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A unique immunotolerant microenvironment with Th2 bias in the decidua provides an essential security for successful pregnancy. The disorganized maternal-fetal immune tolerance contributes to more than 50% of unexplained recurrent spontaneous abortion (RSA). How the Th2 bias is developed at the maternal-fetal interface remains undefined. NR2F2, a member of steroid/thyroid nuclear receptor superfamily, is endowed with diverse importance in cell-fate specification, organogenesis, angiogenesis, and metabolism. Here, we showed that NR2F2 was absolutely highly expressed in decidual CD4+T(dCD4+T) cells, but not in peripheral circulating CD4+T cells during early pregnancy. Decidual NR2F2-expressing CD4+T cells dominantly produced Th2 cytokines. In unexplained RSA patients, NR2F2 expression in dCD4+T cells was significantly decreased, accompanied with disordered phenotype of dCD4+T cells. Furthermore, overexpression of NR2F2 promoted the Th2 differentiation of naive CD4+T cells. Immunoprecipitation experiment confirmed the binding relationship between GATA-3 and NR2F2, which implied GATA-3 may be an important interactive element involved in the immunoregulatory process of NR2F2. This study is the first to reveal a previously unappreciated role for NR2F2-mediated dCD4+T cells in maternal-fetal immune tolerance and maintenance of normal pregnancy, in the hope of providing a potential biomarker for prediction and prevention of clinical unexplained RSA.
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Introduction

The fantastic phenomenon is worthy to be explored that semi-allogeneic fetus can avoid the attack or rejection from the maternal immune system during successful pregnancy (1). Complicated immunoregulation is required to accurately create an immune-tolerant microenvironment at the fetal-maternal interface and maintain the process of pregnancy (2, 3). Once the maternal-fetal immune tolerance is disrupted, various pregnancy-related complications may be elicited, such as recurrent spontaneous abortion (RSA), pre-eclampsia, and fetal intrauterine growth restriction (4, 5). Among them, spontaneous abortion is the most common complication of gestation, occurring in about 15% of human pregnancies. Accumulating evidences have proved CD4+T cells are crucial in inducing and maintaining maternal-fetal tolerance. Some cohort studies demonstrate spontaneous abortion is correlated with the decreased proportions of decidual regulatory CD4+T cells (Tregs). Moreover, increased decidual CD4+T help (Th) 1/Th2 ratio and elevated Th17 proportions are detected in RSA. The excessive infiltration of effector CD4+T cells can elicit adverse pregnancy outcome (6–8). All the published data and hypothesis imply a unique characteristic in decidual resident CD4+ T cells (9, 10). Whether a representative immune marker or transcriptional regulatory molecule exists in decidual CD4+T cells (dCD4+ T) to explain the specific decidual phenotype remains unknown.

NR2F2 (nuclear receptor subfamily2, group F genes), also known as COUP-TF2 (chicken ovalbumin upstream promoter-transcription-factor), is extensively characterized as a transcription factor and belongs to the large steroid/thyroid nuclear receptor superfamily. The ligand for NR2F2 has not been identified. NR2F2 is endowed with diverse physiological importance in cell-fate specification, organogenesis, angiogenesis, and metabolism, as well as a variety of diseases (11, 12). The high expression of NR2F2 in developing spinal motor neurons indicates its regulatory roles in neuron differentiation. It is also expressed in the developing eye, developing olfactory bulb and forebrain (13). NR2F2 is reported to be closely related to tumor metastasis and metastasis regulation (14). In female reproductive system, NR2F2 is a key transcription factor for trophoblast syncytization and is necessary to maintain normal reproductive function of women. Placenta malformation and embryo implantation dysfunction were detected in NR2F2 deficient mice (15). While the expression and function of NR2F2 in decidual immune cells has not been reported yet.

In the present study, we first detected the expression of NR2F2 in dCD4+ T cells and peripheral CD4+ T (pCD4+ T) cells. Interestingly, significant difference was observed between them. Then, the number of NR2F2+ dCD4+ T cells in normal pregnancies (NP) and RSA were compared. Next, we analyzed the cytokine profile of NR2F2+ and NR2F2- dCD4+ T cells. Moreover, we investigated the role of NR2F2 in promoting the Th2 differentiation, accompanied with the inhibition of Th1 bias via the overexpression of NR2F2 in naive CD4+ T cells. Finally, we observed the relationship between GATA-3 and NR2F2. Our data provide evidence that the transcriptional factor NR2F2 plays an important role in the maintenance of successful pregnancy through the regulation of dCD4+ T cells differentiations and functions, which provides a new insight to explain how the unique characteristics of dCD4+T cells are formed.



Materials and Methods


Reagents and Human Samples

Human decidual tissue samples were obtained from healthy women (terminated for nonmedical reasons, had at least one successful pregnancy and no history of spontaneous abortions, gestational age 6–12weeks, n = 30) undergoing elective termination of pregnancy. Decidual tissue samples were also obtained from women with unexplained RSAs that occurred during the first trimester of pregnancy (The diagnostic criteria of RSA utilized in this study is patients undergoing spontaneous abortion who also had a history of two or more consecutive spontaneous abortions before 12 weeks gestation without known causes, and excluding those resulting from endocrine, anatomic, genetic abnormalities, infection, etc. gestational age 6–12 weeks, n= 20). The peripheral blood leukocytes were collected at the same time. The demographic and obstetrical characteristics of enrolled participants in NP and RSA groups are summarized in Table 1. In addition, umbilical cord blood was collected from women with full-term pregnancy (gestational age 40-42 weeks, n = 6). All procedures were approved by the Human Research Ethics Committee of the Obstetrics and Gynecology Hospital of Fudan University (No. Kyy2016-4) (Shanghai, China). All participants provided written prior informed consent. All methods were conducted in accordance with the approved guidelines.


Table 1 | Demographic and obstetrical characteristics of enrolled participants.





Isolation of Mononuclear Cells From the Decidua, Peripheral and Umbilical Blood

Decidual lymphocytes and peripheral blood leukocytes were isolated as previously described (16, 17). Briefly, the endometrial tissues of the first trimester were minced (2–3-mm pieces) and digested with 1.0 mg/ml collagenase type IV (0.1%; Sigma-Aldrich, USA) and 300 μg/ml DNase I (Sigma–Aldrich, USA) for 30-60 min at 37°C. The dispersed cells were then filtered through 100-, 300- and 400-mesh wire sieves. Cells were re-suspended in phosphate-buffered saline (PBS), layered on a discontinuous Percoll density gradient (20%/40%/60%; GE Healthcare, U.S.A.) and centrifuged for 20 min at 800×g. Lymphocytes were isolated from the 40%/60% Percoll interface, and both were washed twice in PBS. Peripheral blood mononuclear cells (PBMC) and umbilical cord  blood mononuclear cells (UBMC) were isolated using Ficoll (GE Healthcare, U.S.A.) density gradient centrifugation (20 min, 800×g).



Sorting of Total CD4+T Cells and Naive CD4+T Cells

The isolated mononuclear lymphocytes from both the decidua and peripheral blood were directly stained for sorting. For FACS sorting, they were incubated with conjugated mouse anti-human antibodies, including CD3-FITC (BioLegend, UK) and CD4-APC (BioLegend, UK), for 30 min at 4°C. After incubation, they were treated with LIVE/DEAD® Fixable Aqua Dead Cell Stain (Invitrogen Life Technologies, U.S.A.) for 10 min. CD3+CD4+ cells were sorted on a BD FACS Aria-II machine to obtain a purity > 95%. The other mononuclear lymphocytes from the decidua and PBMC were sorted with CD4 MicroBeads (MiltenyiBiotec, Germany), according to the manufacturer’s instructions. To collect the naive CD4+T cells, the mononuclear lymphocytes from umbilical blood were sorted with human naive CD4 MicroBeads (MiltenyiBiotec, Germany), according to the manufacturer’s instructions.



mRNA-Seq Data Analysis

For transcriptomic data, statistical analysis was performed in the R version 4.0.3. Differential expression was computed with limma, and the moderated t-test was used for each comparison. False discovery rate (FDR)-adjusted p-values were calculated with the Benjamini–Hochberg method. We considered transcripts as differentially expressed if the adjusted p-value was <0.05 and the Log2(Fold Change) >1. Volcano plot and heatmap with hierarchical clustering was performed using ggplot2 and pheatmap package. Differentially expressed genes between different groups were subjected to functional enrichment analyses and GO analyses to illustrate their functional characteristics and mechanism respectively, using clusterProfiler and pathview package with cut-off values of adjusted p-value <0.05.



Th1 and Th2 Cell Differentiation

CD4+ naive T cells isolated from UBMC were stimulated with anti-CD3 plus anti- CD28 mAbs (R&D, U.S.A.) at a cell to bead ratio of 1:1. For Th1 differentiation, IL-12(10 ng/ml, Peprotech, U.S.A.) and anti-IL-4 (10μg/ml, Biolegend, UK) was added to the culture system. Cells were collected after 5 days stimulation. For Th2 differentiation, CD4+ naive T cells were treated with IL-4(20 ng/ml, Peprotech, U.S.A.) and anti-IFN-γ (10μg/ml, Biolegend, UK) and cells were collected 1 week later. The collected cells were evaluated by flow cytometry analysis of intracellular cytokines after polyclonal stimulation.



Flow Cytometry

Cell surface and intracellular molecular expressions were evaluated by flow cytometry using CytoFLEX (Beckman Coulter, U.S.A.). Fluorescein-conjugated mouse anti-human antibodies were used, including CD3-FITC/PE, CD4-FITC/APC, IFN-γ-PE-CY7/PE, TNF-α-PE-CY7, IL-4-PE/PE-CY7/BV421, IL-5-BV421, IL-13-BV421, T-bet-PE-CY7 and GATA-3-BV421 (Biolegend, UK). Anti-human antibodies NR2F2(Abcam, UK) were binding with fluorescent agent APC (Biolegend, UK) according to the manufacturer’s introduction. For cell-surface staining, single-cell suspensions were stained on ice for 30 min in PBS with 1% fetal bovine serum (FBS). For intracellular staining, cells were fixed and permeabilized using the Fix/Perm kit (Biolegend, UK). To detect intracellular cytokines, CD4+T cells were stimulated for 4 h with phorbol 12-myristate 13-acetate (PMA; 1 μg/mL; Sigma) and ionomycin (1 μg/mL; Sigma), and 4 h with GolgiStop (1 μL/mL; BD Biosciences) in a round-bottom 96-well plate. Thereafter, cells were harvested, stained for surface expression, and then fixed and permeabilized for intracellular staining. Flow cytometry data was analyzed using FlowJo software (BD, UK) and CytoExpert software (Beckman Coulter, U.S.A.).



Plasmid Overexpression and Lentivirus Infection

NR2F2 and GATA-3 overexpressed plasmid and negative control plasmid (Ctrl) were transfected into 293T cells by liposome transient transfection. Transfected cells were incubated for 24 h at 37°C and then collected for further study. Naive CD4+T cells were infected with NR2F2 lentivirus specialized for suspension cells (NM_138554, Shanghai Genechem Co., Ltd.), according to the manufacturer’s instructions.



Exogenous and Endogenous Co-Immunoprecipitation

For exogenous co-immunoprecipitation, 293T cells were washed with 1X PBS and PBS was clearly removed. Then, 300μl lysis buffer was added. After lysis, centrifugation was performed at 12000rpm/10min at 4°C, and supernatant was taken as input and the others were considered as samples. 1μg anti-HA or anti-Flag antibody (Cell Signaling Technology, U.S.A.) was added to samples and incubated overnight at 4°C. 10 μl protein A/G-plus agarose beads (Promega, U.S.A) were added to each tube sample respectively and rotated for 1h at 4°c. After 6 times wash with wash buffer, loading buffer was added for western detection. For endogenous co-immunoprecipitation, dCD4+ T cells were cultured to 5-10 million and washed once with 1X PBS. 100μl RIPA was added to lyse the cells for about 1 hour. Protease inhibitors (Sigma, U.S.A.) were added to the lysate. After lysis, centrifugation was performed at 12000rpm/10min. Supernatant was taken as input and the others were divided into two parts. One part was added with 1μg anti-GATA-3 (Santa Cruzes, U.S.A), and the other part was added with 1μg IgG. Samples were incubated overnight at 4°C. Then washed protein A/G beads (Promega, U.S.A) were added into the samples (5-10μl beads per sample) for 1-2h at 4°C. After incubation, RIPA was used to wash off the non-specific binding protein. Finally, the the remaining RIPA was removed and loading buffer was added for further use.



Western Blotting Analysis

After denaturation, equal amounts of protein were separated via SDS-polyacrylamide gel electrophoresis (PAGE) before wet transfer onto polyvinylidene difluoride membranes. Nonspecific binding sites were blocked by incubating the membranes with 5% bovine serum albumin in Tris-buffered saline with 0.1% Tween 20 (TBS-T) for 1 h. Then, the membranes were incubated overnight at 4°C with primary antibodies (1:1000) against HA (1:1000, Cell Signaling Technology, U.S.A.), Flag (1:1000, Cell Signaling Technology, U.S.A.) and NR2F2 (1:1000, Abcam, U.S.A.). Subsequently, membranes were incubated with appropriate horseradish peroxidase-conjugated anti-rabbit (1:5000, Arigo, China) or anti-mouse IgG secondary antibodies (1:5000, Arigo, China) for 1 h at room temperature. After three washes with TBS-T, immunopositive bands on the blots were visualized by using the enhanced chemiluminescence detection system (Amersham Imager600, GE, USA).



Statistical Analysis

Prism 6 software (GraphPad) was used for data analysis. Statistical significance was determined using Student’s t-test for 2-group or one-way ANOVA for multiple group comparisons. All the data were proved to be normal distributed according to the Kolmogorov-Smirnov test. The data were presented as mean ± SEM. Statistical significance was attained when P < 0.05.




Results


Transcriptional Factor Related-Gene Expression Profile Between Decidual CD4+T Cells and Peripheral CD4+T Cells From NP or RSA

To assess the signatures of gene expression in dCD4+ T cells of the first trimester, we performed high-throughput mRNA-Seq for paired dCD4+ T cells and pCD4+ T cells from the same participant of NP. At the same time, dCD4+ T cells derived from RSA and NP were compared via mRNA-seq.

We first demonstrated the differentially expressed genes between dCD4+ T cells from RSA and NP by means of a heatmap (left). The differential genes between dCD4+ T cells and pCD4+ T cells from NP were also depicted in the right heatmap (Figure 1A). We observed a total of 2826 differentially expressed genes, with 1666 genes being upregulated and 1160 genes being downregulated in dCD4+ T cells from RSA compared with NP. 1621 differentially expressed genes were discovered with 1482 genes being upregulated and 139 genes being downregulated in dCD4+ T cells compared with pCD4+ T cells. GO analysis illustrated that differentially expressed genes were mainly involved in neutrophil activation and immune response of Biological Process (Figure 1B). Then we filtered the transcriptional factors in these differential genes. As shown in Figure 1C, 51 upregulated and 54 downregulated transcriptional factor genes were found in early RSA dCD4+ T cells compared with NP. Moreover, 279 upregulated and 96 downregulated transcriptional factor genes were found in NP- dCD4+ T cells compared with pCD4+ T cells from the same participant. With the combination result of Volcano plot (Figure 1D) and Venn diagram (Figure 1E) of differentially expressed transcriptional factor genes, we found NR2F2 was the most prominent gene which showed higher abundance in dCD4+T compared with pCD4+T cells and were downregulated in abortion dCD4+ T cells compared with NP. Accordingly, NR2F2 was selected as a candidate molecule related to immunoregulation.




Figure 1 | Transcriptional analysis of CD4+ T cells from peripheral blood and decidua. (A) Heatmap result of an unsupervised hierarchical clustering of genes that is significantly different (p < 0.01) in dCD4+ T cell samples from RSA compared with dCD4+ T cells from NP (left). Heatmap result of differential gene in samples of dCD4+ T cells compared with samples of pCD4+ T cells from NP (right). Each column represents a patient (blue: NP-dCD4+ T cells, red: RSA- dCD4+ T or NP-pCD4+ T cells), and each row represents a gene. The heatmap indicates the level of row normalized gene expression. Red = high expression; Blue = low expression. (B) GO analysis of differentially expressed genes. (C) 51 upregulated and 54 downregulated transcriptional factor genes in 2826 differentially expressed genes of early RSA dCD4+ T cells. And 279 upregulated and 96 downregulated transcriptional factor genes in 1621 differentially expressed genes of NP dCD4+ T cells. (D) Volcano plot and (E) Venn diagram of differentially expressed transcriptional factor genes; orange and purple points mark the genes with significantly increased or decreased expression, respectively, in samples of dCD4+ T cells from RSA compared with dCD4+ T cells from NP (FDR < 0.01, left). Volcano plot in samples of dCD4+ T cells compared with samples of pCD4+ T cells from NP (FDR < 0.01, right). The x-axis shows Log2 (Fold Change) in expression, and the y-axis shows the Log10 (Adjusted p-value) of a gene being expressed differentially. In both data sets, NR2F2 is the top-ranked gene.





The Differential Expression of NR2F2 Between Decidual CD4+T Cells and Peripheral CD4+T Cells From NP or RSA

To confirm the data from bioinformatics analysis, we first analyzed the expression of NR2F2 in dCD4+ T cells. The results in Figure 2A showed that approximately 15% of dCD4+ T cells expressed NR2F2. We also detected the expression of NR2F2 on pCD4+T and found only 0.1% positive percentage (Figure 2A). NR2F2+ CD4+ T cells increased almost 100-fold changes in decidua over peripheral blood, suggesting a possibility that NR2F2 may play a role in forming a decidual specific phenotype of CD4+T cells (Figure 2B). To obtain further evidence for the role of NR2F2 in dCD4+ T cells function during early pregnancy, NR2F2 expression was detected in dCD4+ T cells derived from NP and RSA. Compared with NP, the percentage of NR2F2+ dCD4+ T cells was significantly decreased in RSA (Figures 2C, D), suggesting the essential roles of NR2F2+ dCD4+ T cells in successful pregnancy.




Figure 2 | NR2F2 expression in decidual CD4+ T cells during early pregnancy. (A) Representative image showing the analysis of NR2F2 expression in dCD4+ T and pCD4+ T cells during the first trimester. (B) Relative number of NR2F2+ CD4+ T cells in gated CD3+CD4+decidual and peripheral immune T cells (n=30). Data are presented as the mean ± SEM. ***P < 0.001. (C) Representative image showing the analysis of NR2F2 expression in dCD4+ T cells from NP and RSA during the first trimester. (D) Relative number of NR2F2+ CD4+ T cells from NP(n=30) and RSA (n=20). Data are presented as the mean ± SEM. ***P < 0.001.





Decidual NR2F2+ CD4+T Cells Display the Features of Th2 Phenotypes

To explore whether there is a correlation between NR2F2 expression and the functional status of dCD4+ T cells, the secretion of immune-related cytokines was assessed by FACS. As shown in Figure 3A, the production of Th1-type TNF-α and IFN-γ was obviously lower in NR2F2+ dCD4+ T cells compared with the corresponding NR2F2- dCD4+ T cell subpopulation (Figures 3A, B). On the contrary, the abundance of Th2-type cytokines IL-4, IL-5 and IL-13 was notably high in NR2F2+ dCD4+ T cells (Figures 3C, D). Thus, dCD4+ T cells expressing NR2F2 are more advantageous to Th2 bias at the maternal-fetal interface than NR2F2- dCD4+ T cells.




Figure 3 | NR2F2+ decidual CD4+ T cells display a Th2 shift. The relative amounts of Th1-type cytokines (A, B) and Th2-type cytokines (C, D) in gated total dCD4+ T cells, NR2F2-dCD4+ T cells and NR2F2+ dCD4+ T cells, respectively, are shown. Data in the right are presented as the mean ± SEM(n=10). *P < 0.05, **P < 0.01, and ***P < 0.001.





NR2F2 Promotes Th2 Cell Differentiation and Attenuates Th1 Bias

To assess a direct role of NR2F2 in CD4+T cell differentiation, NR2F2 was overexpressed in naive CD4+T cells isolated from UBMC via viral infection which also expressed GFP. Gating strategies were shown in Figure 4A. Naive CD4+T cells were cultured in the presence of IL-12 and anti-IL-4 to mimic the process of Th1 differentiation in vitro. FACS analysis demonstrated that, compared to the CD4+T cells infected with control lentivirus, there was a significantly lower frequency of CD4+IL-4-IFN-γ+ Th1 cells in the NR2F2 overexpressed groups (Figure 4B). While no obvious differences of IL-4 expression were detected between these two groups, probably due to the dim production during Th1 differentiation (Figure 4B). We further examined whether NR2F2 can promote the Th2 bias. Naive CD4+T cells were stimulated with IL-4 and anti-IFN-γ to simulate the Th2 differentiation together with NR2F2 overexpression or not. As expected, the differentiation of CD4+IL-4+IFN-γ- Th2 cells was dramatically increased with the upregulation of NR2F2 (Figure 4C). The production of IFN-γ during Th2 differentiation was also calculated, while there was no statistical significance (Figure 4C). It is worth noting that there was no significant difference in the expression of T-bet or GATA-3 between the NR2F2-overexpressed CD4+T cells and control group whether in the process of Th1 or Th2 differentiation (Figures 4D, E). Moreover, the proportions of GATA-3 in Th1 skewing and T-bet in Th2 bias showed no visible variance between the two groups (Figures 4F, G). These findings demonstrate that NR2F2 can help to promote naive CD4+T cells differentiation to Th2 without altering the expression level of classic Th differentiation related transcription factors, such as T-bet and GATA-3.




Figure 4 | NR2F2 promotes Th2 differentiation with the inhibition of Th1 skewing. Naive CD4+ T cells from UBMC were infected with NR2F2 overexpressed-lentivirus which also expressed GFP. (A) Gating strategy of naive CD4+ T cells from UBMC, CD4+ GFP+ cells were used for further analysis. (B) UBMC naive CD4+ T cells were in vitro cultured in the presence of anti-CD3 plus anti- CD28 mAbs and of IL-12 and anti-IL-4 for Th1 differentiation. After 5 days, cells were harvested and evaluated by flow cytometry. (C) UBMC naive CD4+ T cells were in vitro treated with IL-4 and anti-IFN-γ for Th2 differentiation and cells were collected 7 days later for flow cytometry detection. (D) The expression of T-bet was detected during Th1 differentiation by flow cytometry. (E) The expression of GATA-3 was detected during Th2 differentiation by flow cytometry. (F) The expression of GATA-3 was detected during Th1 differentiation by flow cytometry. (G) The expression of T-bet was detected during Th2 differentiation by flow cytometry. Data are presented as the mean ± SEM (n = 6). *P < 0.05; ns, not significant.





NR2F2 Binds to GATA-3 in Decidual CD4+ T Cells

GATA-3 is widely accepted as a master transcription factor for Th2 skewing. As mentioned above, NR2F2 failed to alter the expression of GATA-3 during Th2 differentiation. We speculated that NR2F2 could promote the transcriptional activity of GATA-3 via direct interaction. We therefore investigated the relationship between NR2F2 and GATA-3. The result in Figure 5A implied higher enrichment of NR2F2 in GATA-3+CD4+ T cells compared with GATA-3 negative subset. Exogenous and endogenous co-immunoprecipitation were uesd to further confirm the interaction between these two transcriptional factors. As shown in Figure 5B, we detected the exogenous interaction of GATA-3 and NR2F2 in 293T cells 24h after the transfection with GATA-3 and NR2F2 plasmids. We also performed endogenous co-immunoprecipitation in dCD4+T cells and the result revealed the binding association between them (Figure 5C). These data suggest that NR2F2 may promote the activity of GATA-3 via the direct interaction to involve into the regulation of Th2 bias of dCD4+ T cells.




Figure 5 | NR2F2 is associated with GATA-3 in decidual CD4+ T cells. (A) Representative and quantitative images of GATA-3 proportions in NR2F2+ and NR2F2- (B) Representative images of exogenous immune co-precipitation between NR2F2 and GATA-3 in 293T cells which infected with plasmid of NR2F2-Flag or GATA-3-HA for 24h. (C) Representative images of endogenous immune co-precipitation between NR2F2 and GATA-3 in dCD4+ T cells. ***P < 0.001.






Discussion

CD4+ T cells are thought to play a pivotal role in the establishment and maintenance of pregnancy (9). Some subsets of T cells are thought to protect the placenta from immune rejection and facilitate embryo implantation, while others are considered to be the main culprits for some pathological pregnancies (1). The disturbed subset balance and cytokine secretion profile are closely associated with adverse pregnant outcome (18). Effector CD4+T cells are divided into multiple subsets characterized by the presence of specific transcription factor and cytokine production, mainly including Th1, Th2, Th17, and Treg cells. Their differentiation is controlled by the following lineage-specific master transcription factors: T-bet for Th1, GATA-3 for Th2, ROR-γt for Th17, and Foxp3 for Treg (19).

In 1990s, researchers firstly suggested that successful pregnancy in mice was associated with a predominant Th2 cytokine profile and that Th1 cytokines were detrimental to pregnancy (20, 21). The dysregulation expression of the Th1-type cytokine TNF-α was shown to lead to the fetal loss in mice (22). With the deepening of research, compelling evidence from human clinical trials reveals the prominent Th2 type response at fetal-maternal interface may contribute to pregnancy maintenance, development of the placenta, and survival of the fetus (23). Moreover, a decreased production of Th2 cytokines and a marked Th1 bias by decidual T cells of women with RSA was observed (24, 25). Fetus, carrying father’s antigen, is a classic semi-allograft. The Th1-type cytokines, which promote allograft rejection, may compromise pregnancy, whereas the Th2-type cytokines, by inhibiting Th1 responses, seems to be central for the induction and the maintenance of allograft tolerance and therefore may improve fetal survival (26). Leukemia inhibitory factor (LIF) is essential for embryo implantation. Th2 cytokine environment can protect trophoblast functions via the upregulation of LIF (27). However, the committed Th1 polarization blocking Tregs differentiation can trigger antigen specific fetal loss in RSA patients (28, 29).

Skewing CD4+T cell toward a Th2 phenotype provides an alternative, less potentially embryotoxic differentiation state for CD4+T cells in comparison to Th1 cells, and seems to be crucial in maternal immune adaption, yet underlying mechanisms remain a great extent obscure (30, 31). A range of recent studies focused on the mechanism of decidual Th2 dominance. For example, hormones could be responsible for the cytokine profile of the T cells, because progesterone is a potent inducer of Th2 cytokines of decidual T cells (32). The inhibitory checkpoint proteins TIM-3, PD-1and CTLA-4 are also reported to play crucial roles in Th2 dominance during early pregnancy (9, 33). However, none of them can explain the Th2 bias from the upstream signaling pathway. As dCD4+ T cells are highly differentiated and demonstrate a unique transcriptional profile characterized by various transcriptional factors, a specific upstream regulatory marker of dCD4+ T cells remains to be explored.

To discover the regulatory marker, high-throughput mRNA-Seq was performed for dCD4+ T cells derived from RSA and NP. Another was utilized between paired dCD4+ T cells and pCD4+ T cells from the same participant of NP. 2826 and 1621 differential genes were separately screened out from these two bioinformatic results. Among them, there were 105 and 375 transcription factors with differences, respectively. After intersection, 31 differential TFs (including NR2F2) were left which showed downregulation in abortion dCD4+ T cells compared with NP and upregulation in normal dCD4+ T compared with normal pCD4+ T cells. Thinking of the higher expression of NR2F2 in dCD4+T compared with pCD4+ T cells and the decreased expression of NR2F2 in abortion dCD4+ T cells compared with NP, we focused on NR2F2 for further study.

NR2F2 is expressed in the mesenchymal tissue of many organs that require mesenchymal-epithelial interactions for their development, suggesting a very important role during organogenesis (13, 34). NR2F2 is also observed in tumor infiltrating tissue and participates in metastasis regulation (14). At the fetal-maternal interface, NR2F2 is highly expressed in decidual stromal cells and is a key transcription factor for trophoblast syncytization (35). Placenta malformation and embryo implantation dysfunction are detected in NR2F2 deficient mice (15). Published literatures demonstrate the critical function of NR2F2 during the sexual differentiation of female embryo (36, 37). However, the expression and function of NR2F2 in dCD4+ T cells has not been reported before. In this study, we demonstrated that approximately 15% of dCD4+ T cells expressed NR2F2. While the expression in pCD4+ T cells was rare. NR2F2 positive subset displayed high levels of Th2-type cytokine production but low levels of Th1-type cytokine production. Interestingly, dCD4+ T cells from RSA showed a downregulation of NR2F2. Our data demonstrated that NR2F2 may be conducive to a Th2-predominant environment and used as an important marker for dCD4+ T cells. Here, we found that NR2F2 overexpression promoted Th2 differentiation and potentiated the inhibition of Th1 bias. It is generally accepted that GATA-3 is a master transcription factor for Th2 skewing. We speculated that NR2F2 could mediate Th differentiation via the interaction with GATA-3. Results from exogenous and endogenous co-immunoprecipitation confirmed the interaction between these two transcriptional factors.

Collectively, our study demonstrates that NR2F2 is preferential expressed in dCD4+ T cells compared with peripheral blood during early pregnancy. The upregulated expression of NR2F2 promotes Th2 differentiation with the inhibition of Th1 skewing via binding GATA-3. The population of decidual NR2F2+CD4+T cells displays Th2-like phenotype, producing higher level of Th2 cytokines while lower level of Th1 cytokines. In RSA patients, the expression of NR2F2 in decidual CD4+T cells is decreased, failing to induce Th2 differentiation via binding GATA-3. These data indicate that deficient expression of NR2F2 in dCD4+T cells may be the potential cause of pregnancy failure. The binding relationship between NR2F2 and GATA-3 may help to explain the unique Th2 dominance in dCD4+ T cells (Figure 6).




Figure 6 | The role of NR2F2 in mediating decidual Th2 bias and pregnancy maintenance. The transcription factor NR2F2 is dominantly expressed in decidual CD4+T cells during early pregnancy. The upregulated expression of NR2F2 promotes Th2 differentiation with the inhibition of Th1 skewing via binding GATA-3. The population of decidual NR2F2+CD4+T cells displays Th2-like phenotype, producing higher level of Th2 cytokines with lower level of Th1 cytokines. In RSA patients, the expression of NR2F2 in decidual CD4+T cells is decreased, failing to induce Th2 differentiation via binding GATA3.





Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article.



Ethics Statement

The studies involving human participants were reviewed and approved by the Human Research Ethics Committee of the Obstetrics and Gynecology Hospital of Fudan University (No. Kyy2016-4). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

YKL and DZ designed and performed experiments and drafted the manuscript. YaL and YuL analyzed and interpreted the data. MD was responsible for the conception and design of this project. MD and BL revised the manuscript and provided overall direction. All authors contributed to the article and approved the submitted version.



Funding

The work is supported by the National Key R&D Program of China (2017YFC1001403), the National Nature Science Foundation of China (31970859 and 81630036), International cooperation project between Macao and Shanghai Municipal Commission of science and technology (20410760300), The Strategic Collaborative Research Program of the Ferring Institute of Reproductive Medicine Supported by, Ferring Pharmaceuticals and Chinese Academy of Sciences (FIRMX200504).



Acknowledgments

We thank all the members in our laboratory for their help, and thank Dan Li for technical support.



References

1. Erlebacher, A. Immunology of the maternal-fetal interface. Annu Rev Immunol (2013) 31:387–411. doi: 10.1146/annurev-immunol-032712-100003

2. Xu, X, Zhou, Y, and Wei, H. Roles of HLA-G in the Maternal-Fetal Immune Microenvironment. Front Immunol (2020) 11:592010. doi: 10.3389/fimmu.2020.592010

3. Du, MR, Wang, SC, and Li, DJ. The integrative roles of chemokines at the maternal-fetal interface in early pregnancy. Cell Mol Immunol (2014) 11(5):438–48. doi: 10.1038/cmi.2014.68

4. Fu, B, Tian, Z, and Wei, H. TH17 cells in human recurrent pregnancy loss and pre-eclampsia. Cell Mol Immunol (2014) 11(6):564–70. doi: 10.1038/cmi.2014.54

5. Hviid, TV. HLA-G in human reproduction: aspects of genetics, function and pregnancy complications. Hum Reprod Update (2006) 12(3):209–32. doi: 10.1093/humupd/dmi048

6. Hu, M, Eviston, D, Hsu, P, Marino, E, Chidgey, A, Santner-Nanan, B, et al. Decreased maternal serum acetate and impaired fetal thymic and regulatory T cell development in preeclampsia. Nat Commun (2019) 10(1):3031. doi: 10.1038/s41467-019-10703-1

7. Kahn, DA, and Baltimore, D. Pregnancy induces a fetal antigen-specific maternal T regulatory cell response that contributes to tolerance. Proc Natl Acad Sci USA (2010) 107(20):9299–304. doi: 10.1073/pnas.1003909107

8. Salvany-Celades, M, van der Zwan, A, Benner, M, Setrajcic-Dragos, V, Bougleux Gomes, HA, Iyer, V, et al. Three Types of Functional Regulatory T Cells Control T Cell Responses at the Human Maternal-Fetal Interface. Cell Rep (2019) 27(9):2537–47 e5. doi: 10.1016/j.celrep.2019.04.109

9. Wang, S, Zhu, X, Xu, Y, Zhang, D, Li, Y, Tao, Y, et al. Programmed cell death-1 (PD-1) and T-cell immunoglobulin mucin-3 (Tim-3) regulate CD4+ T cells to induce Type 2 helper T cell (Th2) bias at the maternal-fetal interface. Hum Reprod (2016) 31(4):700–11. doi: 10.1093/humrep/dew019

10. Robertson, SA, Care, AS, and Moldenhauer, LM. Regulatory T cells in embryo implantation and the immune response to pregnancy. J Clin Invest (2018) 128(10):4224–35. doi: 10.1172/JCI122182

11. Lin, FJ, Qin, J, Tang, K, Tsai, SY, and Tsai, MJ. Coup d’Etat: an orphan takes control. Endocr Rev (2011) 32(3):404–21. doi: 10.1210/er.2010-0021

12. Polvani, S, Pepe, S, Milani, S, and Galli, A. COUP-TFII in Health and Disease. Cells (2019) 9(1). doi: 10.3390/cells9010101

13. Zhou, X, Liu, F, Tian, M, Xu, Z, Liang, Q, Wang, C, et al. Transcription factors COUP-TFI and COUP-TFII are required for the production of granule cells in the mouse olfactory bulb. Development (2015) 142(9):1593–605. doi: 10.1242/dev.115279

14. Qin, J, Chen, X, Xie, X, Tsai, MJ, and Tsai, SY. COUP-TFII regulates tumor growth and metastasis by modulating tumor angiogenesis. Proc Natl Acad Sci USA (2010) 107(8):3687–92. doi: 10.1073/pnas.0914619107

15. Petit, FG, Jamin, SP, Kurihara, I, Behringer, RR, DeMayo, FJ, Tsai, MJ, et al. Deletion of the orphan nuclear receptor COUP-TFII in uterus leads to placental deficiency. Proc Natl Acad Sci USA (2007) 104(15):6293–8. doi: 10.1073/pnas.0702039104

16. Wang, S, Chen, C, Li, M, Qian, J, Sun, F, Li, Y, et al. Blockade of CTLA-4 and Tim-3 pathways induces fetal loss with altered cytokine profiles by decidual CD4(+)T cells. Cell Death Dis (2019) 10(1):15. doi: 10.1038/s41419-018-1251-0

17. Schmitt, N, and Ueno, H. Regulation of human helper T cell subset differentiation by cytokines. Curr Opin Immunol (2015) 34:130–6. doi: 10.1016/j.coi.2015.03.007

18. Guo, PF, Du, MR, Wu, HX, Lin, Y, Jin, LP, and Li, DJ. Thymic stromal lymphopoietin from trophoblasts induces dendritic cell-mediated regulatory TH2 bias in the decidua during early gestation in humans. Blood (2010) 116(12):2061–9. doi: 10.1182/blood-2009-11-252940

19. Zhou, L, Chong, MM, and Littman, DR. Plasticity of CD4+ T cell lineage differentiation. Immunity (2009) 30(5):646–55. doi: 10.1016/j.immuni.2009.05.001

20. Wegmann, TG, Lin, H, Guilbert, L, and Mosmann, TR. Bidirectional cytokine interactions in the maternal-fetal relationship: is successful pregnancy a TH2 phenomenon? Immunol Today (1993) 14(7):353–6. doi: 10.1016/0167-5699(93)90235-D

21. Piccinni, MP, Beloni, L, Livi, C, Maggi, E, Scarselli, G, and Romagnani, S. Defective production of both leukemia inhibitory factor and type 2 T-helper cytokines by decidual T cells in unexplained recurrent abortions. Nat Med (1998) 4(9):1020–4. doi: 10.1038/2006

22. Clark, DA, Yu, G, Arck, PC, Levy, GA, and Gorczynski, RM. MD-1 is a critical part of the mechanism causing Th1-cytokine-triggered murine fetal loss syndrome. Am J Reprod Immunol (2003) 49(5):297–307. doi: 10.1034/j.1600-0897.2003.00045.x

23. Nahum, R, Brenner, O, Zahalka, MA, Traub, L, Quintana, F, and Moroz, C. Blocking of the placental immune-modulatory ferritin activates Th1 type cytokines and affects placenta development, fetal growth and the pregnancy outcome. Hum Reprod (2004) 19(3):715–22. doi: 10.1093/humrep/deh099

24. Hill, JA, Polgar, K, and Anderson, DJ. T-helper 1-type immunity to trophoblast in women with recurrent spontaneous abortion. JAMA (1995) 273(24):1933–6. doi: 10.1001/jama.273.24.1933

25. Arck, PC, and Hecher, K. Fetomaternal immune cross-talk and its consequences for maternal and offspring’s health. Nat Med (2013) 19(5):548–56. doi: 10.1038/nm.3160

26. Zhu, XY, Zhou, YH, Wang, MY, Jin, LP, Yuan, MM, and Li, DJ. Blockade of CD86 signaling facilitates a Th2 bias at the maternal-fetal interface and expands peripheral CD4+CD25+ regulatory T cells to rescue abortion-prone fetuses. Biol Reprod (2005) 72(2):338–45. doi: 10.1095/biolreprod.104.034108

27. Piccinni, MP, Scaletti, C, Vultaggio, A, Maggi, E, and Romagnani, S. Defective production of LIF, M-CSF and Th2-type cytokines by T cells at fetomaternal interface is associated with pregnancy loss. J Reprod Immunol (2001) 52(1-2):35–43. doi: 10.1016/S0165-0378(01)00111-5

28. Du, MR, Guo, PF, Piao, HL, Wang, SC, Sun, C, Jin, LP, et al. Embryonic trophoblasts induce decidual regulatory T cell differentiation and maternal-fetal tolerance through thymic stromal lymphopoietin instructing dendritic cells. J Immunol (2014) 192(4):1502–11. doi: 10.4049/jimmunol.1203425

29. Xin, L, Ertelt, JM, Rowe, JH, Jiang, TT, Kinder, JM, Chaturvedi, V, et al. Cutting edge: committed Th1 CD4+ T cell differentiation blocks pregnancy-induced Foxp3 expression with antigen-specific fetal loss. J Immunol (2014) 192(7):2970–4. doi: 10.4049/jimmunol.1302678

30. Weetman, AP. The immunology of pregnancy. Thyroid (1999) 9(7):643–6. doi: 10.1089/thy.1999.9.643

31. Du, MR, Dong, L, Zhou, WH, Yan, FT, and Li, DJ. Cyclosporin a improves pregnancy outcome by promoting functions of trophoblasts and inducing maternal tolerance to the allogeneic fetus in abortion-prone matings in the mouse. Biol Reprod (2007) 76(5):906–14. doi: 10.1095/biolreprod.106.056648

32. Piccinni, MP, Giudizi, MG, Biagiotti, R, Beloni, L, Giannarini, L, Sampognaro, S, et al. Progesterone favors the development of human T helper cells producing Th2-type cytokines and promotes both IL-4 production and membrane CD30 expression in established Th1 cell clones. J Immunol (1995) 155(1):128–33.

33. Hu, XH, Tang, MX, Mor, G, and Liao, AH. Tim-3: Expression on immune cells and roles at the maternal-fetal interface. J Reprod Immunol (2016) 118:92–9. doi: 10.1016/j.jri.2016.10.113

34. Yu, CT, Tang, K, Suh, JM, Jiang, R, Tsai, SY, and Tsai, MJ. COUP-TFII is essential for metanephric mesenchyme formation and kidney precursor cell survival. Development (2012) 139(13):2330–9. doi: 10.1242/dev.076299

35. Hubert, MA, Sherritt, SL, Bachurski, CJ, and Handwerger, S. Involvement of transcription factor NR2F2 in human trophoblast differentiation. PloS One (2010) 5(2):e9417. doi: 10.1371/journal.pone.0009417

36. Zhao, F, Franco, HL, Rodriguez, KF, Brown, PR, Tsai, MJ, Tsai, SY, et al. Elimination of the male reproductive tract in the female embryo is promoted by COUP-TFII in mice. Science (2017) 357(6352):717–20. doi: 10.1126/science.aai9136

37. Swain, A. Ductal sex determination. Science (2017) 357(6352):648. doi: 10.1126/science.aao2630



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Lin, Zhang, Li, Li, Li and Du. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Decidual NR2F2-Expressing CD4+ T Cells Promote TH2 Transcriptional Program During Early Pregnancy

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Reagents and Human Samples

          



          		

            Isolation of Mononuclear Cells From the Decidua, Peripheral and Umbilical Blood

          



          		

            Sorting of Total CD4+T Cells and Naive CD4+T Cells

          



          		

            mRNA-Seq Data Analysis

          



          		

            Th1 and Th2 Cell Differentiation

          



          		

            Flow Cytometry

          



          		

            Plasmid Overexpression and Lentivirus Infection

          



          		

            Exogenous and Endogenous Co-Immunoprecipitation

          



          		

            Western Blotting Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Transcriptional Factor Related-Gene Expression Profile Between Decidual CD4+T Cells and Peripheral CD4+T Cells From NP or RSA

          



          		

            The Differential Expression of NR2F2 Between Decidual CD4+T Cells and Peripheral CD4+T Cells From NP or RSA

          



          		

            Decidual NR2F2+ CD4+T Cells Display the Features of Th2 Phenotypes

          



          		

            NR2F2 Promotes Th2 Cell Differentiation and Attenuates Th1 Bias

          



          		

            NR2F2 Binds to GATA-3 in Decidual CD4+ T Cells

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-670777-g005.jpg
Count

% of GATAI'COA'T co

B

o





OEBPS/Images/fimmu-12-670777-g003.jpg
£ [
3 b [ 3 8
5 8
I o
et et
IEIEN
iy % ]
: _ b ol
{el) e ¢
D






OEBPS/Images/fimmu-12-670777-g001.jpg





OEBPS/Images/fimmu-12-670777-g006.jpg
fooiccookoca i )

A A

Oatcateiul regRERcY ol st s





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2021.670777_cover.jpg
, frontiers
in Immunology

Decidual NR2F2-Expressing CD4* T
Cells Promote TH2 Transcriptional
Program During Early Pregnancy





OEBPS/Images/fimmu-12-670777-g002.jpg
i ]

RSA

zazm RPN M

51 = =
.

% el

8 2, PR

= 3 *

S

D4






OEBPS/Images/table1.jpg
Subjects 3
Number %
Age mean(years)* 2887:057
Ago rangelyears) 2132

Previous spontaneous abaorton (umber)® s
Pregnancy week (samples were collected®  7.07+0.17
Treatment history -

Shiacin = SMNcRre sty of he maan 1S5 118, ot sioriicent..

RSA

20
20202050
2235
1702021
7.12:022

viaale





OEBPS/Images/fimmu-12-670777-g004.jpg
H [T
15 Pl o=
i =
| é ' S e
H o E

E ooty s OEek sy






