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T O L E R A N C E

CCR8+ decidual regulatory T cells maintain 
maternal- fetal immune tolerance during 
early pregnancy
Zhuqing Li1,2,3,4,5,6,7,8†, Pinxin Si1,2,3,4,5,6,7†, Tingting Meng1,2,3,4,5,6,7†, Xiaoran Zhao1,2,3,4,5,6,7, 
Chendi Zhu1,2,3,4,5,6,7, Dunfang Zhang9, Shutong Meng1,2,3,4,5,6,7, Nianyu Li1,2,3,4,5,6,7,  
Ran Liu1,2,3,4,5,6,7, Tianxiang Ni1,2,3,4,5,6,7, Junhao Yan1,2,3,4,5,6,7, Hongchang Li1,2,3,4,5,6,7, Ning Zhao10, 
Chao Zhong11, Yingying Qin1,2,3,4,5,6,7,8, WanJun Chen12*,  
Zi- Jiang Chen1,2,3,4,5,6,7,13,14*, Xue Jiao1,2,3,4,5,6,7*

Regulatory T (Treg) cells play a vital role in maintaining maternal immune tolerance to the semiallogeneic fetus 
during pregnancy. Treg cell population heterogeneity and tissue- specific functions in the human decidua remain 
largely unknown. Here, using single- cell transcriptomic and T cell receptor sequencing of human CD4+ T cells from 
first- trimester deciduae and matched peripheral blood of pregnant women, we identified a highly activated, im-
munosuppressive CCR8+ Treg cell subset specifically enriched in the decidua (dTreg cells). CCR8+ dTreg cells were 
decreased in patients with recurrent pregnancy loss (RPL) and an abortion- prone mouse model. Depletion of 
CCR8+ dTreg cells increased susceptibility to fetal loss, with altered decidual immune profiles. Adoptive transfer of 
CCR8+ Treg cells rescued fetal loss in abortion- prone mice. The CCR8 ligand CCL1 was mainly produced by decidual 
CD49a+ natural killer cells and was significantly decreased in patients with RPL. Our data demonstrate that CCR8+ 
dTreg cells are required to maintain maternal- fetal tolerance and highlight potential avenues for RPL therapies.

INTRODUCTION
To achieve a successful pregnancy, a semiallogeneic fetus carrying 
paternal antigens must be tolerated by the maternal immune system 
(1). The unique tolerogenic microenvironment in the decidua plays a 
vital role in recognizing fetal antigens and preventing rejection of the 
fetus. Disruption of this maternal- fetal immune tolerance is recog-
nized in a variety of reproductive disorders and pregnancy complica-
tions, such as recurrent pregnancy loss (RPL), preeclampsia, fetal 
growth restriction, and preterm birth (2). In particular, RPL, defined 

as the loss of two or more pregnancies before 24 weeks of gestation, 
is a widespread and distressing pregnancy disorder that affects up to 
5% of all women attempting to conceive (3). The pathogenesis of RPL 
is complex and remains undefined for ~50% of patients (4). Although 
impaired maternal- fetal immune tolerance has been implicated in 
RPL, the underlying mechanisms remain to be determined.

Forkhead box p3 (Foxp3)–expressing regulatory T (Treg) cells are 
a nonredundant and immunosuppressive subset of CD4 T cells in-
dispensable for immune self- tolerance and homeostasis (5, 6). Dur-
ing early pregnancy, abundant decidual immune cells (DICs) reside 
in close contact with infiltrating trophoblasts and actively partici-
pate in establishing and maintaining the decidual tolerant microen-
vironment in early pregnancy. Among these DICs, decidual Treg 
(dTreg) cells have been suggested to be involved in maintaining ma-
ternal immune tolerance and protecting the semiallogeneic fetus in 
early pregnancy (7). The priming and expansion of Treg cell subsets 
begin during the menstrual cycle in which conception occurs (8). 
Upon embryo implantation, maternal Treg cells expand in response 
to fetal antigens, with dTreg cells comprising 10 to 30% of resident 
CD4 T cells in the first trimester, and remain enriched throughout 
pregnancy (8, 9). dTreg cells are positioned to suppress the immune 
response and inflammation, consequently promoting uterine recep-
tivity to embryo implantation and stimulating vascular remodeling 
to support placentation in mice (10). Insufficient numbers or im-
paired functionality of Treg cells in the decidua and peripheral blood 
has been implicated in individuals with early pregnancy failure or 
RPL (11–14). Treg cell depletion results in implantation failure and 
early miscarriage in allogeneic pregnant mice, whereas adoptive 
transfer of Treg cells can alleviate fetal rejection and pregnancy loss 
in spontaneous abortion- prone mice (15–17). Therefore, a compre-
hensive characterization of the regional phenotypic and functional 
signature of dTreg cells is pivotal to understand decidual adaptation 
in pregnancy and the pathogenesis of RPL.

1State Key Laboratory of Reproductive medicine and offspring health, center for 
Reproductive medicine, institute of Women, children and Reproductive health, 
Second hospital, Shandong university, Jinan, Shandong 250012, china. 2national 
Research center for Assisted Reproductive technology and Reproductive genetics, 
Shandong university, Jinan, Shandong 250012, china. 3Key Laboratory of Repro-
ductive endocrinology (Shandong university), ministry of education, Jinan, Shandong 
250012, china. 4Shandong technology innovation center for Reproductive health, 
Jinan, Shandong 250012, china. 5Shandong Provincial clinical Research center for 
Reproductive health, Jinan, Shandong 250012, china. 6Shandong Key Laboratory 
of Reproductive Research and Birth Defect Prevention, Jinan, Shandong 250012, 
china. 7Research unit of gametogenesis and health of ARt- offspring, chinese 
Academy of medical Sciences (no. 2021Ru001), Jinan, Shandong 250012, china. 
8Department of Reproductive medicine, Department of obstetrics and gynecology, 
Shandong Provincial hospital Affiliated to Shandong First medical university, 
Jinan, Shandong 250021, china. 9Department of Biotherapy, State Key Laboratory 
of Biotherapy and cancer center, collaborative innovation center of Biotherapy, 
West china hospital, Sichuan university, chengdu, Sichuan 610041, china. 10Ana-
lytical Biosciences Limited, Beijing 100191, china. 11Department of immunology, 
School of Basic medical Sciences, nhc Key Laboratory of medical immunology, 
medicine innovation center for Fundamental Research on major immunology- 
Related Diseases, Peking university, Beijing 100191, china. 12mucosal immunology 
Section, national institutes of Dental and craniofacial Research, national institutes 
of health, Bethesda, mD 20892, uSA. 13Shanghai Key Laboratory for Assisted 
Reproduction and Reproductive genetics, Shanghai, china. 14Department of 
Reproductive medicine, Ren Ji hospital, Shanghai Jiao tong university School of 
medicine, Shanghai, china.
*corresponding author. email: jiaoxue@ sdu. edu. cn (X.J.); chenzijiang@ hotmail. com 
(Z.- J.c.); wchen@ nih. gov (W.J.c.)
†these authors contributed equally to this work.

copyright © 2025 the 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. no claim to 
original u.S. 
government Works 

D
ow

nloaded from
 https://w

w
w

.science.org at H
arvard U

niversity on M
ay 16, 2025

mailto:jiaoxue@sdu.edu.cn
mailto:chenzijiang@hotmail.com
mailto:wchen@nih.gov
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciimmunol.ado2463&domain=pdf&date_stamp=2025-04-18


Li et al., Sci. Immunol. 10, eado2463 (2025)     18 April 2025

S c i e n c e  i m m u n o L o g y  |  R e S e A R c h  A R t i c L e

2 of 18

Single- cell RNA sequencing (scRNA- seq) has been used to dis-
sect the cellular composition at the maternal- fetal interface in 
healthy pregnancy and to profile the single- cell landscape of DICs 
and placental cells’ heterogeneity in RPL (18–20). However, because 
of the scarcity of dTreg cells (<1% of DICs) in the decidua, a compre-
hensive depiction of dTreg cells remains lacking, limiting the detailed 
and accurate analyses of bona fide dTreg cells in both normal preg-
nancy and RPL (8). Therefore, the decidua- specific phenotypes, 
including the unique transcriptomes and T cell receptor (TCR) rep-
ertoires, population heterogeneity, functional adaptation, and tissue- 
specific factor dependency, that enable them to thrive in deciduae to 
sustain a healthy pregnancy have not been uncovered.

Here, we provide a comprehensive immune atlas of decidual 
CD4 T cells by whole transcriptome sequencing with TCR clono-
type tracking at a single- cell resolution. We identify a highly stable, 
activated, and immunosuppressive CCR8+ dTreg cell subset. Loss of 
the CCR8+ dTreg cell population was associated with RPL and could 
increase fetal resorption rate with an altered decidual immune pro-
file, whereas adoptive transfer of CCR8+ Treg cells rescued fetal loss 
in abortion- prone mice. This study expands our fundamental un-
derstanding of immune receptivity to embryo implantation and the 
pathogenesis of RPL and suggests potential strategies for diagnostic 
and therapeutic development.

RESULTS
Human decidual CD4 T cells are transcriptionally and 
phenotypically distinct from peripheral blood during 
early pregnancy
We first aimed to characterize CD4 T cell profiles at the maternal- 
fetal interface during early pregnancy. We profiled the immune phe-
notypes and TCR repertoire of CD4 T cells isolated from freshly 
collected decidua and blood samples of eight women seeking elec-
tive pregnancy termination for nonmedical reasons in the first tri-
mester (6 to 8 weeks of gestation) by droplet- based scRNA- seq and 
TCR V(D)J sequencing (patient characteristics summarized in table 
S1). CD4+CD25hiCD127lo Treg and CD4+CD25lo/− conventional T 
(Tconv) cells were sorted by fluorescence- activated cell sorting (FACS) 
and then pooled at an approximately equal ratio to ensure adequate 
representation of rare Treg cell subsets (fig. S1A). To further verify the 
source of samples, we also collected CD45+CD14−CD4− cells and 
noted a predominant CD56hiCD16− phenotype specific to decidual 
natural killer (dNK) cells among the sorted decidual cells, distinct 
from the canonical CD56dimCD16+ blood NK cell [peripheral NK 
(pNK) cell] phenotype, supporting a decidual origin without blood 
contamination (fig. S1B) (21).

After filtering for quality control and data integration, we ob-
tained a total of 48,300 high- quality cells from eight donors (fig. 
S1C). Subsequent dimensional reduction via t- distributed stochas-
tic neighbor embedding (t- SNE) and graph- based Louvain cluster-
ing identified 17 distinct clusters of CD4 T cells (Fig. 1A) (22). The 
cell types comprising each cluster were defined according to their 
most differentially expressed genes (DEGs) in conjunction with ca-
nonical functional markers and annotated on the basis of their spe-
cific signature genes (Fig. 1, B and C, and data file S1). The total set 
of clusters included 11 Tconv cell subsets [naïve T cells (T- C01), cen-
tral memory T cells (T- C02), quiescent T cells (T- C03), effector T 
cells (T- C04, T- C08), T helper 1 (TH1)–like cells (T- C05 to T- C07), 
cytotoxic T cells [cytotoxic T lymphocytes (CTLs)] (T- C09), NK T 

cells (NKTs) (T- C10), and type I Treg (Tr1) (T- C17)] as well as six 
Treg cell subsets [naïve or resting Treg cells (T- C11 and T- C12) and 
effector Treg cells (T- C13 to T- C16)].

Most clusters exhibited preferential tissue distribution patterns 
(Fig. 1D and fig. S1C), implying markedly distinct T cell phenotypes 
between the decidua and peripheral blood. Naïve T cells (T- C01- 
TCF7) showed preferential distribution in blood (RO/E values of 
1.971), whereas TH1- like clusters (T- C05- BHLHE40, T- C06- KLRB1, 
and T- C07- XCL2) appeared to be enriched in deciduae, with RO/E 
values >1. We observed that a TH1, rather than TH2 or TH17, ex-
pression pattern was predominant among the effector T clusters in 
deciduae (fig. S1, D and E), suggesting that a TH1- mediated immune 
response was dominant during the peri- implantation period (23). 
In addition, a T- C09- TOX cluster was identified with a high expres-
sion of markers associated with CD4+ CTLs, such as GZMK and 
GNLY (fig. S1F). T- C09- TOX CTLs were also enriched for T cell 
exhaustion markers such as EOMES (eomesodermin), TIGIT (T cell 
immunoreceptor with immunoglobulin and immunoreceptor tyrosine- 
based inhibitory motif domains), PDCD1 (programmed cell death 1), 
and TOX (thymocyte selection associated high mobility group box) 
(fig. S1, F to H), suggesting that this subpopulation could tightly 
suppress the cytotoxic function to preserve immune homeostasis, 
especially in tolerance toward the fetus (24). Furthermore, a rarely 
reported CD4+ NKT cluster (T- C10- KLRD1) was detected that 
phenotypically resembled decidual tissue- resident NK (trNK) 
cells, with a high expression of inhibitory receptors KLRD1, KLRC1, 
KLRK1, KIR2DL1, and KIR2DL3, the transcription factor EOMES, 
and cytotoxic effector molecules GZMB and GNLY (fig. S1, F 
and I) (25).

We next sought to characterize the TCR repertoire present in 
decidual CD4+ T cells. We obtained 37,440 cells with TCRαβs, in-
cluding 29,834 cells harboring unique TCRs and 7606 harboring 
repeated TCRs, indicative of clonal expansion. This likely expansion 
was observed in CD4+ T cells from deciduae and matched blood, 
with the clonal size ranging from 2 to 127 (fig. S1J). The clonal ex-
pansion ability of decidual T (dT) cells, mainly in TH1- like T cells, 
CTLs, NKTs, Tr1s, and two dTreg cell subsets, was higher than that 
of most peripheral blood T cell subsets indicated by STARTRAC 
expansion indices (Fig. 1, E to G, fig. S1K, and data file S2), imply-
ing their greater capacity for expansion in response to fetal and 
placental antigens. These results indicate that CD4+ T cells emerge 
in the decidua during early pregnancy, resulting in a distinct local 
tissue profile.

dTreg cells have an activated and immunosuppressive  
phenotype
Considering the critical role of Treg cells in maintaining maternal- 
fetal immune tolerance, we next characterized the immune profile 
of decidua- associated Treg cells. As a reference, we also analyzed the 
Tconv cells present in the decidua (dTconv cells) and peripheral blood 
(bTconv cells). A total of six clusters with a high expression of IL2RA 
and FOXP3 were defined as Treg cells (T- C11 to T- C16) (Fig. 2A and 
fig. S2A), among which four clusters (T- C11 to T- C14) were mainly 
detected in peripheral blood and two (T- C15 and T- C16) were pref-
erentially enriched in the decidua (fig. S2B). More specifically, naïve 
subsets of Treg cells in peripheral blood (bTreg cells) (T- C11- LEF1 
and T- C12- FCRL3) were defined by their expression of naïve marker 
genes, including NOSIP, SELL, LEF1, TCF7, and CCR7 (26), whereas 
T- C13- CD52 and T- C14- CCR10 exhibited an increased expression 
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Fig. 1. Human decidual CD4 T cells are transcriptionally and phenotypically distinct from peripheral blood during early pregnancy. (A) t- Sne projection of 48,300 
single cells in a total of eight individuals showing the formation of 17 clusters of cD4+ t cells, including 6 for treg cells and 11 for tconv cells. each dot corresponds to one 
single cell, colored according to cell cluster. (B) gene expression heatmap of cD4+ t cell clusters. (C) expression levels of functionally indicative genes illustrated in t- Sne 
plots. (D) tissue distribution preference of each cluster shown as a StARtRAc observed/expected distribution score (Ro/e). Ro/e > 1 indicates enrichment. (E) tcR distribu-
tion of cD4+ t cells across different samples. unique (tcR = 1) and clonal (tcR ≥ 2) tcRs are labeled with different colors. D, decidua; B, blood. (F) Proportion of clonal cD4+ 
t cells in the decidua and matched peripheral blood. (G) clonal expansion levels of cD4+ t cell clusters quantified by StARtRAc expansion indices for each patient. Data 
shown in (e) to (g): n = 8. Data are presented as the means ± SD and were analyzed by paired Student’s t test (F) or Wilcoxon signed- rank test to assess differences in 
StARtRAc expansion indices (g). *P < 0.05, **P < 0.01, and ***P < 0.001. See also fig. S1.
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Fig. 2. dTreg cells have an activated and immunosuppressive phenotype. (A) gene expression heatmap of six treg cell clusters. (B) Volcano plot showing Degs between 
dtreg and btreg cells. A Bonferroni- adjusted P value was used. each red dot denotes an individual gene with an adjusted P value <0.05 and |log2Fc| > 0.5. nS, not significant. 
(C) Flow cytometry analysis of Foxp3, cD25, and tigit expression in dtreg versus btreg cells. mFi was quantified. nc, negative control. (D) Flow cytometry analysis of the 
percentage of positive cells for suppressive factors PD- 1, cD39, and iL- 10 in dtreg versus btreg cells. (E) Flow cytometry analysis of costimulatory factors oX40, gitR, and 
icoS in dtreg versus btreg cells. mFi was quantified. (F) Flow cytometry analysis of the proliferation marker Ki- 67 and naïve t cell marker cD45RA in dtreg versus btreg cells. 
mFi was quantified. (G) Proportion of clonal cells in treg cells from deciduae and matched peripheral blood. (H) Flow cytometry analysis of the transcription factors eoS, 
BAtF, and toX in dtreg versus btreg cells. mFi was quantified. (I) PcA of the abundance of tcR based on the V- J combination frequency profile. the distance between the 
dots indicates the degree of dissimilarity of the tcR profile between samples, and the difference was assessed using PeRmAnoVA. Data shown in (c) to (F) and (h): n = 16; 
data shown in (g) and (i): n = 8. Data are presented as the means ± SD and analyzed by Student’s t test [(c) to (F) and (h)], paired Student’s t test (g), or PeRmAnoVA (i) for 
assessing differences between two groups. *P < 0.05, **P < 0.01, and ***P < 0.001. See also figs. S2 and S3.
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of Treg cell functional markers, such as TIGIT, IL2RA, PDCD1, and 
human leukocyte antigen class II molecules (27, 28), characteristic 
of effector Treg cells in peripheral blood (Fig. 2A). In contrast with 
bTreg cells, the two clusters of dTreg cells (T- C15- RGS1 and T- C16- 
CTLA4) uniquely exhibited up- regulation of several genes associ-
ated with an activated state and immunosuppressive function, such 
as CTLA4, TIGIT, PDCD1, ICOS, TNFRSF18, TNFRSF4, and ENTPD1 
(29–33). Comparison of transcriptional profiles between dTreg and 
bTreg cells identified 158 up- regulated DEGs in the dTreg cell cluster 
[P < 0.05 and log2 fold change (FC) > 0.5] (Fig. 2B and data file S3). 
Pathway enrichment analyses of DEGs showed that dTreg cells were 
enriched in pathways related to negative regulation of the immune 
system process, consistent with their immunosuppressive function, 
regulation of lymphocyte cell- cell adhesion, and positive regulation 
of cytokine production, indicating their specific function in the de-
cidual microenvironment compared with bTreg cells (fig. S2C and 
data file S4).

To validate the sequencing and the specific features of dTreg 
cells, we then collected decidua and peripheral blood samples 
from women with a healthy early pregnancy and investigated the 
phenotype of dTreg cells using flow cytometry. Consistent with the 
transcriptomic profiles, several markers of Treg cell stability and sup-
pressive factors were significantly enriched in dTreg compared 
with bTreg cells, including Foxp3; CD25 (encoded by IL2RA); CD39 
(encoded by ENTPD1), which can promote the accumulation of 
adenosine and maintain an immunosuppressive microenvironment 
(33); co- inhibitory receptors PD- 1 and TIGIT, which are related 
to the immunosuppressive function of Treg cells (29, 30); costimula-
tory factors OX40 (encoded by TNFRSF4), GITR (glucocorticoid- 
induced tumor necrosis factor receptor–related protein, encoded 
by TNFRSF18), and ICOS (inducible T cell costimulator), which 
participate in the differentiation, proliferation, and activation of 
Treg cells (34); and the immunosuppressive cytokine interleukin-10 
(IL- 10) (Fig. 2, C to E, and fig. S2D). Moreover, dTreg cells showed 
high expression of the proliferation marker Ki- 67 and contained 
a relatively small proportion of CD45RA+ naïve cells (Fig. 2F). 
Furthermore, the proportion of clonal population in dTreg cells 
was significantly higher than that in bTreg cells, further illustrating 
the increased activity and proliferation of dTreg cells in response to 
fetal antigens (Fig. 2G). In addition, we identified several transcrip-
tion factors that were highly expressed in the dTreg cell population 
(Fig. 2H), including EOS (encoded by IKZF4), which regulates im-
munomodulatory function in Treg cells (35); BATF (basic leucine zip-
per activating transcription factor–like transcription factor), which 
maintains the function of tissue- resident Treg cells (36); and TOX, 
which participates in CTL exhaustion (37).

To define decidua- specific Treg cell programs, we analyzed 
DEGs that were uniquely up- regulated in clonal dTreg compared 
with bTreg and dTconv cells and excluded DEGs up- regulated in 
bTreg versus bTconv cell comparisons (fig. S2E and data file S5). This 
analysis revealed nine candidate proteins, including TNFRSF18, 
TNFRSF9, AC133644.2, CCR8, GEM, PMA1P1, PHLDA1, ACP5, 
and CTSC (fig. S2F). Among these, the costimulatory molecule 
TNFRSF9, chemokine receptor CCR8, and genes with unknown 
roles in Treg cell biology, including PHLDA1 and GEM, together 
comprised an apparent decidua- specific Treg cell core transcrip-
tional program.

In addition to these gene expression signatures, we also explored 
TCR diversity and found that the diversity of dTreg cells was relatively 

lower than that of bTreg cells, whereas no difference was observed 
in either total CD4+ T cells or Tconv cells between the decidua 
and peripheral blood (fig. S3A). Principal components analysis 
(PCA) of the combined V- J frequency profiles showed a significant 
bias in specific TCR usage in dTreg versus bTreg cells and dTconv 
but not dTconv versus bTconv cells. In addition, dTreg cells appeared to 
show a preferential usage bias for V and J genes [odds ratio (OR) 
>1] compared with bTreg and dTconv cells (Fig. 2I and fig. S3, B and 
C), further emphasizing the highly specific function of dTreg cells 
in fetal antigen recognition and mediating a tolerant immune re-
sponse at the maternal- fetal interface. These results reveal decidua- 
specific characteristics of dTreg cells, highlighting their activated 
phenotype and immunosuppressive potential.

dTreg cells exhibit heterogeneity and distinct 
developmental trajectories
To investigate the intrinsic heterogeneity and potential functional 
subtypes of dTreg cells, we next compared transcriptomic profiles 
and phenotypes between the T- C16- CTLA4 and T- C15- RGS1 dTreg 
cell populations. DEG analysis uncovered several predominantly 
up- regulated genes enriched in T- C16- CTLA4 Treg compared with 
T- C15- RGS1 Treg cells, mainly canonical dTreg cell signature markers 
including TIGIT, CTLA4, CCR8, TNFRSF4, TNFRSF9, and TNFRSF18 
(Fig. 3A and data file S6), indicative of a highly suppressive pheno-
type. In addition, T- C16- CTLA4 Treg cells also showed a higher 
percentage of clonal Treg cells and STARTRAC expansion indices, as 
visualized in the ball- packing plot (Figs. 1H and 3B and fig. S4A). 
These results indicate that T- C16- CTLA4 Treg cells are likely the 
main functional subset of dTreg cells that respond to fetal antigens 
during early pregnancy.

We then combined gene expression and TCR data to dissect the 
differentiation trajectories of dTreg cell subsets. T cells bearing iden-
tical TCRαβs might be developmentally connected, and we identi-
fied a total of 123 TCRαβs that were shared between decidual and 
peripheral Treg cells, with T- C14- CCR10 clusters from different tis-
sues showing the greatest overlap (Fig. 3C and fig. S4B). Analysis 
of STARTRAC transition scores further implied that the T- C16- 
CTLA4 cluster was developmentally connected with other indi-
vidual Treg cell clusters, especially the T- C15- RGS1 cluster (transition 
score, 0.105; P < 0.0001) (Fig. 3D). We then applied RNA velocity 
analysis embedded on a diffusion map to infer the likely fate of cells 
(38), which revealed a gradual flow from peripheral naïve T- C11- 
LEF1 and T- C12- FCRL3 clusters to the effector T- C14- CCR10 clus-
ter and lastly into the decidual T- C16- CTLA4 cluster (Fig. 3E). This 
finding implied a peripheral origin with a subsequent tissue adapta-
tion process for T- C16- CTLA4 dTreg cells. Alternatively, this com-
bined analysis also uncovered connections between T- C16- CTLA4 
dTreg cells and other decidual CD4 clusters, such as T- C03- KLF2- 
quiescent Tconv cells (fig. S4, C and D), suggesting that we cannot 
exclude the possibility of T- C16- CTLA4 dTreg cells developing from 
Tconv cell populations resident in the decidua. Within the T- C16- 
CTLA4 dTreg cell subset, we were unable to identify any shared 
TCRs between the decidual and peripheral blood populations 
(Fig. 3, C and F), and the T- C16- CTLA4 dTreg cell subset exhibited 
a high expression of genes associated with tissue residency (CXCR3, 
CXCR6, and ENTPD1) and a low expression of genes related to Treg 
cell migration (S1PR1, CCR7, and SELL) (Fig. 3G and fig. S4E), in-
dicating that T- C16- CTLA4 dTreg cells may remain within the de-
cidua as a “tissue- resident” subset.
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Fig. 3. dTreg cells exhibit heterogeneity and distinct developmental trajectories. (A) Volcano plot showing Degs between t- c15- RgS1 and t- c16- ctLA4 subsets of 
dtreg cells. each red dot denotes an individual gene with an adjusted P value <0.05 and |log2Fc| > 0.5. (B) Percentage of clonal and unique treg cells in t- c15- RgS1 versus 
t- c16- ctLA4 cluster. (C) circos plot of tcR clonal sharing between cells in each treg cell cluster from deciduae and peripheral blood. each line represents one shared clone. 
(D) State transition of treg cell clusters inferred by shared tcRs. the dashed line separates the clusters by the tissue origins. the width of solid lines represents StARtRAc 
transition scores. (E) inferred developmental trajectory of dtreg cells by RnA velocity. Arrows denote velocity vectors illustrating potential differentiation paths. (F) cross- 
tissue migration for all treg cell clusters quantified by StARtRAc migration scores for each participant. (G) t- Sne plots and comparison of genes associated with tissue 
residency (CXCR6 and ENTPD1) and treg cell migration (S1PR1 and CCR7) in the t- c15- RgS1 versus t- c16- ctLA4 cluster. Data shown in (B), (F), and (g): n = 8. Data are pre-
sented as the means ± SD and were analyzed by paired Student’s t test [(B) and (g)] or Kruskal- Wallis test [(D) and (F)]. **P < 0.01 and ***P < 0.001. See also fig. S4.
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CCR8+ dTreg cells represent the major functional Treg cell 
subset in the human decidua during early pregnancy
Next, we sought to identify specific markers that could potentially 
distinguish between the T- C15- RGS1 and T- C16- CTLA4 dTreg cell 
subsets. CCR8 emerged as a top candidate marker that was preferen-
tially expressed on decidual T- C16- CTLA4 Treg cells (Fig. 4A and 
fig. S2F). Compared with other canonical key Treg cell markers, such 
as FOXP3, IL2RA, TIGIT, CTLA4, TNFRSF4, and TNFRSF18, CCR8 
showed greater enrichment and exclusive expression in T- C16- 
CTLA4 Treg rather than other decidual or peripheral Treg cell clus-
ters (Fig. 4B). Further correlation analysis of transcriptomic profiles 
revealed that CCR8 levels were positively correlated with genes re-
lated to Treg cell function, such as FOXP3, IL2RA, and CTLA4 (Fig. 
4C), suggesting that CCR8 could distinguish this predominant Treg 
cell population in the decidua. To date, the CCR8+ Treg cell subset 
has been reported as principally enriched in a variety of tumors and 
represents a stable subtype with enhanced immunosuppressive ca-
pacity (39–41). We therefore tested whether dTreg cells could be di-
vided into two distinct subgroups by flow cytometry on the basis of 
C- C motif chemokine receptor 8 (CCR8) expression. We found that 
whereas ~40 to 70% of dTreg cells collected during early pregnancy 
were positive for CCR8 expression, only ~10% of bTreg cells, less 
than 5% of dTconv cells, displayed CCR8 expression (Fig. 4D, left). 
No marked expression of CCR8 was observed on other DIC popula-
tions (NK cells, macrophages, CD8+ T cells, B cells, dendritic cells, 
and neutrophils) (fig. S5A). In addition, the CCR8 levels detected on 
positive cells, based on mean fluorescence intensity (MFI), were sig-
nificantly higher in dTreg cells than in other cell types (Fig. 4D, 
right). Immunofluorescence staining verified that CCR8+ cells were 
preferentially enriched in dTreg cells isolated in the first trimester of 
pregnancy (fig. S5B), which was consistent with our observations 
from scRNA- seq analysis.

We next examined the phenotypic features of CCR8+ dTreg 
cells. The DEGs up- regulated in decidual CCR8+ dTreg versus 
CCR8− dTreg cells were enriched in pathways associated with reg-
ulation of Treg differentiation, T cell activation, and tolerance in-
duction (Fig. 4E and data file S7). Similarly, CCR8+ dTreg cells 
contained a higher percentage of cells from clonal expansion than 
their CCR8− counterparts (Fig. 4F). At the protein level, CCR8+ 
dTreg cells had a significantly higher expression of several markers 
associated with suppressive function, including Foxp3, CD25, 
GARP (glycoprotein A repetitions predominant), and IL- 10, as 
well as immune checkpoint molecules CD39, CTLA4, TIGIT, and 
PD- 1 (Fig. 4, G and H, and fig. S5C). Costimulatory activation 
markers (OX40, GITR, and ICOS) and EOS were also enhanced 
in CCR8+ dTreg cells (Fig. 4G and fig. S5D). Consistent with their 
activated immune phenotype, the naïve T cell marker CD62L was 
decreased in the CCR8+ dTreg cell population (fig. S5D). In addi-
tion, chemokine receptor proteins CCR4 and CXCR6 (C- X- C motif 
chemokine receptor 6), which play a role in Treg cell migration 
and retention at the maternal- fetal interface, were also detected 
at high levels (fig. S5E) (42, 43). Last, CCR8+ dTreg cells also ex-
pressed high levels of the nuclear high- mobility group box pro-
tein TOX (fig. S5D), which may promote Treg cell activation 
instead of exhaustion (44). The mRNA and protein phenotypes of 
these CCR8+ dTreg cells, which suggest a high activation status 
and enhanced immunosuppressive activity, support their role as 
the major functional subset of dTreg cells at the maternal- fetal in-
terface in early pregnancy.

CCR8+ dTreg cells are reduced in the deciduae of patients 
with RPL and abortion- prone pregnant mice
Given the specific phenotypic characteristics of CCR8+ dTreg cells, 
we further investigated whether deficiency for CCR8+ dTreg cells 
could be associated with abnormalities in maternal- fetal immune 
tolerance, such as in RPL. First, we compared the number and phe-
notype of Treg cells from the first trimester decidual samples be-
tween women with healthy pregnancy and patients with RPL. The 
patients with RPL showed a mean age of 34 years and had at least two 
previous unexplained miscarriages with normal embryo karyo-
types. No significant difference was observed in the proportion of 
total dTreg cells (Fig. 5A), although protein levels of CD25 and 
ICOS were significantly lower in the dTreg cells of patients with RPL 
compared with those of healthy women (Fig. 5B). This suggests 
likely functional impairment of dTreg cells in the patients with 
RPL. However, we found that the subset of CCR8+ dTreg cells, and 
their corresponding CCR8 expression levels, was significantly re-
duced in patients with RPL compared with healthy individuals 
(Fig. 5C). The expression of CD25, TIGIT, CTLA4, CD39, LAG3, 
ICOS, GITR, EOS, and TOX in CCR8+ dTreg cell population was 
comparable between groups (fig. S6A). The data suggest that a di-
minished population of CCR8+ dTreg cells could be an important 
factor in the impaired immunosuppressive function of dTreg cells in 
patients with RPL.

We then asked whether deficiency for CCR8+ Treg cells was as-
sociated with pregnancy loss in mice. Before examining this subset 
in an abortion- prone pregnant (AP) model, we first assessed CCR8 
expression in dTreg cells in mice with normal early pregnancy (NP). 
Flow cytometry analysis indicated that Treg cells comprised ~10% of 
the total CD4+ T cells in mouse deciduae at embryonic day 12.5 
(E12.5), higher than that in the spleen and peripheral blood (fig. 
S6B). Consistent with humans, CCR8+ Treg cells constituted ~50% of 
total dTreg cells, and these dTreg cells exhibited marked up- regulation 
of CCR8 relative to Treg cells from peripheral blood and spleen, as 
well as Tconv cell counterparts and other immune subsets in the de-
cidua (Fig. 5, D and E, and fig. S6C). CCR8+ Treg cells were enriched 
in the pregnant deciduae but not the virgin uteri of nonpregnant 
mice (Fig. 5, D and E), further supporting the unique role of this 
subset in pregnancy. As we observed in women with normal preg-
nancy, the Treg cell–associated proteins involved in suppressive 
function (GITR, ICOS, CTLA4, and CD39) were also highly ex-
pressed on CCR8+ dTreg cells compared with the CCR8− dTreg and 
dTconv cell compartments in mice (fig. S6D). These observations in-
dicate that CCR8+ dTreg cells represent a major functional subset 
enriched in the deciduae of both humans and mice.

We next used a well- described murine model of immunological 
spontaneous abortion. In this model, an abnormal maternal immune 
response led to the rejection of the fetuses and spontaneous abortion 
in the CBA/J ♀  ×  DBA/2 ♂ group (AP) but not in the CBA/J 
♀ ×  BALB/c ♂ group (NP) (Fig. 5, F and G). Although total dTreg 
abundance was similar between the AP and NP mice (fig. S6E), the 
CCR8+ dTreg subset was significantly decreased in AP mice (Fig. 5H), 
whereas no differences in peripheral blood or spleen CCR8+ Treg pop-
ulations were detected between groups (Fig. 5I). In addition, func-
tional marker expression in CCR8+ dTreg cells did not differ between 
the AP and NP groups (fig. S6F). These results indicate that CCR8+ 
Treg cells are specifically reduced in the deciduae of abortion- prone 
mice, further supporting an association between deficiency in CCR8+ 
Treg cells in the deciduae and pregnancy loss in humans and mice.
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Fig. 4. CCR8+ dTreg cells represent the major functional Treg cell subset in the human decidua during early pregnancy. (A) t- Sne plot showing the expression level 
of CCR8. (B) Dot plot displaying the key treg cell–related canonical markers in different btreg and dtreg cell clusters. the dot sizes represent the proportion of cells expressing 
each gene, and the colors of each dot indicate the average expression levels of each gene. (C) Pearson correlation analysis of the expression levels of CCR8 and treg cell 
signature genes FOXP3, IL2RA, and CTLA4. (D) Representative flow cytometry plots showing the expression of ccR8 in dtreg, btreg, and dtconv cells. the percentage of ccR8+ 
cells and the expression level of ccR8 were analyzed among dtreg, btreg, and dtconv cells. mFi was quantified. (E) most enriched gene ontology terms of up- regulated 
genes in ccR8+ dtreg versus ccR8− dtreg cells. the dot sizes represent the count of genes expressed in each pathway, and the colors of each dot indicate the adjusted P 
value. (F) Percentage of clonal cells in ccR8+ dtreg versus ccR8− dtreg cells (n = 8). (G) Flow cytometry analysis of Foxp3, cD25, gARP, iL- 10, and costimulatory factor expres-
sion in ccR8+ dtreg versus ccR8− dtreg cells. mFi was normalized by dtconv cells. (H) Flow cytometry analysis of the percentage of positive cells for cD39, ctLA4, tigit, and 
PD- 1 in ccR8+ dtreg, ccR8− dtreg, and dtconv cells. the gray connecting lines in the diagram indicate the matched samples. Data shown in (D), (g), and (h): n = 16. Data are 
presented as the means ± SD and were analyzed by paired Student’s t test [(F) and (g)] or one- way AnoVA using the Bonferroni method for multiple comparisons [(D) and 
(h)]. *P < 0.05, **P < 0.01, and ***P < 0.001. See also fig. S5.
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Fig. 5. CCR8+ dTreg cells are reduced in the deciduae of patients with RPL and AP mice. (A) Percentage of dtreg cells in patients with RPL and control women. (B) Flow 
cytometry analysis of icoS and cD25 expression in dtreg cells from patients with RPL and control women. mFi was quantified. (C) Representative flow cytometry plots 
showing the expression of ccR8 in dtreg cells from patients with RPL and control women. the percentage of ccR8+ dtreg cells and the expression level of ccR8 in dtreg cells 
were compared between patients with RPL and control women. mFi was quantified. (D) Representative flow cytometry plots of ccR8+ cells in dtreg, btreg, spleen treg 
(sptreg), and dtconv cells of normal pregnant mice (♀cBA/J × ♂BALB/c) and uterus treg (utreg) cells of nonpregnant (♀cBA/J) mice. (E) Percentage of ccR8+ cells and expres-
sion level of ccR8 in dtreg, utreg, btreg, sptreg, and dtconv cells. mFi was quantified. (F) establishment of nP (♀cBA/J × ♂BALB/c) and AP (♀cBA/J × ♂DBA/2) mouse models 
and representative images of implanted embryos in the uterus at e12.5. Black arrows indicate resorbed fetus. (G) Statistical analysis of embryo resorption rate and the 
number of live fetuses per pregnant mouse in the nP and AP groups. (H) Representative flow cytometry plots showing the expression of ccR8 in dtreg cells from nP and 
AP mice. the percentage of ccR8+ dtreg cells was compared between nP and AP mice. (I) Percentage of ccR8+ treg cells in peripheral blood and spleens from nP and AP 
mice. Data shown in (A) to (c): control, n = 15; RPL, n = 26; data shown in (e) to (i): mice each group, n = 5. Data are presented as the means ± SD and are representative 
of three independent experiments, analyzed by Student’s t test [(A) to (c) and (g) to (i)] or one- way AnoVA using the Bonferroni method for multiple comparisons 
(e). *P < 0.05, **P < 0.01, and ***P < 0.001. See also fig. S6.
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Depletion of CCR8+ dTreg cells leads to pregnancy 
loss in mice
To further determine whether CCR8+ dTreg cell deficiency can in-
crease the risk of maternal- fetal immune intolerance and spontane-
ous pregnancy loss, we examined the effects of CCR8+ dTreg cell 
depletion on NP in mice. To deplete this population, normal CBA/J 
female mice with pregnancy from mating with BALB/c males were 
administered daily intraperitoneal injection of an anti- CCR8 mono-
clonal antibody (mAb) with antibody- dependent cellular cytotoxic-
ity and blocking activity (45) or a rat IgG2b isotype control from 
E4.5 to E11.5 (Fig. 6A). Flow cytometry revealed that the proportion 
of total Treg and CCR8+ Treg cells in particular both declined in the 
deciduae, but not the spleens or peripheral blood, of CCR8 mAb–
treated mice (Fig. 6, B to D, and fig. S7A), confirming that this treat-
ment could specifically eliminate CCR8+ Treg cells from the decidual 
microenvironment. The embryo absorption rate increased, whereas 
the number of live fetuses per uterus decreased by E12.5 in mice 
lacking the CCR8+ dTreg cell subset (Fig. 6, E and F), indicating that 
deficiency for CCR8+ dTreg cells causes pregnancy failure. To further 
confirm the importance of CCR8+ dTreg cells in maintaining preg-
nancy, we adoptively transferred either CCR8+ Treg or CCR8− Treg 
cells into abortion- prone mice (fig. S7B). We observed that admin-
istration of CCR8+ Treg cells significantly reduced the resorption 
rate of the fetus compared with mice treated with phosphate- 
buffered saline (PBS) or CCR8− Treg cells as controls (fig. S7, C and 
D). Collectively, these findings suggest that CCR8+ Treg cells play 
a vital role in maintaining maternal- fetal tolerance and prevent-
ing abortion.

To determine the mechanisms underlying pregnancy loss stem-
ming from CCR8+ dTreg cell deficiency, we next explored changes in 
the decidual immune microenvironment. We focused on dNK and 
CD8+ T cells, because abnormalities in both subsets have been pre-
viously linked to RPL (25, 46). In anti- CCR8 mAb–treated mice, 
dNK cells expressing cytotoxic molecules were significantly in-
creased compared with isotype- treated controls (Fig. 6, G and H). 
Granzyme B (GZMB) exerts its cytotoxic effects through caspase 
cascade activation, Bid protein activation, or DNA fragmentation 
(47, 48). We observed higher proportions of GZMB+CD49a− dNK 
cells and CD8+ dT cells, and GZMB expression was higher in mice 
treated with anti- CCR8 mAbs (Fig. 6, H and I). No difference was 
observed in perforin expression between groups (Fig. 6J). Collec-
tively, depletion of CCR8+ dTreg cells increased the risk of miscar-
riage, and this could be through disruption of the maternal- fetal 
immune tolerance by increased cytotoxic immune cells.

dNK cell–derived CCL1 is decreased in patients with RPL
C- C motif chemokine ligand 1 (CCL1) is the key ligand of CCR8 
and plays a critical role in potentiating immune suppressive activity 
in Treg cells via recruitment and induction of the CCR8+ subset and 
therefore could potentially play a role in the differentiation of 
CCR8+ dTreg cells (49). We first examined CCL1 expression patterns 
at the maternal- fetal interface in NP by immunofluorescence stain-
ing. CCL1 was expressed in deciduae but not villi (Fig. 7A). Further 
sorting of DICs, decidual stromal cells (DSCs), extravillous tropho-
blasts (EVTs), and pNK cells revealed that CCL1 was almost exclu-
sively expressed by dNK cells in both humans and mice with normal 
pregnancy (Fig. 7, B to D), most of which belonged to the regulatory 
CD49a+ subset (Fig. 7, E and F). Previous reports have shown that 

CD49a+ trNK cells comprise >90% of human dNK cells but are sig-
nificantly diminished in patients with RPL (50), suggesting that pa-
tients with RPL may be deficient for CCL1 at the maternal- fetal 
interface. Immunofluorescence staining of first trimester decidual 
samples collected from five healthy women with early pregnancy 
and five patients with RPL confirmed that significantly fewer CCL1+ 
cells were present in patients with RPL and that CCL1 expression on 
dNK cells was significantly reduced compared with deciduae from 
healthy pregnancies (Fig. 7, G and H). These results suggest that 
CCL1 expression by decidual trNK cells might be necessary for the 
development of a sufficient CCR8+ dTreg cell population to ensure 
immune tolerance in early pregnancy, whereas inadequate trNK 
cell–derived CCL1 might result in deficiency for CCR8+ dTreg cells, 
leading to an insufficient immunosuppressive function and poten-
tially contributing to the increased risk of RPL occurrence (fig. S7E).

DISCUSSION
At implantation, embryos express paternally derived alloantigens 
that can evoke an inflammatory response that potentially threatens 
reproductive success. dTreg cells are enriched in the decidua during 
early pregnancy, and in combination with mouse studies of Treg cell 
depletion and adoptive transfer, the evidence indicates that this sub-
set plays a vital role in maintaining maternal- fetal immune toler-
ance (8). However, the phenotypic heterogeneity, possible origins, 
and exact function of these accumulated dTreg cells in early preg-
nancy remain to be characterized. Here, we performed scRNA- seq 
to obtain a more comprehensive perspective of decidua- specific Treg 
cells and identified CCR8+ Treg cells as a distinct, highly activated, 
immunosuppressive subset that is enriched in the decidua during 
early pregnancy. Diminished CCR8+ dTreg cell levels were observed 
in patients with RPL and abortion- prone mice. Depletion of CCR8+ 
dTreg cells increased susceptibility to fetal loss with altered immune 
profiles in the decidual microenvironment, and adoptive transfer 
of CCR8+ Treg cells rescued fetal loss in abortion- prone mice. 
Moreover, deficiency for CD49a+ dNK cell–derived CCL1 might 
contribute to the low abundance of CCR8+ dTreg cells detected in 
patients with RPL. Identification of this previously unidentified 
CCR8+ dTreg cell subset expands our understanding of how im-
mune tolerance is maintained at the maternal- fetal interface dur-
ing early pregnancy, opening previously unrecognized avenues for 
RPL diagnosis and therapy.

Treg cell populations are heterogeneous in their phenotype and 
suppressive function depending on the specific tissue microenvi-
ronment in which they reside (51). An increasing number of studies 
have defined unique, tissue- specific Treg cell subsets in nonlymphoid 
tissues, including visceral adipose tissue (52), muscle (53), lung (54), 
skin (55), and the central nervous system (56), where they accumu-
late to perform important immunoregulatory, tissue homeostatic, 
and/or regenerative functions (57–59). However, whereas Treg cells 
in other tissues are becoming increasingly well characterized, a 
comprehensive picture of decidua- resident Treg cells has remained 
lacking. Preliminary studies have tried to demonstrate the distinct 
phenotypes of dTreg cells by limited markers (60, 61), and bulk RNA 
sequencing data revealed the feature of Treg cells in the peri- 
implantation endometrium or late gestation decidua, implying 
that Treg cells can undergo site- specific adaptation during preg-
nancy (62, 63). Systematic mapping of the cellular landscape of the 
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maternal- fetal interface by Vento- Tormo et al. (18) identified three 
dNK subsets that are abnormally distributed in patients with RPL 
(19, 20). However, the relatively low abundance of dTreg cells (~1% 
of total immune cells) has thus far precluded in- depth analysis of 
their features and phenotypic heterogeneity during early pregnancy. 
Here, by enriching for Treg cells, we could define a core transcrip-
tional program of decidua- specific Treg cells from ~4700 cells, im-
plying substantial heterogeneity and tissue- dependent adaptations 

among these cells. Studies have recognized DICs specifically acti-
vated for certain preset fetal alloantigens such as ovalbumin (64, 65). 
We simultaneously performed single- cell TCR profiling and exhib-
ited comprehensive clonal patterns of CD4+ dT cells, especially 
dTreg cells with unique V(D)J usage bias, providing more clues for 
“fetal- specific” immune responses at the maternal- fetal immune tol-
erance. Our subsequent in- depth analysis of phenotypically diver-
gent subsets identified a distinct CCR8+ dTreg cell subset with a high 

Fig. 6. Depletion of CCR8+ dTreg cells leads to 
pregnancy loss in mice. (A) Schematic strategy 
of anti- ccR8 mAb treatment in normal pregnant 
(♀cBA/J × ♂BALB/c) mice. (B) Percentage of treg 
cells in cD4+ t cells from deciduae, peripheral 
blood, and spleens in pregnant mice treated with 
anti- ccR8 mAb or isotype controls. (C) Represen-
tative flow cytometry plots showing the expres-
sion of ccR8 in dtreg cells from mice treated with 
anti- ccR8 mAb or isotype controls. the percent-
age of ccR8+ dtreg cells was compared between 
the two groups. (D) Percentage of ccR8+ treg cells 
in peripheral blood and spleens in mice treated 
with anti- ccR8 mAb or isotype controls. (E) Rep-
resentative images of implanted embryos in the 
uterus at e12.5 from mice treated with anti- ccR8 
mAb or isotype controls. (F) embryo resorption 
rate and the number of live fetuses per pregnant 
mouse in pregnant mice treated with anti- ccR8 
mAb or isotype controls. (G) Representative flow 
cytometry plots showing the expression of cD49a 
in dnK cells (dnKs) from mice treated with anti- 
ccR8 mAb or isotype controls. the percentage of 
cD49a− dnK cells and the expression of cD49a in 
dnK cells were compared between the two groups. 
(H and I) Representative flow cytometry plots 
showing the expression of gZmB in cD49a− dnK 
cells and cD8+ dt cells (dts) from mice treated 
with anti- ccR8 mAb or isotype controls. the per-
centage of gZmB+ cells and the expression level 
of gZmB in cD49a− dnK cells and cD8+ dt cells 
were compared between the two groups. mFi 
was quantified. (J) Percentage of perforin+ cells 
and expression levels of perforin in cD49a− dnK 
cells and cD8+ dt cells from mice treated with anti- 
ccR8 mAb or isotype controls. mFi was quantified. 
Data shown in (B) to (D) and (F) to (J): control, n = 
9; anti- ccR8, n  =  9. Data are presented as the 
means ± SD and are representative of three inde-
pendent experiments, analyzed by Student’s t test 
[(B) to (J)]. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 7. dNK cell–derived CCL1 is decreased in patients with RPL. (A) immunofluorescence showing the expression of ccL1 in decidua and villus tissue from women 
with nP. Scale bar, 50 μm. (B) qRt- PcR showing the CCL1 mRnA expression pattern in dnK cells, decidual macrophages (dmacs), dts, DScs, eVts, and pnK cells in women 
with normal pregnancy. (C) enzyme- linked immunosorbent assay showing the secretion of ccL1 in dnK cells, pnK cells and dt cells in women with normal pregnancy. 
(D) qRt- PcR showing the Ccl1 mRnA expression pattern in dnK cells, dmacs, dt cells, pnK cells, and nonimmune cells in mice with normal pregnancy (♀c57BL/6J × ♂c57BL/6J) 
at e12.5. (E) qRt- PcR showing the CCL1 mRnA expression pattern in cD49a+ dnK cells versus cD49a− dnK cells in humans and mice (♀c57BL/6J × ♂c57BL/6J at e12.5) 
with normal pregnancy. (F) Representative immunofluorescence staining of dnK cells from women with nP with ccL1 (red), cD56 (green), cD49a (magenta), and DAPi 
(blue). Scale bars, 20 μm. (G and H) Representative immunofluorescence staining and statistical analysis of the quantity of ccL1+ cells and ccL1+cD56+ cells in deciduae 
from five patients with RPL and five control women. Four or five nonoverlapping fields of view randomly selected per sample were applied for statistical analysis. Data 
shown in (B): n = 7; data shown in (c): n = 5; data shown in (D): n = 5; data shown in (e): human, n = 4; mice, n = 3; data shown in (h): control, n = 25; RPL, n = 24. Data are 
presented as the means ± SD and were analyzed by one- way AnoVA using the Bonferroni method for multiple comparisons [(B) to (D)] or Student’s t test [(e) and (h)]. 
*P < 0.05, **P < 0.01, and ***P < 0.001.
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activation status and enhanced immunosuppressive potential, sup-
porting a possible role as the major functional dTreg cell subset at the 
maternal- fetal interface in early pregnancy.

The β chemokine receptor CCR8 is a seven- transmembrane pro-
tein with four known ligands (CCL1, CCL8, CCL16, and CCL18) 
and is reportedly expressed specifically by tumor- infiltrating Treg 
cells (41). CCR8+ Treg cells enriched in tumor tissue show a stable 
phenotype with enhanced immunosuppressive potential compared 
with CCR8− Treg cells, and a high abundance of tumor- infiltrating 
CCR8+ Treg cells has been significantly associated with poor cancer 
prognosis (39, 40). Now, it remains unknown whether these cells are 
present in the decidua and function in pregnancy. To address this 
gap in knowledge, we comprehensively investigated the phenotypic 
characteristics of the CCR8+ dTreg cell subset and found that this 
population exhibits enhanced stability, activation, and immunosup-
pressive potential and represents the major functional subgroup of 
dTreg cells. Placentation and reproductive success require homeosta-
sis of the decidual immune microenvironment at the maternal–fetal 
interface (66). We found that CCR8+ dTreg cell populations are re-
duced in both patients with RPL and abortion- prone mice, suggest-
ing an association between deficiency for CCR8+ dTreg cell subsets 
and impaired maternal- fetal immune tolerance. However, the de-
cidual tissues were collected after the occurrence of embryo arrest, 
and it was not clear whether diminished CCR8+ dTreg cells are a 
cause or consequence of miscarriage. Subsequently, anti- CCR8 mAb 
was applied to selectively deplete CCR8+ dTreg cells in normal 
pregnant mice, resulting in increased fetal resorption and reduced 
litter size, as well as enhanced cytotoxic phenotypes of NK and 
CD8+ T cells in the decidual microenvironment. Consistently, a 
recent study reported acquisition of cytotoxic phenotypes in dNK 
and effector T cells after Treg cell depletion in pregnant mice, indi-
cating a potential association among these cell lineages that might 
affect pregnancy outcomes (67). Furthermore, adoptive transfer of 
CCR8+ Treg cells significantly rescued fetal loss in abortion- prone 
mice. These lines of evidence suggest that CCR8+ dTreg cells play 
an essential role in maintaining maternal- fetal immune tolerance, 
and deficiency for these cells could subsequently lead to pregnancy 
loss or pregnancy complications.

Targeted therapies that preferentially expand dTreg cells or en-
hance their suppressive function hold considerable promise as ap-
proaches for treating RPL. It is thus vital to clarify the lineage origins 
and, therefore, molecular programs that drive CCR8+ dTreg cell dif-
ferentiation. On the basis of transcriptomic analysis combined with 
the TCR repertoire, we speculate that CCR8+ dTreg cells might be 
differentiated from CCR8− dTreg cells, which are largely derived from 
bTreg cells or, to a limited extent, induced from dTconv cells. This pos-
sible scenario supports another recent view that thymus- derived Treg 
cells are mainly recruited to the uterus in early pregnancy (68, 69). 
Of note, CCL1, the key ligand of CCR8, has been reported to govern 
T cell skin homing or tumor recruitment and can also induce CCR8 
expression and enhance the immunosuppressive function of Treg 
cells (70, 71). Therefore, CCL1 could be considered a recruitment 
and domestication factor for CCR8+ dTreg cells. We observed that 
CCL1 is enriched in deciduae at the maternal- fetal interface and pre-
dominantly produced by decidual trNK cells. Furthermore, patients 
with RPL were previously shown to have decreased decidual trNK 
abundance, whereas we found that decidual trNK cell–derived CCL1 
is also decreased in these patients. These factors together might ac-
count for the insufficient immunosuppression arising from CCR8+ 

dTreg cell deficiency that may contribute to the increased risk of RPL 
occurrence. Further studies are warranted to explore the underlying 
mechanisms and potential benefits or consequences of CCL1 appli-
cation as an intervention for RPL.

Although the study provides important insights, there are still 
some limitations. Given the low abundance of Treg cells infiltrating 
in deciduae during early pregnancy, we were not able to isolate 
CCR8+ dTreg cells for in vitro experiments to validate their suppres-
sive function. Detailed characterization of CCR8+ dTreg cells in pa-
tients with RPL remains hindered by inevitable difficulties in 
obtaining the optimal tissues from RPL cases, because these patients 
are unlikely to request termination. Consistently, it may not be fea-
sible to predict pregnancy loss on the basis of evaluation of CCR8+ 
Treg cell before pregnancy because of their low proportion detected 
in menstrual blood. Considering the complexity of fetal antigens, 
we have not yet been able to illustrate the fetal or placental specific-
ity of dT cells. In addition, further investigation is necessary to de-
fine the role and mechanism of CCL1 in pregnancy and in CCR8+ 
dTreg cell induction, in particular. In conclusion, we identified a dis-
tinct CCR8+ dTreg cell subset crucial for maintaining maternal- fetal 
tolerance, which further adds to our understanding of the patho-
genesis for RPL and provides potential targets for diagnostic or 
therapeutic applications.

MATERIALS AND METHODS
Study design
The aim was to characterize decidua- specific Treg cell subsets in 
maintaining maternal- fetal immune tolerance and to propose po-
tential strategies for RPL diagnosis and therapy. With scRNA- seq 
and single- cell TCR sequencing of CD4+ T cells in deciduae and 
matched blood in women with early pregnancy, we identified a dis-
tinct CCR8+ dTreg cell population. We then characterized its pheno-
type and functionality in normal pregnancy and pregnancy failure 
in both human patients and mouse models. CCR8+ Treg cell deple-
tion and adoptive transfer were administrated to evaluate the effect 
and mechanism of CCR8+ dTreg cell deficiency on early pregnancy. 
In addition, we confirmed the source of the CCR8 ligand CCL1 and 
its deficiency in patients with RPL. Unless noted, all experiments 
were performed independently at least three times. Investigators 
were blinded to experimental groups in all experiments involving 
images and flow cytometry analyses.

Human participants
Participants were recruited from the Center for Reproductive Medi-
cine, Shandong University (SDU) from July 2019 to November 2024. 
The study was approved by the Institutional Review Board of Center 
for Reproductive Medicine, SDU (2019IRB73 and 2023IRB91). 
Written informed consent was provided by each participant. In to-
tal, 85 women with a healthy pregnancy (control) and 31 patients 
with RPL at the first trimester were recruited. RPL was defined as 
failure of two or more clinically recognized pregnancies with the 
same partner before 12 weeks. The control group contained normal 
pregnant women who sought for self- elective pregnancy termina-
tion for nonmedical reasons before 12 weeks, and the fetal heart-
beat was confirmed by ultrasound before elective termination. 
Patients with known cause of abortion were excluded, including 
(i) chromosomal abnormality, (ii) genital malformation, (iii) endo-
metriosis and uterine tumor, (iv) history of autoimmune diseases, 
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(v) infection in the previous 3 months, and (vi) endocrine disorders 
(hyperthyroidism and polycystic ovarian syndrome).

Mice
Eight-  to 10- week- old DBA/2 (male) and CBA/J mice (female) from 
Beijing HFK Bioscience (Beijing, China) and 8-  to 10- week- old 
C57BL/6J mice and BALB/c (male) mice from Vital River Labora-
tory Animal Technology (Beijing, China) were purchased. For mat-
ing, virgin CBA/J females were introduced to male BALB/c or 
DBA/2 mice, and successfully mated mice were confirmed by a visu-
alized copulation plug representing E0.5. In other experiments, fe-
male C57BL/6J mice were mated with C57BL/6J males. For all 
experiments, 9-  to 16- week- old female mice were age- matched in 
different groups, unless otherwise specified. Mice were housed in a 
controlled environment with specific pathogen–free conditions of 
20° to 22°C, 12- hour light/12- hour dark cycle, and 50 to 70% hu-
midity. Food and water were provided ad libitum. All experiments 
were performed following the animal protocol guidelines of SDU 
and approved by the Institutional Review Board of Center for Re-
productive Medicine, SDU (2019IRB73 and 2023IRB91). Female 
CBA/J mice were used for dTreg cell characterization, the abortion- 
prone mouse model, anti- CCR8 mAb treatment, and adoptive 
transfer experiments. Female C57BL/6J mice were used for cell sort-
ing to detect the expression of Ccl1 by quantitative reverse transcrip-
tion polymerase chain reaction (qRT- PCR).

Abortion- prone pregnancy model
To establish NP and AP mouse models, female CBA/J mice were 
mated with male BALB/c or DBA/2 mice. E0.5 was defined as the 
day of detection of a vaginal plug. The pregnant mice were eutha-
nized at E12.5. The number of live fetuses and embryo resorption 
were observed. The embryo resorption rate (R) was calculated as 
R = Re/Re + F, where Re is the number of resorbed embryos, and F 
is the number of live embryos.

Anti- CCR8 mAb treatment
The pregnant CBA/J females in the NP model (♀CBA/J × ♂BALB/c) 
were intraperitoneally injected with 15 μg of anti- CCR8 mAb 
(SA214G2, BioLegend) or isotype control (RTK4530, BioLegend) 
from E4.5 to E11.5. Mice were euthanized on E12.5 to evaluate the 
fetal resorption phenotypes, and the decidua, spleen, and peripheral 
blood were collected for immune cell profiles.

Adoptive transfer experiment
Treg cells were isolated from the spleens of normal pregnant CBA/J 
females (♀CBA/J × ♂BALB/c) at E12.5 using a CD4+CD25+ regula-
tory T isolation kit (Miltenyi Biotec). CCR8+ and CCR8− subsets of 
Treg cells were sorted by FACS, and 4 × 105 cells were resuspended 
in sterile PBS (200 μl) and injected into abortion- prone females 
(♀CBA/J × ♂DBA/2) via the tail vein at E4.5, with PBS injection as 
a negative control. At E12.5, the mice were euthanized and abortion 
phenotypes were recorded.

Cell isolation
The human peripheral blood, deciduae, and villi were freshly col-
lected at the first trimester. Fresh human decidual tissues were 
washed, cut into small pieces, and dissociated in RPMI 1640 me-
dium (Gibco) containing type IV collagenase (1 mg/ml; Gibco) 
and deoxyribonuclease I (0.01 mg/ml; Sigma- Aldrich) at 37°C with 

constant agitation for 40 min. The suspensions were filtered through 
a 70- μm sterile strainer (BD Biosciences) using a syringe plunger, 
washed, and centrifuged on a discontinuous gradient of 20, 40, and 
60% Percoll bulk for 30 min at 800g. The DSCs were acquired from 
the 20 to 40% interface and DICs from the 40 to 60% interface.

Human primary EVTs were isolated from explants of first- trimester 
chorionic villi. Fresh human villi were washed, cut into small pieces, 
explanted in 60- mm petri dishes precoated with 10% Matrigel 
(Corning), and cultured in Dulbecco’s modified Eagle’s medium/F-
 12 (Gibco) supplemented with 10% fetal bovine serum, penicillin 
(100 U/ml), and streptomycin (100 μg/ml) for 3 to 4 days. EVTs 
were outgrown from villous tissue fragments in the following 5 to 
7 days, and the adherent EVTs were digested with 0.25% trypsin for 
the following experiment.

Fresh human peripheral blood was collected in K2 EDTA tubes. 
An equal volume of PBS was mixed with blood and carefully layered 
over Ficoll Hypaque solution (MP Biomedicals). After centrifuga-
tion for 30 min at 2500 rpm (with no break) at room temperature 
(RT), the mononuclear cell layer was washed three times with PBS 
for 10 min at 1500 rpm and resuspended in PBS.

Murine decidual samples were minced and digested with type IV 
collagenase (1 mg/ml) and deoxyribonuclease I (0.01 mg/ml) in 
RPMI 1640 medium for 40 min at 37°C and then mashed through 
70- μm cell strainers to obtain single- cell suspensions. Murine spleen 
tissues were minced, passed through the 70- μm cell strainers, and 
underwent red blood cell lysis using ACK lysis buffer (Gibco). Cells 
isolated were resuspended for subsequent qRT- PCR, cell sorting, or 
flow cytometry.

Single- cell sequencing library preparation
Human Treg cells (CD45+CD4+CD25hiCD127lo), Tconv cells (CD45+ 

CD4+CD25−), and monocytes/macrophages (CD45+CD14+) from 
deciduae and matched peripheral blood at the first trimester were 
sorted on an Aria Cell Sorter (BD Biosciences). Three types of cells 
were pooled, counted, and loaded onto a 10x Genomics Chromium 
Controller instrument for single- cell encapsulation with a 5′VDJ kit 
(10x Genomics) to recover an estimated 5000 cells per library. 
Reverse transcription was performed using a T100 thermal cycler 
(Bio- Rad) according to the manufacturer’s protocol, followed by the 
purification of cDNA with silane magnetic beads. Full- length V(D)
J segments were enriched via polymerase chain reaction amplifica-
tion with primers specific to the TCR constant regions. The enriched 
products were then subjected to enriched library construction. 
Library quality and concentration were assessed using an Agilent 
Bioanalyzer 2100. Libraries were run on a Hiseq X or Novaseq for 
Illumina PE150 sequencing. Because of the unqualified cell via-
bility after FACS, the dTconv cells of P01 and macrophages of P02 
were not pooled and examined in the subsequent single- cell se-
quencing analysis.

Sequence alignment and data analysis
Sequences were aligned to the ensembl human reference transcrip-
tome using the 10x Genomics CellRanger pipeline (version 3.1.0). 
Quality control and transcriptome analysis of single- cell datasets 
were performed using the R package Seurat (version 3.2.0). Cells 
were filtered for quality on the basis of the following criteria: mapping 
to more than 200 unique genes and the fraction of unique mitochon-
drial transcripts being less than 10%. The TCR library sequences were 
processed using the CellRanger vdj function supplied with mouse 
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TCR gene annotations and reference sequence files acquired from 
the International Immunogenetics Information System database 
(https://imgt.org/) and prepared using the mkvdjref function.

Unsupervised clustering analysis and identification of 
signature genes
After quality control, 33,694 genes and 70,763 cells remained and 
constituted the expression matrix. The expression matrix was first 
normalized using the Seurat function LogNormalize, and then the 
highly variable features were identified by the Seurat function Find-
VariableFeatures with the “mvp” method. Next, we performed scal-
ing on the previously identified variable features by the Seurat 
function ScaleData, with the percentage of mitochondrial reads re-
gressed. To reduce the dimensionality of the datasets, the RunPCA 
function was conducted with default parameters. Next, the Elbow-
Plot function was used to identify the proper dimensions of each 
dataset. Last, we picked the top 10 principal components for the 
downstream clustering analysis. t- SNE dimensionality reduction 
and graph- based Louvain clustering were performed on the aligned 
components using the Seurat functions RunTSNE and FindClusters. 
A total of 34 clusters emerged at a clustering resolution of 2.0. The 
Wilcoxon rank sum test was performed to identify the significantly 
up- regulated genes in each cluster using the Seurat FindMarkers 
function. In the current study, only 17 clusters of T cells were fo-
cused on for the following in- depth analysis.

Tissue enrichment analysis
To quantify the enrichment of immune cell types across the decidua 
and peripheral blood, we compared the observed and expected cell 
numbers for each cluster in each tissue according to the following 
formula as previously described (72), RO/E = (observed/expected), 
where the expected cell numbers of clusters in a given tissue were 
calculated with the chi- square test. We assumed that one cluster was 
enriched in a specific tissue if RO/E > 1.

Gene set enrichment analysis (GSEA)
DEGs of cell subgroups were recognized by the FindMarkers func-
tion provided by Seurat. DEGs were defined by adjusted P value 
<0.05 and log2FC > 0.5 or other criteria indicated in corresponding 
descriptions. P values were calculated by Student’s t test with Bon-
ferroni correction. GSEA was performed by the R package cluster-
Profiler (version 4.2.2). The gene sets we investigated are listed in 
data file S8.

TCR analysis
The TCR sequencing data were processed using the Cell Ranger vdj 
pipeline with GRCh38 as a reference. In all TCR contigs assembled, 
we first discarded those with low confidence or that were nonpro-
ductive. For T cells with two or more α or β chains assembled, the 
α- β pair showing the highest expression level (unique molecular 
identifier) was defined as the dominant α- β pair in the T cell. If two 
or more cells had identical dominant α- β pairs, the dominant α- β 
pairs were identified as clonal TCRs, and the T cells were identified 
as clonal T cells. To integrate TCR results with the gene expression 
data, the TCR- based analysis was performed only for cells that were 
identified as T cells. For each cluster, the TCR clonotypes occurring 
in that cluster were counted. To visualize the distribution of counts 
in each cluster, the R package APackOfTheClones (version 0.1.2; 
https://github.com/MurrellGroup/APackOfTheClones) was used to 

generate the ball- packing plot. The Shannon index was used to eval-
uate TCR diversity and was calculated using the diversity function 
in the R package vegan (version 2.6- 4). The same clonal type was 
detected in different clusters, indicating that there was sharing of 
TCR between clusters. The TCR sharing between different clusters is 
shown using a chord diagram visualized by the chordDiagram func-
tion in the circlize package (version 0.4.15).

V- J segment usage
The frequency of V- J combinations was calculated to characterize 
the difference in TCR usage. PCA analysis was performed on the 
basis of the V- J combination frequency profile, and the significant 
difference was calculated using permutational multivariate analysis 
of variance (PERMANOVA). The OR for a given TCR characteristic 
and T cell lineage was calculated by counting the number of TCRs 
with (C+) and without (C−) that characteristic within the group1 
and group2 repertoires. The OR is then given as

The numerator is the number of group1 TCRs with a given fea-
ture multiplied by the number of group2 TCRs without that feature. 
The denominator is given by the number of group1 cells without 
that feature multiplied by the number of group2 with that feature. 
The OR value and P value were calculated from the fisher.test 
function.

STARTRAC analysis
TCR clonal information and cell cluster annotations were used to 
perform the STARTRAC analysis as previously described (72). 
Briefly, the degree of clonal expansion, tissue migration, and devel-
opmental transition properties of T cell clusters were determined 
using three STARTRAC indices—STARTRAC- expa, STARTRAC- 
migr, and STARTRAC- tran, respectively. The detailed pipeline is 
available on the website (https://github.com/Japrin/STARTRAC).

RNA velocity analysis
RNA velocities were predicted using scVelo in the Python program. 
Briefly, spliced/unspliced reads were annotated by velocyto.py with 
CellRanger, generating BAM files with an accompanying GTF, and 
then saved in loom files. The loom files were loaded into the scvelo 
python pipeline using the scv.read function to generate count matri-
ces for the spliced and unspliced reads. Next, the count matrices 
were size- normalized to the median of total molecules across cells. 
The top 2000 highly variable genes were selected out of those that 
passed a minimum threshold of 20 expressed counts commonly for 
spliced and unspliced mRNA. The velocities were obtained by mod-
eling the transcriptional dynamics of splicing kinetics. Last, the di-
rectional flow was visualized as streamlines in the t- SNE.

Flow cytometry and FACS
The single- cell suspension was stained for dead cells with the Zom-
bie fixable viability kit (BioLegend) and then incubated with Fc 
blocker human TruStain FcX (BioLegend) or anti- mouse CD16/32 
(BioLegend). Cells were incubated with surface antibodies in FACS 
buffer (PBS containing 2.5% fetal bovine serum) for 15 min at RT in 
the dark. For intranuclear staining, cells were fixed and permea-
bilized with fixation/permeabilization buffer solution of Foxp3/

OR =
∣C+ ∈ Group1 ∣ ∗ ∣C− ∈ Group2 ∣

∣C− ∈ Group1 ∣ ∗ ∣C+ ∈ Group2 ∣
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transcription factor staining buffer set (eBioscience) at 4°C for 1 hour 
and then incubated with the antibodies at 4°C for 1 hour. For intra-
cellular staining, cells were fixed and permeabilized with the fixation/
permeabilization buffer solution (BD Biosciences) at 4°C for 20 min 
and incubated with antibodies at 4°C for 30 min. Stained cells were 
acquired on an LSR Fortessa (BD Biosciences) for analyzing or a 
FACS Aria II (BD Biosciences) for cell sorting. Data were analyzed 
with FlowJo software (version 10.7.2, BD Biosciences). The antibodies 
used are listed in the key resource table.

Immunofluorescence
Decidual tissues were fixed with 10% neutral formalin at RT over-
night, dehydrated, embedded in paraffin, and cut into 5- μm sections. 
Each primary antibody was paired with an appropriate secondary 
antibody and TSA (tyramide signal amplification) fluorophore and 
singly stained in order in the dark. 4′,6- Diamidino- 2- phenylindole 
(DAPI) was used to stain the nuclei. The following antibodies were 
used: anti- CD56 (1:400, CST), anti- CCL1 (1:50 to 100, Invitro-
gen), anti- CD49a (1:500, CST), and anti- rabbit IgG H&L (HRP) 
(1:2000, Abcam). Images were acquired using a Nikon Eclipse 
Ci- L microscope.

qRT- PCR
Total RNA was isolated using RNeasy Plus kits (QIAGEN), and 
cDNA was then generated with an Evo M- MLV RT for the poly-
merase chain reaction kit (Accurate Biology). qRT- PCR was per-
formed in triplicate using SYBR Premix Ex Taq kits (Takara Bio) on 
a Roche LightCycle 480 (Roche). Target gene expression was quanti-
fied after normalization to GAPDH expression, and the fold change 
relative to control was calculated by 2−ΔΔCT. The primers are listed 
in the key resource table.

Enzyme- linked immunosorbent assay
The concentrations of CCL1 were determined with the human 1- 
309/CCL1 ELISA Kit (Thermo Fisher Scientific). Briefly, superna-
tant samples were incubated for 2 to 2.5 hours at RT and washed. 
After conjugate incubation for 1 to 2 hours, the substrate was ap-
plied for 30 min in the dark, and the reaction was terminated with 
stop solution. The plates were run on the SpectraMax Plus 384 sys-
tem (Molecular Devices) at 450 nm. The concentration was calcu-
lated according to the calibration curve.

Statistical analysis
Statistical analysis was performed with SPSS 26.0 (SPSS Inc.) and 
GraphPad Prism 9.4.0. Most experiments included at least three in-
dependent samples and were repeated at least three times. Data are 
presented as the means ± SD and were compared by Student’s t test, 
paired Student’s t test, Wilcoxon signed- rank test, one- way analysis 
of variance (ANOVA), or Kruskal- Wallis test, where appropriate. 
Bonferroni correction was used for pairwise comparisons. Pearson 
correlation analysis was used to explore the relationship between 
the expression levels of CCR8 and Treg signature genes. P < 0.05 was 
considered statistically significant.
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Figs. S1 to S7
tables S1 and S2
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