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Enrichment of decidual CD11c+CD8+T
cells with altered immune function in early
pregnancy loss

Ling Guo 1,2,3, Anliang Guo1,3, Yaqiu Guo 4, Shuwen Han1,3, Cameron Klein1,
Zi-Jiang Chen 1 , Junhao Yan 1 & Yan Li 1,3

Early pregnancy loss (EPL) is closely associated with imbalances in the
maternal-foetal immune microenvironment. Here we identify CD11c + CD8 + T
cells, an unconventional cytotoxic T cell subset, as significantly enriched and
activated in EPL cases. These cells contribute to immune dysregulation and
inhibit trophoblast invasion through secreting granzyme B, perforin, CD107a,
TNF-α, and IFN-γ. Furthermore, we present an effective early predictionmodel
for EPL, based on cytokine and cytotoxic molecule profiles of
CD11c +CD8 + T cells in maternal serum, collected 12-16 days post-embryo
transfer. Functional assays reveal that IFN-γ triggers trophoblast pyroptosis via
theNLRP3/Caspase-1/GSDMDpathway, impairing trophoblast invasion. In vivo
validation using abortion-prone mice and an anti-4-1BB antibody-induced
model of CD11c + CD8 + T cell activation confirms increased embryo resorp-
tion and reduced trophoblast infiltration. These findings highlight the role of
dysregulated CD11c +CD8 +T cells at the maternal-foetal interface in EPL, and
suggest their potential as biomarkers and therapeutic targets for EPL-
management.

Early pregnancy loss (EPL) refers to spontaneous abortion occurring
before the 12th week of gestation, accounting for approximately 80%
of all cases of pregnancy loss and representing a common adverse
pregnancy outcome1,2. EPL not only hinders women’s fertility desires
but also may lead to serious complications such as infection, hemor-
rhage, and secondary infertility, imposing significant psychological
and economic burdens on individuals and families3. Therefore, there is
urgent need for research on the etiology and mechanisms of EPL to
develop targeted and precise diagnostic and therapeutic strategies4.

At the maternal-fetal interface, many decidual immune cells,
including CD8 + T cells, interact with decidual stromal cells or tro-
phoblasts to ensure healthy pregnancy5,6. Studies have shown that
decidual CD8 +T cells exhibit a non-inflammatory, low cytotoxic state
to maintain maternal-fetal immune tolerance during early pregnancy7.

During ahealthy pregnancy, extravillous trophoblast cells (EVT) invade
the maternal decidua and express embryo-derived allogeneic human
leukocyte antigens, which are recognized by CD8 +T cells. These
CD8 + T cells acquire a tolerant phenotype by regulating the degree of
inflammation at thematernal-fetal interface, thereby ensuring that the
embryo is protected from maternal immune system attack8. Addi-
tionally, GM-CSF-mediated pregnancy protection relies on CD8 +T
cell-dependent suppression of anti-trophoblast natural killer
cytotoxicity9. Murine studies also demonstrate that stress-induced
abortion involves substance P-mediated suppression of immunopro-
tective CD8 +T cells10.

Recent studies have confirmed that enrichment of dysfunctional
decidual CD8 +T cells is associated with adverse pregnancy outcomes
such as EPL and preeclampsia11,12. Ghafourian et al. reported a
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significant increase in the proportion of CD8 + T cells in the peripheral
bloodofwomenwith recurrent pregnancy loss13. Similarly,Morita et al.
reported an increase in the number of decidual cytotoxic CD8+ T cells
in patients with EPL14. Studies have also shown that, in abnormal cases,
CD8 + T cells can exhibit cytotoxic function by secreting cytolytic
molecules such as perforin and granzyme, leading to EPL15,16. Most
studies on decidual CD8 +T cells are limited to their common immu-
noregulatory roles; however, in-depth exploration of the abnormal
activation and regulatory mechanisms of cytotoxic CD8 +T cells is
lacking. As a result, the mechanisms by which these cells contribute to
the pathogenesis of EPL have not been fully elucidated.

CD11c, a member of the β integrin family, is a common biomarker
of dendritic cells, although it is also expressed in B lymphocyte cells,
subsets of CD8 +T cells, and natural killer cells17. Several studies have
shown that CD11c +CD8+ T cells represent a highly activated, secre-
ted, and cytotoxic effector subset that is widely distributed in the
peripheral blood, spleen, liver, andother tissues18,19. This subset of cells
undergoes expansion in response to antigen stimulation, exhibiting
high antigen specificity20. In models of autoimmune disease, the acti-
vation of CD8 + T cells is accompanied by the upregulation of CD11c21.
Furthermore, the number of CD11c +CD8 + T cells significantly
increases in reproductive tract infections, suggesting their involve-
ment in the body’s inflammatory response20. Prior to this study, there
were no reports on decidual CD11c +CD8 +T cells, making their
involvement in EPL unclear.

In this study, we investigate the phenotype and function of
CD11c +CD8+ T cells in both decidual tissue and peripheral blood
from patients with early pregnancy loss. We show that the enrichment
and dysfunction of these cells impair trophoblast behavior and con-
tribute to pregnancy loss. Additionally, we develop a multi-marker
predictive model for EPL based on related cytokines and cytotoxic
molecules. These findings provide insights into immune regulation at
the maternal-fetal interface and offer potential targets for the early
prediction and intervention of EPL.

Results
Enrichment of decidual CD11c+CD8+T cells in patients
with EPL
To understand the phenotypic characteristics of decidual immune
cells in early pregnancy, we analyzed single-cell RNA sequencing
(scRNA-seq) datasets (GSE164449)22 of CD45+ immune cells from six
decidual samples, including three from healthy controls (HC) and
three from EPL cases, collected between 6-9 weeks of gestation. The
analysis revealed that CD8 +T cells were the predominant T cell sub-
population in the decidua (Fig. 1A–C). Further comparison of differ-
entially expressed genes (DEGs) in CD8 +T cells between the two
groups indicated that 142 genes were significantly upregulated in the
EPL group compared to the HC group (P <0.05, log2FC > 1), which
includes several genes known to be closely associated with the main-
tenance of normal pregnancy, such as CCL2, CCR2, CXCL8, IFI27, and
TIGIT23–26 (Fig. 1D). Among these genes, the expression of ITGAX, which
encodes CD11c, was significantly higher in decidual CD8 +T cells of the
EPL group than in those of theHCgroup (Fig. 1E). Additionally, the data
revealed differences in the transcription levels of genes related to T
cell cytotoxicity and interferon signaling between EPL and HC derived
CD11c +CD8+ T cells, such as GZMB, PRF1, and IL2RB (Fig. 1F). The
DEGs in the CD11c +CD8 + T cell subpopulation were primarily enri-
ched in immune regulation-related signaling pathways (Fig. 1G), sug-
gesting that decidual CD11c +CD8 +T cells in EPL patients may exhibit
highly activated and immuno-destructive phenotypic characteristics.

To ensure the quality of the scRNA-seq dataset, we performed
quality control screening on the dataset, resulting in a total of 13,681
high-quality cells, with 5608 cells fromHCdecidua and 8073 cells from
EPL decidua meeting quality standards (Supplementary Fig. 1A). The
principal component analysis (PCA) elbow plot visualization showed

similar cell distributions between the two groups, confirming no sig-
nificant batch differences among the samples (Supplementary Fig. 1B).
Using established markers from previous studies22,27 and machine
annotation results, we captured most immune cell types in the
decidua, as illustrated in the t-SNE dimensionality reduction plot
(Supplementary Fig. 1C). Examination of the expression of marker
genes revealed T cells with high expression of CD3D and CD8A in the
dataset (Supplementary Fig. 1D–E).

To validate the findings from scRNA-seq analysis, we first inves-
tigated the expression pattern of CD11c + CD8 +T cells in the decidua
and peripheral blood mononuclear cells (PBMC) of 10 women in HC
group. The flow cytometry gating strategy for CD11c +CD8 +T cells in
decidua and PBMCs is shown in Fig. 1H. The initial results demon-
strated that the proportion of CD11c +CD8 +T cells in the decidua was
significantly higher than that in the PBMCs, indicating a specific
enrichment of CD11c + CD8 +T cells in the decidua during pregnancy
(Fig. 1I). Subsequently, we expanded the decidual sample size to
include 18 women in the HC group and 20 women in the EPL group,
confirming that the frequency of CD11c + CD8 + T cells in the decidua
of the EPL group was significantly higher than that in the HC group
(11.22% ± 3.32% vs. 8.05% ± 2.69%, P = 0.003) (Fig. 1J). Immuno-
fluorescence staining of human decidual tissue revealed the colocali-
zation of CD11c and CD8, further confirming that CD11c +CD8+ T cells
were enriched in the decidua of the EPL group compared to those of
the HC group (Fig. 1K). Additionally, an increased frequency of
CD11c +CD8+ T cells was also observed in the peripheral blood of EPL
patients compared to those in the HC group (7.74% ± 4.10% vs.
4.58% ± 1.96%, P = 0.041) (Supplementary Fig. 1F).

CD11c+CD8+T cells exhibit high activation and strong cyto-
toxic characteristics in EPL
To further explore the role of CD11c +CD8 +T cells in EPL, we subse-
quently assessed the distribution of CD11c + CD8 +T cell subtypes
based on the co-expression of CD45RA and CCR7. CD45RA is a marker
for naive T cells, while CCR7 is associated with T cell migration to
secondary lymphoid organs28. Interestingly, compared to the HC
group, we observed a further increase in the proportion of CCR7-
CD45RA+ effector CD8 + T cell subset and a decrease in the CCR7+
CD45RA+ naive CD8 +T cell subset within the decidual
CD11c +CD8+ T cells of EPL group (Fig. 2A). Additionally, wemeasured
the expression levels of the activation and immune exhaustion mar-
kers HLA-DR, CD38, and PD-1. The results revealed that the expression
of HLA-DR and CD38 was significantly higher in CD11c +CD8+ T cells
compared to CD11c-CD8 +T cells in both the HC and EPL groups
(Fig. 2B). For PD-1 expression, we found that it was significantly lower
in both CD11c +CD8 +T cells and CD11c-CD8 +T cells from EPL group
compared to the HC group (Fig. 2C). These results indicate that
CD11c +CD8+ T cells, as an effector CD8 +T cell subset, are specifically
enriched and activated in EPL patients.

The cytotoxic function and cytokine secretion capacity of decid-
ual CD8 +T cells have an important impact on the establishment and
maintenance of pregnancy. Based on the above scRNA-seq analysis
indicating that CD11c +CD8 +T cells in EPL patients exhibit a tran-
scriptional phenotype associated with cytotoxic functions, we further
analyzed the transcriptome sequencing data (GSE183022)18 of
CD11c +CD8+ T cells and CD11c-CD8 + T cells from the peripheral
bloodof three healthy donors. The analysis revealed that, compared to
CD11c-CD8 +T cells, CD11c +CD8 + T cells exhibited significantly
higher transcription levels of genes associated with T cell activation
and cytotoxic functions (such as CD38, GZMB, and PRF1) (Supple-
mentary Fig. 2A). Geneontology (GO) andkyoto encyclopedia of genes
and genomes (KEGG) enrichment analyses revealed that
CD11c +CD8+ T cells were significantly enriched in pathways related
to immune activation, the regulation of cell killing, and cytokine
secretion (Supplementary Fig. 2B, C). These results suggest that, at the
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transcriptional level, CD11c +CD8+ T cells represent a highly activated
and multifunctional effector CD8+ T cell subpopulation.

Therefore, we further explored the functional characteristics of
decidual CD11c +CD8 +T cells in HC and EPL groups. Our results
showed that decidual CD11c +CD8 +T cells expressed higher levels of
CD107a, granzyme B, perforin, TNF-α, and IFN-γ compared to CD11c-

CD8 + T cells (Fig. 2D–G), indicating that CD11c + CD8 +T cells have
significant cytokine and cytolyticmolecule secretion capacity, which is
consistent with the transcriptome sequencing results. We also found
that the expression of CD107a, granzyme B, TNF-α, and IFN-γ in
decidualCD11c +CD8 +T cellswas significantly higher in the EPL group
than in the HC group (Fig. 2D–G). In the peripheral blood
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(Supplementary Fig. 2D–G), only the level of CD107a and IFN-γ in the
EPL group showed a statistically significant increase compared to the
HC group, further underscoring the functional specificity of dysregu-
lated CD11c + CD8 +T cells in EPL residing in the decidua.

Changes in early gestational maternal serum profiles of cyto-
kines and cytotoxic molecules profiles related to
CD11c+CD8+T cells in EPL
Based on the aforementioned findings, we further explored the
expression of cytokines and cytotoxic molecules related to CD11c +
CD8 + T cell function in serum from women at 4–5 weeks of gestation,
derived from 32 HC and 32 EPL patients. Supplementary Table 1 shows
that there are no statistically significant differences between the EPL
group and the HC group in terms of age, body mass index (BMI),
duration of infertility, type of infertility, anti-Müllerian hormone
(AMH), basal follicle-stimulating hormone (FSH), luteinizing hormone
(LH), estradiol, progesterone, testosterone, prolactin, thyroid-
stimulating hormone (TSH), and bilateral antral follicle count (AFC),
indicating that the baseline characteristics of the two groups are
comparable. A heatmap was generated to visualize the overall
expression profiles of these molecules in the two groups (Supple-
mentary Fig. 3A). PCA distribution plots show the spatial classification
of samples between the two groups (Supplementary Fig. 3B). The
violin plots reveal that levels of IL-17A, IFN-γ, perforin, and granulysin
in the EPL group are significantly higher than those in the HC group
(P < 0.05). Additionally, compared to the HC group, levels of IL-2, Fas,
Granzyme A, and Granzyme B exhibited an increasing trend, though
the differences were not statistically significant (P >0.05) (Fig. 3A).
Detailed serum levels of the twelve molecules in both groups are
summarized in Table 1. The variations in the cytokine and cytotoxic
molecule profiles associated with CD11c +CD8+ T cells in maternal
serum may influence pregnancy outcomes by modulating immune
responses.

To assess the potential of these differentially expressed serum
biomarkers in predicting EPL occurrence, we plotted receiver operat-
ing characteristic (ROC) curves for each biomarker (Fig. 3B). The
results indicate that these serumbiomarkers havemoderate predictive
value,with the area under the curve (AUC) values as follows: IL-2 (0.58),
IL-4 (0.50), IL-6 (0.54), IL-10 (0.58), IL-17A (0.67), IFN-γ (0.73), Fas
(0.58), FasL (0.54), Granzyme A (0.50), Granzyme B (0.61), perforin
(0.75), and granulysin (0.65). We then performed a combined model-
ing analysis using logistic regression (LR) with IL-17A, IFN-γ, perforin,
and granulysin, which were differentially expressed and performed
well in the ROC curves, to predict EPL occurrence (Fig. 3C). The
combined model achieved an AUC of 0.95 (95% CI: 0.89-1.00,
P <0.0001), with a sensitivity of 81.25% and specificity of 96.88%,
indicating that this model is highly effective in predicting EPL. Addi-
tionally, using machine learning, we evaluated five different EPL pre-
diction models based on IL-17A, IFN-γ, perforin, and granulysin,
including K-Nearest Neighbors (KNN), LR, Support Vector Machine
(SVM), Random Forest (RF) and eXtreme Gradient Boosting

(XGBoost). The dataset of 64 samples was randomly divided into a
training set (n = 32) and a testing set (n = 32) using a 1:1 ratio. The
results showed that the LR model demonstrated robust predictive
performance, achieving AUCs of 0.95 (95% CI: 0.85-1.00, P <0.0001)
for the train set (Supplementary Fig. 3C) and 0.95 (95% CI: 0.81–1.00,
P <0.0001) for the test set (Supplementary Fig. 3D). This further
supports the important association between dysregulated cytokines
and cytotoxic molecules related to CD11c +CD8 + T cell function in
early gestational maternal serum and the risk of EPL.

Cytotoxic CD11c+CD8+T cells inhibit trophoblast invasion via
NLRP3/Caspase-1/GSDMD-mediated pyroptosis
To further investigate the roles of altered frequency and function of
CD11c +CD8+ T cells in EPL development, we first sorted CD8 +T cells
from the decidual tissue of 3 HC women and 3 EPL patients, respec-
tively. Due to the limited availability of humandecidua,wewere unable
to enrich sufficient primary CD11c +CD8 +T cells for in vitro experi-
ments; therefore, we opted to isolate CD8 +T cells and co-cultured
themwith HTR-8/SVneo trophoblasts using a contact-independent co-
culture system (Fig. 4A). The decidual CD8 + T cells and HTR-8/SVneo
trophoblasts were seeded in the upper and lower chambers of cell
culture inserts, respectively, at a 1:1 ratio, allowing interactions pri-
marily through soluble factors suchas cytokines rather thandirect cell-
to-cell contact. Representative flow cytometry gating plots for decid-
ual CD8 + T cells are shown in Fig. 4B. Given that the sequencing ana-
lysis revealed significant enrichment of genes and pathways related to
inflammatory cell death in CD11c +CD8 +T cells, we examined the
expression levels of pyroptosis-related proteins in HTR-8/SVneo tro-
phoblasts after co-culture, including NLRP3, Caspase-1, and GSDMD.
The results showed that decidual CD8 +T cells from the EPL group
significantly induced the expression of NLRP3, Caspase-1, and GSDMD
in trophoblasts, while HC group-derived cells did not. MCC950, a
potent and selective NLRP3 inhibitor, is widely used to inhibit NLRP3
inflammasome activation-mediated pyroptosis29. Notably, pre-
treatment with MCC950 partially rescued this upregulation (Fig. 4C).
Functional assays further demonstrated that decidual CD8 +T cells
from the EPL group markedly inhibited trophoblast invasion (Fig. 4D)
andplacental organoid formation (Fig. 4E) compared to both the blank
control and the HC group. Supplementary Fig. 4A shows that the pla-
cental organoids were verified through cytokeratin 7 (CK7) and F-actin
immunofluorescence staining. Similarly, MCC950 pre-treatment par-
tially alleviated these inhibitory effects. These findings suggest that
NLRP3/Caspase-1/GSDMD-mediated pyroptosismay be involved in the
observed reduction of trophoblast invasion. Furthermore, flow cyto-
metry analysis of the co-cultured CD8 +T cells showed that the EPL
group exhibited a significantly increased frequency of
CD11c +CD8+ T cells (Supplementary Fig. 4B) and markedly elevated
levels of CD107a, granzyme B, perforin, IFN-γ and TNF-α compared to
the HC group (Supplementary Fig. 4C).

Additionally, we further sorted CD11c +CD8+ T and CD11c-
CD8 + Tcell populations from theperipheralbloodoffivehealthy early

Fig. 1 | Enrichment of CD11c + CD8+T cells in decidua of EPL patients. A t-SNE
visualization of dimensionality reduction clustering plot showing three main clus-
ters of decidual CD8 + T cells from 3 EPL patients and 3HCwomen. Different colors
represent distinct cell clusters and disease states (see legend).B t-SNE visualization
distribution plot ofmarker genes used to identify threemajor decidual CD8 + T cell
types. C Proportions (left) and numbers (right) of three major subsets of decidual
CD8+ T cells from EPL and HC samples. D Volcano plot showing differentially
expressed genes in decidual CD8 + T cells from EPL and HC. |log2FC | > 1 and P
value < 0.05 were considered significant. E Violin plot depicting higher expression
of ITGAX in EPL compared toHCdecidual CD8 + T cells. ****P <0.0001. FViolin plot
displaying differential expression of selectedmarker genes in CD11c +CD8 + T cells
from EPL and HC decidua. ****P <0.0001. G GO and KEGG pathway enrichment
analysis plot of CD11c + CD8+ T cells from EPL and HC decidua. H Typical gating

strategy for CD11c + CD8+ T cells in early pregnancy decidua and PBMC. I Flow
cytometry analysis andquantificationof CD11c + CD8+ T cells in PBMCanddecidua
from healthy early pregnant women (n = 10). J Flow cytometry detection of
CD11c + CD8 + T cell frequency in decidua from HC (n = 18) and EPL patients
(n = 20). Left panel shows typical flow cytometry gating of CD11c on decidual
CD8+ T cells.K Typical immunofluorescence staining image of CD11c (green), CD8
(red), andDAPI (blue) in decidua fromHCand EPLpatients.White arrows indicate a
single CD11c + CD8+ T cell. Scale bar = 50 µm. Representative results from three
independentbiological replicates. EPL earlypregnancy loss, HChealthy control, GO
gene ontology, KEGG kyoto encyclopedia of genes and genomes, PBMC human
peripheral blood mononuclear cell. The P value was obtained by two-tailed
unpaired Student’s t-test (I, J), anddata are presentedasmean ± SD. Sourcedata are
provided as a Source Data file.
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pregnantwomenusingflowcytometry and then co-cultured themwith
HTR-8/SVneo immortalized human trophoblast cells (Supplementary
Fig. 5A). Representative flow cytometry gating plots are shown in
Supplementary Fig. 5B. Transwell invasion assays revealed that per-
ipheral blood CD11c + CD8 +T cells significantly inhibited the invasion
capacity of HTR-8/SVneo trophoblasts compared to theCD11c-CD8 +T
group (Supplementary Fig. 5C). Flow cytometry detection of the two
cell populations after co-culture showed that CD11c + CD8 +T cells
were enriched primarily in the effector cell subpopulation, with

increasedHLA-DR expression, decreased PD-1 expression, and a higher
capacity than CD11c-CD8 +T cells to secrete CD107a, granzyme B,
perforin, IFN-γ and TNF-α (Supplementary Fig. 5D–G).

IFN-γ has been reported to mediate tumor cell pyroptosis30,31. To
further investigate the potential mediation role of IFN-γ in CD11c +
CD8 + T cell-induced trophoblast pyroptosis, we utilized HTR-8/SVneo
trophoblasts and primary EVT cells isolated from early pregnancy
chorionic tissue to model the effects of increased IFN-γ expression
in vitro. Evidence of pyroptosis was examined through the expression

Fig. 2 | Phenotypic and functional characteristics of decidual
CD11c + CD8 +T cells in EPL patients. A Subpopulation distribution of decidual
CD8+ T cells in HC (n = 10) and EPL (n = 10) patients, with a typical flow cytometry
plot shown on the left. B Proportion of CD38 and HLA-DR double-positive subset
within decidual CD8+ T cells from HC (n = 18) and EPL (n = 20) patients.
C Proportion of PD-1 expression on decidual CD8 + T cells fromHC (n = 18) and EPL
(n = 18) patients.D Expressionof CD107aon decidual CD8 +T cells fromHC (n = 18)

and EPL (n = 18) patients. E Expression of granzyme B and perforin in decidual
CD8+ T cells from HC (n = 18) and EPL (n = 18) patients. F Secretion of TNF-α from
decidualCD8 + T cells inHC (n = 13) and EPL (n = 13) patients.F,G Secretion of IFN-γ
from decidual CD8 + T cells in HC (n = 13) and EPL (n = 13) patients. EPL early
pregnancy loss, HC healthy control. The P value was obtained by two-tailed
unpaired Student’s t-test (A–G), and data are presented as mean± SD. Source data
are provided as a Source Data file.
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Fig. 3 | Alterations in immune-related cytokine and cytotoxic molecule
expression profiles in early pregnancy serum of EPL patients. A Violin plots
displaying the distribution of 12 serumbiomarkers in the HC group (n = 32) and the
EPL group (n = 32). The P value was obtained by the Mann-Whitney U test (A), and
data are presented as median with interquartile range. B ROC curves showing the
performance of the 12 serum biomarkers in predicting EPL risk. C ROC curves of a
combined prediction model using the top four differentially expressed serum

biomarkers (IL-17A, IFN-γ, perforin, and granulysin). The combinedmodel achieved
an AUC of 0.95 (95% CI: 0.89-1.00, P <0.0001), with a sensitivity of 81.25% and
specificity of 96.88%. P value was calculated using DeLong’s two-sided test for ROC
curve comparisons. The combination model was derived using logistic regression.
EPL early pregnancy loss, HC healthy control, ROC receiver operating character-
istic, AUC area under the curve. Source data are provided as a Source Data file.
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levels of pyroptosis-related genes and proteins, propidium iodide (PI)
fluorescence staining and electronmicroscopy. Our findings indicated
that treatment of HTR-8/SVneo trophoblasts with exogenous recom-
binant IFN-γ significantly increased the expression of NLRP3, Caspase-
1, and GSDMD (Fig. 5A, B).We found that, compared to the control and
MCC950-pretreated groups, the IFN-γ-treated group exhibited a sig-
nificantly higher proportion of PI-positive pyroptotic cells (Fig. 5C).
Moreover, transwell invasion and wound healing assays demonstrated
that the IFN-γ-treated group significantly impaired the invasion and
migration abilities of trophoblasts compared to the control and
MCC950-pretreated groups (Fig. 5D, E). Additionally, IFN-γ treatment
markedly reduced primary EVT migration and outgrowth sprouting
from the villous tips of explants (Fig. 5F).

The purification of primary EVT cells used in our study were
validated by immunofluorescence co-staining with trophoblast- and
EVT-specific markers CK7 and human leukocyte antigen-G (HLA-G)
(Fig. 6A). Subsequent PI staining revealed that the proportion of PI-
positive EVT cells in the IFN-γ treatment groupwas significantly higher
compared to the control and MCC950-pretreated groups (Fig. 6B).
Scanning electron microscopy revealed that EVT cell membranes in
the IFN-γ treatment group displayed prominent signs of pyroptosis,
such as rupture and perforation (Fig. 6C). Transwell invasion and
wound healing assays also revealed that IFN-γ treatment significantly
inhibited the invasion andmigration abilities of EVT cells compared to
the control and MCC950-pretreated groups, consistent with the find-
ings fromHTR-8/SVneo cells (Fig. 6D, E). These results support that the
enrichment of decidual CD11c +CD8 +T cells in EPL patients impairs
trophoblast biological behavior through the secretion of cytotoxic
molecules and cytokines, particularly IFN-γ, which activates NLRP3/
Caspase-1/GSDMD-mediated pyroptosis, ultimately leading to preg-
nancy loss.

4-1BB-induced enrichment and activation of CD11c+CD8+T
cells lead to abortion in mice
To confirm the role of CD11c +CD8 +T cells in pregnancy loss in vivo,
we applied a classic spontaneous abortion mouse model. The
abortion-prone (AP) group consisted of CBA/J femalemicemated with
DBA/2 J male mice, while the normal pregnancy (NP) group included
CBA/J female mice mated with BALB/c male mice. As the immune
costimulatory molecule 4-1BB, a member of the tumor necrosis factor
receptor superfamily, is expressed on the surface of activated
CD8 + T cells32,33 and promotes the proliferation and differentiation of

CD11c +CD8+ T cells34, we used agonistic anti-4-1BB antibodies to
induce their activation. Pregnant mice in the NP group were injected
with these antibodies to construct a model with upregulated CD11c +
CD8 + T cell expression and functional activation (4-1BB group)
(Fig. 7A). Compared to the NP group, the AP group showed a sig-
nificant decrease in the number of live fetuses perpregnantmouse and
a significantly higher rate of embryo resorption, approximately 40%
(Fig. 7B–C), which roughly equals to the reported abortion rate of this
model35. Similar to the findings in the AP group, the 4-1BB group pre-
sented significant embryo resorption compared to the NP group
(Fig. 7B–C). Additionally, there was no significant difference in the
body weight of pregnant mice at E12.5 among the three
groups (Fig. 7D).

Next, we verified the phenotypic and functional changes of
CD11c +CD8+ T cells in the abortion mouse model. As shown in Sup-
plementary Fig. 6, the gating strategy for CD8 +T cells was applied to
mousedecidua, spleen, and peripheral blood. Similar to our findings in
human studies, CD11c +CD8 +T cells were specifically enriched in the
decidua of NPmice compared to those in peripheral blood and spleen
(Supplementary Fig. 7A). Compared with those in the NP group, the
proportions of CD11c + CD8 +T cells in the decidua in the AP and 4-1BB
groups were significantly greater (Fig. 7E). In addition, the expression
of CD69, CD107a, granzyme B, perforin, and IFN-γ in decidual
CD11c +CD8+ T cells was increased by varying degrees in the AP and
4-1BB groups when compared with the NP group (Fig. 7F, G). Similar
trends were also observed in the peripheral blood and spleen tissues
(Supplementary Fig. 7B–G). These results further indicate that, similar
to EPL patients, the proportion of decidual CD11c + CD8 +T cells is
significantly increased in spontaneous abortionmice. Thus, these cells
may participate in the abortion phenotype by secreting specific cyto-
toxicmolecules and cytokines. Additionally, we observed the structure
of the pregnant uterus in the three groups of mice using HE staining
and analyzed the depth of CK7+ trophoblast cell infiltration into the
uterine decidua through immunofluorescence staining. The results
showed that, compared to the NP group, the depth of CK7+ tropho-
blast cell infiltration into the decidua was significantly reduced in the
AP and 4-1BB groups (Fig. 7H–I). Meanwhile, immunofluorescence
staining of the placental tissue revealed that, compared to the NP
group, the expression of pyroptosis-related proteins was increased in
the AP and 4-1BB groups (Supplementary Fig. 7H). These findings
suggest that decidual CD11c + CD8 +T cells contribute to pregnancy
loss by impairing normal trophoblast behaviors, highlighting the
importanceof cross-talk betweenCD8 +T cells and trophoblasts at the
maternal-fetal interface in the establishment and maintenance of
pregnancy.

Discussion
Several studies have shown abnormalities in the local immune micro-
environment of EPL, particularly involving altered CD8+ T cell subsets
and an imbalance between pro-inflammatory and anti-inflammatory
signals15,36. The specific characterization of abnormally activated
CD8 + T cell subsets in EPL has been lacking, however. In this study, we
identified significant activation and enrichment of cytotoxic
CD11c +CD8+ T cells in the decidua and peripheral blood of EPL
patients for the first time, while detailing their phenotypic and func-
tional characteristics. We also developed an effective multi-biomarker
predictive model for EPL based on functional cytokines and cytotoxic
molecules associated with CD11c + CD8 +T cells in early gestational
maternal serum. Notably, we found that CD11c + CD8 +T cells inhibit
trophoblast invasion through IFN-γ, indicating a dysregulated
maternal-fetal cellular cross-talk at the maternal-fetal interface during
EPL development, as illustrated in Fig. 8. Furthermore, we demon-
strated that activation of this cell population can induce an abortion
phenotype in a mouse model. These findings underscore the pre-
viously unrecognized role ofCD11c + CD8 +T cells at thematernal-fetal

Table 1 | Serum cytokine and immune molecule expression

Characteristics EPL group (N = 32) HC group (N = 32) P values

IL-2 (pg/mL) 66.84 (47.90–94.24) 51.48 (38.73–99.72) 0.277

IL-4 (pg/mL) 1.44 (0.64–6.69) 1.71 (0.40–9.52) 0.989

IL-6 (pg/mL) 6.30 (3.21–13.82) 8.28 (3.68–20.82) 0.568

IL-10 (pg/mL) 2.82 (1.11–5.60) 3.16 (1.78–20.29) 0.251

IL-17A (pg/mL) 1.93 (1.28–7.04) 1.28 (0.92–2.67) 0.018

IFN-γ (pg/mL) 64.45 (23.74–134.78) 20.66 (12.46–52.17) 0.001

Fas (pg/mL) 33.63 (23.60–44.36) 26.37 (18.60–46.92) 0.262

FasL (pg/mL) 79.75 (50.68–140.96) 84.84 (55.26–95.93) 0.629

Granzyme A
(pg/mL)

30.95 (16.80–54.47) 27.03 (11.72–69.69) 0.979

Granzyme B
(pg/mL)

7.15 (2.36–14.71) 3.67 (1.36–11.48) 0.133

Perforin (pg/mL) 4834.37
(3805.18–6452.29)

3514.57
(2839.23–4261.79)

<0.001

Granulysin
(pg/mL)

699.65
(599.53–908.69)

589.16
(450.08–832.18)

0.040

The P value was obtained by the Mann-Whitney U test, and data are presented as median with
interquartile range. P <0.05 was considered statistically significant. IL interleukin, IFN-γ inter-
feron-γ, TNF-α tumor necrosis factor-α,EPL early pregnancy loss, HC healthy control.
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Fig. 4 | Inhibition of trophoblast invasion by decidual CD11c + CD8 +T cells
from EPL patients via NLRP3/Caspase-1/GSDMD-mediated pyroptosis.
A Schematic representation of sorting CD8 +T cells from EPL and HC decidua and
their in vitro co-culture experiment with HTR-8/SVneo trophoblasts. B Typical flow
cytometry gating strategy for sorting CD8+ T cells fromhumandecidua.CWestern
blotting examining the impact of human decidual CD8+ T cells on protein levels of
NLRP3, Caspase-1, and GSDMD in HTR-8/SVneo trophoblasts (n = 3 biologically
independent experiments). D Transwell assays assessing the effect of human

decidual CD8+ T cells on HTR-8/SVneo trophoblast invasion capabilities (n = 3
biologically independent experiments). Scale bar = 100 µm. E Quantification and
representative images of placental organoid formation in the presence of human
decidual CD8+ T cells (n = 3 biologically independent experiments). Scale bar =
100 µm. EPL early pregnancy loss, HC healthy control. The P value was obtained by
one-way ANOVA (C–E), and data are presented as mean ± SD. Source data are
provided as a Source Data file.
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interface, offering targets for therapeutic intervention and enhancing
predictive capabilities for EPL management.

Extensive research has highlighted the cytotoxic role of CD11c in
CD8 + T cells, particularly in contexts such as antiviral immunity, can-
cer, and autoimmune diseases. Notably, high CD11c expression in
CD8 + T cells has been associated with potent anti-tumor effects in
models of colorectal cancer and lymphoma17,37. Similarly, during
infections like human immunodeficiency virus and hepatitis B, virus-

specific CD8 +T cells with elevated CD11c levels secrete increased
amounts of cytotoxic markers, including granzyme B and perforin,
alongside pro-inflammatory cytokines like IFN-γ and TNF-α18,38. In our
study, we observed a significant increase of CD11c + CD8 +T cells in
EPL patients, predominantly within the effector cell subset. These
CD11c +CD8+ T cells exhibited heightened expression of activation
markers, such as CD38 and HLA-DR, suggesting a state of excessive
activation. Interestingly, despite the common association of CD8 +T
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cell exhaustion in tumors, EPL patients displayed a decrease in the
exhaustion marker PD-1, indicating that these cells may retain a more
functional phenotype.

This observation aligns with previous findings that
CD11c +CD8+ T cells represent a highly activated, minimally exhaus-
ted subset, potentially endowing them with enhanced effector
functions18. Consistent with this, CD11c +CD8 +T cells expressed
higher levels of granzyme B, perforin, and CD107a, and secreted
greater amounts of IFN-γ and TNF-α compared to their CD11c- coun-
terparts. Notably, CD11c +CD8 + T cells in the decidua of EPL patients
released significantly more cytokines and cytotoxic molecules than
those in control participants. The significant enrichment of
CD11c +CD8+ T cells in the decidua compared to PBMCs, suggests
that their activation and recruitment may be driven by the local
immune microenvironment at the maternal-fetal interface. We spec-
ulate that factors such as cytokines, chemokines, or other immune
regulatorymolecules within the decidua, as well as potential antigenic
stimulation from embryonic-derived antigens, may contribute to the
local recruitment and activation of these cells. These findings suggest
that CD11c +CD8 +T cells may play a role in attacking the fetus simi-
larly to how they target tumors or infections, contributing to EPL
through their potent effector functions. This raises important ques-
tions about the balance between immune activation and tolerance
during pregnancy, as heightened cytotoxic responses could inad-
vertently compromise fetal viability.

The complexity of the etiological mechanisms behind EPL has led
to limited research on predictive models. This highlights the urgent
need for accurate tools to identify high-risk individuals early and
facilitate targeted interventions. Current models primarily rely on
clinical features and imaging data, which often lack sufficient sensi-
tivity and specificity39,40. Studies have shown that the risk of adverse
pregnancyoutcomes is significantlyhigher in individualswhoconceive
following IVF-ET compared to those with natural conception41. Build-
ing on our findings regarding the role of CD11c +CD8 +T cells in
maintaining maternal-fetal immune homeostasis, we investigated
various cytokines and cytotoxic molecules associated with these cells
in early pregnancy serum from IVF-ET cohorts. Notably, we identified
significant differences in levels of cytokines such as IL-17A, IFN-γ,
perforin, and granulysin between the EPL and HC groups. By com-
bining these altered biomarkers, we developed a robust early predic-
tion model for EPL. These findings suggest that the cytokines and
cytotoxicmolecules associatedwithCD11c + CD8 +T cellsmay serve as
potential candidates for early clinical screening and intervention.
Future studies should include longitudinal tracking with multiple
serum samples across different pregnancy stages to optimize and
validate the predictive model’s applicability. Importantly, differences
in immune status between IVF-ET and naturally conceived pregnancies
may introduce variability in biomarker expression. While IVF-ET
pregnancies offer a well-defined clinical setting for standardized
sampling and model development, future studies should incorporate
validation in natural pregnancy cohorts to enhance the model’s gen-
eralizability and clinical relevance.

It is crucial to recognize that many of these cytokines and cyto-
toxic molecules are not only associated with CD11c + CD8 +T cells but
also play a pivotal role in NK cell function, particularly within the
decidual microenvironment. Decidual NK (dNK) cells serve as key
regulators in early pregnancy, contributing to immune tolerance at the
maternal-fetal interface. Studies have shown that dNK cell dysfunction
is closely linked to pregnancy complications such as recurrent preg-
nancy loss42,43. Essential cytotoxic molecules, including perforin and
granzyme B, mediate NK cell function by inducing apoptosis in target
cells44,45, while inflammatory cytokines such as IFN-γ and TNF-α, when
aberrantly expressed, can trigger excessive inflammatory responses,
potentially compromising normal embryonic development44,46. More-
over, interactions between dNK cells and other cells, including
macrophages47 and stromal cells48, may further shape the immune
landscape at the maternal-fetal interface. Given the overlapping roles
of CD11c +CD8 +T cells and NK cells in immune regulation, future
research should focus on uncovering potential synergistic mechan-
isms between these cell populations in the pathogenesis of EPL, aiming
to refine predictive models and develop targeted therapeutic
strategies.

Research has shown that key proteins and cytokines produced by
T cells may directly influence the growth and biological functions of
trophoblast cells or activate macrophages to attack trophoblast cells
through pathways involving IFN-γ, TNF-α, TGF-β, and IL-6 receptors,
leading to pregnancy loss15,49,50. While IFN-γ is known to induce pyr-
optosis in infectious and autoinflammatory diseases via STAT1
activation51,52, its impact on trophoblast has been underexplored.
Additionally, several recent studies have confirmed that epigenetic
modification enzymes, mitochondrial energy metabolism-related
proteins, and neutrophil aggregation can induce inflammation and
mediate trophoblast pyroptosis, thereby impairing placental
function53–56. Here, we reveal that IFN-γ induces trophoblast pyroptosis
by activating the classic NLRP3/Caspase-1/GSDMD pathway, thereby
impairing their invasion, migration, and ability to grow outward from
the explant. These results highlight the potential role of IFN-γ in tro-
phoblast pyroptosis and suggest that CD11c +CD8 +T cells may dis-
rupt immune balance at the maternal-fetal interface while also
modulating trophoblast behavior, contributing to EPL development.

Furthermore, CD11c +CD8+ T cells have been associated with
infections, colorectal cancer, andmelanoma treatment34,57,58; however,
there are currently no reported inhibitors targeting these cells. Nota-
bly, 4-1BB agonists can induce antigen-specific differentiation and
expansion of CD11c +CD8 + T cells. Leveraging the immunostimula-
tory properties of 4-1BB, we designed an in vivo mouse model that
upregulates the expression and functional activation of
CD11c +CD8+ T cells during early pregnancy. Our results indicated
that mice exposed to 4-1BB exhibited an increased proportion of
CD11c +CD8+ T cells, enhanced secretion of cytotoxic molecules and
cytokines, and significant embryonic loss, along with impaired tro-
phoblast invasion into the decidua, mirroring observations in AP
mouse models. However, it is important to note that trophoblast
invasion in the murine placenta is inherently less extensive than in

Fig. 5 | IFN-γ modulates HTR-8/SVneo trophoblast behavior by inducing pyr-
optosis via activation of the NLRP3/Caspase-1/GSDMD pathway. A, B HTR-8/
SVneo trophoblasts were treated with or without IFN-γ (10 ng/ml), and qPCR and
western blotting were used to detect the mRNA (A) and protein (B) expression
levels of NLRP3, Caspase-1, and GSDMD in HTR-8/SVneo trophoblasts (n = 3 bio-
logically independent experiments). C PI staining shows the proportion of PI-
positive (red) cells in HTR-8/SVneo trophoblasts treated with or without IFN-γ
(10 ng/ml) alone, or pretreated with MCC950 (10 µM) for 1 hour before IFN-γ
treatment (n = 3 biologically independent experiments). Scale bar = 100 µm. D, E
Transwell andwound healing assays were performed to evaluate the effects of with
or without IFN-γ (10 ng/ml) treatment alone, or pre-treatment with MCC950

(10 µM) for 1 hour before IFN-γ treatment, on the invasion (D) and migration (E)
capabilities of HTR-8/SVneo trophoblasts (n = 3 biologically independent experi-
ments). Scale bar = 100 µm (D), 200 µm (E). F After 24 hours of in vitro culture,
human villous explants were treated with or without IFN-γ (10 ng/ml) or pretreated
with MCC950 (10 µM) for 1 hour before IFN-γ treatment. The outward growth of
EVT from the explants (outlined in red) was assessed at 48hours (n = 3 biologically
independent experiments). Scale bar = 50 µm. qPCR quantitative polymerase chain
reaction, PI propidium iodide, EVT extravillous trophoblast. The P value was
obtained by two-tailed unpaired Student’s t-test (A), one-way ANOVA (C–F), and
data are presented as mean± SD. Source data are provided as a Source Data file.
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humans, and CK7 staining alone may not fully capture the complexity
of trophoblast invasion. Future studies should incorporate additional
markers and functional assays to provide a more comprehensive eva-
luation. Additionally, we acknowledge the limitation that anti-4-1BB
treatment may also affect other immune cell subsets, which could
indirectly influence pregnancy outcomes, and more specific tools are
needed to directly assess the role of CD11c + CD8 +T cells in pregnancy
loss. These findings further support our hypothesis that
CD11c +CD8+ T cells promote EPL through their specific cytotoxic
functions. Ultimately, the exploration of targeted interventions aimed

at modulating CD11c +CD8 +T cell activity holds promise for devel-
oping therapeutic strategies, particularlywhen combinedwith existing
treatment modalities, such as various immunomodulators59,60. This
approach may pave the way for improved management of EPL and
enhance our understanding of immune dynamics at thematernal-fetal
interface.

This study has several advantages and limitations. First, both
groups of participants were early pregnant patients who underwent
artificial abortion and were matched for gestational age. This ensured
for accurate comparisons between the groups, but also resulted in a

Fig. 6 | IFN-γ induces pyroptosis in human primary EVT cells, leading to
reduced invasion andmigration. A Immunofluorescence staining for CK7 (green)
andHLA-G (red)was used to verify the purity of humanprimary EVT cells. Scale bar
= 20 µm. Representative results from three independent biological replicates. B PI
staining shows the proportion of PI-positive (red) cells in human primary EVT cells
treated with or without IFN-γ (10 ng/ml) alone, or pretreated with MCC950 (10 µM)
for 1 hour before IFN-γ treatment (n = 3 biologically independent experiments).
Scale bar = 100 µm.C Scanning electronmicroscopy reveals the cellmorphology of
human primary EVT cells with or without IFN-γ (10 ng/ml) treatment, or pretreated
with MCC950 (10 µM) for 1 hour before IFN-γ treatment. Scale bar = 20 µm.

Representative results from three independent biological replicates.D, E Transwell
and wound healing assays were conducted to assess the effects of with or without
IFN-γ treatment alone, or pretreated with MCC950 (10 µM) for 1 hour before IFN-γ
treatment, on the invasion (D) and migration (E) capabilities of human primary
EVT cells (n = 3 biologically independent experiments). Scale bar = 100 µm (D),
200 µm (E). EVT extravillous trophoblast, CK7 cytokeratin 7, HLA-G human leuko-
cyte antigen-G, PI propidium iodide. The P value was obtained by one-way ANOVA
(B, D, E), and data are presented as mean ± SD. Source data are provided as a
Source Data file.
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limited sample size.While the quality of the samples was sufficient, the
small sample size may introduce some degree of bias in the study
results. Secondly, our study successfully identified a specific sub-
population of CD8 + T cells at the maternal-fetal interface, along with
their altered expression and function in EPL. While we have initiated
investigations into the interactions between these distinct cells and

trophoblasts, further research is needed to elucidate the regulatory
mechanisms governing these cells and their interactions with other
immune cells at the maternal-fetal interface. Additionally, it is impor-
tant to note that our in vitro experiments utilized theHTR-8/SVneo cell
line, which, despite its widespread use and stability in laboratory set-
tings, has limitations in fully replicating the physiological

Fig. 7 | Alterations in the frequency and function of CD11c + CD8 +T cells in
mice decidua affect early pregnancymaintenance. A Representative images of a
pregnant uterus frommice in various groups: NP (normal pregnancy group), 4-1BB
(normal pregnant mice injected intravenously with 5mg/kg anti-mouse 4-1BB
antibody at E7.5), and AP (abortion-prone group). B–D Quantitative statistics of
embryo resorption rate (B), number of viable embryos per uterus (C), and average
bodyweight of pregnantmice at E12.5 (D) for each group (n = 10). E Flow cytometry
analysis of CD11c expression in CD8+ T cells isolated from mice decidua in each
group (n = 10).F ExpressionofCD69, CD103, and PD-1 in CD11c + CD8 + T cells from
mice decidua in each group (n = 10).G Expressionof cytotoxicity-relatedmolecules

(CD107a, granzyme B, perforin) and cytokine (IFN-γ) in CD11c + CD8+ T cells from
mice decidua in each group (n = 10). H HE and immunofluorescence staining to
observe the infiltration depth of CK7+ trophoblast layer (green) into the decidua of
miceuterus. The relative depthof EVT infiltration into the uterus is calculatedas the
ratio of the depth ofCK7+ trophoblast layer (L1, red) to the total depth (L2, orange).
IQuantitative statistics of the relative depth of EVT infiltration into the uterus (n = 3
biologically independent experiments). Scale bar = 500 µm. NP normal pregnancy,
APabortionprone, CK7cytokeratin 7, EVT extravillous trophoblast. TheP valuewas
obtained by two-tailed unpaired Student’s t-test (B–G, I), and data are presented as
mean ± SD. Source data are provided as a Source Data file.
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characteristics of primary trophoblasts, particularly in terms of hCG
secretion and invasive capacity. The heterologous nature of HTR-8/
SVneo cells may also not fully capture the complexity of immune
regulation at the maternal-fetal interface. In future studies, we plan to
further optimize and expand the use of placental organoids to deepen
our understanding of the mechanisms underlying trophoblast dys-
function and immune dysregulation in EPL.

In summary, this study reveals the presence of significantly acti-
vated and enriched cytotoxic CD11c + CD8 +T cells in both the decidua
and peripheral blood of EPL patients, with the potential to markedly
inhibit trophoblast invasion. As a subpopulation, CD11c + CD8 +T cells
exhibit altered function at the maternal-fetal interface during early
pregnancy, highlighting their pivotal role in EPL pathogenesis. Addi-
tionally, we developed a robust early prediction model for EPL based
on cytokines and cytotoxicmolecules associated with CD11c + CD8 +T
cell function. These findings not only provide potential targets for
immunotherapies but also offer insights into the development and
clinical precision management of EPL.

Methods
Ethics approval
Thehuman and animal experiments in this studywere approvedby the
Ethics Committee of the Center for Reproductive Medicine of Shan-
dong University (Ethical Review No. 116, 2022). In accordance with the
Declaration of Helsinki, all participants were informed of the study and
signed informed consent forms.

Human samples
This study involved human samples collected from participants
recruited at the Reproductive Hospital Affiliated with Shandong Uni-
versity and the Department of Obstetrics and Gynecology, Qilu Hos-
pital of Shandong University, between October 2022 and October
2024. The samples comprised two main components: decidua and
PBMCs, along with serum samples from women undergoing IVF-ET.

Decidua and PBMCs were obtained from women who underwent
surgical termination of pregnancy between 6-12 weeks of gestation, as
described in previous studies61,62. The EPL group included women who
experienced two or more instances of embryonic arrest or sponta-
neous abortion with the same partner (n = 24), and the samples were
collected at the time of pregnancy termination due to embryonic
arrest or spontaneous abortion in the current pregnancy. The HC
group consisted of women who terminated their pregnancy for non-
medical reasons, with a history of at least one prior successful preg-
nancy and no history of adverse pregnancy outcomes (n = 27), ensur-
ing their suitability as healthy controls. Exclusion criteria for all
participants included: age over 40 years, chromosomal abnormalities
in either parent or embryo, anatomical abnormalities of the repro-
ductive tract, history of autoimmunediseases, and recent infections or
use of hormones/immunosuppressive drugs within the past three
months. The clinical characteristics of both groups are summarized in
Supplementary Table 2. PBMCs were isolated from peripheral blood
using density gradient centrifugation with Ficoll-Hypaque (MP Bio-
medicals, Santa Ana, CA, USA) and analyzed via flow cytometry.

Fig. 8 | Decidual enrichment of CD11c + CD8 +T cells disrupt maternal-fetal
immune balance and mediates abnormal trophoblast biological behaviors,
leading to EPL. Through the analysis of clinical samples from healthy individuals
and EPL patients, as well as in vitro, ex vivo, and in vivo experimental models, we
discovered that CD11c + CD8 + T cells are enriched and functionally activated in the
decidua of EPL patients, exhibiting potent effector and cytotoxic functions that

contribute to immune dysregulation at the maternal-fetal interface. Furthermore,
cytokines such as IFN-γ secreted by CD11c + CD8+ T cells in EPL patients can
mediate trophoblast pyroptosis, impairing their invasion and migration cap-
abilities, and ultimately leading to EPL. Created in BioRender. Li, Y. (2025) https://
BioRender.com/gdpqtyb.
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Decidua was processed to isolate decidual immune cells through
mechanical grinding, with the remaining tissue prepared as paraffin
sections for immunofluorescence staining.

Additionally, serum samples were collected from 64 women
under 40 years old with no history of adverse pregnancy outcomes,
who underwent their first IVF-ET at the Reproductive Hospital Affili-
ated with Shandong University. These samples were taken 12-16 days
post-embryo transfer, confirmed by a positive β-HCG test. At this early
stage of pregnancy (approximately 5 weeks), no pregnancy loss had
yet occurred. Participants were classified based on pregnancy out-
comes into two groups: 32with normal pregnancies (HC group) and 32
with EPL (EPL group). The serum samples were specifically used to
investigate the expression profiles of immune-related cytokines and
cytotoxic molecules in early pregnancy.

Cell line culture
The HTR-8/SVneo immortalized human extravillous trophoblast cell
line (ATCC CRL-3271, Manassas, VA, USA) was cultured in Dulbecco’s
modified Eagle medium-F12 Ham (DMEM/F12; Gibco, USA) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS; Gibco,
Grand Island, NY, USA) and 1% penicillin/streptomycin (HyClone,
Logan City, UT, USA) in a 37 °C humidified incubator with 5% CO2. In
the present study, HTR-8/SVneo cells were used between passages
3 and 20.

Animal study
This study utilized an immunologically mediated spontaneous abor-
tion mouse model35,63, involving CBA/J female mice (Hua Fukang Bio-
logical Technology, Stock #11004A), DBA/2 J male mice (Vital River
Laboratory Animal Technology, Stock #214), and BALB/c male mice
(Vital River Laboratory Animal Technology, Stock #211) aged 8-10
weeks. Mice were housed in a specific pathogen-free (SPF) barrier
facility under controlled conditions (20–25 °C, 50% humidity, 12 h
light/dark cycle), with nomore than 6miceper cage. Experimental and
control groups were co-housed to avoid litter effects. During estrus,
CBA/J female mice weremated with DBA/2 J malemice or BALB/cmale
mice, with the presence of a vaginal plugmarked as embryonic day 0.5
(E0.5). Three experimental groups were defined in this study: 1) CBA/J
female mice were mated with BALB/c male mice to establish a NP
model (n = 10); 2) CBA/J female mice were mated with BALB/c male
mice and injected intravenously with 5mg/kg anti-mouse 4-1BB
(BE0239; Bio X Cell) at E7.5 to establish a group of upregulated and
functionally activated CD11c +CD8 +T cells (n = 10), which were used
to investigate the relationship between changes inCD11c + CD8 +T cell
numbers and the abortion phenotype34,64; and 3) CBA/J female mice
were mated with DBA/2 J male mice to establish a classical AP model
(n = 10). Pregnant mice were euthanized using carbon dioxide inhala-
tion at E12.5, and the number of live fetuses and degree of embryo
resorption were determined to calculate the rate of embryo resorp-
tion. Eye socket blood, decidua, and spleen samples were collected
from pregnant mice. PBMCs were isolated from the mice via density
gradient centrifugation and used directly for flow cytometry assays.
For the decidua and spleen, the tissues were separately collected and
processed using mechanical grinding to isolate decidual and splenic
immune cells for flow cytometry experiments. Moreover, some
embryonic tissues were collected at E12.5 for paraffin embedding and
subsequent immunofluorescence staining. All of the animal experi-
ments conformed to the requirements of the ethics committees of the
Center for Reproductive Medicine of Shandong University (Ethical
Review No. 116, 2022).

Flow cytometry
For phenotypic staining, human lymphocytes were stained with the
following antibodies (all from BioLegend, used at 1:100 dilution unless
otherwise stated): APC-conjugated anti-human CD3, APC/Fire™ 750-

conjugated anti-human CD8, FITC-conjugated anti-human CD11c, PE-
conjugated anti-human CCR7, BV421-conjugated anti-human CD45RA,
PE-Cy7-conjugated anti-human CD38, Percp-conjugated anti-human
HLA-DR, and BV875-conjugated anti-human PD-1. Mouse lymphocytes
were stained with APC-Cy7-conjugated anti-mouse CD3, FITC-
conjugated anti-mouse CD8, Percp-conjugated anti-mouse CD8,
BV605-conjugated anti-mouse CD11c, BV421-conjugated anti-mouse
CD103, PE-conjugated anti-mouse PD-1 and Percp-conjugated anti-
mouse CD69 antibodies (all from BioLegend, used at 1:100 dilution
unless otherwise stated).

For intracellular cytokine staining, human lymphocytes were sti-
mulated with anti-human CD3 and anti-human CD28 antibodies (Bio-
Legend, 1 µg/ml) for 8 hours at 37 °C in the presence of 5% CO2.
Brefeldin A (BioLegend, 5 µg/ml) and BV605-conjugated anti-human
CD107a were added in the last 6 hours. The cells were permeabilized
using a Cytofix/Cytoperm Kit (BD Biosciences) and stained with PE-
conjugated anti-human Granzyme B, BV711-conjugated anti-human
Perforin, PE-Cy7-conjugated anti-humanTNF-α, and BV785-conjugated
anti-human IFN-γ antibodies (all fromBioLegend, used at 1:100dilution
unless otherwise stated). Similarly, mouse lymphocytes were stimu-
lated with Cell Activation Cocktail (BioLegend, used as per manu-
facturer’s instructions, containing optimized concentration of PMA,
ionomycin, and brefeldin A) and PE-Cy7-conjugated anti-mouse
CD107a for 6 hours in the presence of 5% CO2. The cells were per-
meabilized using a Cytofix/Cytoperm Kit (BD Biosciences) and stained
with BV421-conjugated anti-mouse Granzyme B, PE-conjugated anti-
mouse Perforin, and APC-conjugated anti-mouse IFN-γ antibodies (all
from BioLegend, used at 1:100 dilution unless otherwise stated). The
data were obtained using a FACS-Fortessa (BD Biosciences) and ana-
lyzed via FlowJo version X (FlowJo, Ashland, OR, USA). Detailed infor-
mation on all the antibodies used is provided in Supplementary Data 1.

Cell sorting and co-culture
PBMCs were isolated from healthy women (n = 5) with healthy early
pregnancies, and APC-conjugated anti-human CD3 (BioLegend, 1:100
dilution), APC/Fire™ 750-conjugated anti-human CD8 (BioLegend,
1:100 dilution) and PE-conjugated anti-humanCD11c (BioLegend, 1:100
dilution) antibodies were added to obtain CD11c +CD8 +T cells and
CD11c-CD8 +T cells. Additionally, for decidual tissue samples from
both healthy early pregnancy (n = 3) and EPL (n = 3) participants,
single-cell suspensions were prepared. CD8 + T cells were labeled with
APC-conjugated anti-humanCD3 (BioLegend, 1:100 dilution) and APC/
Fire™ 750-conjugated anti-human CD8 (BioLegend, 1:100 dilution)
antibodies. After the cells were washed and filtered, they were trans-
ferred to sterile flow cytometry tubes and sorted using a FACSAria II
flow cytometer (BD Biosciences).

Purified CD11c + CD8 +T cells and CD11c-CD8 +T cells from the
peripheral blood of healthy early pregnant women, as well as purified
CD8 + T cells from the decidual tissue of both healthy early pregnant
and EPL participants, were seeded in 6-well plates containing RPMI
1640medium (HyClone, Logan City, UT, USA) supplemented with 10%
FBS (Gibco, Grand Island, NY, USA) and 1% penicillin/streptomycin
(HyClone, Logan City, UT, USA). The cells were co-cultured with HTR-
8/Svneo immortalized human trophoblast cells at a ratio of 1:1 using
cell culture inserts (LabSelect, Beijing, China) of 0.4 μm pore size in
6-well plates. After incubation at 37 °C with 5% CO2 for 36 hours, the
suspended CD8+ T cells in the culturemediumwere collected for flow
cytometry analysis.

Placental organoid culture
In this study, placental villous tissues were collected from healthy
pregnant women at 6-8 weeks of gestation who opted for non-medical
termination of pregnancy. The collected villous tissues were immedi-
ately placed in pre-cooled sterile saline and gently washed to remove
blood clots and extraneous tissues, such as fetal membranes, while
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preserving the integrity of the villous structure as much as possible.
The villous tissues were then sequentially digested at 37 °C in a water
bath using 0.25% trypsin (Gibco, USA) and 1mg/mL collagenase V
(Sigma-Aldrich, St. Louis, MO, USA) for 5minutes each, with gentle
pipetting to facilitate tissue dissociation. Enzymatic digestion was
terminated by adding Advanced DMEM/F12 medium (Gibco, USA)
supplemented with 10% fetal bovine serum (FBS). The cell suspension
was then passed through a 100 μm filter to remove undigested tissue
fragments. The filtrate was centrifuged at 400 × g for 5minutes, the
supernatant was discarded, and the cell pellet was resuspended in
growth factor-reduced Matrigel (Corning, NY, USA) to establish a
three-dimensional scaffold. Subsequently, 25μL of the cell-Matrigel
mixture was plated at the center of each well in a 24-well culture plate.
The plate was incubated at 37 °C with 5% CO₂ for 20minutes to allow
Matrigel polymerization. Following polymerization, 500μL of pre-
warmed placental organoid culturemedium65,66 (composition detailed
in Supplementary Table 3) was added to each well. The culture med-
ium was refreshed every two days, and organoid growth was mon-
itored regularly. Typically, placental organoids with characteristic
cystic structures formed within 5-7 days. Organoid identity was vali-
dated by immunofluorescence staining with CK7 (1:200 dilution, Pro-
teinTech, Wuhan, China), and F-actin was visualized using TRITC-
conjugated phalloidin (100 nM, Yeasen, Shanghai, China). To investi-
gate the effect of decidual CD8 +T cells on placental organoid for-
mation, on day 2 (D2) of culture, CD8 +T cells isolated from the
decidua of HC and EPL patients were introduced into the culture sys-
tem using a non-direct contact co-culture approach for 36 hours.
Organoid growth and morphological changes were observed and
recorded under a microscope on days 4 (D4) and 6 (D6) of culture.

Matrigel-coated transwell invasion assays
The matrigel matrix (Corning, NY, USA) without growth factors was
diluted 1:9 with DMEM/F12 medium (Gibco, USA) and pre-coated onto
Transwell inserts (Corning, NY, USA) with an 8 μm pore size in 24-well
plates. The inserts were then incubated at 37 °C for 1 hour. In the upper
chamber, 250 µL of culture medium containing 0.1% FBS was used to
seed 5 × 104 trophoblasts. A total of 750μL of culture medium con-
taining 10% FBS was added to the lower chamber, along with
CD11C +CD8 +T cells, CD11C-CD8 +T cells, or CD8 +T cells isolated
from peripheral blood and decidua, or treated with IFN-γ (10 ng/ml,
Sigma–Aldrich, St. Louis,MO,USA) or pretreatedwithMCC950 (10 µM,
Sigma–Aldrich, St. Louis, MO, USA) for 1 hour before IFN-γ treatment.
Note thatMCC950 is a selective inhibitorof pyroptosis29. After the cells
were incubated at 37 °Cwith 5%CO2 for 36 h, non-invading cells on the
upper side of the membrane were gently removed with a cotton swab.
The remaining cells were fixed with 4% paraformaldehyde (Solarbio,
Beijing, China) for 30minutes, air-dried, and then stained with 0.1%
crystal violet (Solarbio, Beijing, China) for 15minutes. The number of
cells invading through the membrane was observed and imaged with
an Olympus IX73 inverted microscope (Olympus Corporation, Tokyo,
Japan). Five different fields were randomly selected in each insert for
cell counting, and the average number of cells invading through the
membrane was used to quantify the invasive ability of the cells in each
experimental group.

Wound-healing assay
Co-cultured or IFN-γ (10 ng/ml, Sigma–Aldrich, St. Louis, MO, USA)
-treated trophoblasts were seeded in 6-well plates until they reached
an appropriate density. Using a 200μL sterile pipette tip, a scratchwas
made in each well to create a cell-free wound area. The cells were
gently washed twicewithwarmPBS to remove debris. Culturemedium
was added, and images were taken at specific time points using an
Olympus IX73 inverted microscope (Olympus Corporation, Tokyo,
Japan). The wound healing area was analyzed using ImageJ software
(ImageJ Software Inc., MD, USA).

Human chorionic villous explant and primary EVT culture
Fresh chorionic villous tissue was collected from healthy pregnant
women at 6-8 weeks of gestation who opted for artificial abortion due
to their voluntary willingness. Before artificial abortion, fetal heart-
beats were confirmed via abdominal ultrasound. The collected chor-
ionic villi were washed with cold normal saline to remove blood clots
and cut into approximately 2mmfragments usingophthalmic scissors.
The tissue fragments were then resuspended in DMEM/F12 medium
(Gibco, USA) containing 1% penicillin/streptomycin (HyClone, Logan
City, UT, USA) and 10% FBS (Gibco, Grand Island, NY, USA). The frag-
ments were evenly plated in a 24-well plate pre-coated with 100μL of
Matrigel (Corning, NY, USA) diluted 1:1 with DMEM/F12 medium. Suc-
cessful anchoring of the chorionic villous explants onMatrigel and the
emergence of EVT cells from the tissue fragments defined the zero-
hour sample. The explants were treated with or without IFN-γ
(10 ng/ml, Sigma–Aldrich, St. Louis, MO, USA) or pretreated with
MCC950 (10 µM, Sigma–Aldrich, St. Louis, MO, USA) for 1 hour fol-
lowed by IFN-γ treatment. The outgrowth area of the explants was
captured at 24hours and 48 hours using an Olympus IX73 inverted
microscope (Olympus Corporation, Tokyo, Japan) to evaluate EVT
migration. The outgrowth area was quantified using ImageJ software
(ImageJ Software Inc., MD, USA).

The remaining villous tissuewas fragmented into 2mmpieces and
seeded into 60mm culture dishes pre-coated withMatrigel diluted 1:9
with DMEM/F12 medium (Gibco, USA). The cells were cultured in
DMEM/F12mediumcontaining 10% FBS (Gibco, Grand Island, NY, USA)
and 1% penicillin/streptomycin (HyClone, Logan City, UT, USA) for 2-3
days. Once the villous fragments adhered to the dish and EVT cells
were observed growing out from the villous fragments, the medium
was changed every other day. When EVT cells reached a sufficient
number, they were detached via 0.25% trypsin (HyClone, Logan City,
UT, USA) to isolate humanprimary EVT cells. The purity of the isolated
EVT cells was confirmed via immunofluorescence staining with the
trophoblast and EVT-specific markers CK7 (1:200 dilution, Pro-
teinTech, Wuhan, China) and HLA-G (1:200 dilution, Exbio, Prague,
Czech Republic). In the present study, EVT cells between passages 2
and 8were used for follow-up experiments.

Quantitative polymerase chain reaction (qPCR)
Total RNA was extracted from samples using the RNA-Quick purifica-
tion kit (YiShan Biotech, Shanghai, China). The concentration and
purity of RNA were measured using a NanoDrop One spectro-
photometer. Subsequently, 1μg of RNA was reverse transcribed into
20μL of complementary DNA (cDNA) using the PrimeScript RT
reagent kit (Takara, Shiga, Japan) according to the manufacturer’s
instructions. qPCRwas performed on a Roche LightCycler 480 System
(Roche, Penzberg, Germany) in a total reaction volume of 10μL, con-
taining 1μL of cDNA, 0.8μL of specific primers, 5μL of SYBR Green
Master Mix (TaKaRa Bio), and 3.2μL of RNase-free dH2O. The cycling
conditions were set as follows: initial denaturation at 95 °C for
10minutes, followed by 40 cycles of denaturation at 95 °C for 10 sec-
onds, annealing and extension at 60 °C for 1minute. Themelting curve
analysis included one cycle of 95 °C for 10 seconds, 60 °C for 1minute,
and a final step of 95 °C for 15 seconds. The sequences of primers used
are listed in Supplementary data 2.

Western blotting
Total protein was extracted from the samples using lysis buffer con-
taining protease and phosphatase inhibitors (Cell Signaling Technol-
ogy,MA, USA). The protein concentrationwas determined using a BCA
protein assay kit (Thermo Fisher Scientific, MA, USA). Equal amounts
of protein (10μg) were separated by SDS-polyacrylamide gel electro-
phoresis and transferred to a0.45μmpolyvinylidenedifluoride (PVDF)
membrane (Millipore, MA, USA). The membrane was blocked with 5%
skim milk at room temperature for 1 hour to prevent nonspecific
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binding. Subsequently, themembranewas incubated overnight at 4 °C
with specific primary antibodies against the following proteins: α-
Tubulin (1:1000 dilution, Santa Cruz Biotechnology, USA), NLRP3
(1:1000dilution, Abcam,Cambridge, UK), c-Caspase-1 (1:1000dilution,
Abcam, Cambridge, UK), or GSDMD-N (1:1000 dilution, Abcam, Cam-
bridge, UK). The next day, the membrane was incubated with HRP-
conjugated secondary antibodies at room temperature for 1 hour.
Protein signalswere detected using Prolighting HRP reagents (Thermo
Fisher, USA), and the signals were captured with a chemiluminescence
imaging system (e-BLOT, Shanghai, China). The relative density of
protein bands was analyzed using ImageJ software (ImageJ Software
Inc., MD, USA).

Propidium iodide (PI) staining
Cells were cultured in 96-well plates until they reached an appropriate
density. They were then divided into three groups: untreated, treated
with IFN-γ (10 ng/ml, Sigma–Aldrich, St. Louis, MO, USA), and pre-
treated with MCC950 (10 µM, Sigma–Aldrich, St. Louis, MO, USA) for
1 hour followed by IFN-γ treatment for 36 hours. After treatment, the
cells were incubated with 5 µg/mL PI dye (Servicebio, China) at room
temperature for 15minutes in the dark. Following incubation, the cells
were then incubated with 4’,6-diamidino-2-phenylindole (DAPI;
Abcam, Cambridge, UK) for 5minutes. After staining, the cells were
observed under a fluorescence microscope (Olympus Corporation,
Tokyo, Japan), and the proportion of PI-positive cells was calculated to
assess cell death rates under different treatment conditions.

Scanning electron microscopy (SEM)
Trophoblasts subjected to different treatments were fixed with 2.5%
glutaraldehyde solution (Servicebio, China) for 2 hours. The cells were
then fixedwith 1% osmium tetroxide (Ted Pella Inc., Redding, CA, USA)
at room temperature for 1 hour. Following fixation, the cells under-
went a graded ethanol dehydration series (30%, 50%, 70%, 90%, 100%,
100%), with each step lasting 15minutes, followed by a 15-minute
treatmentwith isoamyl acetate (SinopharmChemical ReagentCo. Ltd.,
Shanghai, China). After dehydration, the samples were subjected to
critical point drying (K850, Quorum, UK) and then mounted onto
conductive carbon adhesive tape. The samples were sputter-coated
with gold for 30 seconds using an ion sputter coater (MC1000, HITA-
CHI, Japan). The ultrastructural features of the cell surface were
observed using a scanning electron microscope (SU8100, HITACHI,
Japan), focusing on apoptosis-related morphological changes, such as
cell membrane rupture and bubble formation, to assess trophoblast
pyroptosis.

Haematoxylin–eosin (HE) staining
The paraffin-embedded mouse uterine tissue sections were depar-
affinized by placing them in xylene twice for 5minutes each. The
sections were then rehydrated through a series of graded ethanol
solutions (100%, 95%, 80%, and 70%) for 2minutes each, followed by a
5-minute rinse in distilled water. Hematoxylin staining was conducted
for 90 seconds, followed by a 5-minute rinse under running water to
remove excess dye. The sections were briefly differentiated in 1% acid
alcohol and then blued in tap water for 1minute. The sections were
subsequently stained with eosin for 15 seconds and quickly rinsed
under running water to remove excess dye. The stained sections were
dehydrated in 95% ethanol and absolute ethanol for 1minute each and
then cleared with two changes of xylene for 5minutes each. Images
were captured using the APERIO VERSA8 microscope (Leica, Wetzlar,
Germany).

Immunofluorescence
Human decidual and mouse uterine tissues were fixed in 4% paraf-
ormaldehyde, dehydrated, embedded in paraffin, and sectioned into 5-
6 µm paraffin sections. After baking, deparaffinization, and hydration,

heat-mediated antigen retrieval with Tris/EDTA buffer (pH 9.0) was
performed, followed by overnight incubation at 4 °C with specific
primary antibodies against mouse-anti-human CD11c (1:200 dilution,
ZSGB-Bio, Beijing, China), rabbit-anti-human CD8 (1:200 dilution,
ZSGB-Bio, Beijing, China), or rabbit-anti-mouse CK7 (1:100 dilution,
ProteinTech, Wuhan, China) separately. The sections were then incu-
batedwith fluorescently labeled secondary antibodies, including Alexa
Fluor 488 and Alexa Fluor 594 (1:800 dilution, Thermo Fisher Scien-
tific, USA), for 1 hour at room temperature. Nuclear staining was per-
formed using DAPI (Abcam, Cambridge, UK), and images of
immunofluorescence were obtained with the APERIO VERSA8 micro-
scope (Leica, Wetzlar, Germany).

Detection of immune-related cytokines and cytotoxicmolecules
The serum samples were analyzed using the LEGENDplex™ Human
CD8/NK Panel multiplex bead array (BioLegend, San Diego, CA, USA).
After thawing the serum samples at room temperature, they were
processed according to the manufacturer’s instructions. Briefly, 25 µL
of each serum sample was mixed with pre-mixed beads coated with
antibodies specific to target molecules, including IL-2, IL-4, IL-6, IL-10,
IL-17A, IFN-γ, Fas, FasL, granzyme A, granzyme B, perforin, and gran-
ulysin. The samples were then incubated with biotinylated detection
antibodies, followed by the addition of PE-labeled streptavidin to
detect analytes bound to the beads. Finally, the samples were analyzed
using flow cytometry. The concentration of each analyte was deter-
mined by comparing the median fluorescence intensity (MFI) of the
beads to a standardcurvewith known concentrations. The resultswere
analyzed using the BioLegend LEGENDplex™ Data Analysis
Software Suite.

Bioinformatics analysis
In our study, the scRNA-seq dataset (GSE164449)22 of decidual CD45+
cells from 3 healthy pregnancies and 3 EPL patients was reanalyzed
using the Seurat R package (4.4.0). The cells were filtered on the basis
of the following criteria: >300 genes and a percentage of mitochon-
drial genes <20% in the droplet data. To eliminate batch effects due to
background contamination, a set of genes that tend to be expressed in
ambient RNA (PAEP, HBG1, HBA1, HBA2, HBM, AHSP, and HBG2) was
also removed. After filtering, the gene-barcode matrices of all the
samples were integrated to eliminate batch effects between different
donors. Specifically, data normalization was performed using Seurat’s
‘NormalizeData()’, and 3000 shared highly variable genes were iden-
tified using the ‘FindVariableFeatures()’ function. The data were then
scaled using the ‘ScaleData()’ function, and PCA dimensionality
reduction was performed using the ‘RunPCA()’ function, with data
integration using the Harmony package. PCA visualization elbow plots
were generated using the ‘ElbowPlot()’ function, and the top 21 prin-
cipal components were selected for principal component analysis and
uniform manifold approximation and projection (UMAP) dimension-
ality reduction. A nearest neighbor graph using 21 dimensions of PCA
reduction was computed with ‘FindNeighbors()’, and clustering was
performed at a resolution of 0.50 using the ‘FindClusters()’ function.
Conserved markers for each cluster were identified using ‘FindAll-
Markers()’, and machine annotation was conducted using the
scHCLlite package and the SingleR package. The cells were re-
annotated based on the basis of the markers identified in the origi-
nal publication and the results of machine annotation. To observe the
expression of CD11c in decidual CD8 +T cells in both groups, the
‘FeaturePlot()’ and ‘VlnPlot()’ functions in the Seurat package, aswell as
ggplot2, were used for visualization, and differential expression ana-
lysis was performed using the DEsingle package.

Additionally, SMART-seq2 transcriptome sequencing data (RNA-
seq) of CD11c +CD8 +T and CD11c-CD8 +T cell subsets from the per-
ipheral blood of 3 healthy donors were downloaded from the Gene
Expression Omnibus (GSE183022)18. We analyzed the DEGs between
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the two cell populations using the DESeq2 R package and the enhan-
cedVolcano R package. Heatmaps were generated using the Com-
plexHeatmap R package, and potential functional pathways were
analyzed through functional enrichment and annotation based on GO
and KEGG analyses via the ClusterProfiler R package. In the differential
expression analysis, genes with a fold change >2, P < 0.05, and FDR <
0.05 were considered significant. For the GO and KEGG analyses,
terms with P <0.05 were considered significant.

Statistical analysis
All data were processed using SPSS version 26.0 (IBM SPSS Statistics
for Windows, Armonk, NY, USA), GraphPad Prism version 8.0.
(GraphPad Software, San Diego, CA, USA) and Python 3.12.0 (New
Castle, DE, USA). The Kolmogorov-Smirnov test combined with his-
tograms, was used to test the normality of data distribution. For nor-
mally distributed continuous variables between two groups, an
independent t test (for unpaired data) and paired t test (for paired
data) were used for comparisons. For non-normally distributed data
between two groups, theMann-Whitney U test (for unpaired data) and
Wilcoxon signed-rank test (for paired data) were used. Categorical
variables were compared using the chi-square test or Fisher’s exact
test. For comparisons involving more than two groups, the one-way
ANOVA was used. Specificity and sensitivity were assessed using ROC
analysis. P <0.05 was considered statistically significant in all
analyses. All experiments were performed at least three times
independently.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Allmethods anddata supporting thefindings of this study are available
within the manuscript and its supplementary information. This study
did not generate new sequencing data. The scRNA-seq and bulk RNA-
seq datasets used in this study were obtained from publicly available
databases and can be accessed from the Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/) under the accession codes
GSE164449 and GSE183022. Source data are provided with this paper.

Code availability
The code used in this study is available on GitHub at https://github.
com/zzwang1030/scRNA_BP, and archived on Zenodo with the DOI:
10.5281/zenodo.1562216367.
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