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KEYWORDS Abstract Successful pregnancy in placental mammals substantially depends on the establishment
Decidual and peripheral of maternal immune tolerance to the semi-allogenic fetus. Disorders in this process are tightly asso-
leukocytes; ciated with adverse pregnancy outcomes including recurrent miscarriage (RM). However, an in-
Single-cell RNA-sequencing; depth understanding of the systematic and decidual immune environment in RM remains largely
Recurrent miscarriage; lacking. In this study, we utilized single-cell RNA-sequencing (scRNA-seq) to comparably analyze
Early pregnancy; the cellular and molecular signatures of decidual and peripheral leukocytes in normal and unex-

Developmental trajectory plained RM pregnancies at the early stage of gestation. Integrative analysis identifies 22 distinct cell

clusters in total, and a dramatic difference in leukocyte subsets and molecular properties in RM
cases is revealed. Specifically, the cytotoxic properties of CD8" effector T cells, nature killer
(NK), and mucosal-associated invariant T (MAIT) cells in peripheral blood indicates apparently
enhanced pro-inflammatory status, and the population proportions and ligand—receptor interac-
tions of the decidual leukocyte subsets demonstrate preferential immune activation in RM patients.
The molecular features, spatial distribution, and the developmental trajectories of five decidual NK
(dANK) subsets have been elaborately illustrated. In RM patients, a dNK subset that supports
embryonic growth is diminished in proportion, while the ratio of another dNK subset with cyto-
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toxic and immune-active signature is significantly increased. Notably, a unique pro-inflammatory
CD56"CDI16" dNK subset substantially accumulates in RM decidua. These findings reveal a com-
prehensive cellular and molecular atlas of decidual and peripheral leukocytes in human
early pregnancy and provide an in-depth insight into the immune pathogenesis for early pregnancy loss.

Introduction

Reproductive success in placental mammals substantially
depends on the establishment of maternal immune tolerance
to the semi-allogenic fetus during pregnancy, which means
the immune response of mother during pregnancy is dampened
against fetally-expressed antigens [1,2]. Meanwhile, it remains
intact against others, such as microbe-specific antigens. At
the maternal-fetal interface, the local immune cells are also
responsible for the protection against placental infection. Mul-
tiple independent lines of evidence from clinical analysis or
animal model studies have indicated the tight association of
failures in maternal immune adaptation with various adverse
pregnancy outcomes, such as recurrent miscarriage (RM)
and preeclampsia [3-5].

At early pregnancy, maternal immune cells populating the
uterine mucosa comprise decidual nature killer (ANK) cells
(about 50%-70%), macrophages (about 20%), T cells (about
10%-20%), and a small amount of dendritic cells (DC), mast
cells, and B cells. A dynamic and well-orchestrated interaction
network among extraembryonic placental trophoblast cells
and various maternal immune cells at the feto-maternal inter-
face constructs the immune adaptation to pregnancy. For
instance, the numerically dominant dNK cells, being charac-
terized by low cytotoxicity and strong cytokine-producing
capacity, have multiple functions related to immune tolerance,
embryo development, and infection protection. They produce
interferon y (IFNy) that inhibit inflammatory Th17 cell
responses. Fetal trophoblasts expressing human leukocyte
antigen-C (HLA-C), HLA-G, and HLA-E are recognized by
inhibitory and activating receptors on dNK cells, which
reduces cytotoxicity and promotes secretion capability of
dNK cells. The cytokines secreted by dNK cells participate
in regulation of trophoblast invasion and differentiation, vas-
cular remodeling, and uterine vascularization [6,7]. The biased
production of Th2 cytokines by various decidual leukocytes is
vital to the maternal tolerance to fetal cells [8,9]. In addition,
many decidual immune cells, such as various T cell subsets,
macrophages, and dNK cells, play roles in modulating immu-
nity to placental infection [10-12]. A very recent study has
revealed the fascinating mechanism by which dNK cells selec-
tively kill bacteria in trophoblasts via transferring granulysin
through nanotube connections [13].

Recent paradigm-shifting studies utilizing single-cell RNA-
sequencing (scRNA-seq), mass cytometry, and comprehensive
data analysis have constructed detailed cellular map and the
elaborate cell communication patterns at human decidual-
placental interface. Specifically, three major subsets of dANK
cells that have distinctive immunomodulatory and chemokine
profiles have been identified [14-16]. However, high-
resolution immune landscape of dysregulated decidua in the
contexts of pregnancy complications, for example in RM, is
still unknown, which greatly limits the exploration of
immune-related pathogenesis for RM.

In the present study, we utilized scRNA-seq to comparably
analyze the cellular and molecular signatures of decidual and
peripheral leukocytes in normal and RM pregnancies at the
early stage of gestation. By integrating the gene expression
properties, ligand-receptor interactions, and spatial localiza-
tion patterns, the cell type-specific communications among
various leukocyte subsets and the developmental trajectory
of dNK cells were constructed. A pathological leukocyte atlas
in decidua and peripheral blood from RM patients was sys-
tematically illustrated. Our findings reveal a detailed molecular
and cellular map of decidual and peripheral leukocytes in
human early pregnancy and highlight the integral immune-
conflicts that are associated with early pregnancy failure.

Results

Clustering of immune cells from peripheral blood and decidua in
normal and RM pregnancies

To characterize the immune cells in RM, we applied scRNA-
seq to study CD45™ cells isolated from peripheral blood and
decidual tissues of three pairs of normal pregnant women
and RM patients with unknown cause (Table 1). Viable
CD45" leukocytes were enriched by fluorescent activated cell
sorting (FACS) and subjected to droplet-based scRNA-seq
using the 10X Genomics Chromium platform (Figure S1A).
Sequencing data from six peripheral blood samples and six
decidual tissue samples were obtained from 12 scRNA-seq
libraries. Following computational quality control and filter-
ing using the Seurat package [17,18], the final datasets contain-
ing 56,758 high-quality cells were subjected to further analysis
(Figure S1B-D).

We performed an unsupervised graph-based clustering to
analyze scRNA-seq data in Seurat (version 3.0.3). In order
to eliminate unreasonable clustering due to batch effects, we
integrated the data using the reciprocal principal component
analysis (PCA) function of Seurat. Overall, 22 transcription-
ally distinct clusters were identified (Figure 1A—C), and were
further confirmed using the mutual nearest neighbor (MNN)
algorithm (Figure S2) [19]. Cell identity of the 22 clusters
was assigned on the basis of known marker genes and litera-
ture evidence (Figure 1D) [15,16].

In peripheral blood, T cells were identified and grouped into
five major clusters, including two subsets of naive T cells
(CD4T naive and CDST naive) expressing marker gene
CCR7, mucosal-associated invariant T (MAIT) cells specifi-
cally expressing ZBTBI16, CD4™ memory T cells (CD4T mem-
ory) annotated based on SI00A4 expression, and CD8"
effector T cells (CDST effector) that express FCGR3A and
FGFBP2 (Figure 1D and Figure S3). Peripheral NK cells were
clustered as CD36%™CD16" NK cells (NK dim) and
CD56°#'CD16~ NK cells (NK bright). Monocytes include
CDI14" subset and CD16" subset. In addition, a low abun-
dance of B cells (identified based on CD79A4 expression) and
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Table 1 Clinical characteristics of the pregnant women enrolled in this study
scRNA-seq Validation

Category

Ctrl(n=3) RM (n=3) Ctrl (n="7) RM (n=11)
Ave age (range; year) 27.3 (24-30) 29.6 (26-33) 27.6 (23-34) 31.5 (26-37)
Ave No. of gravidities 1.7 (1-2) 6.0 (3-10) 2.3(1-3) 3.5(3-5)
Ave No. of parities (range) 0.7 (0-1) 0 (0-0) 0.8 (0-2) 0 (0-0)
Ave No. of miscarriages (range) 0 (0-0) 6.0 (3-10) 0 (0-0) 3.5(3-5)
Ave gestation (range; week) 7.3 (7-8) 7.0 (6-8) 7.0 (6-8) 7.3 (6-8)

Ave BMI (range)

Smoker (%) 0/3 (0%)

20.8 (19.8-22.5) 21.3(19.3-22.8)

0/3 (0%)

20.6 (19.0-23.7)  20.1 (18.6-24.3)

1/7 (14.3%) 1/11 (9.1%)

Note: Among the seven Ctrl cases in the validation group, decidual tissues from two cases were subjected to
immunofluorescent staining as shown in Figure 5, and decidual tissues from five cases were subjected to flow
cytometry assay as shown in Figure 7. Ave, average; Ctrl, normal pregnancy; RM, recurrent miscarriage;

BMI, body mass index.

DCs (annotated based on LYZ and FCERI A expression) were
captured in peripheral blood.

In decidual tissues, the most abundant population appeared
as dNK cells, which were sub-grouped into five clusters, named
as dNKp, dNK1, dNK2, dNK3, and dNK4. The dNK4 subset
is positive for expression of FCGR3A/CDI6, which was
uniquely accumulated in the decidual tissues from RM
patients. Decidual T cells were clustered as CD4 " (dCDA4T),
CD8" (dCDS8T), and a relatively small number of FOXP3 reg-
ulatory T cells (dTreg). Other decidual leukocyte clusters
include KIT-expressing group 3 innate lymphoid cells
(ILC3), CDI4-expressing decidual macrophage (dM) cells,
FCERIA-expressing DCs, and TPSABI-marked mast cells
(Figure 1A and D).

Cellular and molecular characteristics of the peripheral leukocytes
indicate a systematic pro-inflammatory feature in RM patients

Given T cells are present predominantly in peripheral leuko-
cytes, we therefore first analyzed the properties of T cell clus-
ters in RM and normal pregnancies. Gene expression profiles
of the five peripheral T cell subsets were indistinguishable
between RM and normal pregnancies (Figure 2A). However,
proportion of each T cell cluster exhibited evident alterations
in RM patients, with reduced CD4T naive, CD8T naive, and
CD4T memory populations, but augmented CDST effector
and MAIT populations (Figure 2B). In addition, transcription
of genes encoding inflammatory factors, such as /RFI and
RORA in MAIT cells and IFNG in CDS8T effector cells, was
remarkably increased in RM cases (Figure 2C and D).

The other significant change in peripheral leukocytes from
RM patients was the markedly increased proportion of NK
dim cells (Figure 2E). Furthermore, in NK dim cells from
RM cases, an evidently decreased expression of immunosup-
pressive genes such as TIGIT, KLRGI, IL32, and ALOX5AP
was identified, whereas increased expression of pro-
inflammation genes, including HLA-B, NR4A2, JUN, JUNB,
NFKBIA, and MAP3K8, was found (Figure 2F). Taken

together, properties of the peripheral leukocytes, including
aforementioned cell composition shift and specific gene expres-
sion pattern in certain cell clusters, strongly indicate an overall
enhanced systematic pro-inflammatory immune feature of RM
patients.

Cellular atlas of the decidual leukocytes demonstrates compromised
immune cell interactions in RM pregnancy

Increasing evidence has demonstrated compromised immune
cell differentiation or function in the decidua from RM
patients. However, a global profile of the cellular changes
remains largely undefined. Our analysis of cell subset propor-
tion in decidua clearly revealed an increased portion of
dCDS8T, dNK3, and dNK4 populations, and lowered ratio
of dNKp, dNK1, and dM cells in decidual tissues from RM
patients (Figure 3A). To systematically investigate the cell—cell
communications among these cell subsets, we analyzed the
expression levels of immune cell revenant ligand-receptor
interacting pairs within cell types using CellChat [20]. Intrigu-
ingly, the status of signaling activation was different between
RM and normal pregnancies. As shown, decidual leukocytes
in RM patients exhibited more active signaling pathways of
IFN-II, MIF, CCL, RANKL, and TRAIL, whereas repression
in signal transduction of VEGF, NGF, HGF, IL1, and CSF
pathways (Figure 3B). Using pattern recognition analysis, we
further investigated the detailed changes in the outgoing sig-
naling (levels of ligands) and incoming signaling (levels of
receptors) across these pathways (Figure 3C). For instance,
increased expression of cytokines in TNF pathway in dCDST,
ILC3, and dM cells in decidual tissues from RM patients might
account for the accumulation of dNK4 or dCDA4T cells that
had higher expression of the corresponding receptors for these
cytokines. Cytokine production and responses to the cytokines
in the CCL pathway were more active in decidual T and dNK
cells of RM patients (Figure 3C). Previous studies have
demonstrated that protein expression of C-C motif chemokine
ligand 3 (CCL3), CCL4, and CCLS in different immune cells



Wang F et al | Landscape of Recurrent Miscarriage

211

Blood
® Decidua

A B
157 15
ILc3 dNK2 L,
104 dNKp
- s 101
- % D8T Mast
51 . ac < o 51
N dCDAT 9 4y % N
o . : o
< 09 ... dTreg < < 01,
s '
= Jseety B\ X %
-5 S CD16 mono 54 &
NK dim ] ~DC
104 5@ CDAT naive =101
e 15
_15_10 10 20 =ig
D UMAP 1

10 20
UMAP 1

TPSAB1 -
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 3 1 1
o (= ] o o E D k Qo N ® ¥ ® -
@ £ 25 2 5 £ E 2 25 f & g ¢ £ £ £ 8 5 8 @
© £ = © o .= T =] c O £ o z Zz2 zZz2 zZ2 z Jd s
S 9 < & 5 ¥ E E © T O T T T T T
§ E 5 & x £ 3 e °© ®
Q ~ a E =z a o
°© = o R o ©
[T} o
Log, scaled average read count F (I I I
1012 3 4
Figure 1 Landscape of immune cells from peripheral blood and decidual tissues at early pregnancy

A. UMAP plot of scRNA-seq data to show the 22 leukocyte clusters in peripheral blood and decidual tissues at early pregnancy from both
Ctrl and RM patients. B. UMAP plot showing cell populations from peripheral blood and decidual tissue from both Ctrl and RM
patients. C. UMAP visualization of cell clustering in Ctrl (top) and RM (bottom) pregnancies. D. Cell type annotation of the 22 leukocyte
clusters based on the expression of their canonical marker genes. Ctrl, normal; RM, recurrent miscarriage; B, peripheral B cell; CD4T
naive, peripheral CD4 " naive T cell; CD8T naive, peripheral CD8* naive T cell; MAIT, peripheral mucosal-associated invariant T cell;
CD4T memory, peripheral CD4 " memory T cell; CDST effector, CD8* T effector cell; NK dim, peripheral CD56%™CD16* NK cell; NK
bright, peripheral CD56° 8" CD16~ NK cell; CD14 mono, peripheral CD14™ monocyte; CD16 mono, peripheral CD16™ monocyte; DC,
dendritic cell; dNK, decidual natural killer cell; dCD4, decidual CD4 " T cell; dCDS8, decidual CD8* T cell; dTreg, decidual regulatory T
cell; dM, decidual macrophage; ILC3, group 3 innate lymphoid cell.

reflects the activation of the immune micro-environment at the
maternal-fetal interface [21]. The pattern of molecular interac-
tions among cell populations via specific ligand-receptor com-
plexes in RM leukocytes provides clues to reveal potential
mechanisms of compromised immune environment in the
decidua from RM patients.

dM cells in RM pregnancy preferentially display pro-inflammatory
feature

Alteration in global gene expression profiles in the leukocyte
subset from RM patients was typically observed in dM cells.

As shown in the volcano plot, using absolute log, fold change
(FC) > 0.5 and Bonferroni-adjusted P < 0.05 as cutoffs, 96
upregulated genes and 27 downregulated genes were identified
in dM cells from RM patients relative to its normal counter-
part (Figure 3D).

dM cells mediate multifunctional immunoregulation, such
as antigen presentation, phagocytosis, and recruitment of
other immune cells [22,23]. The increased expression of
CXCLS8, TNF, and IFIT2 in dM cells from RM patients indi-
cates impaired immune protection. Moreover, we also
observed decreases in the expression of angiogenic factor gene
VEGFA and immunosuppressive molecule-coding gene
LAGLASI, but increases in the expression of
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Figure 2 Characteristics of the peripheral blood leukocyte clusters indicate the maternal immune inflammatory status in RM patients

A. Heatmap of the top 5 genes expressed in peripheral blood T cell subsets. Subject group and cell type information is indicated above the
plot. B. Box plots depicting proportion of various peripheral T cell subtypes in Ctrl and RM patients. C. Violin plots showing the
differential expression (absolute log, FC > 0.5 and Bonferroni-adjusted P < 0.05) of typical marker genes of MAIT subset in Ctrl and
RM patients using the method of non-parametric two-sided Wilcoxon rank sum test in Seurat. D. UMAP visualization of the log-
transformed, normalized /FNG expression in CD8T effector subset in Ctrl (left) and RM (right) patients. High expression is shown in red,
and low expression in gray. E. Box plots displaying proportion of peripheral NK cell subsets in Ctrl and RM patients. F. Violin plots
showing the differential expression (absolute log, FC > 0.5 and Bonferroni-adjusted P < 0.05) of anti-inflammation genes including
TIGIT, KLRG1, IL32, and ALOX5AP, and pro-inflammation genes including HLA-B, NR4A2, JUN, JUNB, NFKBIA, and MAP3KS8 in
peripheral NK dim subset from Ctrl and RM patients, using method of the non-parametric two-sided Wilcoxon rank sum test in Seurat.
FC, fold change.
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Figure 3  Characteristics of decidual leukocyte subpopulations demonstrate an immune activation status at the maternal-fetal interface of
RM pregnancy

A. Box plots displaying proportion of decidual immune cell subsets in Ctrl and RM patients. B. Differences in overall information flow of
the significant signaling pathways between Ctrl and RM decidua. All significant signaling pathways collected by CellChat were ranked
based on their differences in overall information flow within the inferred networks between Ctrl and RM. Signaling pathways colored in
blue are more enriched in Ctrl, pathways colored in black are equally enriched in Ctrl and RM, and pathways colored in red are more
enriched in RM. C. Dot plots showing the alteration in outgoing (ligand) or incoming (receptor) signaling pathways in decidual leukocyte
subsets from Ctrl (top) and RM (bottom) patients. The dot size is proportional to the contribution score, which is calculated from pattern
recognition analysis. Higher contribution score suggests that the signaling pathway is more enriched in the corresponding cell subset. D.
Volcano plot showing the differentially expressed genes (absolute log, FC > 0.5 and Bonferroni-adjusted P < 0.05) in decidual
macrophages between Ctrl and RM patients, using the method of non-parametric two-sided Wilcoxon rank sum test in Seurat. E. Violin
plots illustrating the differential expression of inflammation-associated genes in decidual macrophages in Ctrl and RM patients.
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pro-inflammatory factor-coding genes CXCLS8 and TNF in dM
cells from RM patients (Figure 3E). These data indicate dM
cells in RM patients may fail to modulate uterine vessel remod-
eling, but they are preferentially pro-inflammatory instead.

Molecular aspects and developmental trajectories of human dNK
subtypes

Consistent with the findings in previous literature [24,25], ANK
cells account for more than 70% of total decidual leukocytes in
our dataset. Characteristics of the five dNK subpopulations
were further illustrated by the expression of top 20 marker
genes selected for each subset using method of non-
parametric two-sided Wilcoxon rank sum test in Seurat
(Figure 4A) and KEGG pathway analysis (Figure 4B). As
shown, dNKp cells highly expressed MCM5, STMNI, and
PCNA, indicating their manifest proliferative capacity.
dNK1 cells strongly expressed ENTPDI1/CD39, CSFI, and
KIR2DLI, and showed active oxidative phosphorylation and
glycolysis activities. The defining markers for dNK2 cells
included XCLI, XCL2, and ZNF683. dNK3 cells were defined
by ITGAE/ CD103, CD160, and KLRBI, and exhibited certain
cytotoxic and immune-activated property. FCGR3A/CDI6,
and PLACS were enriched in dNK4 cells, which indicates an
active cytotoxicity status of these cells.

It has been well known that dNK cells possess various
receptors for recognition of HLA-C, HLA-G, and HLA-E
molecules in placental trophoblast cells, which primarily medi-
ate dNK-trophoblast communications [6]. We found that
dNK1 cells expressed high level of KIR2DL3 and KIR2DLI,
which encode inhibitory killer cell immunoglobulin like
receptor (KIR) for HLA-C, and LILRBI, which encodes the
high-affinity receptor for HLA-G. dNK1 and dNK2 cells also
moderately expressed KLRC2/NKG2C, KLRC3/NKG2E, and
KLRCI/NKG2A, which are receptors for HLA-E. dNK3 cells

possessed much lower gene expression of all these receptors.
Interestingly, high levels of LILRBI, KLRC2/NKG2C, and
KLRC3/NKG2E were observed in dNK4 cells (Figure 4C).
Interestingly, LILRBI has been indicated as a marker gene
of 'memory’ NK cells [7]. The high expression of LILRBI in
RM-enriched dNK4 cells may indicate the participation of
the CD16" dNK4 cells in the repeated adverse pregnancy out-
comes of RM patients.

To determine whether the dNK subtypes exhibit cell type-
dependent localization pattern at the feto-maternal interface,
we performed immunofluorescent staining for CD56, CD39,
CD103, CD16, and PLACS on serial sections of decidual tis-
sues. Immunohistochemistry for cytokeratin 7 (CK7) was used
to locate trophoblast and uterine gland epithelium in the sec-
tions (Figure 5A). CD39" dNKI cells were more abundant
in decidual compacta where trophoblasts infiltrate, while
CD103" dNK3 cells were mainly distributed in distal
compacta through spongiosa, but less in proximal compacta
(Figure 5SA-C). A very small number of CDI16-expressing
dNK4 cells could be found in decidual compacta, usually near
uterine spiral artery (Figure 5D). These results suggest the
potential of dNK1 cells in the recognition and protection of
trophoblasts, and of dNK3 cells in maintaining cytotoxic
and immune-active environment in the decidua.

Interestingly, apart from dNK4 cells, the other four
dNK subsets co-expressed the tissue-resident markers
ITGAI/CD49A, indicating their uterine resident feature. By
far, the developmental route of uterine resident dNK cells
remains unclear. Therefore, we further analyzed the
developmental trajectory of dNK cells by carrying out pseudo-
time analysis on our sScRNA-seq data. As shown, the trajectory
of the root cells in dANK1 sequentially passed through dNK2
cells with a complex series of branches and reunions, and fur-
ther through dNK3 to dNK4 toward the end of trajectory
(Figure 6A). Similar results were obtained using Slingshot
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Figure 5  Spatial distribution of dNK subsets at the feto-maternal interface at early pregnancy

A. A representative immunohistochemistry image for CK7 (brown), labeling trophoblasts and uterine gland epithelium in a paraffin
section of the feto-maternal interface at gestational week 7. Spongiosa, decidual spongiosa; Compacta, decidual compacta. B.
Representative immunofluorescent images of sections adjacent to the section in panel A, showing the distribution of dNKI1 cells
(CD56"CD39™"; white arrows) at the feto-maternal interface. C. Representative immunofluorescent images of sections adjacent to the
section in panel A, showing the distribution of dNK3 cells (CD56 " CD103 *; white arrows) at the feto-maternal interface. In both panels,
boxed areas from different regions of the feto-maternal interface on the left (scale bar, 100 pm) are zoomed in and shown in the middle
(scale bar, 25 pm), and boxed areas in the middle are further zoomed in and shown on the right (scale bar, 10 pm). D. Representative
immunofluorescent images showing the distribution of dNK4 cells (CD16™ PLACS*; white arrows) in decidual compacta from Ctrl (top)
and RM (bottom) pregnancies. Dotted lines indicate the position of uterine blood vessels. Scale bar, 25 um.
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[26] and general additive model (GAM) presenting top 100
genes whose expression changed in a continuous manner over
pseudotime of dNK development (Figure S4). Furthermore,
flow cytometry analysis showed dNK1 cells as CD27 CDI11b™
(Figure 6B), indicating their immature developmental status
according to previous studies [27]. dNK1 cells emerged at the
early developmental stage with high expression of classical
transcription factor gene EOMES that marks immature NK
cells. These cells tend to differentiate toward dNK?2 and finally
dNK3 cells, as partially indicated by the expression of
ZNF683, MYC, and ZEB2 that mark mature NK cells
(Figure 6C). Distance between dNK3 and dNK4 cells indi-
cated the probably alternative origin of CD49a~CD56"
CD16" dNK4 cells (Figure 6A).

Altered cell proportion and transcription patterns of dNK subsets
in the decidua of RM pregnancy

To verify the feature of dNK subset proportion in decidual
tissues from RM patients as identified by scRNA-seq in
Figure 3A, we analyzed dNK cell population in decidual tis-
sues by flow cytometry in a larger sample cohort of normal
(n = 5) and RM (n = 5 for dNK1 and dNK3; n = 11 for
dNK4) subjects (Table 1). We sorted cells by using CD56 (ex-
pressed by all dNK cells) and CD3 (negative sorting marker),
combined with markers for dNK1 (CD39), dNK3 (CD103),
and dNK4 (CD16) that were identified from our scRNA-seq
data (Figure 7A). As shown, percentage of dNK1 cells was uni-
formly and significantly reduced by around 50% in RM
patients (unpaired Student’s z-test, P < 0.01), whereas
percentage of dNK3 cells was significantly increased by
approximately 1-fold (unpaired Student’s z-test, P < 0.05) in
RM patients, compared to the corresponding normal pregnant
controls (Figure 7B). Percentage of dNK4 cells was rather low
in normal decidua, accounting for < 4% of total dNK cells.
However, in approximately half of the enrolled RM cases,
dNK4 cell population increased to about 12% of total NK
cells (Figure 7B). Consistently, immunofluorescent staining

for CD16 in decidual tissues from RM patients showed evi-
dently more dNK4 cells in decidua compacta niche close to
blood vessels (Figure 5D).

Comparison of the differential gene expression in dNK sub-
sets between RM and normal pregnancies demonstrated
increased expression of inflammation-related genes such as
CD69 and IRF9 in dANK3 cells, CXCLS and IFIT3 in dNK4
cells, as well as downregulation of anti-inflammation genes
including SPINK2 and AREG in dNKI1 cells from RM
patients (Figure 7C).

Discussion

Cellular and molecular mechanisms accounting for maternal
immune tolerance to semi-allogenic fetus in placental
mammals have been a fascinating scientific question. Increas-
ing evidence demonstrates the significance of the complicated
and precisely controlled cell—cell communications within the
feto-maternal interface in concert with the well-coordinated
systematic immune adaptations along gestation [1,2,28-30].
To our knowledge, our study is the first comprehensive
single-cell transcriptomics atlas of the decidual and peripheral
immune cells in human RM pregnancy at early gestation. We
integrate complex information of immune cells, including cell
composition, functional status, and developmental trajectory,
predict cellular interactions among various subsets, and illus-
trate an integral framework of the compromised immune envi-
ronment in RM pregnancy.

The immuno-mechanism for RM, especially those without
fetal chromosomal or congenital abnormalities or other known
pathological causes, has been largely debatable. Studies
focusing on limited cell types may result in contradictive obser-
vations or misleading interpretations. To date, strategies for
early diagnosis or intervention of RM have been lacking, mak-
ing it hard to reduce the threat to the patients [31]. Here by
taking advantage of single-cell sequencing technology, we
profile the overall pathological change in the properties of
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leukocyte subsets in peripheral blood, which may pave the way
to pre-symptomatic diagnosis of this disordered pregnancy.
The significantly enhanced differentiation of CD8T naive cells
to CDST effector cells, and a preferential increase in number of
NK dim cells, together with the upregulated expression of
inflammation-related genes, demonstrate a systematic pro-
inflammatory status in RM patients. These results are consis-
tent with previous reports [32,33]. An interesting finding is
the increased frequency of MAIT cells in the peripheral blood
of RM patients. As a non-conventional T cell subset, MAIT
cells are mainly activated by exposure to microbes, while they
can also be turned on by inflammatory stimuli in the absence
of T-cell receptor-mediated antigen recognition. There is evi-
dence suggesting the involvement of MAIT cells in a broad
range of infectious and non-infectious diseases [34]. Studies
in liver disorders suggest that MAIT cells may play a protec-
tive role against bacterial infections in a normal liver, but
might be detrimental, with over-inflammation, in liver diseases
[35]. Notably, MAIT cells express several cytokine receptors,
including IL-IR, IL-7R, IL-12R, IL-15R, IL-18R, and
IL-23R, and respond to the stimulations of multiple cytokines
[34]. Our sequencing data showed the evidently enhanced
expression of IRFI and RORA in MAIT cells of periphery
blood from RM patients, indicating their highly immune-
activated property. By far, evidence supporting the role of
MAIT cells in pregnant condition has been very limited, and
our study for the first time indicates the association of MAIT
activation with the maternal inflammation condition that may
be detrimental to fetal survival. However, whether the change
of MAIT activation is the cause or effect of miscarriage
remains to be established.

At the maternal-fetal interface, decidual NK cells constitute
the largest population of decidual leukocytes at early preg-
nancy. Unlike their peripheral counterparts, dNK cells are less
cytotoxic but actively secret a vast array of factors and cyto-
kines. They have been found to play roles in many processes,
including facilitating the remodeling of uterine spiral arteries,
promoting trophoblast invasion and fetal growth, regulating
T cell differentiation, and increasing the availability of mater-
nal blood at the implantation site [2]. In unexplained infertile
patients, substantially fewer uterine NK cells were observed
when compared to fertile controls [36]. However, discrepant
results have been reported regarding the change of dNK cell
number in RM patients [31,37]. Our study clearly demon-
strates the abnormal properties of dNK subsets in decidua
from RM patients, including subset composition and gene
expression, which suggest impaired regulation of dNK subset
development in these patients.

The highly active dNK1 subset is numerically dominant
dNK cells and demonstrates the typical dNK functions men-
tioned above. The CD11b~ CD27~ property of dNKI1 cells
manifests their immature characteristic and the potential to
differentiate [27]. Specific expression of pre-b-cell leukemia
homeobox 1 (PBX1) was found in CD27~ CD11b~ dNK cells,
and a recent study has demonstrated the association of
decreased PBX1 expression or PBX1°2!S mutation with unex-
plained RM [38], further suggesting the crucial role of this
dNK subset in pregnancy maintenance. Interestingly, a
recently identified pregnancy trained dNK (PT dNK) subset
share similar features with dNK1 [7]. This subset has been
speculated to be enriched in decidua and boost decidua recep-
tivity in subsequent pregnancy, therefore it may be responsible

for the “memory” of reproductive outcomes in next pregnan-
cies. Thus, the strikingly lowered frequency of this subset in
RM patients may partially explain why failed pregnancies
repeatedly occur in these patients. In addition to the decreased
proportion, the altered gene expression in dNKI1 cells from
RM decidua further indicates their diminished immune-
protective capability.

The development trajectory of dNK subsets reveals that
dNK3 cells are relatively mature and immune-activated. They
are likely to maintain certain levels of cytotoxic and immune-
active environment in decidua, which may contribute to the
appropriate degree of trophoblast invasion. However, the por-
tion of dNK3 cells in decidua from RM patients rises to more
than one-fold of that from their normal counterparts. Besides,
they exert enhanced production of pro-inflammatory cytoki-
nes, which may render the decidual environment harmful to
the fetal cells and other maternal immune cells, such as T cells
and macrophages [39-43].

Another notable dNK subset in our study is the newly
identified CD56"CD16" dNK4 subset, which is largely
enriched in RM decidua. Being different from all the other
four subsets, dNK4 cells do not express the tissue-resident
marker CD49a. Consistently, the developmental trajectory
shows the separation of dNK4 from the maturation route
of other dNK subsets. It is therefore likely that this subset
may origin from other sources. Currently there are three
hypotheses for the origin of dNK cells, i.e., (1) recruitment
of peripheral blood NK cells to decidua [44], (2) maturation
of uterine-resident NK cells in response to IL15 or proges-
terone [45], and (3) direct differentiation from hematopoietic
precursors in the decidua upon stimulation of specific decid-
ual factors [46]. Considering the common CD49a~CDI16"
feature of dNK4 and peripheral NK cells, we compared the
gene expression pattern of dNK4 and pNK (NK dim and
NK bright) cells and found obvious difference in gene expres-
sion patterns among these three NK subsets. Analysis of the
correlation between dNK4 and other NK subsets based on
the overall transcription level revealed a closer transcription
pattern between dNK3 and dNK4 (Figure S5). Thus, it is
likely that peripheral NK dim cells are recruited to the
decidua and further educated toward dNK4 by some decidual
factors. Many studies have demonstrated the crucial role of
IFN-y, CCL3/MIP-1, CXCL10/IP-10, CXCLI12/SDF-1 in
enrolling pNK to decidua [47-49]. Moreover, an in vitro
study reveals that human peripheral CD16" NK cells can
be converted to a dNK-like phenotype upon the stimulation
of hypoxia, TGFpB, and the demethylating agent
S-aza-2'-deoxycytidine [50]. Here our data reveal the evident
increase in INFG in dCD8T, as well as CXCLI6, CCL3,
and TGFB in dM cells of decidua from RM patients, which
may be responsible for enrolling and educating excessive
pNK cells to decidua compartment. The much higher expres-
sion of several pro-inflammatory factors in dNK4 cells from
RM patients also indicates their enhanced cytotoxicity in
these patients. An interesting previous study demonstrated
the extravagant enrichment of CD16" NK cells in endome-
trium of RM patients during their pre-pregnancy period
[51]. Taking into consideration the strong expression of
LILRBI in dNK4 cells, which indicates their “memory” of
pregnancy outcomes, we propose that patients with more
abundant dNK4 cells may suffer from a greater chance of
pregnancy failure in their subsequent pregnancies.
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Decidual macrophages account for around 20% of leuko-
cytes at the feto-maternal interface, and they have many
diverse functions during pregnancy. In this study, a relatively
large number of differentially expressed genes were identified
in decidual macrophages from RM patients, which potentially
suggest their functional abnormalities. For instance, the obvi-
ously repressed expression of VEGFA in dM cells from RM
patients indicates the link to impaired remodeling of the spiral
arteries and angiogenesis. The upregulated genes include those
encoding immunoinflammatory factors and the relevant sig-
naling molecules, such as CXCLS8, TNF, IFIT2, JUN, and
JUNB, predicting the diminishment of the anti-inflammatory
capacity. Furthermore, the increased expression of CXCLS
in dM cells and enhanced IFNG expression in dNK4 of RM
patients are likely highly correlated, since it has been demon-
strated that CXCLS8 (IL-8) from dM cells enhances the produc-
tion of IFN-y in dNK cells [52,53]. In addition, our analysis of
the ligand-receptor signaling pathways indicates the potential
of dM cells in recruiting dCD8T or dNK4 through CXCL16-
CXCRG6 or TNF-TNFRSF1B interactions. Although decidual
macrophages are believed to exist predominantly in a regula-
tory/homeostatic M2-like phenotype, while less in pro-
inflammatory M1 phenotype during pregnancy [1], we did
not find an alteration in the proportion of dM1 and dM2 cells
in RM patients (Figure S6). This is probably due to the rela-
tively small amount of captured dM cells for sequencing.

In general, our study comprehensively illustrates the com-
promised immune response in periphery and feto-maternal
interface of RM patients. The findings generate a data-driven
hypothesis about immune-related pathogenesis for recurrent
miscarriage. Further functional studies using appropriate
in vitro or in vivo models are necessary to eventually clarify
the immune causes of RM, which may provide new insight into
strategies for intervention of RM.

Materials and methods

Sample collection

Clinical samples of anti-coagulant peripheral blood and decid-
ual tissues from normal (n = 10) or RM (n = 14) pregnancies
at gestational weeks 6-8 were obtained upon therapeutic ter-
mination of pregnancy at Peking University Third Hospital,
Beijing, China. The decidual tissues were immersed in iced
RPMI-1640 medium and the blood samples were kept on
ice. All samples were subjected to cell isolation or fixation
within 1 h following the surgery.

RM was defined according to the criteria of Practice Com-
mittee of the American Society for Reproductive Medicine. In
brief, these patients had history of two or more failed pregnan-
cies with unknown cause [54]. Women who manifest endocrine
disorder, fetal chromosomal or congenital abnormalities, uter-
ine anatomical disorders, renal disease, or pregnancies con-
ceived by fertility treatment were excluded from this study.
In addition, to avoid the influence of secondary inflammation
by a prolonged in utero fetal death as far as possible, the
enrolled RM patients had undergone careful medical care
every week, with ultrasound monitor every two weeks. Within
2-3 days of the fetal heartbeat ceasing, the patients took an
induced abortion. Therefore, all the RM cases examined in this
study were early missed abortion cases (at a very early stage of

abortion), but not inevitable abortion cases (at a late stage of
abortion). Moreover, we excluded miscarriage cases with
abnormal fetal chromosomal karyotypes. The clinical charac-
teristics of the enrolled pregnant women were summarized in
Table 1.

Cell isolation and purification

Freshly collected human decidual tissues were trimmed into
l-mm® piece by Gente]MACS Dissociator (Catalog No.
130-093-235, Miltenyi Biotec, Bergisch Gladbach, Germany)
and digested twice for 30 min each at 37 °C with 1.0 mg/ml type
IV collagenase (Catalog No. 9001121, Gibco, Grand Island,
NY) and 10 U/ml type I DNase (Catalog No. DN25, Sigma,
St Louis, MO). The cell suspensions were filtered through 60
mesh and 200 mesh sieves and were collected by centrifuging
at 1000 rpm for 10 min. The resuspended cells were subjected
to lymphocyte enrichment using Ficoll-Paque Plus (Catalog
No. 17-1440-02, GE Healthcare, Buckinghamshire, UK). The
decidual leukocytes were further purified by FACS with 7-
aminoactinomycin D (7-AAD; Catalog No. 420404, BioLe-
gend, San Diego, CA) and FITC-labeled anti-CD45 antibody
(Catalog No. 11-0459-42, eBioscience, San Diego, CA).
Freshly collected peripheral blood samples were diluted 1:1
with PBS and subjected to lymphocyte enrichment using Ficoll-
Paque. The peripheral blood leukocytes were further purified
by FACS with 7-AAD and FITC-labeled anti-CD45 antibody.
Freshly purified decidual or peripheral leukocytes were
immediately subjected to scRNA-seq as described below.

Generation of single-cell library and transcriptome sequencing

The purified leukocytes from three pairs of normal and RM
cases were separately loaded on Chromium Single Cell Con-
troller (10X Genomics, Pleasanton, CA) using the Chro-
mium Single Cell 3’ kit v2 to capture 5000-8000 cells per
sample. Libraries were sequenced on an Illumina NovaSeq
6000 with a read length of 26 bp for read 1 (cell barcode
and UMI), 8 bp i7 index read (sample barcode), and
98 bp for read 2 (actual RNA read). Reads were first
sequenced in the rapid run mode, allowing for fine-tuning
sample ratios in the following high-output run. Combining
the data from both flow cells yielded approximately >
40,000 reads per cell.

scRNA-seq data processing and analysis

The raw sequencing reads were processed using Cell Ranger
(version 2.0.1) [55]. The reference index was built using the
GRCh38 (Ensembl 93) human reference genome assembly.
Cells with < 600 detected genes or with the total mitochon-
drial gene expression > 5% were removed. Then we converted
the obtained matrix into a Seurat object for downstream anal-
ysis. All Seurat objects for individual samples were merged
into one combined object. According to the integration
method reciprocal PCA provided by Seurat, we first performed
standard normalization and variable feature selection on each
individual sample. Next, we selected features for downstream
integration, and ran PCA on each individual sample in the
combined object. Given our data include RM patients and
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normal pregnant women, we chose data from one RM patient
and one normal pregnant woman as the reference and then
used the function FindIntegrationAnchors provided by Seurat
to integrate the samples of 6 individuals. Downstream
analyses, including normalization, shared nearest neighbor
graph-based clustering, differential expression analysis, and
visualization, were performed using the standard workflow
provided by Seurat (version 3.0.3). Differentially expressed
genes (log, FC > 0.5 and Bonferroni-adjusted P < 0.05) from
the comparison of the five dNK subsets were subjected to
KEGG analysis using R package clusterProfiler (version
3.12.0) to illustrate the functional signature of the 5 dNK sub-
sets. The differential expression analyses were performed using
the method of non-parametric two-sided Wilcoxon rank sum
test in Seurat. [56].

Pseudotime trajectory analysis

Developmental trajectories were inferred with the Monocle3
(version 0.2.3.0) [57]. Corrected principal component (PC) val-
ues for the merged RM or normal pregnancy datasets (PC values
were integrated by reciprocal PCA provided by Seurat) were
used as input for the UMAP dimension reduction based on con-
struction of pseudotime trajectories. The pseudotime analysis
was validated using Slingshot (version 1.4.0) R package [26].
After running Slingshot, genes with altered expression over
the development course of dNK cells were identified, and
GAM was used to regress each gene on the pseudotime variable.

Cell communication analysis

A systematic analysis of cell communication was based on the
network analysis and pattern recognition approaches provided
by CellChat (version 0.0.1) R package [20]. We used the stan-
dard workflow to predict major signaling inputs and outputs
of cells and how these cells and signals coordinate for func-
tions. Subsequently, we classified signaling pathways and
depicted conserved and context-specific pathways between
RM and normal pregnancies.

Immunostaining analysis

Human decidual tissues were briefly fixed in 4% paraformalde-
hyde (PFA) and embedded in O.C.T. Compound (Catalog No.
4583, Sakura Finetek, Torrance, CA). The frozen sections at
10 um were further fixed in 4% PFA and treated with 0.1% tri-
ton, and subjected to the incubation with specific antibodies
against NCAMI1/CD56 (Catalog No. ab75813, Abcam,
Cambridge, MA), CK7 (Catalog No. ab181598, Abcam),
CD39 (Catalog No. 14211-1-AP, Proteintech, Wuhan, China),
or CDI103 (Catalog No. 350227, BioLegend). Binding
of the antibody was visualized using FITC-conjugated or
TRITC-conjugated secondary antibody (Catalog No. ZF-
0311 or ZF-0313, ZSGB-BIO, Beijing, China), and cell nuclei
were stained with 4,6-diamidino-2-phenylindole (DAPI; Cata-
log No. 28718-90-3, Sigma). Immunofluorescent staining was
examined using Zeiss LSM780 confocal system (Carl Zeiss,
Jena, Germany) and processed with ZEN 2012 software (Carl
Zeiss). Immunohistochemical staining for CK in decidua was
performed by using antibody against CK7 (Catalog No.

ab181598, Abcam) and HRP-conjugated second antibody
(Catalog No. PV-6001, ZSGB-BIO) followed by recovery of
substrate diaminodbenzidine (DAB) (Catalog No. ZLI-9019,
ZSGB-BIO). The imagines were recorded on a light microscope
with charge-coupled device (CCD) (Olympus, Tokyo, Japan).

Flow cytometry assay

Flow cytometry assay for dNK cells was carried out in
CytoFLEX (Beckman Coulter, Miami, FL) using the follow-
ing antibodies: PE-labeled anti-CD56 (Catalog No. 362508,
BioLegend), PerCP-Cy5.5-labeled anti-CD3 (Catalog No.
300328, BioLegend), APC-labeled ani-CD39 (Catalog No.
328209, BioLegend), APC-Cy7-labeled anti-CD103 (Catalog
No. 350227, BioLegend), FITC-labeled anti-CD16 (Catalog
No. 302206, BioLegend), PE-labeled anti-CD27 (Catalog No.
356405, BioLegend), and Pacific Blue-labeled anti CD11b
(Catalog No. 301316, BioLegend) according to the manufac-
turer’s instructions. Data were analyzed using CytExpert
(Beckman Coulter).

Statistical analysis

Comparison of cell proportions between normal and RM preg-
nancies was analyzed with GraphPad Prism version 7.00 (Graph-
Pad Software, San Diego, CA). Data were shown asmean £ SEM
and comparison was carried out by unpaired Student’s r-test. Dif-
ferences with P < 0.05 were considered significant.
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