following transplantation. In
contrast, an allogeneic fetus eludes rejection by the maternal immune system.

1. Introduction

Immunological tolerance and defensive mechanisms of
foreign tissue were first discussed by Murphy [1] and Owen
[2]. However, the concept of acquired immune tolerance
was introduced definitively by Billingham and Medawar in
1953 [3].

The sites at which the fetal and maternal tissues are in
contact can be referred to as the fetomaternal interface and
can be divided into two compartments. The first of which is
between the maternal decidua and the fetal chorionic plate
and chorionic membrane. Depending on whether the
decidua is in contact with the site of implantation or with
the fetal membranes is referred to as the decidua basalis or
decidua parietalis, respectively. The second interface is
where the maternal blood is in contact with the placental
body and interacts with fetal trophoblasts. Thus, fetal
and maternal tissues are not completely separated and
immune cells have access to fetal tissues, driving complex

tolerogenic immunological mechanisms to prevent
rejection of the fetal allograft. The objective of this review
is to discuss some of these mechanisms in the light of
the current literature, with particular emphasis on
lymphocyte function at the fetomaternal interface and
how these cells may contribute to immune modulation
during pregnancy.

2. T Cell Priming and Fetal
Antigen Presentation

The placenta can be regarded as a haploidentical transplant.
However, transplantation of a solid organ or hematopoietic
stem cells leads to rejection or graft-versus-host disease
(GVHD) without proper immunosuppressive interventions,
while pregnancy is tolerated. Thus, there must be fundamen-
tal differences in these two entities in the priming and effector
responses of the immune system to nonself. Acute graft
rejection is driven by direct and indirect allorecognition [4].
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Donor or recipient tissue-resident antigen presenting cells
(APCs) collect graft antigens and migrates to adjacent
lymphoid organs. Presentation of a foreign peptide to a
T cell by a foreign APC elicits a stronger response in a
larger quantity of T cell clones than if a foreign peptide
is presented by self APCs [5]. Interestingly, studies have
indicated that indirect allorecognition―and not direct
allorecognition―is the major pathway for the maternal
immune system to recognize fetal antigens [6, 7]. Using an
Act-mOVA system [8], predominant maternal APC presen-
tation of fetal antigens is suggested, as OVA-specific T cells
respond to Act-OVA transgenic fetuses but not to fetuses
deriving from control males [7, 9].

Moreover, trophoblasts have shown to have no expres-
sion of major histocompatibility complex (MHC) class II
molecules, which limits the priming of CD4+ T cells by fetal
cells in the placenta [10]. Trophoblasts also have expression
of human leukocyte antigen- (HLA-) C, HLA-G, and HLA-
E, while expression of the more polymorphic HLA-A and
HLA-B is limited, resulting in a reduced recognition of
alloantigens. HLA-C is the only classical HLA molecule
expressed by fetal trophoblasts. Interestingly, a study with
HLA-C mismatch between mother and father showed an
increase in frequencies of CD4+CD25dim T cells in decidual
tissue [11]. Additionally, the placental tissues also contained
CD4+CD25high cells, supposedly regulatory T cells (Tregs).
This was not seen in pregnant women when the mismatch
was for HLA-DR or HLA-DQ.

Besides the restriction of indirect allorecognition for
activation of T cells, studies have indicated that the dendritic
cells resident in the decidua are constrained in their ability to
leave the tissue and migrate to adjacent lymph nodes where
they can activate circulating T cells [12]. Collins et al. have
suggested that the dendritic cells (DCs) in the decidua are
immobile despite being responsive to the chemokine
CCL21, one of the ligands for CCR7 that enable homing to
lymphatics. The DCs stay immobile even after being acti-
vated through exposure to lipopolysaccharides.

Lymphangiogenic molecules are produced by the first or
second trimester ex vivo cultured invasive cytotrophoblasts.
These cells have shown to stimulate lymphatic remodeling
and growth of lymphatics when transplanted into an in vivo
model [13]. Thus, the process by which cytotrophoblasts
enable lymphatic remodeling may be important in implanta-
tion and vascularization [14]. In contrast, a later study
showed that the lymphatics disappeared in human endome-
trium following decidualization [15], limiting the possibility
of primed DCs to migrate to lymphoid organs. Interestingly,
extravillous trophoblasts may enter decidual veins as early as
week 5 of gestation [16, 17]. The implication of this for feto-
maternal tolerance is not known. This does not rule out the
possibility of fetal-derived peptides reaching the lymph
nodes and being taken up by APCs. Exosomes containing
fetal peptides are readily produced by placental tissues
throughout pregnancy and may contribute to modeling
immune responses and contribute to transport fetal peptides
for antigen presentation [18]. To our knowledge, there are no
studies investigating if these exosomes can contribute to
partial central tolerance towards the fetus during pregnancy.

In addition to reduced DC migration for efficient T cell
priming, reports are suggesting that gene silencing in the
decidua prevents migration of effector T cells to the fetoma-
ternal interface [19]. Specifically, upon activation by tumor
necrosis factor- (TNF-) α, the myometrium upregulates the
levels of transcription for RNAs encoding Ccl5, Cxcl9, and
Cxcl11 whereas stromal cells from the decidua do not. These
genes encode chemokines that are ligands for CXCR3, which
is present on Th1 cells and increase their homing towards
tissues expressing these chemokines. Altogether, the results
of these studies indicate that one way of maintaining feto-
maternal tolerance is to limit allorecognition, inhibit APC
migration to lymph nodes, and reduce infiltration of effector
T cells.

3. Lymphocyte Cell Composition at the
Fetomaternal Interface and Their
Role in Tolerance

3.1. NK Cells. Amajor difference between a transplanted allo-
graft and the fetomaternal interface is their different immune
cell composition. The majority of immune cells present in
these tissues are natural killer (NK) cells [20]. One of
the known roles of these cells is to increase and modulate
the vascularization between the placenta and the uterus to
enable sufficient blood flow at the fetomaternal interface.
Deficiencies in this process inhibits the growth of the fetus
with adjacent tissues and may lead to preeclampsia [10, 21].
NK cell is also immunologically relevant in maintaining
tolerance during pregnancy.

The NK cells found in the decidua during pregnancy are
functionally and phenotypically different from conventional
NK cells found in adults and children [20, 21] and are
referred to as decidual NK (dNK) cells. Phenotypically, these
cells have a very high expression of CD56. During the first
trimester, dNK cells may comprise up to two thirds of the
total lymphocyte repertoire [22]. NK cells in peripheral blood
range between 5–30 percent and approximately 0–7 percent
of the NK cells are activated [23]. Compared to conventional
NK cells, dNK cells have an increased expression of natural
killer group 2 (NKG2) receptors [24–26]. These receptors
recognize antigens presented by HLA-C and HLA-E. More-
over, dNK cells have a high expression of killer cell lectin-
like receptor subfamily D (KLRD1) [27], CD9 [28], and
CD49a [29] and an increased frequency of expression of
CD69 [22]. This shows that many dNK cells display a more
activated phenotype. Indeed, the cytokine production in
dNK cells is high [30] but despite having granules for
cytotoxic ability, these granules fail to work efficiently
and dNK cell cytotoxicity is therefore low [26]. There are a
couple of different studies suggesting mechanisms for how
the cytotoxic ability of dNK cells is impaired. Decidual mac-
rophages can inhibit dNK cells cytolytic ability in a trans-
forming growth factor- (TGF-) β-dependent manner [31].
The known roles of decidual macrophages in fetomaternal
tolerance have been thoroughly covered in a review by
Svensson-Arvelund and Ernerudh [32]. Furthermore, the
cytotoxic ability of dNK cells is reduced by recognition of
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HLA-E expressed on trophoblasts [26, 33]. Additionally,
dNK cells may interact with HLA-G+ extravillous tropho-
blasts (EVT). During the interaction of dNK cells and
EVT, HLA-G can be acquired by the dNK cells, while dur-
ing internalization and degradation, possible signaling of
HLA-G leads to reduced cytotoxicity in dNK cells. How-
ever, dNK cell cytotoxicity can be increased in an inflam-
matory milieu [34, 35]. One study showed that those dNK
cells in contact with cytomegalovirus-infected cells became
cytotoxic following activation through NKG2C/D/E recep-
tors [36]. Another study demonstrated dNK cells expressing
the killer cell Ig-like receptor 2DS1 had cytotoxic function
towards human cytomegalovirus presented by HLA-C2
on decidual stromal cells in vitro [37]. The secretory func-
tions of dNK cells are distinctive from conventional NK
cells in vitro. When stimulated with interleukin- (IL-) 15,
dNK cells can produce interleukin- (IL-) 8, interferon-
inducible protein- (IP-) 10, vascular endothelial growth
factor (VEGF), placental growth factor [30], interferon-
(IFN-) γ, and TNF-α [38]. These cytokines and growth
factors are crucial for angiogenesis and arterial remodeling
in early pregnancy.

IFN-γ is associated with Th1-like responses, including
activation of macrophages, upregulation of MHC class I on
APCs and epithelia. dNK cells may also contribute to modu-
lating Tregs. IFN-γ induces production of indoleamine-2,3-
dioxygenase (IDO) [39]. IFN-γ production by dNK cells
can induce IDO expression in CD14+ cells in the decidua.
When dNK cells were cocultured with CD14+ cells from the
decidua and T cells, the frequency of Tregs was increased
[40]. In the same setting, using conventional NK cells from
the peripheral blood or only decidual CD14+ cells did not
affect Treg frequencies. The frequency of Tregs in this system
was also decreased when an anti-TGF-β antibody was added.
Furthermore, decreased expression of killer immunoglobulin
receptors (KIR) on NK cells in peripheral blood of women is
associated with recurrent spontaneous abortions or unsuc-
cessful implantation [41]. However, it is difficult to assess
whether the shift in expression has implications in the
implantation or in maintaining tolerance against paternal
antigens. NK cell receptor activation leads to IFN-γ secretion
through distinct pathways [42–44], and IFN-γ seems to be
important for both implantation and to maintain tolerance
during pregnancy. Investigating this axis would be interest-
ing, especially with regard to expression of 2B4 and other
coreceptors in dNK cells. This may give additional insight
on the role of dNK cells in fetomaternal tolerance.

One study that used different toll-like receptor (TLR)
stimulation on dNK could show differences in IFN-γ and
IL-6 and TNF-α concentrations in supernatants when cul-
tured in vitro [45]. The highest amount of these cytokines
were produced when the cells were stimulated with TLR3
or TLR9. TNF-α production was favored when the cells were
stimulated with TLR2, TLR3, and TLR9. dNK cells also
showed to produce chemokines that may attract both granu-
locytes and T cells, including chemokine ligand (CCL) 5,
IL-8, CCL3, and CCL4. NK cells in peripheral blood can
produce trace amounts of IL-10 and TGF-β [46], but the
translation of this regulatory NK cell subset in dNK cells

or the presence of IL-10 producing NK cells in placental
tissues has not been investigated to our knowledge.

A possible mechanism of immune regulation during
pregnancy is through the downregulation of NKG2 on
PBMCs [47]. This inhibits NKG2-dependent cytotoxic
responses at the fetomaternal interface and is caused by pro-
duction of MHC class I chain-related proteins A and B by
syncytiotrophoblasts in the placenta.

3.2. B Cells. Certain maternal antibodies are known to be able
to cross the placental barrier to provide a passive defense to
the fetus [48, 49].

As early as the 1990s, a potential role for B cell frequen-
cies in blood was identified. Maternal serum was shown to
stimulate B cells to reduce production of IgM and increase
production of IgA and IgE, while IgG production remained
stable [50].

B cell activating factor (BAFF) is important for matura-
tion of B cells [51]. A study by Lundell and colleagues can
show that BAFF is produced by decidual stromal cells and
BAFF levels are high at birth [52]. BAFF is induced in DSCs
by interferon-γ/interferon-α, which can be produced by dNK
cells. Increased BAFF levels in children are associated with a
higher frequency of CD27+ memory B cells [53]. The same
study also showed that infants with allergies at 18 months
were associated with lower cord blood BAFF levels compared
to infants with no allergic symptoms.

Changes in B cell subsets during pregnancy have also
been linked to disease outcome in children postpartum. For
instance, atopic asthmatic mothers were shown to have
increased frequencies of transitional B cells (IgMhiCD38hi)
as opposed to healthy pregnant mothers. Moreover, the
atopic asthmatic mothers with the highest frequencies of
transitional B cells were shown to have an increased risk of
progeny with allergies [54]. Additionally, CD5+ B cells were
shown to be reduced during pregnancy in the blood of
healthy women, only to return to normal levels within
2 months’ postdelivery. No difference was seen for other
B cellular subsets [55].

B cells in the fetomaternal interface may protect
against fetal rejection by asymmetric IgG production. This
is thought to be influenced by Th2 cytokines produced
from switching from a Th1 to Th2 phenotype in blood
during pregnancy [56, 57].

Regulatory B (Bregs) cells are currently a focal point of
research in the fetomaternal interface. In a recent review by
Guzman-Genuino and Diener, the role of Bregs in transplan-
tation, cancer, autoimmunity, and pregnancy are discussed
in detail. IL-10 producing Bregs are of special interest in the
pregnancy context, as IL-10 can be detected at heightened
levels in the fetomaternal interface and is thought to counter-
balance the proinflammatory response associated to fetal
rejection [58]. The role for IL-10 in pregnancy can however
be debated, as in vivo models have shown that successful
pregnancy can be IL-10 independent [59].

3.3. γδ T Cells. Another cell population that has been inade-
quately discussed regarding a role during gestation and feto-
maternal tolerance is γδ T cells. These cells constitute 5–10%
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of circulating T cells in adult peripheral blood and represent a
bridge between innate and adaptive immunity [60]. The fre-
quency of these cells is similar in decidua [61]. In umbilical
cord blood, γδ T cells are less frequent than in peripheral
blood, representing less than 1% of the lymphocytes [62].
Additionally, γδ T cells in umbilical cord blood are more
naive and show a polyclonal repertoire with predominance
of the Vδ1 subtype in contrast to peripheral blood where
Vδ2 is in abundance [63]. γδ T cell function and their specific
phenotype in the human placenta and at the fetomaternal
interface have been described to some extent. Earlier studies
suggest that γδ T cells in the decidua are skewing the immune
response towards Th2 at the maternal-fetal interface [64, 65].
This is mediated by the production of IL-10 and TGF-beta
[65, 66]. The importance of decidual γδ T cells for Th2 skew-
ing via cytokines was later confirmed by Fan et al. [67] which
also showed that the cells enhance trophoblast growth and
invasion. This implies their dual role in both modulating
the immune response in favor of fetomaternal tolerance as
well as placental growth. What complicates the interpretation
of the role of γδ T cells is that their phenotype differs greatly
between the parietalis and basalis. In the former, more
than 50% express Vδ1, while the latter more resembles
peripheral blood with more than 90% expressing Vδ2
[68]. Studies on peripheral blood comparing healthy preg-
nant women and women at risk of premature pregnancy
termination suggest that an increase in the Vδ2/Vδ1 ratio is
associated with an increased risk of termination via a shift
in Th1/Th2 balance [69].

3.4. Invariant Natural Killer (iNK) T Cells. iNKT cells
are identified by expression of the complementarity-
determining region 3 conserved invariant T cell receptor
chain Vα24-Jα18 and the more diverse Vβ11 [70, 71] recep-
tor chain. They are activated through interaction with glyco-
lipids presented by the nonclassical MHC complex CD1d
[72]. These cells are potent effector cells and can produce
cytokines such as IFN-γ, IL-4, IL-13, TNF-α [73, 74], and
IL-10 [75]. They also have cytotoxic ability [72], primarily
through the Fas/FasL pathway [76].

The iNKT :T cell ratio is increased early following alloge-
neic hematopoietic stem cell transplantation in patients
receiving conditioning with total lymphoid irradiation
(TLI) combined with antithymocyte globulin (TLI) [77, 78].
These patients had a reduced incidence of GVHD. Moreover,
a high number of iNKT cells in donor grafts are associated
with of GVHD-free survival [79]. In a phase IIa trial,
one third of the patients that received an iNKT ligand
(RGI-2001) combined with sirolimus had increased frequen-
cies of regulatory T cells [80]. However, it is difficult to assess
the role of iNKT in this setting as SRL alone can promote
Tregs [81, 82]. Murine studies further demonstrate the
importance of iNKT cells for reduced incidence of GVHD
and expansion of Tregs [83]. Thus, high numbers of iNKT
cells in the allogeneic setting seem to be favorable for
maintaining tolerance.

Comparatively, iNKT cells are highly enriched in the
decidua compared to peripheral blood [84]. Upon stimu-
lation with αGalCer or anti-CD3, decidual iNKT cells

produced more IFN-γ and granulocyte macrophage-colony
stimulating factor than IL-4 compared to iNKT cells from
peripheral blood. Thus, it can be speculated that immunomo-
dulation by iNKTs at the fetomaternal interface is directed
towards functions associated with IFN-γ.

There are several murine studies linking iNKT function
to pregnancy loss following administration of αGalCer
[85–89]. αGalCer-stimulated pregnancy loss was associated
with perforin when given early. In contrast, when given at
later stages of pregnancy, it was associated with IL-2 and
TNF-α [89]. This emphasizes the importance of different
functions at different time points during gestation. Li et al.
showed that administration of αGalCer reduces the number
of decidual Tregs, as well as their ability to produce IL-10
and TGF-β [88]. The same study also shows that administra-
tion of both αGalCer and an anti-IFN-γ antibody restored
Treg function in vitro. Although the majority of studies
regarding iNKT cells during pregnancy indicates that iNKT
cells may contribute to loss of tolerance and labor induction,
there is a need for more studies exploring mechanisms for
iNKT enrichment and function at the fetomaternal interface,
especially in the human setting.

3.5. Innate Lymphoid Cells. Innate lymphoid cells (ILCs) can
be divided into three groups: ILC1, ILC2, and ILC3. The ILC1
and ILC3 groups also have transcriptional, phenotypical, and
functional heterogeneity [90–92]. Vacca et al. described the
presence of ILCs in the decidua, showing that human first tri-
mester decidua is host to two types of ILC3s [93]. One type
was capable of producing IL-22 and IL-8, and the other one
could secrete TNF-α and IL-17A. ILC1 cells were also present
and produced IFN-γ. The same group also showed that
ILC3s were present in the decidua in the proximity of neutro-
phils, suggesting that ILC3s contribute to the recruitment of
neutrophils during the first trimester [94]. Moreover, cocul-
ture of ILC3s and decidual neutrophils increased survival of
the neutrophils, whereas dNK cells could not. ILC3s were
able to produce GM-CSF and CXCL8, which promote
survival and migration in neutrophils. Thus, present data
suggests that ILCs at the fetomaternal interface may contrib-
ute to microbial defense. Their role in fetomaternal tolerance
is yet unexplored. A summary of findings in humans of
lymphocytes discussed so far is presented in Table 1.

4. CD8+ T Cells

Compared to the NK and macrophage compartment, the
number of T cells at the fetomaternal interface is low [95].
Compared to peripheral blood, where the T cell compart-
ment contains more CD4+ cells than CD8+ cells, the fetoma-
ternal interface contains more CD8+ T cells [61, 96, 97]. A
recent study has shown that there is an accumulation of
virus-specific effector memory (TEM) CD8+ T cells in the
decidua during uncomplicated pregnancy, which may sug-
gest that the skewing of the CD8+ T cell compartment may
be to manage infections rather than allogeneic responses
against fetal tissues [98]. CD8+ dT cells have been shown to
be less cytotoxic than their counterpart in peripheral blood
[99, 100]. These cells also appear to almost exclusively exert
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an effector memory phenotype [100]. Interestingly, despite
having a lower expression of perforin and granzyme (GZM)
B, the mRNA expression of these proteins are high [100].
Two studies from the Rao lab have presented data indicating
that persistent IL-2 receptor α (IL-2Rα) signaling can induce
endoribonuclease dicer to produce microRNA to control
perforin of CD8+ T cells during inflammation [101, 102].
The same studies also suggest that perforin transcription is
regulated by signal transducer and activator of transcription
5 (STAT5) and eomesodermin [102]. We performed a study
where we investigated how decidual stromal cells affected IL-
2 production and IL-2R expression and signaling. We could
observe that DSCs increased IL-2 production in an allogeneic
setting in vitro [103]. This was followed by a high expression
of the IL-2Rα in CD8+ T cells. Furthermore, we showed that
even though IL-2Rα expression was high, the expression of
the high-affinity IL-2Rαβγc complex was reduced. This was
associated with a significantly reduced IL-2 internalization
and STAT5 signaling in CD8+ T cells. Thus, we suggest a
hypothesis where DSCs induce a persistent high IL-2 produc-
tion that through several pathways limits the effector func-
tion of CD8+ T cells. The increased production of IL-2 by
DSCs may also contribute to the abundance of CD8+ dT cells
with an effector memory phenotype, although the role of
IL-2 in CD8+ T cell differentiation is difficult to determine
[102, 104]. One recent study suggested that these cells have
an increased expression of programmed death-1 (PD-1),
indicating exhaustion as a possible mechanism with reduced
effector function as a consequence [105]. We did not observe
this when allostimulated CD8+ T cells were cultured with
DSCs, but in the absence of DSCs and addition of equivalent
concentrations of IL-2 as provided through DSCs, the cells
expressed increased levels of PD-1 [103]. This indicates
that DSCs contribute to reduce exhaustion in T cells,
despite high concentrations of IL-2. How DSCs induces
IL-2 is not known. A recent report by Fragiadakis et al.
compared paired samples from maternal peripheral blood
and cord blood at term and compared the evoked immune
features upon stimulation with a cocktail of IL-2, IL-6,
IFN-α2A, and granulocyte macrophage-colony stimulating
factor (GM-CSF) [106]. Although the aim of the study is
more directed towards peripheral immunity, they were

able to show that T cells in maternal peripheral blood
were hyporesponsive compared to T cells from cord blood.
The study did not include immune cells isolated from the
fetomaternal interface.

5. CD4+ T Cells

5.1. Th1 T Cells. A relatively high frequency of the T helper
cell subset Th1 (identified by the transcription factor Tbet+

[107]) is present in maternal blood compared to umbilical
cord blood at term [106]. These cells are characterized by
their ability to produce IL-2, IFN-γ, and TNF-β, and can be
differentiated following exposure of IL-12 [108]. Th1 cells
(identified as CXCR3+CCR4−CCR6− [109]) have been shown
to be more abundant in the first trimester decidua compared
to peripheral blood, while Th2 and Th17 ratios are lower
compared to peripheral blood [110]. The study does not
specify if the decidual lymphocyte cells were isolated from
decidua basalis or decidua parietalis. This is in line with the
high number of CD8+ T cells, where Th1 cells may be impor-
tant for enhancement of the probability of activation of CD8+

cells [111], while Tregs support tolerance of the fetus. There
has also shown to be a correlation between NK cells and
Th1 priming [112]. The ability of dNK cells to prime Th1
cells at the fetomaternal interface is not known. Interestingly,
this observation is in contrast to the study by Karjalainen
et al., which showed in mice that decidual stromal cells
(DSCs) may be able to use chemokine gene silencing to pre-
vent CXCR3+ Th1 cells from reaching the placenta. There is
also additional work in murine models suggesting that
CXCR3 is involved in spontaneous preterm birth [113]. A
study by Saito et al. showed that there was no significant
increase of IFN-γ secreting cells in human peripheral
blood during any trimester in pregnancy [114], whereas
Matthiesen et al. showed increased numbers of IFN-γ+

and IL-4+ cells in all trimesters [115]. The disparity in results
is probably due to differences in methods to detect these cells
and that many cells can produce IFN-γ. However, the high
ratio of Th1 cells in decidua is interesting as they secrete
IFN-γ, although dNK is likely the largest producer of IFN-γ
in this setting. IFN-γ activation leads to a broad transcription
profile and diverse immunological functions [116, 117],

Table 1: Proportions of lymphocytes in human placental tissue and findings ex vivo relating to outcome or lymphocyte function.

Cell Compartment Approximate abundance Comment Reference

NK cells

T1 Dec

50–70% of Dec cells

CD3-CD56+(+) [22, 219, 220]

T1 Dec basalis Low cytotoxic function [26]

T1 Dec ↑ Tregs by IFN-γ → IDO [40]

T1 Dec basalis TLR chemokine patterns [45]

B cells Term CB ↓ BAFF → allergy and decreased B cell maturation [53]

γδ T cells
T1 Dec 5% of CD3+

Naive. Vδ2 skewing
[61]

Term UCB 1% of lymph [62]

iNKT cells T1 Dec 0.5% of CD3+ versus 0.01% in PB Th1 cytokine bias [84]

ILCs T1 Dec IL-17A and IL-22 ICS [93]

BAFF: B cell activating factor; CD: cluster of differentiation; Dec: decidua; CB: cord blood; ICS: intracellular staining; IDO: indoleamine-2,3-dieoxygenase;
ILC: innate lymphoid cells; lymph: lymphocytes; NK: natural killer; PB: peripheral blood; T1–3: trimester 1–3; UCB: umbilical cord blood.
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including priming adaptive immune responses, inhibiting
cell proliferation and inducing apoptosis [118]. IFN-γ is also
important for production of IDO [119], which can be
important for tolerance and induction of Tregs [120–123].
During uncomplicated pregnancy, concentrations of IFN-γ
are low in the periphery and are significantly lower in
the third trimester compared to healthy controls [124],
but the concentration is nonsignificantly increased in
patients with preeclampsia. The frequency of Th1 cells has
shown to be increased in preeclampsia [114]. In women with
multiple sclerosis (MS), symptoms are reduced during
pregnancy and are associated with a decrease of Th1 cells
[125, 126]. Interestingly, relapse of MS postpartum is associ-
ated with a continued decline of Th1 cells, while patients that
remain in remission have restored Th1 values. Murine stud-
ies have shown that Th1 cells inhibit Treg induction during
pregnancy and induce fetal loss [127]. The broad spectrum
of function initiated by IFN-γ points towards an understand-
ing that the regulation of IFN-γ is important during
pregnancy and that the balance of IFN-γ may be important
for maintaining fetomaternal tolerance. Inhibiting IFN-γ
increases proliferation of allostimulated PBMCs that were
otherwise suppressed by DSCs [120]. In contrast, DSCs sup-
press the secretion of IFN-γ in the same system [128]. Fur-
thermore, pretreatment of DSCs with IFN-γ reduced their
ability to inhibit alloantigen-induced proliferation [120].

5.2. Th2 T Cells. In contrast to Th1 cells, a Th2 phenotype
is somewhat increased in peripheral blood during preg-
nancy and a Th2 predominant immunity has been thought
to be associated with uncomplicated pregnancy [129].
Indeed, early studies have indicated that the cytokine profile
at the fetomaternal interface was skewed towards Th2 [130].
However, as also stated by Saito et al. [129], the importance
of Th2 cells in maintaining fetomaternal tolerance should
probably be revised. There are several studies questioning
the importance of Th2 cells for the maintenance of fetoma-
ternal tolerance during pregnancy, and their role appears to
be of less importance compared to other T helper effector
cells. It is, however, important to also note that the propor-
tions of these T cells can vary over time during pregnancy,
and many studies focus in a set time point, mostly early preg-
nancy. Th2 cells are characterized by expression of the tran-
scription factor GATA3 [131, 132] and are induced by IL-4
[133, 134]. The frequencies of Th2 (CCR4+CXCR3−CCR6−)
cells have in one study been shown not to differ significantly
in blood compared to the first trimester decidua [110]. Addi-
tionally, another murine study demonstrated that knockout
of the Th2 effector cytokines IL-4, IL-5, IL-9, and IL-13
did not necessarily lead to fetal loss [135]. In a recent study
investigating the transcriptional profile of human decidual
lymphocytes, it was shown that the T cells in the decidua
had a predominant Th1, Th17, and Treg profile [136]. In
contrast, Kostlin et al. isolated granulocytic myeloid-derived
suppressor cells (MDSCs) from human placenta. Where
placenta-derived MDSCs were cocultured with PBMCs, they
saw a shift towards a Th2 phenotype in an in vitro system
[137]. Thus, the Th1/Th2 paradigm and its importance in
fetomaternal tolerance still require exploration.

5.3. Th17 T Cells. Although a proportion of cells in the
decidua have been shown to be associated with secretion of
IL-17 [136], the frequency of Th17 cells is lower in the
decidua compared to peripheral blood in the first trimester
[110]. A similar study suggested that there is an increased fre-
quency of IL-17 producing cells among lymphocytes in the
decidua compared to peripheral blood [138]. The master reg-
ulator of Th17 cells is RORC [139], and the cells can be
induced by IL-6, IL-1β [140], IL-21, and TGF-β [141–143].
Th17 cells have been associated with a wide range of inflam-
matory complications where mechanisms of central/periph-
eral tolerance are insufficient, including autoimmunity
[144–146] and graft-versus-host disease [147, 148]. Elevated
levels of IL-6 could be detected at the onset of spontaneous
abortions [149]. Indeed, patients with recurrent miscarriage
also had increased frequencies of CD4+ T cells expressing
CCR6 and IL-17 [150]. A similar result was shown by
Santner-Nanan et al., where the ratio of Tregs/Th17 was
increased in healthy pregnancies compared to pregnancies
ending in preeclampsia [151]. IL-17 produced by T cells
has also been linked to contribute to inflammation in human
amniotic mesenchymal cells by enhancing the production of
IL-8 synergistically with TNF-α [152].

It is difficult to assess whether it is the Th17 cells that
promotes inflammation in these settings, or if the results
are a consequence of a reduction in Tregs. Tregs, or more
specifically the transcription factor forkhead box P3
(FOXP3), suppress differentiation of Th17 cells [153] which
in part can result in a Treg-dependent balance between Tregs
and Th17 cells. Interestingly, IFN-γ has also been shown to
suppress differentiation of Th17 cells from naive T cells
[154], adding more complexity to the regulation of Th17
cells. In contrast to Th1 and Tregs, the mechanisms of
Th17 function and immunity at the fetomaternal interface
are yet relatively unexplored, including the role of Th17
cells for production of antimicrobial peptides [155] and
recruitment of neutrophils [156].

5.4. Regulatory T Cells. The concept of cellular immunity was
formed in the seventies and eighties when patients that
received blood transfusions showed weaker responses to
mitogenic stimuli in vitro [157, 158]. However, it would be
more than a decade before Tregs were identified [159–162].
Treg function is dependent on expression of FOXP3
[160, 162]. Tregs have a high expression of CD25, cytotoxic
T lymphocyte antigen- (CTLA-) 4 [163], and a low expres-
sion of IL7-Rα [164–166]. Tregs can be divided based on
origin and effector function [167]. They can either be gen-
erated in the thymus or be induced in the periphery. Tregs
can be divided into central Tregs and effector Tregs. Effec-
tor Tregs have low expression CCR7 and CD62L, while non-
activated Tregs have higher expression of CCR7 and CD62L
[167, 168]. Upon TCR, CD28, and IL-2 stimulation, central
Tregs will develop an effector phenotype and can have
suppressive functions. Tregs are critical for maintaining
peripheral tolerance and reduced levels are associated with
poor outcomes in pregnancy [169, 170]. Tregs have a central
role for fetomaternal tolerance and are detected in increased
frequencies at the fetomaternal interface. In comparison, the
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frequencies of Tregs in peripheral blood between pregnant
and nonpregnant women are similar [110, 123, 171, 172].
Effector CD45RA− Tregs from term decidua parietalis are
increased compared to peripheral blood and the endome-
trium [173, 174]. This is not seen in the peripheral blood of
second trimester women [175, 176].

Increased levels of Tregs have been shown in patients
with miscarriages [177], and Mjosberg et al. observed that
Treg frequencies were reduced in the second trimester as a
possible result of hormonal changes [178]. Peripheral Tregs
in the second trimester of women with preeclampsia had an
increased expression of CTLA-4 and CCR4 [175].

Continuous TCR, CD28, and IL-2 stimulation is impor-
tant for Treg expansion and survival [179–181]. FOXP3
represses production of IL-2 by Tregs themselves [182] and
thus Tregs are dependent on other cells to provide IL-2. In
contrast to conventional T cells, which seem to accumulate
a reduced sensitivity to IL-2 signaling following alloactiva-
tion, Tregs maintain a high expression of pSTAT5 following
exposure to IL-2 [103]. A recent study by Chinen and col-
leagues showed that IL-2 induced STAT5 signaling facilitated
suppressive Treg function independently of TCR activation
[183]. An earlier observation by Szymczak-Workman et al.
also showed that TCR signaling is not necessary for suppres-
sive Treg function [184]. Interestingly, we demonstrated that
DSCs altered T cell responsiveness by inducing a high pro-
duction of IL-2. One may speculate that this mechanism
may favor Tregs at the fetomaternal interface, as they are less
sensitive to IL-2R depletion and can have suppressive func-
tion in presence of IL-2.

Tregs can produce IL-10 to suppress immune responses
[185, 186] and are important in maintaining tolerance
[187]. CTLA-4 is crucial for Treg function [188–190].
CTLA-4 binds to CD80/CD86 on APCs and through this,
interaction induces indoleamine-2,3-dioxygenase (IDO) in
the APCs [191, 192]. CTLA-4 has been shown to reduce the
expression of costimulatory molecules on APCs [188, 193]
by transendocytosis [194, 195]. The intrinsic effects of
CTLA-4 on Tregs are not known and under investigation
[196, 197]. Tregs may also use lymphocyte activation pro-
tein- (LAG-) 3 [198], CD39/CD73 [199, 200], inducing IL-
10 and TGF-β production in APCs [201] and production of
TGF-β [202] or IL-35 [203] by the Tregs for suppression.

While conventional T cells that respond to self-antigens
are terminated during thymic selection, part of the naturally
occurring Treg repertoire responds to self-antigens [204].
These Tregs are dependent on continuous TCR activation
to maintain functionality [205]. Mapping the TCR repertoire
at the fetomaternal interface and linking its reactivity to
maternal and/or paternal antigens using similar assays
[206, 207] could elucidate Treg and conventional/invariant
T cell evolution and specificity at the fetomaternal interface.
Kahn et al. showed in murine models that Tregs recognize
paternal antigens and that the suppressive function of these
Tregs is antigen specific [208]. In the same study, ablation
of Tregs in pregnant mice using a fusion protein of IL-2
and diphtheria toxin [209] led to significantly reduced num-
ber of births and reduced fetal birth weight. Moreover, adop-
tive transfer of Tregs to a T cell-depleted murine model may

reverse an otherwise high rate of fetal loss [210]. In a review
by Erlebacher, the data regarding the antigen specificity of
the Tregs at the fetomaternal interface is debated, as so far
they only are able to show that fetal absorption rates increase
in T cell-/Treg-depleted allogeneic in vivo models, whereas
this is not the case in syngeneic models [6]. Thus, identifying
patterns of repertoire and antigen disparity in successful and
complicated pregnancies could lead to further progress in the
understanding of maintaining a tolerogenic environment
during pregnancy.

Induction of Tregs at the fetomaternal interface has also
been associated to activity through the IDO and PD-L1 path-
ways [6, 211]. In vitro, inhibition of IDO activity reduces the
frequency of Tregs in cultures with DSCs. This could not be
seen when PD-L1 was neutralized [120]. One experimental
study has shown that IL-10 is not necessarily needed for suc-
cessful pregnancy [59] and neutralization of IL-10 does not
influence stromal-induced inhibition in vitro [120], despite
stromal cells from the decidua and umbilical cord are able
to promote production of IL-10 [128]. In the same setting,
neutralizing PD-L1, but not PD-L2, inhibits alloinduced
proliferation [120]. These experiments suggest that many
immunosuppressive functions overlap in order to maintain
fetomaternal tolerance. The role of IL-10 in this setting
seems to be of lesser importance if ablated alone. The immu-
nomodulatory properties of cells originating from placental
tissues still need further investigation. This is also discussed
by PrabhuDas and colleagues [212]. Direct effector functions
of Tregs in pregnancy and their importance for tolerance
require further investigation. A summary of findings in
humans regarding conventional T cells in pregnancy is
shown in Table 2.

6. Lymphocytes from Placental Tissues for
Adoptive Cell Therapy

The present review has discussed the heterogeneity of
lymphocytes in placental tissues and their potential role
in maintaining homeostasis during pregnancy. The main role
of these cells in this context is summarized in Figure 1. As
there has to be a completely different immune paradigm dur-
ing pregnancy to maintain a low alloreactivity towards the
fetus while ensuring sufficient protection towards infections,
mechanisms for fetomaternal tolerance could be investigated
for translational purposes in several areas. This includes
improving tolerance and reducing inflammation following
transplantation, prolonging remission or prevention of auto-
immunity, or enhancing immunological responses towards
infections. In all of these areas, lymphocytes are key compo-
nents for determining outcome in patients. As the placenta is
normally discarded following delivery, these tissues may
provide a source for large amounts of primary effector cells
that may be investigated in ex vivo studies.

The complexity of the to date identified mechanisms
for fetomaternal tolerance highlights the difficulties of
identifying effective diagnostic and treatment protocols to
promote successful uncomplicated pregnancies. As we
have discussed how lymphocytes exert effector functions
at the fetomaternal interface, we can also identify unique
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cell populations that may be of particular interest for
immunotherapy applications.

The extent of placental lymphocytes for cell therapy is
limited to possible autologous applications. The reduction
of MS symptoms during the third trimester identifies a
potential patient group that may benefit by further investi-
gations with the approach to decrease inflammation-
induced neurodegeneration using cell therapy. One cell type
that critically contributes to peripheral tolerance during
pregnancy is Tregs. Tregs at the fetomaternal interface have
shown in murine models to have response specifically
towards paternal antigens [208]. An intriguing future study
would be to investigate the extent of exosome-derived
peripheral fetal antigen presentation during pregnancy
[213]. This can later be used to determine if the reduction
of MS symptoms in the third trimester is due to altered
immune homeostasis in general or perhaps a local antigen-
specific response by Tregs.

Moreover, the lymphocyte population in placental tissue
that differs compared to their peripheral counterpart are
mainly dNK cells. However, unpredictable plasticity of
placental tissue-resident lymphocytes outside the unique

placental compartment is not thoroughly explored and NK
cell has a high plasticity [214]. NK cells expressing a single
type of killer cell immunoglobulin-like receptor are under
investigation as cell therapy towards cancer.

iNKT cells are also enriched in placental tissues. Just like
NK cells, iNKT cells can be activated by different receptors
present on the cells. Thus, specificity of these cells can be dif-
ficult to control. iNKT cells in humans also have diverse
effector functions within subpopulations, indicating a high
plasticity or a higher heterogeneity than presently described
[73]. Nevertheless, iNKT cells are potent cytokine-secreting
effector cells and the literature is associating small quantities
of these cells with large biological impact [79].

Allogeneic donor T cell therapy is utilized in transplanta-
tion to prevent leukemic relapse. Okas et al. show that T cells
from umbilical cord grafts can be expanded and used as
donor lymphocyte infusions (DLI) [215]. A clinical study
by the same group also showed the results of treatment with
these cells. The small patient material limits evaluation of
clinical benefit and safety. One of the patients developed
GVHD, but it is difficult to assess if this was a direct conse-
quence of the DLI [216]. The highly immunosuppressive

Table 2: Proportions of T cells in human placental tissues or peripheral blood and findings ex vivo relating to T cell function or outcome
during pregnancy.

Cell Compartment Approximate abundance Comment Reference

CD8+

T1 Dec

70% of CD3+

Reversed CD4/8 versus PB [61, 96]

Term Dec basalis/parietalis Virus-specific viral control [98]

Term Dec basalis/parietalis ↓ perforin versus PB [100]

Term PB Hyporesponsiveness [106]

Term DSC Hyporesponsiveness [103]

CD4+ T1 Dec 20% of CD3+ [61]

Th1

T1 Dec 15% of CD4+ CCR4−CXCR3+CCR6− [110]

T1, T2, T3, PP PB 112, 110, 156, 53/100000 lymph IFN-γ secreting cells [115]

T1 → T3 PB 20 → 17% of CD4+ IFN-γ+ ICS [114]

T1 → T3 PB 1% lower CD4+CD45RA+ IFN-γ+ ICS, Rel free versus Rel MS PP [125]

Th2

T1 Dec 5% of CD4+ CCR4+CXCR3−CCR6− [110]

T1, T2, T3, PP PB 84, 87, 119, 54/100000 lymph IL-4 secreting cells [115]

T1→ T3 PB 2.3 → 3% of CD4+ IL-4 ICS [114]

T3 PB 3% versus 1.5% of CD4+ No PE versus PE [114]

Th17

T1 Dec 1-2% of CD4+ CCR4+CXCR3+CCR6+, IL17+ ICS
[110]
[138]

T1 → T3 PB 1-2% of CD4+ IL-17+ ICS [138]

Preterm amniotic fluid, decidua Il-17+ ICS Th17 Inflammation in hAMSC [152]

T1 PB ↑ IL-17/CCR6+ in spontaneous abortion [150]

Treg

T1 Dec 2% of CD4+ CD25highFOXP3high [110]

Term Dec, PB Dec ↑ CTLA-4+, HLA-DR+, CD69+ versus PB [123]

T1, T2, T3 PB 6.7, 10.9, 8.9% of CD4+ CD4+CD25+ [171]

T2 PB 6 versus 7.5% of CD4+
FOXP3+ pregnant versus nonpregnant.

Reduced by hormones
[178]

Term DSC ↑ Tregs, partly by IDO [120]

CD: cluster of differentiation; Dec: decidua; DSC: decidual stromal cells; hAMSC: human amniotic mesenchymal stromal cells; ICS: intracellular staining;
IDO: indoleamine-2,3-dieoxygenase; lymph: lymphocytes; PB: peripheral blood; PE: preeclampsia; PP: postpartum; MS: multiple sclerosis; Rel: relapse;
Treg: regulatory T cells; T1–3: trimester 1–3; TLR: toll-like receptor; UC: umbilical cord.
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+ Low chance of autoimmunity
+ Boosts very speci�c part of immune response
Virus-speci�c CTLs

+ Increases immune response to infections

− May reduce tolerance 
− Increases in�ammation

dNK cells
+ Increases vascularisation
+ Increases Treg frequency
+ Increases tolerance
± Low cytotoxicity
− Extensive cytokine production, may have unclear

e�ects on other cell types

CD8+ T cells
+ Boosts response to infections
+ Less cytotoxic than blood counter parts
± Exhausted phenotype

(a)

iNKT cells
+ Increases Treg frequency
± Depending on situation may increase and decrease

tolerance
− Extensive cytokine production, may have unclear

e�ects on other cell types

CD4+ T cells

+ �1 may increase tolerance via IFN�훾 production
+ Speci�c �1, �2, or �17 responses may vary in time

− �1 linked to preeclampsia
− �17 promotes in�ammation and autoimmunity

�훾�훿 T cells
+ Forms a bridge between innate and adaptive system
+ Enhances trophoblast formation and invasion
± Skews towards �2 response

(b)

Tregs
+ Suppresses immune response
+ Improves tolerance
+ Reduces in�ammation
+ Prevents autoimmunity
+ Supresses di�erentiation into �17
− May decrease immune response to infections

(c)

B cells/Bregs
+ Suppress immune response
+ Passive defense
− Increases chance of autoimmunity via autoantibodies

ILCs
+ Promotes neutrophil survival and migration
+ Aids microbial defense
− Large phenotypical and functional heterogeneity

(d)

Figure 1: Summary of placental lymphocyte populations and features that may be of interest in the context of adoptive cell therapy.

9Stem Cells International



state in transplantation patients is a prerequisite for the use of
allogeneic T cell therapy. There are clinical trials showing
that third party Epstein-Barr virus-specific T cells can be
used as adoptive cell therapy [217]. T cells can be expanded
a thousandfold and still maintain effector functions in vitro
[218]. However, the benefit of isolating placental T cells com-
pared from peripheral blood can be discussed, as autologous
T cells of a high clonal diversity are present in peripheral
blood and specific clones can be expanded in vitro.

7. Conclusion

The placenta is an interesting site of immune modulation
which ensures survival of the fetus. We have discussed some
of the mechanisms which may be of importance for immune
tolerance during pregnancy.

As the placenta is normally discarded following delivery,
it can provide an accessible source of large numbers of
unique tissue-resident effector cells that can be investigated
for cellular therapies; both for immune modulation and
improving microbial defenses. Lymphocytes from cord blood
are established for several cell therapy applications, primarily
within HSCT. Although lymphocyte therapies are utilized
successfully, future applications of placenta-derived lympho-
cytes other than from cord blood appear to be restricted to
small patient groups and conditions. Cells with unique func-
tions at the fetomaternal interface need more investigation
for these purposes and possible applications still remain to
be identified.
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Umbilical cord (UC) may represent an attractive cell source for allogeneic mesenchymal stem cell (MSC) therapy. The aim of this
in vitro study is to investigate the chondrogenic and osteogenic potential of UC-MSCs grown onto tridimensional scaffolds, to
identify a possible clinical relevance for an allogeneic use in cartilage and bone reconstructive surgery. Chondrogenic
differentiation on scaffolds was confirmed at 4 weeks by the expression of sox-9 and type II collagen; low oxygen tension
improved the expression of these chondrogenic markers. A similar trend was observed in pellet culture in terms of matrix
(proteoglycan) production. Osteogenic differentiation on bone-graft-substitute was also confirmed after 30 days of culture by
the expression of osteocalcin and RunX-2. Cells grown in the hypertrophic medium showed at 5 weeks safranin o-positive
stain and an increased CbFa1 expression, confirming the ability of these cells to undergo hypertrophy. These results suggest
that the UC-MSCs isolated from minced umbilical cords may represent a valuable allogeneic cell population, which might have
a potential for orthopaedic tissue engineering such as the on-demand cell delivery using chondrogenic, osteogenic, and
endochondral scaffold. This study may have a clinical relevance as a future hypothetical option for allogeneic single-stage
cartilage repair and bone regeneration.

1. Introduction

Cartilage and bone lesions represent a common problem
in the orthopaedic practice, and tissue engineering is con-
stantly proposing innovative approaches to improve their
repair. Current treatments for cartilage defects are bone
marrow stimulation (microfractures), autologous osteochon-
dral transplantation, and autologous chondrocyte implanta-
tion. However, these options have specific limitations and
disadvantages: the poor quality of the repair tissue, the
donor-site morbidity, and the limited availability of tissue
[1]. For bone repair, the available bone substitutes are acellu-
lar and do not possess any osteogenic potential, representing
simple “gap-filling scaffold” to be populated by resident cells.

To overcome these issues, the use of autologous mesen-
chymal stem cells (MSCs) has gained popularity due to the
ability of these cells to differentiate toward chondrogenic or
osteogenic pathways. Generally, MSCs are derived from bone
marrow aspirations or from lipoaspirates, which contain an
undifferentiated population of precursors, both CD34+ and
CD34− along with a great number of blood mononuclear
cells: These cell concentrates are currently used for one-
stage treatment of cartilage or bone defects [2–7]. The main
disadvantage of this approach is the limited number of MSCs
in the final product [8]. Thus, the use of selected and precul-
tured MSCs is under investigation [9]. In this perspective,
allogeneic cells would eliminate the morbidity of harvesting
procedures and the costs linked to these procedures. Indeed,
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a cell factory may host a great number of selected allogeneic
stem cell lines from different donors, readily available for
clinical use.

Besides the well-known sources as the bone marrow and
the fat, new allogeneic cell sources are emerging, such as the
umbilical cord stroma (UC) [8, 10–12]. The application of
cells derived from UC structure has some nonnegligible
advantages compared to other sources; these cells are indeed
isolated from a formerly discarded material that has a virtual
unlimited availability [12]. Moreover, UC contains two
umbilical arteries and one umbilical vein and a mucous
proteoglycan-rich connective tissue, named Wharton’s jelly,
covered by amniotic epithelium: Stem cells may be isolated
from each of these structures with a promising efficiency
[10, 13]. These cells have unique properties compared to
other stem cell types as they lie between embryonic stem cells
(ESCs) and adult mesenchymal stem cells (MSCs) on the
development map, they share stemness markers with ESCs
and MSCs, they do not induce tumorigenesis, and they are
hypoimmunogenic [14]. When taken together, the differ-
ent UC-MSC subtypes constitute a “mixed” heterogeneous
MSC population, which is able to differentiate toward the
osteogenic, adipogenic, or chondrogenic lineage [15].

Thus, UC-MSCs may represent an appealing cell source
with a potential for clinical allogeneic use to treat chondral,
osteochondral lesions, and bone defects, being a possible
candidate for a “universal off-the-shelf” stem cell product in
the field of orthopaedic tissue engineering [13].

The goal of this in vitro study was to evaluate the
capability of allogeneic UC-MSCs to differentiate toward
chondrogenic or osteogenic pathway in a tridimensional
environment and to test the possibility to address these cells
toward a hypertrophic stage, as a first step to recapitulate the
endochondral ossification.

2. Materials and Methods

Approvals were obtained both from the Ethical Committee
of MBC (Molecular Biotechnology Center), University of
Turin, and from the Ethical Committee of Mauriziano
Hospital, Turin (Italy); protocol number is CS792 approved
on January 11, 2016.

2.1. UC Collection and Processing. After obtaining patient’s
informed consent, 15 fresh UC samples were retrieved during
caesarean deliveries from the Department of Obstetrics and
Gynecology of Mauriziano Hospital (Turin, Italy). The UC
samples were collected in a phosphate-buffered saline (PBS)
transfer medium containing 200mg/100ml ciprofloxacin,
500 IU heparin, and they were immediately processed. After
transferring samples under a sterile laminar flow cell culture
hood, the cord length and weight were estimated and the UC
was washed in PBS to remove traces of contaminant red
blood cells. The UC was first cut into 3 cm long segments,
which were subsequently cut longitudinally and split open
to expose the inner surface.

The UC segments were then manually minced into small
cuboidal fragments (4–7mm length). The fragments were
seeded in 60 cm2 Petri dishes with the same expansion

medium in which they have been minced. This mesenchymal
stem cell expansion medium contained Dulbecco’s Modified
Eagle Medium/F-12 (DMEM) enriched with 5% human
platelet lysate obtained from healthy donors, 10% fetal
bovine serum (FBS), 1X penicillin/streptomycin, 1X sodium
pyruvate, 1X nonessential amino acids, 500 IU heparin
(Pharmatex). The small UC fragments were distributed into
6–7 different 60 cm2 Petri dishes (approximately 40–45 frag-
ments/Petri dish) and incubated in the MSC expansion
medium at 37°C in a humidified atmosphere with 5% CO2
(day 0). Fragments of UC were left undisturbed in culture
and monitored for up to 2 weeks to allow identification
of MSC in the dishes. Cell isolation was successful for 11
samples out of 15.

2.2. UC-MSC Culture. After 2 weeks (day 14), the UC
debris were removed and adherent cells were expanded
for 2 additional weeks; cell expansion was reached for 11
samples out of 15. Forty percent of the medium was changed
every 3–4 days. After 2 weeks, the adherent cells (P0) were
trypsinized, centrifuged at 1200 rpm for 10min, resuspended
in the MSC expansion medium, and replated for one consec-
utive expansion step at a density of 100–200 cells/cm2, until
full confluence was reached (P1). Cell confluence at P1 was
reached after approximately 14 days (day 42). At the end of
P1 passage (day 42), living cells were counted by trypan blue
dye exclusion.

2.3. Telomere Length Analysis. Telomere length was evalu-
ated on UC-MSCs at P1 from 4 UCs, and results were com-
pared to telomere length of the same cell line at sequential
passages from P2 to P5, following a previously reported
method [15].

2.4. UC-MSC Immunophenotypic Characterization. Immu-
nophenotyping of the expanded UC-MSCs was done by
flow cytometry analysis at P1. 1,5× 106 UC-MSCs were
used for flow cytometry. The following antibodies were
used: CD90-peridinin chlorophyll protein- (PerCP-) cyanine
dye Cy5.5 (Biolegend, San Diego, CA), CD105-fluorescein
isothiocyanate (FITC) (Biolegend, San Diego, CA), CD73-
allophycocyanin (APC) (BD Biosciences, San Jose, CA),
CD34-phycoerythrin (PE) (BD Biosciences, San Jose, CA),
HLA-DR-FITC (BD Biosciences, San Jose, CA), HLA-
PerCP (BD Biosciences, San Jose, CA), HLA-ABC-PE,
CD29-APC (BD Biosciences, San Jose, CA), CD44-Alexa
Fluor (Cell Signaling Technology, Danvers, MA), PE-
conjugated antimouse immunoglobulin G (IgG) (Southern
Biotechnology Associates, Birmingham, Alabama, USA),
isotype-matched IgG-FITC (Biolegend, San Diego, CA),
IgG-PE (Biolegend, San Diego, CA), and IgG-PE-Cy5
(Biolegend, San Diego, CA) control antibodies. Analysis
was performed on a FACScan (Becton Dickinson (BD),
Buccinasco, Italy) for at least 10.000 events and using
CellQuest software (BD, Buccinasco, Italy).

2.5. Section 1: UC-MSC Differentiation on Chondrogenic
Scaffold. UC-MSCs at P1 were assessed for chondrogenic dif-
ferentiation on scaffolds. UC-MSCs were loaded onto two
different scaffolds: Hyaff-11 (FIDIA Advanced Biopolymers,
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Italy) or Chondro-gide (Geistlich Biomaterials, Italy S.r.l.)
membranes. Hyaff-11 is a nonwoven esterified HA derivative
membrane. Chondro-gide is a double-layer matrix of pig
collagen type I and type III, with a smooth compact side
and a porous side, where cells are seeded. After the first
passage of cell culture, 2× 106 UC-MSCs were resuspended
in 50μl of the chondrogenic differentiation medium and
seeded onto a scaffold surface of 1 cm2 (either Hyaff-11 or
Chondro-gide). The scaffolds were left at 37°C in a
humidified atmosphere with 5% CO2 for 3–4 hours to allow
UC-MSC adhesion on the scaffolds. Then, two drops of
commercial fibrin glue (Tissucol-Tisseel, Baxter) were added
as a surface sealing, and the final constructs were incubated
at 37°C, in a humidified atmosphere for 1 month in the
presence of the chondrogenic differentiation medium
(EUROMED Chondrogenic Differentiation Kit, EuroClone,
Pavia, Italy). Cultures were performed both in normoxic
conditions (21% O2) or at low oxygen tension (8% O2).

After 1 month, constructs were fixed in formalin,
included in paraffin, and sectioned. Sections were stained
for haematoxylin/eosin and examined under light micros-
copy. For cell counting, three different areas in two different
sections per construct were examined under light microscopy
at 20x magnification by two independent observers. Cell
number for each single area was defined by the arithmetical
mean of the cell counts from both observers. Mean numbers
of migrating cells from every area were statistically compared
and graphed with GraphPad Prism®. Safranin o staining
was also performed on sections.

Expression of chondrocyte markers, sox-9 (AB5535,
Merck Millipore, Milano, Italy), and collagen type II (clone
6B3, MAB8887, Merck Millipore, Milano, Italy) was assessed
using immunofluorescence techniques. The primary mono-
clonal antibodies were diluted in PBS-BSA1% and incubated
with the sections for 2 h at room temperature. The secondary
dye light 488 antibody (KPL, Kirkegaard & Perry Labora-
tories, Maryland, USA), diluted 1 : 100, was incubated for
1 h at room temperature. The stained sections were visual-
ized with an Apotome fluorescence microscope. We col-
lected digital images using a ×20 dry lens within 0–5 days
after labelling.

The same culture conditions were used for UC-MSC
pellet culture. Proteoglycan (PG) :DNA ratio was calculated
as the best approximation of ECM production per cell follow-
ing a previously reported method [16].

2.6. Section 2: UC-MSC Differentiation in Osteogenic Scaffold.
For osteogenic differentiation on scaffold, we used the
Orthoss® bone graft (Geistlich Biomaterials, Italy S.r.l.), a
bovine-derived natural commercial bone substitute. Its
inorganic bone matrix has a macro- and microporous struc-
ture similar to human cancellous bone. Scaffolds were cut
into cubes of approximately 1 cm3. The cubes were then
coated with fibronectin by soaking in a solution containing
50mg/ml fibronectin for 4 h at room temperature. The cubes
were air dried overnight in a sterile bio safety cabinet. The
cubes were seeded with UC-MSCs resuspended in fibrin glue
(6× 106 cells/scaffold). Then the osteogenic differentiation
medium was added (EUROMED Osteogenic Differentiation

Kit, EuroClone, Pavia, Italy), and constructs were incubated
at 37°C in a humidified atmosphere with 5% CO2 for 10,
20, and 30 days.

At the end of culture, constructs were initially decalci-
fied and then fixed in formalin, included in paraffin, and
sectioned. Sections were stained for haematoxylin/eosin
and Alizarin red and examined under light microscopy.
Expression of osteocalcin ([Tyr28-, Phe42-, and Phe46-]
bone Gla protein, Phoenix Pharmaceuticals Inc., Burlingame,
CA, USA) and core-binding factor subunit alpha-1/runt-
related transcription factor 2 Cbfa1/RunX-2 (Ab 114,133,
Abcam, Cambridge, MA, USA) markers was assessed using
immunofluorescence techniques described above. The stained
sections were visualized with an Apotome fluorescence micro-
scope. We collected digital images using a× 20 dry lens
within 0–5 days after labelling.

2.7. Section 3: UC-MSC Hypertrophic Differentiation. To
verify the UC-MSC potential for endochondral differentia-
tion, cells at P2 were seeded onto Orthoss 3 g granules of
approximately 4mm3 of volume (concentration: 25× 104
cells/granule) and incubated at 37°C in a humidified atmo-
sphere with 5% CO2, in three different conditions:

(i) Hypertrophic culture (3 weeks + 2 weeks)

(1) Chondrogenic medium (Chondrogenic Differ-
entiation Kit, EuroClone), for 3 weeks

(2) Hypertrophic medium (DMEM, 10mM Hepes
Buffer, 1mM Na pyruvate, 1% penicillin/strep-
tomycin/glutamine, 1% ITS-A, 4.7μg/ml lino-
leic acid, 1.25mg/ml human serum albumin,
0.1mM ascorbic acid 2-phosphate, 10−8M
dexamethasone, 10mM β-glycerophosphate,
0.05μM L-thyroxin) for the following 2 weeks

This peculiar condition was compared with two
other culture conditions:

(ii) Osteogenic culture (αMEM, 10% fetal calf serum,
0.1mM ascorbic acid 2-phosphate, 10−8M dexa-
methasone, 10mM β-glycerophosphate) for 3 and
5 weeks

(iii) Basal (control) culture: DMEM +10% fetal calf
serum, 50U/ml penicillin/streptomycin for 3 and
5 weeks

At the end of culture (3 and 5 weeks), H&E and safranin
o staining were performed, following the manufacturer’s
protocols (Bio-Optica Milano SpA, Milan, Italy). Further-
more, real-time PCR analysis was completed to analyze gene
expression of the major chondrogenic and osteogenic
markers (sox-9, Cbfa1).

2.7.1. RT-PCR Analyses. Total RNA was extracted from
constructs using TRIzol® (Life Technologies), and cDNA
was generated as previously described [17]. The PCR master
mix was based on AmpliTaq Gold DNA polymerase (Perkin
Elmer/Applied Biosystems). TaqMan® gene expression or on-
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demand assays (Life Technologies) were used on a ABI 7900
fat real-time PCR system (Life Technologies) for 40 cycles to
measure gene expression of sox-9 (Hs00165814_m1) and
Cbfa1 (Hs00231692_m1) using GAPDH (Hs99999905_m1)
as the housekeeping gene.

2.8. Evaluation of Fluorescence Intensity. The difference of
fluorescence intensity between the constructs was evaluated
using ImageJ program. This software generated numerical
semiquantitative evaluations corresponding to the mean
fluorescence intensity of each image examined. Ten cellular
fields were randomly chosen among the different areas of
migrated chondrocytes in each slide. Briefly, a point tool
enables the marking of locations on an image. With each
“click,” the coordinates of the mark (xx, yy) and brightness
values (0–255) are recorded in a data window. ImageJ bright-
ness units are in a scale where 0=pure black and 255=pure
white. Brightness values for each image were calculated as
the arithmetical mean of all values in all fields recorded for
that image. For each construct, mean fluorescence intensity
of each marker was calculated and plotted as a graph. The
difference in intensity allowed for evaluating the change in
marker expression between the different culture conditions.

2.9. Statistical Analysis. All data in text and figures are
provided as medians. Statistical analysis was carried out with
the statistical software package GraphPad Prism 5.0. The
results are shown as box plots, where the transverse line rep-
resents the median value, and the width of the box is given by
the minimum and the maximum value of the data. If only
two conditions are compared, we used Mann–Whitney test
and we did not assume Gaussian distribution; if more than
two conditions are compared, we used one-way ANOVA
and Bonferroni adjustment.

3. Results

3.1. UC-MSC Morphologic and Immunophenotypic
Characterization. In primary cultures, typical spindle-

shaped adherent cells were observed migrating from the
UC tissue fragments and initiating colony formation
approximately at day 14 after seeding. After removing
the UC fragments at day 14 postseeding, cells took approxi-
mately 10 days to gain 60% confluence (Figure 1(a)), while
full confluence was observed approximately at day 28
postseeding. The UC-MSC clones (defined as passage P0)
were thus collected at day 28 postseeding and replated for
further expansion (defined as passage P1). Confluence at
P1 was observed approximately after 14 days of culture
(day 42 postseeding).

At day 42 (confluence at P1 passage), we obtained a mean
of 23.05× 106 (SD 1.48) cells from each umbilical cord. From
the initial seeding (day 0), we obtained at the end of the
P1 (day 42) 0.80× 106 (SD 0.28) cells/g of UC seeded
(mean weight of the UC 30.65 g − mean length 40.9 cm)
(Supplemental Figure 1 available online at https://doi.org/
10.1155/2017/1732094). UC cells’ phenotype was analyzed
by flow cytometry. The majority of collected UC cells
showed a positive expression of the main MSC markers
CD73, CD90, and CD105, as well as of CD44 and CD29.
Furthermore, they stained negative for the typical hemato-
poietic marker CD34 (Supplemental Figure 2). The data
also demonstrated the presence of HLA-ABC proteins
and the absence of HLA-DR. Additionally, we visualized
a notable presence (40%) of negative double cells for both
HLA-ABC and HLA-DR proteins.

Telomere length analysis performed on UC-MSCs at
different culture passages (from P1 to P5) did not show any
significant difference (Figure 1(b)).

3.2. Section 1: Chondrogenic Differentiation in Scaffold.
During chondrogenic differentiation onto Chondro-gide
and Hyaff-11 scaffolds, cells showed chondrogenic commit-
ment both in normoxic conditions and in low oxygen
tension, albeit UC-MSCs cultured at lower oxygen tension
showed more positive safranin o staining, consistent with
increased sulfated glycosaminoglycan (s-GAG) production
(Figure 2(a), C and D). Furthermore, histological analysis
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Figure 1: UC-MSC morphological characterization. (a) UC-MSCs at P1. Cells show a fibroblast-like morphology. Magnification 10x.
(b) UC-MSC telomere length analysis at different passages (between P1 and P5); no difference is detected; n of samples = 4.
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showed that MSCs migrated inside the tridimensional struc-
ture of the Hyaff-11 scaffold, while they remained almost
complete at the porous surface on the Chondro-gide mem-
brane (Figure 2(a), A and B), probably due to the different

composition of the scaffolds. No significant difference in
the number of cells per field was observed between normoxic
cultures and low oxygen tension conditions for each specific
scaffold (Figure 2(b)).
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Figure 2: Chondrogenic differentiation of UC-MSCs seeded on a scaffold. (a) A representative image of safranin o staining of UC-MSCs
seeded onto Chondro-gide (A and B) or Hyaff (C and D) membranes and cultured in normoxic (A and C) or low oxygen tension
conditions (B and D). UC-MSCs differentiate inside the three-dimensional structure of the HYAFF-11, while they are confined to the
surface of the Chondro-gide scaffold. A stronger safranin o staining is observed in the low oxygen tension constructs than in normoxic
culture. Magnification 20x. Scale bar: 200μm in (A and B); 100μm in (C and D). (b) No significant difference in cell number per
field is observed comparing normoxic and in low oxygen tension conditions in Chondro-gide (A) (median value and standard deviation:
174± 32.07; 157.5± 40.32 for low oxygen tension and normoxia, resp.) and Hyaff (B) (median value and standard deviation: 82.50± 24.96;
110± 6952 for low oxygen tension and normoxia, resp.) scaffolds. p value> 0.05; n of samples = 3.
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In Chondro-gide scaffolds, positive immunostaining for
sox-9 was present both in normoxic culture and at low
oxygen tension conditions (Figure 3(a), A and B). A sig-
nificantly higher fluorescence intensity was observed in
constructs cultured art low oxygen tension (p value < 0.05)
(Figure 3(a), C). Collagen type II expression in Chondro-
gide scaffold was present both in low oxygen tension and
under normoxic conditions (Figure 3(b), A and B); how-
ever, fluorescence intensity was not significantly different
(p value = 0.6926) (Figure 3(b), C). Negative controls are
shown in Supplemental Figure 3.

In Hyaff-11 scaffolds, we noticed a similar trend:
Positive immunostaining for sox-9 was noticed both at low
oxygen tension and in normoxic cell cultures (Figure 4(a),
A and B). The difference in fluorescence intensity
resulted statistically significant (p value< 0.05) (Figure 3(a),
C). Collagen type II expression in Hyaff-11 scaffolds was
significantly greater at low oxygen tension (p value< 0.05)
(Figure 4(b), C). Negative controls are shown in Supple-
mental Figure 4.

A similar trend was observed in UC-MSC pellet cultures
when exposed to low oxygen tension during culture period.
We observed a stronger safranin o staining (Figures 5(a)
and 5(b)) and higher PG/DNA ratio (Figure 5(c)) in pellet

culture grown at low oxygen tension compared to those
exposed to normoxic conditions (p value< 0.05).

3.3. Section 2: Osteogenic Differentiation in Bone Substitutes.
Scaffolds showed a considerable increasing cellularity in
constructs at different time points (10, 20, and 30 days)
(Figure 6(a)). Alizarin red stain showed calcium deposits
gradually increasing from 10, 20, to 30 days (Figure 6(b)).
Semiquantitative analysis of osteocalcin immunostaining
(Figure 7(a), A–C) showed a significant increased intensity
of osteocalcin expression between 20 days and 30 days;
for the other time points, there was an increased expres-
sion, though it did not reach a significant difference
(Figure 7(a), D; p value< 0.05). Similar results were obtained
for the expression of the transcriptional factor RunX-2,
(Figure 7(b), A–C) which is a key transcription factor
associated with osteoblast differentiation (Figure 7(b), D)
(p value< 0.05). Negative controls are shown in Supple-
mental Figure 5.

3.4. Section 3: Endochondral Differentiation in Bone
Substitute Granules. At 3 weeks of culture, deposition of a
cartilaginous matrix was observed in the samples cultured
with the chondrogenic induction medium, while there was
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Figure 3: Chondrogenic differentiation of UC-MSCs seeded on Chondro-gide. (a) A representative image of immunofluorescence staining
for sox-9 in Chondro-gide scaffold at low oxygen tension (A) and normoxic (B) conditions. Quantification of the signal is shown in (C):
Fluorescence intensity is significantly higher in constructs grown at low oxygen tension (median value and standard deviation: 20± 6122;
11± 2102 for low oxygen tension and normoxia, resp.). p value< 0.05. Magnification 20x; n of samples = 3. (b) A representative image of
immunofluorescence staining for collagen type II in Chondro-gide scaffold at low oxygen tension (A) and normoxic (B) conditions. Signal
quantification is shown in (C); no significant difference in fluorescence intensity is observed (median value and standard deviation:
17± 3279; 17± 4025 for low oxygen tension and normoxia, resp.). p value = 0.6926. Magnification 20x; n of samples = 3.
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no evidence of osteogenic differentiation in specific differen-
tiation medium (Figure 8(a)). At 5 weeks of culture, we
observed a stronger safranin o staining in samples cultured
in the chondrogenic hypertrophic medium, as well as the
production of bone matrix in samples cultured in the osteo-
genic differentiation medium (Figure 8(b)).

Real-time PCR analysis showed a mild upregulation of
sox-9 expression in samples cultured for 3 weeks in the chon-
drogenic medium. Also, the osteogenic marker Cfba-1 was
upregulated in samples cultured both in chondrogenic and
in the osteogenic medium. After 5 weeks of culture, sox-9
expression was downregulated in samples cultured with the
chondrogenic hypertrophic medium, whereas Cfba-1 was
upregulated. The osteogenic medium induced a strong
Cfba-1 upregulation (Figure 9).

4. Discussion

The main finding of this study is that UC-MSCs collected in a
straightforward and simple procedure from minced umbili-
cal cord fragments may be committed toward chondrogenic
and osteogenic lineages, when cultured in scaffolds, and they
may also be addressed toward hypertrophy when cultured in
bone substitute in the presence of the chondrogenic and
hypertrophic chondrogenic medium. Thus, UC-MCs may

represent an allogeneic cell population with a promising
value for on-demand cell delivery in single-stage cartilage
repair and bone regeneration.

Nowadays, the use of allogeneic cells for cartilage and
bone repair is an ongoing frontier due to the increasing need
of cells for better specific tissue repair.

Indeed, the simple use of bone marrow stimulating tech-
niques, such as microfracture, has shown some limitations
linked to the restricted durability of the repair and the lesser
quality of the tissue obtained, compared to that achieved by
more complex reconstructive techniques as autologous
chondrocyte implantation [18–20] or scaffold-driven repair
enriched by autologous bone marrow MSCs [21]. Even
the use of bone substitutes has shown lesser results when
compared with techniques combining bone substitute with
biological stimuli as autologous bone marrow MSCs or
autologous stem cell mobilization through growth factors
as G-CSF (granulocyte colony stimulating factor) [22, 23].
However, the use of an autologous cell source has several
disadvantages mainly due to the morbidity of the harvest-
ing procedure, the individual variability in the cell
number, and the limited number of cells available by each
harvesting procedure. Moreover, the use of selected
precursor cells (i.e., precultured autologous stem cells,
chondrocytes) is necessarily associated with multiple
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Figure 4: Chondrogenic differentiation of UC-MSCs seeded on Hyaff. (a) A representative image of immunofluorescence staining for sox-9
in Hyaff scaffold at low oxygen tension (A) and normoxic (B) conditions. Quantification of the signal is shown in (C): Fluorescence intensity is
significantly higher in constructs grown at low oxygen tension (median value and standard deviation: 18± 5194; 13± 1917 for low oxygen
tension and normoxia, resp.). p value< 0.05. Magnification 20x; n of samples = 3. (b) A representative image of immunofluorescence
staining for collagen type II in Hyaff scaffold at low oxygen tension (A) and normoxic (B) conditions. Signal quantification is shown in
(C): Fluorescence intensity is significantly higher in constructs grown at low oxygen tension (median value and standard deviation:
9± 2601; 6± 1594 for low oxygen tension and normoxia, resp.). p value< 0.05. Magnification 20x; n of samples = 3.
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Figure 5: UC-MSC chondrogenic differentiation in pellet culture. A representative image of safranin o staining of UC-MSCs in pellet culture
(a and b). Stronger safranin o staining is observed in UC-MSC pellets cultured at low oxygen tension (a) when compared to normoxic
conditions (b). Higher PG/DNA ratio in pellets cultured at low oxygen tension is shown in (c) (median value and standard deviation:
0.05166± 0.02240; 0.07468± 0.01687 for and normoxia and low oxygen tension, resp.). p value< 0.05. Magnification 20x. Scale bar:
200 μm. n of samples = 3.
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Figure 6: UC-MSC osteogenic differentiation on the Orthoss scaffold. (a) A representative image of H&E staining of UC-MSCs loaded onto
Orthoss scaffold at 10 (A), 20 (B), and 30 (C) days of in vitro culture. Magnification 20x. Scale bar: 200 μm. (b) A representative image of
Alizarin red staining of UC-MSCs loaded onto Orthoss scaffold at 10 (A), 20 (B), and 30 (C) days of in vitro culture. Magnification 20x.
Scale bar: 100 μm.

8 Stem Cells International



procedures to obtain the primary autologous source, to
culture the cells and to reimplant the cells at the lesion
site. An ongoing solution proposed in literature is the “one-
step procedures” in which autologous unselected sources
of cells, as bone marrow concentrate [24], cartilage frag-
ments [1, 25], or stromal vascular fraction from lipoaspi-
rates [5] are added at the lesion site (cartilage or bone
defect) obtaining interesting results, even if in these
instances, a noncommitted cell population is used to
enhance the repair.

In line with the concept of “one-step procedure,” the
evolving technologies in cell storage and cell culture allow
for hypothesizing the use of allogeneic cells as an attractive
choice for cartilage and bone repair, due to the greater bio-
availability of allogeneic sources compared to the autologous
ones. Thus, the concept of allogeneic stem cell therapy is
becoming an ongoing reality. Indeed, in several clinical fields,
such as neurology, gastroenterology, or hematology, these
principles are used in experimental studies to treat different
diseases like cerebral palsy [26], autoimmune encephalomy-
elitis [27], perianal fistulas in Crohn’s disease [28], liver
failure [29], and aplastic anemia [30]. The main advantages
in the use of allogeneic cells in orthopedics are a greater

“on-demand” availability of cell precursors, the absence of
harvesting morbidity, the possibility to obtain a selected cell
population, and even the possibility to use cells from younger
donors for lesions in older recipient, further optimizing the
quality of the repair. The latest aspect has recently found a
preclinical application in the study of Bonasia et al. [1], in
which allogeneic juvenile cartilage fragments have been used
to improve the quality of cartilage repair in a rabbit model
obtaining positive results. This work suggests the possibility
to use juvenile fresh allogeneic tissue grafts as a source for
the repair. This concept is certainly an option for bone and
cartilage reconstruction, but it implies several drawbacks as
the prompt bioavailability of the specific tissues and the costs
of tissue preservation, posing some concerns about a wide-
spread application of these principles.

A different solution is to use allogeneic candidates from
different anatomical sites as bone marrow and adipose tissue.
In the in vivo study by de Windt et al. [31], cartilage defects
are treated by combining allogeneic bone marrowMSCs with
autologous chondrons obtained by digesting minced carti-
lage fragments. Result of this phase I study seems promising,
though in that case, the length of the entire procedure (i.e.,
obtaining autologous chondrons + combination of the 2
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Figure 7: Expression of osteogenic markers in UC-MSCs seeded onto Orthoss cubes. (a) A representative image of immunofluorescence
staining for osteocalcin in Orthoss at 10 (A), 20 (B), and 30 (C) days of in vitro culture. Quantification of the signal is shown in (D):
Fluorescence intensity is significantly higher in samples cultured for 30 days (median value and standard deviation: 9604± 0.2584;
10.85± 0.3990; 13± 1030 in samples cultured for 10, 20, or 30 days, resp.). p value< 0.05. Magnification 20x; n of samples = 5. (b) A
representative image of immunofluorescence staining for RunX-2 in Orthoss at 10 (A), 20 (B), and 30 (C) days of in vitro culture.
Quantification of the signal is shown in (D): Fluorescence intensity significantly increases in the longer experimental time points (median
value and standard deviation: 7± 1340; 11± 1712; 18± 3090 in samples cultured for 10, 20, or 30 days, resp.). p value< 0.05. Magnification
20x; n of samples = 5.
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sources of repair + surgical implantation) may represent a
drawback, if compared to more “straightforward” procedures
in which a cellularized scaffold is directly implanted at the
lesion site. In preclinical rabbit and minipig models, alloge-
neic bone marrow-derived MSC implantation has been
proposed for the treatment of knee osteochondral defects
with promising results [32, 33]. Bone regeneration has been
obtained in a study by Kang et al. [34] loading allogeneic
bone marrowMSCs onto allogeneic cancellous bone granules

in a rabbit radial defect model, with a quality of repair
comparable to that with autologous BM-MSCs. In several
preclinical studies, allogeneic adipose-derived MSCs (ASCs)
have also improved bone and cartilage repair. In the study
conducted byWen et al. [35], ASCs have been combined with
demineralized bone matrix (DBM) have been applied in
ulnar bone defects in rats with promising results. Even the
intra-articular injection of allogeneic, ASCs have led to
satisfying outcomes when combined with hyaluronic acid

(A) (B) (C)

(D) (E) (F)
(a)

(A) (B) (C)

(D) (E) (F)
(b)

Figure 8: Hypertrophic differentiation of UC-MSCs seeded onto Orthoss granules. (a) A representative image of safranin o and H&E staining
of UC-MSCs seeded onto Orthoss granules and cultured for 3 weeks in the hypertrophic medium (Safranin O stain, A and D), osteogenic
medium (H&E stain, B and E) or basal medium (H&E stain, C and F), respectively. Scale bar: 100μm; n of samples = 5. (b) A
representative image of safranin o and H&E staining of UC-MSCs seeded onto Orthoss granules and cultured for 5 weeks in the
hypertrophic medium (Safranin O stain, A and D), osteogenic medium (H&E stain, B and E), or basal medium (H&E stain, C and F),
respectively. Scale bar: 100μm; n of samples = 5.
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in preclinical models of dog arthropathy [36, 37] and sheep
osteoarthritis [38].

The umbilical cord-derived MSCs (UC-MSCs) may
represent a novel interesting alternative in this field [39].
The umbilical cord is considered a discarded material, and
its use implies fewer ethical and legal issues than the other
embryonic structures (i.e., embryonic stem cells). Further-
more, it has a virtually “unlimited availability,” as recently
defined by Kalaszczynska and Ferdyn [8]. Moreover, the
low costs and the absence of morbidity related to the collect-
ing procedure are a “nonnegligible” advantage compared to
the other common allogeneic cell sources, such as bone
marrow and adipose tissue.

In literature, UC-MSCs have shown a favorable in vitro
potential as they can differentiate toward both the chondro-
genic and the osteogenic lineage similarly to the bone
marrow MSCs [40, 41]. Indeed, like the bone marrow coun-
terpart, UC-MSCs react to low oxygen tension conditions
[42] or to pulsed electromagnetic fields [43] showing an
improved chondrogenic commitment. The promising
multidifferentiation potential may be due to the peculiar site
of origin leading to a “more embryonic” feature than the
bone marrow counterpart [14, 44, 45]. Indeed, they have
been recently used in vivo as described by Sadlik et al. [46]
involving the dry arthroscopic treatment of cartilage lesions
with UC-MSCs embedded in a porcine type I/II collagen
matrix. Dilogo et al. [47] also used UC-MSCs for the
treatment of a critical-sized bone defect; however, literature
suggests caution before a widespread clinical application,
claiming for a better understanding of the functional charac-
teristics of these cells [10]. Nonetheless, a recent evidence has
added a further promising opportunity in the field of UC-
MSCs. In recent studies, Mennan et al. [48] and Hendijani
et al. [49] have demonstrated that a mixed cell population
obtained by processing the whole umbilical cord seems to
have the same differentiation potential than cells derived
from single areas of the cord (Wharton’s jelly, artery, vein,

or cord lining). These findings might suggest the possibility
to obtain optimal precursor cells without any concern about
the separation of specific population, simplifying any theo-
retical use of the cord as a source of cells for future hypothet-
ical widespread clinical application.

In line with these perspectives, our study has analyzed the
in vitro chondrogenic and osteogenic commitment of a
mixed UC-MSC population, obtained with a very simple
and economic protocol without any enzymatic digestion.
No cell selection has been performed during the MSC extrac-
tion from cord stroma, but the adherent properties of UC-
MSCs and the simple mincing of the cord fragments
represented the essential steps of our cell isolation method.
This choice is in line with the aforementioned evidences in
literature [48, 49], and it allows for greatly simplifying the cell
harvesting without reducing the efficiency of the protocol, as
recently outlined by Yoon et al. [50].

Both human platelet lysate obtained from healthy
donors and fetal bovine serum (FBS) were used for cul-
ture, as described in a previously published paper [15],
in order to optimize the broth conditions for the cells.
For a human hypothetical application, the FBS may arise
ethical concerns [51]. Thus, the choice of using human
platelet lysate only seems to be preferable for future human
trials. Further study might compare the efficacy of this
method with and without FBS to ensure that an adequate
number of cells may be obtained in both conditions.

Indeed, our protocol led to a consistent number of
cells per gram of tissue, thus suggesting a possible future
large-scale nonexpensive cell storage for clinical purposes,
as Kalaszczynska and Ferdyn envisioned in a recent
review [8].

UC-MSCs obtained with our method have shown
stemness properties in terms of markers and telomere preser-
vation, the latter suggesting a maintenance of cell viability, as
recently outlined in literature [8]. Moreover, UC-MSCs
showed a low expression of HLA-I and no expression of
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Figure 9: Expression of osteogenic markers in UC-MSCs undergoing hypertrophy. Quantification of sox-9 (a) and Cfba-1 (b) gene
expression by RT-PCR analysis at 3 or 5 weeks of culture in the three experimental groups. GAPDH used as gene of reference; n of
samples = 5.
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HLA-II, consistent with a possible safe allogeneic use. This
concept is confirmed by a recent study by Liu et al. [44] in
which the authors demonstrated that the immunoprivileged
status of UC-MSCs seems to be maintained even during
the differentiation process toward a specific mesenchymal
(i.e., chondrogenic) lineage. Furthermore, the finding of
an “HLA-I and HLA-II double negative” cell subpopulation
suggests peculiar immunoprivileged properties of these cells
that may deserve future studies to verify the possible isolation
of this cellular subtype, their specific differentiation poten-
tials, and their hypothetical elective use as preferential
candidate for allogeneic therapies.

To test UC-MSC chondrogenic commitment in a tridi-
mensional environment, two widely used scaffolds have been
compared (Chondro-gide and Hyaff). We have observed cell
growth on both membranes, with differences in cell distribu-
tion depending on the tridimensional scaffold structures.
Nevertheless, in both experimental groups, cells showed a
chondrogenic phenotype and they stained positive for the
chondrogenic markers sox-9 and collagen type II. Notably,
the low oxygen tension exerted an influence on UC-MSCs,
similar to bone marrow-derived MSCs [52]. Specifically,
low oxygen tension did not hamper UC-MSC proliferation
potential, but it led to an increased matrix production in
UC-MSC pellet cultures and to an enhanced chondrogenic
marker expression in UC-MSC scaffold cultures, consistent
with previous studies [42]. This increased chondrogenic dif-
ferentiation might be the result of hypoxia-inducible factor-1
alpha and factor-2 alpha stabilization and the subsequent
sox-9 induction [53–56]. Further in vitro analyses are
necessary to better clarify this specific aspect. Overall, a clear
chondrogenic commitment has been observed with both
scaffolds, with a slight greater evidence of collagen II produc-
tion when UC-MSCs were grown on a hyaluronic acid
membrane. This is consistent with several evidences in
literature that showed a possible and efficient chondrogenic
differentiation of mesenchymal stem cells derived from
Wharton’s jelly in different conditions, as the high-density
cell cultures on rotatory systems [57], the culture in collagen
hydrogels [58], or the cell growth on polycaprolactone/
collagen nanoscaffolds [40].

Like the chondrogenic differentiation, the osteogenic
commitment was obtained using a commercial organic bone
substitute used for clinical applications, to closely mimic the
clinical application. Indeed, the common bovine-derived
bone matrix used in this study is widely accepted in clinical
scenarios as gap filling in the presence of bone defects. We
have observed an osteogenic potential similar to other studies
where cells from umbilical cord were grown in monolayer
[15] or in tridimensional scaffold as collagen I/III gels [59]
or even when loaded onto bone scaffold and subcutaneously
implanted in nude mice [60]. Our results, along with the
available literature, suggest that UC-MSCs might represent
a possible source allogeneic cells for bone tissue engineering.

These observations are further confirmed by the last sec-
tion of our experiments. The idea of these experiments has
been inspired by Scotti et al. [61], who conceived a complex
preclinical model to demonstrate the feasibility of engineer-
ing a functional bone organ by preconditioning bone

marrow-derived MSCs, embedded in type I collagen meshes,
toward hypertrophic chondrocytic phenotype and subse-
quently implanting the scaffolds in the dorsal subcutaneous
tissue of nude mice. The dramatic originality of Scotti’s study
and the potential for bone engineering are unquestionable.
Indeed, bone repair mainly occurs through endochondral
ossification and the possibility to recapitulate this process
may allow for conceiving a “second generation” cell-seeded
bone substitutes with increased efficiency to strongly facili-
tate bone repair and regeneration. In our study, we verify
in vitro the UC-MSC ability to execute an endochondral
program similar to BM-MSCs and we applied the same
conditions previously described by Scotti et al. [61]. We
seeded UC-MSCs onto the previously mentioned commer-
cial bone substitutes, and we cultured the cell-seeded
constructs in chondrogenic conditions and subsequently in
the hypertrophic medium. We obtained encouraging results
in terms of matrix synthesis and expression of osteogenic
markers (Cbfa1). This certainly represents one of the most
original features of our study. Moreover, our work represents
one of the first studies describing the use of UC-MSCs in a
“developmental engineering” paradigm. Indeed, the positive
results observed by “pushing” UC-MSCs through endochon-
dral ossification may be exploited by future experiments
verifying the attitude of these cells to generate a tissue similar
to cancellous bone after in vivo preclinical implantation in
small animals, in order to offer a valid use of allogeneic
cell-seeded bone substitutes.

The main limitation of this study is the in vitro nature of
the experiment. This certainly claims for further studies to
verify the intuitions derived from the obtained data in
preclinical animal models before moving to any clinical
applications. Albeit this drawback is implied in any in vitro
study, the preclinical model is essential when dealing with
allogeneic cells to assess the immune privilege of this
category of stem cells before any in vivo human use. How-
ever, literature offers several evidences of UC-MSC immuno-
privileged status. These cells express HLA-G, which is
involved in immune tolerance during pregnancy IL-6 and
VEGF, which are linked to MSC immunosuppressive capa-
bility. Moreover, UC-MSCs are able to suppress T-cell
proliferation [14]. All these aspects seem to confirm the
potential for an allogeneic use of UC-MSC in orthopaedic
tissue engineering.

Nevertheless, a critical issue when dealing with allogeneic
MSCs remains the potential for immune reaction to be
elicited in the host tissue. Evidences in literature are present
outlining the immunogenicity of MSCs from an allogeneic
source and the fact that this reaction may hamper dramati-
cally the tissue regeneration process in the same cells were
supposed to be enhanced. The study of Eliopoulos et al. in
2005 [62] showed the alarming reject of allogeneic MSCs
implanted subcutaneously in mice. A similar fate of these
cells has been observed by Huang et al. [63] in a preclinical
rat model of myocardial infarction. In their study, the
authors showed that allogeneic cells were rejected from the
host cardiac tissues by 5 weeks after implantation. This may
be partially explained by a transient immunoprivileged status
of MSCs that may later acquire immunogenicity during their
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differentiation and trophic process in the host environment,
thus eliciting an immune reaction by the native immune sys-
tem. Immune reactions and short engraftment time have also
been described by Tano et al. [64] in a model of allogeneic
MSC transplantation on the epicardial surface of rat hearts.
A similar paradigm has been confirmed recently by Oliveira
et al. [65] in a preclinical model of MSC transplantation in
the murine kidney. They observed lymphocytic infiltration
and allogeneic MSC rejection no later than 28 days after
transplantation. As a consequence, they suggested the fasci-
nating concept of “preactivation” of cells, by treatment with
INF-gamma and TNF-alpha, in order to reduce immunoge-
nicity and prolong their engraftment period and their trophic
properties. A potential immune reaction in human has been
recently hypothesized by de Windt et al. [31] in their clinical
trial of cartilage repair by means of allogeneic MSCs and
chondrons. Despite their encouraging results, no allogeneic
cells were found at the repair site at 1 year, suggesting a
time-limited trophic effect of MSCs that would have been
gradually removed by the host immune system during
their differentiation processes. This agrees with a previous
in vitro observations of Mukonoweshuro et al. [66], who
have outlined the immunosuppressive properties but not
the immunoprivileged status of allogeneic chondrogenic-
committed MSCs in a mouse model. The potential immune
reaction elicited by MSCs may also lead to detrimental effect
in the repair setting, as shown preclinically by Sbano et al.
[67] in a mouse model of skin graft transplantation and by
Seifert et al. [68] in a rat kidney transplantation setting.
Overall, these evidences claim for a cautious approach in a
potential clinical application of allogeneic MSCs, despite
the recent literature is outlining, as a counterpart, the safety
and some promising results. Indeed, the studies of Garcia-
Sancho et al. [69] showed a possible application in knee
osteoarthritis and degenerative disc disease with few safety
concerns, probably due to the peculiar “insulated” recipient
site of the cells, and Wang et al. [70] have recently proposed
the injection of allogeneic MSCs during ACl reconstruction
to improve symptoms and structural outcome. With a longer
follow-up, Park et al. [71] have shown the promising effect of
the implantation of a composite made by allogeneic UC
blood-derived MSCs and hyaluronate hydrogel to improve
cartilage healing in osteoarthritic patients. Similar evidences
have been proposed by Vega et al. [72] and by Gupta et al.
[73], who treated knee osteoarthritic patients by a direct
intra-articular injection of allogeneic human MSCs. In a
different setting, Morrison et al. [74] have recently demon-
strated the feasibility of cranial bone reconstruction by
means of allogeneic mesenchymal stromal cells (MSCs) on
a ceramic carrier and polymer scaffold, similarly to the
preclinical observations of Todeschi et al. [75] regarding
UC-MSC transplantation in mice calvarial defects. So far,
the controversy of allogeneic MSC therapy is still a debated
issue in literature. However, a common element seems to
be present in all these studies. Indeed, a different role of
MSCs is emerging from the preclinical and clinical recent evi-
dences that may lead to reconsider the use of allogeneic
MSCs as “replenishing cells for injured tissues,” assuming
their immune system recognition. Far from being a “building

block” submitted to the host immune system (and, thus, with
a limited viability of 2–4 weeks), the allogeneic MSCs may
otherwise represent the transient paracrine catalyzers that
work well for a short period of time with a “hit and run effect”
[65]. This new paradigm implies the lack of the “need of
persistence” in the host tissue, as the therapeutic effects of
MSCs are independent of a direct differentiation, but they
can be exerted locally by promoting the resident population
to hasten the repair process for a limited period of time, until
the allogeneic MSCs are cleared by the host immune system.
In this perspective, it can be easily understood the greater
effect of implanting allogeneic MSCs in a “confined environ-
ment” (i.e., in the joint or embedded in a bioscaffold); as in
these settings, the immune system may be hampered in
rapidly eliminating the MSCs. Furthermore, the various
regenerative properties of allogeneic MSCs observed in
literature may coexist with a reduced survival time due
to the fact that they depend on the factors secreted by
the cells in the first days after transplantation, also known
as the “secretome.” Indeed, together with the concept of
MSC preactivation to prolong the cell survival time, the
secretome surely represents one of the future frontiers in
allogeneic MSC tissue engineering research.

In conclusion, the present study confirms the chondro-
genic and osteogenic commitment of UC-MSCs when cul-
tured in tridimensional scaffold and it suggests the possible
involvement of UC-MSCs for the generation of endochon-
dral scaffolds to improve bone regeneration by recapitulating
endochondral ossification process. These observations offer a
solid perspective for future preclinical studies aiming to
improve cartilage repair and bone regeneration. Further-
more, UC-MSCs derive from a previously discarded material
as the umbilical cord; thus, they represent a stem cell popula-
tion with several advantages as a greater bioavailability and
lower ethical implications than other cell sources. All in all,
UC-MSCs may be reasonably considered an attractive
opportunity for orthopaedic allogeneic stem cell therapy.
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In cholestatic liver diseases, impaired bile excretion disrupts lipid homeostasis. We investigated changes of lipid metabolism,
including mitochondrial β-oxidation, in a rat model of bile duct ligation (BDL) in which chorionic plate-derived mesenchymal
stem cells (CP-MSCs) were transplanted. Serum cholesterol level, which was elevated after BDL, was significantly decreased
following CP-MSC transplantation. The expression levels of genes involved in intracellular lipid uptake, including long-chain
fatty acyl-CoA synthetases and fatty acid transport proteins, were decreased in rats after BDL; however, they were not
significantly changed by subsequent CP-MSC transplantation. Carnitine palmitoyltransferase 1A (CPT1A), a rate-limiting
enzyme in mitochondrial β-oxidation, was upregulated after BDL and then was downregulated after CP-MSC transplantation.
CPT1A expression was changed via microRNA-33—a posttranscriptional regulator of CPT1A—in a peroxisome proliferator-
activated receptor α-independent manner. Cellular adenosine triphosphate production—an indicator of mitochondrial
function—was reduced after BDL and was restored by CP-MSC transplantation. Expression levels of heme oxygenases also
were significantly affected following BDL and CP-MSC transplantation. Lipid metabolism is altered in response to chronic
cholestatic liver injury and can be restored by CP-MSC transplantation. Our study findings support the therapeutic potential of
CP-MSCs in cholestatic liver diseases and help in understanding the fundamental mechanisms by which CP-MSCs affect
energy metabolism.

1. Introduction

Cholestatic liver injury, which is caused by accumulation of
bile acids and lipids, comprises a wide spectrum ranging
from acute transient hepatitis to cirrhosis with portal hyper-
tension [1–3]. The liver controls central processes of lipid
metabolism including fatty acid synthesis, mitochondrial
β-oxidation, and phospholipid transport. Impaired bile
excretion, caused by biliary obstruction or liver damage, dis-
rupts cholesterol and phospholipid metabolism [4]. In a rat
model of bile duct ligation (BDL), serum levels of very low-
density lipoprotein cholesterol and low-density lipoprotein

(LDL) cholesterol are drastically elevated, whereas hepatic
lipid concentrations are unchanged [5]. However, alterations
in mitochondrial function in chronic cholestatic liver dis-
eases have not been elucidated.

Mesenchymal stem cells (MSCs) are multipotent adult
stem cells that can differentiate into various cell types of the
three germ layers (i.e., the ectoderm, mesoderm, and endo-
derm) [6]. The human placenta is an abundant source of
MSCs. Placenta-derived MSCs (PD-MSCs) which originate
from the fetus possess great potential for self-renewal, prolif-
eration, and differentiation [7, 8]. We previously found that
full-term placenta harbors several types of PD-MSCs,
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including chorionic plate-derived MSCs (CP-MSCs), chori-
onic villus-derived MSCs, and Wharton’s jelly-derived MSCs
[9]. CP-MSCs are highly capable of differentiating into
various lineage cells, including hepatocytes. Moreover, CP-
MSCs have been demonstrated to have anti-inflammatory,
antifibrotic, and proregenerative properties in the damaged
liver [10, 11].

We therefore used a BDL rat model of chronic cholestatic
liver injury to clarify the alterations in hepatic lipid homeos-
tasis—focusing on mitochondrial dysfunction—and the
impact of CP-MSC transplantation restoring the alterations
in hepatic lipid metabolism.

2. Materials and Methods

2.1. Cell Culture. Collection of placenta samples for research
purposes was approved by the Institutional Review Board of
CHA Gangnam Medical Center, Seoul, Korea (IRB 07-18).
All participants provided written informed consent prior to
sample collection. Placentas were obtained from women
who were free of any medical, obstetrical, or surgical compli-
cations and who delivered at term (38± 2 gestational weeks).
CP-MSCs were isolated as described previously [10] and were
cultured in Dulbecco’s modified Eagle medium/Ham’s F-12
medium (DMEM/F12; Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS; Sigma-
Aldrich), 1% penicillin/streptomycin (Sigma-Aldrich), 1μg/
mL heparin (Sigma-Aldrich), and 25ng/mL human fibro-
blast growth factor-4 (hFGF-4; Peprotech Inc., Rocky Hill,
NJ, USA) at 37°C in a 5% CO2 incubator containing 20% O2.

2.2. BDL Rat Model and Transplantation of CP-MSCs. Male
7-week-old Sprague-Dawley rats (Orient Bio Inc., Seongnam,
Korea) were maintained in an air-conditioned animal facil-
ity. The common bile duct was ligated under general anesthe-
sia with Avertin (2,2,2-tribromoethanol, Sigma-Aldrich) as
described previously [12, 13]. One week after BDL, CP-
MSCs (2× 106 cells, 8–10 passages) were injected intrave-
nously via tail vein in the transplanted group. The CP-MSC
number was determined based on the previous dose-
determining experiments [10, 14]. Liver tissues and blood
samples were collected 1, 2, 3, and 5 weeks posttransplanta-
tion in the transplanted group and 1, 2, 3, and 5 weeks
post-BDL in the nontransplanted group. The experimental
protocols were approved by the Institutional Animal Care
and Use Committee of CHA University, Seongnam, Korea
(IACUC-140009).

2.3. Histological Analysis. Liver tissue samples were fixed
in 10% formalin, embedded in paraffin, and sectioned at
5μm thickness. Sections then were stained with hematox-
ylin and eosin and observed under light microscopy at
200x magnification (Axioskop2, Carl Zeiss Micro-Imaging,
Oberkochen, Germany).

2.4. Immunofluorescence Staining. To analyze the expression
of carnitine palmitoyltransferase 1A (CPT1A) in liver tissues,
6μm thick cryostat sections were incubated with protein
blocking solution (Dako, Glostrup, Denmark) for 40 minutes
at room temperature. Then, a mouse anti-CPT1A antibody

(1 : 100, Abcam, Cambridge, MA, USA) was treated, and
sections were incubated at 4°C overnight. After washing
with phosphate-buffered saline (PBS), samples were incu-
bated with an Alexa 488-conjugated secondary antibody
(1 : 150, Invitrogen, Carlsbad, CA, USA) for 1 hour at
room temperature. Sections then were stained with 4′,6-
diamidino-2-phenylindole (DAPI) for nuclear counter-
staining and were observed under fluorescence microscopy
at 400x magnification (Nikon, Tokyo, Minato, Japan).

2.5. Blood Chemistry. The serum concentrations of total
cholesterol, high-density lipoprotein (HDL) cholesterol,
LDL cholesterol, triglyceride, albumin, total bilirubin, alka-
line phosphatase (ALP), aspartate transaminase, alanine
transaminase, and C-reactive protein (CRP) were mea-
sured enzymatically by an automated analyzer (Hitachi 747,
Hitachi, Tokyo, Japan).

2.6. Fatty Acyl-CoA Synthetase Activity Assay. Long-chain
fatty acyl-CoA synthetase (ACSL) activity was assessed by
the enzyme-linked immunosorbant assay (ELISA). Liver tis-
sues were homogenized in cold PBS with a glass homogenizer
on ice. ACSL activity was measured using a Rat Fatty
acyl-CoA synthetase ELISA Kit (MyBioSource, San Diego,
CA, USA) in strict accordance with the manufacturer’s
instructions and detected using a microplate reader (BioTek,
Winooski, VT, USA) at 450nm.

2.7. Quantitative Real-Time Polymerase Chain Reaction. Rat
liver tissues were homogenized and lysed, and total RNA
was isolated with the TRIzol reagent (Invitrogen). Reverse
transcription was performed with 500ng of total RNA and
Superscript III reverse transcriptase (Invitrogen). Real-time
polymerase chain reaction (PCR) was performed with SYBR
Green PCR Master Mix (Applied Biosystems, Foster City,
CA, USA). The cDNA subsequently was amplified by PCR
using the following thermal conditions: 5 minutes at 95°C,
40 cycles of 95°C for 5 seconds, and 60°C for 30 seconds.
The sequences of the primers are listed in Table 1. GAPDH
or β-actin was used as an internal control for normalization.

2.8. Isolation and Quantification of MicroRNA-33. Total
RNA was isolated with the TRIzol reagent (Invitrogen) and
reverse-transcribed with a Mir-X miRNA First-Strand Syn-
thesis Kit (Clontech, Mountain View, CA). Then, real-time
PCR for microRNA-33 (miR-33) was performed using the
following primer: 5′-GTG CAT TGT AGT TGC ATT
GCA-3′ (forward). The expression of miR-33 was normal-
ized to U6 snRNA expression.

2.9. Western Blot Analysis. Liver tissues were homogenized
and lysed on ice with RIPA buffer containing protease
inhibitor cocktail (Roche, Branchburg, NJ, USA) and a
phosphatase inhibitor (Sigma-Aldrich). Protein lysates
were separated by 8% to 15% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), transferred to
polyvinylidene difluoride membranes (Bio-Rad Laborato-
ries, Hercules, CA, USA), and then blocked in blocking
buffer (0.1% Tween20 and 8% bovine serum albumin [BSA]
in Tris-buffered saline [TBS]) for 1 hour. Membranes
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subsequently were incubated with mouse anti-CPT1A
(1 : 1000, Abcam), rabbit anti-peroxisome proliferator-
activated receptor α (PPARα) (1 : 1000, Abcam), and rabbit
anti-GAPDH (1 : 3000, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) antibodies at 4°C overnight. After the reac-
tion, membranes were treated with a horseradish peroxidase-
(HRP-) conjugated secondary antibody (anti-rabbit IgG
[1 : 25000, Bio-Rad Laboratories] or anti-mouse IgG anti-
body [1 : 25000, Bio-Rad Laboratories]) for 1 hour at room
temperature. The bands were detected using an enhanced
chemiluminescence reagent (Bio-Rad Laboratories).

2.10. Adenosine Triphosphate Assay. Adenosine triphosphate
(ATP) concentrations of homogenized liver tissue samples
were measured using an ATP assay kit (Abcam), according

to the manufacturer’s instructions, and were assessed using
a microplate reader (BioTek) at 570 nm.

2.11. Statistical Analysis. All experiments were conducted in
duplicate or triplicate. Data are expressed as mean± standard
deviation. Student’s t-tests were performed for groupwise
comparisons, and P < 0 05 was considered statistically sig-
nificant. Statistical analyses were performed using PASW
version 22.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. CP-MSC Transplantation Ameliorates Inflammation in
the BDL Rat Liver. To assess the effect of transplantation of
CP-MSCs on cholestatic liver injury, BDL rats were divided

Table 1: Primer sequences.

Gene Sequence

ACSL 1
Forward 5′-AAG CTC TGG AGG ATC TTG GA-3′
Reverse 5′-GGG TTG CCT GTA GTT CCA CT-3′

ACSL 3
Forward 5′-TAA AGG CTG ACG TGG ACA AG-3′
Reverse 5′-CCT TTG GAA TTC CTG TGG AT-3′

ACSL 4
Forward 5′-ATC TCC CAA AGC TGG AAC AC-3′
Reverse 5′-CTG GTC CCT TAA CGT GTG TG-3′

ACSL 5
Forward 5′-TGT AGG GAT TGA GGG AGG AG-3′
Reverse 5′-CAC AGC AAG TCC TCT TTG GA-3′

FATP 1
Forward 5′-CCC TGG ATG AGA GAG TCC AT-3′
Reverse 5′-GCA GGA GAA ACA CCT GAA CA-3′

FATP 2
Forward 5′-CTC TTT CAG CAC ATC TCG GA-3′
Reverse 5′-CCT CTT CCA TCA GGG TCA CT-3′

FATP 3
Forward 5′-CTG GGA CGA GCT AGA GGA AG-3′
Reverse 5′-GCT GAG GCC AGA GGT CTA AC-3′

FATP 4
Forward 5′-CGC TGC TGT TCT CCA AGC TGG-3′
Reverse 5′-GAT GAA GAC CCG GAT GAA ACG-3′

FATP 5
Forward 5′-GAA GGA ACC TGG AAG CTC TG-3′
Reverse 5′-AGT GTC GAT TTC CGA TTT CC-3′

FATP 6
Forward 5′-CAG TAC CAC CAA GCC ATC AC-3′
Reverse 5′-TGG AAC TGG CTA ATC ACA GC-3′

PPARα
Forward 5′-AGC CAT TCT GCG ACA TCA-3′
Reverse 5′-CGT CTG ACT CGG TCT TCT TG-3′

CPT1A
Forward 5′-GCT TCC CCT TAC TGG TTC C-3′
Reverse 5′-AAC TGG CAG GCA ATG AGA CT-3′

HO-1
Forward 5′-TGC ACA TCC GTG CAG AGA AT-3′
Reverse 5′-CTG GGT TCT GCT TGT TTC GC-3′

HO-2
Forward 5′-AGG GCA GCA CAA ACA ACT CA-3′
Reverse 5′-TCT GGC TCA TTC TGT CCT AC-3′

β-Actin
Forward 5′-GGG ACC TGA CTG ACT ACC TCA T-3′
Reverse 5′-ACG TAG CAC AGC TTC TCC TTA AT-3′

Gapdh
Forward 5′-TCC CTC AAG ATT GTC AGC AA-3′
Reverse 5′-AGA TCC ACA ACG GAT ACA TT-3′
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into 2 groups: rats in the transplanted group were injected
with CP-MSCs, and rats in the nontransplanted group
were injected with the culture medium. As shown in
Figure 1, we observed the infiltration of inflammatory cells
around bile ducts and bile duct proliferation in portal
areas in both nontransplanted and transplanted groups 1
week after BDL. Two weeks after BDL, portal areas were
expanded as a result of extensive bile duct proliferation
and concentric periductal fibrosis, and disorganization of
normal lobular structures was observed in the nontrans-
planted group. Bile duct proliferation was less prominent,
and the lobular pattern was preserved in the transplanted
group compared to the nontransplanted group (Figure 1).
Hepatic steatosis was not observed in the control, nontrans-
planted, or transplanted groups.

3.2. CP-MSC Transplantation Attenuates BDL-Induced
Hypercholesterolemia but Does Not Affect Fatty Acid Uptake.
Obstruction of bile excretion induced by BDL results in
overflow of biliary phospholipids in the circulation [4].
Therefore, we explored the effect of transplantation of
CP-MSCs on cholesterol metabolism by measuring the
cholesterol concentrations in serum. Total cholesterol was
markedly elevated in the nontransplanted group 2 weeks
after BDL compared to the control group, whereas it was
significantly reduced in the transplanted group compared
to the nontransplanted group (P < 0 05; Figure 2(a)). Results
similar to those for total cholesterol were found for the
concentrations of serum LDL cholesterol and triglyceride
(Figure 2(a)). Increases in serum levels of total bilirubin,
ALP, and CRP were shown to be attenuated after trans-
plantation of CP-MSCs (P < 0 05; Figure S1 in Supplemen-
tary Material available online at https://doi.org/10.1155/
2017/5180579).

Because hypercholesterolemia is induced by chronic
cholestasis, we hypothesized that fatty acid uptake into
hepatocytes may be altered in BDL rats. ACSLs and fatty
acid transport proteins (FATPs) are thought to be essential
for the intracellular uptake and transport of fatty acids
[15, 16]. Therefore, we determined the activity of ACSLs

and the expression levels of ACSLs and FATPs in rat liver tis-
sues. ACSL activity—measured by ELISA—was increased
significantly in the transplanted group compared to the non-
transplanted group (P < 0 05; Figure 2(b)). The expression
levels of ACSL1, which is highly expressed in the normal
liver [17], were decreased in BDL rats; however, they
were not increased significantly by CP-MSC transplanta-
tion (Figure 2(c)). The expression levels of ACSL4 and
ACSL5, which are located in rat liver peroxisomes and
mitochondria, respectively [18], declined drastically after
BDL and were not restored by CP-MSC transplantation
(Figure S2). The expression levels of FATP2 and
FATP5, which are expressed in hepatocytes [19, 20],
were decreased in BDL rats and were not increased
significantly by CP-MSC transplantation (Figures 2(c) and
S3). Collectively, these findings indicate that cholestasis and
hypercholesterolemia induced by BDL are ameliorated by
CP-MSC transplantation. However, transplantation of CP-
MSCs does not appear to restore processes of fatty acid
import into hepatocytes.

3.3. CPT1A Expression Is Changed via MiR-33 in BDL Rats.
CPT1A is a rate-limiting enzyme located in the mitochon-
drial outer membrane that catalyzes β-oxidation of free fatty
acid [21]. PPARα regulates mitochondrial and peroxisomal
fatty acid oxidation by controlling downstream genes, such
as CPT1A [22]. We investigated whether the expression of
genes associated with fatty acid oxidation is altered in BDL
rats and restored by transplantation of CP-MSCs. The
mRNA levels of PPARα and CPT1A were remarkably
decreased after BDL (Figures 3(a) and 3(b)). PPARα mRNA
levels were similar in the nontransplanted and transplanted
groups (Figure 3(a)); however, CPT1A mRNA expression
was significantly augmented 2 weeks after CP-MSC trans-
plantation (P < 0 05; Figure 3(b)). On the contrary, the
increased protein expression levels of CPT1A by BDL were
reinstated to near-control levels 3 and 5 weeks after trans-
plantation of CP-MSCs (P < 0 05; Figure 3(c)). These
results were confirmed by immunofluorescence staining
(Figure 3(d)). MiR-33 represses its target genes, which

NTx

CTL

Tx

1 wk 2 wk 3 wk 5 wk

Figure 1: Inflammatory response induced by chronic cholestasis and the effect of CP-MSC transplantation. Histological analysis with
hematoxylin and eosin staining (scale bar = 50μm; original magnification, ×200). CTL: control group; NTx: nontransplanted group;
Tx: transplanted group.
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are involved in free fatty acid oxidation, such as CPT1A [23].
To evaluate whether miR-33 is a posttranscriptional regula-
tor of CPT1A in BDL rat liver, we analyzed the expression
levels of miR-33. As expected, we determined that miR-33

expression was reduced in BDL rats and was restored by
transplantation of CP-MSCs (Figure 3(e)). Taken together,
these results suggest that CPT1A may be regulated posttran-
scriptionally by miR-33 in a PPARα-independent manner.
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Figure 2: Changes in serum lipid profiles and expression levels of genes associated with intracellular uptake of fatty acids after BDL and/or
CP-MSC transplantation. (a) Serum levels of total cholesterol, HDL cholesterol, LDL cholesterol, and triglyceride. (b) Activities of ACSL,
as measured by ELISA. (c) mRNA expression levels of ACSL1 (left) and FATP2 (right). β-Actin was used as an internal control for
normalization. Data are expressed as a fold change related to the control group. ∗P < 0 05 (compared to the nontransplanted group).
CTL: control group; NTx: nontransplanted group; Tx: transplanted group.
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Figure 3: Expression of genes associated with fatty acid oxidation after BDL and/or CP-MSC transplantation. mRNA expression levels of
PPARα (a) and CPT1A (b) by real-time PCR. β-Actin was used as an internal control for normalization. Data are expressed as a fold
change related to the control group. (c) Protein expression levels of PPARα and CPT1A. GAPDH was used as a loading control, and
quantification by densitometry of Western blots was normalized to GAPDH. Data are expressed as a fold change related to the control
group. (d) Analysis of CPT1A expression with immunofluorescence staining (scale bar = 200μm; original magnification, ×400). Liver
tissues, which were collected at 3 weeks posttransplantation in the transplanted group and post-BDL in the nontransplanted group, were
used in immunofluorescence staining. (e) mRNA expression levels of miR-33. U6 snRNA was used as an internal control for
normalization. ∗P < 0 05 (compared to the nontransplanted group). CTL: control group; NTx: nontransplanted group; Tx: transplanted group.
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3.4. CP-MSC Transplantation Restores Cellular ATP
Production by Regulating Heme Oxygenases. To demonstrate
alterations in cellular energy production after BDL, we
measured the ATP levels in BDL rat liver. ATP production
was decreased after BDL but was augmented 1 week after
CP-MSC transplantation (Figure 4(a)). Heme oxygenases
(HOs) are suggested to be involved in regulating mitochon-
drial function [24]. Therefore, we assessed the expression
levels of HOs in liver tissues. We determined that HO-1
expression was increased substantially in a time-dependent
manner post-BDL until week 3. However, the augmented
expression of HO-1 reverted to near-control levels 2 weeks
after transplantation of CP-MSCs (P < 0 05; Figure 4(b)).
The HO-2 expression pattern was inversely related to that
of HO-1 (Figure 4(c)). These findings implicate that CP-
MSC transplantation may ameliorate cellular ATP produc-
tion via alternative expressions of HO-1 and HO-2.

4. Discussion

In this study, we demonstrated that alterations in lipid
metabolism in BDL rats might be ameliorated by transplan-
tation of CP-MSCs. Chronic cholestasis, resulting from
BDL, led to massive inflammation, hypercholesterolemia,
and a drastic decrease in intracellular fatty acid transport;
these changes were partially reverted by CP-MSC transplan-
tation. Regarding mitochondrial β-oxidation, the expression
of CPT1A was changed following BDL and CP-MSC
transplantation via miR-33, which is known as a posttran-
scriptional regulator of CPT1A, independent of PPARα.
Decreased cellular ATP production after BDL, which reflects
mitochondrial dysfunction, was increased by CP-MSC trans-
plantation via regulation of HO-1 and HO-2.

Stem cell therapy with MSCs has been tried for the
treatment of various liver diseases, including cirrhosis and
hepatic failure, as an alternative to liver transplantation. We
previously reported that CP-MSCs had anti-inflammatory,
antifibrotic, and proregenerative effects in a chronic liver

injury model induced by carbon tetrachloride (CCl4)
[10, 11]. Liver fibrosis and increased expression of type
I collagen and α-smooth muscle actin in CCl4-treated rats
were reduced after CP-MSC transplantation, which sug-
gested that CP-MSCs have antifibrotic effects [10]. Trans-
plantation of CP-MSCs also showed anti-inflammatory
effects of attenuating leukocyte infiltration and augmenting
anti-inflammatory cytokine interleukin 10 in liver tissues.
In addition, CP-MSC transplantation promoted liver regen-
eration through activating autophagy [11]. In our present
study, we demonstrated a novel effect of CP-MSCs as
modulators of hepatic lipid metabolism in a BDL rat model.
Alterations in serum cholesterol profiles and hepatic fatty
acid oxidation, which resulted from BDL, were ameliorated
after CP-MSC transplantation.

Because bile acids play a key role in lipid and energy
homeostasis, alterations in lipid metabolism are inevitable
in cholestatic liver diseases [4, 5, 25]. De Vriese and col-
leagues reported the results of lipid analysis of BDL rats
and identified hypercholesterolemia and changes in the
serum phospholipid profile, in proportion to serum levels
of total bilirubin and ALP; however, a decrease in liver fat
content in BDL rats was also observed [4]. In a more recent
study, a high-cholesterol diet was not found to cause
hepatic steatosis in BDL mice [25]. Our study findings of
hypercholesterolemia without hepatic steatosis in BDL rats
are consistent with those of these previous studies. Also, we
demonstrated that intracellular fatty acid transport was
markedly suppressed after BDL. The absence of hepatic
steatosis, despite hypercholesterolemia, might be explained
by intestinal lipid malabsorption via bile acids combined
with the suppression of fatty acid import into hepatocytes.

Because the previous studies, which reported the changes
in lipid metabolism in cholestatic liver diseases, focused
on lipid malabsorption and cholesterol profiles, alterations
in fatty acid oxidation have not been elucidated so far. Mito-
chondrial β-oxidation is a catabolic process that yields
acetyl-CoA from long-chain acyl-CoA; acetyl-CoA then
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Figure 4: Changes in cellular ATP production and expression levels of HOs after BDL and/or CP-MSC transplantation. (a) Analysis of ATP
levels in the liver tissues by the ATP assay. mRNA expression levels of HO-1 (b) and HO-2 (c), assessed by real-time PCR. GAPDH was used
as an internal control for normalization. Data are expressed as a fold change related to the control group. ∗P < 0 05 (compared to the
nontransplanted group). CTL: control group; NTx: nontransplanted group; Tx: transplanted group.
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serves as a substrate in ATP generation [26]. Fatty acids,
in the form of acyl-CoA, enter mitochondria by CPT1A,
a rate-limiting enzyme that catalyzes mitochondrial β-oxida-
tion [21]. Moreover, PPARα has been identified as an
upstream regulator of CPT1A [22]. We demonstrated that
protein expression of CPT1A was upregulated in BDL rats
and was downregulated after CP-MSC transplantation,
independent of PPARα. In contrast, mRNA expression of
CPT1A exhibited an opposite pattern to CPT1A protein
expression. Therefore, we explored the possibility of post-
transcriptional regulation of CPT1A and verified that
CPT1A is changed via alternative expression of miR-33
[23]. Because mitochondrial β-oxidation is a major source
of ATP production in the liver [26], we further analyzed
ATP production as an estimation of mitochondrial function.
We revealed that decreased ATP production in BDL rat liver
was restored by transplantation of CP-MSCs. HOs are
thought to be mediators by which CP-MSCs correct mito-
chondrial dysfunction. Although HO-1 has been suggested
to play a role in regulating mitochondrial function [24, 27],
further studies are warranted to ascertain whether mitochon-
drial fatty acid oxidation is regulated by HOs. We have failed
to demonstrate a consistent therapeutic effect on ATP
production over time after CP-MSC transplantation. It may
be worthwhile to transplant CP-MSCs repeatedly to over-
come these limitations and to augment the therapeutic effect.

5. Conclusions

In our present study, we delineated perturbed lipid homeo-
stasis in a model of chronic cholestatic liver injury. We
demonstrated the therapeutic effect of CP-MSC transplanta-
tion to ameliorate alterations in lipid metabolism involving
mitochondrial fatty acid oxidation. These results provide a
novel insight into the mechanisms of stem cell therapy and
support the therapeutic potential of CP-MSC transplantation
in chronic cholestatic liver diseases.
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Endometriosis is an inflammatory disease with predominance of immunosuppressive M2 macrophages in the pelvic cavity
that could be involved in the pathology through support and immune escape of ectopic lesions. Mesenchymal stromal cells
(MSC) are found in ectopic lesions, and MSC from nonendometriosis sources are known to induce M2 macrophages.
Therefore, MSC were hypothesized to play a role in the pathology of endometriosis. The aim was to characterize the
functional phenotype of MSC in ectopic and eutopic endometrium from women with endometriosis. Stromal cells from
endometriotic ovarian cysts (ESCcyst) and endometrium (ESCendo) were examined if they exhibited a MSC phenotype.
Then, ESC were phenotypically examined for protein and gene expression of immunosuppressive and immunostimulatory
molecules. Finally, ESC were functionally examined for their effects on monocyte differentiation into macrophages. ESCcyst and
ESCendo expressed MSC markers, formed colonies, and differentiated into osteoblasts and adipocytes. Phenotypically, ESCcyst
were more immunosuppressive, with significantly higher expression of immunosuppressive molecules. Functionally, ESCcyst
induced more spindle-shaped macrophages, with significantly higher expression of CD14 and CD163, both features of M2
macrophages. The results suggest that ESCcyst may be more immunosuppressive than ESCendo and may promote
immunosuppressive M2 macrophages that may support growth and reduce immunosurveillance of ectopic lesions.

1. Introduction

Endometriosis is an inflammatory disease where the endo-
metrium grows in ectopic sites, most commonly in the
pelvic cavity [1]. The major symptoms of endometriosis
are chronic pelvic pain and infertility [2]. Although medical
and surgical treatments are available, they are not sufficient
as recurrence of ectopic lesions and symptoms is common
[3]. The mechanism behind disease development, progres-
sion, and recurrence is not fully known. Therefore, there
is a need for improved understanding of the pathology
of endometriosis.

Sampson’s theory of retrograde menstruation is the
most widely accepted theory for the pathophysiology of
endometriosis [2] and states that reflux of menstrual debris
during menstruation implants in the pelvic cavity and
causes endometriosis [4]. Almost all women have retrograde
menstruation, but only approximately 10% develop this dis-
ease [5], indicating that endometriosis has a multifactorial
pathogenesis with other factors involved, such as reduced
immunosurveillance in the pelvic cavity of women with
endometriosis and involvement of stem/stromal cells [2, 6].
The latter factor refers to the stem cell theory, which postu-
lates that a putative stem/stromal cell population such as
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mesenchymal stromal cells (MSC) is refluxed back into the
pelvic cavity via retrograde menstruation and then gives rise
to ectopic lesions [6].

MSC are multipotent cells that are known to exist in both
ectopic lesions and in the endometrium [6]. They have
attracted much attention in the last decade mainly for their
capacity to modulate immune responses [7]. Accordingly,
they have been suggested as a potential treatment for inflam-
matory diseases such as graft versus host disease, multiple
sclerosis and type 1 diabetes, among others [8]. Moreover,
it would be expected that MSC are found in ectopic lesions
through retrograde menstruation.

High levels of proinflammatory cytokines such as inter-
feron-γ (IFN-γ) and tumour necrosis factor-α (TNF-α) are
found in the pelvic cavity of women with endometriosis [9].
Moreover, ectopic lesions behave like eutopic endometrium
in the menstrual cycle stimulated to grow and then shed with
fluctuations in the levels of steroid hormones furthermore
promoting inflammation [2, 10]. MSC can sense and respond
to inflammation in their microenvironment [11–13]. In fact,
it has been suggested that high levels of inflammation polar-
ize them into an immunosuppressive phenotype expressing
high levels of immunosuppressive molecules such as indolea-
mine 2,3-dioxygenase 1 (IDO1), cyclooxygenase 2 (COX2),
and heme oxygenase 1 (HO-1) leading to immunosuppres-
sion via promotion of immunosuppressive M2 macrophages
[13]. In contrast, low levels of inflammation have been
suggested to polarize them into an immunostimulatory
phenotype expressing high levels of proinflammatory cyto-
kines and chemokines such as interleukin 8 and C-X-C motif
chemokine 12 (CXCL12) which cause immunostimulation
via immune cell recruitment and promotion of immunos-
timulatory M1 macrophages [13]. Studies show that M2
macrophages, immature dendritic cells, and T helper 2
(TH2) responses predominate in ectopic lesions [14–16].
In addition, cytotoxic functions of natural killer and CD8
T cell activities are inhibited and regulatory T cell activi-
ties are induced [17–19]. Moreover, MSC from nonendo-
metriosis sources are known to promote these processes
[20–25] which suggest that MSC in ectopic lesions may
be immunosuppressive.

Accordingly, the aim of this study was to characterize the
functional phenotype of MSC in ectopic and eutopic endo-
metrium isolated from women with endometriosis. We
hypothesized that immunosuppressive MSC may predo-
minate in ectopic lesions contributing to their reduced
immunosurveillance and growth. Stromal cells from ectopic
(ESCcyst) and eutopic (ESCendo) endometrium were exam-
ined if they exhibited MSC characteristics. Their phenotypes
were examined by determining their expression of several
immunosuppressive and immunostimulatory markers, and
finally, their functional effects on differentiation of mono-
cytes into macrophages were examined. Both sources of
stromal cells were found to be MSC, but ESCcyst displayed
more phenotypically and functionally immunosuppressive
characteristics. The data suggest that ESCcyst may promote
immunosuppressive M2 macrophages that may support
and reduce immunosurveilance of ectopic lesions allowing
their growth.

2. Materials and Methods

2.1. Human Tissue Samples. Two types of tissues were col-
lected: (i) endometriotic ovarian cysts (ectopic endometrium)
and (ii) endometrium fromwomenwith endometriosis (euto-
pic endometrium). The endometriotic ovarian cysts and
endometrium were collected from women aged from 31
to 42 years (mean± SD, 36.3± 5.8 years, n = 4) undergoing
laparoscopic surgery for confirmation or treatment of endo-
metriosis. All women were histologically confirmed to have
endometriosis by a pathologist. Only one woman underwent
hormonal treatment. Moreover, two of the biopsies were
from the proliferative phase: one was unknown and one
had amenorrhea. Informed oral and written consent was
obtained from each participant, and ethical approval was
obtained from The Regional Ethical Review Board in
Stockholm (2013/1094-31/2).

2.2. Isolation of Stromal Cells from Eutopic and Ectopic
Endometrium. Human endometrial and endometriotic ovar-
ian cyst tissues were digested to a single cell suspension using
1mg/mL collagenase type I (Sigma, Missouri, United States)
diluted in Hank’s balanced salt solution (Life Technologies,
Paisley, UK) (90 minutes for endometriotic tissue and 30
minutes for endometrial tissue) at 37°C with shaking every
10 minutes. The tissue digests were filtered twice through
100μm cell strainers (Corning, New York, United States),
and eventually the stromal cells were filtered through a
40μm cell strainer (Corning), with undigested tissue and
epithelial cells being removed at each of the steps. The cell
suspension was washed twice with phosphate-buffered saline
(PBS) (Life Technologies), by centrifugation at 500×g for 10
minutes. Finally, the cell pellet was resuspended in complete
growth medium containing Dulbecco modified essential
medium low glucose (DMEM-LG) (Life Technologies) + 10%
MSC certified fetal calf serum (FCS) (Life Technologies) + 1%
antibiotic and antimycotic (Life Technologies). Viable cells
were counted in 1% Eosin (Merck KGaA, Darmstadt,
Germany) and cultured at 4000 cells/cm2 in tissue culture
flasks at 37°C with 5% CO2. After two days, the growth
medium was changed and thereafter every three to four days.
When the cells reached 70–90% confluency, they were trypsi-
nised using 0.05% trypsin/EDTA (Life Technologies) and
cultured as described above. At passage 2, the stromal cells
were cryopreserved in 10% dimethyl sulfoxide (DMSO)
(Sigma) in complete growth medium. To ensure that we were
working with a pure population of cells, ESCendo and ESCcyst
were used at passages three to six, as earlier passages may be
contaminated with other cell types.

2.3. MSC Characterization Using Flow Cytometry. ESCendo
and ESCcyst were stained with antibodies against CD73 PE
(Becton-Dickinson, New Jersey, United States), CD90
PerCP Cy5 (BioLegend, California, United States), CD105
FITC (Ancell, Minnesota, United States), HLA class I PE
(Agilent, Stockholm, Sweden), HLA class II FITC (Agilent),
CD14 FITC (Becton-Dickinson), CD45 APC (BioLegend),
and CD31 APC (BioLegend) for 20 minutes at room
temperature (RT). Then, they were washed twice with PBS
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by centrifugation at 500×g for 10 minutes. Finally, the cells
were resuspended in PBS with 0.1% bovine serum albumin
(Sigma) and analyzed with BD FACSCalibur (Becton-
Dickinson). Unstained controls were used to set gates and
voltages. The data was analyzed using the software Flow-
Jo (Tree Star Inc., Ashland, United States). When the per-
centage of cells expressing a particular marker was ≥95%
or ≤5%, then they were termed positive or negative for
that marker, respectively.

2.4. Colony-Forming Units Fibroblasts (CFU-F). Colony-
forming efficiency of ESCendo and ESCcyst was assessed using
CFU-F in which cells were seeded in six-well plates at opti-
mized densities of 200 cells/well in complete DMEM-LG
growth medium. The growth medium was changed every
4 days. Following 21-day culture in 37°C with 5% CO2,
the growth medium was removed and the cells were washed
twice with PBS. The cells were then fixed and permeabilized
with 100% cold methanol for 5 minutes at RT. After wash-
ing the cells twice with PBS, they were stained with 1%
Eosin in PBS for 20 minutes at RT, then rinsed twice with
milliQ water, and visualized at 4x magnification under an
Olympus CKX41 inverted microscope (Olympus, Tokyo,
Japan). Colonies of cell aggregates of ≥50 cells were scored
in the whole wells.

2.5. Osteogenic Differentiation. For differentiation into osteo-
blasts, stromal cells at a density of 5× 103 cells/cm2 were
seeded in 12-well plates and cultured at 37°C with 5% CO2
until they reached 50–70% confluency. After removing the
growth medium, cells were washed twice with PBS and then
induced to differentiate into osteoblasts using osteoblast
differentiation medium containing complete DMEM-LG,
10 nM dexamethasone (Sigma), 10mM β-glycerophosphate
(Sigma), and 0.05mM ascorbic acid (Sigma). After 14–21
days culture, the growth medium was removed, cells were
then washed twice with PBS, and fixed with 4% paraformal-
dehyde (PFA) (Sigma) for 30 minutes at RT. Then cells were
washed twice with PBS and stained with 2% of Alizarin red S
(Sigma) at pH4.1–4.3 for 10 minutes at RT with gentle rota-
tion. After washing the cells 5 times with milliQ water, then
15min with PBS, they were visualized under an Olympus
CKX41 inverted microscope, and images were then cap-
tured. For quantitation of the calcium salts stained by Alizarin
red S, the Alizarin red S dye was eluted with 10% cetylpyridi-
nium chloride (CPC) (Sigma) in milliQ water for 15 minutes
at RT with gentle rotation. The absorbance was measured
using the Infinite F200 PRO Tecan spectrophotometer
(Tecan, Mannedorf, Switzerland) at 570nm. 10% CPC was
used as a blank.

2.6. Adipogenic Differentiation. For adipocyte differentiation,
stromal cells at a density of 2× 104 cells/cm2 were seeded
in 12-well plates and cultured at 37°C with 5% CO2 until
they reached 100% confluency. After removing the growth
medium, cells were washed twice with PBS and then were
induced to differentiate into adipocytes using an induction
medium of complete growth medium containing DMEM
high glucose (DMEM-HG) (Life Technologies), 10% FCS,

1% A/A, 1μM dexamethasone, 0.2mM indomethacin
(Sigma), 0.5mM 3-isobutyl-1-methylxanthine (Sigma), and
0.01mg/mL insulin (Life Technologies). After 3 days, support
medium containing DMEM-HG, 10% FCS MSC, 1% A/A,
and 0.01mg/mL insulin was added for another 1–3 days.
This induction and support medium cycle was repeated
3 times, and then the cells were cultured for 7 days in
support medium. Following differentiation, cells were
washed twice with PBS and fixed with 4% PFA for 60
minutes at RT. Then, the cells were washed twice with
milliQ water, and 60% isopropanol (Sigma) was added
for 5 minutes at RT. Afterwards, the cells were stained
with Oil red O (Sigma) for 10 minutes at RT. Finally,
the cells were washed 4 times with milliQ water, visualized
under an Olympus CKX41 inverted microscope, and
images were captured. For quantitation of the lipid vacu-
oles staining, the Oil red O dye was eluted with 100%
isopropanol. The absorbance was measured using the Infi-
nite F200 PRO Tecan spectrophotometer at 492 nm. 100%
isopropanol was used as a blank.

2.7. Phenotypic Characterization of ESC by Flow Cytometry.
The protein expression of IDO1, COX2, HO-1, and CXCL12
was determined by flow cytometry. ESCendo and ESCcyst were
cultured at 1× 104 cells/cm2 until ~90% confluency, and then
they were harvested using 0.05% trypsin/EDTA. For
CXCL12, 5 hours before the end of culture and harvesting,
cells were treated with golgi plug (Becton-Dickinson). Then
the cells were fixed with 4% PFA for 10 minutes at RT,
washed twice with PBS, and permeabilized using 0.1% sapo-
nin (USB, Buckinghamshire, UK) for 15 minutes at RT. Cells
were then washed twice with PBS and stained with IDO PE
(Bio-Techne, Minnesota, United States), COX2 Alexa fluor
488 (Cell Signaling Technologies, Massachusetts, United
States), HO-1 APC (US Biological, Massachusetts, United
States), and CXCL12 Alexa Fluor 488 (Novus Biologicals,
Colorado, United States) in 0.1% saponin for 20 minutes in
the dark at RT. Afterwards, the cells were washed twice with
0.1% saponin, resuspended in PBS with 0.1% BSA, and then
run on the BD LSR Fortessa (Becton-Dickinson). Unstained
cells were used to set gates and voltages. The data was
analyzed using the software Flow-Jo.

2.8. Phenotypic Characterization of ESC by Quantitative
Polymerase Chain Reaction (qPCR). To determine the gene
expression of the IDO1, COX2, HO-1, and CXCL12 (genes
listed in Table 1), qPCR was performed. Beta-actin (β-actin)
was used as a housekeeping gene control. Forward and
reverse primers were designed as instructed by Eurofins
genomics and used according to the manufacturer’s instruc-
tions. Cells previously stored in RNAlater (ThermoFisher
Scientific, Massachusetts, United States) at −80°C were
thawed, diluted with an equal volume of PBS, and centri-
fuged at 500×g for 10 minutes, and the supernatant was
then carefully removed. The resulting cell pellets were used
to isolate total RNA using the RNeasy mini kit (Qiagen,
Hilden, Germany) according to the manufacturer’s ins-
tructions. Then, the RNA purity and concentration were
measured using the nanodrop 2000c spectrophotometer
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(ThermoFisher Scientific). 100 ng/μL RNA was used to
synthesize cDNA using the High capacity cDNA reverse
transcription kit (Applied Biosystems, Vilnius, Lithuania)
according to the manufacturer’s instructions. Finally, gene
expression was quantified using the Fast SYBR green mas-
ter mix (Applied Biosystems) according to the manufac-
turer’s instructions, and the reactions were carried out in
triplicate on the qPCR CFX384 real-time system C1000
touch thermal cycler (Bio-Rad, Stockholm, Sweden). Then,
the data was analyzed using the software CFX manager
(Bio-Rad). The relative expression level of the housekeeping
gene β-actin was used to normalize target gene expression,
and gene expression between ESCendo and ESCcyst was ana-
lyzed using the comparative Ct method (ΔΔCt method),
using ESCendo as the calibrator.

2.9. Isolation of Human Monocytes. Peripheral blood mono-
nuclear cells (PBMCs) were isolated from buffy coats from
healthy donors using SepMate tubes (StemCell Technologies,
Cambridge, United Kingdom) and Lymphoprep gradient
separation according to the manufacturer’s instructions
(Axis-Shield). Then, monocytes were isolated (n = 3) using
the Monocyte isolation kit II (Miltenyi Biotech, Lund,
Sweden) and a magnetic cell separation system (Miltenyi
Biotech) as described previously [26]. The PBMCs were
magnetically labelled with a cocktail of biotin-conjugated
antibodies against CD3, CD7, CD16, CD19, CD56, CD123,
and Glyocophorin A and antibiotin microbeads. Then,
untouched monocytes were isolated by passing PBMCs
through a column placed in a magnetic cell separator accord-
ing to the manufacturer’s instructions and depleting the
magnetically labelled cells. The purity of the isolated mono-
cytes was assessed by flow cytometry using an anti-CD14
monoclonal antibody (Becton-Dickinson); samples with
purity≥ 95% were used for experiments.

2.10. Functional Characterization of ESC. When the con-
fluency for ESCendo and ESCcyst was ~70%, the growth
medium was removed, the cells were washed twice with
PBS, and fresh growth medium was added. After three days,
the conditioned medium (CM) was collected, centrifuged at
500×g for 10 minutes to remove cellular debris, aliquoted,
and frozen at −80°C. The CM was used for subsequent exper-
iments (60% CM and 40% growth medium as described
below). The untouched human monocytes were cultured in
Roswell Park Memorial Institute (RPMI) (Life Technologies)
1640 growth medium, 10% FCS, 1% L-glutamine, 1% pen-
icillin and streptomycin, and CM from ESCendo or ESCcyst
from day 0 for 7 days. Then, images were acquired with the

Olympus CKX41 inverted microscope at 20x magnification,
and the cells were harvested for flow cytometry analysis.
The monocytes were stained with CD14 FITC (Becton-
Dickinson), CD163 PE (Becton-Dickinson), and CD206
FITC (Becton-Dickinson) for 20 minutes in the dark at
RT. Then, the cells were washed twice with PBS by centri-
fugation at 500×g for 10 minutes, finally resuspended in
PBS with 0.1% BSA, and analyzed with BD FACSCalibur.
Unstained cells were used to set gates and voltages. The
data was analyzed using the software Flow-Jo.

2.11. Statistical Analysis. All statistical analyses were
performed using GraphPad prism 6. When data was
normally distributed, the means were analyzed with
Student t-test, and when it was not normally distributed,
the medians were analyzed with the Mann–Whitney test.
All values are shown as the mean± standard deviations
(SD). For the study, n refers to the number of biological
replicates. Results were considered to be statistically sig-
nificant if P < 0 05.

3. Results

3.1. MSC Exist in both Ectopic and Eutopic Endometrial
Tissue. To verify that ESCendo and ESCcyst had the phenotype
of MSC, we examined the cells by flow cytometry, CFU-F,
and differentiation assays into osteoblasts and adipocytes.
ESCendo and ESCcyst expressed the MSC markers CD73,
CD90, CD105, and HLA class I, but did not express the
non-MSC markers CD14, CD45, CD31, and HLA class II
(Figures 1(a) and 1(b)). ESCendo and ESCcyst were both able
to form colonies, albeit at a significantly lower (P < 0 05)
efficiency for ESCcyst (Figures 2(a) and 2(b)). Furthermore,
stromal cells from both sources were able to differentiate into
osteoblasts and adipocytes significantly (P < 0 05) as com-
pared to untreated controls (P < 0 05) (Figures 2(c), 2(d),
2(e), and 2(f)). Taken together, the results indicate that both
ESCendo and ESCcyst are MSC.

3.2. ESCcyst Have a More Immunosuppressive Phenotype than
ESCendo. To characterize ESCendo and ESCcyst phenotypically,
the gene and protein expressions of the immunosuppressive
enzymes IDO1, COX2, and HO-1 and the proinflammatory
chemokine CXCL12 were examined by both flow cytometry
and qPCR, respectively. By flow cytometry, ESCcyst expressed
higher levels of IDO1, COX2, and HO-1 compared to
ESCendo. The percentage of ESC expressing these immuno-
suppressive enzymes and the level of expression or the
median fluorescence intensity (MFI) in the positive cells

Table 1: Genes used in this study with the forward and reverse primers.

Gene Forward primer Reverse primer

β-Actin AGCTACGAGCTGCCTGAC AAGGTAGTTTCGTGGATGC

IDO1 GCATTTTTCAGTGTICTTCGCATA TCATACACCAGCCGTCTGATAGC

COX2 ATCATAAGCGAGGGCCAGCT AAGGCGCAGTTTACGGGTC

HO-1 CTTCTTCACCTTCCCCAACA AGCTCCTGCAACTCCTCAAA

CXCL12 TTGACCCGAAGCTAAAGTGG CCCTCTCACATCTTGAACCTCT
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was significantly higher (P < 0 05) for ESCcyst compared to
ESCendo (Figure 3). Moreover, gene expression as analyzed
by qPCR showed that IDO1, COX2, and HO-1 was expressed
significantly higher (P < 0 05) in ESCcyst compared to
ESCendo (Figure 3).

Flow cytometry analysis showed that ESCcyst expressed
higher levels of CXCL12 than ESCendo; the percentage of
stromal cells expressing CXCL12 and the MFI was signifi-
cantly higher (P < 0 05) for ESCcyst as compared to ESCendo

(Figure 3). However, gene expression of CXCL12 was signif-
icantly lower (P < 0 05) for ESCcyst compared to ESCendo by
qPCR (Figure 3).

3.3. ESCcyst Have a More Immunosuppressive Function than
ESCendo. To functionally characterize ESCendo and ESCcyst,
their effects on the differentiation of monocytes into macro-
phages were examined. Specifically, the morphology of the
monocytes and their protein expression of CD14, CD163,
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Figure 1: Representative flow cytometry histograms for ESCendo and ESCcyst, which were positive (≥95%) for the MSCmarkers CD73, CD90,
CD105, and HLA class I and negative (≤5%) for the non-MSC markers CD14, CD45, CD31, and HLA class II. Unstained control cells are in
red, and stained cells are in blue. The horizontal lines on the histograms show the percentage of expression of the markers compared to the
unstained control cells. Five to seven independent experiments (n = 3 biological replicates) were carried out.
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Figure 2: Colony-forming unit fibroblasts for ESCendo and ESCcyst after they were cultured at clonal density for 21 days. Also, osteoblast
differentiation for ESCendo and ESCcyst following 14–21 days culture in osteoblast differentiation growth medium and adipocyte
differentiation for ESCendo and ESCcyst following 28-day culture in adipocyte differentiation growth medium are shown. The colony-
forming efficiency (a) shows that ESCendo formed significantly more colonies than the ESCcyst (

∗P < 0 05). Representative phase contrast
images (b) at 4x magnification following Eosin staining of ESCendo and ESCcyst. Colonies with ≥50 cells were counted. Quantitation of the
Alizarin red S dye (c) as a mean fold change relative to the untreated controls; both types of stromal cells significantly induced osteoblast
differentiation (∗P < 0 05). Representative phase contrast images (d) at 20x magnification following Alizarin red S staining of the calcium
salts. Quantitation of the Oil red O dye (e) as a mean fold change relative to the untreated controls; both types of stromal cells
significantly induced adipocyte differentiation (∗P < 0 05). Representative phase contrast images (f) at 20x magnification following Oil red
O staining of the lipid vacuoles. Nine independent experiments (n = 3 biological replicates) were carried out in triplicates for (a, b). Three
to four independent experiments (n = 3 biological replicates) were carried out in duplicates for (c, d, e, f). Mean± SD. Scale bars represent
50μm at 4x magnification for (a,b) and 50μm at 20x magnification for (c, d, e, f).
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and CD206 was examined following 7-day culture in the
CM from ESCendo and ESCcyst. Morphologically, ESCcyst
induced more spindle-shaped macrophages than ESCendo
(Figure 4(a)). Also, the percentage of macrophages express-
ing CD14 and CD163 and the MFI in these positive macro-
phages was significantly higher (P < 0 05) for ESCcyst as
compared to ESCendo (Figure 4(b)). The percentage of

macrophages expressing CD206 and the MFI in these posi-
tive macrophages was not significantly different (P > 0 05)
between ESCcyst and ESCendo (Figure 4(b)).

Taken together, the results indicate that ESCcyst may
be functionally more immunosuppressive than ESCendo
based on their ability to induce more spindle-shaped M2
macrophages with a significantly higher (P < 0 05) level of
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∗P < 0 05). ESCcyst express higher levels of COX2 by MFI (∗P < 0 05). ESCcyst
have higher gene expression of COX2 (∗P < 0 05). The percentage of cells expressing HO-1 is higher for ESCcyst (

∗P < 0 05). ESCcyst
express higher levels of HO-1 by MFI (∗P < 0 05). ESCcyst have higher gene expression of HO-1 (∗P < 0 05). The percentage of cells
expressing CXCL12 is higher for ESCcyst (

∗P < 0 05). ESCcyst express higher levels of CXCL12 by MFI (∗P < 0 05). ESCcyst have lower gene
expression of CXCL12 (∗P < 0 05). Four independent experiments (n = 4 biological replicates) were carried out in duplicates. Mean± SD.
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Figure 4: The effects of ESCendo and ESCcyst conditioned medium (CM) on freshly isolated untouched human monocytes. Representative
phase contrast images (a) of the CM-treated monocytes after 7 days of culture at 20x magnification. The percentage of macrophages
expressing CD14 and CD163 and the level of expression in these positive macrophages are greater for ESCcyst (

∗P < 0 05) (b). The
percentage of macrophages expressing CD206 and the level of expression in these positive macrophages are not different between ESCendo
and ESCcyst (b). Seven independent experiments (n = 4 biological replicates) were carried out in duplicates. Mean± SD. Scale bars
represent 50μm at 20x magnification.
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expression of CD14 and CD163, both distinctive features of
immunosuppressive M2 macrophages [20].

4. Discussion

Currently, it is unclear how endometriotic lesions avoid
immunosurveillance in the pelvic cavity, and the cause of
reduced immunosurveillance in the pelvic cavity is unknown.
In addition, the phenotype and function of MSC in endome-
triotic lesions is not completely known. Herein, ESC from
endometriotic ovarian cysts displayed all characteristics of
MSC.We have shown that the ESC have a more immunosup-
pressive phenotype if located within endometriotic ovarian
cysts compared to the eutopic endometrium and that they
direct monocyte differentiation into immunosuppressive
M2 macrophages. Taken together, ectopic MSCmay contrib-
ute to reduced immunosurveillance in the pelvic cavity to
allow immune escape of ectopic lesions and support their
growth in endometriosis.

In agreement with previous findings, ESCendo and ESCcyst
isolated from women with endometriosis met the criteria to
be classified as MSC as they showed fibroblastic morphology,
appropriate expression of surface markers, and differentia-
tion into osteoblasts and adipocytes [27, 28]. In addition,
and as shown before, ESCendo formed CFU-F to a greater
extent than ESCcyst [29]. This could be because ESCcyst grow
in an ischemic microenvironment in vivo in the pelvic cavity,
which may affect their proliferation and hence colony-
forming ability.

Immunosuppressive MSC have been suggested to express
high levels of immunosuppressive and low levels of immunos-
timulatory molecules, respectively. Therefore, we examined
the expression of suchmolecules by ESCendo and ESCcyst. Both
protein and gene expression of IDO1, COX2, and HO1 was
significantly higher in ESCcyst, suggesting that they may be
more immunosuppressive phenotypically. Other studies have
shown similar results, with higher gene expression of COX2
and HO-1 in ESCcyst and stromal cells from peritoneal endo-
metriotic tissue compared to ESCendo [30, 31]. In contrast to
these results, two studies reported that ESCcyst expressed
similar gene and protein levels of IDO1 as ESCendo [32, 33].
It was also found that ectopic stromal cells may be more
immunostimulatory than ESCendo from healthy controls
[34]. However, ESCendo from healthy controls may introduce
individual to individual variations in terms of the immuno-
logical microenvironment and endocrine factors [34]. More-
over, it is unclear if the ectopic stromal cells were from
peritoneal endometriotic tissue or endometriotic ovarian
cysts, which are two different types of endometriosis lesions
[34]. Interestingly, in a differently designed study, IDO1 and
COX2 gene expression was found to be higher in menstrual
blood-derived stromal cells in women with endometriosis
compared to healthy controls after culture in a transwell
system with PBMCs [35]. In contrast to the latter study,
herein, we used unstimulated ESC to reflect the in vivo envi-
ronment more closely. We next examined if ESCcyst were less
immunostimulatory phenotypically than ESCendo by studying
their expression of CXCL12. Similar to a previous report [36],
we found that protein expression of CXCL12was significantly

higher for ESCcyst compared to ESCendo, but in contrast to
herein, they stimulated their ESC with estrogen or progester-
one [36]. However, the gene expression of CXCL12 was lower
in ESCcyst. This discrepancymay be due to posttranscriptional
and posttranslational processes, since weak correlations
between mRNA and protein abundance have been described
before [37]. Proteins, not genes, bestow cellular function,
and therefore ESCcyst seem to have a more immunostimula-
tory phenotype than ESCendo [37]. CXCL12 is a ligand of the
C-X-C chemokine receptor type (CXCR) 4, and through it,
ESCcyst may further increase levels of inflammation in the pel-
vic cavity by recruiting CXCR4-positive immune cells [38].
Interestingly, ESCendo express CXCR4 and may hence be
recruited to ectopic lesions by CXCL12, which may also
possess nonimmune functions in endometriosis, such as
promotion of tissue repair, angiogenesis, migration, invasion,
and suppression of apoptosis [1, 38, 39], processes proposed
to be involved in growth of ectopic lesions. ESCcyst may be
more immunostimulatory phenotypically than ESCendo in
response to fluctuations of levels of pathological inflamma-
tion in the pelvic cavity. In summary, these results imply that
the inflamed pelvic cavitymay induce ESCcyst to becomemore
immunosuppressive phenotypically to allow them to reduce
inflammation and promote tissue homeostasis.

IDO1, COX2 via secretion of prostaglandin E2 (PGE2),
and HO-1 have been suggested to be able to induce immu-
nosuppressive M2 macrophages [13, 40–44]. Interestingly,
endometriosis is a disease with profound macrophage
involvement, with predominance of M2 macrophages in
peritoneal endometriotic tissue, and endometriotic ovarian
cysts that have been suggested to play a role in the pathol-
ogy [14, 45–47]. Therefore, we examined the effects of
ESCendo and ESCcyst on monocyte differentiation into mac-
rophages. Morphologically, ESCcyst were found to induce
more spindle-shaped macrophages than ESCendo. Further-
more, ESCcyst induced a significant increase in macrophages
expressing scavenger receptors CD14 and CD163 compared
to ESCendo. CD14 is involved in the uptake of apoptotic
cells, CD163 is involved in the uptake of haptoglobin-
hemoglobin complexes, and both have crucial roles in
clearing up the pelvic cavity from apoptotic cells and
heme-iron that accumulates by dying red blood cells,
respectively [45, 48]. Elevated CD163 expression has been
suggested to be a marker of M2c, a subtype of M2 macro-
phages involved in immunosuppression, matrix deposition,
and tissue remodeling [20, 49–51]. Therefore, increased
M2c levels may explain the extensive fibrosis that occurs
in endometriotic lesions [52]. The macrophages expressed
similar levels of the scavenger receptor CD206 after treat-
ment with CM from ESCendo and ESCcyst. CD206 is
involved in inactivating inflammatory signals and may have
a central role in the inflamed pelvic cavity [45]. In
summary, this data shows that ESCcyst may be more immu-
nosuppressive functionally in comparison to ESCendo.

Two previous studies showed that ectopic stromal cells
[53] or ESCendo [47] polarized human macrophages or
U937 monocytes stimulated with lipopolysaccharide into
M2 macrophages, respectively. In the former study, macro-
phage expression of CD163 andCD209 and their intracellular
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expression and extracellular secretion of transforming growth
factor-beta 1 (TGF-β1) and interleukin-10 (IL-10) was
increased compared to macrophages treated with ESCendo
from healthy controls [53]. However, as discussed above,
ESCendo from healthy controls may not be an appropriate
control as it may introduce individual to individual variations
in terms of the immunological microenvironment and
endocrine factors [53]. Moreover, it is unclear if the ectopic
stromal cells were from peritoneal endometriotic tissue or
endometriotic ovarian cysts, which are two different types of

endometriosis lesions [53]. In the latter study, there was an
increase in immunosuppressive cytokine IL-10 and a decrease
in the expression of the costimulatory molecule CD86 by the
M2 macrophages [47]. These studies suggested that IDO1
via IL-33 [53] secreted by ectopic stromal cells or ESCendo-
derived fractalkine (FKN) [47], respectively, was driving the
M2 macrophage polarization. Moreover, the M2-polarized
macrophages significantly increased the viability and prolifer-
ation of ESC, decreased apoptosis of ESC [54], and enhanced
the invasiveness of ESCendo [47], suggesting that they may

M2 macrophage

MSC

increased activity

Epithelial tissue

Stromal tissue

Immunosuppressive
MSC

Monocyte

Pelvic cavity

Reduced immunosurveillance

Uterus

CXCL12IDO1 PGE2 (COX2)
HO-1 FKN IL-33

TGF-�훽 IL-10

VEGF
IL-17

Inflammation

Figure 5: Schematic figure showing the role immunosuppressive ectopic MSC may be playing in the pathology of endometriosis. MSC along
with stromal and epithelial endometrial tissue enter the pelvic cavity via retrograde menstruation. The highly inflammatory environment may
induce MSC to become immunosuppressive to help promote tissue homeostasis. The recruited monocytes responding to the inflammatory
environment and FKN, IL-33, IDO1, PGE2 via COX2, and HO-1 from immunosuppressive MSC may then polarize and differentiate into
immunosuppressive M2 macrophages. Then, M2 macrophages may increase invasion of refluxed endometrial cells, repair ectopic lesions,
and support their growth by inducing angiogenesis via their secretion of VEGF and IL-17 [58]. In addition, secretion of IL-10 and TGF-β
by the M2 macrophages may suppress other recruited immune cells to reduce immunosurveillance in the pelvic cavity [58]. Also, ectopic
MSC may directly support ectopic lesion growth by promotion of tissue repair, angiogenesis, migration, invasion, and suppression of
apoptosis through CXCL12. The net effect may be large numbers of immunosuppressive MSC and M2 macrophages in the pelvic cavity
that may directly support ectopic lesion growth, reduce immunosurveillance in the pelvic cavity, and reciprocally support each other’s
growth contributing to the development and progression of endometriosis. MSC: mesenchymal stromal cell; FKN: fractalkine; IDO1:
indoleamine 2,3-dioxygenase 1; COX2: cyclooxygenase 2; HO-1: heme oxygenase 1; CXCL12: chemokine c-x-c motif chemokine ligand 12;
VEGF: vascular endothelial growth factor; IL-17: interleukin 17; IL-10: interleukin 10; TGF-β: transforming growth factor-beta; IL-33:
interleukin 33; PGE2: prostaglandin E2.
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support the growth of ectopic lesions in endometriosis. In
contrast to the aforementioned studies, we examined the
effects of ESCcyst on the ability of primary unstimulated
human monocytes to differentiate into macrophages in com-
parison to ESCendo. To our knowledge, this is the first time
that this has been performed.

Interestingly, soluble factors in the CM from unstimu-
lated ESCcyst induced the M2 macrophage differentiation,
indicating that stimulation of ESCcyst by monocytes through
paracrine mechanisms and direct contact are not required.
IDO1 and HO1 can be secreted by MSC and, along with
secreted PGE2 via COX2, may have been involved in ESCcyst
promoting M2macrophage differentiation [55, 56]. M2 mac-
rophages have been suggested to play a role in the pathology
of endometriosis by recognizing initial ectopic lesions as
wounds and initiating “healing” [45]. The wound healing
properties of M2 macrophages may be important in skin
wounds; however, they may be detrimental in endometriosis
[57]. Moreover, M2 macrophage secretion of IL-10 and
TGF-β may suppress other immune cells leading to
reduced immunosurveillance in the pelvic cavity and hence
protect ectopic lesions from immune clearance [58]. There-
fore, it has been suggested that redirection of M2 macro-
phages to M1 macrophages may be a strategy to stimulate
immune responses against ectopic lesions [45]. A schematic
figure illustrating our proposed hypothesis for the role of
ectopic MSC in the pathogenesis of endometriosis is shown
in Figure 5.

The limited number of donors and presence of hormonal
treatment did not affect the consistency of data between the
four women with endometriosis being studied. Significant
differences were observed, and meaningful conclusions could
be made. A similar number of patients have been used in
other studies [35, 59]. The stromal cells herein were unstimu-
lated and unmodified but were cultured, which may alter
their functional phenotype. Therefore, it would be interesting
to study native stromal cells. Nevertheless, to our knowledge,
this is the first in vitro study showing that ESCcyst may have
more immunosuppressive properties than ESCendo. This is
an important finding that will improve our knowledge on
the pathogenesis of endometriosis and may benefit develop-
ment of new therapies.

5. Conclusion

In summary, immunosuppressive ectopic MSC may contrib-
ute to reduced immunosurveillance in the pelvic cavity.
This may be in part by their immunosuppressive effects
through M2 macrophages, which may subsequently support
the growth of endometriotic ovarian cysts in endometriosis.
This finding supports the retrograde menstruation and
the stem cell theories by adding an immunosuppressive
ectopic MSC component. Finally, we speculate that reduc-
ing the immunosuppressive effects of ectopic MSC to
promote M1 macrophage and T Helper 1 responses may
provide the necessary immunostimulation to remove
ectopic lesions in the pelvic cavity and to potentially
treat endometriosis.
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