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The aims of this study were to investigate the distribution and characteristics of MCs in human decidua
and to establish a culture system for decidua-derived MCs.

Methods: Decidual tissues were obtained from patients who underwent a legal elective abortion (6th
week to 9th week of pregnancy), and decidual MCs were enzymatically dispersed. Cultured decidua-
derived MCs were generated by culturing decidual cells with stem cell factor. An ultrastructural anal-

Iéfl}ll:lvl?gtcils.decidua—derived mast cells ysis of primary decidual MCs and cultured decidua-derived MCs was performed using a transmission
Decidua electron microscope. Receptor and protease expression was analyzed using FACS. Histamine released
FceRI from MCs was measured using enzyme immune assays.
Mast cell Results: A larger proportion of tryptase positivel*) MCs in decidua was present on the maternal side. Both
Pregnancy enzymatically dispersed decidual MCs and cultured decidua-derived MCs showed an FceRlo"Kit™
tryptase *chymase™ phenotype. Their granules contenting particles exhibited variable amounts of electron-
Abbreviations: lucent space separating electron-dense particles. Both enzymatically dispersed decidual MCs and cultured
Ab, antibody; CB, cord blood; EIA, enzyme decidua-derived MCs released comparable amounts of histamine following FceRI aggregation.
immunoassay; EM, electron microscopic Conclusions: The isolation method for MCs from decidua during early pregnancy and the culture system

analyses; IL, interleukin; IMDM, Iscove's
modified Dulbecco's medium;

m, monoclonal; MCs, mast cells; MCr, MCs
whose granules contain tryptase only;
MCrc, MCs whose granules contain tryptase,
chymase, carboxypeptidase and a cathepsin
G-like enzyme; MFI, mean fluorescence
intensity; NK, natural killer;

rh, recombinant human; SCF, stem cell
factor; Treg, regulatory T

for decidua-derived MCs may enable the roles of decidual MC during pregnancy to be explored.
Copyright © 2018, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The fetus is a semi-allograft that carries paternal antigens for the

mother. Despite this, fetuses are not rejected, enabling pregnancies
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metrium located at the site of embryo implantation."” Preg-
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considered to be established in the decidua. Natural killer (NK)
cells, macrophages, regulatory T (Treg) cells, regulatory B cells and
T cells in the decidua are involved in the pregnancy sustenance
mechanisms."? Mast cells (MCs) also exist in the decidua.> How-
ever, the characteristics of human decidual MCs and the role of MCs
in pregnancy have not been well clarified.

MCs play a central role in IgE-dependent allergic diseases such
as asthma and rhinoconjunctivitis through the release of a variety
of vasoactive and bronchospastic autacoid mediators and func-
tionally diverse proteases, chemokines and cytokines.* MCs also
reportedly exist in the human uterus.” Studies on rodents have
suggested that MCs in the uterus are involved in implantation,®
placenta formation,” and uterine contraction.® MC depletion
reportedly results in abnormally remodeled spiral arteries and in-
trauterine growth restriction.®’ Furthermore, mice deficient in
both NK cells and MCs show markedly impaired spiral artery
remodeling and fetal growth-retardation.”® Meyer et al. found that
a-chymase mast cell protease 5 mediates the apoptosis of uterine
smooth muscle cells, a key feature of spiral arteries remodeling.”
Chymase secreted by uterine MCs and uterine NKs are pivotal to
the vascular changes required to support pregnancy. The only hu-
man chymase is a-chymase,'” the phylogenetic homolog of mouse
a-chymase mast cell protease 5.'" Therefore, investigating the
localization of MCs in decidua and whether decidual MCs are MCr
type (MCs whose granules contain tryptase only) or MCrc type
(MCs whose granules contain tryptase, chymase, carboxypeptidase
and a cathepsin G-like enzyme) is important. Some reports have
discussed uterine MCs and their relationship with premature birth,
contraction, and delivery.® However, no contraction abnormalities
or abnormal delivery periods were seen in mice that lack MCs."?
These findings seem to suggest that uterine MCs are not a pre-
requisite for contraction and delivery. The role of human decidual
MCs in implantation and placenta formation is not yet fully un-
derstood. To address this issue, we investigated the localization of
decidual MCs, MC phenotypes and their functions and established a
culture system that is fundamental to understanding the charac-
teristics of decidual MCs.

Methods
Ethical considerations

This study was approved by the Ethics Committee of the Nihon
University School of Medicine, and all the subjects provided written
informed consent in accordance with the Helsinki Declaration of
the World Medical Association. The approval number from the
Ethical Committee was RK-150609-16.

Reagents

The following antibodies (Abs) were purchased from the indi-
cated sources: APC-conjugated anti-FceRlo. monoclonal Ab (mAb,
clone CRAT; Biolegend, San Diego, CA, USA), PE-conjugated anti-
human Kit mAb (clone YB5. B8, BD Bioscience, San Diego, CA, USA),
anti-human tryptase mAb (clone AA1; GeneTex, Irvine, CA, USA),
and biotinylated anti-human chymase mAb (clone B7: Chemicon
International, Temecula, CA, USA).

Immunohistochemical analysis

Fresh samples of decidual tissues were obtained from women
who underwent a legal elective abortion (6th week to 9th week of
pregnancy) at Narimasu Maternity & Women's Care Hospital,
Tokyo, Japan, after obtaining informed consent. Each specimen
was immediately placed in OCT medium, snap-frozen in liquid

nitrogen, and stored at —80 °C until cryostat sectioning. The cells
were stained with Alexa Fluor® 488-labeled anti-tryptase mAb
(clone AA1).

Electron microscopic analyses (EM)

EM was performed as described previously."> Briefly, decidual
tissues or cultured decidua-derived MCs were fixed with 2.5%
glutaraldehyde and further fixed with 2% osmic acid. The tissues
were then embedded in epoxy resin and ultrathin sections
(60—80 nm) were prepared. For EM using fixed MCs, cytospinning
was performed. These samples were then examined using a
transmission electron microscope (7000-100; Hitachi High-
Technologies, Tokyo, Japan).

Purification and generation of cultured decidua-derived MCs

Human cultured decidua-derived MCs were generated using a
previously described method for the generation of cultured lung-
derived MCs with some modifications.'* Briefly, fresh samples of
decidual tissues were obtained from 30 women who underwent a
legal elective abortion at Narimasu Maternity & Women's Care
Hospital, Tokyo, Japan, after obtaining informed consent. The
decidual cells were enzymatically dispersed using 1.5 mg/mL of
collagenase type I (Sigma—Aldrich, St Louis, MO, USA), 0.75 mg/mL
of hyaluronidase (Sigma—Aldrich) and 0.1% BSA in Iscove's Modified
Dulbecco's Medium (IMDM; Invitrogen, Grand Island, NY, USA) for
30 min at 37 °C. For enrichment of the MCs, the dispersed cells were
suspended in 30% Percoll (GE Healthcare, Little Chalfont, UK) and the
cell suspension was placed on 70% Percoll. The cells were centri-
fuged, and the decidual MC progenitor cells and mature decidual
MCs at the 70% Percoll interface were collected and washed. The cells
were then cultured in serum-free Iscove's methylcellulose medium
(Stem Cell Technologies, Vancouver, BC, Canada) and IMDM sup-
plemented with 100 ng/mL of recombinant human stem cell factor
(rhSCF) (PeproTech, Rocky Hill, NJ, USA) and 50 ng/mL of rh inter-
leukin (IL)-6 (PeproTech). On day 42, methylcellulose was dissolved
in PBS, and the cells were resuspended and cultured in IMDM con-
taining 0.1% BSA, 100 ng/mL of rhSCF, and 50 ng/mL of rhIL-6
(designated as MC medium). The purity of human decidual MCs, as
assessed using metachromatic staining, was more than 80%.

Purification and generation of cultured human synovial MCs

Fresh samples of synovial tissues from eight donors undergoing
a total knee arthroplasty at Nihon University were obtained after
the donors had provided informed consent. Synovial cells were
enzymatically dispersed as described previously (purity of MCs was
~5%). For MC enrichment, the dispersed cells were resuspended in
IMDM supplemented with 0.5% BSA and 100 U/mL of penicillin-
streptomycin, then centrifuged using a density gradient consist-
ing of 22.5% HistoDenz solution (Sigma—Aldrich) and lymphocyte
separation medium (LSM; Organon Teknika, Durham, NC). The sy-
novial MC progenitor cells and mature synovial MCs were collected
from the cell pellets at the bottom of the centrifuged tube and the
cell band at the LSM interface. The purity of metachromatic stain-
ing-positive(*) cells was 43% + 4%. The collected MC progenitor cells
and mature MCs were incubated in IMDM containing 0.1% BSA,
100 ng/mL of rhSCF (PeproTech EC), and 50 ng/mL of rhIL-6
(PeproTech EC) for 24—48 h.

Generation of cultured cord blood (CB)-derived MCs

Human CB CD34™* cells were supplied from RIKEN BioResource
Center, Tsukuba, Ibaraki, Japan. Human CB CD34" cells were
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cultured in serum-free Iscove methylcellulose medium (Stem
Cell Technologies) and IMDM containing rhSCF (PeproTech EC)
at 200 ng/mL, rhIL-6 (PeproTech EC) at 50 ng/mL, and rhIL-3
(Intergen Purchase, NY, USA) at 1 ng/mL, as previously
described."” On day 42, methylcellulose was dissolved in PBS and
the cells were resuspended and cultured in IMDM containing
0.1% BSA, 100 ng/mL of rhSCF, and 50 ng/mL of rhIL-6. The purity
of human MCs, as assessed using metachromatic staining, was
more than 98%.

Flow cytometric analysis

The expressions of FceRla and Kit on the surfaces of cells were
analyzed using flow cytometric analysis. Briefly, MCs were collected
and fixed with 2% paraformaldehyde for 20 min at 4 °C. Then, the
MCs were treated with Human TruStain FcX™ (Biolegend, San
Diego, CA, USA). The cells were washed and resuspended in 0.1%
BSA-PBS. APC-conjugated anti-FceRlo. mADb (clone CRA1) and PE-
conjugated anti-human Kit mAb (clone Yb5B8) were added to the
cell suspension, and the cells were incubated for 20 min at 4 °C. In
some experiments, intracellular staining of tryptase and chymase
was performed using the BD Cytofix/Cytoperm™ Kit (BD Bio-
sciences), followed by staining with Alexa Fluor® 488-conjugated
anti-human tryptase mAb (clone AA1) and biotinylated anti-
human chymase mAb (clone B7). The cells stained with bio-
tinylated anti-human chymase mAb were incubated with PE/Cy7-
conjugated streptavidin (BD Biosciences) for 30 min at 4 °C. The
expression on MCs was detected using FACSGallios (Beckman
Coulter, Brea, CA, USA) or FACS Calibur (BD Biosciences, San Jose,
CA, USA) and analyzed using Flow]o (Tree Star, Ashland, OR, USA).

MC activation

For the aggregation of FceRI, MCs were sensitized with 0.5 ug/
mL of human IgE (Calbiochem, San Diego, CA, USA) for 30 min at
37 °C. The cells were washed once and resuspended in HEPES
buffer or MC medium. The IgE-sensitized MCs were stimulated
with anti-human IgE (DakoCytomation, Carpinteria, CA, USA) for
30 min for the histamine enzyme immunoassay (EIA, 2 x 103 MCs/
100 pL). The MCs were challenged by incubation with 1078 M
calcium ionophore A23187 (Sigma—Aldrich) at 37 °C for 30 min
for the measurement of histamine release. After incubation, cell-
free culture supernatants and cell pellets were harvested to
measure the mediator levels.

Histamine assay

Histamine was measured using an EIA kit (Beckman Coulter,
Indianapolis, IN, USA). The percent histamine release was calcu-
lated as follows: (histamine release/total histamine content of
unstimulated MCs) x 100%.

Statistical analysis

The differences between independent in vitro experiments were
analyzed using the Mann—Whitney U test. The one way ANOVA and
Dunnett's tests were used for comparing the differences between
more than three groups. The P value was considered significant at
P < 0.05.

Results
To investigate the localization of MCs in decidua, we performed

an immunohistochemical analysis of the decidua using anti-
human tryptase mAb. Tryptase™ cells were mainly localized on

the maternal side (Fig. 1A). The number of decidual tryptase™ cells
was 2.1 + 0.5 cells per high power field (the mean + SEM, n = 4
donors, Fig. 1C). As negative controls, decidua was stained with
mouse IgG1 (Fig. 1B).

Next, we enzymatically dispersed decidual cells from the
decidual tissues of abortion specimens obtained during early
pregnancy (mean decidual tissue weight, 4.9 + 2.7 g) and enriched
the MCs using Percoll density gradient centrifugation. The total cell
count isolated per 1 g of decidual tissues was 8.2 x 10° + 9.3 x 10°
(n =12 donors), and 14.8 x 10° + 18.3 x 10° cells per 1 g of decidual
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Fig. 1. Localization of MCs in decidua. Representative images of MCs (tryptase* cells)
in decidual tissues (A). Immunochemical staining of decidua with anti-tryptase
(green), DAPI (blue) and a merged image (yellow). (B) As negative controls, decidua
was stained with mouse IgG1. Bar = 20 um. (C) Number of MCs per high power field
(HPF, scatter plot, n = 4 donors). The means and SEM are also shown.
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tissues were metachromatic staining® cells. The purity of the
decidual metachromatic staining® cells after Percoll density
gradient centrifugation was 16.9% + 8.0%.

We examined the morphology of MCs in decidua using electron
microscopy. The decidual MCs have a single lobed nucleus and
various granules in the cytoplasm. Their granules containing par-
ticles exhibited variable amounts of electron-lucent space sepa-
rating electron-dense particles (Fig. 2A). To analyze the phenotype
of decidual Kit*FceRla™ cells, a gate was set up for decidual
Kit"FceRlo™ cells to examine the expressions of tryptase and chy-
mase (Fig. 3A and B, left panels). Although both expressions were
observed, the mean fluorescence intensity (MFI) ratio of the tryp-
tase expression was 47.0 + 22.3 (Fig. 3A, n = 5 donors, right panel),
while the MFI ratio of the chymase expression was 6.6 + 1.4 (Fig. 3B,
n = 5 donors, right panel).

We tried to culture semi-purified MCs (~17% purity) in a
methylcellulose culture medium (see Methods) and observed MC
colonies (data not shown). We determined the number and per-
centage of MCs in the culture population using metachromatic
staining. Following gradient centrifugation of the dispersed
decidual cells, the purity of the metachromatic staining™ cells was
17% (day 0, n = 12 donors). After 11 weeks, the percentage of
metachromatic staining™ cells increased to more than 80% (Fig. 2C).
The number of metachromatic staining™ cells gradually increased
during the culture and reached 1.0 x 10° at 11 weeks. We examined
the morphologies of the 11-week-cultured decidua-derived MCs
using light and electron microscopy. The cultured decidua-derived
MCs were toluidine blue-positive cells (Fig. 2D). As can be seen in
Fig. 2B, the cultured decidua-derived MCs had granules containing
particles that exhibited variable amounts of electron-lucent space
separating electron-dense particles, indicating that the granules
appeared to be similar to those of MCs in decidual tissues (Fig. 2A).
As can be seen in Fig. 2C, the purity of 8-week-cultured decidua-
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derived MCs varied, with the purity of cultured decidua-derived
MCs peaking at 11 weeks. Thus, we compared the expressions of
tryptase and chymase among 11-week-cultured decidua-derived
MCs, cultured synovium-derived MCs and cultured CB-derived
MCs using flow cytometry (Fig. 3C—H). Using intracellular stain-
ing, the averages of MFI ratio of the tryptase and chymase ex-
pressions of cultured decidua-derived MCs were 3.7 and 3.2,
respectively (Fig. 3C and D). The tryptase expression levels of the
three cultured MCs were comparable, whereas the chymase
expression level of the cultured decidua-derived MCs was lowest.
When the tryptase and chymase expression levels of the cultured
decidua-derived MCs were compared with those of the primary
decidual MCs, the chymase expression level was similar to that of
the primary decidual MCs, whereas the expression level of tryptase
was lower than that of the primary decidual MCs.

To compare the functions between the primary decidual MCs
and the cultured decidua-derived MCs, histamine release from the
MCs triggered by IgE-dependent stimulation was examined. Under
our experimental conditions, both MCs released comparable
amounts of histamine through IgE-dependent stimulation (Fig. 4A
and B). We compared the histamine contents in the primary
decidual MCs, cultured decidua-derived MCs, cultured CB-derived
MCs and cultured synovium-derived MCs (Fig. 4C) and obtained
values of 31.8 + 12.7 nmol/10° cells (n = 3 donors), 25.5 + 9.9 nmol/
108 cells (n = 5 donors), 4.2 + 1.0 nmol/10° cells (n = 3 donors) and
17.8 + 2.7 nmol/10° cells (n = 4 donors), respectively.

Discussion

The present study successfully established a culture system of
decidua-derived MCs obtained during early pregnancy (Fig. 2B—D).
An examination of the protease expression pattern of human pri-
mary decidual MCs obtained during early pregnancy and cultured

Fig. 2. Generation of cultured decidua-derived MCs. (A) and (B) Granule-type analysis of primary decidual MCs (A) and cultured decidua-derived MCs using EM. Insets of A and B,
Magnified images of granules in (A) and (B). The yellow arrows indicate granules. (C) Purity of cultured decidua-derived MCs at the indicated culture time points. Data are the
mean + SD (n = 2 independent experiments). (D) Metachromatic staining of cultured decidua-derived MCs. Bar = 5 pm.
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Fig. 3. Analysis of tryptase and chymase on FceRlo "Kit"-gated decidual cells using FACS. (A) and (B) Representative flow cytometric images of tryptase and chymase in FceRlo "Kit*-
gated primary decidual cells, respectively (left panels). The averages of the MFI ratio of tryptase and chymase expression in primary decidual MCs are shown (right panels,
mean + SEM of 5 independent experiments). Data are also expressed as the mean + SEM. (C), (D) and (E) Representative flow cytometric images of tryptase and chymase expression
in cultured decidua-derived MCs (C and D, left panels), cultured synovium-derived MCs (E and F, left panels) and cultured CB-derived MCs (G and H, left panels). The averages of the
MFI ratio of tryptase and chymase expression in these cultured MCs are shown (right panels, mean + SEM of 3—4 independent experiments). Data are also expressed as the
mean + SEM. The numbers in the histograms indicate the MFI ratio of the expression levels of tryptase and chymase to those of the isotype control (mouse IgG1). The positive and
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Fig. 4. Histamine release from primary decidual MCs (A, n = 3) and cultured decidua-derived MCs (B, n = 5) following the aggregation of FceRI. MCs were stimulated with anti-IgE
(aIgE) Ab or calcium ionophore A23187. Spontaneous histamine release from primary decidual MCs and cultured decidua-derived MCs was observed for 1.0% + 0.6% and 1.2% + 1.0%,
respectively. (C) Comparison of the histamine contents of the primary decidual MCs (P-DMCs), cultured decidua-derived MCs (C-DMCs), cultured CB-derived MCs (CB-MCs) and
cultured synovium-derived MCs (C-SyMCs). Data are the mean + SEM. spon; spontaneous release.

decidua-derived MCs using flow cytometry revealed that the
pattern was tryptasetchymaset MCrc type (Fig. 3). Furthermore,
the decidual MCs were confirmed to have histamine productivity in
both cultured decidua-derived MCs and the primary decidual MCs
(Fig. 4). Granules containing particles similarly exhibited variable
amounts of electron-lucent space separating electron-dense par-
ticles (Fig. 2A and B, inlets). The isolation method for MCs obtained
from decidua during early pregnancy and the culture system for
decidua-derived MCs are expected to enable further exploration of
the roles of decidual MC in pregnancy.

In MCs from human skin and lung, the expression of G protein-
coupled receptor was maintained in long-term cultures'*'® and a
protease phenotype has also been maintained in long-term cul-
tures. However, the expression level of tryptase in the cultured
decidua-derived MCs was lower than that in the primary decidual
MCs. Thus, the cultured decidua-derived MCs were not the same as
the MCs found locally in the decidua. We previously isolated MCs
from the human joint synovium and compared the granule struc-
ture of the MCs immediately after isolation with that of cultured
synovium-derived MCs using an electron microscope, reporting
that they had the same granule structure and that the character-
istics of the granular proteases were kept intact (MCrc)."> Further-
more, we compared receptors that were being expressed on the cell
surface, and reported that no difference was found in the expres-
sion levels of Kit, FcyRI, FcyRIIA, FcyRIIl, and FceRI, while a differ-
ence in the expression levels of FcyRIIB was seen.!® Therefore, we
are currently planning to compare the differences with cultured
MCs by sorting MCs from the human decidua using a DNA chip.

Since the purity of primary decidual MCs and that of the
cultured decidua-derived MCs differed, contaminant cells in

enriched MC populations might affect the release of histamine from
MCs. However, we confirmed that the contamination of basophils
was negligible in either of the enriched MC populations (data not
shown). Under the experimental conditions, both MCs released
comparable amounts of histamine through IgE-dependent stimu-
lation (Fig. 4A and B). The histamine content of primary decidual
MCs was comparable to that of cultured decidua-derived MCs
(Fig. 4C). The histamine content of primary decidual MCs
(31.8 + 12.7 nmol/10° cells) or cultured decidua-derived MCs
(25.5 + 9.9 nmol/10° cells) was much higher than that of cultured
synovium-derived MCs (17.8 + 2.7 nmol/10° cells), primary lung
MCs (17.0 + 2.1 nmol/10° cells),”” primary children's foreskin MCs
(43 + 1.0 nmol/10° cells),”” and cultured CB-derived MCs
(4.2 + 1.0 nmol/10° cells). These results provide new evidence of
human MC heterogeneity. Since in human, histamine is reportedly
involved in blastocyst implantation, the invasion and proliferation
of villi, and the development of an adhesive molecule leading to
placenta formation,® histamine release from decidual MCs might
associate with placenta formation.

Treg is an important cell for pregnancy sustenance. Woidacki
et al.'® reported that uterine MCs decreased with abortion-prone
mice (DBA/2-mated CBA/] females), and the adoptive transfer of
Treg into these mice increased uterine MCs and improved the
remodeling of spiral arteries, thus reducing the miscarriage rate;
these findings suggest that MCs play key roles in immune tolerance.
Furthermore, the data suggests an interplay between Tregs and
uterine MCs that is relevant for the changes required at the feto-
maternal interface during the normal progression of pregnancy.
One such mechanism is cell-to-cell interactions with Treg via
0X40L-0X40."" MCs play an important role in Treg-mediated
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allograft tolerance, and Treg activates MCs or aggregates MCs via IL-
92021 Fyture exploration of the relationship between decidual MCs
and Treg should unveil the role of MCs in immune tolerance during
pregnancy. Furthermore, MCs accumulate on the maternal side in
the decidua, suggesting that MCs play an important role in preg-
nancy sustenance mechanisms. We demonstrated that decidual
MCs contain chymase. Actually, chymase-producing cells of the
innate immune system are reportedly required for decidual
vascular remodeling and fetal growth, while human chymase in-
duces the migration of extravillous trophoblasts.” Thus, human MC
chymase might induce decidual vascular remodeling and fetal
growth on the maternal side of the decidua.

In the future, this approach will enable us to explore the
mechanisms of implantation and placenta formation. Furthermore,
we hope that our findings will contribute to the exploration of
disease mechanisms using flow cytometry and DNA chips to
compare and analyze decidual MCs in patients who exhibit preg-
nancy complications, such as recurrent miscarriage, premature
birth, pregnancy-induced hypertension, and intrauterine growth
restriction with decidual MCs in patients with normal pregnancies.
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