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Single cell transcriptomic analysis i

of human amnion identifies cell-specific
signatures associated with membrane rupture
and parturition
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Abstract

Background: The human amnion is an intrauterine tissue which is involved in the initiation of parturition. In-depth
understanding of gene expression signatures of individual cell types in the amnion with respect to membrane
rupture at parturition may help identify crucial initiators of parturition for the development of specific strategies to
prevent preterm birth, a leading cause of perinatal mortality.

Results: Six major cell types were revealed in human amnion including epithelial cells, fibroblasts and immunocytes
as well as three other cell types expressing dual cell markers including epithelial/fibroblast, immune/epithelial and
immune/fibroblast markers. The existence of cell types expressing these dual cell markers indicates the presence of
epithelial-mesenchymal (EMT), epithelial-immune (EIT) and mesenchymal-immune (MIT) transitions in amnion at
parturition. We found that the rupture zone of amnion exhibited some specific increases in subcluster proportions of
immune and EMT cells related to extracellular matrix remodeling and inflammation in labor. The non-rupture zone
exhibited some common changes in subcluster compositions of epithelial and fibroblast cells with the rupture zone
in labor, particularly those related to oxidative stress and apoptosis in epithelial cells and zinc ion transport in fibro-
blasts. Moreover, we identified that C—C motif chemokine ligand 20 (CCL20) was among the top up-regulated genes
in amnion epithelial cells, fibroblasts and immunocytes in the rupture zone at parturition. Studies in pregnant mice
showed that administration of CCL20 induced immunocytes infiltration to tissues at the maternal-fetal interface and
led to preterm birth.

Conclusions: Apart from the conventional epithelial, fibroblast and immunocytes, human amnion cells may undergo
EMT, EIT and FIT in preparation for parturition. Intense inflammation and ECM remodeling are present in the rupture
zone, while enhanced apoptosis and oxidative stress in epithelial cells and zinc ion transport in fibroblasts are present
in amnion regardless of the rupture zones at parturition. CCL20 derived from the major cell types of the amnion par-
ticipates in labor onset.
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the development of effective strategies for prevention of
preterm birth. While activation of the fetal membranes
is known to play a pivotal role in the onset of parturi-
tion [4—6], the upstream signals that provoke membrane
activation remain incompletely understood. Unravelling
these upstream signals may provide valuable therapeutic
targets for preterm birth.

The human fetal membranes are composed of two lay-
ers of tissue, the amnion and chorion, which overlie the
inner side of both the uterus body and the cervix [7]. It
is believed that the fetal membranes overlying the cer-
vix undergo the most striking physical and biochemical
changes towards the end of gestation, thus becoming
a source of triggers for parturition as well as the rup-
ture point of the membranes in parturition [8, 9]. This
region overlying the cervix is referred to as the zone of
altered morphology (ZAM) with the region outside of
ZAM, known as non-ZAM, being believed to remain
largely unaltered at parturition. Several transcriptomic
studies using bulk fetal membrane tissue have revealed
a number of differential molecular signatures between
the ZAM and non-ZAM regions at term parturition [10,
11]. However, these bulk transcriptomic studies assumed
a homogeneous population of cell types, which ignores
the stochasticity of gene expression in different cell types.
Thus, bulk transcriptomic studies may conceal significant
changes in a particular cell type, which may comprise
the most important signatures of initiation of parturi-
tion. To this end, single cell RNA sequencing (scRNA-
seq) is a state-of-the-art technology for identifying gene
expression signatures in a particular cell type. Herein,
we attempted to reveal such novel signatures associated
with parturition in a single cell type with respect to ZAM
and non-ZAM regions by taking advantage of scRNA-seq
technology.

Although the anatomical layers of fetal membranes
may vary across different species, the inner layer is con-
sistently the amnion membrane. Accumulating evidence
indicates that the amnion is not only the most tensile
layer of the membranes, but is also the source of crucial
signals which initiate labor and parturition [12-15]. In
the amnion, surface-aligning epithelial cells and mesen-
chymal fibroblast cells are acknowledged to be the two
major cell types, which are joined by occasional immune
cells in the mesenchymal layer [7]. Emerging evidence
indicates that there may be an increasing number of cells
exhibiting phenotype transition such as epithelial-mes-
enchymal transition (EMT) in the amnion toward the
end of gestation, which may become a novel source of
triggers for labor [16-18]. It is now widely accepted that
inflammation of the fetal membranes is an indispensa-
ble process of parturition [6]. However, apart from local
in-dwelling immune cells, it remains to be determined
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whether amnion cells undergo any phenotype transition
toward immune cells in parturition. Resolution of this
issue may explain how the inflammation process is initi-
ated in the fetal membranes in parturition.

To address the issues described above, we performed
scRNA-seq on human amnion cells isolated from both
ZAM and non-ZAM regions in labor, and generated a
novel comprehensive transcriptomic profile of single
cell signatures. Six major cell types were identified in
the amnion including conventional epithelial, fibroblast
and immune cells as well as cell types expressing dual
cell markers including epithelial/fibroblast, epithelial/
immune and fibroblast/immune markers. Although the
non-ZAM region manifested some changes, the ZAM
region exhibited the most pronounced changes in the
proportions of cell subclusters with unique signatures
of gene expression in labor. Among these signatures, the
chemokine C-C motif chemokine ligand 20 (CCL20) was
identified as one of the top up-regulated genes in all the
major cell types at parturition. The crucial role of CCL20
in labor initiation was further validated in both human
and mouse studies.

Results

Six cell types were identified in human amnion

with scRNA-seq

Fresh amnion tissue was collected from eight women
who were delivered by term spontaneous labor (term
labor, TL, n=4) or term elective ¢ section without
labor (term non-labor, TNL, n=4). Paired ZAM and
non-ZAM tissues were sampled from the amnion of
each woman with spontaneous labor, and designated
as term labor-proximal (TL_P, n=4) and term labor-
distal (TL_D, n=4) respectively. In the case of elec-
tive ¢ section without labor, tissue was sampled only
from the artificial rupture site over the cervix, which
was designated as term non-labor-proximal (TNL_P,
n=4). Total amnion cells were isolated from the tissues
sampled above for subsequent scRNA-seq using a com-
mercial 10 x Genomics platform (Fig. 1A). After qual-
ity control, a total of 72,818 cells were captured in all
these 12 samples. The number of cells captured in each
sample for scRNA-seq was comparable with an aver-
age of 6081.5 +322.5 cells per sample (Additional file 1:
Fig. S1A; Table S1). Overlaying the grouping informa-
tion showed that the number of captured cells was also
comparable among TNL_P, TL_P and TL_D groups
(Additional file 1: Fig. S1B). Subsequent analysis of
these cells from all samples with t-distributed stochas-
tic neighbor embedding (tSNE) revealed 14 subclusters
(Fig. 1B). Using established specific cell markers, 6 cell
types were attributed (Fig. 1C), including epithelial cells
(EpC), fibroblasts (FB), immunocytes (ImC) and three
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Fig. 1 Single-cell transcriptomic atlas of the human amnion. A Workflow of single-cell RNA-sequencing analysis. B, C The t-distributed stochastic
neighbor embedding (t-SNE) plot of 72,818 cells profiled with each cell color-coded to indicate different cell clusters (B) and cell types (C). 14
clusters and 6 major cell types were identified. FB, fibroblasts; EpC, epithelial cells; ImC, immunocytes; EpC_FB, epithelial_fibroblasts; ImC_EpC,
immune_epithelial cells and ImC_FB, immune_fibroblasts. D, E Feature (D) and dot (E) plots showing the expression of established markers of
epithelial cells, fibroblasts and immunocytes. Dot size encodes the percentage of cells expressing the gene, and color encodes the average level

of gene expression per cell. F Co-staining of epithelial/fibroblast markers E-cadherin (green)/vimentin (red) or KRT14 (green)/N-cadherin (red). G
Co-staining of epithelial/immunocyte markers E-cadherin (green)/CD45 (red) or KRT14 (green)/CD45 (red). H Co-staining of fibroblast/immunocyte
markers vimentin (green)/CD45 (red) or N-cadherin (green)/CD45 (red). Nuclei were counterstained blue with DAPI. Scale bar, 20 um
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other cell types which co-expressed epithelial (KRT6A4,
KRT14, etc.)/fibroblast (COL1A1, DCN, etc.), epithelial
(KRT6A, KRT14, etc.)/immune (CD74, SRGN, etc.) or
fibroblast (COLIA1, DCN, etc.)/immune (CD74, SRGN,
etc.) cell markers (Fig. 1D and 1E, Additional file 1: Fig.
S2). We defined these three cell types expressing dual
cell markers as epithelial_fibroblast cell (EpC_FB),
immune_epithelial cell (ImC_EpC) and immune_fibro-
blast cell (ImC_FB) types. Additional differentially
expressed genes (DEGs) of these six cell types were
illustrated in the form of dot plots (Fig. 1E), heatmap
(Additional file 1: Fig. S2A), feature plots (Additional
file 1: Fig. S2B) and violin plots (Additional file 1: Fig.
S2C). The presence of cell types expressing dual cell
markers were confirmed in the amnion tissue by immu-
nofluorescence co-staining. Cells co-expressing epi-
thelial/fibroblast cell markers (E-cadherin/vimentin
or KRT14/N-cadherin) were observed scattered in the
epithelial lining of the amnion (Fig. 1F), while cells co-
expressing epithelial/immune (E-cadherin/CD45 or
KRT14/CD45) or fibroblast/immune (vimentin/CD45
or N-cadherin/CD45) cell markers were found sparsely
distributed in the mesenchymal layer of the amnion
(Fig. 1G and 1H).

Unsurprisingly, epithelial cells and fibroblasts were
the two major cell types in amnion in all three groups
regardless of labor status and membrane zones (Addi-
tional file 1: Table S2; Fig. S1C). Overall, the propor-
tions of epithelial cells and fibroblasts were 67.91% and
22.04% of total cells respectively, and the other four cell
types accounted for only 10.05% of total cells. The aver-
age proportions of ImC, EpC_FB, ImC_EpC and ImC_FB
was 5.69%, 3.49%, 0.45%, and 0.43% of total cells respec-
tively (Additional file 1: Table S2). The fractions of each
cell types of the individual sample were given in Addi-
tional file 1: Fig. S1C. Of note, the proportions of epithe-
lial cells and fibroblasts manifested reciprocal changes in
labor with decreased proportion of epithelial cells and
increased proportion of fibroblasts regardless of mem-
brane zones, resulting in the decreased ratio of EpC/FB
at both ZAM and non-ZAM with labor. The ratio of EpC/
FB decreased from 5.29% in TNL_P group to 2.39% and
2.64% in TL_P and TL_D groups respectively, suggest-
ing that there may be labor-associated phenotype transi-
tion of epithelial cells toward fibroblasts or shedding of
epithelial layer. However, there were no statistical differ-
ences in the proportions of all these cell types between
TL_P and TL_D or between TL_P and TNL_P. Therefore,
subcluster analysis was performed subsequently for cell
types with enough cell number to investigate whether
there were any changes in subcluster proportions of the
major cell types in association with membrane rupture at
parturition.
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Subcluster analysis of the major cell types in human
amnion

Epithelial cell

Analysis of epithelial cells of all three groups with tSNE
projections revealed ten subclusters (Fig. 2A). The top
DEGs of these subclusters were illustrated in dot plots
(Fig. 2B). Among the ten subclusters, only the fraction of
subcluster 2 manifested a significant change among the
three groups. Gene ontology (GO) analysis showed that
the highly expressed genes in subcluster 2 were enriched
in cellular response to lipid hydroperoxide (Fig. 2C).
Microsomal glutathione S-transferase 1 (MGST1) was
among those highly expressed genes, which is known
related to alleviation of oxidative stress and apoptosis [19,
20] (Fig. 2B and D). Overlaying the grouping informa-
tion of the tSNE plot revealed that subcluster 2 derived
mainly from the TNL_P group (Fig. 2E). Consistently,
the cell number of subcluster 2 was significantly smaller
in TL groups (TL_P and TL_D) than that in the TNL_P
group (Fig. 2F), suggesting that enhanced oxidative stress
and apoptosis may exist in amnion epithelial cells regard-
less of the membrane zone in labor.

Fibroblasts

Analysis of fibroblasts of all three groups with tSNE
projections revealed seven subclusters (Fig. 3A). The
top DEGs of each subcluster were shown in dot plots
(Fig. 3B). Among the seven subclusters, only the frac-
tion of subcluster 2 manifested a significant change
among the three groups. GO analysis showed that highly
expressed genes in subcluster 2 were enriched in cellular
responses to zinc and cadmium ions (Fig. 3C). Overlay-
ing the grouping information of the tSNE plot revealed
that subcluster 2 came mainly from TL groups (TL_P
and TL_D) regardless of the membrane zone (Fig. 3D).
Consistently, the proportion of subcluster 2 increased
significantly in TL_P group and tended to increase in
TL_D group (Fig. 3E), suggesting that zinc and cadmium
ion transport might be enhanced in amnion fibroblasts in
labor regardless of membrane zones.

Immunocyte

Analysis of immunocytes of all three groups with tSNE
projections revealed six subclusters (Fig. 4A). The top
DEGs of each subcluster were shown in the dot plots
(Fig. 4B). Of note, almost all subclusters expressed mac-
rophage-specific markers, including CD68, CD86, CD163
and MRCI (Fig. 4C), and only a few cells expressed B
cell marker CD19 (Additional file 1: Fig. S3A). However,
none of the cells expressed markers of T cell (CD3) and
natural killer cell (NCAM1) (Additional file 1: Fig. S3B,
C). These data suggest that macrophage may be the
dominant immune cell in amnion. Further analysis of
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gene expression profiles indicated that macrophages in
amnion could not be simply classified into M1 and M2
subtypes [21] because both M1 (CD68) and M2 (CD163
and MRCI) markers were found in these macrophages
despite that two other classical M1 markers, CD80 and
NOS2, were not detected (Additional file 1: Fig. S3D, E).
To identify the origin of macrophages in amnion, male
fetus datasets were analyzed to take the advantage of the
unique genes encoded in Y chromosome. It turned out
that the majority of macrophages expressed Y chromo-
some-encoded genes, suggesting that they were mostly
of fetal origin rather than of maternal origin (Fig. 4D and
4F).

Among the six subclusters, only the fractions of sub-
clusters 1, 3, 4 and 6 manifested significant changes
among the three groups. GO analysis showed that the
top highly-expressed genes in subclusters 1 and 4 were
related to oxidative stress response and apoptotic pro-
cess respectively (Additional file 1: Fig. S4). The top
highly-expressed genes of both subclusters 3 and 6 were
enriched in inflammatory responses, including lipopol-
ysaccharide-mediated signaling pathway, MyD88-
dependent toll-like receptor signaling pathway, positive

regulation of cytokine secretion and neutrophil chem-
otaxis (Fig. 4F). In addition, the top highly-expressed
genes in subcluster 6 were also related to cellular
response to zinc ion, and extracellular matrix (ECM)
disassembly (Fig. 4F), which was identified by the spe-
cifically-expressed genes including matrix metallopro-
teinases (MMP1, MMPS8, MMPI0 and MMPI2) and
metallothioneins (MTIA, MTIM, MTIH and MTIQ)
(Additional file 1: Fig. S3F). In addition to MMPs and
MTs, AQP9 (aquaporin 9) was also identified among
the top DEGs in subcluster 6 (Fig. 4B). Overlaying the
grouping information of the tSNE plot revealed that
subclusters 3 and 6 derived almost exclusively from
TL_P group (Fig. 4G), whereas subclusters 1 and 4
were mostly from TL_D and TNL_P groups (Fig. 4G).
Although the individual proportion of subcluster 3
or 6 showed no change, their combined proportion
increased significantly in TL_P group when compared
with that of TL_D group or TNL_P group (Fig. 4H).
By contrast, the proportions of subclusters 1 and 4
decreased significantly in TL_P group (Fig. 4H). These
data suggest that the immune cells are strengthened in
metallothionein, ECM remodeling and inflammation
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responses, but are attenuated in apoptosis and oxida-
tive stress in the rupture zone of the amnion in labor.

EpC_FB

Analysis of EpC_FB cells of all three groups with tSNE
projections revealed six subclusters (Fig. 5A). The top
DEGs of these subclusters were shown in dot plots
(Fig. 5B). Although there were no obvious specific marker
genes in subcluster 1 (Fig. 5B), the other subclusters
could be identified by specific marker genes. Subcluster
2 expressed fibroblast maker genes CDH2 and LOXL3,
etc. (Fig. 5B-D, Additional file 1: Fig. S5). Subclusters 4
and 6 shared the same immunocyte marker genes CCL3
and CCL4L2, etc. (Fig. 5B-D, Additional file 1: Fig. S5),
while subclusters 3 and 5 shared the same marker genes
KLKS, 6 and 7, which belong to the kallikrein (KLK) fam-
ily (Fig. 5B-D, Additional file 1: Fig. S5).

Overlaying the grouping information of the tSNE plot
revealed that the fibroblast-like subcluster 2 and immu-
nocyte-like subclusters 4 and 6 derived mostly from
TL_P group, whereas KLK-expressing subclusters 3 and
5 derived mainly from TNL_P group (Fig. 5E). Although

the individual proportion of subclusters 2, 4 and 6 did
not change significantly, their combined proportion
increased significantly in TL_P group (Fig. 5F) when
compared with that of TL_D group or TNL_P group. By
contrast, the combined proportion of subclusters 3 and
5 decreased significantly in TL_P group when compared
with TL_D or TNL_P group (Fig. 5F). These data suggest
that EpC_FB cells may behave in a way more like immu-
nocyte and fibroblast with strengthened functions in
inflammation and ECM remodeling in the rupture zone
of the amnion in labor. However, we are unclear about
the implication of decreased proportions of subclusters 3
and 5 in the rupture zone at parturition.

Identification of crucial signatures of membrane rupture

at parturition

To identify crucial signatures of membrane rupture at
parturition, DEGs of TL_P group were compared with
that of TNL_P or TL_D group in epithelial cells, fibro-
blasts and immunocytes, the three major cell types of
the amnion. There were 251, 215 and 271 DEGs (fold
change>1.5 and p-value<0.05) in epithelial cells,
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fibroblasts and immunocytes respectively between
TL_P and TNL_P groups, and there were 66, 71 and 54
DEGs in epithelial cells, fibroblasts and immunocytes

respectively between TL_P and TL_D groups (Fig. 6A—
C, Additional file 2: Dataset 1-6). Intersection of DEGs
between TL_P and TNL_P groups with DEGs between
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TL_P and TL_D groups revealed that there were 53,
43 and 31 genes commonly changed in epithelial cells,
fibroblasts and immunocytes respectively in TL_P
group (Fig. 6A—-C, Additional file 2: Dataset 7-9). The
specific DEGs in epithelial cells, fibroblasts and immu-
nocytes were displayed in Additional file 2: Dataset
10-12 respectively. Of the commonly-changed genes,
CCL20 was the only one among the top up-regulated

genes in epithelial cells, fibroblasts and immunocytes in
TL_P group (Fig. 6D—F).

To identify the crucial transcriptional regulatory net-
work in labor initiation, we performed single-cell regula-
tory network inference and clustering (SCENIC) analyses
in human epithelial cells, fibroblasts and immunocytes
[22]. Our data showed that the highly active transcrip-
tion factors (TFs) varied specifically in TL_D, TL_P and
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TNL_P groups (Fig. 6G-I). Unsurprisingly, NFKBI gene
which encodes the subunit p65 of the proinflamma-
tory transcription factor nuclear factor-kappa B (NF-kB)
presented high transcriptional activity in all the three
major cell types in the TL_P group (Fig. 6G-I). In addi-
tion to NFKB1, CEBPD encoding CCAAT enhancer
binding protein delta and STAT3 encoding signal trans-
ducer and activator of transcription 3 were also found to
be highly active in all the three major cell types in TL_P
group (Fig. 6G-I), which were consistent with our previ-
ous work showing that CEBPD and STATS3 are involved
in the upregulation of parturition-pertinent genes in
the amnion [13, 23, 24]. By contrast, EGRI encoding
early growth response 1, and STATI encoding signal
transducer and activator of transcription 1 presented
low activities in both fibroblasts and immunocytes,
while RORA encoding RAR related orphan receptor A
exhibited low activity in epithelial cells in TL_P group
(Fig. 6G-I).

Verification of the crucial role of CCL20 in labor onset

The increase in CCL20 in the amnion in TL_P group
was verified by measurements of CCL20 mRNA with
quantitative real time PCR (qRT-PCR) (Fig. 7A), and
CCL20 protein with enzyme-linked immunosorbent
assay (ELISA) (Fig. 7B) and immunohistochemical stain-
ing (Additional file 1: Fig. S6) in human amnion tissue.
Studies in the mouse demonstrated that intraperito-
neal injection of CCL20 (10 pg/kg body weight (BW))
at 17 dpc induced preterm birth by 0.5 to 1 day with no
fetal demise (Fig. 7C). Histological examination of cells
expressing CD45, a unique membrane glycoprotein
marker, which is expressed in almost all hematopoietic
cells except mature erythrocytes, in intrauterine tissues
revealed an increased number of CD45-positive cells in
endometrium and myometrium of the uterus (Fig. 7D
and 7E), the junctional and labyrinth zones of the pla-
centa (Fig. 7F and 7G), and the decidua (Fig. 7F and 7QG)
in animals receiving CCL20 administration, suggesting
increased immune cell infiltration into these intrauterine
tissues. However, only a few immunocytes were observed
in the yolk sac membrane and none were observed in
the amnion of the fetal membranes in animals receiv-
ing CCL20 administration (Fig. 7H and 7I), suggest-
ing that the yolk sac membrane but not the amnion is
the site of immune cell infiltration although it is not as
great as in the other intrauterine tissues following CCL20
administration.

Discussion

Single cell RNA-seq has been applied to interrogate cel-
lular heterogeneity and inter-cellular communications
at the maternal-fetal interface in normal pregnancy

Page 10 of 18

[25-30] as well as in pregnancy disorders such as recur-
rent miscarriage [31, 32], preeclampsia [33], gestational
diabetes mellitus [34] and preterm birth [35, 36]. A pio-
neering study of preterm birth by Roger Pique-Regi et al.
[36] analyzed maternal and fetal cells in major tissues at
the maternal—fetal interface, including placental villous
tree, basal plate and chorioamniotic membranes with
scRNA-seq. Their study provided a catalogue of cell types
and transcriptional profiles relevant to term and preterm
parturition in each of the compartments. However, in
the case of chorioamniotic membranes, they used whole
membrane layers with attached decidua without distin-
guishing the ZAM and non-ZAM regions. Therefore,
it is not clear in which layer of the fetal membranes the
identified cell types dwell in their study. The relation-
ship of these identified cell types with the rupture zone is
also not clear. In addition, cell types isolated from whole
membranes with attached decidua are far more com-
plex than cell types isolated from a single layer, and may
therefore overlook some minor cell types in a particular
layer. Given the crucial importance of the amnion for the
maintenance of membrane tensile strength and genera-
tion of parturition signals [4, 6], single cell analysis of the
amnion layer with respect to the altered zones of mor-
phology is thus of utmost importance for resolving the
mechanism of membrane rupture at parturition.

The amnion is mainly composed of epithelial cells,
fibroblasts [7], and to a lesser extent, immune cells. In
addition to these three cell types, here we demonstrated
additional three cell types expressing dual cell markers,
i.e. EpC_FB, ImC_FB and ImC_EpC, in amnion, which
suggests that there may be phenotype transitions from
epithelial cells to mesenchymal cells (EMT), from epithe-
lial cells to immunocytes (EIT) and from fibroblasts to
immunocytes (MIT) in amnion toward the end of gesta-
tion. EMT has been shown to participate in a number of
physiological and pathological processes [16—18, 37, 38].
Increasing EMT has been reported in the amnion toward
the end of gestation in preparation for membrane rupture
and labor [16-18]. Although much less is known about
MIT, Kim et al. found the existence of cells expressing
both fibroblast and macrophage markers in chorioamni-
otic membranes in labor by using immunofluorescence
staining [39]. Recently, EIT has been observed in can-
cers [40—42]. Our study demonstrated for the first time
that EIT might also exist in amnion. The existence of cell
types expressing dual cell markers indicate that amnion
cells may undergo phenotype transitions toward fibro-
blast and immune cells in favor of inflammation and
ECM remodeling in preparation for membrane rupture
and parturition.

Although there were no significant changes in the
proportions of the six major cell clusters, the subcluster
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proportions of the four major clusters including EpC,
FB, ImC and EpC_FB, which have enough cells for sub-
cluster analysis, displayed significant changes in amnion
at parturition either regardless of the rupture zone or
specifically in the rupture zone. We found that the sub-
cluster proportion of EpC in association with apopto-
sis and oxidative stress alleviation decreased, while the
subcluster proportion of FB in association with zinc and
cadmium ion transport increased in amnion at parturi-
tion regardless of the rupture zone, suggesting that the
non-rupture zone of the amnion was not inert in labor.

At least, oxidative stress and apoptosis in epithelial cells
and zinc ion transport in fibroblasts are enhanced in
this region together with the rupture region in labor. It
has been reported that oxidative stress and apoptosis in
amnion epithelial cells may account for cell senescence
and shedding of epithelial cells as well as inflammation
of the membranes in labor [43—-46]. Zinc ion is required
by a number of proteases for the proteolytic activity [47,
48]. Thus, increased zinc ion transport in fibroblasts
may facilitate protease activity for ECM remodeling in
amnion at parturition.
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In contrast to EpC and FB, the subcluster proportions
of ImC and EpC_FB appeared to change specifically in
the rupture zone of the amnion in parturition. We found
that the subcluster proportions of ImC related to zinc ion
transport, ECM disassembly and inflammatory response
increased while the subcluster related to apoptosis and
oxidative stress response decreased. The increase in
subcluster related to inflammation is in line with previ-
ous reports that the rupture site of the membranes is the
principle region of inflammation during parturition [11,
49]. Decreases in ImC subcluster related to apoptosis
and oxidative stress responses may save immune cells for
functions of inflammation and ECM remodeling. How-
ever, we do not have a clue why the proportion of EpC_
FB subclusters expressing KLKs decreased in the rupture
zone of the amnion at parturition, given the serine pro-
tease property of kallikreins encoded by KLKs [50].

It is now widely accepted that parturition is an inflam-
matory process [51], whereby a coalition of leukocytes
infiltrate the fetal-maternal interface, including the
uterus, decidua and chorioamniotic membranes [52—54].
Although the amnion had been reported to exhibit leu-
kocyte chemotactic activity during labor [55], very few
leukocytes have been observed in the amnion in previ-
ous studies [56, 57], suggesting that other tissues at the
maternal—fetal interface are the principle sites of immune
cell infiltration in labor. In this study, we found that a
substantial number of immune cells were present in
amnion, but interestingly, almost all these immunocytes
are macrophage-like cells of fetal origin, suggesting that
they are either locally in-dwelling macrophages or mac-
rophages migrating from the fetal side. Of interest, we
found that macrophages in the amnion could not be sim-
ply divided into M1 and M2 subtypes, and they expressed
a coalition of M1 and M2 makers. It is generally believed
that M2 macrophages can produce abundant MMPs
and are involved in homeostasis and tissue remodeling,
while M1 macrophages play a role in Thl-type immune
responses [58, 59]. Because the amnion is the most ten-
sile layer of the membranes, the M2 phenotype of mac-
rophages may assist in membrane rupture by remodeling
ECM of the amnion in labor [60] and the M1 phenotype
may assist in the inflammatory reactions of the amnion in
labor. These properties of M1 and M2 macrophage sub-
types may explain why the amnion contains macrophages
expressing both M1 and M2 markers. In addition, we also
observed a few cells expressing B cell but not T cell or
NK cell markers in the amnion. These observations sug-
gest that the amnion may also be a site of immune cell
infiltration though to a lesser extent.

Increased CCL20 abundance in the amniotic fluid
has been reported in term and preterm labor [61, 62].
In the present study, we found that CCL20 increased
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dramatically in the rupture zone of the amnion in labor
and we identified CCL20 as one of the top up-regulated
genes in all the major cell types of the amnion includ-
ing epithelial cells, fibroblasts and immunocytes in this
zone in labor. Studies in the mouse showed that intra-
peritoneal injection of CCL20 induced preterm labor,
which indicates a crucial role of CCL20 in labor onset.
CCL20 is the only chemokine known to interact with CC
chemokine receptor 6 (CCR6). The ligand-receptor pair
CCL20-CCR6 is responsible for the chemoattraction of
immature dendritic cells, effector/memory T-cells and
B-cells and plays a role in homeostatic and inflamma-
tory conditions [63]. In this study, we observed CD45-
positive cells in the uterus, placenta, decidua and yolk
sac membrane but not the amnion following injection of
CCL20 into the pregnant mouse, suggesting that CCL20
facilitates the infiltration of immune cells mainly into
the uterus, placenta, decidua and yolk sac but not the
amnion. This situation likens the situation of human par-
turition, in which infiltration of immune cells has been
shown mainly to the uterus, placenta, decidua and cho-
rion but not the amnion [52-54].

In conclusion, we have identified six major cell types in
the human amnion including epithelial cells, fibroblasts,
immunocytes, EpC_FB, ImC_EpC and ImC_FB (Fig. 8).
The existence of EpC_FB, ImC_EpC and ImC_FB cell
types indicates the presence of EMT, EIT and MIT in the
amnion in preparation for parturition. We found that the
membrane rupture zone exhibited some specific changes
in subcluster proportions of ImC and EpC_FB in labor,
particularly those subclusters related to ECM remodeling
and inflammation (Fig. 8). We found that the non-rup-
ture zone also manifested some common changes in EpC
and FB subcluster compositions along with the rupture
zone, particularly those subclusters related to oxidative
stress and apoptosis in EpC and zinc ion transport in FB
(Fig. 8). Moreover, we identified that CCL20 was one of
the top up-regulated genes in the major cell types of the
amnion including epithelial cells, fibroblasts and immune
cells in the rupture zone at parturition. Increased CCL20
expression was confirmed in the amnion obtained from
pregnant women with labor. Indeed, a murine study
showed that administration of CCL20 induced preterm
birth with immune cell infiltration to tissues at the mater-
nal—fetal interface (Fig. 8).

Materials and methods

Study population

Women with singleton pregnancies were recruited
between 1 September 2019 and 1 October 2020 under
a protocol approved by the Ethics Committee of Ren Ji
Hospital, Shanghai Jiao Tong University School of Medi-
cine with written informed consent (Protocol No. [2013]
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NO025). Pregnancies with complications including preec-
lampsia, gestational diabetes, fetal growth restriction,
and chorioamnionitis were excluded from this study. For
scRNA-seq, amnion tissue samples were collected from
four women with spontaneous labor at term (term labor,

TL) and four women undergoing elective c section with-
out labor at term (term non-labor, TNL). In the case of
TL, paired amnion tissues were sampled from the ZAM
[designated as term labor-proximal (TL_P)] over the
cervix and non-ZAM [designated as term labor-distal
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(TL_D)], 10 cm distal to the ZAM. In the case of TNL,
amnion tissue was sampled at the artificial rupture site
over the cervix, which was designated as term non-labor-
proximal (TNL_P). For validation of the changes of cru-
cial gene expression in amnion in parturition observed
with scRNA-seq, another twenty-eight pregnant women
were recruited into TL and TNL groups for analysis with
qRT-PCR and ELISA. The number of pregnant women
was given in the figure legend of each of the studies. The
clinical information for all subjects is given in Additional
file 1: Table S3.

Preparation of human amnion single-cell suspensions

for library generation and sequencing

Fresh amnion was minced into small pieces and digested
twice with 0.125% trypsin (Life Technologies Inc., Grand
Island, NY) followed by further digestion with 0.1% colla-
genase (Sigma, St. Louis, MO). All digestions were com-
bined and centrifuged for collection of amnion cells. To
avoid any cell aggregates from the single-cell suspension,
the cell suspension was filtered through a 40-um nylon
mesh. Collected cells were washed and resuspended
in calcium/magnesium-free phosphate-buffered saline
(PBS) containing 0.1% bovine serum albumin. Cell via-
bility was assessed by trypan blue (Bio-Rad, Irvine, CA)
staining. Cell viability >90% was used for library gen-
eration on 10 x Genomics system. Briefly, the cells were
partitioned for genetically engineered model (GEM) gen-
eration and barcoded cDNA library construction using
10 x Chromium Single-cell kits following the manu-
facturer’s protocol. Then all libraries were subjected to
quality tests on a Fragment Analyzer 2100 (Agilent Tech-
nologies, Carpinteria, CA) and sequenced on the Illu-
mina sequencing platform (NovaSeq 6000; Illumina, San
Diego, CA).

Quality control of scRNA-seq data and identification of cell
clusters and subclusters

Raw sequencing data were processed using the Cell
Ranger software pipeline (version 3.1.0) provided by
10 x Genomics. Raw binary base call files were demul-
tiplexed using the cellranger mkfastq. Subsequent read
alignments and transcript counting were performed
individually for each sample using cellranger counts with
standard parameters. Then, unique molecular identi-
fier (UMI) count matrix was imported into the Seurat R
package (version 3.2.0) [64]. Quality control of each con-
structed library was performed. A criterion was applied
to filter out cells with genes fewer than 500 or a mito-
chondrial gene ratio greater than 10% or UMI/gene num-
bers out of the limit of mean value =+ two fold of standard
deviations assuming a Guassian distribution of each
cells’ UMI/gene numbers. Moreover, the batch effects on
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single-cell RNA-sequencing data were removed by ana-
lyzing the mutual nearest neighbors (MNN) with the R
package ‘batchelor’ [65].

After quality standardization, the Seurat R package
was applied to analyze the scRNA-seq data [66]. Firstly,
library size normalization was performed with Seurat on
the filtered matrix to obtain the normalized count, and
then top variable genes across single cells were identi-
fied. After that, principal component analysis (PCA)
was performed to reduce the dimensionality on the log-
transformed gene-barcode matrices of top variable genes.
Cells were clustered based on a graph-based clustering
approach (Find Clusters function), and were visualized in
2-dimension using tSNE. FindAlIMarkers function (test.
use="“bimod”) in Seurat was used to identify marker
genes of each cluster. For a given cluster, positive mark-
ers were identified by the FindAllMarkers function com-
pared with all other cells. GO analyses were conducted
using R based on the hypergeometric distribution.

For subcluster analysis, cell types with cell number
large enough were extracted via the “SubsetData” func-
tion following primary annotation. “FindClusters”
and “FindAllMarkers” functions were applied, and the
selected cells were reclustered by tSNE and annotated by
the dominant cell markers.

Verification of cell types expressing dual cell markers

in human amnion with immunofluorescence staining

To confirm the existence of cell types expressing dual cell
markers observed with scRNA-seq, immunofluorescence
co-staining of the amnion tissue was carried out. Amnion
tissue was collected from elective ¢ section without labor
at term and fixed with 10% neutral buffered formalin at
room temperature for 24 h. The tissue was then trans-
ferred to 70% ethanol, followed by paraffin embedding.
Paraffin-embedded amnion tissue was sectioned at 5 pm
thickness. After deparaffination, the section was per-
meabilized with 0.4% Triton X-100. After blocking with
normal serum, the section was incubated with the com-
bination of two different primary antibodies representing
different cell types overnight at 4 °C, followed by incu-
bation with respective Alexa Fluor 488- and 594-conju-
gated secondary antibodies (Life Technologies) at 37 °C
for 2 h. Primary antibodies used for immunofluorescence
co-staining are as follows: immune cell markers: rabbit
anti-CD45 (1:100; Cell Signaling, Danvers, MA; 13917S);
mesenchymal cell markers: mouse anti-vimentin (1:200;
NOVUS, Centennial, CO; NBP1-92687), rabbit anti-
vimentin (1:200; Proteintech, Wuhan, China; 10366-1),
mouse anti-N-cadherin (1:100; Cell Signaling; 14215S);
epithelial cell markers: rabbit anti-E-cadherin (1:200; Cell
signaling; 3195S), mouse anti-E-cadherin (1:200; Abcam,
Cambridge, MA; abl1416), mouse anti-cytokeratin 14
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(KRT14) (1:200; Proteintech; 60320-1). Nuclei were coun-
terstained with 4,6-diamidino-2-phenylindole (DAPI;
1 pg/mL; blue color). The slides were examined under a
fluorescence microscope (Zeiss, Oberkochen, Germany).

Analysis of immune cell origin in human amnion

To analyze the origin of immune cells detected in the
amnion with scRNA-seq, samples from only male fetuses
were analyzed to take the advantage of the unique genes
(DDX3Y, USP9Y EIFAY, etc.) encoded in the Y chromo-
some of the male fetus. Gene expression matrices were
used to perform Seurat alignment and t-SNE clustering
as described above. Detection of any expression of the Y
chromosome—encoded genes indicated fetal origin, oth-
erwise an indication of maternal origin.

Identification of unique signatures in major cell types

of human amnion in membrane rupture at parturition

To identify unique parturition-pertinent signatures in the
major cell types of human amnion in different groups,
DEGs of TL_P vs TL_D or TL_P vs TNL_P were identi-
fied using the FindMarkers function (test use=“MAST”)
in Seurat package [67]. P value<0.05 and |log2fold-
change|>0.58 were set as the significant threshold. DEG’s
GO analyses were conducted using R based on the hyper-
geometric distribution.

The active TFs in the major cell types of human amnion
in different groups were analyzed with SCENIC analysis
utilizing the motifs database for RcisTarget and GRN-
boost [22]. Briefly, over-represented TF binding motifs
on a gene list were identified with the RcisTarget pack-
age. The AUCell package was used to score the activity of
regulons in each single cell of each group. More detailed
descriptions of SCENIC analysis are available on line at
https://github.com/aertslab/SCENIC.

Measurement of CCL20 in human amnion with gRT-PCR,
ELISA and immumohistochemical staining

To confirm the changes of the signature molecule CCL20
observed with scRNA-seq in amnion at the rupture site
with labor, qRT-PCR, ELISA and immumohistochemical
staining were conducted.

For qRT-PCR and ELISA, RNA and protein were
extracted from amnion tissue obtained from twenty-eight
pregnant women with and without labor. Briefly, amnion
tissue was cut within or 10 cm distal to the spontaneous
rupture site with labor and from the artificial rupture site
without labor, and then grounded in liquid nitrogen. For
CCL20 mRNA measurement, total RNA was extracted
from the homogenized ground tissue using total RNA
isolation kit (Foregene, Chengdu, China). After exami-
nation of RNA quality, reverse transcription was carried
out using a Prime-Script RT Master Mix Perfect Real
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Time Kit (TaKaRa, Kyoto, Japan). The amount of CCL20
mRNA was determined with qRT-PCR using the above
reverse-transcribed cDNA and power SYBR® Premix Ex
Taq " (TaKaRa) following a previously described proto-
col [68]. Housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was measured in parallel for
normalization. The relative mRNA abundance was quan-
titated using the 2—22C* method. Primer sequences for
PCR were as follows: GAPDH, forward, 5-CCCCTCTGC
TGATGCCCCCA-3’ and reverse, 5-TGACCTTGGCCA
GGGGTGCT-3; CCL20, forward, 5- TCCTGGCTG
CTTTGATGTCA-3’ and reverse 5'- CAAAGTTGCTTG
CTGCTTCTGA-3. For CCL20 protein measurement,
grounded tissue was homogenized and lysed in ice-cold
RIPA lysis buffer containing a protease inhibitor cocktail.
After centrifugation, the supernatant was collected for
measurement of CCL20 protein with an ELISA kit (R&D
Systems, Minneapolis, MN; DM3AO00) following the pro-
tocol provided by the manufacturer.

For immumohistochemical staining, the amnion tis-
sue collected from deliveries with and without labor at
term was used. The endogenous peroxidase activity of the
tissue section was quenched with 0.3% H,O, following
deparaffination. After blocking with normal serum, the
section was incubated with a primary antibody against
CCL20 (Novus; AF360) at 1:100 dilution or non-immune
serum for negative control overnight at 4oC. After wash-
ing with PBS, the section was incubated with a bioti-
nylated secondary antibody for 2 h. After washing, the
avidin—biotin complex reagent conjugated with horse-
radish peroxidase (Vector Laboratories, Burlingame, CA)
was applied to react with the secondary antibody. The
substrate 3-amino-9-ethyl carbazole (Vector Laborato-
ries) was then added to develop peroxidase activity as a
red color. The slide was counterstained with hematoxy-
lin and mounted for examination under a microscope
(Zeiss).

Animal study to examine the role of CCL20 in parturition

C57BL/6 mice (Charles River, Beijing, China) were used
following accepted standards for animal care, which was
approved by the Institutional Review Board of Ren Ji
Hospital, School of Medicine, Shanghai Jiao Tong Univer-
sity. Mice aging from 10 to 13 weeks were mated. When
a vaginal plug was present, it was counted as 0.5 days
post-coitus (dpc). To observe whether injection of CCL20
could induce preterm birth, recombinant CCL20 (10 pg/
kg BW) or equivalent maximal amount of LPS (1 ng/
kg BW) remained in the preparation of recombinant
CCL20 was injected intraperitoneally on 17 dpc. Some
of the mice were allowed to deliver spontaneously for
observation of delivery time and fetal demise, and some
were sacrificed 12 h after injection for collection of fetal
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membranes, uterus, decidua and placentae to examine
the infiltration of leukocytes with immunohistochemical
staining of CD45 as described above with a CD45 anti-
body (Cell signaling; 70257S) at 1:100 dilution.

Statistical analysis

Paired or unpaired Student’s t-tests where appropri-
ate was used to assess the difference between TL_P
and TL_D groups or between TL_P and TNL_P groups
in terms of subcluster proportion and CCL20 expres-
sion. Unpaired Student’s t-test was performed to com-
pare the delivery time of pregnant mice with or without
CCL20 injection. Quantitative data are presented as
mean + SEM. Significance was set at P <0.05.

Abbreviations

ZAM: The zone of altered morphology; scRNA-seq: Single cell RNA sequencing;
EMT: Epithelial-mesenchymal transition; EIT: Epithelial-immune transition; MIT:
Mesenchymal-immune transition; CCL20: C-C motif chemokine ligand 20; TL:
Term labor; TNL: Term non-labor; TL_P: Term labor-proximal; TL_D: Term labor-
distal; TNL_P: Term non-labor-proximal; EpC: Epithelial cells; FB: Fibroblasts;
ImC: Immunocytes; EpC_FB: Epithelial_fibroblast cells; ImC_EpC: Immune_epi-
thelial cells; ImC_FB: Immune_fibroblasts; DEGs: Differentially expressed
genes; GO: Gene ontology; TFs: Transcriptional factors; PBS: Phosphate-
buffered saline; GEM: Genetically engineered model; UMI: Unique molecular
identifier; MNN: Mutual nearest neighbors; PCA: Principal component analysis;
tSNE: T-distributed stochastic neighbor embedding; SCENIC: Single-cell requ-
latory network inference and clustering; gRT-PCR: Quantitative real-time PCR;
ELISA: Enzyme-Linked immunosorbent assay; KLK: Kallikrein; MMPs: Matrix
metalloproteinases; MGST1: Microsomal glutathione S-transferase 1; CCR6: CC
chemokine receptor 6; BW: Body weight; AQP9: Aquaporin 9.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/s13578-022-00797-4.

Additional file 1: Fig. S1. Information of individual human amnion
sample. Fig. S2. Expression of established markers in six cell types of the
human amnion. Fig. $3. Feature plots of immune cell marker expression
in immunocytes of the human amnion. Fig. S4. GO analysis of highly-
expressed genes in subclusters 1 and 4 of immunocytes of the human
amnion. Fig. 5. Top DEGs in individual subclusters of EpC_FB of the
human amnion. Fig. $6. Immunochistochemical staining of CCL20 in the
human amnion in TNL_P, TL_D and TL_P groups. Fig. S7. Negative control
of immunohistochemical staining of CD45 in mouse intrauterine tissues.
Table S1. Information of each individual sample. Table S2. Cell number
and proportion of each cell type. Table $3. Demographic and clinical
characteristics of recruited pregnant women.

Additional file 2: Dataset 1. DEGs in epithelial cells between TL_P and
TNL_P groups. Dataset 2. DEGs in epithelial cells between TL_P and
TL_D groups. Dataset 3. DEGs in fibroblast cells between TL_P and
TNL_P groups. Dataset 4. DEGs in fibroblast cells between TL_P and
TL_D groups. Dataset 5. DEGs in immunocytes between TL_P and
TNL_P groups. Dataset 6. DEGs in immunocytes between TL_P and TL_D
groups. Dataset 7. Intersection of DEGs between TL_P and TNL_P groups
with DEGs between TL_P and TL_D groups in epithelial cells. Dataset

8. Intersection of DEGs between TL_P and TNL_P groups with DEGs
between TL_P and TL_D groups in fibroblast cells. Dataset 9. Intersection
of DEGs between TL_P and TNL_P groups with DEGs between TL_P and
TL_D groups in immunocytes. Dataset 10. Specific DEGs in epithelial cells
between TL_P and TL_D groups, TL_P and TNL_P groups. Dataset 11.
Specific DEGs in fibroblast cells between TL_P and TL_D groups, TL_P and

Page 16 of 18

TNL_P groups. Dataset 12. Specific DEGs in immunocytes between TL_P
and TL_D groups, TL_P and TNL_P groups.

Acknowledgements

We thank OE Biotech Co,, Ltd (Shanghai, China) for providing single-cell RNA-
seq, Dr. Xiao-Hua Yao for assistance with bioinformatics analysis. We thank

Dr. Leslie Myatt (Oregon Health & Science University, Portland, Oregon) for
language editing.

Author contributions

WSW and KS designed the project. WSW, YKL, FZ, WIL, FP, YNZ performed
experiments. JWL, CYZ, QZ, and HY collected samples from patients and
analyzed clinical information. WSW and KS analyzed the data and wrote the
manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by National Natural Science Foundation of China
(81830042, 82071677 and 32070844), National Key R & D Program of China
(2020YFA0803900). Innovative Research Team of High-Level Local Universities
in Shanghai.

Availability of data and materials
The data used to support the findings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate

The study was approved by the Ethics Committee of Ren Ji Hospital, School
of Medicine, Shanghai Jiao Tong University. All participants provided written
informed consent for collecting the fetal membranes and further analysis.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Center for Reproductive Medicine, Ren Ji Hospital, Shanghai Jiao Tong Univer-
sity School of Medicine, Shanghai 200135, People’s Republic of China. 2Shang-
hai Key Laboratory for Assisted Reproduction and Reproductive Genetics,
Shanghai, People’s Republic of China. *Department of Obstetrics & Gynecol-
ogy, Ren Ji Hospital, Shanghai Jiao Tong University School of Medicine, Shang-
hai, People’s Republic of China. “Shanghai First Maternity and Infant Hospital,
Tongji University School of Medicine, Shanghai, People’s Republic of China.

Received: 27 January 2022 Accepted: 22 April 2022
Published online: 18 May 2022

References

1. Menon R. Preterm birth: a global burden on maternal and child health.
Pathog Glob Health. 2012;106:139-40.

2. Chawanpaiboon S, Vogel JP, Moller AB, Lumbiganon P, Petzold M, Hogan
D, et al. Global, regional, and national estimates of levels of preterm birth
in 2014: a systematic review and modelling analysis. Lancet Glob Health.
2019;7:e37-46.

3. Romero R, Dey SK, Fisher SJ. Preterm labor: one syndrome, many causes.
Science. 2014;345:760-5.

4. Parry S, Strauss JF 3rd. Premature rupture of the fetal membranes. N Engl
J Med. 1998,338:663-70.

5. Artal R, Sokol RJ, Neuman M, Burstein AH, Stojkov J. The mechanical
properties of prematurely and non-prematurely ruptured membranes.
Methods and preliminary results. Am J Obstet Gynecol. 1976;125:655-9.


https://doi.org/10.1186/s13578-022-00797-4
https://doi.org/10.1186/s13578-022-00797-4

Wang et al. Cell & Bioscience

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

(2022) 12:64

Menon R, Bonney EA, Condon J, Mesiano S, Taylor RN. Novel concepts on
pregnancy clocks and alarms: redundancy and synergy in human parturi-
tion. Hum Reprod Update. 2016;22:535-60.

Bourne GL. The microscopic anatomy of the human amnion and chorion.
Am J Obstet Gynecol. 1960;79:1070-3.

McLaren J, Malak TM, Bell SC. Structural characteristics of term human
fetal membranes prior to labour: identification of an area of altered
morphology overlying the cervix. Hum Reprod. 1999;14:237-41.

Malak TM, Bell SC. Structural characteristics of term human fetal mem-
branes: a novel zone of extreme morphological alteration within the
rupture site. Br J Obstet Gynaecol. 1994;101:375-86.

Nhan-Chang CL, Romero R, Tarca AL, Mittal P, Kusanovic JP, Erez O, et al.
Characterization of the transcriptome of chorioamniotic membranes at
the site of rupture in spontaneous labor at term. Am J Obstet Gynecol.
2010,202(462):e461-e441.

. Marcellin L, Schmitz T, Messaoudene M, Chader D, Parizot C, Jacques S,

et al. Immune modifications in fetal membranes overlying the cervix
precede parturition in humans. J Immunol. 2017;198:1345-56.
Duchesne MJ, Thaler-Dao H, de Paulet AC. Prostaglandin synthesis in
human placenta and fetal membranes. Prostaglandins. 1978;15:19-42.
Lu JW,Wang WS, Zhou Q, Ling LJ, Ying H, Sun'Y, et al. C/EBPdelta drives
key endocrine signals in the human amnion at parturition. Clin Trans!
Med. 2021;11: e416.

Menon R, Moore JJ. Fetal membranes, not a mere appendage of the
placenta, but a critical part of the fetal-maternal interface controlling
parturition. Obstet Gynecol Clin North Am. 2020;47:147-62.

Wang W, Chen ZJ, Myatt L, Sun K. 11beta-HSD1 in human fetal mem-
branes as a potential therapeutic target for preterm birth. Endocr Rev.
2018,;39:241-60.

Janzen C, Sen'S, Lei MY, Gagliardi de Assumpcao M, Challis J, Chaudhuri
G.The role of epithelial to mesenchymal transition in human amniotic
membrane rupture. J Clin Endocrinol Metab. 2017;102:1261-9.
Richardson LS, Taylor RN, Menon R. Reversible EMT and MET medi-

ate amnion remodeling during pregnancy and labor. Sci Signal.
2020;13:eaay1486.

de Castro SM, Richardson LS, Kechichian T, Urrabaz-Garza R, da Silva

MG, Menon R. Inflammation, but not infection, induces EMT in human
amnion epithelial cells. Reproduction. 2020;160:627-38.

Morgenstern R, Zhang J, Johansson K. Microsomal glutathione
transferase 1: mechanism and functional roles. Drug Metab Rev.
2011;43:300-6.

Zeng B, Ge C, LiR, Zhang Z, Fu Q, Li Z, et al. Knockdown of microsomal
glutathione S-transferase 1 inhibits lung adenocarcinoma cell prolifera-
tion and induces apoptosis. Biomed Pharmacother. 2020;121: 109562.
Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo
veritas. J Clin Invest. 2012;122:787-95.

Aibar S, Gonzalez-Blas CB, Moerman T, Huynh-Thu VA, Imrichova H,
Hulselmans G, et al. SCENIC: single-cell regulatory network inference and
clustering. Nat Methods. 2017;14:1083-6.

Wang W, Guo C, Zhu P, Lu J, LiW, Liu C, et al. Phosphorylation of STAT3
mediates the induction of cyclooxygenase-2 by cortisol in the human
amnion at parturition. Sci Signal. 2015;8:ra106.

Lu, Zhou Q, Lu JW, Wang WS, Sun K. Involvement of STAT3 in the syner-
gistic induction of 11beta-HSD1 by SAAT and cortisol in human amnion
fibroblasts. Am J Reprod Immunol. 2019;82: e13150.

Nelson AC, Mould AW, Bikoff EK, Robertson EJ. Single-cell RNA-seq
reveals cell type-specific transcriptional signatures at the maternal-foetal
interface during pregnancy. Nat Commun. 2016;7:11414.

Pavlicev M, Wagner GP, Chavan AR, Owens K, Maziarz J, Dunn-Fletcher C,
et al. Single-cell transcriptomics of the human placenta: inferring the cell
communication network of the maternal-fetal interface. Genome Res.
2017;27:349-61.

LiuY, Fan X, Wang R, Lu X, Dang YL, Wang H, et al. Single-cell RNA-seq
reveals the diversity of trophoblast subtypes and patterns of differentia-
tion in the human placenta. Cell Res. 2018;28:819-32.

Vento-Tormo R, Efremova M, Botting RA, Turco MY, Vento-Tormo M, Meyer
KB, et al. Single-cell reconstruction of the early maternal-fetal interface in
humans. Nature. 2018;563:347-53.

Suryawanshi H, Morozov P, Straus A, Sahasrabudhe N, Max KEA, Garzia

A, etal. A single-cell survey of the human first-trimester placenta and
decidua. Sci Adv. 2018;4:eaau788.

30.

31

32.

33

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

Page 17 of 18

Huhn O, Ivarsson MA, Gardner L, Hollinshead M, Stinchcombe JC, Chen
P, et al. Distinctive phenotypes and functions of innate lymphoid cells in
human decidua during early pregnancy. Nat Commun. 2020;11:381.
Guo C, Cai P, Jin L, Sha Q Yu Q, Zhang W, et al. Single-cell profiling of the
human decidual immune microenvironment in patients with recurrent
pregnancy loss. Cell Discov. 2021;7:1.

Wang F, JiaW, Fan M, Shao X, Li Z, Liu Y, et al. Single-cell immune
landscape of human recurrent miscarriage. Genom Proteom Bioinform.
2021;213:5115.

Tsang JCH, Vong JSL, Ji L, Poon LCY, Jiang P, Lui KO, et al. Integrative
single-cell and cell-free plasma RNA transcriptomics elucidates placental
cellular dynamics. Proc Natl Acad Sci U S A. 2017;114:E7786-95.

. YangY, Guo F, Peng Y, Chen R, Zhou W, Wang H, et al. Transcriptomic Pro-

filing of human placenta in gestational diabetes mellitus at the single-cell
level. Front Endocrinol (Lausanne). 2021;12: 679582.

Huang J, Li Q, Peng Q, Xie Y, Wang W, Pei C, et al. Single-cell RNA sequenc-
ing reveals heterogeneity and differential expression of decidual tissues
during the peripartum period. Cell Prolif. 2021;54: 12967.

Pique-Regi R, Romero R, Tarca AL, Sendler ED, Xu'Y, Garcia-Flores V, et al.
Single cell transcriptional signatures of the human placenta in term and
preterm parturition. Elife. 2019;8: €52004.

Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J
Clin Invest. 2009;119:1420-8.

Nieto MA, Huang RY, Jackson RA, Thiery JP. Emt: 2016. Cell.
2016;166:21-45.

Kim SS, Romero R, Kim JS, Abbas A, Espinoza J, Kusanovic JP, et al. Coex-
pression of myofibroblast and macrophage markers: novel evidence for
an in vivo plasticity of chorioamniotic mesodermal cells of the human
placenta. Lab Invest. 2008,;88:365-74.

Choi SY, Gout PW, Collins CC, Wang Y. Epithelial immune cell-like transi-
tion (EIT): a proposed transdifferentiation process underlying immune-
suppressive activity of epithelial cancers. Differentiation. 2012;83:293-8.
Schramm HM. The Epithelial-Myeloid-Transition (EMyeT) of cancer

cells as a wrongly perceived primary inflammatory process eventually
progressing to a bone remodeling malignancy: the alternative pathway
for Epithelial- Mesenchymal-Transition hypothesis (EMT)? J Cancer.
2019;10:3798-809.

Lin D, Wang X, Choi SYC, Ci X, Dong X, Wang Y. Immune phenotypes of
prostate cancer cells: evidence of epithelial immune cell-like transition?
Asian J Urol. 2016;3:195-202.

Richardson L, Dixon CL, Aguilera-Aguirre L, Menon R. Oxidative stress-
induced TGF-beta/TAB1-mediated p38MAPK activation in human amnion
epithelial cells. Biol Reprod. 2018;99:1100-12.

Menon R, Boldogh |, Urrabaz-Garza R, Polettini J, Syed TA, Saade GR, et al.
Senescence of primary amniotic cells via oxidative DNA damage. PLoS
ONE. 2013;8: e83416.

. Hsu CD, Meaddough E, Basherra H, Harirah H, Lu LC. Increased apoptosis

in human amnion is associated with labor at term. Am J Reprod Immu-
nol. 2000;43:255-8.

Wang W, Liu C, Sun K. Induction of amnion epithelial apoptosis by corti-
sol via tPA/Plasmin system. Endocrinology. 2016;157:4487-98.

Nagase H, Visse R, Murphy G. Structure and function of matrix metallo-
proteinases and TIMPs. Cardiovasc Res. 2006;69:562-73.

Kagan HM, Li W. Lysyl oxidase: properties, specificity, and biological roles
inside and outside of the cell. J Cell Biochem. 2003;88:660-72.

Choltus H, Lavergne M, Belville C, Gallot D, Minet-Quinard R, Durif J, et al.
Occurrence of a RAGE-Mediated Inflammatory Response in Human Fetal
Membranes. Front Physiol. 2020;11:581.

Kalinska M, Meyer-Hoffert U, Kantyka T, Potempa J. Kallikreins—the melt-
ing pot of activity and function. Biochimie. 2016;122:270-82.

Bowen JM, Chamley L, Keelan JA, Mitchell MD. Cytokines of the placenta
and extra-placental membranes: roles and regulation during human
pregnancy and parturition. Placenta. 2002;23:257-73.

Gomez-Lopez N, Guilbert LJ, Olson DM. Invasion of the leukocytes

into the fetal-maternal interface during pregnancy. J Leukoc Biol.
2010;88:625-33.

Gomez-Lopez N, StLouis D, Lehr MA, Sanchez-Rodriguez EN, Arenas-Her-
nandez M. Immune cells in term and preterm labor. Cell Mol Immunol.
2014;11:571-81.



Wang et al. Cell & Bioscience

54.

55.

56.

57.

58.

59.

60.

62.

63.
64.

65.

66.

67.

68.

(2022) 12:64

Bokstrom H, Brannstrom M, Alexandersson M, Norstrom A. Leukocyte
subpopulations in the human uterine cervical stroma at early and term
pregnancy. Hum Reprod. 1997;12:586-90.

Gomez-Lopez N, Estrada-Gutierrez G, Jimenez-Zamudio L, Vega-Sanchez
R, Vadillo-Ortega F. Fetal membranes exhibit selective leukocyte chemot-
axic activity during human labor. J Reprod Immunol. 2009;80:122-31.
Osman |, Young A, Jordan F, Greer IA, Norman JE. Leukocyte density

and proinflammatory mediator expression in regional human fetal
membranes and decidua before and during labor at term. J Soc Gynecol
Investig. 2006;13:97-103.

Jacobs SO, Sheller-Miller S, Richardson LS, Urrabaz-Garza R, Radnaa E,
Menon R. Characterizing the immune cell population in the human fetal
membrane. Am J Reprod Immunol. 2021;85: e13368.

Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The
chemokine system in diverse forms of macrophage activation and polari-
zation. Trends Immunol. 2004;25:677-86.

Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M. Macrophage
plasticity and polarization in tissue repair and remodelling. J Pathol.
2013,229:176-85.

Bae GE, Hong JS, Kim JS, Park HY, Jang JY, Kim YS, et al. Differential immu-
nophenotype of macrophages in acute and chronic chorioamnionitis. J
Perinat Med. 2017;45:483-91.

. Hamill N, Romero R, Gotsch F, Kusanovic JP, Edwin S, Erez O, et al.

Exodus-1 (CCL20): evidence for the participation of this chemokine in
spontaneous labor at term, preterm labor, and intrauterine infection. J
Perinat Med. 2008;36:217-27.

Bhatti G, Romero R, Gomez-Lopez N, Pique-Regi R, Pacora P, Jung E, et al.
The amniotic fluid cell-free transcriptome in spontaneous preterm labor.
Sci Rep. 2021;11:13481.

Schutyser E, Struyf S, Van Damme J. The CC chemokine CCL20 and its
receptor CCR6. Cytokine Growth Factor Rev. 2003;14:409-26.

Satija R, Farrell JA, Gennert D, Schier AF, Regev A. Spatial reconstruction of
single-cell gene expression data. Nat Biotechnol. 2015;33:495-502.
Haghverdi L, Lun ATL, Morgan MD, Marioni JC. Batch effects in single-cell
RNA-sequencing data are corrected by matching mutual nearest neigh-
bors. Nat Biotechnol. 2018;36:421-7.

Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, et al.
Highly parallel genome-wide expression profiling of individual cells using
nanoliter droplets. Cell. 2015;161:1202-14.

Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell
transcriptomic data across different conditions, technologies, and spe-
cies. Nat Biotechnol. 2018;36:411-20.

Wang WS, Li WJ, Wang YW, Wang LY, Mi YB, Lu JW, et al. Involvement of
serum amyloid A1 in the rupture of fetal membranes through induction
of collagen | degradation. Clin Sci (Lond). 2019;133:515-30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Single cell transcriptomic analysis of human amnion identifies cell-specific signatures associated with membrane rupture and parturition
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Results
	Six cell types were identified in human amnion with scRNA-seq
	Subcluster analysis of the major cell types in human amnion
	Epithelial cell
	Fibroblasts
	Immunocyte
	EpC_FB

	Identification of crucial signatures of membrane rupture at parturition
	Verification of the crucial role of CCL20 in labor onset

	Discussion
	Materials and methods
	Study population
	Preparation of human amnion single-cell suspensions for library generation and sequencing
	Quality control of scRNA-seq data and identification of cell clusters and subclusters
	Verification of cell types expressing dual cell markers in human amnion with immunofluorescence staining
	Analysis of immune cell origin in human amnion
	Identification of unique signatures in major cell types of human amnion in membrane rupture at parturition
	Measurement of CCL20 in human amnion with qRT-PCR, ELISA and immumohistochemical staining
	Animal study to examine the role of CCL20 in parturition
	Statistical analysis

	Acknowledgements
	References




