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Prenatal stress can affect pregnant women in an epigenetic way during the critical period of conception of their offspring. The study aims to investigate the relationship between peritraumatic distress, prenatal perceived stress, depression, and glucocorticoid receptor (NR3C1) DNA methylation among pregnant women who experienced COVID-19 lockdown in China. Study data were collected from 30 pregnant women in Wuhan and Huanggang, China. The Peritraumatic Distress Inventory was used to measure peritraumatic distress, the Edinburgh Postnatal Depression Scale was used to measure depressive symptoms, and the Perceived Stress Scale was used to measure perceived stress. DNA methylation in the exon 1F promoter region of NR3C1 gene from the venous blood mononuclear cell genome was characterized by bisulfite sequencing. Correlation and linear regression were used for data analysis. The mean level of peritraumatic distress, perceived stress, and depression was 6.30 (SD = 5.09), 6.50 (SD = 5.41), and 6.60 (SD = 4.85), respectively, with 23.33% of pregnant women being depressed. The mean NR3C1 methylation was 0.65 (SD = 0.22). Prenatal depression was positively correlated with the degree of methylation in venous blood from the mother (r = 0.59, p = 0.001), and depression predicted methylation of NR3C1 gene at the CpG 8 site (β = 0.05, p = 0.03). No association was found between peritraumatic distress as well as perceived stress and methylation of NR3C1. NR3C1 gene was susceptible to epigenetic modification of DNA methylation in the context of prenatal stress, and maternal depression was associated with increased NR3C1 methylation among women who experienced COVID-19 lockdown.
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Introduction

In December 2019, the outbreak of coronavirus disease-2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) occurred in Wuhan, China (1–3). To slow down and finally end the spread of COVID-19, the Chinese government adopted a measure of lockdown in areas with outbreaks. Previous studies suggested that stress caused by negative events, such as COVID-19 lockdown, can affect vulnerable people, particularly pregnant women (4, 5). Data from several countries showed higher levels of maternal stress and more pronounced increases in depression, anxiety, and negative emotions during the COVID-19 pandemic (6–8). A multicenter study conducted in China also showed similar results (9).

Poor mental health status (e.g., prenatal stress and depression) during pregnancy has been reported to be associated with many negative health outcomes, including poor nutrition (10), suicidality (11) for mothers, preterm delivery (12), and impaired cognitive development (13) for offspring. One study conducted in Peru indicated that depressed pregnant women had a higher risk of suicidal ideation than non-depressed pregnant women (14). Previous research has shown that certain obstetric complications (15) and lower exclusive breastfeeding rates (16) were directly related to prenatal maternal stress, such as perceived stress and depression. Obstetric complications due to prenatal stress and depression include miscarriage (17), preeclampsia (18), congenital malformations (19), preterm birth (18), and low birth weight of the fetus (20). Thus, it is essential to pay more attention to the mental health status of pregnant women.

However, the underlying mechanisms by which prenatal poor mental health causes these negative health outcomes are still being debated. Disturbances in the activity of the hypothalamic–pituitary–adrenal (HPA) axis may be used as a theoretical basis for understanding the adverse outcomes. During pregnancy, women are exposed to various stressors that may be related to HPA activation. In studies of major depressive disorder, an increase in HPA axis activity was found in depressed patients with elevated basal cortisol (21, 22). The affinity of glucocorticoid receptors (GRs) for cortisol is relatively low and therefore is primarily responsive to continuous and greater levels of cortisol (23). The HPA axis can be activated throughout a lifetime by psychosocial stress (7). Sustained stressful conditions have chronic and ultimately damaging effects on the body’s stress regulation through the downregulation of GR by epigenetic mechanisms (24).

Recent studies have shown that the link between maternal prenatal mental health status and HPA axis function may be mediated by DNA methylation, a possible epigenetic mechanism that eventually leads to adverse outcomes for the mother (25) and infant (26). DNA methylation regulates gene expression but does not change the sequence of DNA. The methyl group is transferred to the C5 position of cytosine, forming 5-methylcytosine, which is the process of DNA methylation. DNA methylation within the C-phosphate-G (CpG) dinucleotide context is a pivotal factor in regulating gene expression. Previous studies have found that several DNA methylation changes may be related to the function of the fetal HPA axis (27), including the nuclear receptor subfamily 3, group C, member 1 (NR3C1) DNA methylation (28). GR production is encoded through NR3C1, which contributes to the inhibition of cortisol production. NR3C1 DNA methylation homeostasis maintains the normal function of the HPA axis negative feedback loop and protects the fetus from excessive cortisol exposure (29). Empirical studies showed that prenatal stress led to methylation of NR3C1 gene in both mother and fetus and that elevated methylation was associated with poor fetal outcomes and risk of disease in offspring’s adulthood (30, 31). Another study in the United States also found that maternal depression during pregnancy was associated with increased placental NR3C1 CpG 2 methylation and higher levels of infant lethargy, lower muscle tone, and poorer self-regulation (32).

Previous studies on the effects of stress on maternal DNA methylation mainly focused on the stress of war in war-torn African countries (30, 33) or the stress of discrimination among Latina mothers in the United States (34, 35). COVID-19 presents a new challenge to humanity as a completely new disease that causes stress unlike the above types of stress. With regard to the first COVID-19 wave pandemic, which resulted in a large number of infected individuals and deaths, considerable uncertainty remains about the characteristics of the virus and the infection. Against this background, the Chinese government took measures to lock down the city to stop the spread of SARS-CoV-2. During the lockdown period, the residents confined their activities to their households. The lack of an effective vaccine and treatment during the first COVID-19 wave also increased the public’s fear of infection. A study has shown that prenatal stress related to COVID-19 is associated with methylation of the gene in infants (36) and that it is possible that the COVID-19-related stress exposure during this special period may also exert effects on the NR3C1 DNA methylation in pregnant women.

In the present study, we aimed to investigate whether and to what extent prenatal peritraumatic distress, perceived stress, and depression in Chinese pregnant women during COVID-19 lockdown affect maternal NR3C1 DNA methylation. The findings of the study will provide valuable evidence for future effective intervention and prevention programs targeting poor mental health among pregnant women in the context of the COVID-19 pandemic or other public health emergencies.



Materials and methods


Participants and sampling

The study included 30 randomly selected participants from the Maternal and Child Health Cohort Study of 293 pregnant women (37). Participants in the study were pregnant women who were 18–49 years old, at their second and third trimesters of pregnancy, without a diagnosis of mental disorders and medical complications prior to and during pregnancy. All mothers who participated in this study tested negative for COVID-19. These participants were recruited from Huganggang Maternal and Child Health Hospital and Wuhan Zhenai Maternal Hospital from May to July 2020. Between late January and early April 2020, residents of both Wuhan and Huanggang experienced a lockdown period of approximately 2 months. Wuhan is the capital city of Hubei Province, with a population of 11.21 million and a per capita GDP of 145545 RMB. Huanggang City is adjacent to Wuhan with a population of 6.33 million per capita GDP of 36,685 RMB. Only participants who agreed to participate and signed the informed consent were enrolled, and the participation was voluntary and confidential. Pregnant women have the right to withdraw or quit at any time. The differences in key outcome variables between the two cities were compared, and no significant differences were found.



Data collection

The study data consisted of two parts, including a survey (maternal mental health survey) and blood samples from mothers. The survey was delivered through a paper–pencil approach. Participants were asked to complete the survey independently in a private room. The trained data collectors were prepared to provide help if needed. Upon completion, a data collector would double-check the questionnaire and make sure every part was completed.

Regarding the blood samples, venous blood samples from mothers were collected on the day of childbirth. Venous blood pretreated with EDTA was transferred to lyophilized tubes and then placed in a −80°C refrigerator. Upon completing the survey and collecting blood samples, participants would receive a reward of 30 RMB. The study was approved by Wuhan University Medical Ethics Committee.



Measures


Peritraumatic distress inventory

The maternal peritraumatic distress related to the pandemic was measured using the Peritraumatic Distress Inventory (PDI) (38). The scale consists of 13 items, and typical items include “I felt sadness and grief” and “I thought I might die”. Each item is measured using a 5-point Likert scale ranging from “0 = not at all true” to “4 = extremely true”. The total score of PDI was calculated with a higher score indicating severer peritraumatic distress in pregnant women. Cronbach’s alpha of PDI was 0.84 in the study.



Perceived stress

The maternal perceived stress was measured using the Perceived Stress Scale (PSS) (39). The scale consists of 10 items, and typical items include “In the last month, how often have you felt that you were unable to control the important things in your life?” and “In the last month, how often have you been able to control irritations in your life?”. Each item is measured using a 5-point Likert scale ranging from “0 = never” to “4 = very often”. The total score of PSS was calculated with a higher score indicating greater stress perceived by pregnant women. Cronbach’s alpha of PSS was 0.93 in the study.



Depression

Maternal depression was measured using the Edinburgh Postnatal Depression Scale (EPDS) (40). The scale consists of 10 items, and typical items include “I have been able to laugh and see the funny side of things” and “I have blamed myself unnecessarily when things went wrong”. Each item is measured using a 4-point Likert scale ranging from “0 = not at all” to “3 = very often”. The total score of EPDS was calculated with a higher score indicating a greater level of depressive symptoms. The EPDS score was categorized into depression and non-depression with a cutoff value of 10. Cronbach’s alpha of EPDS was 0.65 in the study.



Demographic variables

The demographic variables in the study included age (in years and categorized into ≤25, 26–30, and >30), city (Wuhan/Huanggang), residence (rural/urban), education (middle school or lower, high school, and college or higher), husband’s education (middle school or lower, high school, and college or higher), employment status (full-time job and part-time job/others), monthly income (in RMB, ≤2,000, 2,001–5,000, and >5,000), annual household income (in RMB, ≤10,000, 10,001–20,000, and >20,000), and family size (in the number of persons, ≤3, 4, and ≥5).



DNA extraction and bisulfite modification

Venous blood samples collected from 30 mothers were used to assess the methylation of the GR-1F promoter of the NR3C1 exon. Genomic DNA was extracted using the TIANamp Blood DNA Midi Kit (Tiangen, China). Quantification of purified DNA was carried out using an ND-1000 spectrophotometer (NanoDrop, Wilmington, DE, USA). Samples of DNA (500 ng) were bisulfated using the QIAGEN DNA methylation kit (QIAGEN, Valencia, CA, USA) and stored at −80°C.



Cytosine methylation assessment

Nine C-phosphate-G (CpG) sites of the GR-1F promoter of NR3C1 were used as the target CpG site of methylation (Figure 1). The number of methylated clones per CpG site was converted to percentages, and the methylation percentages of the nine CpG sites were summed as a total methylation percentage. The primers for amplification were forward: 5′-GTTAAGGGGTAGAGCGAGT TTT-3′, and reverse: 5′-AAAACCGACCTAATCTCTCTAAAAC-3′. A bisulfite conversion control was used for each sequencing read for NR3C1. In order to call the methylation level of the samples, for all samples analyzed, the bisulfite conversion rate was >95%. A triplicate of all assays was carried out on the identical DNA template converted by bisulfite. In case any of the replicates varied by >10%, the assay was repeated for that sample.




Figure 1 | Schematic representation of NR3C1 gene and the CpG sites analyzed.






Statistical analysis

Descriptive analyses (e.g., frequency, percentage, mean, and standard deviation) were used to describe the sample characteristics. Student’s t-test and ANOVA were used to compare the methylation levels across demographic variables and different levels of depression. Correlation analysis was used to associate the peritraumatic distress, perceived stress, depression, and NR3C1 gene methylation. Mixed-effects modeling analysis was used to investigate the association between peritraumatic distress, perceived stress, depression, and methylation in different CpG sites when controlling for covariates and including sampling location (Wuhan and Huanggang) as a random effect. The false discovery rate (FDR) method was performed to adjust the multiple testing. All statistical analyses were performed using the IBM SPSS version 25.0 (IBM Corp, New York, USA).




Results


Characteristics of the study sample

Results in Table 1 show that the mean age of the study sample was 29.13 years (SD = 5.63). In total, 76.67% of participants came from Huanggang City. More than half of the participants (53.33%) came from rural areas, 40.00% had a college education or higher, 53.33% of the pregnant women’s husbands had a college education or higher, and 50% had a full-time job. Approximately 80% of participants earned less than 5,000 RMB (equivalent to $770) per month, only 26.67% had an annual household income >20,000 RMB (equivalent to $3,090), and 26.67% had a family size of ≤3 and 46.67% with ≥5. The mean peritraumatic distress of mothers was 6.30 (SD = 5.09). The mean perceived stress was 6.50 (SD = 5.41). The mean depression of mothers was 6.60 (SD = 4.85), and a total of 23.33% were depressed.


Table 1 | Characteristics of the study sample.





Differences in NR3C1 DNA methylation across demographic groups

Results in Table 2 show that among the total sample, the mean NR3C1 gene methylation was 0.65 (SD = 0.22). There were no significant differences in NR3C1 DNA methylation across demographic groups.


Table 2 | Levels of NR3C1 methylation among pregnant women, overall and by demographic groups, and levels of depression.





Associations between NR3C1 DNA methylation and peritraumatic distress, perceived stress, and depression

Results in the lower panel of Table 2 show that pregnant women who were depressed had a higher NR3C1 DNA methylation level than women who were not depressed with a marginal significance level (t = −2.13, p = 0.06).

Results in Figures 2A, B show that NR3C1 methylation was not significantly correlated with peritraumatic distress (r = −0.09, p = 0.67) and perceived stress (r = 0.12, p = 0.54). Results in Figure 2C show that NR3C1 methylation was significantly correlated with depression (r = 0.59, p = 0.001).




Figure 2 | Correlation between (A) peritraumatic distress and NR3C1 gene methylation, (B) perceived stress and NR3C1 gene methylation, and (C) depression and NR3C1 gene methylation.



Results in Table 3 show that none of them were associated with peritraumatic distress or perceived stress among nine CpG sites in NR3C1 DNA promotor. Still, one of them (CpG 8) was found to be significantly associated with depression (β = 0.05 p = 0.03, R2 = 0.21).


Table 3 | Effects of peritraumatic distress, perceived stress and depression on NR3C1 gene CpG sites methylation among pregnant women.






Discussion

To the best of our knowledge, this is the first study to investigate the relationship between prenatal stress, depression, and methylation of NR3C1 gene in venous blood of pregnant Chinese women who experienced COVID-19 lockdown. The results of this study add new data to deepen our understanding of the role of maternal mental health in maternal gene methylation changes during infectious disease epidemics.

Some studies reported that COVID-19 lockdown causes elevated stress and depression in pregnant women (5–8), but we did not find elevated levels of maternal stress and depression as compared to foreign studies (7, 41–43) as well as studies conducted in China before the COVID-19 pandemic (44, 45). These findings suggest that the citywide lockdown did not significantly increase prenatal stress and depression. A possible explanation may include that Hubei Province and Wuhan City received great social, emotional, and instrumental support nationwide, improving their capacity against the COVID-19-related stress (46, 47). In addition, in the context of traditional Chinese values, pregnant women in China receive more care and social support from their families and society, thus, they can better cope with stress (48). The study’s findings indicated that prenatal peritraumatic distress or perceived stress was not significantly associated with maternal NR3C1 gene methylation. This is inconsistent with a previous study conducted in the Democratic Republic of Congo that showed a significant association between mean methylation and peritraumatic distress or mundane stress (30). Furthermore, a study conducted in the United States showed a significantly strong association between everyday discrimination and NR3C1 gene methylation (35). Meanwhile, many studies conducted in Africa also found that prenatal war stress was associated with NR3C1 gene methylation (30, 33). It is likely that the difference may be attributable to the type and level of stress experienced by the women in this study. The pregnant Chinese women in this study experienced stress during the COVID-19 lockdown period, but not as much as the stress of war in Africa or the stress of discrimination experienced by Latina women in the United States. Although the effect of peritraumatic distress and perceived stress on DNA methylation was insignificant, as a prenatal stressor, maternal stress, if not being coped with appropriately, may subsequently lead to a range of adverse health effects on both the mothers and their fetus.

Compared with prenatal stress, maternal prenatal depression showed a different map. The findings showed that pregnant women who were depressed had significantly higher levels of NR3C1 gene methylation. There may be a dose–response effect, with higher levels of methylation in pregnant women with more severe depressive symptoms. However, a recent study conducted among 163 mother–infant dyads in the United States reported that methylation of NR3C1 gene was not associated with depressive symptoms (49). The sample used in the US study was cord blood, whereas venous blood from the mother was used in our study. The difference in tissues may have contributed to the inconsistent results. Further, our study demonstrated a correlation between prenatal depression exposure and DNA methylation at a specific CpG 8 site of NR3C1 gene. No associations between other CpG sites and methylation levels were found. The analytic sites for NR3C1 gene in the US study were in the CpG island shore region, whereas our analytic site was in the exon 1F promoter region of NR3C1 gene. The difference in detection sites may affect the results.

The relationship between NR3C1 methylation and depression has been validated in studies of mothers and their infants (29, 32), with children of mothers with depression having higher DNA methylation of NR3C1 gene than children of mothers without depression. While most studies have focused on the relationship between maternal prenatal mental health and methylation of NR3C1 gene in the offspring, the present study provided an alternative approach to investigate the relationship between prenatal depression and maternal NR3C1 methylation. The methylation changes in the offspring have resulted from persistent elevations in cortisol caused by dysfunction of the mother’s HPA axis, which may be attributable to the maternal gene methylation.

In the present study, we also examined whether sociodemographic factors were associated with DNA methylation of NR3C1, but we found that maternal NR3C1 DNA methylation was not associated with age, residence, education, husband’s education, employment status, monthly income, annual family income, or family size. The results may be attributed to the relatively homogenous sample in gene levels, although they were differed in sociodemographic factors.

There are several limitations to this study. Firstly, the study was conducted among 30 pregnant women, which is a limited sample size. Although many studies on methylation have relatively similar sample sizes (50–52), a larger sample size will be more convincing to interpret the results. Despite the limited sample size, the range of reported depressive symptom scores was broad. Some mothers scored very low on depression, suggesting that the sample was not exclusive to highly depressed mothers. Secondly, peritraumatic distress, perceived stress, and depression were measured using self-reported scales, so recall bias may exist. Finally, our study examined only nine CpG sites across CpG islands in the NR3C1 exon. The possibility that prenatal depression may have differential effects on different CpG sites could be optimized by using genome-wide bisulfite sequencing in future studies.

The results of this study showed for the first time that prenatal maternal depression was associated with the methylation of NR3C1 gene among pregnant women in China. Further studies in a longitudinal cohort are needed to understand the subsequent effects of prenatal mental health of pregnant women who experienced COVID-19 lockdown on maternal and fetal outcomes.
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The HLA class Ib molecule is an alloantigen that causes transplant rejection on behalf of individual human and plays an important role in maternal-fetal immune tolerance. Early studies on HLA class Ib focused on the mechanism of HLA-G-induced immune escape, but in recent years, studies on the mechanism of HLA-G have deepened and gradually explored the mechanism of HLA-E and HLA-F, which are also HLA class Ib molecules. In the maternal-fetal interface, trophoblast cells express HLA class Ib molecules to protect the fetus from maternal immune cells by binding to inhibitory receptors of decidual immune cells (DICs) and shifting Th1/Th2 balance toward Th2 bias. Further studies on the molecular mechanism of HLA class Ib molecules provide a reference for its application in the field of clinical assisted reproduction.
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Introduction

Major histocompatibility complex (MHC) is a group of genes closely linked on the same chromosome, which is closely related to immune response and transplantation rejection. Human MHC is called Human Leukocyte Antigen (HLA) complex. HLA complex is located on the short arm of chromosome 6, with a total of 224 loci. It is divided into three regions according to the structure and function of each point gene and its coding product, namely class I, class II and class III gene region. HLA class I gene region contains non-classical HLA-E, F, G and other loci (1), the genes on which are called HLA class Ib genes (2). The probability of HLA being identical between two unrelated individuals is extremely small, and this variability leads to allograft rejection. As diploid organisms, humans have two different HLA inherited from both parents (3).

The embryo implantation process can be regarded as a semi-allogeneic transplant process. The embryo with paternal antigen will theoretically cause maternal transplantation rejection, which is contrary to the fact that it is not attacked by the maternal immune system before delivery (4). Therefore, it can be inferred that there is a special tolerance effect on the maternal-fetal interface to ensure the normal progress of pregnancy.

Maternal-fetal immune tolerance occurs at the maternal-fetal interface, which is composed of maternal decidua and chorion developed from the trophoblast of blastocyst. According to previous studies, it is generally believed that the immune tolerance of the maternal immune system to the fetus is related to the interaction between the immunotolerant microenvironment of the extravillous trophoblast and the deciduous layer. There are a large number of DICs in the immunotolerant microenvironment of the decidual layer to ensure the normal process of embryo implantation and spiral artery reconstruction in early pregnancy (5). DICs exist throughout pregnancy, and the population frequency varies with the stages of pregnancy. Decidual natural killer cells (dNK) account for the majority of DICs, followed by decidual macrophages and decidual T cells and so on. However, when maternal blood is in direct contact with syncytiotrophoblasts (STBs) in late pregnancy, DICs can enter the maternal-fetal interface and carry out immune rejection to the fetus (6–8).

In recent years, relevant studies have shown that HLA class Ib play an important role in maternal-fetal immune tolerance (9). In order to prevent the fetus from being attacked by the maternal immune system, extravillous trophoblasts (EVTs) express HLA class Ib molecules such as HLA-E, HLA-F and HLA-G to change the function of DICs and regulate its subtypes (7). Therefore, this review will elaborate on the comprehensive mechanisms and frontier applications in HLA class Ib, in the hope of offering new ideas for the diagnosis and treatment of pregnancy-related diseases.



The HLA class Ib complex

The HLA class Ib genes include HLA-E, HLA-F and HLA-G, and are characterized as being non-polymorphic compared to their classical counterparts and encode molecules involved in immune regulation and immune suppression (2). The HLA class Ib genes expressed on the blastocyst, which developed from the fertilized egg and further differentiates into inner cell mass (ICM) and trophectoderm (TE) (7). TE further differentiates into epithelial trophoblasts (10). As one type of epithelial trophoblasts, cytotrophoblasts (CTBs) have two distinct differentiation pathways, generating syncytiotrophoblasts (STBs) and extravillous trophoblasts (EVTs) (11).

The expression of HLA-E on the cell surface is regulated by the acquisition of peptides derived from the leader sequences of HLA-C and HLA-G molecules (12), and can be discovered in all stages of pregnancy. HLA-E was found to be expressed on the surface of EVTs (13), and it was weakly expressed in CTBs and STBs at 5 weeks of gestation (14). The expressions of HLA-F are less well understood, based on existing research results, it is still controversial whether HLA-F is expressed in cells or on the surface of cells (12). In fact, studies have shown that HLA-F was observed to be expressed on the surface of EVTs (14), and in the cytoplasm of CTBs, STBs and EVTs (15, 16). HLA-G is most abundantly expressed at immune-privileged sites (2), it can be found extensively expressed on the surface of EVTs during the entire pregnancy (12), and its soluble isoforms can be secreted by CTBs and STBs (Figure 1) (15, 17).




Figure 1 | The difference among HLA class Ib.





Immunomodulatory effect of HLA-G

HLA-G is exclusively expressed in extravillous trophoblast cells (18, 19). It can be present in seven isoforms, four membrane-bound (m) isoforms (mHLA-G: HLA-G1, -G2, -G3 and -G4) and three soluble (s) isoforms (sHLA-G: HLA-G5, -G6 and -G7). In addition, the membrane-bound HLA-G1 can also be available in soluble form, named shed HLA-G1, which is mediated by metalloproteinase cleavage (20). Furthermore, there are HLA dimers linked by disulfide bonds, which have shown higher receptor affinity and slower dissociation rates in several studies (21, 22). In 1997, HLA-G was first proved to have a protective effect on the fetus after semi-allogeneic transplantation in the maternal immune system, which was also supported in pathological research by Yie et al (23). Nowadays, HLA-G is considered to be a major immune checkpoint molecule and plays a crucial role in maternal-fetal immune tolerance (24, 25). HLA-G can increase the activation threshold of immune cells before immune response by up-regulating the expression of inhibitory receptors on immune cells such as dNK cells and decidual T cells (26–28).


HLA-G inhibits the killing effect of dNK cells

sHLA-G and mHLA-G recognize and bind killer cell immunoglobulin-like receptor KIR2DL4, immunoglobulin-like transcript 2 (ILT2), immunoglobulin-like transcript 4 (ILT4) and inhibitory receptor CD94/NKG2A of C-type lectin superfamily (Figure 2) on dNK cells, inactivating NK cell effectors (29–36). KIR2DL4 transduces inhibitory signals and is a killing inhibitory receptor on the surface of NK cells (37). HLA-G is the only known ligand of KIR2DL4 (38). The combination can transmit immunosuppressive signals, hence, to promote the development of a beneficial immune tolerance environment to the  trophoblast/fetus, by protecting trophoblast cells from the killing of maternal dNK cells (39–44). In addition, the combination of HLA-G and KIR2DL4 can also promote dNK cells to secrete pro-inflammatory and pro-angiogenic factors (i.e., IL-1B, IL-6, IL-8, TNF-α, MMP, IFN- γ, VEGF, ANG). These cytokines ensure sufficient blood supply for the developing fetus and promote embryo implantation by invading the decidua and participating in the vascular remodeling of uterine spiral artery (Table 1) (45). ILT2 is expressed on the surface of T cells, B cells, monocytes/macrophages, dendritic cells (DC) and NK cells, can recognize the expression of HLA-G β-2 microglobulin. HLA-G inhibits the cytotoxicity of dNK cells by up-regulating the expression of ILT2 (26, 28, 46, 47). At the same time, the interaction between ILT2 and HLA-G can also inhibit the formation of NK-cell synapse and significantly reduce the ability of NK cells to kill target cells (Table 1) (28). ILT4 also binds HLA-G and plays a similar function to ILT2 (Table 1) (44, 45). CD94/NKG2A is another inhibitory receptor on the surface of dNK cells. It can recognize HLA-G1 (and HLA-E) expressed on trophoblasts, and negatively regulate the cytotoxicity of dNK cells (Table 1) (41, 48, 49).




Figure 2 | Roles of HLA class Ib molecules in immune cells in maternal decidua.




Table 1 | The recent studies of HLA class Ib in Reproductive immunology.



mHLA-G can even inhibit the cytotoxicity of NK cells by binding to the suppressive subset of NK cells (NK-ireg) and secreting inhibitory molecules (75).



HLA-G exerts a wide range of immunosuppressive effects through trogocytosis

Trogocytosis (76) is a direct transfer of membrane and membrane-related molecules between cells in a contact manner (39). CD4+ T cells, CD8+ T cells, dNK cells and monocytes have been found that can obtain HLA-G through trogocytosis (45, 77). For example, CD4+ T cells can obtain HLA-G protein from decidual DC through trogocytosis and become the trogocytosis-based generation of temporary regulatory CD4+ HLA-Gacq+ T cells (78–80). In addition, trogocytosis prolongs the effect of HLA-G on KIR2DL4-mediated signaling in dNK cells, increases the secretion of cytokines and other small proteins, and plays an important role in placental and fetal development, as well as the establishment of immune tolerance. Therefore, trogocytosis contributes to HLA-G-mediated extensive immunosuppression at the maternal-fetal interface (39).



HLA-G inhibits the killing function of T cells

Studies have shown that both membrane-bound and soluble HLA-G proteins inhibited T cells alloproliferation (50). This inhibition involved engagement of ILT2 and ILT4 receptors by HLA-G (Table 1) (50, 51). Moreover, HLA-G can interaction with CD8 to enhance FasL expression, leading to apoptosis of CD8+ T cells (52), and can mediate cell-cycle inhibition of alloreactive T cells through Fas/FasL interaction (Table 1) (50), effectively inhibit the immune killing activity of cytotoxic T cells(CTL).



HLA-G induces Treg cells to achieve immune tolerance

Treg cells protect the fetus after semi-allogeneic transplantation by binding with HLA-G (Figure 2), achieve maternal-fetal immune tolerance (53). Both mice and human cell experiments have shown that CD4+ CD25high regulatory T cell population increases during pregnancy, and this trend can be observed as early as early pregnancy (54). At the same time, HLA-G has been found to have a direct induction effect on the enrichment of Treg cells (Table 1) (6, 40).



HLA-G shifts Th1/Th2 balance toward Th2 bias

Normal pregnancy process tends to participate in humoral immunity with Th2-type cytokines and avoid cellular immunity with Th1-type cytokines. The imbalance of Th1/Th2 ratio can lead to maternal rejection of the fetus. HLA-G can promote the production of Th2-type cytokine interleukin-4 (IL-4) and up-regulate Th2-type cytokine interleukin-10 (IL-10) (55), and inhibit the synthesis of Th1-type cytokine interferon- γ(IFN- γ). HLA-G can also inhibit the tumor necrosis factor-α(TNF-α), which belongs to Th1-type cytokine. Thus, it can block the activation of NK cells, regulate placental growth and then maintain Th1/Th2 balance (Table 1) (56).



HLA-G promotes the function of myeloid-derived suppressor cells (MDSCs) during pregnancy

MDSCs are innate immune cells, which increase during pregnancy. MDSCs simultaneously express ILT2 and ILT4 and inhibit the immune killing function of T cells (44). Natascha Köstlin et al. first described the direct effect of human sHLA-G on MDSCs (Figure 2). The study showed that sHLA-G induced MDSCs functionally and quantitatively through the signal transduction of ILT4 and the activation of transcription activator 3 (STAT3), reducing the positive rates of CD4+ T cells and CD8+ T cells (Table 1) (27).




Immunomodulatory effect of HLA-E

In the process of reproductive immunity, HLA-E plays a protective role in the earliest events of implantation but not in active EVT invasion (19). HLA E mainly down-regulate the immune response at the maternal-fetal interface by cooperating with classical HLA class I molecules to ensure the success of pregnancy.

The expression of HLA-E is induced by many costimulators regulating classical HLA-I. One of HLA-E’s key functions is to regulate the activity of NK cells (81). In other words, the synergistic up-regulation of HLA-E and classical HLA-I is to protect target cells from NK mediated cytotoxicity. In an inflammatory environment in which many immune cells are recruited, this mechanism will protect bystander cells from immune system attacks while still allowing targeted destruction of some dysfunctional/virus infected cells (82). In the process of reproductive immunity, the immunological mechanism that determines the success of pregnancy mainly depends on the interaction between placental trophoblast and decidual immune microenvironment. HLA-E is an immunosuppressive factor, so the decrease of its expression level will weaken the down-regulation of immune response mechanism, leading to the termination of pregnancy (83).

HLA-E is of vital importance in the maternal immune process, because it can down regulate the maternal immune response, so as to protect the fetus from the attack of the maternal immune system. Among them, the interaction between HLA-E and NK cell CD94/NKG2A receptor is the most typical (Table 1) (57–59).


Interaction between HLA-E and NK cell CD94/NKG2A receptor

NK cells can express a series of regulatory receptors related to their activation and inhibition, and selectively kill “non-self” components (84). HLA class I molecules are key regulators of NK cell activation. They regulate NK cell activity through interaction with inhibitory receptors and activated receptors. Therefore, HLA molecules are the key immune checkpoint of NK cells (85).

CD94/NKG2A heterodimer is an inhibitory receptor. It interacts with the trimer ligand which consists of HLA-E, β2m and a nonameric peptide. The receptor protein NKG2A can regulate the activity of NK cells, and CD94 plays a corresponding role after binding with the ligands (60).

HLA-E can interact with TCR on CD8+ T cells and regulatory T cells (61, 62), and with receptors NKG2A and NKG2C expressed on NK cells and some T cell subsets (Figure 2).Under physiological state, the engagement of CD94/NKG2A and HLA-E induced inhibitory signals that prevents NK cell activation (63). In other words, HLA-E can stimulate immune activation and inhibitory effects. When both NKG2A and NKG2C form heterodimers with CD94, NKG2A family members expressing inhibitory effects have more affinity for HLA-E than NKG2C receptors expressing activating effects (Table 1) (64, 65). For these two receptors, the results of receptor ligand interaction mainly depend on the level of HLA-E expression. In addition, P. Tripathi et al. investigated the HLA-E gene polymorphism of normal pregnant women and patients with recurrent spontaneous abortion. They found that the expression product of HLA-EG allele had high affinity with the receptor and was highly associated with successful pregnancy (57).

In addition, HLA-E single chain trimer contains an additional (G4S)3 linker, which is fused with the peptide from HLA-G signal sequence into a non-polymorphic peptide, and presented by HLA-E. It can also inhibit NK cells dependent lysis by binding to CD94/NKG2A (81).

Norman Shreeve et al. obtained a relatively complete conclusion that maternal HLA-B/HLA-E/NKG2A pathway was conducive to healthy pregnancy and might have an impact on the health of offspring (59). By regulating this pathway, the occurrence of preeclampsia syndrome could be reduced, and abnormal pregnancy could be avoided.

In 2021, Eva Prašnikar and his team identified NKG2C/HLA-Eα2 domains and nonameric peptide were key elements involved in the molecular mechanism of signal transduction through intertwined hydrogen bond networks (86). Some studies also found that Ly49 gene family was involved in the synergistic regulation of the above process (87).



HLA-E and HLA-G synergistically inhibit dNK cell activity

Because HLA-E can only be expressed in cells after binding to the signal peptide sequence derived from HLA-G (88), the expression of HLA-G was detected in all HLA-E expressing trophoblasts. Therefore, we speculate that HLA-G and E cooperate to inhibit the activity of dNK cells by binding inhibitory receptors, so as to protect trophoblasts from dNK cells killing, enable the maternal-fetal immune tolerance to embryonic alloantigens, and regulate the infiltration process of trophoblasts (88).




Immunomodulatory effect of HLA-F

HLA-F was first discovered in 1990 (89), and there are few studies on the mechanism of HLA-F. The latest research showed that HLA-F could be expressed in an open conformation and bind to many Killer Cell Immunoglobulin Like Receptors (KIR receptors) on the surface of NK cells. They could also be expressed as HLA-F tetramers, binding to ILT2 and ILT4 (Figure 2) (69), which played a role in endometrial specific immune regulation during blastocyst implantation (90).

HLA-F protein is expressed by extravillous trophoblast cells with immunomodulatory properties and plays a role at the maternal-fetal interface (91). It was found that the expression of HLA-F protein could be detected on the cell surface of the extravillous trophoblast invading the maternal decidua (15, 92). HLA-F protein is related to the maternal-fetal immune tolerance to placental tissue. The EVT cell surface HLA-F in it interacts with the maternal immune cells of the decidua and protect the invading EVT from immune attack (14). HLA-F is expressed throughout pregnancy, and the expression increases with the passage of pregnancy time (93, 94). Its abnormally low expression (compared with healthy pregnant women) will lead to many diseases, such as Intrahepatic Cholestasis of Pregnancy (ICP), gestational hypertension, preeclampsia and gestational diabetes mellitus (19). These diseases are also closely related to low expression of HLA-G and HLA-E (95–99).

HLA-F is essential in the normal function of decidual trophoblast cells, as HLA-F is the third necessary partner of HLA-E and HLA-G in cell communication, while cell communication is the basis of pregnancy immunology. On this basis, studies showed that CD4+ CD25+ Treg mediated maternal tolerance to fetus (72, 100). These findings confirm that HLA-F is involved in the interaction between placental derived extravillous trophoblast and regulatory cells.

The variation of HLA-F and TAP2 genes leaded to shorter pregnancy time, indicating their role in endometrial specific immune regulation during implantation. The study also showed that HLA-F was necessary in maternal fetal immune regulation, which laid a foundation for the later study of the role of HLA-F in reproductive immunology. Moreover, any gene expression disorder in endometrium during pregnancy might lead to pregnancy failure. A variety of HLA molecules played an important and independent role at the maternal-fetal interface (101).


Physical binding of MHC-I OC/HLA-F and KIR3DL2 inhibits the killing effect of uNK cells

Aura Burian et al. found that HLA-F and MHC-I open conformers(OCs) regulated the reactivity and specificity of KIR3DL2 to the target cells and effectors (66). KIR3DL2 receptor was an inhibitory receptor on the surface of NK cells (67). It can be activated after binding with HLA-F to produce immunosuppression, resulting in the weakening of Uterine nature killer (uNK) cells’ killing effect and the establishment of maternal immune tolerance to placental tissue (68). At the same time, because MHC-I OC and HLA-F are co-expressed, and the affinity between HLA-F and different MHC-I alleles is different, the expression level of HLA-F may be modified by allele MHC-I OC, and vice versa.



The interaction of HLA-F tetramer with ILT2 and ILT4 receptors increases the activation threshold of immune effector cells

HLA-F has direct molecular interaction with ILT2 and ILT4 (69, 70). HLA-F might be a peptide binding molecule that can reach the cell surface and bind to the target peptide. On the cell surface, it can interact with LIR1 (ILT2) and LIR2 (ILT4) receptors to change the activation threshold of immune effector cells (69). During pregnancy, if CD4+ Th1 cells release Th1 cytokines, the immune response mainly mediated by cellular immune response will lead to pregnancy failure. Therefore, the expression of HLA-F in endometrial system, the expression of ILT2 and ILT4 on decidual T cells (Table 1) (71), and the interaction between HLA-F tetramer and ILT2 and ILT4 receptors, will reduce the immune rejection and protect the fetus from the damage caused by maternal immune rejection, so as to achieve the purpose of successful pregnancy.



The opened conformations of HLA-F and MHC-I bind to NK cell Ig like receptor KIR3DS1 and activate the activity of uNK cells to some extent

The researchers experimentally confirmed the receptor ligand relationship between KIR3DS1 and MHC-I OCs - the activation of KIR might be mainly in the inflammatory response of up-regulated HLA-F and MHC-I OCs (Table 1) (73, 74). Then, some researchers proposed that HLA-F interacts with KIR3DS1 to activate NK cells (72). uNK cells are the main immune cells in uterine decidua (102). The contact between uNK cells and extravillous trophoblast cells is the first step of maternal immune recognition of placental tissue. Despite the strong lethality of uNK cells, the activation of uNK cells during pregnancy may be a necessary condition for the secretion of cytokines and growth factors, which are essential for the blood supply of the placenta.



An association exists between HLA-F gene locus variation and pregnancy time and pregnancy success rate

All three SNPs in the HLA-F locus regulate the expression level of HLA-F in the secretory endometrium of patients with recurrent abortion (RPL), especially the direction of the A allele of rs2523393 SNP is associated with a better chance of pregnancy. At the same time, the functional basis of specific HLA-F single nucleotide polymorphism genotypes and diploids may lead to the increase of HLA-F mRNA and protein levels in some secretory endometrium, which may have an increased impact on embryo implantation and pregnancy development (91).



HLA-F may be modified or interact with specific HLA-E receptors

The expression of HLA-F protein suggests that immune cells are activated (91). Takanori Shobu et al. suggested that the expression of HLA-E was similar to that of HLA-F. Their expression increased from the second trimester of pregnancy to full term, which was consistent with the time of rapid fetal growth. Both HLA-E and HLA-F might work together to prepare an environment that supports fetal growth (103). However, this was only confirmed by finding that the expression trend of HLA-E and HLA-F was similar and consistent with the time of rapid fetal growth.

In conclusion, HLA-Ib can be regarded as an immunosuppressive factor. When the expression of HLA increases, the maternal immune effect on embryos will be weakened, so as to achieve the purpose of successful pregnancy. However, how HLA-Ib expression is regulated has not been completely elucidated, and the polymorphism of the HLA Class Ib genes and proteins are very low. Therefore, when HLA-Ib expressed by the fetal trophoblast cells, they are unlikely to be seen as foreign by the maternal immune system. Furthermore, it is certain that when the body has an inflammatory reaction, the level of HLA in maternal serum will be affected (19). This indicates that the expression of HLA Ib is similar to other classic HLA molecules and will be affected by the inflammatory reaction. HLA-E, F and G not only play an independent role in the establishment of maternal-fetal immune tolerance, but also the synergistic effect of the three plays an important role. Abnormal expression of anyone will lead to pregnancy failure. In future, new discoveries may rise from the interaction mechanism between HLA-F and other MHC molecules, so as to understand the mechanism of maternal-fetal immune tolerance more deeply and lay a theoretical foundation for solving more reproductive immune diseases.




HLA class Ib and pathological reproduction

Maternal-fetal immune tolerance has clinical significance for pathological conditions of pregnancy, which include recurrent spontaneous abortion (RSA), Pre-eclampsia (PE), repeated implantation failure (RIF), etc.

Several studies have reported that the differences of expression levels of HLA-G and alternative splice patterns are based on the 14-bp ins/del HLA-G polymorphism in exon 8 (the 3′UTR) (104). And the 14-bp ins HLA-G genotype associated with the low expression of HLA-G, and risk of RSA (104). However, recent studies have shown that HLA-G 14 bp insertion allele shows no significant association with RSA (45, 105, 106), deserving further research in the future.

PE is a multisystemic pregnancy disorder, which associated with the level of HLA class Ib (104). Several studies have reported significant reduced expression of HLA-G and sHLA-G in PE comparison with placentas from uncomplicated pregnancies. However, some studies have shown that the expression of HLA-G in the placenta did not observe any significant differences in expression intensity between cases of pre-eclampsia and controls (103, 104). The conflicting experimental results may arise from differences in the size, and the origin of the studied cohort, and may also be interfered by concurrent multiple diseases. In conclusion, the results remain controversial, and still need more research to figure out.

RIF is determined when transferred embryos fail to implant after several in vitro fertilization (IVF) treatment attempts (107). RIF may be due to the couple’s similarity in HLA components (107). If such a similarity is found, high-dose IV immunoglobulin should be offered before embryo transfer (108).



Application of HLA class Ib in assisted reproduction

Based on the mechanism study of HLA class Ib molecules–HLA-E, HLA-F and HLA-G related to maternal-fetal immune tolerance, it can provide a new idea for the detection methods of in vitro fertilization-embryo transfer. At present, the research on the significance of HLA class Ib molecules for clinical embryo transfer mainly focuses on HLA-G (109, 110).

The latest research of Izabela Nowak et al. has made a great inspiration for HLA-G in the field of assisted reproduction. Their study found that the concentration of 59.73 IU/ml of sHLA-G had the best sensitivity (58.82%) and specificity (66.10%) to distinguish the successful pregnancy from the patients without pregnancy or abortion. At the same time, they concluded that the average and/or median concentration of sHLA-G after embryo transfer increased or at least remained at the level before embryo transfer (111). It suggested that the prediction of embryo transfer results could be accelerated by detecting the content of sHLA-G in maternal plasma samples, though the standard values of sHLA-G concentrations in plasma need to be supported by more experimental data. Venkatappa Vani et al. measured sHLA-G levels in embryo-spent medium (E-SM) samples and noticed that there was a positive correlation between sHLA-G levels and blastocysts’ grade scores, 60% of top-quality embryos have high level (3.86 ± 0.26ng/mL) of sHLA-G (112). Moreover, they showed a highly significant (P <.0001) association of sHLA-G with pregnancy outcome with live births, and the level of sHLA-G in E-SMs is a significant (P <.001) predictor of pregnancy outcomes (112).

Progesterone is known to be an immunomodulatory steroid hormone secreted by corpus luteum and placenta, which can maintain the endometrium and embryo implantation (113). Izabela Nowak et al. proposed that progesterone can induce the expression of HLA-G through progesterone response elements (111). Since the level of HLA-G was positively correlated with progesterone supplementation, exogenous progesterone might increase the expression of HLA-G (111). The Cochrane systematic review and the Practice Committee of the American Society of reproductive medicine also confirmed the important role of progesterone supplementation in luteal support for patients undergoing assisted reproductive technology surgery (114–116). Izabela Nowak et al. also mentioned that HLA-G was positively correlated with the supplement of corticosteroid and negatively correlated with estradiol, suggesting that the active and appropriate supplement of progesterone and corticosteroids during pregnancy, as well as the control of estradiol intake were conducive to the induction of HLA-G expression and beneficial in the maintenance and success of pregnancy (111).

Christina Bailey-Hytholt et al. innovatively invented a non-invasive cell enrichment technology. On a 50 degree inclined acrylic plate surface, they enhanced the adhesion of trophoblasts to the surface and limited the adhesion of cervical cells. They used gravity to make the cells move along the inclined plane, collecting trophoblasts in heterogeneous cervical cell populations, and identifying JEG-3 trophoblasts by HLA-G antibody staining and fluorescence imaging. It was confirmed that the purity of trophoblast in clinical cervical samples can be increased by 396 ± 52% (117). The design of the enrichment device can be used by non-professionals with low cost and high speed and can be directly integrated into the automatic cell picker instrument on the surface of the slide. The application of this technology in the detection of HLA-G content can speed up the detection of the success of embryo implantation and has a great application prospect in clinical detection.



Discussion and prospects

As immune tolerance molecules expressed on the surface of trophoblast cells, HLA class Ib molecules has made a great contribution in the process of pregnancy, protecting the fetus from immune cells and maintaining normal growth. At present, the research on HLA-E and HLA-G has made the mechanisms and physiological functions clearer, but the research on HLA-F is still very few. Studies in recent years have basically confirmed its crucial role in maternal-fetal immune tolerance. However, the research on HLA-F is far from enough compared with HLA-E and HLA-G, and future experimental studies can focus on the role of HLA-F in physiological and pathological states. At the same time, some studies have proposed the synergy effects among HLA class Ib molecules, which can also be a new direction of future research. In addition, a deeper understanding of the mechanism of HLA class Ib molecules, especially HLA-G, and their expression in the extravillous trophoblast at the maternal-fetal interface can be used as a non-invasive biological index for rapid detection of embryo implantation. It can provide clues for maintaining normal pregnancy and further help to improve the success rate of embryo transplantation.
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Recurrent pregnancy loss (RPL) affects 1-2% of couples of reproductive age. Immunological analysis of the immune status in RPL patients might contribute to the diagnosis and treatment of RPL. However, the exact immune cell composition in RPL patients is still unclear. Here, we used flow cytometry to investigate the immune cell profiles of peripheral blood and decidual tissue of women who experienced RPL. We divided peripheral immune cells into 14 major subgroups, and the percentages of T, natural killer T (NKT)-like and B cells in peripheral blood were increased in RPL patients. The decidual immune cells were classified into 14 major subpopulations and the percentages of decidual T, NKT-like cells and CD11chi Mφ were increased, while those of CD56hi decidual NK cells and CD11clo Mφ were decreased in RPL patients. The spearmen correlation analysis showed that the proportion of peripheral and decidual immune cells did not show significant correlations with occurrences of previous miscarriages. By using flow cytometry, we depicted the global peripheral and decidual immune landscape in RPL patients. The abnormalities of peripheral and decidual immune cells may be involved in RPL, but the correlations with the number of previous miscarriages need further verification.
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Introduction

Recurrent pregnancy loss (RPL) is usually defined as the consecutive loss of two or more pregnancies before 24 weeks gestation, which affects about 1 to 2% of couples all over the world (1). The etiology of RPL is extremely varied which includes genetic abnormalities, uterine anomalies, endocrine dysfunction, parental balanced chromosomal translocation and infections (2). However, more than 50% of RPL patients can not be found obvious causes even after a comprehensive investigation, which is often called unexplained RPL (uRPL) (3). It has been proposed that most of the uRPL cases could attribute to immune system dysregulation, which is usually referred to as immune-related RPL (4).

During pregnancy, the fetus is a semi-allogenic to the maternal host, the maternal-fetal immune tolerance plays a key role in establishing a successful pregnancy (5). Maintaining new homeostasis of the maternal immune system is essential for ensuring maternal tolerance (6). Given the key function of immune cells in pregnancy, studies on immune-related causes of RPL have attracted great attention. For example, some researchers focus on the disorders of peripheral blood immune cells in RPL, given the difficulties of the invasive uterine specimen. The unbalance of Th1/Th2/Th17 and Treg cell paradigm could contribute to pregnancy complications like preeclampsia (PE) and RPL (7). Some studies have shown that the elevated levels and activation of CD3+CD56+ NKT-like cells in peripheral blood could lead to poor pregnancy outcomes by activating leukocyte subsets and inducing trophoblast cell death (8, 9). Peripheral NK (pNK) cells were phenotypically and functionally different from the decidual NK cells (10). The higher pNK cell activity might be a biomarker for predicting subsequent miscarriage, but the accuracy still needs further verification (11). In addition, the higher ratio of peripheral polymorphonuclear leukocytes (PMN) and monocytes indicated a possible association with inflammation state during pregnancy (12).

Decidual immune cells are composed of about 30-40% decidual cells during early pregnancy, the abundance and subtype of decidual immune cells have been confirmed associated with pregnancy complications (13, 14). The aberrations in the number or differentiation of decidual T and NK cells may induce serious dysfunction of the reproductive system, including RPL (15, 16). The inappropriately differentiated macrophages have been shown to leading reproductive complications including RPL, preeclampsia (PE), and intrauterine growth restriction (IUGR) (5, 17). Decidual PMNs and DCs may also have been implicated in both the initiation and later pathogenesis of RPL (18–20).

Though a few studies used single-cell RNA sequence and immunohistochemistry (IHC) analysis to explore the immune cell features in RPL patients, they were not robust quantitative methods for cell populations (14, 16). The global peripheral and decidual immune landscape in RPL patients is still unclear. Therefore, it is an urgent need to develop a reliable method to characterize the peripheral blood and decidual immune cell populations in RPL patients to predict and evaluate the disease progression. Herein, we used eighteen-color flow cytometry to establish different immune cell compositions in peripheral blood and decidual tissues from RPL patients. To make the experiments readily accessible to other researchers, we offered the detailed established antibody panels and the gating strategies to identify and quantify the various immune cells. Our research may contribute to a better understanding of the immune cell profiles in RPL, as well as identifying potential pathomechanisms and therapeutic targets for future explorations.



Material and methods


Human samples

Blood and decidual tissues were obtained in the first trimester from HDs in normal pregnancy (n = 23) for selective termination or RPL patients (n = 21) who met the diagnostic criteria of RPL were included (21). All enrolled samples received administration of 400µg misoprostol vaginally two hours before abortion surgery. Normal peripheral blood and decidual specimens with no previous abortions were collected from elective terminations of normal pregnancies. Patients with two or more consecutive previous spontaneous unexplained miscarriages, using Chromosomal Microarray Analysis to detect fetal chromosomal abnormalities. The normal karyotype of parents and abortus were enrolled in the RPL cohort. Patients with implantation failure due to anatomic, hormonal, infectious, autoimmune, or thrombosis-based causes were excluded from the study group. No participants had a history of smoking or alcohol use. The detailed clinical characteristics of the enrolled donors were summarized in Table 1. All samples in this study have signed written informed consent. This study was approved by the Research Ethics Committee in the Hospital of Shanghai First Maternity and Infant Hospital (Shanghai, China).


Table 1 | Clinical characteristics of HDs and RPL patients.





Peripheral blood collection and decidual cells isolation

Fasting peripheral blood samples were collected before the surgery. 1.5ml of whole blood was extracted for each flow cytometry staining panel.

Decidual tissues were transferred to the laboratory on ice in a DMEM medium with 10% fetal bovine serum (Gibco). Decidual tissues were washed extensively with 1x cold PBS (Gibco) to remove the blood as much as possible. To generate single-cell suspensions, the tissues were mechanically dissociated using scissors and digested for 45 min each at 37°C with a medium containing 1 mg/mL collagenase IV (Gibcol, 17104019). The digested tissues were filtered through a 40-μm cell-strainer nylon mesh (BD) and were collected by centrifuging at 700 × g for 10 min. After removing the supernatant, the cell pellet was washed twice with Flow Cytometry Staining Buffer (FACS buffer). FACS buffer was composed of PBS containing 1% FBS, 0.5% EDTA, and 0.05% gentamycin.



Flow Cytometry

A list of 17 monoclonal antibodies including their label, clone, source, dilution and staining information was provided in Supplementary Table S3. All data were carried out using BD FACS Fortessa. The normalized FCS files were analyzed by the FlowJo software (BD) and data was presented as a percentage of CD45+cells.



Statistical analysis

Statistical calculations were performed with the R, SPSS (v22, IBM, Armonk, NY), and Prism 6.0 (SanDiego, CA) software. Comparisons were performed using the χ2 test, paired t-test, or two-sided Wilcoxon Rank Sum test as needed. All tests were 2-sided, and significance levels were set to p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.001 (****) and ns means no significance. Correlations between two variables were determined by using Spearman’s rank coefficient.




Results


Flow cytometric analysis of peripheral blood immune cells

Using a detailed flow cytometry panel, we comprehensively assessed the immune cell composition in peripheral blood from RPL patients and HDs (Figure 1). CD45+ cells were further differentiated into neutrophilic and eosinophilic granulocytes (SSChi) and PBMC (SSClo). Peripheral blood neutrophils were homogeneous and express FcγRIII (CD16) and L-selectin (CD62L) within a narrow range, typically characterized as CD16brightCD62Lbright (mature), CD16dimCD62Lbright (immature), CD16dimCD62Ldim (apoptotic) neutrophils (22). L-selectin(CD62L) can account for impaired rolling and migration ability of leukocytes (23). The expression of HLA-DR was defined as an activation marker (24). Using CD62L and HLA-DR to characterize CD3+T cells into CD62L+ and HLA-DR+ CD3+T cells. CD56 was used for the identification of NKT -like cells, defined as CD56+CD3+T cells, which might serve as a bridge between innate and adaptive immunity. CD19 and CD20 were chosen for the identification of B cells. Plasmacytoid dendritic cells (pDC, HLA-DR+CD123+) and basophils (HLA-DR-CD123+) were selected from CD3-CD20/19- cells. CD1c+ conventional DC2 (BDCA1+-DCs) and BDCA3/CD141+ conventional DC1 (BDCA3+-DCs) were gated the from the remaining cells (T, B, pDC, basophils). Monocytes were identified based on the expression of CD14 and were subsequently divided into three subsets; classical (CD14++CD16−), intermediate (CD14++CD16+), and nonclassical monocytes (CD14+CD16++). pNK cells were gated into the early pNK (CD56hiCD16lo) and mature pNK (CD56dimCD16hi) subsets. The activation status of pNK cells was monitored by regulating the expression of HLA-DR. CD62L and CD11c respectively represented the adhesion ability and effector function capacity and they were used to divide pNK cells into subgroups (25, 26).




Figure 1 | Overview of peripheral immune cells gating strategy. Representative polychromatic dot plots demonstrating the gating strategy used to identify peripheral immune cell content in RPL patients and HDs. All leukocytes were selected using CD45- positivity and then divided into separate cell subtypes as shown.





Global changes in peripheral blood immune cell profiles

We sought to determine whether RPL patients and HDs peripheral blood show distinct immune cell signatures. In HDs, 66.54% of all CD45+cells were from the myeloid lineage, predominantly neutrophils (60.92%), monocytes (3.65%) and eosinophils (1.58%); and 27.29% of the lymphoid lineage, primarily T-cells (16.83%), pNK cells (8.50%) and B cells (1.97%). Minor populations included dendritic cells (DCs) and basophils. In RPL patients, the distribution of peripheral blood immune cells was different. The proportion of myeloid cells was reduced to 62.58%, mainly neutrophils (56.13%), monocytes (3.63%) and eosinophils (2.40%). The lymphoid-derived cells were enriched to 31.71%, principally T-cells (20.78%), NK cells (8.26%) and B cells (2.68%) (Table S1). Using heatmap representations we examined how the distribution of the percentage of CD45+ cells of each cell type varied in every patient. With each group, relatively homogeneous patterns were observed. The differences between RPL patients and HDs were well-defined as highlighted by the enrichment of T, NKT-like and B-cells (Figure 2A).




Figure 2 | Global changes in peripheral immune cell profiles. (A) Heatmap representation presenting the patient-to-patient variability of the log odds ratio derived from the percentage of CD45+ cells. (B) Representative tSNE plots of clustered CD45+ peripheral immune cells were shown changes in RPL patients and HDs. (C) Regulated peripheral immune cell populations differentially abundant between RPL patients and HDs identified by flow cytometry. p<0.05 (*), p<0.01 (**) and ns, no significance.



To gain a broad overview of the peripheral blood immune cell populations, we performed t-SNE analysis on CD45+ cells from RPL patients and HDs (Figure 2B). Compared to HDs, RPL patients had an increased fraction of CD3+T cells and NKT-like cells (Figure 2C). Furthermore, we observed a significant increase in B cells and CD62L+B cells (Supplementary Figure 1A). Unlike other studies, the percentage of CD56hi and CD56lo pNK cells and subsets were not significantly different between RPL patients and HDs (Figure 2C). Meanwhile, there were no differences in the proportions of neutrophils, basophils, eosinophils, DCs and monocytes (Figure 2C).



Flow cytometric analysis of decidual immune cells

The number of decidual CD45+ cells was calculated as lymphoid cells (R1) + myeloid cells (R2) (Figure 3). Mast cells (MCs) were identified by the expression of c-Kit. CD15 was chosen for the identification of neutrophils and eosinophils. Same as peripheral blood neutrophils, decidual neutrophils also characterized as CD16brightCD62Lbright (mature), CD16dimCD62Lbright (immature), CD16dimCD62Ldim (apoptotic) by CD16 and CD62L. CD19/20 were used to identify B cells, CD56 and CD3 were exclusively on NK- and T cells. To classify the basophils and pDCs, CD123 and HLA-DR were used as previously described. Basophils were identified by HLA-DR-CD123+; pDCs were identified as HLA-DR+CD123+cells. Conventional DCs were further subset into BDCA3+-DCs and BDCA1+-DCs based on BDCA3/CD141 and CD1c expression. Decidual macrophages were identified by CD14 and HLA-DR. Using CD11c and CD14, decidual macrophages could be further subsetted into CD11chi and CD11clo Mφ. CD62L and HLA-DR were used to evaluate migration and activation ability. On decidual CD3+T cells, CD56 was further used for the identification of NKT-like cells. Decidual NK (dNK) cells have been typically defined as CD56hi CD16- cells, distinct from peripheral blood NK cells (pbNK) and other tissue-resident NK cells (trNK) (27). The activation status of dNK cells was monitored by regulating the expression of HLA-DR. CD62L and CD11c were used to evaluate the adhesion ability and effector function capacity of dNK cells.




Figure 3 | Overview of decidual immune cells gating strategy. Representative polychromatic dot plots demonstrating the gating strategy used to identify decidual immune cell content in RPL patients and HDs. All leukocytes were selected using CD45-positivity and then divided into separate cell subpopulations as shown.





Global changes in decidual immune cell profiles

The decidual immune cell compositions in RPL patients and HDs were also varied. In HDs, 16.75% of all CD45+cells were from the myeloid lineage, predominantly macrophages (10.32%) and neutrophils (5.12%); and 66.30% of the lymphoid lineage, primarily dNK cells (55.36%) and T cells (9.34%). In RPL patients, the predominance of myeloid cells was increased to 19.25%, mainly macrophages (10.08%) and neutrophils (7.86%). The percentage of lymphoid-derived cells was reduced to 58.54%, principally dNK cells (43.20%) and T cells (13.97%). Minor populations included dendritic cells (DCs), basophils, eosinophils and B cells (Table S2). The expression level of different decidual immune cells of CD45+ cells in every sample was shown by the heatmap (Figure 4A).




Figure 4 | Global changes in decidual immune cell profiles. (A) Heatmap representation presenting the patient-to-patient variability of the log odds ratio derived from the proportion of CD45+ cells. (B) Representative tSNE plots of clustered CD45+ decidual immune cells were shown changes in RPL patients and HDs. (C) Regulated decidual immune cell populations differentially abundant between RPL patients and HDs identified by flow cytometry. p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.001 (****) and ns, no significance.



The decidual immune cell populations were then mapped on t-SNE composite plots which showed a great overview of cellular changes in RPL patients and HDs (Figure 4B). The altered decidual lymphoid immune cell state in RPL patients was demonstrated by an increased number of T and NKT-like cells (Figure 4C). In addition, the number of CD56hi dNK cells and HLA-DR+CD56hi dNK cells was decreased in RPL patients. The myeloid-derived CD11chi Mφ, including both HLA-DR+ and CD62L+ subpopulations, were also significantly increased in RPL patients (Figure 4C; Supplementary Figure 2A). In HDs, the number of CD11clo Mφ was decreased, including both HLA-DR+ and CD62L+ subgroups (Figure 4C; Supplementary Figure 2A). Although statistical significance was not reached, a trend of increased neutrophils and eosinophils was observed in RPL patients (Figure 4C). No differences were observed in the proportion of the B cells, basophils, eosinophils and DCs (Figure 4C).



The interrelationship of immune cells and correlation with clinical characteristics in RPL patients

To better reveal the interrelationship of immune cells and correlation with clinical characteristics, we performed a spearman’s rank correlation coefficient test on the RPL patients’ cohort (n=21). The heatmap in Figure 5A showed all correlations between clinical data (maternal age, BMI, gravidities, gestation week, BMI, previous miscarriages) and peripheral immune cell percentage of the total CD45+cell compartment. Our data showed that neutrophils inversely correlated with the percentages of monocytes and T cells. Meanwhile, basophils and eosinophils positively correlated with pDCs. Although T, NKT-like and B cells increased in the peripheral blood of RPL patients, the statistics showed that there is no correlation with the number of previous miscarriages (Figure 5A). Notably, the peripheral neutrophils showed a positive correlation with the number of abortions, although this did not reach statistical significance (Figure 5A).




Figure 5 | Spearman correlation analysis of immune cell frequencies and RPL patients’ clinical features. (A) Heatmap visualization shows spearmen correlation coefficient for clinical features including maternal age, BMI, gravidities, gestation week, BMI, previous miscarriages and peripheral immune cell frequencies. Key indicates r value scale for positive (red) and negative (blue) correlations. (B) Heatmap visualization shows spearmen correlation coefficient for clinical features including maternal age, BMI, gravidities, gestation week, BMI, previous miscarriages and decidual immune cell frequencies. Key indicates r value scale for positive (red) and negative (blue) correlations.



Concerning decidual immune cells, decidual T cells exhibited a positive correlation with NKT-like cells. Decidual pDCs showed a positive correlation with MCs, eosinophils and BDCA1+DCs. The expression of decidual macrophages was positively correlated with the BDCA1+DCs and BDCA3+DCs (Figure 5B). Though the number of decidual T, NKT-like and CD56hi dNK cells has changed in RPL patients, the correlations with the numbers of miscarriages were not significant (Figure 5B). Our analysis showed the proportion of CD11chi Mφ has a positive correlation with miscarriage numbers, although the data did not exert statistically significant changes (Figure 5B).




Discussion

Here, we utilized multi-color flow cytometry to create a systemic picture of the peripheral and decidual immune cell populations in RPL patients and HDs. Using this approach together with the concomitant bioinformatical analysis we have evaluated the presence and abundance of different peripheral and decidual immune cells. Compared to single-cell sequencing articles, flow cytometry could analyze and quantify multiple independent immune cell populations by using a large number of differentiation markers, including the multidimensional description of subpopulations and their activation or migration states. In our study, we have 1) identified and quantified a detailed picture of the peripheral and decidual immune phenotype in RPL patients and HDs; 2) evaluated cell populations that might contribute to the immune disorders in RPL patients; 3) assessed the interrelationships between immune cell populations and clinical characteristic in RPL patients.

Compared to HDs, the distribution and abundance of peripheral blood immune cell populations in RPL patients have changed. Similar to other studies, our data also showed that the number of T cells was increased in RPL patients, suggesting that the T cell abnormalities may be involved in RPL pathogenesis (28). The peripheral NKT-like cells could modulate the immune response of innate and adaptive immune cells by secreting inflammatory cytokines (29), we observed a strong increase in the number of NKT-like cells in RPL patients, implying that higher level of NKT-like cells might disturb the balance of the immune system. B cells were reported to play an important role in maintaining a successful pregnancy by regulating the secretion of autobodies and cytokines (30). Our results showed that the abundance of B and CD62L+ B cells was significantly higher in RPL patients, indicating that the alteration of immune effectors may be associated with RPL. CD11c+ B cells have been suggested to play a key play in various autoimmune diseases like graves’ disease, systemic lupus erythematosus (SLE) and Sjogren’s Syndrome (31). Programmed death-ligand 1 (PD-L1) is a critical molecule in immune suppression and the lower level of PD-L1+ B cells may also lead to poor pregnancy outcomes like RPL (32). However, there were no differences in the expression of CD11c+ and PD-L1+ B cells in RPL patients and HDs in this study. Consistent with the previous study pNK cells might not be an independent risk factor for subsequent miscarriages (33), we also demonstrated no significant differences between pNK cells and their subtypes in the present study. Though it was reported that the number of peripheral PMN has changed in RPL patients (34), our results showed that the number of granulocytes including neutrophils, basophils, eosinophils and their subpopulations was no different. Several studies revealed that DCs and monocytes might play a role in defending against pathogens and preventing the immune rejection of the fetus (35). Nonetheless, the percentages of three types DCs (pDCs, BDCA1+DCs and BDCA3+DCs) and monocytes (classical, intermediate, nonclassical) in RPL patients and HDs in our study did not show differences.

Moving from the global peripheral immune cell picture to decidual tissue, we also found the number and classification of decidual immune cells have changed in RPL patients. It has been reported that decidual T and NKT-like cells could accumulate in an antigen-nonspecific fashion at sites of inflammation including chronic deciduitis, chronic chorioamnionitis and chronic villitis/villitis of unknown etiology (VUE) (36). Similar to other studies, the number of decidual T and NKT-like cells in our study was also significantly increased in RPL patients (37). The aggregation of T and NKT-like cells in both peripheral blood and decidual tissues suggested that the RPL patients may be under a chronic inflammation status which leads to failed pregnancies. The subpopulations of T cells including HLA-DR+ and CD62L+ T cells did not increase in RPL patients, which suggests that the peripheral and decidual T cells of RPL patients may be in a low activation state (38). Unlike peripheral blood B cells, the number of decidual B cells was small and did not increase in RPL patients. Due to the high prevalence in the decidual uterine lymphocyte population, dNK cells have been classically associated with reproductive success by controlling trophoblast invasion and remodeling spiral arteries (39, 40). A recent systematic review has shown that there was no significant difference between dNK subtypes although subgroup analysis revealed notably higher total CD56+ uterine NK cells in RPL patients compared with HDs using endometrial specimens from the mid-luteal phase only. However, this observation was not successfully replicated by testing decidual tissue in first-trimester pregnancy (41). These results were in contrast to our study where we observed a decreased abundance of CD56hi dNK cells in RPL patients, including HLA-DR+ CD56hi and CD11c-CD62L-CD56hi dNK cells. The cytotoxic CD56lo dNK cells were increased in RPL patients, though the difference did not show statistical significance. We suggested that our findings were reflective of the increased accuracy of multicolor flow cytometry over IHC in quantitative studies; many of the 33 studies included in the meta-analysis of RPL patients were IHC studies only. In the present study, two distinct macrophage populations identified by CD11c (CD11chi and CD11clo) were detected in decidual tissues. Same as Houser’s study, we also found increased numbers and complexity of activated CD11chi Mφ in RPL patients (42). Meanwhile, the higher expression of HLA-DR+ and CD62L+CD11chi Mφ may suggest that they could participate in disease progression by higher antigen-presenting capacity and pro-inflammatory ability (43). In pregnancy, limited DCs could contribute to minimizing immunogenic and migratory DC-mediated T cell responses to feta/placental antigens (44). Unlike other studies, our data showed the number of DCs (BDCA1+, BDCA3+, pDCs) in decidual tissue was low, and no difference between HDs and RPL patients, the underlying mechanism may be the small sample size in this study. Some researchers demonstrated that the increased neutrophile ratio may be a risk factor for RPL, but the exact mechanism still needs further investigation (45). Through our investigation, the frequency of neutrophils and their subtypes were no significant differences between RPL patients and HDs. Consistent with previous findings, the ratio of other granulocytes including MCs, basophils, and eosinophils was extremely low in decidual and showed no difference in RPL patients and HDs (46).

We then explored the relationship between clinical characteristics and immune cell populations. Our results showed that the peripheral neutrophils correlated positively with T cells, supporting previous reports that the neutrophil-to-lymphocyte ratio may be a clinically predictive risk marker for RPL (45). NKT-like cells could regulate the polarization of T cells and the secretion of proinflammatory cytokines (47). In our study, we also found decidual T cells had a positive correlation with NKT-like cells, suggesting that the higher expression of NKT-like cells may disrupt the balance of T cells and promote inflammation that induces the RPL. We found that decidual CD11Chi Mφ may have a positive correlation with the number of miscarriages, which suggested that the higher ratio of CD11Chi Mφ may disrupt the immune tolerance at the maternal-fetal interface (48). Although positive correlations (peripheral neutrophils and decidual CD11Chi Mφ) and an inverse association (peripheral T cells) between immune cells and previous miscarriages were observed in our study, the results did not reach statistical significance, probably due to the limited quantity of RPL patients. Larger prospective studies are required to confirm these findings.

Though our study has confirmed some findings and provided new data on the peripheral and decidual immune landscape of RPL patients, there were limitations to this study. First, the number of RPL samples and matched HDs was limited. Second, we have not made an in-depth analysis of different immune cell subpopulations like T and NK cells. Third, the mechanism of immune disorders of RPL patients still needs further investigation. However, using flow cytometry could simultaneously analyze multiple immune cell populations. In future studies, the detailed characterization and function of the peripheral blood and decidual immune cell composition in RPL patients should be investigated.

In conclusion, we characterized the immune cell composition in peripheral blood and decidual tissues from 23 HDs and 21 RPL patients. Our study reveals that the abnormalities of the immune system may account for an important factor leading to RPL. The multiple interactions among various immune cells may affect the balance between immune activation and clinical characteristics via many possible mechanisms, thus causing the development of RPL. Thus, targeting immune cell dysfunctions may provide great potential to treat RPL in clinical practice.
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Progesterone (P4) and glucocorticoid (GC) play crucial roles in the immunoregulation of a mother to accept and maintain a semi-allogenic fetus. P4 concentration increases during pregnancy and becomes much higher in the placenta than in the other peripheral tissues, wherein the concentration of cortisol (COR), the most abundant GC and a strong immunosuppressor, remains uniform throughout the rest of the body. Here, we evaluated the effect of a high-P4 environment on pregnant immunity by comparing it with COR. Naïve T cell proportion increased transiently in peripheral blood of pregnant women just after delivery and decreased after one month. T cells stimulated with superantigen toxic-shock-syndrome-1 (TSST-1) in the presence of P4 stayed in the naïve state and did not increase, irrespective of the presence of COR, and reactive T cells could not survive. Treatment of T cells with P4 without T cell receptor (TCR) stimulation transiently suppressed T cell activation and proliferation, whereas the levels remain unaltered if P4 was not given before stimulation. Comparison of the engraftment and response against specific antigens using hu-PBL-NOG-hIL-4-Tg mice showed that P4-pretreated lymphocytes preserved CD62L expression and engrafted effectively in the spleen. Moreover, they produced antigen-specific antibodies, whereas COR-pretreated lymphocytes did not. These results suggest that a high-P4 environment suppresses T cell activation and induces T cell migration into lymphoid tissues, where they maintain the ability to produce anti-pathogen antibodies, whereas COR does not preserve T cell function. The mechanism may be pivotal in maintaining non-fetus-specific T cell function in pregnancy.
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Introduction

Immunological tolerance to a semi-allogenic fetus by a pregnant woman is pivotal for the acceptance and maintenance of the fetus and thereby a successful pregnancy. Although pregnant women are at increased risk of ICU admission and ventilation care, the risk of COVID-19-related death is not significantly higher in pregnant women than in non-pregnant women (1, 2). Moreover, the risk of breast cancer progression is not increased in pregnant women compared with that in their non-pregnant counterparts (3). These studies indicate that the immune system is functional in pregnant women as in non-pregnant women. However, whether the mechanism of tolerance to semi-allogenic-grafts can co-exist with a normal defense against cancers or pathogens remains to be clarified.

During pregnancy, the level of gestation-related proteins and hormones, such as progesterone (P4), estrogen, testosterone, and glucocorticoids (GCs), increases. Some of these molecules are correlated with immune suppression (4). Cortisol (COR), the main GC in humans, is regulated by the hypothalamic-pituitary-adrenal (HPA) axis (5), whereas P4, another key steroid hormone in immune regulation during pregnancy, is produced by the trophoblasts independently from the HPA axis in humans. However, the regulatory mechanism of P4 production in placenta has not been fully clarified, although the synthesis pathway has been extensively analyzed (6, 7). In addition, several differences between the functionality of these steroids have been reported (8, 9). By contrast, one study using a mouse model demonstrated that P4 uses GC receptor-dependent pathways for inducing immune suppression and suggested that both steroid hormones have similar effects (10). Although these discrepancies between the previous studies could be attributed in part to the differences in the response of immune cells between humans and mice (11), understanding the orchestrated role of P4 and COR is crucial to understanding the mechanism of immune regulation during pregnancy in humans. Therefore, we hypothesized that establishing a humanized immune system (12, 13) could be useful for analyzing the phenomena caused by the dynamic change of P4 and COR in vivo.

P4 is synthesized and secreted by trophoblasts, and the highest concentration of P4 has been reported in the maternal-fetal interface of the human placenta (7), suggesting an important role of P4 in immune regulation during pregnancy. Furthermore, species with a non-invasive placenta, such as mice, do not secrete a large amount of P4 in the placenta (14). However, the placenta of new-world monkeys such as marmosets exhibit the invading characteristics with enhanced P4 production (15, 16). The invasiveness and degree of P4 production are further enhanced in the human placenta (17, 18), which secretes approximately 250 mg of P4 per day (4). Placenta-derived P4 circulates systemically in the blood, and the concentration becomes as high as 20 μM in the villous lumen blood (19, 20). Several studies have explored the role of P4 in immune suppression and unraveled the possible underlying mechanisms (21). For instance, Papapavlou et al. showed that P4 inhibits T cell activation at high concentrations, whereas estradiol does not (22). P4 enhances the expression of human leukocyte antigen (HLA)-G (23), an inhibitory HLA of non-classical type, and progesterone-induced blocking factor (PIBF), an enhancer of calcium influx (14), which play critical roles in immune tolerance and fetal growth. P4 also shifts the T cell function to T cell helper 2 (Th2). Furthermore, P4 blocks Kv1.3, a potassium channel expressed on activated T cells (24). The gene profile of P4-regulated immune cells has also been clarified (25). However, the precise mechanism of how P4 regulates T cell activation is elusive.

COR produced mainly in the adrenal gland is pivotal for early pregnancy (26). COR is a multi-functional transcription factor regulator and strongly suppresses the production of inflammatory cytokines secreted by innate immune cells (27, 28). Moreover, COR modulates and suppresses T cell activation directly and indirectly by inducing Treg cells and Th2 cells (27, 28). Therefore, COR or its derivatives are used in clinical cases as strong immune suppressors. In contrast to P4, COR is regulated via the HPA axis during pregnancy (29, 30), and its level in the peripheral blood is comparable with that of P4 in the second to third trimesters. In addition, COR enhances the immune reaction by controlling the distribution and response of T cells (31). Although COR is produced in the mother’s adrenal gland, it is blocked in the syncytiotrophoblast because of the presence of 11-b-hydroxysteroid dehydrogenase, which reacts with COR to produce non-reactive cortisone (32). In contrast, the level of COR increases under stress conditions, allowing it pass the syncytiotrophoblast, making an immune-suppressive signal to the fetus (33). This phenomenon suggests a crosstalk pattern in the mother and fetus endocrine system.

Hence, considering the difference in steroidogenesis regulation, we speculated that the kinetics might be closely related to the bi-directional immune regulation of tolerance to semi-allograft fetus and defense against cancers and/or pathogens during pregnancy. Therefore, we aimed to comprehensively compare the effects of P4 and COR on human lymphocytes in vitro and in vivo to clarify their role in the systemic regulation of immunity during pregnancy.

To stimulate T cells, we used superantigen TSST-1, which can stimulate large numbers of T cell repertoires in the presence of antigen presenting cells (APCs) (34). Superantigens induce transient T cell activation by T cell receptor (TCR)-major histocompatibility complex (MHC) crosslinking, following anergy induction and regulatory T cell differentiation (35, 36). However, superantigens induce a state of steroid resistance in activated T cells by non-canonical pathway (37). Because we aimed to compare the APC-involved T cell response in the presence of steroids, we selected one of such superantigens, TSST-1 for in vitro stimulation of T cells.

Because the functional assay of specific antibody production is very difficult in vitro, and the mouse immune system is different from that of humans, we used humanized mouse system. Humanized mouse system with human immunity has been investigated extensively. The human immune system was developed by transplanting human tissues such as hematopoietic stem cells (HSCs) or PBMCs into immunodeficient mouse (38–40). There mice could engraft human immune cells and immune reactions could be monitored by the system. Among them, the hu-PBL-hIL-4-Tg-NOG mouse system, which prevents graft versus host disease (GvHD) in the xeno-PBMC transplantation, induces antigen-specific antibody production by human immune cells in vivo (41, 42). The mouse system develops the morphology of peripheral lymphoid tissues similar to that of the spleen and lymph node, constructing white and red pulp (personal communication). Therefore, compared with other humanized mouse systems, the hu-PBL-hIL-4-Tg-NOG system can present a B cell response more comparable to that of humans. Using the mouse model, we identified the difference between the effects of the two steroids on the engrafted human PBMCs in vivo.



Materials and methods


Ethical approval

Human PBMCs were derived from healthy donors or pregnant women after receiving written informed consent following protocol approval by the Institutional Review Board according to the institutional guidelines. This work was approved by the Tokai University Human Research Committee (approval no. 20R211, 21R277) and the Central Institute for Experimental Animals (CIEA) Human Research Committee (08–01). The experiments were conducted in accordance with the guidelines of the Declaration of Helsinki and the Japanese Federal Regulations required for the protection of human subjects. Immunodeficient mice were used for xenotransplantation studies in compliance with the Guidelines for the Care and Use of Laboratory Animals, and all animal protocols were approved by the committees of CIEA (#20045) and the Tokai University School of Medicine (#185016, #191073, #202049, and #213047). This study was carried out in compliance with the ARRIVE guidelines.



Clinical samples

Peripheral and placental blood were obtained from healthy donors or pregnant women without a history of malignant diseases. A total of 56 healthy donors without pregnancy (age, 21–61; 37 males and 19 females) and 15 pregnant women (age, 23–42) were enrolled in this study. The list of pregnant women is shown in Table S1.

We used NOG-hIL-4-Tg (formal name, NOD.Cg-PrkdcscidIl2rgtm1Sug/Tg(CMV-IL4)/Jic) mice and transplanted PBMCs obtained from healthy donors that were treated with P4 or COR into them. To examine the effector function of these treated PBMCs, the function of T and B cells could be evaluated because human PBMC can engraft in the mouse without causing GvcHD (41, 42). The NOG-hIL-4-Tg mice were housed under specific pathogen-free conditions in the animal facility located at CIEA or Tokai University School of Medicine during the experiments. DNA was extracted from the ear tissues collected at the time of genotyping. Offspring with the expression of human IL-4 were identified as described previously (41).



Preparation of human PBMCs

Approximately 30 mL blood from healthy donors was drawn into Vacutainer ACD tubes (Becton Dickinson, NJ, USA) containing heparin. The collected sample was immediately placed in 10 mL of Ficoll-paque PLUS (Cytiva, UK, London), and mononuclear cells were isolated by density centrifugation (500 × g, 30 min, 20°C). The cells were washed with phosphate-buffered saline (PBS) for 5 min at 300 × g, 4°C, and used for the in vitro and in vivo analyses.



In vitro culture of PBMCs

PBMCs (1×106/mL) was stimulated with 1 μg/mL toxic shock syndrome toxin-1 (TSST-1) (Toxin Technology Inc, Sarasota, USA) in RPMI-1640 medium (Nissui Co. Ltd, Tokyo, Japan) supplemented with 10% Fetal Calf Serum (FCS) (Sigma-Aldrich, St. Louis, USA) and antibiotics (streptomycin, 0.1 mg/mL, penicillin 100 unit/mL; Meiji Seika, Tokyo, Japan) in the presence or absence of different amounts of progesterone (P4) (Sigma-Aldrich) and/or cortisol (COR) (Sigma-Aldrich) at 37°C for 72 h with 5% CO2. Cells were collected, washed with PBS, and 5×105 cells/tube were submitted for flow cytometry (FCM) analysis.

For the re-stimulation analyses, 7×106 PBMC/mL were cultured in RPMI-1640 with 10% FCS and the antibiotics, as mentioned above, in the presence of 0–200 μM COR or P4 37°C for 6 h with 5% CO2. Cells were collected, washed with PBS, and re-cultured in various conditions. After the treatment, cells were collected and submitted for the FCM analysis.

Three independent experiments were conducted as follows. Exp. 1; PBMC was cultured for 6 h in the presence of 200 μM P4 or COR, washed, and stimulated by TSST-1 in the presence or absence of the same steroids. For negative and positive controls, cells with no stimulation and cells with TSST-1 stimulation were used, respectively. Exp. 2; T cells were stimulated with TSST-1 for 6 h, and after the stimulation, P4 or COR was added to the cells. Exp. 3; T cells were stimulated with TSST-1, and after the stimulation, TSST-1 was depleted, and P4 or COR was added to the cells. After 48 h, T cells were re-stimulated with TSST-1,



Cell division of T cells

T cells were purified using Pan T cell Isolation Kit, human (Miltenyi Biotec, Bergisch Gladbach, Germany). Briefly, PBMCs were cultured in the presence or absence of TSST-1 and P4 or COR for 72 h. Subsequently, the cells were collected, washed, and incubated with the Pan T cell biotin-antibody cocktail at 4 °C for 5 min. After adding 40 µL wash buffer, the Pan T cell microbead cocktail (20 µL) was added and incubated at 4 °C for 10 min. The T cells were sorted using the Automacs system (program: depletion; Miltenyi Biotec) and labeled using the CellTrace™ Cell proliferation kit (Thermo Fisher Scientific, MA, USA) following the manufacturer’s instructions. 5- (6)-Carboxyfluorescein diacetate succinimidyl ester (CFSE) powder was reconstituted with dimethyl sulfoxide (Wako, Tokyo, Japan) at a concentration of 5 mM. The cells were incubated with CFSE (final concentration, 5 µM) at 37 °C for 20 min in the dark, washed with PBS, and resuspended in RPMI-1640 medium. Afterward, the cells were stimulated with Dynabeads™ Human T-Activator CD3/CD28 (Thermo Fisher Scientific) or an anti-CD3 coated microplate. Cells were collected, and the cell cycle was analyzed using FCM for 3 days, as described below.



FCM analysis

Fluorochrome-conjugated anti-human monoclonal antibodies (mAbs) were used to identify human immune cells. The cells were incubated with appropriate dilutions of fluorescently labeled mAbs for 15 min at 4°C and were then washed with PBS containing 1% (w/v) Bovine Serum Albumin (BSA) Sigma-Aldrich, St. Louis, USA). The cells were analyzed using FACS Fortessa, or Verse (BD Bioscience, Franklin Lakes, NJ, USA). For each analysis, the live gate with white blood cells or lymphocytes was further gated based on hCD45 expression. The data were analyzed using FlowJo™ v10 (BD Bioscience). The mouse anti-human mAbs used in this study are shown in Table S2.

Culture supernatants were collected, and the debris was removed by centrifugation at 300xg at 4°C. Cytokine quantitation was conducted using LEGENDplex (BioLegend) according to the manufacturer’s instructions. Briefly, 25 µL of the supernatant was mixed with 25 µL capture beads and incubated for 2 h at 25°C. The beads were washed, mixed with detection antibodies, and incubated for 1 h at RT. Subsequently, streptavidin-phycoerythrin was added, and the mixture was incubated for 30 min at 25°C. Finally, the beads were washed and analyzed using FCM. Analysis was performed using the BD FACSVerse™ Flow Cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The data were analyzed in pg/mL using LEGENDPlex™ V8.0 (BioLegend, San Diego, USA).



Transplantation and treatment of PBMC-NOG-hIL-4-Tg mice

PBMCs (1×106/mL) were cultured in RPMI-1640 with 10% FCS equipped as mentioned above in the presence or absence of 200 μM COR or P4 at 37°C for 6 h with 5% CO2. Cells were collected, washed with PBS, and 5 x106 PBMC were transplanted intravenously into 8- to 9-week-old NOG-hIL-4-Tg mice.

A CH401 peptide, which includes the epitope sequence of the anti-HER2 mAb, was determined using MAP-peptides with a partial amino acid sequence of HER2/neu (N:YQDTILWKDIFHKNNQLALT) (43). The peptide was synthesized using a Rink amide resin (0.4–0.7 mmol/g), an ACT357 peptide synthesizer (Eurofins Genetics Tokyo JPN), and a multiple antigen peptide named CH401MAP, a 20-mer peptide of the HER2 molecule that was synthesized as an antigen peptide. HER2 peptide was emulsified with complete Freund’s adjuvant (CDA) (Becton Dickinson) (50 μg/head, 100 μL 1:1/v:v) and administered to the PBMC-NOG-hIL-4-Tg mice intraperitoneally. For the negative control, an equal volume of PBS was emulsified and injected into PBMC-NOG-hIL-4-Tg mice transplanted with the same PBMCs obtained from healthy donors. Boosters were administered using incomplete Freund’s adjuvant (IFA) (Wako Pure Chemical Industries, Ltd) 2 weeks after the first immunization. At 4 weeks after transplantation and 2 weeks after booster administration, peripheral blood (PB) was collected in the presence of heparin via retro-orbital bleeding under inhalation anesthesia. The mice were sacrificed and analyzed for T and B cell profiles using FCM after 28 days. Antibody production was analyzed using hybridoma preparation and ELISA, as described below.



Hybridoma preparation of human B cells engrafted in the spleen of the hu-PBL hIL-4 NOG mouse

The hu-PBL hIL-4 NOG mice with >1×107 spleen cell numbers were selected. The mouse splenocytes were fused with the mouse myeloma cell line, P3-X63-Ag8-U1, using electroporation with a BEX CFB16-HB (BEX co. LTD, Tokyo, JPN) and the electrode, LF497P2 as reported previously (42). The conditions for electroporation were set at AC 30 V for 20 s, DC 350 V for 30 µs/500 ms DC cycle 3, AC 30 V for 7 s, Fade on, in electrofusion buffer (0.3 M mannitol, 0.1 mM calcium chloride, and 0.1 mM magnesium chloride). Fused cells were cultured under the condition (1×107/mL). The cells were cultured in hypoxanthine, aminopterin, and thymidine-containing (HAT) medium for two weeks. ELISA was conducted using the supernatants to measure total Ig, CH401MAP-specific IgG, and BAM6MAP-specific IgG, as described previously.



Enzyme-linked immunoassay (ELISA)

The level of human IL-4 protein was measured using the Human IL-4 ELISA Set BD OptEIA™ (BD Biosciences) according to the manufacturer’s instructions. The protocol for specific IgG antibody detection has been previously described (41). Briefly, micro-wells of microtiter plates (Thermo Fisher Scientific) were coated with anti-human Igs (for total IgG detection), CH401MAP (for specific IgG detection), or BAL6MAP, a third-party antigen (N:NYYAGGFNSVRGFKDSTLGP) (1 μg/mL) diluted in carbonate buffer (pH 9.5), and the antigens were adsorbed to microtiter plates overnight at 4°C. The wells were washed with PBS-Tween (0.05% v/v) and blocked with 3% BSA-PBS at RT for 2 h. After three washes with PBS-Tween, 10-fold serial dilutions of mouse plasma were added to the wells and incubated for 2 h at RT. The plates were washed three times before adding biotin-conjugated mouse anti-human IgG mAb (BD Pharmingen, San Diego, USA) (1:3,000). After 2 h incubation at 37°C, the plates were washed 3 times, followed by the addition of streptavidin-horseradish peroxidase (1:50,000 v/v; BD Pharmingen). The plates were incubated for 1 h at RT, and unbound conjugates were removed by washing. Then, the EIA substrate kit solution (Bio-Rad Laboratories, Hercules, CA, USA) was added to each well. The reaction was stopped with 10% HCl, and the absorbance was measured at 450 nm.



Immunohistochemistry

NOG-IL-4-Tg mouse spleen and lung tissues were fixed with Mildform® (FUJIFILM Wako Pure Chemical co. Osaka, Japan) and embedded in paraffin. A paraffin block was micro-sectioned and de-paraffinized. The tissue sections were mounted onto glass slides after fixation using formalin, washed, and endogenous peroxidase was blocked for 10 min at RT. The sections were blocked with goat serum for 30 min, washed, and then the primary monoclonal antibody was added. Subsequent incubation with peroxidase-labeled anti-mouse Ig was performed according to the manufacturer’s protocol. The antibodies are shown in Table S4.



Statistical analysis

All statistical analyses were performed using Microsoft Excel (Microsoft, Redmond, WA). The data are shown as the mean ± standard deviation (SD). Significant differences between groups were determined using one-way ANOVA or two-sided Student’s t-test analysis.




Results


Reduced P4 induces naïve T cell mobilization in the blood flow after the delivery

P4 and COR are representative steroid hormones that regulate the immune system. Therefore, we measured their concentrations in the plasma 0–3 days before (hereafter referred to as before), 3–4 days after (hereafter referred to as after), and 27–39 days after (hereafter referred to as after one month) delivery (Table S1). The mean serum concentration of P4 was 131.22 ng/mL before and 1.25 ng/mL after delivery, which decreased to 0.27 ng/mL after one month (Figure 1A). The mean COR significantly decreased from 288.4 ng/mL to 195.8 ng/mL and finally to 82.7 ng/mL, respectively; however, the range of reduction was lower than that of P4 (Figure 1B). Furthermore, to understand the relation between these changes in P4 and COR with T cells, we analyzed the kinetics of T cells in the peripheral blood before and after the delivery. The mean proportion of naïve CD4 T cells significantly increased from 25.62% (before) to 42.55% (after) and significantly decreased to 29.24% (after one month) (Figures 1C and S1A), whereas that of naïve CD8 T cells increased from 24.08% to 40.96% and decreased to 18.96% (Figures 1D and S1A), respectively. These differences were significant, suggesting that naïve T cells transiently increase in the PB of a mother and return to the baseline level one month after the delivery. The prominent decrease in P4 and COR levels indicated that environmental change may affect the kinetics of naïve T cells. Because P4 enhances the expression of CD62L, a marker for lymph node migration (44), it might play a pivotal role in preserving naïve T cells in lymph nodes during pregnancy. Therefore, we further analyzed the effects of P4 and COR on the naïve T cell kinetics and localization in the lymphoid tissues.




Figure 1 | Naïve T cell mobilization coincides with progesterone (P4) decrease in the peripheral blood after delivery. The kinetics of steroids and T cells in the PBMCs of pregnant women. Pre- and post-delivery concentration of (A) P4 in the plasma (ng/mL); (B) cortisol (COR) in the plasma (μg/mL); (C) naïve CD4 T cell (%) in CD4+ cell gate; (D) naïve CD8 T cell (%) in CD8+ cell gate. pre, pre-delivery; post, post-delivery; 1mo, one month after delivery. *p<0.05; **p<0.01; ***p<0.001 [one-way analysis of variance (ANOVA)]; n = 15. See also Table S1 and Figure S1.





T cell activation and proliferation are suppressed dominantly by P4 to GC

A P4 concentration of between 20 and 200 μM, i.e. similar to the concentration in the intervillous blood of the placenta of third trimester, rapidly decreases the gene expression related to nuclear factor of activated T-cells of T cells (20, 21, 24). The highest concentration of COR in circadian variation or in the third trimester intervillous blood is nearly 20 μM. Therefore, we selected 20 and 200 μM (10 X of 20 μM) and assessed the changes in the expression of activation markers on the lymphocytes after T cell stimulation using FCM. As superantigen stimulation induces T cell activation in the presence of GC (37, 45), we stimulated PBMCs with TSST-1 in the presence of P4 and/or COR and analyzed the expression of CD25 and PD-1 after 72 h.

The proportion of CD25/PD-1 double-positive (DP) cells decreased with an increased P4 concentration, while that of double-negative (DN) cells increased in both CD4 and CD8 T cells. On the contrary, no significant changes in both DP and DN cells were observed with changes in COR concentration (Figure 2A). The results also demonstrated that in the presence of P4, the proportion of activated T cells with expression of the activation markers was significantly decreased irrespective of COR concentration. In other words, no significant effects of COR were observed in the suppression of T cell activation. Both CD4 and CD8 T cells showed similar results (Figure 2B). Moreover, the number of DN T cells was not changed with P4 addition, suggesting that P4 did not increase the DN cell number but suppressed DP differentiation (Figure S2).




Figure 2 | P4 and COR effects on T cell activation in vitro. (A) The expression patterns of activation markers (CD25 and PD-1) on T cells after TSST-1 stimulation cultured for 72 h in the presence of 0–200 μM P4 or COR. Upper panels; P4 treatment. P4 concentration is shown above each panel. Lower panels; COR concentration is shown above each panel. Left four panels; CD4 T cells, Right four panels; CD8T cells. (B) Kinetics of CD25/PD-1 double negative (DN; non-activated) and double-positive (DP; fully activated) T cell ratios. Upper panels; P4 concentration is shown on the horizontal axis. Lower panels; COR concentration is shown on the horizontal axis. Left four panels; CD4 T cells, Right four panels; CD8T cells. (C) Concentration of inflammatory and T cell subset-related cytokines in the culture supernatants. X-axes show the concentration of P4 in the culture medium, and Y-axes show the concentration of inflammatory and T cell subset-related cytokines. Solid lines, no COR; dotted lines, 20 μM COR; gray lines, 200 μM COR; Data show average ± standard deviation (SD); n = 3. See also Figures S1S2.



The proportion of CD45RA−CD62L− effector T cells (Teff) decreased in a P4 concentration-dependent manner. By contrast, the proportion of CD45RA+CD62L+ cells tended to be maintained. However, the surface expression of CD45RO and CD95, the memory and effector T cell markers, was not increased in the presence of P4, suggesting that the T cells, which are arrested in a non-activated state, maintain naïve cell characters (Figure S3). Some difference from normal naïve T cells was observed, as CD127 expression was increased by COR and CD197 expression was decreased by P4 (Figure S3).

Next, we examined the level of inflammatory cytokines secreted by these PBMCs (Figure 2C). The concentration of most of the cytokines was lower in the COR-treated supernatants than that in the P4-treated supernatants. However, IL-17F secretion was lower in the P4-treated supernatants (200 μM; 40.80 + 23.57 pg/ml) compared to that in COR-treated supernatants (200 μM; 181.79 + 27.36 pg/ml, p<0.01). IL-10 was increased in the presence of 20 μM COR while P4 suppressed IL-10 secretion in a concentration-dependent manner. Cytokines secreted by non-T cells, such as IL-12p70, IFN-α, MCP-1, IL-8, and IL-18, were significantly suppressed by COR-treatment, whereas the effects of P4 were not significant. The addition of P4 and COR (at 200 μM) completely suppressed almost all of the cytokines examined, except for IL-18 and IL-2. Furthermore, IL-4 was increased by P4 addition, but it was suppressed in the presence of COR. These results indicate the potential efficiency of P4 in suppressing the inflammatory cytokines, which is further enhanced by the presence of COR.

Furthermore, to examine whether these steroids directly affect the T cells, we used purified and CFSE-labeled T cells to examine the effects on proliferation. The results showed that the proliferation of T cells was completely suppressed in the presence of 200 μM P4, while no inhibition was observed in the presence of COR up to 200 μM (Figure 3A). Moreover, almost all the cytokines produced by T cells were decreased in the presence of P4 dose-dependently. COR showed no effects on proliferation of T cells. The production of cytokines was completely suppressed in the presence of both steroids, and approximately 80% of cells were killed by the treatment (Figures 3B, C).




Figure 3 | Effects of presence of P4 and COR on the proliferation of T cells. (A) 5-(6)-Carboxyfluorescein diacetate succinimidyl ester (CFSE) attenuation on the purified T cells 3 (upper panels) and 4 (lower panels) days after stimulation in the presence of P4 and/or COR. Gray zones represent the ranges of non-dividing cells. Gray peaks are dividing cells predicted from the raw data. Typical patterns of 3 independent experiments are shown. (B) T cell number 3 days after the proliferation was shown. *p < 0.05 (Student’s t-test). (C) Concentration of T cell subset-related cytokines in the culture supernatants. Horizontal lines show the concentration of P4 or COR in the culture medium. CTRL (−); negative control, culture supernatants without stimulation by TSST-1. Gray bars, CTRL (+); positive control, culture supernatants stimulated only by TSST-1; Closed bars, 200 μM P4 was added; Open bars, 200 μM of COR was added; Each data are mean ± SD; n = 3.



Together, these results suggest that P4 suppresses T cell activation, proliferation, and cytokine production in a concentration-dependent manner, maintaining the naïve phenotype, but induces cell death in purified T cells. The suppression by P4 was dominant to the proliferative effect of COR, suggesting that the T cell fate is mainly regulated by P4 in high-P4 and COR environment.



P4 transiently suppresses the activation of T cells after T cell receptor (TCR) stimulation

When resting and/or primed T cells are exposed to a high concentration of P4 in the placenta, they may stay there for a short time and be left there if it is not activated by an alloreactive antigen. After the experience of a high P4 environment, T cells might change the activation status to react to a third-party antigen. Therefore, we tried to examine if a high concentration of P4 influences the level of activation on T cells. Three experiments were designed to examine the effect of P4 (Figure 4A). In Exp. 1, resting cells were pre-treated with P4 or COR for 6 h before TSST-1 stimulation. The P4 pretreatment group was activated at a similar level as the positive control, while no activation was observed in the P4 treatment group (Figure 4B). By contrast, the activation of the cells in the COR pretreatment group was not suppressed significantly. Similar phenomena were observed in CD4 T cells and CD8 T cells, with no significant difference. These results suggest that TCR stimulation in the presence of P4 strictly suppresses T cell activation, but T cells can be activated by P4 pretreatment. COR treatment slightly decreases the activation after TCR stimulation, but does not strictly affect the T cell activation.




Figure 4 | Effects of P4/COR pre/post-treatments on T cell activation. The PBMCs were treated with/without P4 or COR before stimulation by TSST-1. (A) The experimental design of pre/post-treatment with P4/COR. Three experiments were designed as shown. (B) Experiment 1 (Exp. 1)— CD25/PD-1 DP cell ratios (%) in CD3 T cells are shown. The treatments are shown in each table below the panel. The solid bars show mean ± SD; n = 3. *p < 0.05 (Student’s t-test) (C) (Exp. 1) CFSE attenuation on the purified T cells 3 days after stimulation. Upper panels: NC, negative control; PC, positive control; (+/-), pretreatment groups; (+/+), treatment groups. Gray zones represent the ranges of non-dividing cells. Gray peaks are dividing cells predicted from the raw data. Typical patterns of three independent experiments are shown. Lower graph: (−), negative control; (−) CD3/CD28, positive control; P4 pre, P4 pre-treatment group; P4 post, P4 treatment group; COR pre, COR pre-treatment group; COR post, COR treatment group. (D) (Exp. 2 (left panels) and Exp. 3 (right panels)). CD25/PD-1 DP cell ratios (%) in CD3 T cells are shown. The treatments are shown in each table below the panel. The solid bars show mean ± SD; n = 3. *p < 0.05, **p < 0.01 (One-way ANOVA and Student’s t-test).



Next, we analyzed the proliferation of T cells after the pre-treatment. The P4 pretreatment group proliferated, while the P4 treatment group induced cell death, and no proliferation was observed (Figure 4C). In addition, all cytokines except IL-4 tended to be suppressed or maintained at the same level; IL-4 increased significantly in the P4 treatment group (Figure S4). These results confirmed that pre-treatment by P4 without TCR stimulation did not affect T cell proliferation and activation. By contrast, the longer period of TCR stimulation under a high P4 environment was deleterious for T cells.

Finally, we designed two further experiments, to clarify if P4 suppression of T cells is superior to preceding activation signal (Exp. 2) or transient/permanent (Exp. 3). The results showed that P4 suppressed TCR-pre-stimulated T cell activation significantly. However, the re-stimulation without P4 induced T cell activation at the same level as that of the positive control (Figure 4D), suggesting that P4 suppression is transient. Contrary to this, COR showed no significant effect on the activation. Moreover, Exp. 1 and Exp. 3 suggested that P4 treatment without TCR stimulation is not toxic to human T cells because the response following P4 treatment is comparable to the response in the positive control.



Progesterone maintains the naïve phenotype of T cells after TCR stimulation

Next, we analyzed the surface markers of T cells in detail to clarify the differentiation level of these T cells. The P4-pretreatment group showed that the proportion of CD45RA+CD62L+ cells was comparable to the positive control (TSST-1 stimulation only) (Figure S5A). The mean fluorescent intensity (MFI) of CD95 in these DP cells was also increased to the same level as the positive control, suggesting a significant part of cells committed to memory cells. Further marker analyses revealed that CD127, CD197, CXCR3, and CD45RO markers showed a similar pattern to the positive control, suggesting the significant effect was not induced by the P4 pretreatment (Figure S5B). By contrast, the P4 treatment group decreased the live cell number, and the expression of the differentiation markers was similar to that of the non-stimulated negative control. The proportion of CD45RA+CD62L+ cells was also higher in the P4 pre-treatment group than in the P4 post-treatment group, and the expression of CD95 was low, suggesting that the cells were maintained in the naïve state in the presence of P4.

These results of surface marker expression suggest that P4 arrests T cell activation and memory-cell differentiation into stem cell-like memory T cells (TSCM; defined as CD45RA+CD62L+ CD45RO+/-CD197+CD127+CD95 ± CXCR3+ cell), the earliest stage of memory T cells development. To confirm these results, we examined the expression of FOXM, a member of the Forkhead Box (Fox) family of transcription factors involved in the proliferation and differentiation of functional effector T cells, which is a marker of differentiation into TSCM cells by Notch signal (46). In the P4 treatment (pre + post) group, the expression of FOXM1 was lower compared to that in the P4 pre-treatment and COR treatment (pre + post) group, suggesting that P4 tends to suppress the differentiation of naïve T cells into TSCM (Figure S6).



P4-treated PBMC can engraft and maintain CD62L expression

Next, we transplanted healthy donor PBMCs treated with 200 μM P4 or COR for 6 h into these mice and immunized them with CH401MAP, an antigen peptide of HER2, biweekly (Figure 5A). We used PBMCs of non-pregnant healthy donors because the T cells had not been exposed to a high level of P4 or COR. The results revealed a significantly higher number of human CD45+ cells engrafted in the spleens of P4- than in COR-treated mice 4 weeks after the transplantation (Figure 5B). The engrafted human CD45+ cells contained T and B cells, and the CD8+ T cells were significantly higher in P4-treated mice compared to both control and COR-treated mice. Compared with control and P4-treated mice, COR-treated mice tended to engraft fewer human CD45+ cells. B cell engraftment tended to be lower in COR-treated mice than in control mice.




Figure 5 | Effects of P4/COR pre-treatment on humanized immune reconstitution in humanized mice. The NOG-hIL-4-Tg mice were used for the humanized mice carrying immune conditions. (A) Protocol for the animal treatment. (B) Analysis of human lymphocytes engrafted in the mouse spleens. Spleen cells were prepared after 28 days, and the cell number was counted. FCM was conducted, and human CD45+ leukocytes, CD3+ CD4+, CD8+ and CD19+ cells were detected by monoclonal antibodies. From the ratio and spleen cell number, the total cell number of each subset was calculated and shown. The solid bars show mean ± SD; n = 4; *p<0.05 (Student’s t-test). (C) Typical patterns of spleen T cells are shown. CTRL (upper panels), the profile of control mouse spleen cells; P4 (middle panels), the profile of P4 mouse spleen cells derived from P4-treated PBMCs engrafted in the spleen; COR (lower panels), the profile of COR mouse spleen cells derived from COR-treated PBMCs engrafted in the spleen. Cells were gated for lymphocyte (FSC and SSC), CD3, CD4, and CD8. (D) Typical immunohistochemical patterns of lung tissue sections stained with anti-human CD45 (Mouse #4, #5, #6, #10, #11, and #12) are shown in Table S3. Two sets of healthy mice donors were selected, because CD45+ cell % of COR-treated mouse spleens were sufficiently high. This suggests that the engraftment is comparable to other treatments of the Two sets of healthy mice donors were selected because CD45+ cell % of COR-treated mouse spleens were sufficiently high. This suggests that the engraftment is comparable to other treatments of the sets of mice. Open squares show the sites of enlarged images. See also Figure S7.



Furthermore, flow cytometry (FCM) analyses for assessment of CD45RA and CD62L expression revealed that in P4 and COR treatments, the proportion of CD45RA+CD62L+ cells tended to decrease. The tendency was prominent in the COR-treated mice, while P4-treated mice preserved more CD45RA+CD62L+ cells compared to COR-treated mice (Figure S7). Moreover, T cells expressing CD62L in these cells were dominant in P4-treated mice compared to those in control and COR-treated mice. The expression level was higher in CD4 T cells compared to CD8 T cells. As for the other naïve marker, CD197 (47), the expression was not maintained after P4 treatment (Figure 5C). These results suggest that P4 maintains naïve and central memory T cell characteristics, while COR induces effector memory T cells, demonstrating the different functions of P4 and COR on T cell memory/effector differentiation.

If the T cells differentiate into effector memory cells, they may migrate into peripheral tissues. Therefore, we conducted IHC of human CD45+ cells in the lung. The results demonstrated that compared with P4-treated mice, COR-treated mice exhibited lung tissues with more infiltrated human leukocytes and with higher engraftment despite having the same donors (Figure 5D). These results suggest that the COR-treated T cells, which survive in this mouse system, tend to infiltrate peripheral tissues, while P4-treated T cells stay in the spleen.



P4-treated T cells can maintain specific antibody production

During pregnancy, mothers produce IgG antibodies and send them to the fetus. Based on the results that the T and B cells treated with P4 remain in the spleen, we hypothesized that the cells might produce functional IgG antibodies. Therefore, we immunized the humanized mice and examined the antigen-specific antibody production (Table S3). However, the titer in the antisera in humanized mice diverged individually, and no significant difference was detected. Meanwhile, most of the B cells detected in the humanized mice were plasmablasts, as we reported previously (42). The proportion of plasmablast was not different between P4 and COR-treated mice (Figure 6A). Therefore, we analyzed the production of antigen-specific B cell clones in the mice by preparing hybridomas and analyzing the whole antibodies and cross reactivity to the immunized antigen and third-party antigen. In COR-treated mice, the spleen cell number was low. Among the mice treated as shown in Figure 5A, only the mice with more than 1×107 spleen cells were analyzed. We observed that whole IgG secreting clones were maintained in P4-treated mice, and with one exception, B cell clones of COR-treated mice also secreted IgGs (Table S3). On the contrary, P4-treated mice produced antigen-specific IgG secreting clones, a little less than control mice, but COR-treated mice did not produce antigen-specific B cell clones with high titer (Figure 6B and Table S4). These results suggest that transient treatment of lymphocytes with a high concentration of P4 maintains humanized mouse B cell function, while that of COR decreased the function significantly.




Figure 6 | Effects of P4/COR pre-treatment on humoral immunity developed in humanized mice. The mouse spleen cells were examined for the phenotype of plasmablasts. The antibody-secreting B cell clones were detected by hybridoma formation. (A) Typical patterns of B cells engrafted in the mouse spleen. Spleen cells were gated for CD45+ cells, and the CD19+CD5- conventional B cells were selected. Finally, the expression of CD27 and CD38 were examined, and CD38+ cells were defined as plasmablasts. The ratio of CD38+ cells is shown in the panels. Mouse #4, #5, and #6 are referred to in Table S3. (B) The sum of hybridoma numbers obtained from three fusion experiments is shown. The horizontal axis showed the concentration of anti-CH401MAP IgGs detected from the supernatants of each well. Open bars; Control, Closed bars; P4 pre-treatment, Gray bars; COR pre-treated. Because the spleen cell number was insufficient, only three mouse spleens were used for the hybridoma preparation for COR pre-treated mice. So, as for the control and P4 pre-treatment, three mice were used. See also Table S4.






Discussion

For a successful first and subsequent pregnancy, the immune environment of a mother needs to be profoundly changed to accept and maintain the semi-allogenic graft of the fetus. Furthermore, after delivery, alteration in immune conditions in the mother is essential to protect a mother’s body from the high risk of infection during the excretion of the allogeneic graft from the body. Reportedly, the important immune-regulatory steroid hormones P4 and COR increase during pregnancy (4, 7). P4, produced by trophoblast, shows a particularly significant alteration—trophoblasts secrete a large amount of P4 during the delivery, but the level of P4 drastically decreases after delivery. In this study, we analyzed the difference between the functions of P4 and COR in the context of mother/fetus immune modulation. We demonstrated that P4 suppressed the T cell function at the first stage of effector/memory development transiently and reversibly. By contrast, COR did not suppress the activation and differentiation of naïve T cells into activated/memory T cells. Nevertheless, COR suppressed both adaptive and innate immune cell-derived cytokines, which indicated that COR might eventually suppress the entire immune function. Moreover, our data revealed that P4 promoted T cell migration into lymphoid tissues and maintained T cell competency, suggesting the primacy of P4 relative to COR for the regulation of immune reaction against the allogeneic fetus.

P4 suppresses T cells activation in a concentration of placenta (48). We found that the suppression was reversible if the TCR signal was not induced in the presence of high dose P4. After the P4 pretreatment, not only CD4 T cells but also CD8 T cells accumulated in the spleen of humanized mice, and B cells produced antigen-specific IgG. Moreover, the lymphocytes could stay in the spleen of the mice. On the contrary, COR did not suppress activation of lymphocytes by TSST-1 and induced T cell proliferation and differentiation into effector/effector memory T cells. Instead, COR expressed similar level of exhaustion marker PD-1 on T cells compared to positive control. COR suppressed clone expansion of B cells secreting antigen-specific antibodies, eventually suppressing the specific antibody production. Furthermore, the secretion of inflammatory cytokines was significantly suppressed by COR compared to P4, which could be because COR is a strong immunosuppressor (49). Our study showed that P4 suppressed IL-10 production, as reported previously (50), while COR increased the production at 20 μM. The phenomenon suggests that P4 suppresses T cell differentiation into effector/memory cells at the first stage of naïve cells, and P4 does not induce a Treg-induced long-lived suppressive environment even if in the presence of COR. Moreover, in the presence of both steroids, the production of almost all inflammatory and T cell subset cytokines was suppressed. These results suggest that P4, largely secreted by the placenta, evades the effects of GC on T cells and supersedes the effect of COR. Therefore, it avoids irreversible suppression of adaptive immunity and maintains the secretion and transport of IgG antibodies to the fetus to protect it from pathogens.

Our study demonstrated that TCR-stimulated T cells died in the presence of a high concentration of P4. In a previous study, Th1 cells were reportedly killed by P4, but Th2 cells survived (51). Because T cells were not shifted to specific Th subset lineage in our system, the mechanism may differ from the previous report. However, the T cells stimulated in the presence of high dose P4, similar to the concentration of intervillous blood, are assumed to be a T cell group recognizing fetal antigens in the mother’s placenta. Therefore, the death of the T cells before proliferation and differentiation into Th subset lineages confers a great advantage for protecting the fetus. Nevertheless, it is very important for the T cells not stimulated in the high-P4 concentration to survive and function normally in the low P4 environment. Our results indicate that the extensive P4 production in the limited area of the placenta constructs an environment that is beneficial for pregnant immunity.

Several studies have compared the progesterone receptor (PR) and GC receptor (GCR) and demonstrated that the receptors are not specific, and that P4 can suppress GC by binding to GCR (10, 52). Therefore, P4 and COR have been thought to function similarly in the immune system. However, our results showed a clear difference between the two steroids. Although the effects of P4 on innate immunity were not larger than COR (based on the cytokine production), its effects on T cells stimulated with TCR were prominent. This result is consistent with that of a previous study (24). Furthermore, our results showed that the only P4 treatment group suppressed the expression of activation markers and cell proliferation. The group exhibited neither the development of TSCM cells, the earliest memory cells of T cells (53, 54), nor the secretion of cytokines. Because the suppression is caused in the earliest phase in the naïve T cell differentiation into effector/memory cells, the effect of P4 might be non-genetic. It is not likely that the steroid receptors are the main signal transducer for the non-genetic function. Previously, P4 was reported to bind to the Kv1.3, a potassium channel, to suppress T cell activation (24). Kv1.3 inhibition decreases Ca2+ influx, which induces apoptosis by mitochondria function defect (55). Combined with the above discussion that the TCR-stimulated T cells die in the presence of high dose P4, P4 is suggested to inhibit Kv1.3 on the T cells. As the suppressive affinity of P4 is higher than COR, in line with a previous report (24), it is rational that P4 suppression is dominant compared to COR proliferation. In the mouse immune system, the Kv1.3 channel is reported not to be important in T cell activation (56), which suggests the benefit of using a humanized mouse system for the analysis of P4 non-genetic function. Moreover, the difference between males and females was not observed in the in vitro assay. The finding indicates that the difference is not caused by the expression of hormonal receptors. However, further analyses of the molecular mechanisms are necessary to clarify the difference in detail by using an in vitro culture system and the humanized pregnant immune system, because the re-construction of the immune environment in the placenta is difficult in this simple culture system.

COR is reported to induce B cell maturation into antibody-secreting cells (57). Although the number of engrafted human CD45+ cells was lower in COR-treated mice than in control and P4-treated mice, some of the COR-treated mice possessed a high level of specific antibodies in the sera (Table S3). In addition, antigen-non-specific IgG-secreting clones were detected. Therefore, non-specific antibody-secreting B cells might become plasmablasts by the 6 h pre-treatment of COR. This might be because COR induces B lymphocyte-induced maturation protein-1 (BLIMP-1) expression in the B cells, developing plasma cells irrespective of the stimulation by antigens. Contrary to this finding, very few antigen-specific clones per spleen cells were detected in COR-treated mice. The reason might be the low proportion of B cells in the spleen CD45+ cells. The defects of antigen-specific plasmablast formation might be caused by the defect of functional B cell engraftment by COR pre-treatment. Irreversible and systemic humoral immune suppression has no advantage for pregnant immunity. Accordingly, neutralizing the effects of COR with a large amount of P4 may be necessary to sustain pregnancy.

Our study showed that T cells migrate to peripheral tissues in the presence of COR, which contradicts previous studies, which have shown that physiological concentration of COR enhances IL-7 receptor (CD127) expression on T cells to induce homing to lymphoid tissues by regulating chemokine receptor expression (31, 57). We also observed an increase in CD127 expression together with CD197 expression in the COR-mouse T cells. However, as human IL-7 is not supplied to T cells in our humanized mouse system, they may not acquire adequate signals from the IL-7 receptors. However, after 4 weeks, COR-pre-treated T cells engrafted in the mice did not show any difference in CD197 expression compared to control or P4 pre-treated mice (data not shown), suggesting that 6 h treatment of high dose COR might not maintain the expression of the homing receptor.

We also found that a significant portion of P4-treated T cells maintained the expression of CD62L in the humanized mouse spleens for four weeks, which could be a genetic effect of P4 and not affected by IL-7 existence. This is comparable with the fact that CD62L expression needs FOXO1 expression (58) — FOXO1 is induced by P4, wherein the FOXO1-binding site is found in the CD62L promoter, which may explain the supportive role of P4 in the positive regulation of CD62L. However, it is surprising that only 6 h treatment of PBMCs maintains the CD62L expression. The treatment sustained a significant number of central memory T cells in the spleen (Figure 7, upper panel). It might avoid the inflammation of the peripheral tissues and contribute to the production of antigen-specific antibodies, which would be sent to the fetus. Therefore, P4 might not be only a non-genetic Kv1.3 inhibitor to preserve naïve T cells in the lymph nodes but also an enhancer of central memory T cell differentiation and IgG production.




Figure 7 | Model for pregnant immune system affected by P4/COR in vivo. Left panel; Regulation of immune condition by P4/COR in the humanized mouse model (NOG-hIL-4-Tg). P4 treatment maintains CD62L expression on T cells and contributes to T cell accumulation in the spleen. In contrast, COR does not maintain the CD62L expression, and the T cell activation and migration in the periphery cannot be suppressed. Right panel; Regulation of immune condition by P4/COR in human pregnancy. A high P4 environment in the placenta maintains non-reactive T cells but kills fetus-reactive T cells. The naïve T cells are stored in the peripheral lymphoid tissues such as the spleen and lymph node. However, after the delivery, P4 concentration drastically decreases, and the stored naïve T cells migrate into the periphery, protecting the mother from infectious disease.



The preserved expression of CD62L might partly explain the transient increase of naïve T cells in the maternal circulation just after the delivery because P4 preserves the T cells in the lymphatic tissues along with the inhibition of activation (Figure 7, lower panel). However, it is controversial because the CD62L expression on T cells was prolonged for four weeks after the 6 h-treatment of high dose P4 in humanized mice, while CD197 expression was decreased in the presence of P4. Although CD197 is also a migration marker to lymphoid tissues (47), the role of CD197 is reported to control T cell motility in the lymph node (59), suggesting that the naïve T cells are maintained in the absence of CD197 in the lymph node. Meanwhile, the CD197 signal inhibits T cell proliferation (60). Therefore, the cells might proliferate without CD197, which might be beneficial to keeping naïve or very early memory cell numbers in the pregnant woman. Other signals lacking in humanized mice may be needed to mobilize naïve T cells stored in the lymphoid tissues after the delivery.

Another migration-related molecule expressed on T cells is sphingosine 1-phosphate receptor-1 (S1P-1) that promotes both egress of T cells (61), and T cell migration between non-lymphoid tissues and lymphatics (62). While CD197 counteracts with S1P receptor-1 (S1PR1), humanized mice tissues express only mouse CCL19 or CCL21, which might not react with human CD197. Therefore, human T cells that express S1PR1 might egress lymphatic organs but not be suppressed by CD197 signals because the ligands expressed on the tissues are mouse molecules. Recently, Xiong et al. reported that blocking the signaling pathway of S1P-1 induced immune tolerance and child-loss was prevented (63). In the absence of a CD197 signal, P4 might support the function of immunotolerance by a different homing mechanism from S1P-1 and/or CD197 signals by using CD62L.

Collectively, this study clarified that high P4 environment caused transient and reversible suppression of T cell activation while COR did not. P4 maintained CD62L expression on T cells and promoted the T cell migration in the spleen and the preservation of humoral immunity, while COR did not. These functional differences might modulate the immunity of the pregnant mother to protect the semi-allogenic fetus and to maintain anti-pathogen and anti-cancer immunity.

Although the phenomenon explains in part the transient increase of naïve T cells in the PBs of pregnant women just after delivery, our humanized mouse system did not completely mimic the human pregnant environment (1). The naïve phenotype of T cells was not maintained. (2) The mouse system largely maintains T cells and B cells, and very few innate immune cells are engrafted. (3) The expression of homing receptors is insufficient. (4) Lymph nodes are not formed in the periphery. Therefore, the contribution of naïve T cells and other APCs should be evaluated using other systems. Moreover, T cell homing should be evaluated by developing a new humanized mouse model expressing homing-related factors such as CD197 ligands of human origin.

Further analysis may clarify the molecular mechanism of how P4 controls T cell arrest in a naïve state with CD197 downregulation. Especially, it is important to clarify which kind of steroid receptors are engaged in this function. The benefit of naïve T cell reservation in the lymph node will also be clarified using an improved humanized mouse system in the future.
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Background

Early pregnancy loss (EPL) is the most prevalent complication, particularly in couples undergoing assisted reproductive technology treatment. The present study aimed to determine whether the serum β-human chorionic gonadotropin (β-hCG) level after 14 days of embryo transfer, either alone or in conjunction with other parameters in IVF/ICSI cycles, could be used to predict subsequent EPL.



Methods

This was a retrospective cohort study of all couples who received clinical pregnancy and underwent fresh IVF/ICSI cycles at a single large reproductive medical center between January 2013 and June 2020. The research involved a total of 6600 cycles. For risk variables, we conducted the least absolute shrinkage and selection operator (LASSO) analysis, and for risk scoring, we used logistic regression coefficients. To analyze relevant risk factors for EPL, univariate and multivariate logistic regression analyses were employed. Areas under the curve (AUC) were determined and compared between β-hCG and other factors using receiver operating characteristic (ROC) curves.



Results

β-hCG level was considerably lower in women who had EPL than in those who were ongoing pregnancy (564.03 ± 838.16 vs 1139.04 ± 1048.72 IU/L, p< 0.001). Univariable and multivariable logistic regression revealed that β-hCG levels were significantly correlated with the probability of EPL, independent of other risk factors. More importantly, the β-hCG level could independently predict the occurrence of EPL and was comparable to the model that combined other risk factors. The optimal serum β-hCG cut-off value for predicting EPL was 542.45 IU/L.



Conclusions

Our results suggest that the serum β-hCG level has a strong independent predictive value for EPL occurrence in fresh IVF/ICSI cycles.





Keywords: human chorionic gonadotropin, early pregnancy loss, IVF/ICSI cycle, prediction, risk factors



Introduction

Pregnancy loss is common, affecting 15.3% of clinically recognized pregnancies (1). Most pregnancy losses (85 %) occur before the 12th week of pregnancy, known as early pregnancy loss (EPL). Furthermore, patients receiving assisted reproductive technology (ART) have a high EPL ratio of 14.7% (2). Numerous studies have focused over the years on factors related to EPL, such as embryonic chromosomal (3), diabetes (4), endocrine, reproductive immune (5), infection (6), and maternal-fetal interface (7); however, in several cases, no cause could be found. Moreover, the occurrence of EPL will result in poor results, including significant physical and psychological stress and significant economic burden, specifically in the setting of desired pregnancy achieved via ART. Hence, both patients and physicians are eager for a method for EPL prediction and prevention. The factors that predict EPL are not fully understood at this time.

Human chorionic gonadotropin (hCG) is a glycoprotein hormone that reproduction. HCG is composed of two glycosylated subunits, α-(93-amino acid, 14.5 kDa) and β-(145-amino acid, 22.2 kD). The α-subunit is homologous to pituitary luteinizing hormone(LH), follicular stimulating hormone (FSH), and thyroid-stimulating hormone(TSH). The β-subunit of hCG is specific and responsible for hCG’s biological activity (8). Additionally, the 24 amino acids at the N-terminus of the β-subunit are unique to hCG (8). hCG is mainly secreted by trophoblasts in early pregnancy and exerts various effects in the establishment and maintenance of pregnancy, including maternal immune tolerance at the maternal-fetal interface (9), trophoblast invasion (10), decidualization (11), and promotion of angiogenesis (12). Furthermore, hCG modulates endometrial receptivity by regulating multiple related cytokines (13). HCG is implicated in influencing various immune cells known to play an essential role in embryo implantation and pregnancy maintenance, such as natural killer (pNK) cells (14), regulatory T-cell cells (Tregs) (15), and dendritic cells(DCs). Currently, human chorionic gonadotropin (hCG) is broadly used for early pregnancy diagnosis and monitoring.

Although there is an association between serum hCG levels and pregnancy, there is no ideal cut-off value for EPL prediction. Additionally, many researchers have focused on various risk factors for EPL, such as parental age (1), body mass index (BMI) (16), ultrasound measurements (17), and other clinical factors. Therefore, we investigated whether β-hCG combined with other factors could improve EPL’s predictive value.

The purpose of this study was to explore the risk factors of EPL in patients who underwent clinical pregnancy following fresh cycles in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) treatment, as well as to clarify the ability of serum β-hCG level 14 days after transfer to predict EPL based on retrospective data analysis. These results can help medical staff to take measures to minimize pregnancy loss after IVF/ICSI treatment, as well as aid in decision-making.



Materials and methods


Study population

In this retrospective study, the enrolled patients had received clinical pregnancies and were undertaking IVF/ICSI cycles at the reproductive center of the First Hospital of Lanzhou University. The medical records of all patients who conceived from January 2013 to June 2020 by IVF/ICSI treatment were screened. Only those patients with cleavage-stage embryo transfer (on day 3) and those with singleton pregnancies were included in this study. The study exclusion criteria included multiple pregnancies with more than one gestational sac detected on ultrasound, ectopic pregnancy, pre-implantation genetic testing, uterine abnormalities (such as endometrial polyps, submucous uterine fibroids, adenomyoma, uterine malformations, untreated septate uterus, or untreated intrauterine adhesions), as well as those involving donor oocytes or semen. The flow diagram of patient selection is depicted in Figure 1. HCG was not used in all luteal phase-support protocols. The indications for IVF/ICSI included tubal, endocrine, immune, and male factors.




Figure 1 | Flow chart of the research.





Outcome variables

A total of 6600 clinic pregnancy patients were assigned to 2 groups based on their early pregnancy outcomes, as follows: the ongoing pregnancy group (>12-week gestation) and the EPL group. Clinical pregnancy was defined as the presence of a gestational sac on ultrasonography. The primary outcome was EPL, which was defined as pregnancy loss before the 12th gestational week (after 67 days of embryo transfer). Pregnancy was defined as the presence of a gestational sac and detection of a fetal heartbeat after 12 weeks of gestation.

Clinical and laboratory data were extracted directly from the electronic medical records, which included maternal age, paternal age, maternal BMI, the duration of infertility, infertility type, total antral follicle count (AFC), the number of retrieved oocytes, the number of metaphase-2 oocytes, the fertilization methods, endometrial thickness, the number of transferred embryos, estradiol/progesterone ratio (E2/P) on the day of ovulation trigger, and the serum β-hCG levels. The β-hCG levels were measured 14 days after transfer at a single laboratory.



Statistical analysis

Data analysis was performed using the EmpowerStats statistical software (X&Y Solutions). Continuous variables were expressed as the mean ± standard deviation (SD) and categorical variables as N (%). Univariable and multivariable logistic regression analyses were performed to evaluate the relevant risk factors for EPL. The R package “glmnet” was employed to perform Least Absolute Shrinkage and Selection Operator (LASSO) binary logistic regression analyses, while the “rms” package was used to create the nomogram. Receiver operating characteristic (ROC) curves were plotted, and the areas under the curve (AUC) were calculated and compared between β-hCG and other factors. The optimal cut-off values were estimated by using the Youden index.




Results

Table 1 depicts the general characteristics of the women with ongoing pregnancies and those with EPL. This research comprised a total of 6600 clinical pregnancy cycles, 980 of which met EPL. Except for fertilization methods, there were significant differences in general characteristics between the two groups, including maternal age, paternal age, number of retrieved oocytes, duration of infertility, maternal BMI, total AFC, number of metaphase -2 oocytes, endometrial thickness, serum β-hCG levels, E2/P, and type of infertility. EPL Patients had higher maternal age, paternal age, infertility duration, maternal BMI, and secondary infertility rate. In contrast, the EPL group had fewer retrieved oocytes, total AFC, metaphase-2 oocytes, endometrial thickness, and E2/P than the ongoing pregnancy group. Serum β-hCG levels were markedly lower in EPL patients than in ongoing pregnancy patients [564.03 ± 838.16 vs. 1139.04 ± 1048.72; P < 0.001].


Table 1 | The characteristics of cycles in the study population(N=6600).



The LASSO logistic regression analysis was conducted to comprehensively analyze the role of all the variables on prediction. We achieved two EPL risk models using LASSO regression analysis. The first is based on lambda. min corresponding to the minimum mean error while the second is on lambda.1se, that is, the maximum lambda corresponds to the minimum mean error within one standard deviation (Figure 2A). Figure 2B represents the corresponding relationship between coefficients of each risk factor and the lambda. In addition, we defined the radscore and the radscore formula of the radiomics as follows:

	




Figure 2 | Lasso regression analysis of factors related to EPL. (A) LASSO coefficient profiles of the factors. The vertical line was drawn at the value selected by 10-fold cross-validation, where the optimal λ resulted in 13 nonzero coefficients. (B) The lambda (λ) selection process in the LASSO regression is depicted. The value of λ that gave the minimum average binomial deviance was applied to select the features. Dotted vertical lines were drawn at the optimal values using the minimum criteria and the 1 − SE criteria. The optimal value of 0.0019 with a log(λ) value of -6.2754 was obtained.



In the equation above, X1 represents maternal age, X2 represents paternal age, X3 represents the number of retrieved oocytes, X5 represents infertility duration, X7 represents AFC, X9.0 represents infertility type (IVF), X11 represents endometrial thickness, X12 represents β-hCG, and X14 represents E2/P.

Maternal age, paternal age, number of retrieved oocytes, duration of infertility, maternal BMI, number of metaphase-2 oocytes, endometrial thickness, E2/P, secondary infertility rate, and the β-hCG level were associated with the risk of EPL in a univariable logistic regression analysis (Table 2). After including these variables in the same model, maternal age, paternal age, endometrial thickness, and β-hCG were still independently associated with the risk of EPL, whereas the number of retrieved oocytes, duration of infertility, number of metaphase-2 oocytes, E2/P, and secondary infertility rate were no longer related (Table 2). AFC, with no significant correlation in the univariate analysis, was notably correlated in the multivariate analysis. The association between β-hCG levels and the risk of EPL explored in different logistic regression models is presented in Table 3. The total population was divided into four groups based on β-hCG levels. Compared to those with β-hCG <412.9 IU/L (quartile 1), women with quartile 2 (412.9–790.8 IU/L), quartile 3 (790.9–1390 IU/L), and quartile 4 (>1390 IU/L) had a significant decrease in risk of EPL. The adjusted odds ratios(ORs) remained similar to those in the unadjusted model after adjusting for maternal age, paternal age, number of retrieved oocytes, infertility duration, maternal BMI, total AFC, type of infertility, number of metaphase-2 oocytes, endometrial thickness, and E2/P.


Table 2 | The risk factors associated with the incident early pregnancy loss in fresh IVF/ICSI cycles.




Table 3 | The association between β-hCG level and the risk of early pregnancy loss occurrence.



The prediction model was created as a nomogram using maternal age, paternal age, total AFC, endometrial thickness, and β-hCG (Figure 3). Considering the span of the factors, β-hCG was dominated as the strongest factor in the prediction model.




Figure 3 | Nomogram for predicting the risk of EPL. AFC, total antral follicle count.



We performed ROC curve analyses to explore the predictive value of serum β-hCG levels and other risk factors for EPL (Figure 4). The AUC for the β-hCG level was 0.7477, which was significantly higher than maternal age, paternal age, total AFC, and endometrial thickness (Figure 4A and Table 4). The best β-hCG threshold value for predicting EPL based on Youden’s index algorithm in the ROC curve was 542.45 IU/L, with a specificity of 71.13%, a sensitivity of 67.71%, positive predictive value (PPV) of 28.80%, and negative predictive value (NPV) of 92.74%. Furthermore, two prediction models incorporating other risk factors were established. Model 1 incorporated other risk factors except for β-hCG, including maternal age, paternal age, AFC, and endometrial thickness; the model’s AUC was 0.5834 (95%CI:0.563–0.604). After including β-hCG into the model, the AUC of the new model (model 2) increased from 0.5834 to 0.7462(95% CI 0.708-0.746; P < 0.001). Model 2’s PPV and NPV were 31.91% and 92.29%, respectively (Figures 4B, Table 4). Therefore, we may naturally conclude that serum β-hCG levels can be a strong independent predictor of EPL.




Figure 4 | Receiver operating characteristic (ROC) curves comparing the potential of different variables to predict early pregnancy loss. (A) The prediction of individual variables. (B) Predictive ability of different models of early pregnancy loss. Model 1 included maternal age, paternal age, AFC, and endometrial thickness; Model 2, model 1 plus β-hCG.




Table 4 | Accuracy of different variables and models in IVF/ICSI clinic pregnancy to predict early pregnancy loss.





Discussion

In this study, we demonstrated that the serum β-hCG levels were significantly associated with the risk of EPL in fresh IVF/ICSI cycles, independent of other risk factors, which included the maternal age, paternal age, number of retrieved oocytes, the duration of infertility, maternal BMI, total AFC, number of metaphase-2 oocytes, endometrial thickness, E2/P, type of infertility, and fertilization methods. In addition, β-hCG exhibited a significant AUC than the other risk factors for predicting EPL. More importantly, our findings suggest that β-hCG had a more significant predictive value than the model including other risk factors, and incorporating other risk factors into the β-hCG model could not enhance the ability to predict EPL.

In the early stage of pregnancy, hCG is one of the first signals provided by the embryo to the mother. On one hand, hCG rescues the corpus luteum and guarantees the ongoing production of progesterone (11). On the other hand, hCG may signal to the endometrium of future embryo implantation, promote trophoblast cell differentiation and growth, and establish placental villous structures. In addition, hCG promotes immunologic tolerance and angiogenesis at the maternal-fetal interface (11). Apart from these fundamental roles in early pregnancy, hCG is critical in accelerating the invasion of trophoblastic cells into the endometrium by over-modulating ERK and AKT signals (18). One study showed that cytokines related to hCG after 4 weeks of pregnancy were significantly altered in women with spontaneous miscarriage (19). Thus, lack of hCG secretion may be relevant to EPL (20) Meanwhile, many researchers have explored the clinical effect of hCG intrauterine infusion in assisted reproduction patients, with inconsistent results (21–24). However, the pathophysiological mechanism linking hCG to EPL has not yet been established.

Several studies have established an association between serum hCG levels after embryo transfer and EPL. A low serum hCG level is generally considered to indicate a high risk of EPL. Early in pregnancy, serum hCG levels reflect the function of villous trophoblasts, allowing pregnancy outcomes to be predicted. Hu et al. observed that the hCG level 14 days after the transfer was significantly higher in the live birth group than in the miscarriage group, especially EPL, in a large retrospective cohort study, however, the predictive cut-off value was not determined (25). Lawler et al. (26) reported that the mean β-hCG level 12 days after embryo transfer was 263 ± 207 mIU/mL in the group with positive fetal cardiac motion. Zhang et al. (27)reported that the serum β-hCG level in live births was significantly higher than in spontaneous miscarriage (596.8 IU/L vs 357.15 IU/L; P < 0.001). This result is consistent with our findings, but a definite cut-off value for EPL prediction remains unestablished. However, none of these studies explored whether serum β-hCG levels combined with other related factors increased EPL prediction.

Many researchers have studied the risk factors for EPL in ART treatment throughout the years, including maternal age, paternal age, maternal BMI, and endometrial thickness. Most clinical studies have shown that the pregnancy loss rate increases with maternal age, particularly beyond the age of 35 (28, 29). In elderly women, the underlying cause seems to be decreased follicle reserves and chromosomal aneuploidy (30). Studies examining the association between paternal age and EPL are controversial (31, 32). Wang et al. discovered that in couples undergoing ART therapy, a relatively young paternal age was associated with an increased risk of chromosomal aberration-related miscarriages (33). Most previous studies (31, 32) concluded that paternal age did not affect the EPL rate after IVF/ICSI. A recent meta-analysis suggested that increased paternal age raises the risk of spontaneous miscarriage (34). In the present study, paternal or maternal age was significantly associated with EPL in the univariate and multivariate analyses, but the predictive value was poor (AUC < 0.6) (Table 2).

A series of studies have concluded that endometrial thickness has a strong correlation with pregnancy outcomes. Gallos et al. reported that the endometrial thickness was strongly correlated to pregnancy loss and that an optimal endometrial thickness threshold of ≥10 mm minimized pregnancy loss (35). In another study, K. E. et al. considered that when the endometrial thickness was <8 mm, the pregnancy loss rates in fresh cycles rose with each millimeter decline (36). Conversely, other researchers have considered that the endometrial thickness has little bearing on pregnancy outcomes. Shakerian et al. (37) found that the endometrial thickness was not predictive of live births in either fresh or frozen-thawed embryo transfer cycles. In our study, the endometrial thickness showed a significant relationship with EPL in both univariate and multivariate analyses, although the AUC was only 0.4622, implying a poor predictive value. In addition, a few published studies have demonstrated an association between AFC and pregnancy outcomes, particularly the EPL rates. A recent meta-analysis indicated an association between low AFC and miscarriage incidence; however, only 3 small-sample retrospective studies were included (38).

The strengths of the present study lie in the larger cohort assessed, serum β-hCG measurements, and various clinical risk factors. The sample size was sufficiently large to answer the study questions. These measurements were performed in the same laboratory using the same equipment. It significantly reduced the variation caused by laboratory testing. In this study, the exclusion criteria were strictly met. Our study, however, has three limitations. First, this was a retrospective study. Second, although multiple pregnancies were excluded from this study, multiple embryo transfers were included, which may have interfered with the outcome. Third, the current serum β-hCG prediction value for EPL in this study performed moderately, with a specificity of 71.13% and a sensitivity of 67.71%. Although serum β-hCG was important in excluding the risk of EPL in fresh IVF/ICSI cycles due to its high NPV(92.74%), the false-positive rate associated with low PPV(28.8%) should be noted. Hence, it is necessary to improve the ability to predict EPL beyond the current capabilities.

In conclusion, the present study suggests that serum β-hCG levels 14 days after transfer are an independent and significant predictor of EPL in fresh IVF/ICSI cycles and that combining other risk factors and serum β-hCG levels did not improve the prediction effect.
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Polycystic ovary syndrome (PCOS) is one of the most common endocrine disorders in women of reproductive age. miR-93-5p has been reported to be elevated in granulosa cells of PCOS patients. However, the mechanism by which miR-93-5p drives granulosa cell (GC) progression remains unclear. Thus, this study focuses on the roles and mechanisms of miR-93-5p in the GCs of PCOS.


Methods

KGN cells have similar ovarian physiological characteristics and are used to study the function and regulatory mechanism of GCs. In this study, KGN cells were transfected with si-NC, si-miR93-5p, oe-NC and oe-miR93-5p. A cell counting kit-8 assay, flow cytometry and western blotting were performed to observe the proliferation and apoptosis of KGN in different groups. Subsequently, the levels of reactive oxygen species, malondialdehyde, GPX4, SLC7A11 and Nrf2, which are indicators of ferroptosis, were measured by a dihydroethidium fluorescent dye probe, biochemical kit, western blotting and reverse transcription quantitative polymerase chain reaction. Ultimately, bioinformatic analysis and experimental methods were used to examine the interaction between miR-93-5p and the NF-κB signaling pathway.



Results

miR-93-5p was upregulated in the GCs of PCOS patients. Overexpression of miR-93-5p promoted apoptosis and ferroptosis in KGN cells, while knockdown of miR-93-5p showed the reverse effect. Biological analysis and subsequent experiments demonstrated that miR-93-5p negatively regulates the NF- κB signaling pathway.



Conclusion

miR-93-5p promotes the apoptosis and ferroptosis in GC by regulating the NF-κB signaling pathway. Silencing of miR-93-5p protects against GC dysfunction. Our study identified miR-93-5p as a new molecular target for improving the function of GCs in PCOS patients.





Keywords: polycystic ovary syndrome, miR-93-5p, ferroptosis, NF-κB, apoptosis



Introduction

Polycystic ovary syndrome (PCOS) is characterized by oligo-ovulation or anovulation, high androgen or insulin resistance, and polycystic ovaries, and it represent the most common endocrine aberration in women of reproductive age (1). According to the latest international evidence-based guidelines, the diagnosis of PCOS is based on irregular menses, clinical or biochemical hyperandrogenism and ultrasound criteria (2). Furthermore, the pathogenesis of PCOS is intricate and multifactorial, including genetic, epigenetic, environmental and lifestyle factors (3). To date, the precise pathophysiology remains to be elucidated.

MicroRNAs are endogenous non-coding RNAs at ∼22 nt in length that regulate a variety of biological activities, such as metabolic homeostasis, cell differentiation, oxidative stress, and apoptosis (4, 5). These RNAs play important regulatory roles in gene expression by binding to the 3’UTR of target mRNAs for cleavage or translational repression (6). Accumulating studies have revealed that aberrant expression of miR-93-5p contributes to the biological processes of various types of disease in women. For example, it regulates trophoblast cell proliferation, migration, invasion, and apoptosis in recurrent spontaneous abortion, suppresses tumorigenesis and enhances the chemosensitivity of breast cancer (7–9). Furthermore, studies have reported that miR-93-5p expression levels are significantly up-regulated in PCOS patients and can regulate granulosa cell (GC) proliferation and insulin resistance in adipose tissue (10–14).

Cells are the basic unit of organisms, and their proliferation and death play a major role in the myriad manifestations of life (15). Compared with apoptosis, ferroptosis is a new iron-dependent form of non-apoptotic cell death, characterized by iron accumulation, fatty acid supply and lipid peroxidation (16). Notably, studies of ferroptosis in diverse diseases have increased exponentially in the last few years and inhibition or activation can benefit many diseases, such as neurodegeneration and tumors (16–19). However, few studies have focused on about the role of ferroptosis in PCOS.

GCs are the largest group of cells in the ovary, and they surround oocytes, and provide nutrients and maturation-enabling factors (20). These cells play a crucial role in follicle development and oocyte competence, and the morphology and number of encircling GCs have been used as biomarkers for developmental competency, embryo and pregnancy outcomes (21). Hence, the purpose of this study was to investigate the effect of miR-93-5p on ferroptosis of GCs in PCOS, and explore the possible mechanisms through bioinformatic analysis and in vitro experimental verification. Furthermore, we also conducted a parallel analysis of proliferation and apoptosis in GCs. Our results revealed that miR-93-5p was elevated in PCOS, and involved in proliferation, apoptosis and ferroptosis by regulating the nuclear factor-κB (NF-κB) signaling pathway. Our study is helpful for revealing the mechanism of PCOS and may provide new insights for the targeted therapy of PCOS.



Materials and methods


Data collection and procession

The miRNA expression profiles (GSE86241, GSE68285, and GSE138572) and mRNA expression profiles of PCOS GCs (GSE95728 and GSE34526) were downloaded from Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/gds). In order to explore the targets of miR-93-5p, we conducted biological prediction on miRNet (https://www.mirnet.ca) and Starbase (http://starbase.sysu.edu.cn/), and finally collected 5669 potential targets (22, 23). Additionally, 3220 PCOS-associated genes were obtained from Disgenet (http://www.disgenet.org/), Phenopedia (http://www.hugenavigator.net/HuGENavigator/startPagePhenoPedia.do) and GeneCards (www.genecards.org) website (24–26). Then, the overlapped genes of PCOS-associated genes and miR-93-5p targets was screened. Differentially expressed genes (DEGs) was screened by limma package and p-value < 0.05 was considered statistically significant (27). Only the DEGs in both GSE95728 and GSE34526 were retained for subsequent analysis.



Functional analysis

The Gene ontology (GO) analysis and the Kyoto Encyclopedia of Genes and Genomes (KEGG) were applied to explore the potential roles and signaling pathway of the miR-93-5p-related and DEGs in PCOS using the clusterProfiler package (28). p < 0.05 was considered significant.



Cell culture and transfection

The human GC tumor-derived cell line KGN was purchased from CELLCOOK biotechnology. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Meilunbio, China) supplemented with 10% fetal bovine serum (Gibco, Life Technologies, Grand Island, NY) and 100 units/mL penicillin and streptomycin (Invitrogen, Waltham, MA, United States) at 37°C with 5 % CO2. Lentivirus was purchased from Shanghai GeneChem Co., LTD. Cells were treated with si-miR93-5p (silencing of miR-93-5p), si-NC, oe-miR93-5p (overexpression of miR-93-5p) lentivirus and oe-NC. A fluorescence microscope with a digital camera (Olympus, Tokyo, Japan) was used to observe the fluorescence intensity of the cells. After 48 h of infection, the cells were selected with 5mg/mL puromycin (Invitrogen, United States). For inhibitor experiment, NF-κB inhibitor (BAY 11-7082) was purchased from MedChemExpress (MCE, China) and KGN cells were treated with 5 μM BAY 11-7082 for 24 h. Ferroptosis inhibitor (Fer-1) and ferroptosis inducer (erastin) were purchased from Good Laboratory Practice Bioscience (GLPBio, China).



Animals

C57BL/6 J (3-week-old) female mice, weighing 15–20 g, were purchased from Beijing Vitalriver Laboratory Animal Technology Co Ltd., China. Experimental animals were randomly divided into control (glycerol treatment) and experimental groups (PCOS, DHEA treatment). The modeling method was as described previously (29). The PCOS model and control was verified successfully as our previous results, and ovarian tissue was extracted for RT-qPCR detection (30).



Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from cells by TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. Total RNA (1 μg) was reverse transcribed using a Reverse Transcription kit (Yeasen Biotechnology Co. Ltd.), and the resultant cDNA was utilized as the qPCR template. The reaction system of RT-qPCR was 2 μl, composed of 0.4 μl F, 0.4 μl R, 7.2 μl DEPC, 2 μl cDNA and 10 μl of SYBR. Then, RT-qPCR was carried out on a Light Cycler 480 system using SYBR GREEN PCR Master Mix (Yeasen Biotechnology Co. Ltd.) according to the real-time PCR manufacturer’s instructions. U6 and GAPDH served as internal controls for miR-93-5p and mRNA, respectively. The relative levels of genes were calculated using the 2-△△Ct method. Table 1 lists the primers that were utilized.


Table 1 | Sequences of primers used for RT-qPCR.





Western blotting analysis

Total protein was extracted using RIPA buffer including PMSF protease inhibitors (Beyotime Biotechnology, China) and a phosphatase inhibitor (Servicebio, China) from cultured cells. Protein concentrations were measured by BCA protein assay kit (Beyotime Biotechnology, China). 10 µg of total protein lysates were electrophoresed in 10% SDS-polyacrylamide gels (Yeasen Biotechnology Co. Ltd.). After separated by SDS-PAGE gels, proteins were transferred onto 0.45 mm/0.22 mm polyvinylidene difluoride (Merck Millipore, Billerica, MA). The membranes were blocked for 2 h at room temperature with 5% non-fat milk. Remove blocking solution and add diluted primary antibody overnight at 4°C. Then, wash 5 times with TBST for 5 min each. Then, the membranes were incubated with primary antibodies against phospho-NF-κB p65 (1:1000; Affinity, China, Cat: #AF5006), phospho-IκBα-S32/S36 (1:1,000; ABclonal, China, Cat: #AP1201), IκBα (1:1,000; ABclonal, Cat: #A1167), TLR4 (1:5000; proteintech, China, Cat: 66350-1-lg), Bax (1:1,000; ABclonal, China, Cat: #A12009, Bcl-2 (1:1,000; ABclonal, China, Cat: #A0208), GPX4 (1:1,000; ABclonal, China, Cat: #A11241), Tubulin (1:1,000; ABclonal, China, Cat: #A15103), or GAPDH (1:50000, proteintech, China, Cat: 60004-1-lg) overnight at 4°C. Subsequently, the secondary antibodies were used (1:7500; ABclonal, China, Cat: #ASO14, #AS003) to incubate the membranes for 1 h at room temperature. The membranes were washed 3 times with TBST at room temperature for 5 minutes each time and the targeted proteins were detected by ECL reagents (ABclonal, China). The intensity of protein bands was quantified by Image J software (Ver 1.5.3)



Cell viability and apoptosis assays

KGN cells were evenly plated in 96-well plates at 5000 cells/well. Cell proliferation ability was determined via cell counting kit-8 (CCK-8) assay (Glpbio Technology, China) at 0, 24, 48 and 72 h according to the manufacturer’s instructions. For the apoptosis analysis, an Annexin V-PE/7-AAD Apoptosis Detection Kit (Yeasen, Shanghai, China) was used to stain the cells. The adherent KGN cells were digested with trypsin without EDTA and centrifuged at 300 × g for 5 min at 4°C. Next, the cells were washed twice with pre-cooled PBS, 300g each time, and they were then centrifuged at 4°C for 5 min. The cells were resuspended with 250 mL binding buffer, and 100 mL of cell suspension was removed. Annexin V/PE (5 mL) and 7-AAD (10 mL) were added to the cell suspension. The mixture was mixed gently, and the reaction was performed at room temperature for 15 min in the dark. Then, the apoptotic cells were measured using a flow cytometer (Beckman Coulter, CA, USA). The percentage of apoptotic cells was analyzed with CytExpert software.



Measurement of reactive oxygen species and malondialdehyde

Intracellular ROS production was measured by the dihydroethidium (DHE) fluorescent dye probe (Yeasen, Shanghai, China). The adherent KGN cells were digested with trypsin and centrifuged at 300 × g for 5 min at 4°C. Then, the cell suspension and staining solution were mixed in a 1:1 ratio and incubated for 60 min at 37°C. The MDA (BC0025, Beijing Solarbio Science and Technology Co. Ltd, China) was measured following the manufacturer’s instructions.



Statistical analysis

GraphPad Prism 8 and R (4.1.2) were applied to analyze all experimental data. if the samples in two groups met the parameter conditions (normal distribution and homogeneity of variance), then a t test was employed; otherwise, the nonparametric two-sided Wilcoxon-rank sum test was performed. For multiple groups, ANOVA was performed if the samples met the parameter conditions; otherwise, Kruskal-Wallis tests were employed. A value of p < 0.05 indicated statistical significance.




Results


Expression of miR-93-5p in GCs of PCOS

In this study, three GEO datasets (GSE86241, GSE68285 and GSE138572) were collected. The expression of miR-93-5p in PCOS was elevated in GSE86241 (p < 0.05, Figure 1A). However, significant difference of miR-93-5p were not observed in GSE68285, and GSE138572 datasets, perhaps due to insufficient samples (Figures 1B, C). Additionally, we used 5 PCOS and control mice that were successfully modeled before extracting RNA from ovarian tissue and detecting the expression of miR-93-5p (Figure 1D) (30). The results validated that the level of miR-93-5p was increased in PCOS mice. Next, we retrieved miR-93-5p expression in GCs of PCOS based on published literature data (11, 14, 31). As shown in Table 2, the expression of miR-93-5p was higher in PCOS.




Figure 1 | The expression level of miR-93-5p in GCs of PCOS and heath controls. miR-93-5p expression in (A) GSE86421, (B) GSE68285, (C) GSE138572, (D)ovarian tissues of PCOS mice (n=5) and controls (n=5).




Table 2 | The studies of miR-93-5p in granulosa cell from literature.





Overexpression of miR-93-5p promotes the apoptosis and ferroptosis in GCs

To investigate the role of miR-93-5p in vitro, we infected KGN cells with lentiviruses-overexpressing miR-93-5p gene (Figure 2A). RT-qPCR was used to verify the transfection efficiency of miR-93-5p, and the results showed that the level of miR-93-5p was 32.7-fold greater than that of the control (p < 0.01, Figure 2B). CCK8 was applied to detect the cell proliferation rate, and it revealed that elevated miR-93-5p could inhibit KGN cell proliferation (Figure 2C). Furthermore, the upregulation of miR-93-5p also promoted cell apoptosis (Figures 2D, E). Additionally, we observed decreased expression of Bcl2 and increased expression of Bax in the oe-miR93-5p group (Figures 2F–H). Ferroptosis is characterized by the accumulation of lipid ROS and MDA and the suppression of glutathione peroxidase 4 (GPX4) and solute carrier family member 11 (SLC7A11). GPX4, an enzyme required for the clearance of lipid ROS, plays a vital role in the cellular antioxidant system (32). When GPX4 is inhibited, lipid peroxides are amplified and accumulate, thereby inducing ferroptosis (15). To investigate the regulatory effects of miR-93-5p on ferroptosis, we compared the ROS, MDA, and GPX4 levels in the two groups. The results showed that the ROS and MDA levels increased significantly in the oe-miR93-5p group, while the GPX4 levels were decreased (Figure S1).




Figure 2 | The effect of overexpression of miR-93-5p on the apoptosis in GC. (A) Cells were transfected with the oe-NC and oe-miR93-5p lentivirus for 72h. (B) The expression of miR-93-5p in GCs detected by RT-qPCR. (C) Cell viability in the oe-NC and oe-miR93-5p groups detected by CCK-8 assay. (D, E) Flow cytometry assay displayed the apoptosis level in two groups and bar charts are used for visualization. (F–G) Bax and Bcl-2 protein expression were determined by western blotting in two groups. p < 0.05 (“*”), p < 0.01 (“**”), p < 0.001 (“***”).



To further validate the effect of miR-93-5p on ferroptosis, fer-1 (2, 20, 100 μM), a ferroptosis inhibitor, was applied in our study. Treatment of the oe-miR93-5p group with fer-1 significantly attenuated the ROS level (Figures 3A, B). A high concentration of fer-1 (100 μM) reversed the ROS, MDA and GPX4 alterations induced by miR-93-5p. However, treatment of the oe-miR93-5p group with fer-1 (2, 20 μM) did not alter the MDA and GPX4 levels compared with that of the oe-miR93-5p group (Figures 3C, D). SLC7A11 is the cystine/glutamate antiporter (also commonly known as xCT) that imports cystine for glutathione biosynthesis and antioxidant defense (33, 34). Badyley et al. reported that if the function of SLC7A11 is inhibited, then cysteine may break down, thereby inducing an impairment of the GPX4 antioxidant defense axis (33). We observed that the expression of SLC7A11 was repressed in the oe-miR93-5p group and treatment of the oe-miR93-5p group with fer-1 (100 μM) increased the SLC7A11 level compared with that of the oe-miR93-5p group (Figure 3E). Nuclear factor erythroid 2-related Factor 2 (NRF2) is the major transcription factor that regulates SLC7A11 and GPX4 transcription (34, 35). The level of Nrf2 was abated in the oe-miR93-5p group. Of note, treatment of the oe-miR93-5p group with fer-1 (2, 20 and 100 μM) did not influence the level of Nrf2 (Figure 3F).




Figure 3 | The effect of overexpression of miR-93-5p on the ferroptosis of GC. (A, B) The ROS level between the oe-NC, oe-miR93-5p and treated with fer-1 (2, 20, and 100 μM) groups. (C) MDA assay was used to detect lipid peroxidation in the presence of fer-1 (2, 20, and 100 μM) in the oe-miR93-5p group. GPX4 (D), SLC7A11 (E) and Nrf2 (F) mRNA expression was assessed by qRT–PCR in the presence of fer-1 (2, 20, and 100 μM) in the oe-miR93-5p group. ##p < 0.01 and ###p < 0.001 compared with the oe-NC group. **p < 0.01, ***p < 0.001 compared with the oe-miR93-5p group. ns means no statistical difference. Fer-1, ferrostatin-1; GPX4, glutathione peroxidase 4; SLC7A11, solute carrier family member 11; MDA, malondialdehyde; ROS, reactive oxygen species.





Inhibition of miR-93-5p inhibits the apoptosis and ferroptosis

We verified the successful transfection of si-miR93-5p by RT-qPCR (Figures 4A, B). Compared with the oe-miR-93-5p group, the si-miR93-5p group showed downregulated cell proliferation and upregulated cell apoptosis (Figures 4C–H). In addition, the inhibition of miR-93-5p promoted ferroptosis (Figure S2). Erastin (2, 20 and 100 μM), a ferroptosis inducer, was applied in our study. Compared with the si-miR93-5p group, ROS and MDA were significantly elevated in the si-miR93-5p group treated with erastin (2, 20 and 100 μM), and the expression of GPX4, SLC7A11 and Nrf2 was reduced (Figure 5).




Figure 4 | The effect of inhibition of miR-93-5p on the apoptosis in GC. (A) Cells were transfected with the si-NC and si-miR93-5p lentivirus. (B) The expression of miR-93-5p in GC detected by RT-qPCR. (C) Cell viability in the si-NC and si-miR93-5p groups detected by CCK-8 assay. (D, E) Flow cytometry assay displayed the apoptosis level in two groups and bar charts are used for visualization. (F, G) Bax and Bcl-2 protein expression were determined by western blotting in two groups. p < 0.05 (“*”), p < 0.01 (“**”). GC, granulosa cell; RT-qPCR, reverse transcription quantitative polymerase chain reaction; CCK-8, cell counting kit-8.






Figure 5 | The effect of inhibition of miR-93-5p on the ferroptosis in GC. (A, B) The ROS level between the si-NC, si-miR93-5p and treated with erastin (2, 20, and 100 μM) groups. (C) MDA assay was used to detect lipid peroxidation in the presence of erastin (2, 20, and 100 μM) in the si-miR93-5p group. GPX4 (D), SLC7A11 (E) and Nrf2 (F) mRNA expression was assessed by qRT–PCR in the presence of erastin (2, 20, and 100 μM) in the si-miR93-5p group. #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with the si-NC group. ***p < 0.001 compared with the si-miR93-5p group. ns means no statistical difference. GPX4, glutathione peroxidase 4; SLC7A11, solute carrier family member 11; MDA, malondialdehyde; ROS, reactive oxygen species.





Functional enrichment analysis of miR-93-5p-related genes

A total of 5669 potential miR-93-5p targets were collected based on the miRNet and StarBase websites and 3220 PCOS-associated genes were obtained from the Disgenet, Phenopedia and GeneCards websites. The intersection of PCOS related genes and miR-93-5p targets was calculated, and 1073 overlapping genes were finally identified (Figure S3A). The expression of 1073 overlapping genes in PCOS and normal GCs were studied using GEO datasets (GSE95728 and GSE34526). Then, we identified 645 DEGs in the GSE95728 dataset. Volcano maps were used for visualization (Figure S3B). Additionally, 128 DEGs were detected in the GSE34526 dataset (Figure S3C). Ultimately, 85 overlapping DEGs were screened (Figure S3D).

To explore the underlying functional mechanism of miR-93-5p-related genes, we conducted KEGG and GO functional enrichment analysis. Interestingly, the KEGG analysis results indicated that DEGs were enriched in the mTOR signaling pathway, TNF signaling pathway, chemokine signaling pathway, GnRH signaling pathway, NOD-like receptor signaling pathway, PI3K-Akt signaling pathway, etc. (Figure 6A). Additionally, the results of GO analysis showed that the DEGs were related to the NF-κB, MAPK, and JNK signaling pathway, DNA metabolic process, ERK1 and ERK2 cascade, focal adhesion, and cell-substrate junction (Figure 6B).




Figure 6 | The functional enrichment results of overlapped DEGs. (A) The KEGG and (B) GO analysis of overlapped DEGs which may be potential targets of miR-93-5p.





miR-93-5p negatively modulated the NF-κB signaling pathway

Numerous studies have shown that NF-κB may induce the antiapoptotic pathways and is involved in cell death (36, 37). Additionally, articles on NF-κB and ferroptosis have identified potential hotspots and the study of NF-κB in ferroptosis may be the next topics (38). Combined with biological analysis and a literature search, we hypothesized that miR-93-5p may mediate proliferation, apoptosis and ferroptosis by acting on the NF-κB signaling pathway. Western blotting was applied to explore the association between miR-93-5p and the NF-κB signaling pathway, and the results suggested that elevated miR-93-5p inhibited TLR4, p-p65, and p-IκB/IκB levels, while silencing miR-93-5p had the opposite effect (Figure 7).




Figure 7 | miR-93-5p negatively regulates the NF-κB signaling pathway. (A, B) WB results showed that the protein expression of TLR4, p-p65 and p-IκB/IκB was decreased in the oe-miR93-5p group compared with the oe-NC group, while was increased in the si-miR93-5p group compared with the si-NC. The bar charts are used to visualize the expression of (C, F) TLR4, (D, G) p-p65, (E, H) p-IκB/IκB. p < 0.05 (“*”), p < 0.01 (“**”), p < 0.001 (“***”).





NF-κB inhibitor reverses the function of miR-93-5p

We explored whether an NF-κB inhibitor (BAY 11-7082) could reverse the effects of miR-93-5p on GCs. WB demonstrated that compared with the si-miR93-5p group, the NF-κB signaling pathway was significantly inhibited by BAY 11-7082 (Figures 8A–E). As expected, when NF-κB was inhibited, apoptosis and proliferation of GCs increased and decreased, respectively (Figures 9F–K). Moreover, changes in MDA, ROS and GPX4 suggested that inhibition of NF-κB could reverse the effect of miR-93-5p on ferroptosis (Figure 9).




Figure 8 | The effect of the NF-κB signaling pathway on the apoptosis. (A–E) WB demonstrated that the expression of TLR4, p-p65 and p-IκB/IκB were significantly inhibited by NF-κB inhibitor (BAY 11-7082). (F) The cell viability among three groups. (G, H) Flow cytometry assay showed that there was an increased apoptosis level in the si-miR93-5p + BAY group. (I–K) The protein expression of Bax and Bcl-2 among three groups. p < 0.05 (“*”), p < 0.01 (“**”), p < 0.001 (“***”), p < 0.0001 (“****”).






Figure 9 | The effect of the NF-κB signaling pathway on the ferroptosis in GCs. (A, B) The ROS level was significantly increased in the si-miR93-5p + BAY group. The relative expression of (C) MDA and (D, E) GPX4 among three groups. p < 0.05 (“*”), p < 0.001 (“***”), p < 0.0001 (“****”). ns means no statistical difference.






Discussion

PCOS is a common reproductive endocrine metabolic disease that affects approximately 4~20% of reproductive-aged women (39). Furthermore, PCOS patients are prone to metabolic (obesity, type 2 diabetes, cardiovascular disease), reproductive (anovulation, subfertility) and psychological (depression, eating disorders) sequelae (40–44). However, to date, no universal treatment for PCOS has been developed, and no drugs are approved specifically for PCOS. Thus, exploration of the pathogenesis of PCOS could contribute to the treatment.

An increasing number of studies have focused on the role of microRNAs in PCOS. Sathyapalan et al. conducted a case-controlled study and found that the expression of miR-93-5p was elevated in the plasma of PCOS patients (31). Additionally, the expression of miR-93-5p was upregulated in GCs, follicular fluid, and adipose tissue of PCOS patients, and these changes were closely related to hyperandrogenic and insulin resistance (11, 13, 45). The latest systematic review and meta-analysis of the role of miRNAs in PCOS revealed that miR-93-5p was upregulated in PCOS without heterogeneity (12). Aberrant expression of miR-93-5p may provide new insight into exploring the mechanisms of the pathogenesis of PCOS. However, most of the analysis in the above studies were performed at the clinical level, and specific in-depth mechanistic studies have not been performed. In this study, we investigated the potential functions and mechanisms of miR-93-5p in PCOS.

GCs are the major component of the ovary, and the proliferation, development, and death of GCs play crucial roles in regulating ovarian functions. KGN cells have similar physiological characteristics to ovarian GCs and are normally used to study the function and regulatory mechanism of GCs. Apoptosis and ferroptosis are two different forms of cell death. Apoptosis is a noninflammatory programmed form of death, and it is also one of the most studied topics among cell biologists (46). It can be triggered by two distinct pathways, namely, the intrinsic (also called Bcl-2-regulated) pathway and the death receptor pathways, and these pathways ultimately in morphological and biochemical cellular alterations, which are characteristics of apoptosis (47). Apoptosis is characterized by changes in the caspase family and pro-apoptotic and anti-apoptotic members (46). In our article, we only studied the pro-apoptotic (BAX) and anti-apoptotic proteins (BCL2), and did not further explore the changes in caspase family members, which represents one of the shortcomings of the study. Compared with apoptosis, ferroptosis is a ROS-dependent form of cell death associated with lipid peroxidation and is initiated through two major pathways: the extrinsic or transporter-dependent pathway involving System XC-, and the intrinsic or enzyme-regulated pathway (19, 48). A previous study showed that the expression of GPX4 is downregulated in the uterus of pregnant patients by maternal exposure to 5α-dihydrotestosterone (49). In this study, we showed that the overexpression of miR-93-5p can promote apoptosis by reducing the expression of Bcl2 and increasing ferroptosis by downregulating GPX4, SLC7A11 and Nrf2 expression in the KGN cell line, moreover, we found that inhibition of miR-93-5p produced the reverse effect.

Regarding the possible mechanism involved in the role of miR-93-5p, we screened the overlapping genes between the PCOS-associated and miR-93-5p potential targets. Next, the overlapping DEGs were identified in GSE95728 and GSE34526. KEGG and GO functional enrichment analysis were also conducted. Interestingly, we noticed that the overlapping DEGs were related to the NF-κB signaling pathway and there is numerous evidence showed that the NF-κB signaling pathway is closely connected with cell apoptosis and ferroptosis (36, 50–53). Subsequently, western blotting was performed to detect whether the NF-κB signaling pathway was changed in the oe-miR93-5p and si-miR93-5p groups. The results revealed that elevated expression of the NF-κB signaling pathway in the si-miR93-5p group and decreased expression in the oe-miR93-5p group. Additionally, we proved that the NF-κB inhibitor BAY 11-7082 could reverse the effects of miR-93-5p on GCs. Collectively, our study elucidated that miR-93-5p is involved in the apoptosis and ferroptosis of GCs. Mechanistically, miR-93-5p inhibits GC proliferation and promots apoptosis and ferroptosis via inhibition of the NF-κB signaling pathway (Figure 10). miR-93-5p may be a new molecular target for improving the function of GCs in PCOS. In conclusion, our study provides a new perspective on PCOS pathogenesis and GC dysfunction.




Figure 10 | Overview of the effect of miR-93-5p in GC. The miR-93-5p is elevated in PCOS. The elevated miR-93-5p negatively regulates the NF-κB signaling pathway, inducing the increase of BAX and the decrease of BCL2, and finally leading the cell apoptosis. Additionally, when the NF-κB signaling pathway is inhibited, the transcription of GPX4 is declined. Then, the level of lipid peroxides is promoted. This process can be inhibited by ferrostatin-1 (fer-1). Lipid peroxides can be degraded into reactive aldehydes, such as malondialdehyde (MDA).
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Recurrent miscarriage (RM) is a chronic, heterogeneous autoimmune disease that has serious social and personal consequences. No valid and reliable diagnostic markers or therapeutic targets for RM have been identified. Macrophages impact the innate immune system and can be used as diagnostic and prognostic markers for many diseases. We first collected 16 decidua and villi tissue samples from 5 normal patients and 3 RM patients for single-cell RNA sequencing data analysis and identified 1293 macrophage marker genes. We then screened a recurrent miscarriage cohort (GSE165004) for 186 macrophage-associated marker genes that were significantly differentially expressed between RM patients and the normal pregnancy endometrial tissues, and performed a functional enrichment analysis of differentially expressed genes. We then identified seven core genes (ACTR2, CD2AP, MBNL2, NCSTN, PUM1, RPN2, and TBC1D12) from the above differentially expressed gene group that are closely related to RM using the LASSO, Random Forest and SVM-RFE algorithms. We also used GSE26787 and our own collection of clinical specimens to further evaluate the diagnostic value of the target genes. A nomogram was constructed of the expression levels of these seven target genes to predict RM, and the ROC and calibration curves showed that our nomogram had a high diagnostic value for RM. These results suggest that ACTR2 and NCSTN may be potential targets for preventative RM treatments.
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Introduction

Recurrent miscarriage (RM), defined as the loss of two or more pregnancies, is a critical obstetric disease that has a prevalence of 1-2% (1). Possible causes of RM include antiphospholipid syndrome, genetic susceptibility, abnormal uterine structure, chronic endometritis and environmental factors. The etiology of 50% of RM cases is unknown (2). Maternal fetal interface immune status plays an important role during normal pregnancy by establishing maternal immune tolerance to the fetus and ensuring the dynamic balance of the immune microenvironment. Prior studies have shown that immune imbalance at the maternal fetal interface is related to the pathogenesis of RM, but the exact mechanism behind this relationship is still unclear (3).

Immune cells at the maternal fetal interface during early pregnancy include NK cells, macrophages, T cells, B cells and dendritic cells. Macrophages are the second most abundant subpopulation of immune cells in the decidua (4). Their unique phenotype and heterogeneity make them very important to the establishment and maintenance of pregnancy. Multiple studies have shown that RM is related to abnormalities in immune tolerance at the maternal fetal interface, thereby affecting embryo implantation and development and resulting in a miscarriage (5). Immunomodulators used clinically include glucocorticoids, cyclosporine A and hydroxychloroquine. However, the use of any of these drugs needs further confirmation due to imperfections in immune mechanism-related research (6, 7).

Macrophages are essential to the establishment and maintenance of a pregnancy as they are involved in a variety of processes, including vascular remodeling, immune tolerance, regulation of immunity by maternal meconium lymphocytes and the onset of labor (8–12). Macrophages are divided into 2 subtypes: pro-inflammatory M1 and anti-inflammatory M2. Numerous studies have shown that the ratio of M1/M2 macrophages in the decidual tissue of patients with unexplained RM is significantly increased compared with women with healthy pregnancies during the first trimester (13). Metaphase macrophages (dMΦ) account for 20-25% of the metaphase leukocyte population during early pregnancy (14) and are involved in vascular remodeling, inducing the apoptosis of damaged cells, removing apoptotic cell debris and eliminating invading pathogens (15). M1 macrophages can affect trophoblast invasion and migration, which can lead to pregnancy failure (16, 17). It has been reported that dMΦ may be polarized to the M2 subtype during early pregnancy to maintain that pregnancy (18), while macrophages polarized to the M1 subtype may promote RM (19). Some prior works have shown that adverse pregnancy outcomes can be reversed via macrophage polarization regulation, which is a potential target for drugs seeking to maintain pregnancies (20, 21). Further studies are needed to clarify the role of macrophages in maternal fetal interface immune tolerance.

The development of single-cell sequencing technology has permitted the study of the diversity of cell types, the specific molecular characteristics of the lineage and differentiation stage, and the functional interaction between cell types, which are required for the study of cell heterogeneity at the maternal fetal interface (8). Published literature on the maternal fetal interface has systematically described the relevant cell types (22–25). Single-cell sequencing has also played an irreplaceable role in the study of the etiology of RM. It has the advantage of searching for cell heterogeneity, some studies have indicated the immune heterogeneity of decidua and the potential pathogenic immune variations of RM (26–29). The present study established the cell map of the maternal fetal interface during early pregnancy, then proposed a prediction model for the diagnosis and treatment of unexplained RM by combining with the results of second-generation sequencing, permitting further exploration of the relationship between immune cells and unexplained RM.



Materials and methods


Data collection

In this study, single-cell RNA sequencing data were collected from decidual and villi samples from five women who underwent elective termination of normal pregnancies without a history of miscarriages and three women with RM at the First Affiliated Hospital of Guangxi Medical University. The inclusion criteria for RM participants were: (1) no fetal heart pulsation or fetal heartbeat stop using Doppler ultrasound at 7–9 weeks of gestation; and (2) a history of two or more failed pregnancies from an unknown cause. The exclusion criteria were: (1) fetal chromosomal karyotype abnormality of the villi; (2) patients with uterine anatomic disorders; and (3) patients with endocrine disorders (6 for single‐cell RNA sequencing). Decidual tissue and chorionic villi tissue from the same patient were collected separately, and a part of the chorionic villi tissue was sent for cytogenetic analysis. Informed consent was obtained from each patient before surgery. Ethical approval was obtained from the ethics committee of the First Affiliated Hospital of Guangxi Medical University. We also obtained 2 RM-related microarray datasets (GSE165004 and GSE26787) from the Gene Expression Omnibus (GEO) database. The GSE165004 (N=24; P=24) dataset was used to identify the core genes associated with RM, and the GSE26787 (N=5; P=5) dataset was used to further validate the expression profile of the signature genes. As these two public datasets were obtained from public databases, no ethical approval was required.



Cell isolation

Decidual and placental tissue were washed in phosphate-buffered saline with 100 IU/mL penicillin/streptomycin and sheared into tiny pieces. Decidual tissue were digested with collagenase type IV (0.5 mg/ml, Invitrogen) for 30 min while the resultant villous tissue was enzymatically digested with EDTA (Sigma) while stirring at 37°C for 9 min. The disaggregated cell suspension was passed through 70 and 40 µm mesh sieves (Biologix), centrifuged, and resuspended in 3 mL of red blood cell lysis buffer (Invitrogen) for 3 min to exclude any remaining red blood cells. The pelleted decidual cells and placental cells were resuspended in PBS and used for single‐cell 3′‐cDNA library preparation followed by the 10× Genomics Chromium Single‐Cell 3′ reagent kit using the manufacturer’s instructions.



Identification of macrophage marker genes via scRNA-seq analysis

Single‐cell libraries were sequenced with an Illumina NovaSeq 6000 using 150 nt paired‐end sequencing. The gene expression matrix was generated using CellRanger v3.1.1, and raw data were further processed with R (version 3.5.2). The quality control steps were as follows: (1) the number of identifiable genes in a single cell was between 500 and 7500, (2) the proportion of mitochondrial gene expression in a single cell was less than 20%, and (3) the total number of Unique Molecular Identifiers (UMIs) in a single cell was less than 50000. Data were normalized using the “normalizedata” function in the Seurat R package. Graph-based clustering was performed based on the gene expression profile of the cells using the “findclusters” function in Seurat (clustering resolution = 0.5, k-nearest neighbor = 10). After filtration, a total of 66078 cells were left for subsequent analysis. The CCA method was used to eliminate the batch effect of different samples. Graph-based clustering was performed according to the gene expression profile of cells using the “findclusters” function in Seurat (clustering resolution = 0.5, k-nearest neighbor = 10). t-distributed random neighbor embedding (t-SNE) was then performed using the “Run tsne” function. Cell clusterings was demonstrated using t-SNE-1 and t-SNE-2. Differentially expressed genes (DEGs) were calculated for each cluster using the Wilcoxon-Mann-Whitney test using the “FindAllMarkers” function in the Seurat package. To identify the marker genes for each cluster, we used cut-off thresholds adjusted for p-values < 0.01 and |log2 (fold change) > 1. We used the “SingleR” R package for automated annotation of cell types to annotate the cell subgroups.



Identification of macrophage marker genes associated with RM

By using the limma R package (30), the GSE165004 dataset (containing 24 healthy individuals and 24 RM patients) was used to screen genes that were significantly differentially expressed between the RM group and the normal group (Screening label: False Discovery Rate criterion (FDR) < 0.05). All differentially expressed genes were intersected with macrophage marker genes to identify the macrophage markers associated with RM.



Functional enrichment analysis of differentially expressed genes

The ClusterProfiler R package (31) was used to perform a biological functional enrichment analysis of differentially expressed genes with Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG). FDR was used to perform multiple test corrections with a threshold set at <0.05. GO categories were analyzed for biological processes only (BP).



Selection of feature genes

Three machine learning algorithms: LASSO, Random Forest and SVM-RFE (32), were used to screen signature genes. Differentially expressed macrophage marker genes were initially assessed by least absolute shrinkage and selection operator (LASSO) Cox proportional hazards regression using the “glmnet” R package. The value of the penalty parameter (λ) corresponding with the lowest partial likelihood deviance was used to select the best model via 10-fold cross-validation (33). Genes with non-zero beta coefficients were retained. A random forest algorithm was used to rank the importance of marker genes associated with RM, and genes with an importance greater than 0.25 were used for subsequent analyses. SVM-RFE was used to further screen for signature genes, with the top 12 genes by average ranking retained for subsequent analyses. Genes identified using LASSO, random forest and SVM-RFE were intersected to obtain our signature genes. ROC curves were used to assess the efficacy of those signature genes to distinguish the RM samples. We also tested the diagnostic value of the signature genes in GSE26787.



Construction of a protein-protein interaction network

GeneMANIA (http://www.genemania.org) is a website for building protein-protein interaction (PPI) networks (34), which can generate gene function predictions and locate genes with comparable effects. Physical interaction, co-expression, co-localization, gene enrichment analysis, genetic interaction and locus prediction are some of the bioinformatics methods used by network integration algorithms. In this study, GeneMANIA was used to analyze the PPI networks of our signature genes. The ClusterProfiler R package (31) was used to perform a GO and KEGG enrichment analysis of interacting proteins, FDR<0.05 was used to screen for significantly enriched pathways, and the top 10 most significant signaling pathways were presented.



RNA extraction and quantitative reverse‐transcriptase polymerase chain reaction analyses

Total RNA was extracted from fresh-frozen decidual samples obtained from the RM (n = 5) and normal (n = 5) groups using TRIzol (Takara, Japan) according to the manufacturer’s protocol. The RNA was then reverse-transcribed into cDNA using the Prime Script RT reagent Kit (Takara, Japan). The real‐time PCR system used RR420A TB Green™ Premix Ex Taq™ (Tli RNaseH Plus) (Takara, Japan). The Primer-BLAST online tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome) was used to design primers and assess primer specificity. Primer lengths were set between 20 bp and 25 bp, GAPDH was selected as an internal reference gene, the total volume of fluorescent quantitative PCR amplification was 20ul, the primers used in this study are listed in Table 1. Relative fold changes in gene expression were calculated using the 2−ΔΔCt method and normalized with respective controls.


Table 1 | Primers used in this study.





Gene set enrichment analysis

In order to analyze the signaling pathways impacted by the signature genes, single-gene GSEA enrichment analysis was performed on the signature genes (35). We downloaded the “c2.cp.kegg.v11.0.symbols” gene set from the MSigDB database (http://software.broadinstitute.org/gsea/msigdb) (36) as a reference gene set for GSEA analysis. To achieve a normalized enrichment score for each analysis, gene set permutations were set at 1,000 times and FDR < 0.05 was considered a significantly enriched signaling pathway.



Modeling and testing of a RM diagnostic nomogram

We created a nomogram for the diagnosis of RM using the rms R package. A risk score was calculated based on the expression of individual core genes, with the total risk score defined as the sum of all individual gene risk scores. The diagnostic value of the nomogram for RM was assessed using decision tree, calibration and ROC curves.



Gene set variation analysis

GSVA is an unsupervised and non-parametric gene set enrichment method that permits the use of gene expression profiles to assess associations between biological pathways and gene features (37). We downloaded 50 hallmark gene sets from the MSigDB database (http://software.broadinstitute.org/gsea/msigdb) (36) to serve as reference gene sets. We used the ssGSEA function in the GSVA package to calculate the GSVA score for each gene set in different samples. The Limma package was then used to compare differences in the GSVA scores of different gene sets between the normal and disease groups.



Analysis of immune cell infiltration and immune-related pathways

Sixteen immune cells and 13 immune-related pathway gene sets were obtained from the annex of the reference (38). Using these 29 gene sets and gene expression matrices as input files, single sample gene set enrichment analysis (ssGSEA) was performed on all samples using “gsva” R (39). Infiltration scores for 16 immune cells and the activity of 13 immune-related pathways were calculated for all samples.



Tumor immune single-cell hub database analysis

The TISCH database includes 2045746 cells from 79 databases from tumor patients and healthy donors. These datasets were processed uniformly to permit the analysis of immune cell components at the single cell and annotated cluster levels. This work used datasets from TISCH to characterize the expression distribution of genes within different cell types at the single-cell level.



Prediction of the drug sensitivity of target genes

The Drug Signature Database (DSigDB) was used to screen for key drugs that can target specific genes. A publicly available web database obtained from the Enrichr web server (https://maayanlab.cloud/Enrichr/), the DSigDB database provides association information for drugs and their target genes and is used to perform gene set enrichment analysis (GSEA). We identified drug candidates for the possible treatment of RM based on a statistical threshold of p-value < 0.05 and drug targets > = 2.



Statistical analysis

Categorical variables were compared between different risk groups using the Wilcoxon t-test. Univariate and multivariate Cox regression analyses were used to calculate the prognostic value of macrophage CMGS and different clinicopathologic features. p<0.05 was defined as significant for all calculations. Benjamini-Hochberg adjusted p-values for multiple testing were calculated using the R function “p.adjust”. R software version 4.1.0 (http://www.R-project.org) was used for data analysis and graph generation.




Results


Single‐cell atlas at the maternal fetal interface in normal and RM samples

We obtained 16 human first-trimester decidual and villi samples from 5 normal patients and 3 RM patients using 10× Genomics, with decidual and villi samples collected from the same patient (Figure 1A). Following computational quality control and graph‐based clustering using the Seurat package (40), 112528 high-quality cells were subjected to further analysis. These cells consisted of 36219 cells from normal decidua and 25582 cells from RM decidua, 25303 cells from normal villi and 25424 cells from RM villi. After unsupervised graph-based analysis using SingleR software (41), we automatically annotated the cell clusters and identified 15 cell types (containing 28 subclusters) assigned on the basis of known marker genes and literature evidence, and cells in cluster 0 and 11 were defined as macrophage cells (23, 25) (Figures 1B, C; Supplementary Table 1). We then extracted dNK cell, T cell, macrophage, monocyte and B cell populations related to the immune mechanism of RM and regrouped them based on the expression of known marker genes for further analysis (Figures 1D, E).




Figure 1 | Single-cell RNA-sequencing analysis identifies maternal fetal interface marker genes (A) Flowchart depicting the overall design of the single-cell RNA-sequencing analysis. (B) t-SNE plot of 112528 cells from five normal samples and three RM samples. dM, decidual macrophages; dNK, decidual NK cells; DSC, decidual stromal cells; EVT, extravillous trophoblast; VCT, villous cytotrophoblast; Mo, Monocytes; Endo, endothelial cells; SCT, syncytiotrophoblast; DC, dendritic cells; RBC, red blood cells; PV, perivascular cells; Epi, epithelial glandular cells; F, fibroblasts. (C) Dotplot map showing the expression of classical cell type‐specific marker genes in each cluster. (D) t-SNE plot of the five main immune cell types. (E) t-SNE plot showing the expression of the marker genes of the five cell types noted above.





Identification and functional enrichment analysis of differentially expressed macrophage-associated genes

To investigate the role of macrophage-associated genes in the pathogenesis of RM, we used the expression profiles of 24 normal and 24 recurrent miscarriage specimens from the GSE179996 cohort for subsequent analysis. A total of 1,293 macrophage-associated marker genes were obtained via the single-cell sequencing screening of 1,384 macrophage-associated genes, which were intersected with genes from the GSE179996 expression profile. Differential expression analysis of the GSE179996 dataset revealed that 90 macrophage marker genes were significantly down-regulated and 96 macrophage marker genes were significantly up-regulated in the disease group (Figures 2A, B). Detailed information is listed in Supplementary Table 2. GO enrichment analysis of these differentially expressed macrophage-associated genes revealed that they impacted negative regulation of protein phosphorylation, the type I interferon signaling pathway and the immune response to viruses (Figure 2C). KEGG enrichment analysis of these differentially expressed genes revealed that the main signaling pathways involved were endocytosis, human cytomegalovirus infection, the Apelin signaling pathway and Th17 cell differentiation (Figure 2D).




Figure 2 | Identification of macrophage-related differentially expressed genes. (A) Heat map of the top 50 DEG. (B) Volcano plot of DEG. (C) GO enrichment analysis of DEG. (D) KEGG enrichment analysis of DEG.





Screening for signature genes using the LASSO, random forest and SVM-RFE algorithms

Three algorithms (LASSO, Random Forest and SVM-RFE) were used to screen for the core signature genes associated with RM progression. With respect to SVM-RFE, classifier error was minimized when the number of features was 12, containing CD2AP, NCSTN, APPL1, ACTR2, PTMS, TBC1D12, ATF6, MBNL2, RPN2, MTMR6, MAFG and PUM1 (Figures 3A, B). With respect to the LASSO algorithm, after ten cross-validations the best lambda was 0.004. The value of penalty parameter (λ) corresponding with the lowest partial likelihood deviance was used to select 17 signature genes: ACTR2, APPL1, ARL8A, ARMCX3, CD2AP, CSDE1, ITGB2, MBNL2, NCSTN, OAS1, PML, PTMS, PUM1, RPN2, SLC43A3, SPPL2A and TBC1D12 (Figure 3C). Twenty feature genes with relative importance >0.345 were identified using the random forest algorithm, including NCSTN, RPN2, CD2AP, ACTR2, CISD2, ETF1, CSDE1, MBNL2, ARL8A, PUM1, NF1, BNIP2, BLOC1S1, ZFYVE16, USF2, ZSWIM6 SPG21, TBC1D12, ARMCX3 and CMIP (Figures 3D, E). Seven shared feature genes from the LASSO, Random Forest and SVM-RFE algorithms were identified: ACTR2, CD2AP, MBNL2, NCSTN, PUM1, RPN2 and TBC1D12 (Figure 3F); The functional annotation of these genes in the NCBI database is shown in Table 2.




Figure 3 | Feature gene selection. (A, B) Biomarker signature gene expression validation via support vector machine recursive feature elimination (SVM–RFE) algorithm selection. (C) Adjustment of feature selection in the minimum absolute shrinkage and selection operator model (LASSO). (D) random Forest error rate versus the number of classification trees. (E) The top 20 relatively important genes. (F) Three algorithmic Venn diagram screening genes.




Table 2 | Functional annotation of feature genes.





Diagnostic efficacy and external validation of signature genes in RM

Six signature genes (ACTR2, CD2AP, MBNL2, PUM1, RPN2 and TBC1D12) were expressed at significantly lower levels in RM samples, while NCSTN had a significantly higher expression level (Figure 4A). The estimated diagnostic performance of the seven signature genes in the prediction of RM in the GSE179996 cohort using AUC values, which were 0.986 for ACTR2 (Figure 4B), 0.990 for CD2AP (Figure 4C), 0.908 for MBNL2 (Figure 4D), 0.986 for NCSTN (Figure 4E), 0.862 for PUM1 (Figure 4F), 0.958 for RPN2 (Figure 4G) and 0.889 for TBC1D12 (Figure 4H). We selected the GSE26787 dataset to externally validate the diagnostic value of these seven signature genes in the progression of recurrent miscarriage, which produced AUC values of 0.880 for ACTR2 (Figure 5A), 0.840 for CD2AP (Figure 5B), 0.720 for MBNL2 (Figure 5C), 0.960 for NCSTN 0.960 (Figure 5D), 1.000 for PUM1 (Figure 5E), 0.920 for RPN2 (Figure 5F) and 1.000 for TBC1D12 (Figure 5G).




Figure 4 | Diagnostic efficacy of the target genes in the prediction of RM. (A) Box plots showing the mRNA expression of the target genes in stable and unstable atherosclerotic plaque specimens in the GSE165004 dataset. (B–H) ROC curves estimating the diagnostic performance of the target genes (B) ACTR2, (C) CD2AP, (D) MBNL2, (E) NCSTN, (F) PUM1, (G) RPN2 and (H) TBC1D12 in the prediction of atherosclerotic plaque progression in the combined GSE165004 datasets. ***p < 0.001.






Figure 5 | External verification of the RM predictive value of the target genes. (A–G) ROC curves estimating the diagnostic performance of the target genes (A) ACTR2, (B) CD2AP, (C) MBNL2, (D) NCSTN, (E) PUM1, (F) RPN2 and (G) TBC1D12 in the prediction of a RM in the GSE26787 datasets.





Experimental validation of signature gene expression

To validate the expression of the signature genes implicated RM, 10 healthy human meconium samples and 10 meconium samples from recurrent miscarriages were collected for clinical specimen validation. The expression patterns of the 7 signature genes were consistent between the GSE165004 dataset and the clinical specimens, further suggesting that they had good diagnostic value in the prediction of RM progression (Figure 6).




Figure 6 | Expression validation of ACTR2 between normal and RM tissues. (A) ACTR2, (B) CD2AP, (C) MBNL2, (D) NCSTN, (E) PUM1, (F) RPN2 and (G) TBC1D12, "**p < 0.01, ***p < 0.001.





Signaling pathways involved in signature genes

The differences between RM patients and healthy controls within 50 HALLMARK signaling pathways were further investigated using ssGSEA. Two HALLMARK signaling pathways were significantly up-regulated in RM patients: KRAS_SIGNALING_DN and BILE_ACID_METABOLISM (Figure 7A). Pathways significantly down-regulated in RM patients included: KRAS_SIGNALING_UP, ANGIOGENESIS, UV_RESPONSE_DN, MYC_TARGETS_V1, MTORC1_SIGNALING, UNFOLDED_PROTEIN_RESPONSE, APICAL_SURFACE, INTERFERON_ALPHA_RESPONSE, NOTCH_SIGNALING and TGF_BETA_SIGNALING (Figure 7A). We also analysed the correlations of seven signature genes with 50 HALLMARK signaling pathways. ACTR2 was associated with a number of genes, including NOTCH_SIGNALING, KRAS_SIGNALING_UP, INTERFERON_GAMMA_RESPONSE and ANGIOGENESIS. Several HALLMARK signaling pathways including ANGIOGENESIS were significantly positively correlated with these genes (Figure 7B). In contrast, NCSTN was significantly negatively correlated with multiple HALLMARK signaling pathways including UV_RESPONSE_DN, UNFOLDED_PROTEIN_RESPONSE, TGF_BETA_SIGNALING, KRAS_SIGNALING_UP and INTERFERON_GAMMA_RESPONSE (Figure 7B).




Figure 7 | Correlation between hub genes and the 50 HALLMARK signaling pathways. (A) Comparison of the 50 HALLMARK signaling pathways between the RA group and healthy controls. (B) Correlation between the target genes and the 50 HALLMARK signaling pathways. *p < 0.05, **p < 0.01, ***p < 0.001 0.05. 0.05 < p < 0.2. NS, no significance.



To provide more clarity on the impact of the signature genes on the progression of RM, we performed single-gene GSEA enrichment analysis. Both ACTR2 and CD2AP are involved in the complement and coagulation cascades, DNA replication, the Hedgehog signaling pathway and the protein export signaling pathways. The signaling pathways impacted by RPN2 mainly include basal cell carcinoma, the complement and coagulation cascades, DNA replication and protein export (Figures 8A, B). MBNL2 is involved in the following signaling pathways: ascorbate and aldarate metabolism, the complement and coagulation cascades, DNA replication and protein export (Figure 8C). NCSTN is involved in the following signaling pathways: fatty acid biosynthesis, glycosaminoglycan degradation and mineral absorption (Figure 8D). PUM1 is involved in the following signaling pathways: DNA replication, the Hedgehog signaling pathway and mismatch repair (Figure 8E). RPN2 is involved in the following signaling pathway: Basal cell carcinoma, complement and coagulation cascades, DNA replication, and protein export (Figure 8F); The main signaling pathways impacted by TBC1D12 include beta-alanine metabolism, the complement and coagulation cascades, the H coagulation cascades and histidine metabolism (Figure 8G).




Figure 8 | GSEA identifies the signaling pathways that are impacted by the target genes. (A–G) The main signaling pathways that are significantly enriched by the high expression of the target genes in the GSE165004 dataset. (A) ACTR2, (B) CD2AP, (C) MBNL2, (D) NCSTN, (E) PUM1, (F) RPN2 and (G) TBC1D12.





Characterized gene interaction network analysis

To assess the regulatory relationships between the signature genes, we constructed co-expression networks and protein interaction networks. The GSE165004 dataset was used to analyze the co-expression relationships between the signature genes. NCSTN expression was negatively correlated with that of the other six signature genes, while the expression levels of the other six signature genes were positively correlated with one another (Figure 9A). To analyze the protein interaction network of the seven signature genes, we created a PPI network using the GeneMANIA database (Figure 9B). GO/KEGG analysis was performed on 20 genes to further investigate the function of the signature genes, demonstrating that all 20 co-expressed genes were mainly involved in KEGG signaling pathways (Figure 9C), including protein processing in the endoplasmic reticulum, Epstein-Barr virus infection, viral arcinogenesis, bacterial invasion of epithelial cells, the cell cycle and the FoxO signaling pathway (Figure 9D).




Figure 9 | Co-expression and interaction analysis of the target genes. (A) Target gene co–expression network in GSE165004. (B) Target gene co–expression network in GeneMANIA database. (C) GO analysis of co–expressed genes. (D) Co–expressed gene KEGG analysis. *p < 0.05.





Construction and testing of a signature gene-based line graph for predicting RM

We constructed a RM diagnostic column line graph model (Figure 10A) using the “Rms” R package for the signature genes (ACTR2, CD2AP, MBNL2, NCSTN, PUM1, RPN2, and TBC1D12), and assessed its predictive power using calibration curves. The calibration curves showed minimal differences between true and predicted RM risk, indicating that the bar graph RM model was very accurate (Figure 10B). Decision curve analysis (DCA) suggested that patients could benefit from such nomograms (Figure 10C). The correctness of the model was also confirmed using ROC curve analysis (Figure 10D).




Figure 10 | Construction and validation of a RM diagnostic column line graph model. (A) Column line graphs were used to predict the occurrence of RM. (B) Calibration curves assessed the predictive power of the column line graph model. (C) DCA curves were used to assess the clinical value of the column line graph model. (D) ROC curves assessed the clinical value of the column line graph model.





Association of signature genes with immune cell infiltration in RM patients

The association of immune infiltration between RM patients and healthy controls was further investigated in the GSE165004 dataset using the ssGSEA algorithm. When the results excluded immune cell types that were not statistically significant, Type_I_IFN_Reponse, Treg, Parainflammation, MHC_class_I and Macrophages were significantly down-regulated in RM patients while T_helper_cells were significantly up-regulated in RM patients compared with healthy controls (Figure 11A). We then analysed correlations between the signature genes and immune cells and immune-related functions. ACTR2 was significantly negatively correlated with T_helper_cells, but significantly positively correlated with a variety of other immune cells and immune-related pathways (Figure 11B). In contrast, NCSTN was significantly positively correlated with T_helper_cells and negatively correlated with multiple other immune cells and immune-related pathways (Figure 11B). Treg was significantly negatively correlated with NCSTN and significantly positively correlated with the six other signature genes, T_helper_cells was significantly positively correlated with NCSTN and significantly negatively correlated with the six other signature genes, ACTR2 was significantly positively correlated with macrophages and NCSTN was significantly negatively correlated with macrophages (Figure 11B).




Figure 11 | Correlation between the hub genes and immunity. (A) Comparison of the ssGSEA scores of the immune cells and immune pathways between the RM group and healthy controls. (B) Correlation between characteristic genes and immunity. *p < 0.05, **p < 0.01, ***p < 0.001. 0.05 < p < 0.2. NS, no significance.





Validation of ACTR2 and NCSTN expression using the TISCH database

ACTR2 and NCSTN were significantly associated with immune infiltration in RM patients. When the expression levels of ACTR2 and NCSTN in 33 cell types at the single cell level were analyzed using the TISCH database, it was found that both ACTR2 and NCSTN had the highest expression levels in mono/macro cells across multiple tumor datasets (Figures 12, 13), and had increased expression in mono/macro cells. ACTR2 was expressed in CD8Tex, CD8T, DC, neutrophils, Tproli CD4Tconv, Treg, malignant, endothelial, fibroblasts, B, NK, Mas and Plasma cells (Figure 12). Similar to ACTR2, NCSTN had higher expression levels in malignant, fibroblasts, endothelial, Tprolif, CD8Tex, CD8T, CD4Tconv, Treg, DC, Plasma, B and NK cells (Figure 13).




Figure 12 | ACTR2 distribution using TISCH scRNA seq database.






Figure 13 | NCSTN distribution using TISCH scRNA seq database.





Identification of drug candidates

To facilitate the development of future RM therapies, we performed drug target enrichment analysis using the 7 RM key genes. Table 3 lists the 17 drug candidates that were evaluated. Irinotecan could target four RM key genes (MBNL2, TBC1D12, PUM1 and CD2AP), while the other six candidates (Alsterpaullone, Camptothecin, Chlorzoxazone, GW-8510, POTASSIUM and (-)- Epigallocatechin) could target 3 different RM key genes. The remaining 10 drug candidates (Verteporfin, Strophanthidin, Uranium, Azacitidine, Etifenin, Staurosporine, Neostigmine, Meclofenoxate, Captopril and Tyrphostin) could target 2 different RM key genes, while ciclosporin, a common drug used to manage RM clinically, could target MBNL2 (p = 0.023).


Table 3 | Identification of RM drug candidates.






Discussion

Recurrent miscarriage (RM) is a common reproductive complication that affects 1-3% of women during their reproductive years (42). Substantial progress has recently been made in the study of pathologic factors associated with RM. Immune factors have been of particular interest. A large number of studies have reported an association between immune cells and RM, in particular the role of macrophages. Macrophages account for 20–25% of all metaphase leukocytes at the implantation site and play an important role in regulating the maternal immune microenvironment by linking the adaptive and innate immune systems (14). Abnormal macrophage infiltration at the maternal-fetal interface has been associated with RM (43–45). Macrophages polarize into M1/M2 subtypes under specific circumstances; M1 macrophages produce pro-inflammatory cytokines and regulate the inflammatory response while M2 macrophages promote tissue remodeling and repair (29). Early reports suggest that metaphase macrophages (dMΦ) may polarize into the M2 subtype during a normal pregnancy (18), In contrast, macrophages during complicated pregnancies, such as RM or pre-eclampsia, polarize into the M1 subtype and mediate the inflammatory response (19, 44).

The rapid development of scRNA-seq technology has allowed researchers to explore the molecular characteristics of tumor-infiltrating immune cells in tumor microenvironment (TME). However, most works to this end have focused on adaptive immune cells. The role of innate immune cells has not received sufficient attention, which may significantly affect patient prognosis and response to treatment, especially with respect to immunotherapy. Pan et al. used single cell sequencing analysis to identify severe disruption of dNK cell polarization in the setting of an unexplained recurrent spontaneous abortion (URSA), whereas dNK cells normally interact with extravillous trophoblasts to achieve immune tolerance polarization (29). Zhu et al. used single-cell sequencing analysis to find proportionate differences in NK cell and macrophage metaphases in patients with recurrent spontaneous abortion (RSA) compared with normal controls (46). Du et al. found that stromal cells were the most abundant cell type in the meconium during early pregnancy and that communication between stromal cells and other cell types, such as over-activation of macrophages and NK cells, was significantly impaired in patients with recurrent spontaneous abortion (RSA) (47).

This study screened 186 macrophage marker genes associated with recurrent miscarriage from the GSE165004 dataset, of which 90 were significantly upregulated in the disease group and 96 were significantly downregulated in the disease group (Figures 2A, B). Subsequent GO enrichment analysis revealed that all DEGs were enriched in signaling pathways such as the negative regulation of protein phosphorylation, type I interferon signaling pathway, and defense response to viruses (Figure 2C), while KEGG enrichment analysis showed that DEG was mainly involved in endocytosis, human cytomegalovirus infection, the Apelin signaling pathway, and Th17 cell differentiation (Figure 2D). These pathways may therefore be closely related to the progression of RM.

This study used three machine learning algorithms (LASSO, SVM-RFE, and Random forest) to identify seven macrophage marker genes (ACTR2, CD2AP, MBNL2, NCSTN, PUM1, RPN2, and TBC1D12) that were associated with RM in the GSE165004 dataset. Most of these marker genes are associated with progression or macrophage activity in patients with RM. ACTR2, also known as actin-related protein 2, has been previously implicated in the development of RM and is closely associated with the development of lung cancer (48), liver cancer (49) and primary thrombocythemia (50). CD2-associated protein (CD2AP), a scaffolding protein that controls actin dynamics, is closely associated with the development of Alzheimer’s disease (51)、gastric cancer (52) and acute promyelocytic leukemia (53). MBNL2 belongs to a family of highly conserved RNA-binding proteins that drive cancer cell proliferation and migration by regulating the expression of hypoxia-inducible genes, such as VEGF-A, and variable splicing (54); MBNL2 expression levels were significantly negatively correlated with hepatocellular carcinoma tumor size and stage, and MBNL2 overexpression in vitro and in vivo inhibited the growth and invasion of hepatocellular carcinoma cells (55); MBNL2 also regulates tumor cell proliferation and the DNA damage response by stabilizing p21 (56). Nicastrin (NCSTN) is the core subunit of γ-secretase and is essential to the intracellular transport and stability of γ-secretase and the recognition of γ-secretase substrates (57). NCSTN is significantly upregulated in breast cancer and induces epithelial-mesenchymal transition (EMT) through Notch1 cleavage (58). NCSTN was also the response of colon cancer to chemotherapy (59). PUM1 is also an RNA-binding protein that regulates gene expression by binding to the mRNA of target genes. Previous studies have shown that PUM1 expression is elevated in pre-eclampsia and is associated with the proliferation and migration of trophoblast cells (60). RPN2 is an important component of the oligosaccharyltransferase complex and is responsible for the N-glycosylation of many proteins (61). RPN2 was found to promote the malignant progression of breast cancer (62), gastric cancer (63) and colon cancer (64). RPN2 promotes docetaxel resistance in breast cancer cells by mediating CD63 glycosylation (65). TBC1D12 is a Rab11-binding protein that regulates neuroectodermal growth in PC12 cells (66). These prior associations further support that the macrophage marker genes associated with RM identified in this study may provide potential targets for laboratory experimental design to elucidate the molecular mechanisms underlying RM progression.

To further illustrate the role of central genes in RM, we performed GSEA analysis, which showed that the complement and coagulation cascades were significantly enriched in the highly expressed subgroups of all of the target genes except for NCSTN and PUM1. DNA replication was significantly enriched in the highly expressed subgroups of ACTR2, CD2AP, PUM1 and RPN2, and Hedgehog signaling pathway was significantly enriched in the highly expressed subgroups of ACTR2, CD2AP, and PUM1. Subsequent ROC analysis showed that all of the central genes had potential diagnostic value in the clinical management of RM. To further demonstrate the clinical diagnostic value of these 7 genes, we collected 5 normal samples and 5 recurrent miscarriage samples for validation. The expression pattern of these 7 RM genes was consistent with that of GSE165004, which further supports the diagnostic properties of the 7 core genes for RM. To further elucidate the regulatory mechanisms of the 7 central genes, we analysed the co-expression profiles and interacting proteins of the seven central genes. Positive co-expression patterns existed between all genes, except for NCSTN, which was negatively co-expressed with all of the other genes. We then determined that the seven central genes enriched the function of 20 interacting proteins that were mainly involved in the Notch signaling pathway, the response to antibiotics and protein processing in the endoplasmic reticulum. Finally, we determined that ACTR2 was positively associated with several of the 50 HALLMARK signaling pathways, while NCSTN was negatively associated with several pathways. These findings suggest that ACTR2 may regulate RM progression mainly through signaling pathway activation, while NCSTN affects RM progression through pathway inhibition.

Since the seven core genes we identified belong to macrophage marker genes, we speculated that they regulate the progression of RM by modulating immune cell infiltration. Macrophage infiltration was significantly lower in RM than in normal samples. Correlation analysis showed that ACTR2 was significantly positively correlated with macrophage infiltration while NCSTN was significantly negatively correlated with macrophage infiltration. When we analysed the expression patterns of ACTR2 and NCSTN in different immune cells in the TISCH database, we found that both ACTR2 and NCSTN were highly expressed in macrophages/monocytes. Taken together, these results suggest that ACTR2 and NCSTN may influence the progression of RM by regulating macrophage infiltration.

In order to induce the overall immune tolerance of the mother to the fetus and maintain immune reactivity to all other foreign antigens, the maternal immune system needs to be adjusted. These changes involve different immune cells and cytokines. This process, in addition to immunomodulation, also involves the destruction of uterine tissue, vascular remodeling and placental formation to jointly ensure the establishment, maintenance, development and termination of normal pregnancy (67). Many studies have shown that unexplained recurrent abortions are related to immune factors. Immune-related abortion can be divided into autoimmune RM and alloimmune RM. The former is primarily seen in the setting of antiphospholipid syndrome, while the latter is the result of abnormalities in the number and function of immune cells. Macrophages, which account for 20-30% of all leukocytes in the decidua, can promote endometrial receptivity, uterine spiral artery remodeling and trophoblast invasion by secreting a variety of cytokines, including Th1 cytokines secreted by M1 macrophages and Th2 cytokines secreted by M2 macrophages. The expression balance of Th1/Th2 plays an important role in inducing the maternal immune system to tolerate the fetus (68). Immune imbalance at the maternal fetal interface can lead to immune system activation and an inflammatory reaction. Inflammatory signals induce the expression of relevant tissue factors such as endothelial cells and monocytes, which further trigger the procoagulant response and produce a systemic hypercoagulable state. From the perspective of potential genetic factors and epigenetics, polymorphisms and variations in genes regulating coagulation function and immune function may be potential contributors to RM (69, 70). Anticoagulation and immunotherapy have been shown to improve the reproductive outcome of patients with cellular immune abnormalities and thrombosis (71), and aspirin and heparin are widely used to reduce the risk of recurrent abortion in women with antiphospholipid syndrome (72). Recent studies have shown that low-dose aspirin can inhibit excessive or persistent inflammation at the maternal fetal interface of RM patients by reducing the level of HMGB1 protein expressed by the serum and decidual macrophages (73), Some immunosuppressants, such as cyclosporine A, can achieve a therapeutic effect by regulating interactions between immune cells and inducing Th2 type immune bias at the maternal fetal interface, which are conducive to pregnancy maintenance (74, 75). In order to determine the potential of macrophages as drug targets related to the treatment of recurrent abortions, we screened the DSigDB database for clinical agents that specifically target 7 key RM genes. These 7 candidates targeted 3 different key RM genes, of which Alsterpaullone is a commonly used clinical agent for the treatment of RM. A previous analysis revealed that ACTR2 was significantly associated with macrophage infiltration in RM and could be a key molecular target for future RM drug treatments. We also found that ciclosporin, a key drug in the clinical treatment of RM, can target MBNL2, providing a hint as to its molecular role in the treatment of RM.

In conclusion, we identified and validated seven signature genes using macrophage marker genes that can be used as diagnostic markers for RM. Of these, ACTR2 was significantly positively correlated with macrophage infiltration in RM, while NCSTN was significantly negatively correlated with macrophage infiltration in RM. The interrelationship between these candidate genes and may influence RM progression through macrophage regulation.
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Background

Epidemiological observational studies have investigated the relationship between rheumatoid arthritis(RA) and pre-eclampsia, but no consistent conclusions were obtained due to various limitations. Hence, we conducted a two-sample mendelian randomization analysis to evaluate the potential causal effect of RA on pre-eclampsia.



Methods

Summary-level statistics for RA were derived from a large-scale meta-analysis of datasets of genome-wide association studies(GWAS) which involved 14,361 cases and 43,923 controls. Moreover, summary statistics for pre-eclampsia or eclampsia were sourced from the Finn biobank which contained 3,903 cases and 114,735 controls. The inverse variance weighting (IVW) as well as other four effective methods including MR-Egger, weighted median, weighted mode, and simple mode were applied to deduce the potential causal relationships between RA and pre-eclampsia comprehensively.



Results

The two-sample MR analysis suggested a strong causal relationship between RA and pre-eclampsia[OR,1.05;95%CI, 1.01-1.09;p<0.05]. The OR estimates obtained from the weighted mode[OR,1.09;95%CI,1.03-1.15;p<0.01] and weighted median[OR,1.07;95%CI, 1.01-1.14;p<0.05] were similar to those from the IVW method, but there was no significant association observed in MR Egger and simple mode analysis.



Conclusion

This MR analysis provides evidence of a positive causal association between RA and pre-eclampsia genetically. Our findings highlight the importance of more intensive prenatal care and early intervention among pregnant women with RA to prevent potential adverse obstetric outcomes. Moreover, our study provides clues for risk factor identification and early prediction of pre-eclampsia.
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Introduction

Hypertensive disorders of pregnancy(HDP) are common pregnancy complications, which are comprised of gestational hypertension, pre-eclampsia or eclampsia, pre-eclampsia superimposed on chronic hypertension, and chronic hypertension. HDP, especially pre-eclampsia, complicate 2-8% of pregnancies and account for a substantial proportion of maternal and perinatal mortality (1, 2). Worldwide, more than 50,000 pregnant women and 500,000 fetuses have died from pre-eclampsia (3). The multifactorial pathogenesis of HDP is complex, and it can be influenced by the environment during pregnancy as well as the underlying pathological and immunological conditions of patients. Pre-eclampsia as a type of HDP, results from heterogeneous causes (4).Some potential risk factors for pre-eclampsia include history of pre-eclampsia, chronic hypertension, pre-gestational diabetes, multifetal pregnancy, obstetric complications in a previous pregnancy such as fetal growth restriction, stillbirth, abruption, and autoimmune diseases including antiphospholipid syndrome and systemic lupus erythematosus (5, 6). However, most of factors that have been identified lack accuracy in predicting its onset and preventative therapies only moderately reduce a woman’s risk of pre-eclampsia. Therefore, it is crucial to identify more reliable risk factors for the identification and early prediction of pre-eclampsia.

Rheumatoid arthritis(RA) is a systemic autoimmune disease with a chronic inflammatory process, which has a female predominance (7). Several studies have investigated the potential relationship between RA and pre-eclampsia and provided conflicting results, possibly due to residual confounding. A cohort study of 312,081 women has reported that women with RA were significantly more likely to have hypertensive disorders in pregnancy [OR,1.51;95% CI, 1.16-1.97;p<0.01] (8). Particularly for pre-eclampsia, a nationwide population-based study in Taiwan showed that the odds of women with RA suffering from pre-eclampsia was 2.22 times that of women without RA[OR,2.22; 95%CI, 1.59-3.11] (9). However, another research showed that although the confidence intervals approached significance for outcomes, no greater risk existed among women with RA than non-RA women of suffering from pre-eclampsia[aRR,1.08;95% CI, 0.97- 2.50] (10). Owing to the complication of pregnancy, and study deficiencies such as geographical and ethnic differences, reverse causation, selection bias, and other potential biases (11), these observational studies do not adequately and directly reflect the causal association between RA and pre-eclampsia.

Mendelian randomization(MR) is an emerging analysis method that uses genetic variants as instrumental variables (IVs) to evaluate the causal effect of modifiable exposures on outcomes (12). Because of the randomization of genetic variant inheritance, MR analysis can reduce the possibility of being influenced by potential confounders and reverse causation bias, inferring the correlation between exposure and outcome genetically, thus providing more reliable results (13). Therefore, we conducted a two-sample MR analysis to explore the causal effect of RA on pre-eclampsia.



Method


Study design

In this study, we conducted a two-sample MR to evaluate the causal association between RA and pre-eclampsia. SNPs were used as instrumental variables (11). To maximize the accuracy of results, three important hypotheses must be confirmed during the whole process (14). First, the selected IVs should be directly associated with RA. Second, the IVs are independent of any potential confounders that impact exposure and outcome. Third, the IVs influence pre-eclampsia only through RA. All original studies acquired ethical review approval and informed consent (Figure 1).




Figure 1 | Overview of the MR design. MR, mendelian randomization.





Data source

Datasets of genome-wide association studies(GWAS) provide reliable instruments for MR analyses. In our study, summary-level statistics for RA were derived from a large-scale meta-analysis of GWAS which involved 14,361 cases and 43,923 controls (15). And summary statistics for pre-eclampsia or eclampsia were sourced from the Finn biobank which contained 3,903 cases and 114,735 controls. The threshold for SNP selection was P < 5e–8 and all SNPs and related data were sourced from studies that separately analyzed only populations of European ancestry to eliminate demographic stratification bias.



IVs selection

The linkage disequilibrium (LD) in selected SNPs was tested to ensure the data were valid. We conducted the clumping procedure to filter independent SNPs within a window size of, 5000kb and r2<0.01 threshold. Then, the F-statistics were calculated to evaluate the strength of each IV and exclude weak instruments. The following rigorous mathematical formula was adopted:

	

where R2 indicates exposure variance explained by each IV, N refers to the sample size of the GWAS, and K denotes the number of SNP for MR analysis. F>10 indicated sufficient strength of the instruments, which meant the IVs had enough estimated effect for the subsequent MR analysis without weak-tool bias. In this study, we used 65 SNPs as eligible IVs after eliminating ten SNPs with minor allele frequency (MAF) less than the threshold of 0.01. Finally, according to alleles and allele frequencies, we harmonized the SNPs of exposure and outcome by removing or adjusting SNPs with inconsistent alleles to ensure they have corresponding alleles.



Statistical analyses

In this study, we used the inverse variance weighting (IVW) method as the main approach to deduce the potential causal relationships between RA and pre-eclampsia. Other four effective methods including MR-Egger, weighted median, weighted mode, and Simple mode were also applied to evaluate the possible relationship comprehensively.

Characterized by using the inverse of outcome variance as weight and not taking the intercept into account, the IVW method can provide unbiased causality estimates in an ideal state where all selected genetic variations are assumed to be valid IVs without pleiotropy (16). In terms of MR-Egger, although the significant influence of outlying genetic variables may contribute to its low statistical ability, it can infer the corrected causal effect and provide estimates without bias, even if all selected IVs are not valid (16, 17). If at least 50% of the information from valid instruments is accessible, the weighted median method can offer accurate and robust effect estimates (18). And as for the weighted mode, it is reliable on the condition that the largest subset of instruments with similar causal effects is valid.



Sensitivity analyses

Firstly, several sensitivity analyses were conducted to assess pleiotropy. We performed the mendelian randomization pleiotropy residual sum and outlier (MR-PRESSO) to detect potential outlier variants (19). Furthermore, the MR-Egger regression was used to evaluate the bias generated by gene pleiotropy, of which the intercept is an indicator (17). Secondly, the Cochrane Q statistic was applied to quantify the heterogeneity between SNPs, where the p-value greater than 0.05 indicated no heterogeneity. Thirdly, we utilized the leave‐one‐out analysis to verify where there exist outliers affecting the result strongly by eliminating each SNP in turn and then performing the IVW method on the rest.

At last, scatter and forest plots were provided to visualize the result of the MR analysis. We did all the analyses on the R software (version 4.2.1.; R Foundation for Statistical Computing, 2021) and RStudio(version, 2022.07.0 + 548), and R package TwoSampleMR and MR-PRESSO were used.




Result

Sixty-five independent (LD R2< 0.01) and genome-wide significant (p< 5e-08) SNPs were identified as qualified IVs with all F-statistics above 10. Detailed information is available in Supplementary Data Sheet 1.

Notably, the two-sample MR analyses showed a strong causal relationship between RA and pre-eclampsia or eclampsia[OR,1.05;95%CI, 1.01-1.09;p<0.05]. The OR estimates obtained from the weighted mode[OR,1.09;95%CI,1.03-1.15;p<0.01] and weighted median[OR,1.07;95%CI, 1.01-1.14;p<0.05] were similar to those from IVW method, but there was no significant association observed in MR Egger and Simple mode analysis. The results of the five MR analysis methods are shown and visualized in Figure 2.




Figure 2 | Results of MR analyses conducted to estimate potential associations between RA and risk of pre-eclampsia. MR, mendelian randomization; RA, rheumatoid arthritis.



In the sensitivity analyses, no evidence for directional pleiotropy was obtained when we performed MR-Egger regression to reanalyze the result[p=0.79]. And no outlier SNPs were identified by using MR-PRESSO in our study. Heterogeneity was evaluated by Cochrane’s Q test, and the results of both IVW and MR Egger analysis were not significant[p>0.05](Figure 3). Furthermore, leave-one-out plots suggested the causal estimates were unlikely to be influenced by certain SNPs (Figure 4). In addition, SNP effects individually and jointly from each MR method were displayed in scatter plots (Figure 5).




Figure 3 | Pleiotropy and heterogeneity testing in sensitivity analyses of IVs for RA. (A) Pleiotropy testing using MR Egger regression (B) Pleiotropy testing using MR-PRESSO. (C) Heterogeneity testing using the Cochrane Q statistic. IV, instrument variant; RA, rheumatoid arthritis; MR, mendelian randomization; MR-PRESSO, mendelian randomization pleiotropy residual sum and outlier.






Figure 4 | Leave-one-out sensitivity analysis of the causal effect of RA on pre-eclampsia. The red line indicates reliable estimations from the IVW and MR Egger methods. RA, rheumatoid arthritis; IVW, inverse variance weighting.






Figure 5 | Scatter plot illustrating the distribution of individual ratio estimates of RA with pre-eclampsia as the outcome. Trend lines derived from five different MR methods indicate cause and effect. Inverse variance weighted(light blue), Weighed median(dark green), MR Egger(dark blue), weighted mode(red), Simple mode(light green); SNP, single-nucleotide polymorphism; RA, rheumatoid arthritis; MR, mendelian randomization.





Discussion

For the first time, we conducted a two-sample MR analysis to investigate the causal effect of RA on pre-eclampsia, which suggested a strong positive association. The results were reliable and robust in sensitivity analyses. We chose the largest genome-wide meta-analysis result for exposure with the advantage of analyzing two distinct ancestral populations originally. Results in the European population could be validated by the other one, which especially provided more reliable GWAS data for MR analysis (15).

Several previous observational studies have been conducted but the conclusions were not consistent. Contradictory to our results, a study with a sample size of 2,802 investigated the risk of pregnancy complications in women with RA in Washington State and showed no significant difference in pre-eclampsia (10). A similar result was revealed when Norwegian researchers conducted a study of 631 women diagnosed with RA before the age of 45, but the exposure of this study included women diagnosed with RA as well as other types of chronic inflammatory arthritides, to some degree, reducing the accuracy of the association inference (20). Due to the limitation of sample size, ethnic homogeneity, and insufficient information, these observational studies with negative results may carry various biases and cannot provide very accurate inferences. On the other hand, our positive causality is in accordance with several previous studies that concluded pregnant women with RA suffered a higher risk of pre-eclampsia. In a retrospective population-based study in the United States, women with RA had a greater likelihood to develop eclampsia or pre-eclampsia. It emphasized the awareness of these risks and suggested women with RA be closely monitored for high-risk pregnancy (21). Not only pre-eclampsia but also other pregnancy complications had a higher frequency to occur when RA patients were pregnant, so doctors should pay more attention to evaluating and detecting complications during the entire pregnancy process (22). In a word, whether RA will increase the risk of pre-eclampsia during pregnancy or not is inclusive, and more reliable analyses should be conducted to provide more solid evidence and give suggestions for clinical practice.

The positive correlation between RA and pre-eclampsia has been presumed for multiple reasons (Figure 6). Firstly, data from animal studies conducted by Babbette LaMarca et al. supported that endogenous TNF-alpha was vital in mediating endothelial cell activation and pre-eclampsia (23). Meanwhile, Zhongbin Lai et al. and Julia M Orshal et al. respectively examined the crucial role of interleukin-6(IL-6) in the pathogenesis of eclampsia by knocking out the IL-10 gene and treating pregnant rats with IL-6 (24, 25). It is well known that IL-6 and TNF-α are confirmed to mediate many chronic inflammatory diseases, especially rheumatoid arthritis (26, 27). Therefore, it is reasonably assumed that increased production of IL-6 and TNF-α in RA patients might be associated with a higher risk of pre-eclampsia. Secondly, from the molecular perspective, research respectively confirmed that cysteine–cysteine chemokine receptor type 5 (CCR5) delta 32 polymorphism conferred susceptibility to both RA in Europe with a significant negative association and pre-eclampsia in the population consisting of Caucasians with the same allele (28, 29). These two studies provided evidence for the assumption that patients with RA may possess less mutation of CCR5 delta32, which increases the incidence of pre-eclampsia. Notably, animal experiments and further studies are required to confirm this inference. Thirdly, another hypothesis focuses on the role of vascular endothelial growth factor(VEGF). Yusuke Murakami et al. found that exogenous VEGF can induce preeclampsia-like symptoms in pregnant mice (30). Meanwhile, a systematic review and meta-analysis concluded that compared with that in the healthy population, the level of circulating VEGF in patients with RA was significantly elevated (31). So, we presumed that the upregulated expression of VEGF in RA patients might induce pre-eclampsia during pregnancy.




Figure 6 | Three potential underlying mechanisms of the positive correlation between RA and pre-eclampsia. RA, rheumatoid arthritis.



The results of several related research should be considered. Bandoli, G. et al. found that pregnancy complications, particularly pre-eclampsia, can mediate some excess risk for adverse pregnancy outcomes(APOs). Based on the calculation, 20.4% of the excess preterm birth that happened to women with RA was due to pre-eclampsia/hypertension and it also accounted for more than 10% of the excess cesarean delivery (32). Interestingly, according to a systematic review of the risk of APOs prior to the onset of an autoimmune rheumatic disease, the incidence of APOs in pre-RA pregnancies was similar to that in the general population, which suggests a reassuring pregnant condition for pre-RA women (33).

A chief strength of our study is the two-sample MR design which allowed us to evaluate the potential causal effect based on large-scale GWAS with credible sample sizes(14,361 RA cases and 43,923 controls; 3,903 pre-eclampsia/eclampsia cases and 114,735 controls). In the meanwhile, because SNPs are randomly distributed at conception, biases caused by potential confounders and reverse causation can be reduced significantly in this design. It is worth mentioning that our result can present a lifelong pregnant risk for women with RA since genetic variants could not be changed from the time you were born.

The limitations of our study should be noted as well. Firstly, we only enrolled European ancestry populations in our study which means all related data were sourced from studies that separately analyzed only populations of European ancestry. The uniformity of participants eliminates demographic stratification bias and ensures the accuracy of MR analysis results, but whether our findings can be applied to other populations or not remains to be validated. Therefore, further analyses involving other populations require being conducted to confirm whether our findings can be generalized or not. Secondly, the data on outcome was collected from the population with pre-eclampsia or eclampsia and no more specific information was given to describe the severe degree of disease. Further studies are warranted to research the association between RA and subtypes of pre-eclampsia.



Conclusion

This is the first MR analysis conducted to explore the causality of RA on pre-eclampsia. We find a positive association between RA and elevated risk of pre-eclampsia. Our findings highlight the importance of more intensive prenatal care and early intervention among pregnant women with RA to prevent potential adverse obstetric outcomes. Moreover, our study provides clues for risk factor identification and early prediction of pre-eclampsia.
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Studies have shown that fetal immune cell activation may result from potential exposure to microbes, although the presence of microbes in fetus has been a controversial topic. Here, we combined metagenomic and virome techniques to investigate the presence of bacteria and viruses in fetal tissues (small intestine, cecum, and rectum). We found that the fetal gut is not a sterile environment and has a low abundance but metabolically rich microbiome. Specifically, Proteobacteria and Actinobacteria were the dominant bacteria phyla of fetal gut. In total, 700 species viruses were detected, and Human betaherpesvirus 5 was the most abundant eukaryotic viruses. Especially, we first identified Methanobrevibacter smithii in fetal gut. Through the comparison with adults’ gut microbiota we found that Firmicutes and Bacteroidetes gradually became the main force of gut microbiota during the process of growth and development. Interestingly, 6 antibiotic resistance genes were shared by the fetus and adults. Our results indicate the presence of microbes in the fetal gut and demonstrate the diversity of bacteria, archaea and viruses, which provide support for the studies related to early fetal immunity. This study further explores the specific composition of viruses in the fetal gut and the similarities between fetal and adults’ gut microbiota, which is valuable for understanding human fetal immunity development during gestation.




Keywords: fetal gut microbiota, metagenomics, virome, archaea, immunity, gestation



Introduction

Immune system is crucial to recognize and exclude antigenic foreign particles and maintain the stability of the internal environment. The human immune system begins to develop early in fetal development and has obvious sensitivity to external antigens (1–3). The fetal immunity is likely influenced by fragments and metabolites of maternal gut microbes, whereas the presence of the microbiome in utero has been a controversial topic (4). Earlier reports have shown that the amniotic cavity and placenta are sterile (5–10). The superior defenses of placenta mean it’s extremely difficult for microbes to enter the uterine environment.

It is widely known that the placenta is an essential organ for material exchange and the primary barrier between the mother and the fetus during human pregnancy. The placenta composed of amnion, villous trees and decidua basalis, has the function of defense, synthesis and immunity. Anchoring villi, an integral part of the villous tree, are attached to decidua basalis by extravillous trophoblasts (EVTs). Fetal blood passes through the umbilical artery to the villous capillaries and exchanges material with maternal blood in the intervillous space, but fetal blood and maternal blood are not directly connected. The villous trees of placenta at full term are covered by syncytiotrophoblast, and there is a layer of cytotrophoblasts below which is discontinuous. The inner layer of cytotrophoblasts layer is the basement membrane, which acts as the placental barrier (11). In addition, syncytiotrophoblasts and cytotrophoblasts both provide effective protection against viral and non-viral pathogens. Among them, the surface of syncytiotrophoblast has unique physical properties, and the physical barrier formed by syncytiotrophoblast limits the vertical transmission of pathogens at multiple stages of pregnancy (12–16).

However, with the development of microbial detection technology, more and more evidence suggest the presence of microbes in human placenta and fetus (17–26). Studies supporting the sterile womb hypothesis suggest that the microbial signals detected in the womb are actually due to contamination of samples and the DNA purification kits (21, 27). Researches supporting the presence of a low biomass placental microbiome suggest that after filtering out contaminants and low-quality sequences according to negative controls, some microbial signals still exist (26, 28, 29). Excitingly, a recent study showed that microbial exposure reduces fetal immune cells early in human development. This study demonstrated the presence of microbes in fetal organs by inoculating fetal tissue in culture media and visualizing fetal guts, and suggested that these bacteria induce the activation of syngeneic memory T cells in fetal mLN T cells. And the question of how do microbes get into the uterine environment, has it been shown that pathogens (Zika virus, Toxoplasma gondii, HIV, Cytomegalovirus, etc.) might target multiple cells in the decidua to reach the extravillous trophoblasts (EVTs) layer and eventually bypass the syncytial layer (13, 30, 31). Microbes might use this mechanism to breach the placental barrier, but are more likely to evolve distinct strategies at different stages of pregnancy (11).

Most of the recent studies on fetal microbes are based on 16S rRNA gene amplicon sequencing and metagenomic sequencing (10, 26, 32, 33). Metagenomic data includes bacterial, archaear, protozoa, virus, fungus and host genomes. Compared to 16S rRNA sequencing, the DNA used for metagenomic sequencing is not amplified by PCR, and the metagenomic results are relatively unbiased. Besides, the composition, abundance and function of microbiota can be obtained by metagenomic sequencing (34). However, due to the low biomass of fetal samples, it is difficult to detect archaea and virus signals using 16S rRNA and metagenomic sequencing. Virome is a combination of metagenomic theory and existing virus molecular biological detection technology, mainly used for the studies of all viruses genetic material in the environment (35). Therefore, in order to detect as many microbial signals as possible, virome sequencing were used in this study to explore the fetal gut microbiome based on the metagenomic results.



Materials and methods


Sample collection

Human fetal tissues were obtained in accordance from West China 2nd University Hospital with ethic approval of Ethics Committees of West China 2nd University Hospital. All women gave written consent to the use of fetal tissues according to internationally recognized guidelines (36). All fetal tissues (gut) were obtained from 2nd trimester (12-22 weeks) elective pregnancy terminations. The fetus was considered structurally normal on ultrasound examination prior to termination and by gross morphological examination following termination. Fetal tissues from 2nd trimester of gestation were used for this study. The participant (or mother, in the case of fetal samples) gave written informed consent. Mid-trimester terminations were medically induced and the fetus was delivered through the birth canal. Fetal organs were collected under sterile conditions in a tissue culture hood. Aseptic equipment was used for collecting the intestinal contents of fetal small intestine, cecum and rectum. The main experimental route was shown in Figure 1.




Figure 1 | Graphical scheme and flow chart of experiment design.





Metagenomic sequencing

Fetal samples were sent to Chengdu Life Baseline Technology Co., Ltd. for metagenomic sequencing. The DNA samples were extracted using Tiangen DNA Stool Mini Kit (TIANGEN Biotech Co., Ltd. China) with the manufacturer’s instructions. In total, 0.2 μg DNA per sample was used for the DNA library preparations after DNA extraction. Sequencing library was generated using NEBNext® UltraTM DNA Library Prep Kit for Illumina (NEB, USA, Catalog #: E7370L). The assessment of library quality and quantity was performed by Agilent 5400 system(Agilent, USA) and QPCR (1.5 nM), respectively. The qualified libraries were sequenced on Illumina NovaSeq 6000 with pair-end 150bp reads.



Virome sequencing

Virome sequencing was performed in Chengdu Life Baseline Technology Co., Ltd. To remove debris and cells, samples were centrifuged at 2,500 x g for 5 minutes, and supernate was passed through a 0.45 μm filter after another centrifugation (5,000 x g, 20 min). After the treatment with 2 ul lysozyme (50 mg/ml) at 37 °C for 30 minutes, samples were treated with 0.2x volume chloroform at RT for 10 minutes. Then 10U Tubro DNase I (Ambion), 2 ug RNase A (Roche) or 20 U of RNase I (ThermoFisher Scientific) were added to the new centrifugation supernate (17,000 x g, 10 min) followed by heat inactivation at 65 °C for 10 minutes. VLPs DNA extraction and quantification were performed by Qiagen MinElute virus kit and Qubit dsDNA HS Assay Kit (ThermoFisher Scientific), respectively. After the library preparation, sequencing was performed on an Illumina Nova Seq 6000 platform using pair-end 150bp reads.



Data analyses

To compare the gut microbiota of the fetus and adults, we downloaded 13 gut metagenomic data of healthy adults from public database (https://www.ncbi.nlm.nih.gov/). The raw data obtained from metagenomic and virome sequencing was used for subsequent analysis. Trimmomatic was used to remove the adapters and low-quality reads of raw reads after the sequencing with the setting of average quality per base >20 and minimum length 90 bp (37). The host contamination was removed by Bowtie2 with human reference genome (38). MEGAHIT (39) was used to the de novo assembly (–min-contig-len 300). We performed gene prediction and translation of amino acid sequences by Prodigal (40) and DIAMOND (41), respectively. The taxonomic annotation were assigned by Kraken2 (42) with option “–use-mpa-style”. Functional annotations, including microbial metabolic pathway and ARGs, were assessed by using HUMANn3 (43) and comprehensive antibiotic resistance database (CARD) (44).




Results


Microbial composition identified by metagenomic analysis

Metagenomic sequencing was performed on the contents of the fetal small intestine, cecum and rectum, a total of 486 species of bacteria were detected, including 8 phyla and 238 genera (Figure 2A–C). Among the 486 species, 120 species were shared by small intestine, cecum and rectum, 172 species were the peculiar species of small intestine, and the number of peculiar species in rectum was 55 (Figure 2D). As shown in Table 1, the top 3 phyla in the small intestine and cecum were Proteobacteria, Actinobacteria and Bacteroidetes. However, Firmicutes replaced Bacteroidetes as the third phylum in the rectum. At the genus level, the top 3 of the small intestine (specifically Microbacterium, Burkholderia and Rhizobium) and rectum (specifically Microbacterium, Rhizobium and Burkholderia) were similar. While there were significant changes in cecum, the top 3 genera of cecum were Burkholderia, Microbacterium and Paraburkholderia. At the specie level, the top 3 in relative abundances of the small intestine and rectum were Microbacterium sp. LKL04, Methylorubrum populi and Agrococcus sp. SGAir0287, while the top 3 species of cecum were Agrococcus sp. SGAir0287, Paraburkholderia fungorum and Burkholderia multivorans. In addition, very tiny amounts of viruses and archaea were detected. To further explore the function of fetal gut microbiome, we performed the functional enrichment analysis by HUMANn3, and there was no pathway enriched.




Figure 2 | Metagenomics analysis of gut microbiota. (A) The top 10 abundant phyla in three different parts of fetal gut. (B) The top 10 abundant genera in three different parts of fetal gut. (C) The top 10 abundant species in three different parts of fetal gut. (D) Upset plot and venn plot of fetal gut microbiota in species level. The column above indicates the intersection of several samples in the row of which the point is in.




Table 1 | Top 5 bacteria at phylum, genus and species level (metagenomics).





Microbial composition identified by virome analysis

In order to explore the presence of virus in fetal gut and detect as many other microbes as possible, we performed virome sequencing and relaxed the filtering conditions of the virus sequence. Compared with metagenomic data, more viruses, bacteria and archaea were detected. In total, 700 species viruses (including 14 phyla and 432 genera, Figure 3A–C), 267 species of archaea (including 8 phyla and 118 genera, Figure 3D–F) and 5,477 species of bacteria (including 40 phyla and 1,475 genera) were detected (Figure 3G–I).




Figure 3 | Distribution of microbiota in different parts of fetal gut detected by virome. (A) The top 10 abundant virus phyla in three different parts of fetal gut. (B) The top 10 abundant virus genera in three different parts of fetal gut. (C) The top 10 abundant virus species in three different parts of fetal gut. (D) The top 10 abundant archaea phyla in three different parts of fetal gut. (E) The top 10 abundant archaea genera in three different parts of fetal gut. (F) The top 10 abundant archaea species in three different parts of fetal gut. (G) The top 10 abundant bacteria phyla in three different parts of fetal gut. (H) The top 10 abundant bacteria genera in three different parts of fetal gut. (I) The top 10 abundant bacteria species in three different parts of fetal gut.



In terms of viruses, 11 species were shared by small intestine, cecum and rectum, 189 species were the peculiar species of small intestine, and the number of peculiar species in rectum was 1 (Figure 4A). The top 3 phyla of small intestine and rectum were Uroviricota, Nucleocytoviricota and Peploviricota, while only Uroviricota was detected in cecum. The top 3 genera of small intestine were Lillamyvirus, Muminvirus and Inovirus, while Pahexavirus, Muminvirus and Lillamyvirus were the top 3 genera of rectum. And no viral genera were detected in the cecum, which is consistent with species level. At the specie level, Clostridium phage phiCT453A was the most abundant species in small intestine and rectum, and Human betaherpesvirus 5 was detected in the rectum (Table 2).




Figure 4 | Upset plot and venn plot of fetal gut microbiota detected by virome (species level). (A) Upset plot and venn plot of fetal gut virus in three different parts. (B) Upset plot and venn plot of fetal gut archaea in three different parts. (C) Upset plot and venn plot of fetal gut bacteria in three different parts.




Table 2 | Top 5 viruses at phylum, genus and species level (virome).



As shown in Figure 4B, in terms of archaea, 19 species were shared by small intestine, cecum and rectum, 2 species were the peculiar species of small intestine. The top 3 phyla of small intestine, cecum and rectum were roughly the same, mainly included Euryarchaeota, Thaumarchaeota and Crenarchaeota. At the genus level, Halorubrum, Methanosarcina and Methanobrevibacter were the top 3 of small intestine, Halorubrum, Methanosarcina and Thermococcus were the top 3 of rectum, only Halovivax And Methanobacterium were detected in cecum. At the specie level, Methanobrevibacter smithii, Salinadaptatus halalkaliphilus and Salinigranum rubrum were the top 3 of small intestine, Salinadaptatus halalkaliphilus, Halopiger xanaduensis and Methanobrevibacter smithii were the top 3 of rectum, Halovivax ruber was the only specie detected in cecum (Table 3).


Table 3 | Top 5 archaea at phylum, genus and species level (virome).



In terms of bacteria, 1,963 species were shared by small intestine, cecum and rectum, 21 species were the peculiar species of small intestine (Figure 4C). Proteobacteria, Actinobacteria and Firmicutes were the predominant phyla in three different parts of fetal gut. The top 3 genera in relative abundances of small intestine and rectum were Ralstonia, Pseudomonas and Bradyrhizobium. Pseudomonas, Ralstonia and Mesorhizobium were the top 3 of cecum. At the specie level, the top 3 of small intestine, cecum and rectum were all composed of Ralstonia pickettii, Cutibacterium acnes and Mesorhizobium terrae (Table 4).


Table 4 | Top 5 bacteria at phylum, genus and species level (virome).



Indeed, the results of functional enrichment analysis showed that the microbes of small intestine and rectum are mainly enriched in the synthesis and metabolism pathways of amino acids and energy metabolism pathways, such as L-valine biosynthesis, ureide biosynthesis, superpathway of glyoxylate bypass and TCA, L-tyrosine degradation I and TCA cycle I prokaryotic (Figures 5A, B). Moreover, the identification results of antibiotic resistance genes (ARGs) showed that a total of 25 ARGs were detected, including 8 in small intestine and 24 in rectum, while no ARG was detected in cecum (Figures 5C, D).




Figure 5 | (A) Pathway enrichment analyses of small intestine microbiota. (B) Pathway enrichment analyses of rectum microbiota. (C) ARGs analysis of small intestine microbial. (D) ARGs analysis of rectum microbial.





The gut microbial composition of adults

For adults’ microbiota, a total of 5385 species of bacteria (40 phyla and 1471 genera), 47 species of viruses (4 phyla and 20 genera) and 258 species of archaea were detected (6 phyla and 112 genera, Figure 6A). As shown in Table 1, the top 3 phyla were Firmicutes, Bacteroidetes and Actinobacteria. At the genus level, the top 3 were Bacteroides, Phocaeicola and Faecalibacterium. The top 3 species were Phocaeicola vulgatus, Faecalibacterium prausnitzii and Bacteroides uniformi. Since very tiny amounts of viruses and archaea were detected in fetal metagenomic sequencing, we compared the archaea and viruses detected in adults’ metagenomic sequencing to the virome data. In terms of viruses, the top 3 phyla were Uroviricota, Hofneiviricota and Nucleocytoviricota. The top 3 genus were Toutatisvirus, Brigitvirus and Oengusvirus. At the species level, the top 3 were Faecalibacterium virus Toutatis, Faecalibacterium virus Brigit and Faecalibacterium virus Oengus (Table 2). As shown in Table 3, Euryarchaeota, Crenarchaeota and Candidatus Thermoplasmatota were the top 3 phyla. Methanosarcina, Methanobrevibacter and Thermococcus were the top 3 genera in relative abundances of adults’ microbiota. The top 3 species were Methanobrevibacter smithii, Methanosalsum zhilinae and Methanococcus maripaludis. Moreover, we characterized the global function of adults’ gut microbiota by using HUMANn3. As shown in the Figure 6B, the metabolic pathways of adults’ gut microbiota were mainly enriched in sucrose biosynthesis II, glycolysis IV, dTDP &beta; L-rhamnose biosynthesis and L-valine biosynthesis pathways.




Figure 6 | (A) The distribution of bacteria, archaea and viruses in each adult sample at phylum level. (B) Pathway enrichment analyses of adults’ gut microbiota. (C). Alpha diversity (Chao1 index) estimates between fetal and adult groups. (D) Alpha diversity (ACE index) estimates between fetal and adult groups. (E) The PCoA plot based on Bray-Curtis distance. (F) The distribution of all ARGs in fetal and adult groups. ** means p<0.05, and we chose p value cutoff of 0.05 as the significance level.



To further explore the differences in the microbiota diversity and composition of adults and the fetus, we performed α-diversity and β-diversity analysis. Our results show that there was significant difference in Chao1 and ACE indexes (p<0.05, Figures 6C, D). As the principal co-ordinates analysis (PCoA) shown, fetal samples and adult samples were significant separated (p<0.05, Figure 6E). Besides, total 71 ARGs were detected in adults’ gut microbiota. Among them, rsmA, tet(W/N/W), adeF, tetO, lnuC and APH(6)-Id were shared by the fetus and adults (Figure 6F).




Discussion

The presence of microbes in fetal gut has long been controversial. After strict experimental conditions and environmental control settings, our results showed that there were indeed microbes in fetal gut, including bacteria, archaea and viruses.

The integration results of metagenomics and virome showed that Proteobacteria, Actinobacteria, Firmicutes and Bacteroidetes were the dominant phyla of fetal gut at the phylum level. At the genus level, Pseudomonas, Bradyrhizobium, Microbacterium, Burkholderia and Ralstonia were the dominant genera of fetal gut, of which Ralstonia and Burkholderia were detected in the environmental control groups in recent studies (26). However, Ralstonia insidiosa, as a member of Ralstonia, was a resident at the maternal-fetal interface in another research (45). Indeed, we also detected a high abundance of Ralstonia pickettii and Ralstonia insidiosa in fetal gut. Our results confirm that a recent study by Mishra et al. analyzed fetal microbes and found that Pseudomonas and Bradyrhizobium were enriched in fetal samples (26).

Besides, we detected 700 species viruses, which together with other gut microbial communities maintain the dynamic balance of gut and are key players in the regulation of intestinal homeostasis and inflammation, including 130 species of bacterial viruses (bacteriophages) and 570 species of eukaryotic viruses in fetal gut. (46, 47). Among the 570 species of eukaryotic viruses, Human betaherpesvirus 5 (also termed human cytomegalovirus) was the most abundant, which is a common cause of congenital viral infection in fetuses and neonates and a major non-genetic cause of congenital sensorineural hearing loss and neurological disability (48, 49). Humans are the only host of human cytomegalovirus (HCMV), which can replicate in most types of cells. HCMV can lead to infection in the developing fetus through vertical transmission during maternal infection (50, 51), and the transmission rate in the first, second, and third trimesters are 26%, 28%, and 65% (52–55). Among the 198 species of bacteriophages that can interact with bacteria to regulate bacterial composition, phages of Clostridium, Escherichia and Flavobacterium were the predominant species. Moreover, we detected crAssphage, which is not only the most abundant virus known to exist in humans but also almost ubiquitous (56), suggesting that crAssphage was acquired in early life. This was contrary to the research from Lim et al. (57).

Most studies currently focused on bacteria, fungi or virus, while archaea are often overlooked. However, the interaction between archaea and host can affect the host in many ways, as archaea were proposed to use for the prevention of trimethylaminuria and cardiovascular disease (58); archaea found on human skin may be related to age and skin physiology (59); archaea participate in the pro-inflammatory process (60). Methane-producing archaea were the predominant component of the archaeome, including Methanobacteriales and Methanomassiliicoccales (61). Methanobrevibacter smithii is the most abundant methanogen in the human gut and was isolated as the first representative nearly 40 years ago (62). Take the advantage of virome sequencing, 262 archaeal species (including 8 phyla and 117 genera) were detected in fetal gut. Euryarchaeota was the most abundant phylum, which contained most of the species of archaea (Methanogens, halophiles and Thermophiles). Methanobrevibacter smithii was the most abundant specie, and this is the first ever detection in fetal gut of Methanobrevibacter smithii, which confirmed the hypothesis from Sereme et al. that Methanobrevibacter smithii was an in-utero member of gut microbiota (63). Our results opposed the hypothesis that breast milk is the source of Methanobrevibacter smithii in premature neonates (64). The study from Grine et al. showed that Methanobrevibacter smithii was detected in vaginal fluid only in cases of vaginal disease (65), although the fetus passed through the vagina, the mother of our study without bacterial vaginosis. Besides, more methanogens such as Methanobrevibacter millerae, Methanobrevibacter olleyae, Methanobrevibacter ruminantium and Methanosphaera stadtmanae were detected in fetal gut.

Both metagenomic and virome sequencing results showed that rectal microbial species were higher than those of small intestine and cecum in different classification levels (phylum, genus and specie). Besides, the composition and functional pathway of the small intestine and rectum were more similar. The difference between the cecum and the other two sites might be due to the host contamination of the cecum was more severe than that of the small intestine and rectum.

We compared the fetal gut microbiota to the adults’ and found that the diversity of adults’ gut microbiota was significantly higher than that in fetal group. The composition of gut microbiota between two groups was significantly different. Specifically, Proteobacteria and Actinobacteria were the dominant bacteria phyla in fetal gut. While the dominant bacteria phyla in adults’ gut were Firmicutes and Bacteroidetes, which indicated that Firmicutes and Bacteroidetes gradually replaced Proteobacteria and Actinobacteria as the main force of gut microbiota during the process of growth and development. For viruses and archaea, the dominant phyla in both groups were similar. Besides, we found 6 ARGs in fetal group were consistent with adult group, suggesting that microbes carried ARGs might transmit vertically during pregnancy.

In conclusion, we detected a variety of microbes in fetal gut through metagenomic and virome sequencing, including bacteria, virus and archaea. Especially, we first identified Methanobrevibacter smithii in fetal gut, which was the most prevalent and abundant methanogen. In addition, by comparing the fetal and adults’ gut microbiota, we found that gut bacterial composition changed greatly during the growth and development process and the same ARGs existed in fetuses and adults. Thus, we suggest the fetal gut is not a sterile environment and has a low abundance but metabolically rich microbiome. Our study provided valuable resource for understanding human fetal immunity development during gestation.
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C-C motif ligand 2 (CCL2), also known as monocytic chemotactic protein 1 (MCP-1), is an integral chemotactic factor which recruits macrophages for the immune response. Together with its receptors (e.g., CCR2, ACKR1, and ACKR2), they exert noticeable influences on various diseases of different systems. At the maternal-fetal interface, CCL2 is detected to be expressed in trophoblasts, decidual tissue, the myometrium, and others. Meanwhile, existing reports have determined a series of physiological regulators of CCL2, which functions in maintaining normal recruitment of immunocytes, tissue remodeling, and angiogenesis. However, abnormal levels of CCL2 have also been reported to be associated with adverse pregnancy outcomes such as spontaneous abortion, preeclampsia and preterm labor. In this review, we concentrate on CCL2 expression at the maternal-fetal interface, as well as its precise regulatory mechanisms and classic signaling pathways, to reveal the multidimensional aspects of CCL2 in pregnancy.
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1 Introduction

Chemokine C-C motif ligand 2 (CCL2) whose common name is monocytic chemotactic protein 1 (MCP-1), is encoded by the CCL2 gene which is located on chromosome 17q11.2 (1). Belonging to the CC chemokine superfamily, the inflammatory chemoattractant is made up of 76 amino acids and characterized by four regions of β-sheet that include residues 9–11 (β0), 27–31 (β1), 40–45 (β2), and 51–54 (β3) and two helical regions (2). Besides, like other members of CC chemokine superfamily, it also shares two disulphide bonds at amino acid 34-59 and 35-75 and the conserved C-C motif containing two adjacent cysteines (3). Additionally, the flexible N-terminal region located in the conserved C-C motif is believed to be important in receptor activation (4). CCL2 can be secreted by numerous cell types including endothelial cells, activated monocytes, fibroblasts, vascular smooth muscle cells (VSMCs), renal tubular epithelial cells, astrocytes, microglia, and neurons (5–11). Combination and activation of the seven transmembrane G-protein-coupled receptor C–C chemokine receptor type 2 (CCR2) primarily direct myeloid and lymphoid cell migration, especially blood monocytes, memory T lymphocytes, and natural killer (NK) cells (12). Furthermore, part of CCL2 can also bind to the atypical chemokine receptor 1 (ACKR1), ACKR2, and the glycosaminoglycan chains of proteoglycans including heparan sulfate, heparin, and dermatan sulfate, and then creates a series of reactions (13, 14).

In general, CCL2, especially CCL2 - mediated cell migration, has an emerging role in human pathologic process. On the one hand, it plays a critical role in engendering the adaptive immune response and contributes to the pathogenesis of a variety of diseases such as rheumatoid arthritis. In this process, inflammatory stimuli activate the expression of CCL2 to sustain and aggravate Th17 cell recruitment to the specific location, followed by the production of inflammatory cytokines and other successive responses (14, 15). CCL2 also appears to have a vicious role in the tumor microenvironment (16). Evidence has been provided that the CCL2-CCR2 axis can be stimulated by tumor necrosis factor alpha (TNF-α) from tumors cells in the tumor development to further recruit tumor-associated macrophages(TAMs) who helps cancer cells escape from immune system, and finally prompt the development of tumor. For example, the overexpression of CCL2 enhances the outgrowth, invasion, and metastasis of the 4T1 murine mammary cancer cell line which is one of the most widely used breast cancer models (17–19). Besides, in the nervous system, CCL2, expressed by dorsal root ganglia (DRG) under the influence of sterile alpha and Toll/interleukin-1 receptor motif-containing 1 (Sarm1), will in turn boost the growth potential of DRG through the accumulation of macrophages in the distal nerve segment. Also, CCL2 is found to be implicated in the neuropathic pain (20). In terms of metabolic illnesses, CCL2 appears to participate in tissue damage and insulin resistance in the setting of diabetic nephropathy (21). Research also shows that CCL2 deficiency in diabetic (db/db) mice which is a recognized model of type 2 diabetes with a mutation of the diabetes (db) gene encoding for the leptin receptor reduces renal macrophage accumulation and the progression of diabetic renal injury (22). Furthermore, several studies have demonstrated that endothelial cells on arterial vessels can release CCL2 to upregulate the cell adhesion molecules like vascular cell adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), P-selectin, and E-selectin, to trigger cell arrest and facilitate leukocyte immigration into atherosclerotic lesions (23). This dysfunction is also strongly correlated with hypertension and other cardiovascular diseases (24, 25).

Previous evidence has indicated that CCL2 is secreted by human first-trimester decidual tissue in an autocrine manner through the extracellular signal-regulated kinases (ERK)/mitogen-activated protein kinase (MAPK) pathway and is regulated by pregnancy-associated factors (26), and the difference in its concentration can lead to both normal pregnancy progression and pathological pregnancy. In this review, we critically summary the expression of CCL2 at the maternal-fetal interface and the significance of CCL2 in normal and pathological pregnancies to untangle the connections.



2 The expression of CCL2 at the maternal-fetal interface.


2.1 CCL2 in the trophoblast cells

Trophoblast cells can be functionally divided into villous cytotrophoblast (vCTB), syncytiotrophoblast (STB), and extravillous trophoblasts (EVT). It is well acknowledged that vCTBs and EVTs can produce moderate amounts of CCL2 in early gestation (27, 28). According to Naruse’s investigation, the level of CCL2 in 8-10 weeks of gestation did not differ from the level in 12–14 weeks but the significance of this result has not been clarified (29). Although there are few literatures regarding CCL2 in STBs, some reports about CCR2 such as ACKR2 which is vital in STB should be given more attention. The reason for its atypia is that ACKR2 is parallel in structure and bonding capacity with its ligands to typical chemokines but plays a different part in inflammatory and immune regulation (30). More specifically, being present in early endosomes of STB, ACKR2 mainly internalizes and eliminates redundant CCL2 to deter unnecessary cell transport (31) (Table 1).


Table 1 | The expression of CCL2/CCR2 at the maternal-fetal interface.





2.2 CCL2 in the decidual stromal cells

In many studies, immunohistochemistry and ELISA have detected the strong expression and secretion of CCL2 in decidual stromal cells (DSC) from normal pregnant women ending up their gestation for nonmedical reasons in the first trimester (32–34). Specifically, after primary culture in vitro, the transcription and autocrine secretion of CCL2 in 72-h supernatant liquid is confirmed to be positively correlated with time (35). He et al. gained similar outcomes using reverse transcription-polymerase chain reaction (RT-PCR) while CCR2 was also found to be abundantly expressed in the cytoplasm and on the cellular membrane of DSC through Immunohistochemical and Immunocytochemical staining. However, in the same study, immunocytochemical characterization presented more pigmentation of CCR2 in endometrium stromal cells (ESC) than in DSCs, suggesting the certain function of CCR2 in establishing and sustaining the relationship between DSCs and ESCs (26).



2.3 CCL2 in the decidual immune cells

Broadly speaking, decidual immune cells (DICs) at the maternal-fetal interface include antigen-presenting cells (APCs), T cells and NK cells (36). Macrophages, serving as APCs, are the most closely associated with both CCL2 and CCR2 among DICs. Decidual macrophages discharge similar amounts of CCL2 as peripheral derived macrophages to recruit blood macrophages into the decidua (37). CCR2+CD11chigh macrophages, one of the subtypes of decidual macrophages in early pregnancy, can be gathered to EVT through combining with CCL2 and excessively express relevant genes such as interleukin-1 beta (IL-1β) and prostaglandin G/H synthase 2 (PTGS2/COX2) in order to establish a proinflammatory status for the phagocytosis of pathogens (38). As the least numerous DICs in decidua, T cells are also the nonnegligible target of CCL2 (39). The expression of CCR2 by CD4+ T cells is much higher in the decidual tissue than in peripheral blood (40). Its subgroups, including T helper (Th)1, Th2, Th17, and T regulatory cells (Treg cells), collaborate with CCL2 to realize their physiologic properties (41). The NK cells at the maternal-fetal interface are collectively known as uterine natural killer (uNK) cells, which consist of decidual natural killer (dNK) cells and endometrial NK (eNK) cells. And dNK cells account for the largest part of DICs (42). Regrettably, little evidence has illustrated the spontaneous expression of CCL2 in dNK cells. Gibson et al. found that uNK cells from decidua could release CCL2 after the stimulation of estradiol (E2) to modulate vascular function but the exact type of uNK cells (dNK or eNK cells) was unknown (43). Of note, the interaction between CCL2 and CCR2 can assist DICs in regulating the maternal-fetal interface immune microenvironment to promote pregnancy progression (34, 44).




3 Regulation of CCL2 expression at the meternal-fetal interface

As described above, CCL2 is of great importance at the maternal-fetal interface and its expression and secretion can be regulated by multiple endogenous factors to assure a friendly uterine microenvironment (Table 2). Here, the pathological regulators of pregnancy diseases will be enumerated.


Table 2 | Regulation of CCL2 expression at the maternal-fetal interface.




3.1 Hormones

Pregnancy is a complex process in which the concentrations of estrogen, progesterone, and other relevant hormones are much higher than those at any other stages of life (63). We can therefore consider the association between the regulatory role of pregnancy-associated hormones and CCL2. When a woman is pregnant, the estrogen in her state not only takes part in the decidualization and remodeling of uterine tissue, but also boosts the production of CCL2 from DSCs possibly through working on the promoter region containing binding sites for activator protein-1 (AP-1) and nuclear factor kappa B (NF-kB) (26, 45). Another interesting study reported that E2 reduced the level of CCL2 in the placenta to control inflammation and further treat preeclampsia (PE) via estrogen receptor Α36 (ERΑ36)-induced toll-like receptor 4 (TLR4) pathways (46). Apart from this, the level of CCL2 mRNA and protein can be drastically elevated by human chorionic gonadotropin (hCG) as well as progesterone but the concrete mechanisms need further exploration (64). Since gestation is actually a mild inflammatory process accompanied by the infiltration of leukocytes and the generation of CCL2 and other inflammatory chemokines (47), pro-inflammatory hormones are expected to regulate the expression of CCL2. Take prostaglandin F2Α (PGF2Α) as an example, it links to PGF2Α receptor (PTGFR) to increase CCL2 in a dose-dependent manner in vitro and knockdown of PTGFR reverses the up-regulation. Chen et al. have put forward its signaling pathways in human uterine smooth muscle cells (HUSMCs) in the third trimetster, including phospholipase C/protein kinase C (PLC/PKC), ERK1/2, MAPK p38, and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) signaling (48). Little, however, is known about the pathways triggered by PGF2Α in decidual cells. In addition, vasoactive intestinal peptide (VIP) which originates from the STB in the early trimester and spreads in the decidual stroma can lead the transmission of peripheral monocytes to the decidua via accelerating the expression of CCL2 and CCL3 (49). Meanwhile, CCL2 can be regarded as one of the decidualization markers induced by VIP (50).



3.2 Cytokines

There is no doubt that cytokines are indispensable in creating an environment more suitable for pregnancy and the interactive network among them is so complicated that plenty of modulatory outcomes can be observed, including cell migration, invasion, and gene expression (65, 66). The adjustment of CCL2 always takes place at the maternal-fetal interface during different trimesters with the help of interleukin (IL)-33, IL-1β, TNF-α, receptor-activator of NF-kB ligand (TNFSF11, also known as RANKL) and so on. In Hu et al.’s investigation, IL-33 treatment raised the concentration of CCL2 and CCR2 in DSCs, and IL-33 inhibitor prevented the change. Phosphorylation of NF-kB p65 and ERK1/2 has also been involved in the above up-regulation process that is beneficial to the proliferation of DSCs and the sustainment of a normal pregnancy (51). Membrane RANKL and RANK proteins are located in DSCs of the first trimester and encourage the growth of DSCs by enhancing the CCL2/CCR2 axis (52). Additionally, Renaud et al. reported that the inducement of TNF-α caused the ascent of CCL2 and CCL5 in trophoblast cells in the first trimester through the activation of MAPK and c-Jun N-terminal kinase (c-JNK) (53). Cumulative evidence supports that when TNF-α is overexpressed, it has an enormous influence on the adverse consequences of pregnancy which will be mentioned below (67, 68). Moreover, in vitro experiments conducted by Lockwood et al. showed that decidual cells dealt with IL-1β triggered high expression of CCL2 (54). In short, different cytokines sometimes mediate similar pathways to regulate CCL2 but lead to different impacts, which drives the need for more studies exploring their independent but correlative characteristics in pregnancy.



3.3 Enzymes and metabolites

Normal activity of enzymes and metabolism is of major significance for hemodynamics at the maternal-fetal interface. Deep embedment of trophoblast cells into the maternal arteries can reshape vessels with high flow and capacity to ensure adequate nutrition for the fetus (69). Successive penetration of circulating VII complexes results in the synthesis of thrombin in the stromal tissue. In addition to its coagulation function, its moderate level maintains gestational normality and keeps the level of some chemokines including CCL2 and IL-8 under control. If this normal range is exceeded, preeclampsia and recurrent miscarriage will arise more easily (55, 70). Matta et al. found that due to the posttranslational effect, higher concentration of thrombin advanced more CCL2 protein expression in decidual cells of the early stage, but the level of CCL2 mRNA remained unaffected (56). Focusing on the mechanisms, Kawano pointed out that proteinase-activated receptors-1 (PAR-1) was the crucial receptor to regulate thrombin-dependent pathways. When ESC prepared for implantation, Raf-1 got activated after the combination with PAR-1, initiated the mitogen-activated protein kinase kinase (MEK)/ERK cascade responses and finally augmented CCL2 expression (57). Meanwhile, recent findings referred to the PAR-1/Rho/Rho-kinase pathway in EVTs as a necessity of the increase of CCL2 (55). The non-PAR-1 pathway includes PLC-inositol 1,4,5-trisphosphate (InsP3)/Ca2+-PKC, and downstream ERK1/2 (57, 58). Heme oxygenase-1 (HO-1) turns out to be involved in placental angiogenesis, antioxidative surroundings, and macrophage transfer. Absence of HO-1 in pregnant uteri can substantially lessen CCL2 and CCR2 in decidual cells so that monocyte/macrophage infiltration will not be sufficient to maintain a successful pregnancy (59). When it comes to metabolites, lysophosphatidic acid (LPA) from the metabolism of lysophospholipase D increases with advancing gestational weeks. It works on LPA1 receptor of human first-trimester trophoblast cells and then releases CCL2 and IL-8 via Gi protein, ERK, PKC, p38, Akt, JNK, and NF-kB signing (60, 61). Conversely, lactate is one of the vital metabolites of violent myometrium contraction and assists in balancing inflammation during delivery. It functions via G protein-coupled receptor GPR81 to restrain the overexpression of CCL2 and attenuate the ensued preterm birth (62).




4 Biological function of CCL2 at the maternal-fetal interface

Undoubtedly, under the control of modulators, CCL2 will achieve a dynamic balance and make full use of itself throughout entire proceeding, directly and indirectly (Figure 1).




Figure 1 | Biological Function of CCL2 at the Maternal-fetal interface. (A). Macrophages from maternal blood produce CCL2 and recruit extra macrophages. Janus kinase 2 (JAK2) is the desirable effector downstream of CCL2-CCR2 for keeping an optional balance of M1 and M2 phenotypes. M1 produces IL-1β, IL-6, IL-8, TNF-α and M2 produces IL-1Ra and IL-10. (B). CCL2 recruits CD4+ T cells, including Th 2, Th17 and T regulatory cells (Treg cells). The ration of transcription factors GATA3 and T-bet (TBX21) in naive T cells goes up, deciding the bias of Th2 polarization for the tolerate gestation with accumulative IL-4.Th17 cells approach DSC with the guidance of CCL2-CCR2 axis and then generate IL-17 to endorse trophoblast proliferation and control its apoptosis. (C). M-MDSCs multiply at maternal-fetal interface via CCL2/STAT3 pathway and can attenuate the activity of T cells. (D). CCR2+CD11chigh macrophages can be gathered to EVT via combining with CCL2 and then regulate the growth and invasion of EVT through PI3K/Akt/Erk1/2 pathway for stronger implantation. (E). CCL2 causes the proliferation and invasion of DSCs directed by IL-33. (F). CCL2 and CCR2 expression caused by RANKL/RANK increased Ki67 and Bcl-2 and reduced FasL, making sure the anti-apoptosis and increment of DSC. (G). With high level of CCL2, dNK cells generate angiopoietin-1 (Ang-1), Ang-2, IFN-γ and VEGF-C to dedifferentiate and degrade VSMC, which is a requisite step in spiral artery remodeling.




4.1 Role in recruitment and regulation of immune cells

CCL2 always enjoys a great reputation for its role in attracting appropriate immune cells to certain tissues, and DICs in pregnancy are not exempt (71). Macrophages, T cells, basophils, mast cells, and NK cells can respond to CCL2 (72). They stem from the mother’s peripheral blood, assemble at the maternal-fetal interface, and then transform into DICs which perform essential functions to guarantee the immune microenvironment and immune tolerance (73, 74).

CCL2 is the most available chemotactic factor to decidual macrophages. After recruitment, decidual macrophages subsequently produce a wide range of inflammatory mediators including CCL2 and attract more macrophages to create a positive feedback (75). In the first 6–12 weeks, CD14+ decidual macrophages are sorted into three types: CCR2+CD11chigh, CCR2-CD11chigh, and CCR2-CD11clow. With the progression of pregnancy, their respective proportion and cytokine patterns will change and turn into two phenotypes like traditional M1/M2 (76). In vivo tests indicated that Janus kinase 2 (JAK2) was the desirable effector downstream of CCL2-CCR2 for keeping an optimal balance of macrophage immune state in the first trimester (34). IL-1β, IL-6, IL-8, and TNF-α from M1-accociated phenotype are directed at pathogenic and inflammatory matters while a considerable amount of IL-1 receptor antagonist (IL-1Ra) and IL-10 from the other one counter undue reactions, and ultimately it achieves the coexistence of the protection from jeopardy and the tolerance of immunity (77).

As for T lymphocytes, CCL2 mostly recruits CD4+ T cells. The shift of CD4+CD25high Tregs is guided by CCL-CCR2 axis (78). Huang showed that the number of migrant Tregs was diminished by CCR2 antagonist (64). Furthermore, Th17 cells can be attracted to decidua, partly due to the connection between the expression of CCR2 in Th17 and the expression of CCL2 in DSCs (32, 79). However, Th2 is predominant at the maternal-fetal interface, which is also related to CCL2 (80). With the constant stimulation of CCL2 in the early trimester, the proportion of transcription factors GATA3 and T-bet/TBX21 in naive T cells goes up. And then it leads to the bias of Th2 polarization, followed by an increase in IL-4 and a relative decrease in interferon gamma (IFN-γ), finally contributing to the toleration of gestation (35, 40).

There are other unconventional DICs receiving the regulations of CCL2. Myelomonocytic myeloid-derived suppressor cells (M-MDSCs), characterized as CD14+HLA-DR-/low cells, were found to multiply at the maternal-fetal interface via the CCL2/transducer and activator of transcription 3 (STAT3) pathway. Their ability to attenuate the activity of T cell has drawn much attention recently and they may also be associated with the status of immunologic unresponsiveness in pregnancy (81). Apart from the proliferation of M-MDSCs, CCL2 can affect the differentiation of dendritic cells (DCs) that develop from CD14+ monocytes and are equipped with the dual ability to present antigens and inhibit immune responses (36, 82). Current supporting evidence is that partially owing to the presence of CCL2, DCs in the first trimester are typically divided into a majority of premature DC-SIGN+ DCs and a minority of CD83+ DCs. After the neutralization of CCL2, the amount of DC-SIGN+ DCs decreased (83). However, according to Jimenez et al., CCL2 appeared to motivate the maturation of DCs (84). This disagreement will not be solved until the comprehensive explanation is proposed.

Interestingly, IL-15, TGF-β, and CXCL12 are engaged in the transition of peripheral CD56bright CD16-NK cells into dNK cells via CD9, CD49a, CD103, CXCR3, and CXCR4 (85). Though CCL2 is not found to participate in the transition described above, it has been reported to mediate the regulatory signal pathway between dNK cells and peripheral blood NK cells (86). Otherwise, CCL2 from DSCs is likely to impair the cytotoxicity of NK cells for maternal-fetal tolerance. The up-regulation of Suppressor of Cytokine Signaling 3 (SOCS3) mediated by CCL2 may result in the inhibition of perforin in NK cells by undermining the activity of STAT family members, especially STAT3 and STAT5 (87).



4.2 Contribution to tissue remodeling and embryo implantation

There is broad recognition that at the beginning of pregnancy some necessary alterations in the uterus will happen to achieve perfect endometrial receptivity (88, 89). In humans, distinct from other mammals such as mice, the remodeling of the endometrium is driven by ovarian hormones and a series of chemokines to make provision for embryo implantation (90). During this process, endometrial stromal fibroblasts are specifically converted into decidual cells and have been proved to express CCL2 protein (91). It is likely that CCL2 can mildly strengthen the ability of endometrial epithelial cells to migrate by curbing the transcription of tight junction protein 1 (TJP-1). This modification has only been verified in pigs and remains unknown in humans (92). CCL2 also has a positive influence on the proliferation and vigor of ESC through Akt and MAPK/ERK1/2 rather than MAPK p38 and the JNK signaling pathway, which is advantageous for decidualization (93, 94).

Once trophoblast cells build firm bonds with the prepared endometrium, regional epithelial apoptosis enables trophoblast to intrude into deeper decidua along with the differentiation of trophoblast cells (95, 96). It is CCL2 that produced by DSCs to attract EVTs via CCR2 and then the invasiveness is notably heightened (97). In fact, the indirect effect of CCL2 on trophoblast cells is far from negligible. CCL2 attracts macrophages expressing G-CSF to regulate the growth and invasion of EVT through the PI3K/AKT/ERK1/2 pathway for deeper implantation (98). Th17 cells approach DSC with the guidance of the CCL2-CCR2 axis and then generate IL-17 to endorse trophoblast proliferation and control the apoptosis (32). Other secondary assistances can also be offered by CCL2 such as the suppression of cyclooxygenase-2 (COX-2) related to oxidative stress and these make a pregnancy more likely to succeed (99).



4.3 Effect on proliferation and invasion of DSCs

DSCs are considered as a major component following the decidualization to back up embryonic growth on the aspects of nutrition, immune tolerance, and anti-inflammation (100, 101). However, the realization of competence relies on natural proliferation and invasion of DSCs, whose relevance to CCL2 has been mentioned in Hu’s study. Neutralizing antibodies to CCL2 reduced the proliferation and invasion of DSCs directed by IL-33, which means CCL2 may play a coordinating role with IL-33 to help DSCs to growth and invade (51). On the other hand, Meng et al. found that the expression of CCL2 and CCR2 caused by RANKL/RANK increased Ki67 and Bcl-2 and reduced FasL, ensuring the anti-apoptosis and increment of DSC. The mechanism behind the condition has not yet been completely understood (52).

Taken together, current researches make it clear that CCL2 is involved more in the interplay between DSCs and DICs than the development of DSCs itself (102). Therefore, future exploration on the latter can be taken into account as one possible orientation for CCL2.



4.4 Ability of spiral arteries remodeling

As pregnancy progresses, angiogenesis leads to the generation of expanding spiral arteries that replace existing high resistance ones. It requires the cooperation of EVT, VSMC, endothelial cells, and DICs realized by a succession of angiogenic factors and signaling circuits, including CCL2 (103–106). In the early stage of angiogenesis, dNK cells and macrophages intrude into the wall of spiral arteries and generate angiopoietin-1 (Ang-1), Ang-2, IFN-γ, and VEGF-C to dedifferentiate and degrade VSMC, which is a requisite step in spiral artery remodeling (107, 108). Meanwhile, CCL2 in decidual macrophages assists the appropriate transformation of vessels via rationalizing the M1/M2 ratio (109). Though preceding conclusions have demonstrated that macrophages affected the release of proangiogenic factors through the expression of tyrosine kinase via immunoglobulin-like and EGF-like domains (TIE2), neuropilin 1 (NRP1) or the transcription of E26 transformation-specific-1 (Ets-1) in endothelial cells of different tissues, we hypothesize whether these proteins fit in macrophages at the maternal-fetal interface depends on different characteristics in separate vascular beds (110–113). In the second and third trimester, further increase in spiral blood flow implies the persistence and improvement of this process. Ma et al. observed that placental tissue cultivated in vitro, to some degree, steered proliferation, migration, adhesion, invasion, and tube formation of HUVEC. As one of the representative elements, high level of CCL2 disintegrated the extracellular matrix (ECM) via increasing the secretion of MMP-1 and this propelled the expression of fibroblast growth factor, platelet-derived growth factors, and vascular endothelial growth factor to elicit signal pathways in HUVEC, including MAPKs (114, 115). However, in vivo mechanisms demand more careful verification. All in all, the role of CCL2 in other steps of the development of uteroplacental circulation deserves to be elucidated.




5 The role of CCL2 in pathological pregnancy

When the level of CCL2 moves out of the normal physiological range, its functions introduced above will be ineffective and cause several diseases of pregnancy (116). More and more researchers have monitored changes in CCL2 during the development of different pathological conditions, suggesting that it could be useful for prediction and treatment.


5.1 Spontaneous abortion

Spontaneous abortion (SA), or miscarriage, is the most frequent cause of autogenic pregnancy demise before the 24th gestational week (117). Chromosomal abnormalities is the principal menace and aberrant level of chemokines is regarded as an additional hazard (118). For example, the rise of TNF-α and macrophage inflammatory protein 1-alpha (MIP-1a) in women who spontaneously abort is apparent, while CCL2 is a disputed point (119). Zhang et al. found that the amount of CCL2 mRNA in chorionic and decidual tissues of an SA cohort surpassed that of the control (120). Later, another study from Hannan et al., examining the plasma of miscarriage and control groups, did not witness any expression discrepancy of CCL2, CCL5, CCL7, and C-X3-C Motif Chemokine Ligand 1 between the two groups (121). Different methodology and compositions in decidua and plasma may be the reason behind it. However, when it comes to recurrent pregnancy loss (RPL; covering three or more unsuccessful pregnancies), recent data and literatures have reached agreement that respondents with RPL expressed higher level of CCL2 than normal gravidas (122).

In fact, there is a more inflamed microenvironment in SA patients that is identified to be consistent with the growing tendency of pro-inflammatory factors. TLR4 is assigned to the Toll-like receptors family and can activate the NF-kB pathway (123). Under circumstances of uterine immune imbalance in RPL patients, exorbitant TLR4 tends to mediate the alteration of T cells to Th1 and the generation of Th1 cytokines like TNF-α and INF-γ via CCL2/CCR2, which remains to be further elucidated (35). TNF-α can accordingly prompt the expression of CCL2 to create a vicious circle (86, 124). With higher level of CCL2, more M1 macrophages will be recruited and stimulated to secret more pro-inflammatory factors that enforce CCL2 expression to create a positive feedback loop (125, 126). In addition, in vivo excessive IL-1β resulting from the decrease in IL-1Ra level during the window of implantation multiplies the level of CCL2 mRNA and protein (127). The immune variations on account of the cell dysfunction are likely to contribute to the pathogenesis of abortion but the underlying mechanisms need to be clarified.



5.2 Preeclampsia

Preeclampsia (PE) is an intricate pregnancy complication that presents with newly developed hypertension after the 20th gestational week and causes placental dysfunction and maternal organ abnormalities (128). It is broadly accepted that impaired intrusion of trophoblasts breaks stable angiogenesis, leading to endothelial malfunction, oxidative stress, and improper inflammation (129). The variation and pertinent regulators of CCL2 in this process are worth consideration. Evidence in PE patients has suggested that the concentration of CCL2 was well beyond the normal range, both in the plasma and placenta (130). It was conformed to the results of Cui’s investigation that CCL2 expression was higher in patients during mid-pregnancy and increased with the expansion of severity (131). On the contrary, a cohort study targeting the level of CCL2 in maternal circulation during the first trimester to forecast the incidence of PE showed that patients with PE produced less CCL2 in early pregnancy than control patients. Therefore, CCL2 can be a reliable biomarker for predicting PE (132). Furthermore, Yan et al. shed light on the pathological regulation and suggested that hypoxia in PE lowered the expression of ACKR2 (D6), as well as impelled the upregulation of CCL2 by negative feedback and the apoptosis of trophoblasts (30, 133). Zhang et al. made use of nuclear factor erythroid 2-related factor 2 (Nrf-2) inhibitor in vivo to confirm that low levels of Nrf-2, which is relevant to reactive oxygen species (ROS), could increase CCL2 in placental tissue (134). Li et al. proposed the original concept that cell‐free fetal DNA (cffDNA) from dead STB or CTB accrued in patients with PE. Melanoma 2 (AIM2) as a DNA sensor in trophoblasts distinguished high level of cffDNA and excited the overexpression of CCL2 (135).

Additionally, there are other studies emphasizing the influence of changing levels of CCL2 on PE. In one of the monocyte/macrophage-specific discussions, partly because of the increase of CCL2, the number of CD14+CD11c+CD163- monocytes markedly grew with the suppression of CD14+CD11c+CD163+ monocytes (136). The former enhanced Fas-intermediated apoptosis of EVT to disturb intact placental implantation (137). On the other hand, incremental CCL2 and IL-8 attracted circulating monocytes to vessel walls and to harm the vascular endothelium in a way similar to that of atherosclerotic lesions. In this regard, Scott substantiated that antioxidation treatment with vitamin E in vivo and in vitro both intercepted the production of CCL2 via the TLR-NF-kB signal, mitigating the negative influence (46, 138, 139). As for systematic inflammatory disorders, it is also associated with the overexpression of CCL2, especially in the last trimester (140).

Overall, the above-mentioned interpretations demonstrate the value of CCL2 in pathogenesis and outcomes of PE, but further investigation into the biomolecular pathway is needed.



5.3 Preterm labor

Preterm labor (PTL) is considered as birth before completed 37 weeks of gestation (141). In fact, the pathophysiology of it is similar to the term labor. Generally speaking, in the last trimester, more leukocytes are attracted into the myometrium to form an “inflammatory microenvironment” with the final onset of parturition. However, this process sometimes happens ahead of schedule because of several pathologic processes and the impaired immune tolerance, and PTL occurs (142, 143). Inflammation arising from intra-amniotic infection (IAI) is universally recognized to have a certified causal relationship with preterm delivery. It is featured with anomalous infiltration of monocytes/macrophages and neutrophils, followed by the increasing level of immune mediators and pro-inflammatory cytokines (144). CCL2, one of them, has turned out to be excessive no matter in tissue of preterm pregnancies or models of PTL. Phetcharawan et al. obtained placental samples from pregnancies delivered between 25.3–36.0 weeks and discovered that compared with PTL alone, placental CCL2 mRNA level in PTL with IAI was higher, which demonstrated the essential role of CCL2 in PTL caused by IAI (145, 146). Also, lipopolysaccharide (LPS), a bacterial product, can be administrated to pregnant animals to imitate infection and establish the model of PLT. In addition to placental tissues from models, uterine tissues can embody the difference of CCL2 expression. For example, Marcia et al. adopted it in the in vivo test and got the result that myometrial SMCs of the uterine tissues from the LPS-treated group produced more CCL2 than the control ones (147). There are a few of upstream signal molecules regulating the expression of CCL2, some of which have been regarded as targets for studies on treatment and prevention. The interferon regulatory factor 5 (IRF5) was found elevated in myometrial cells to respond to inflammation. In vitro siTRF5 experiment found the diminishment of TNF-mediated CCL2 mRNA expression, corroborating that IRF5 enhanced CCL2 expression at the transcriptional level. Concretely, IRF5 combined with RELA subunit of NF-ΚB activated by TNF-α and stimulated NF-ΚB signal pathway to secret more CCL2 (148). GPRs belong to another family related closely to labor and GPR91 is one of them who are active in inflammation during PTL. The knockdown of GPR91 had effect on the reduction of IL1β-mediated rather than TNF-mediated CCL2 mRNA expression and secretion, which might attribute to their recruitment of different messengers to regulate downstream genes (149). Other experiments focusing on the therapy of PTL mainly acted on different targets but ended up with NF-kB signal pathway to decrease the secretion of CCL2 (150–152). Therefore, CCL2 seems to make a difference in terminal inflammatory pathway and it is worth intensive studying how CCL2 exerts its function (153).




6 Conclusion

In conclusion, a growing body of evidence demonstrates that CCL2 was produced at the maternal-fetal interface, aided by pregnancy-associated regulatory factors, especially in decidual stromal cells. As a valuable chemoattractant, it fosters the migration of a different sort of decidual immune cell from peripheral tissue to the decidua by binding typical or atypical receptors. Meanwhile, equally important is its contribution to the decidualization of the endometrium, invasion of trophoblasts, and proliferation of decidual stromal cells. Its participation in the NF-ĸB pathway, Akt signaling pathway, and ERK pathway also bridges the communication between cells. However, when exogenous infections or endogenous changes disorder the level of CCL2, impaired cell function and altered immunological tolerance will appear, leading to miscarriage, preeclampsia or preterm labor (Table 3). And currently, some recent experimental works have chosen deviant molecules upstream of the CCL2-CCR2 axis as therapeutic targets to normalize CCL2 expression and improve disadvantageous outcomes. Accordingly, through this literature summary, we can try to realize the clinical function of CCL2 as possible and improve the pathological pregnancy outcome by more precise regulation of CCL2 level in the future. Hopefully, our growing knowledge of new methodologies such as organoid culture models, CRISPR technology, and mesenchymal stem cells can establish a more spacious platform for research about CCL2 in normal and pathological pregnancies (154–156) to meet the challenges attributing to differences between species and complex crosstalk happening in vivo.


Table 3 | The behaviors of CCL2 in different pregnancy outcomes at specific trimesters .
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Introduction

Recurrent implantation failure (RIF) is a frustrating challenge because the cause is unknown. The current study aims to identify differentially expressed genes (DEGs) in the endometrium on the basis of immune cell infiltration characteristics between RIF patients and healthy controls, as well as to investigate potential prognostic markers in RIF.


Methods

GSE103465, and GSE111974 datasets from the Gene Expression Omnibus database were obtained to screen DEGs between RIF and control groups. Gene Ontology analysis, Kyoto Encyclopedia of Genes and Genomes Pathway analysis, Gene Set Enrichment Analysis, and Protein-protein interactions analysis were performed to investigate potential biological functions and signaling pathways. CIBERSORT was used to describe the level of immune infiltration in RIF, and flow cytometry was used to confirm the top two most abundant immune cells detected.


Results

122 downregulated and 66 upregulated DEGs were obtained between RIF and control groups. Six immune-related hub genes were discovered, which were involved in Wnt/-catenin signaling and Notch signaling as a result of our research. The ROC curves revealed that three of the six identified genes (AKT1, PSMB8, and PSMD10) had potential diagnostic values for RIF. Finally, we used cMap analysis to identify potential therapeutic or induced compounds for RIF, among which fulvestrant (estrogen receptor antagonist), bisindolylmaleimide-ix (CDK and PKC inhibitor), and JNK-9L (JNK inhibitor) were thought to influence the pathogenic process of RIF. Furthermore, our findings revealed the level of immune infiltration in RIF by highlighting three signaling pathways (Wnt/-catenin signaling, Notch signaling, and immune response) and three potential diagnostic DEGs (AKT1, PSMB8, and PSMD10).


Conclusion

Importantly, our findings may contribute to the scientific basis for several potential therapeutic agents to improve endometrial receptivity.




Keywords: recurrent implantation failure, immune infiltration, Wnt/β-catenin signaling, notch signaling, biomarkers, bioinformatics

1  Introduction

Although there is no unified definition for recurrent implantation failure (RIF), it is usually referring to women who fail to achieve a clinical pregnancy after the transfer of at least four high-quality embryos in a minimum of three fresh or frozen cycles in a woman under the age of 40 years (1, 2). As multiple failed cycles can often cause frustration and desperation for the struggling couples, the causes for these failures remain unknown. According to a recently published retrospective cohort study, the incidence of RIF was around 5% in women who had an anatomically normal uterus and underwent consecutive single euploid blastocyst transfer (3), among which 50% of affected cases remain unexplained. It is essential and urgent to determine the etiology of idiopathic RIF and propose novel therapeutic approaches for these patients.

The success of embryo implantation depends on embryonic and endometrial factors. With the innovative breakthrough in preimplantation genetic testing (PGT), abnormal embryos can be discriminated by screening and selection technologies (4). The interventions targeting endometrium have also been more matured in the past decade. For instance, such developments include optimized IVF protocols to synchronize cooperation between the endometrium and the embryo, antibiotic regimens to revert endometrial dysfunction resulting from chronic endometritis (5), and surgical management to rectify congenital uterine malformation and intrauterine adhesion. Nevertheless, endometrium is a complicated tissue composed of various cell types that are dynamically adapted during the window of implantation (WOI) to support the apposition, attachment and invasion of embryo in a synchronic way. The elements involved in this endometrial transformation may open an avenue to elucidate other potential causes and therapeutic targets of implantation failure.

In recent years, increasing accumulated evidence suggests the fundamental role of immunologic factors in embryo implantation. Women with RIF are usually manifested by abnormal immune signaling in the endometrium and peripheral blood, which is particularly characterized by altered Th1/Th2 ratio, and disrupted NK cell and macrophage numbers (6, 7). Additionally, in the endometrium of patients with RIF, the levels of numerous cytokines, chemokines, and their receptors such as IL2, IL6, IFNG, IL17A, IL23A, CCR4, CCR5, CXR3, CCL2, TLR4 are aberrant (8). Further studies are still needed to determine whether these are causative of RIF or just a secondary event. Though the contribution of immune factors in endometrium receptivity can be further explored with the application of RNA-sequencing, the sample sizes in these studies are usually very small, ranging from 9 to 48 samples (9–11), and the immune cell distribution was not analyzed comprehensively. Therefore, it is intriguing to do an in-depth review of the immune network in the endometrium by a systematic analysis of global infiltrating levels of various immune cells and potential immunologic-related markers for the direction of future studies.

Bioinformatics analysis on gene expression microarray has been recommended as a powerful weapon to explore potential biomarkers and signaling pathways in complicated diseases for understanding the pathogenesis and therapeutic development (12). By using microarray data from a publicly accessible database, we further evaluated the differently expressed genes (DEG) in the endometrium of women with RIF and control patients for processing by functional enrichment analysis. To further characterize the features of immune response enriched by aforementioned analysis, we investigated the panorama of immune infiltration by CIBERSORT, and the main findings were preliminarily verified by flow cytometry. With the identification of some immune signaling-related genes, the corresponding ROC curves were plotted for the potential diagnostic values of RIF. Moreover, potential drugs and their potential molecular targets in RIF were identified by cMAP analysis. In this study, we aimed to provide a comprehensive overview of the immune infiltration levels and signaling pathways in women with RIF, and to reveal the potential immune signaling-related biomarkers or therapeutic targets for RIF.


2  Materials and methods

2.1  RIF datasets

Four independent RIF gene expression profiles (GSE103465, GSE111974, GSE58144, and GSE183837) were downloaded from Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). GSE103465, and GSE111974 were exploited as discovery datasets to identify DEGs. GSE58144 and GSE183837 were selected as the validation datasets. GSE103465 is an expression profile based on the GPL16043 platform (GeneChip® PrimeView™ Human Gene Expression Array (with External spike-in RNAs)) and contains samples of fertile control (n=3) and RIF (n=3). GSE111974 was obtained from the microarray platform of Agilent-039494 SurePrint G3 Human GE v2 8x60K Microarray 039381 (Probe Name version), and included 48 endometrium samples (24 control endometrium samples, and 24 RIF endometrium samples). GSE58144 was an expression profile based on the GPL15789 platform (A-UMCU-HS44K-2.0), and contains 71 control endometrium samples, and 43 RIF endometrium samples. GSE183837 was a single-cell RNA-seq (scRNA-seq) dataset of fertile control (n=3) and RIF (n=6), based on the 10X Genomics Chromium platform. The detailed information of these four datasets were listed in Table 1.

Table 1 | Baseline Characteristics.




2.2  Data preprocessing

The “limma” package (13) in R software (version 4.2.0; https://www.r-project.org/) was used to background correction and quantile normalization of all the raw data files, and the expression values were then obtained. The averages of the probe set of values were calculated as the expression values for the same gene with multiple probe sets (14).


2.3  Identification of DEGs

To establish the DEGs between control and RIF samples, the “limma” package of R (13) was used. Moreover, a volcano plot was generated to assess the DEGs. |log2 fold change (FC) |≥ 1, adjusted P value < 0.05 were taken as differentially expressed genes between RIF and control endometrium. Volcano map of DEGs was drawn by GraphPad Prism v8.0 software.


2.4  Functional enrichment of DEGs

The Gene Ontology (GO) analysis, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were carried out by using R software and the “clusterProfiler” package (15). In this analysis symbol codes were converted to Entrez ID using Human genome annotation package “org.Hs.eg.db.” The “ggplot2” (16), “pathview” (17) and “gplots” packages of R software to visualize the plots. GSEA software (version 4.1.0, http://www.gsea-msigdb.org/gsea/index.jsp) was used to carry out GSEA analysis (18). The “c2.cp.kegg.v7.5.1.symbols.gmt”, “c5.go.bp.v7.5.1.symbols.gmt”, “c5.go.cc.v7.5.1.symbols.gmt”, “c5.go.mf.v7.5.1.symbols.gmt” was chosen as the reference gene set. Gene set permutations were performed 1,000 times for each analysis. Adjusted P-value < 0.05 and Q value < 0.05 were considered significant for GO and KEGG analysis. The cutoff point of significance was |normalized enrichment score (NES)| > 1, P-value < 0.05, false discovery rate (FDR) Q value < 0.25 for GSEA.


2.5  Protein–protein interaction (PPI) network analysis

The STRING database (available online: http://string-db.org) was performed for PPI network prediction. Cytoscape (v.3.7.2) was used for visual representation and further PPI network experimental studies.


2.6  Hub gene extraction and submodule analysis

Hub genes play an important role in biological processes. Based on the PPI network, hub genes were screened according to network topology. Cytoscape software (version 3.7.2, cytoHubba and MCODE plug-ins) was used to discover the key targets or subnetworks of complex networks (19, 20). The functional annotation and pathway enrichment analysis of hub genes was used by g:Profiler (https://biit.cs.ut.ee/gprofiler/gost) (21).


2.7  Immune infiltration analysis

The different immune cell types of tissues were analyzed by CIBERSORT (22), using normalized gene expression profiles of GSE103465, and GSE111974. LM22, a leukocyte gene signature matrix, contains 547 genes that distinguish 22 human hematopoietic cell phenotypes, including seven T cell types, naïve and memory B cells, plasma cells, NK cells, and myeloid subsets. CIBERSORT results matched ground truth phenotypes in 93% of external datasets of variably purified leukocyte subsets (22). Based on the analysis of LM22, a matrix of 22 kinds of immune cells (naïve B cells, memory B cells, plasma cells, CD8+ T cells, CD4+ naive T cells, CD4+ resting memory T cells, CD4+ activated memory T cells, follicular helper T cells, regulatory T cells (Tregs), γδT cells, resting NK cells, activated NK cells, monocytes, M0 macrophages, M1 macrophages, M2 macrophages, resting dendritic cells, activated dendritic cells, resting mast cells, activated mast cells, eosinophils, and neutrophils) was obtained. CIBERSORT P < 0.05 was used to filter the samples, and the percentage of each immune cell type in the samples was calculated and displayed in a bar plot. The “box” package was used to compare the levels of 22 kinds of immune cells between the two groups. The “ggplot2” package (16) was adopted to visualize the plots.


2.8  ROC analysis

The multivariate modelling with combined selected genes used to identify biomarkers with high sensitivity and specificity for RIF diagnosis by using visualization tool (https://hiplot.com.cn/basic/roc). GSE103465, and GSE111974 datasets were analyzed for training the model, and GSE58144 dataset as validation sample iteratively. The receiver operator characteristic (ROC) curves were plotted and area under curve (AUC) was calculated separately to evaluate the performance of each model using the R packages “pROC” (23). And AUC > 0.7 indicated that the model had a good fitting effect.


2.9  Screening of potential drugs against RIF

Connectivity map (cMap) online tool (http://clue.io) was used to search for compounds that may cause genomic changes similar or opposite to the changes in RIF patients. Compounds with enrichment score >90 or score <−90 were considered significantly positive or negative compounds, respectively.


2.10  Patients’ recruitment for the cohort of validation

The protocol for this study was approved by the Human Research Ethics Committees of Obstetrics and Gynecology Hospital of Fudan University, and written informed consent was obtained from all participants. Human endometrial tissues were collected from women attending the Department of Assisted Reproduction, a dedicated research clinic at the Obstetrics & Gynecology Hospital of Fudan University. Surplus tissue from endometrial biopsies obtained for diagnostic purposes at the Department of Assisted Reproduction was used for this study. The timing of endometrial biopsy was 5 days after ovulation evaluated by ultrasonography, equivalent to LH+7 (hallmark of WOI) in a natural cycle. The definition of RIF was consistent with the studies recruited for bioinformatics. The control group recruited women who had a history of pregnancy but received the assistance of reproductive technology due to obstruction of fallopian tube or male infertility. All the samples were transported to the laboratory on ice in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Gibco) for further study.


2.11  Sample preparation and immunocyte isolation

The procedures of sample preparation and immune cell isolation were described with details in our previous studies (24). In brief, the endometrial tissue samples were minced into 1 mm3 pieces on ice and subsequently digested with 1 mg/mL collagenase type IV (Sigma, USA). The tissue pieces were later filtered through a 70 μm cell strainer (Falcon, USA), followed by centrifugation at 400 g for 8 min for the collection of all types of cells. Later, the cells were resuspended in DMEM/F-12 containing 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA), plated on culture flasks and incubated in a humidified incubator with 5% CO2 at 37 °C. Finally, after 24 hours, the supernatant was removed and centrifuged at 400 g at 4 °C for flow cytometry analysis.


2.12  Flow cytometry analysis (FCM)

Flow cytometry analysis (FCM) was used to validate the main changes in endometrial immunocytes between women with RIF and controls. All antibodies were from Biolegend (San Diego, CA, USA). The antibodies to detect endometrial NK cells and macrophages included: APC/Cyanine 7 (APC/Cy7)-conjugated anti-human CD45, fluorescein isothiocyanate (FITC)-conjugated anti-human CD3, brilliant violent 605-conjugated anti-human CD56, PE-Cy7-conjugated anti-human CD14, and PE-conjugated anti-human CD16. Staining was performed with the above antibodies (5 μL separately) at room temperature for 30 minutes in the dark. In addition, an isotype IgG antibody of each marker (5 μL separately) was used as the control. Human Trustain FcX (cat. No. 422301; Biolegend, Inc.) was used to block Fc receptors prior to flow cytometry. Subsequently, cells were washed twice and resuspended in PBS for flow cytometry analysis. Samples were analyzed using a CytoFLEX flow cytometer (Beckman Coulter, Inc.), and data were analyzed using FlowJo (version 10.07, FlowJo LLC.).


2.13  Statistical analysis

Statistical analysis was performed using SPSS (version 23.0, Chicago, IL) and GraphPad Prism (version 8, San Diego, CA) software. Continuous variables were expressed as mean ± standard deviation (SD), and differences between the two groups were compared using Student’s t-test for normally distributed variables. A Kruskal–Wallis H test with Dunn’s multiple-comparisons test was used for continuous variables with a non-normal distribution, and the results were presented as the median and interquartile range. The sensitivity and specificity of feature genes to distinguish RIF from controls were assessed using a receiver operating characteristic (ROC) curve. Differences were considered statistically significant when P < 0.05.



3  Results

3.1  Data preprocessing and heat map of top 50 genes in RIF and Ctrl groups

All expression values of GSE103465 and GSE111974 datasets were normalized by principal component analysis (PCA), a method to identify strong patterns in large, complex datasets, which is widely used in data reduction technique captures the essential information in high-dimensional data by identifying principal components that account for most of the variability in the dataset. The data before and after normalization are presented in Figures 1A, B. The heatmap of the top 50 DEGs between RIF and Ctrl groups is shown in Figure 1C.



Figure 1 | Data Preprocessing and Heat map of top 50 genes in RIF and Ctrl groups. (A, B) PCA analysis of GSE103465, and GSE111974 expression profiles before (A) and after (B) normalization. (C) Expression of top 50 genes in RIF and Ctrl groups was presented by heatmap.




3.2  Identification, PPI network and module analysis of DEGs

The two discovered datasets contained 18301 genes with 27 RIF and 27 Ctrl samples. In total, 188 DEGs (122 genes were downregulated and 66 genes were upregulated) were identified (Figure 2A and Table 2). With PPI enrichment analysis being performed, significant modules were identified (Figures 2B, C). The four MCODE components extracted were found to be mainly associated with NOTCH signaling pathway, cell cycle, translation and ribosome biogenesis.



Figure 2 | Identification, PPI Network and Module Analysis of DEGs. (A) The 188 DEGs were visualized by volcano map. (B) PPI network constructed with the DEGs from GSE103465, and GSE111974 datasets. (C) The significant module identified from the PPI network using the molecular complex detection (MCODE) method with a score of ≥ 5.0. Different nodes’ color present different functions.



Table 2 | Up and Down DEGs.




3.3  Functional enrichment analysis of DEGs

To further investigate the biological functions of the 188 DEGs, GO analysis, KEGG pathway analysis and GSEA were performed. GO analysis and KEGG pathway analysis demonstrated that DEGs were mainly associated with cell cycle, Wnt/β-catenin signaling, NOTCH signaling, immune system regulation, ATP metabolic process, cellular protein catabolic process, lipid biosynthetic process, and thyroid hormone signaling pathway (Figure 3A). While for the GSEA analysis, activation of immune response and positive regulation of leukocyte migration were remarkably increased in patients with RIF, and cilium movement and steroid hormone biosynthesis were suppressed in patients with RIF (Figure 3B). Besides immune system regulation, rose diagram of the validation dataset (GSE183837) showed the genes in the pathways of cell cycle, the Wnt/β-catenin signaling, NOTCH signaling, ATP metabolic process, cellular protein catabolic process, lipid biosynthetic process, and thyroid hormone signaling pathway were significantly down-regulated in patients with RIF (Figure 3C).



Figure 3 | Functional Enrichment Analysis of DEGs. (A, B) GO analysis, KEGG pathway analysis (A), and GSEA enrichment analysis (B) of DEGs. (C) Up or down gene numbers related to cell cycle, signaling by Wnt/β-catenin, signaling by NOTCH, immune system regulation, ATP metabolic process, cellular protein catabolic process, lipid biosynthetic process, and thyroid hormone signaling pathway in RIF group from validation dataset (GSE183837) were presented by rose diagram.




3.4  Identification and functional enrichment analysis of hub genes

To further evaluate the significance of the genes in the PPI network of DEGs, the top 20 hub genes were obtained from PPI network by using cytoHubba and presented in Figure 4A. GO analysis, KEGG pathway analysis and REAC analysis demonstrated that hub genes were mainly associated with cell cycle, the Wnt/β-catenin signaling, NOTCH signaling, immune response, cellular protein catabolic process, and thyroid hormone signaling pathway (Figure 4B).



Figure 4 | Identification and Functional Enrichment Analysis of Hub Genes. (A) The top 20 hub genes were discovered by Cytoscape software (version 3.7.2, cytoHubba plug-ins). (B) GO analysis, KEGG pathway analysis and REAC analysis of hub genes were performed by g:Profiler (https://biit.cs.ut.ee/gprofiler/gost).




3.5  Immune infiltration analysis

More importantly, functional enrichment analysis of DEGs exhibited a significant enrichment of immune response in endometrium from RIF patients. Herein, we further performed the CIBERSORT algorithm to compare the immune cells infiltration level between patients with RIF and the control group (Figure 5A). The percentage of each of the 22 types of immune cells in each sample is shown in the bar plot, and it was intuitively illustrated that most of the endometrial immune cells were NK cells, followed by macrophages, accounting for approximately 30% of total cells which is similar to previous studies (25, 26). The boxplot of the infiltration levels of various immune cells was sorted according to their median proportion in the RIF group, suggesting that NK and macrophages were the top two of the most abundant immune cells. The relative proportions of activated NK cells and macrophages were not significantly different between the two groups, but M0 macrophages were significantly increased in women with RIF (p<0.05) (Figure 5B). These findings were validated by another set of data (GSE183837). As shown in Figure 5C, we found that the proportion of endometrial immune cells in patients with RIF and Ctrl patients also changed by single-cell RNA sequencing (GSE183837). Since NK cells and macrophages were the top two abundant cells in endometrium during the WOI and their crucial roles in implantation is unneglectable, we further measured the proportions of endometrial NK cells and macrophages of patients with RIF and healthy women by FCM to validate the changes. Our data showed that the proportions of macrophages and NK cells were significantly increased in the endometrium of patients with RIF, and the proportions of CD16+ macrophage and CD16+ NK cells were also elevated (Figures 6A, B), which echoed the results of array in Figure 5 partly. These data implied that RIF was associated with abnormally elevated NK cells and macrophages numbers, as well as increased cytotoxicity.



Figure 5 | The landscape of immune infiltration between RIF and control samples. (A) The relative percentage of 22 types of immune cells. (B) The difference of immune infiltration between RIF and controls. The control group was marked as blue color and RIF group was marked as red color. (C) Stacked area plot showed the relative percentage of 7 types of immune cells from validation dataset (GSE183837). Data are presented as the median and the interquartile range. Statistical significance (Kruskal–Wallis test with Dunn’s multiple-comparison test): *p < 0.05.





Figure 6 | The Proportions of Macrophage and NK Cells. (A) The gating strategy for identifying macrophage and NK cells from endometrial leukocytes. (B) The quantitative analysis of the proportions of macrophage, NK cells, CD16+ macrophage and CD16+ NK cells (n=10) in endometrium from control and RIF patients. Data are presented as the mean ± standard error of the mean. Statistical significance (Student’s t-test): **p < 0.01, ***p < 0.001.




3.6  Expression levels and diagnostic significance of hub genes

Regarding to the importance of Wnt/β-catenin signaling pathway, NOTCH signaling pathway, and immune response in RIF, we identified 6 genes (AKT1, PSMB8, PSMD10, RBX1, PSMC6, and PSMD3) from the hub genes (Figure 7A). As they were all related to these key pathways, 4 of them were remarkably decreased in the endometrium of patients with RIF according to the GSE103465 and GSE111974 datasets (Figure 7B). To determine which hub genes might act as diagnostic markers for patients with RIF, ROC analysis was conducted to explore the diagnostic values of the 6 hub genes for RIF. The results showed that AKT1, PSMB8, and PSMD10 had potential predictive values for RIF in the model of training sets (AUC > 0.7) (Figure 7C). We then validated the model composed of the above 3 qualified genes (AKT1, PSMB8, and PSMD10) in the validation set, the AUC was found to be 0.673 (Figure 7D).



Figure 7 | Expression Levels and Diagnose Significance of Hub Genes. (A) Venn diagram of common hub genes identified among DEGs, Wnt/β-catenin signaling pathway, NOTCH signaling pathway, immune response, and hub genes. (B) The expression levels of 6 hub genes in GSE103465, and GSE111974 datasets. (C) The GSE103465, and GSE111974 datasets were used to train the diagnostic effectiveness of the biomarkers for RIF by ROC analysis. (D) The GSE58144 dataset was used to validate the diagnostic effectiveness of the biomarkers (AKT1, PSMB8, and PSMD10) for RIF by ROC analysis. Data are presented as the median and the interquartile range. Statistical significance (Kruskal–Wallis test with Dunn’s multiple-comparison test): NS, no significant difference, **p < 0.01, ***p < 0.001.




3.7  Drug-target genes interaction network analysis for RIF

To explore potential therapeutic or induced compounds for RIF, we queried the cMap touchstone database with expression signatures from DEGs. Compounds with enrichment score >90 or <−90, which were regarded as significantly positive or negative compounds, respectively, and their target genes were shown together (Figure 8 and Table 3). Among the drugs with the highest connectivity scores, fulvestrant (estrogen receptor antagonist) was found to be positively correlated with the occurrence of RIF. Among the drugs with the lowest connectivity scores, bisindolylmaleimide-ix (CDK and PKC inhibitor) and JNK-9L (JNK inhibitor) were shown to be negatively correlated with the occurrence of RIF, indicating their potential as therapeutic compounds. These compounds could influence the pathophysiology of RIF by regulating relevant pathways, such as cell cycle, the Wnt/β-catenin signaling, NOTCH signaling, immune response, reproduction, and thyroid hormone signaling pathway. Notably, AKT1, on the hub genes list, was one of bisindolylmaleimide-ix’s targets.



Figure 8 | Drug-Target genes Interaction Network Analysis. From the left to right of alluvial diagram: the potential pharmaceuticals, target genes and enriched pathways by GO and KEGG analysis.



Table 3 | Information of Top 8 prospective drugs with significant scores for the treatment.





4  Discussion

It is a widely-accepted consensus that the process of embryo implantation is analogous to seed germination, in which the quality of the seed (the embryo) and the receptivity of soil (the endometrium) are both indispensable to successful implantation. In order to promote the success for embryo implantation, the endometrium undergoes a series of changes in functioning signaling pathways and immune cell distribution, subsequently resulting in the maternal immunonutrition and tolerance of the semiallogenic fetus. To comprehend the molecular pathways connected with endometrial receptivity and the foundations of RIF, it is essential to investigate the disruptions in signaling pathways and immune responses in the local endometrium milieu.

The exact mechanisms underlying endometrial immunomodulation by which the embryo is shielded from the maternal immune attack remained poorly understood. As one of the predominant leukocytes in the endometrium, the effects of uNK cells on embryo implantation should not be overlooked (27). In the non-pregnant endometrium, uNK cells are mostly quiescent but they are capable to differentiate throughout the menstrual cycle in preparation for pregnancy (28). When embryo implantation is accomplished, uNK cells contribute to placentation by encouraging trophoblast invasion and spiral artery remodeling to ensure sufficient maternal-fetal material exchange (29). Aberrant uNK activity may produce undesirable outcomes during trophoblast invasion, such as vascular remodeling, local ischemia, and oxidative stress, which are detrimental to implantation (30). According to a latest systematic review and meta-analysis (27), the proportion of CD56+ uNK was significantly elevated in patients with RIF when compared with healthy controls. Moreover, most studies found lower expressions of inhibitory receptors and increased expressions of angiogenic factors in uNK cells of women with RIF. These studies may indicate that the assessment of uNK level/activity may be developed as diagnostic tool for RIF. However, a standard reference range would still need to be established prior for use in the clinical setting. In addition to NK cells, macrophages are another significant regulator of the embryo implantation microenvironment. They have been shown to play an important role in implantation, placentation, and embryo development (6). These cells may facilitate trophoblast invasion into spiral arteries, which is related to vascular remodeling at the maternal-fetal interface. Ideal pregnancy outcome calls for appropriate proportion of M1/M2 macrophage ratio as well. However, once distorted, several complications during pregnancy have been shown to occur, including preeclampsia, intrauterine growth restriction, and RIF (31). In line with previous studies, our data validated the higher proportions of uNK cells and macrophages in RIF, notably CD16+ NK cells and CD16+ macrophages, which revealed stronger cytotoxicity to likely result in maternal immune rejection of the fetus. Nevertheless, further experimental research is still warranted for elucidating the underlying pathophysiology of NK cells and macrophages alterations.

As depicted above, we emphasized the Wnt/β-catenin signaling as a RIF-related signaling pathway by a series of functional enrichment analysis. As shown in previous literature, Wnt/β-catenin signaling acts as a vital part involved in various biological processes ranging from development to early animal evolution and cancer (32). In particular, female reproduction in mammals was shown to be regulated by Wnt4 signaling (33). It has been reported in mice that uterine Wnt/β-catenin signaling is essential for implantation, and the suppression of Wnt4/β-catenin signaling can interferes with the process of embryo implantation (34). On the basis of animal studies, either depletion or overexpression of Wnt/β-catenin in the endometrium would led to implantation failure in mice (35). Meanwhile, Franco et al. demonstrated that the conditional knockout of Wnt4 in the uterus results in infertility and abnormal decidualization in mice (36). Similarly, Zhou et al. discovered during decidualization that EHD1 inhibited the Wnt4/-catenin pathway in patients with RIF by regulating LRP5/6 protein activity via the endocytic route. As a Wnt4 agonist could restore a defective decidualization process, this suggesting that modulation of the EHD1-Wnt4 pathway may be a viable therapeutic target for enhancing endometrial receptivity in women with RIF (37). While studies in human, clinical research has found that the expression of seven Wnt genes (Wnt 2, 3, 4, 5a, 7a, 7b and 10b) in the endometrium during pregnancy occupied a decisive position in the regulation of survival, proliferation and differentiation in endometrial stromal cell (38).

Another highlighted pathway in this current study was the Notch signaling pathway. As an evolutionarily conserved pathway, Notch signaling has been shown to regulate cell proliferation, invasion, differentiation, and apoptosis (39), which contributed significantly in endometrial remodeling. Additionally, during implantation and placentation, Notch signaling is part and parcel of maternal-fetal communication (40). As reported in previous literature, aberrant activation of canonical Notch1 signaling in the mouse uterus could decrease the level of progesterone receptor by hypermethylation that can lead to infertility (41). Likewise, hampered Notch signaling in mice is linked to the development of endometriosis which contributes to dysdecidualization through the down-regulation of FOXO1, which might lead to subsequent implantation failure (42). In a recent study involving women with endometrial disorders including RIF, endometriosis, and PCOS, the expression pattern of NOTCH pathway molecules including NOTCH1, 3, JAG1, 2, and survivin in the mid-luteal phase were distinctly expressed in the patient groups compared to controls (43).

These two pathways have also been demonstrated to regulate immune cell differentiation and activation in autoimmune diseases and cancers, which are commonly proposed to be a potential therapeutic target for immunotherapies (44, 45). Whether the downregulation in Wnt/β-catenin signaling and Notch signaling in women with RIF can cause disrupted endometrial immune cell proportions or not, it is still a promising direction to further dissect the underlying mechanisms of RIF. In this regard, Nevertheless, we identified 3 hug genes (AKT1, PSMB8 and PSMD10) that have strong correlation to the two signaling pathways and immune response when discriminating women with RIF from controls. However, the performance of the predictive model was found to be unsatisfactory. This might be due to the likelihood of small sample size. Hence, further studies with a larger sample size are still needed to explore the potential of these hug genes for elucidating their key pathological pathways of RIF for potential clinical applications. In addition to diagnostic values, compounds (fulvestrant, bisindolylmaleimide-ix and JNK-9L) with potential to interfere the pathogenesis of RIF were identified based on the DEGs between women with RIF and controls. However, the exact effects of these compounds on endometrium and embryo implantation were not validated with additional studies. Further investigations on this aspect are still warranted.

In summary, our study demonstrated a significant difference in the transcriptional profiles between RIF group and the control group (Figure 9). Based on the 122 downregulated and 66 upregulated DEGs, PPI network and module analysis and functional enrichment analysis were performed. Hub genes were further identified by STRING and CytoHubba. Upon our analysis, Wnt/β-catenin signaling pathways, NOTCH signaling pathways, and immune response were the top 3 enriched pathways involved in RIF. With our in-depth analysis, we calculated the immune infiltration level of 22 types of immune cells on validating the increase of NK cells and macrophages in women with RIF. Moreover, the DEGs were assessed to identify potential diagnostic markers and therapeutic compounds for RIF in providing strategies to tackle RIF. However, studies using a larger sample size are still needed to validate the results of the potential genes to potentially be used for diagnosis or prediction of RIF. Another limitation of this study is the lack of functional studies for the potential therapeutic compounds. Nevertheless, our current findings have helped to shed lights for potential directions toward understanding the importance of immunity during RIF.



Figure 9 | Diagram of the study design. Discover datasets, GSE103465, and GSE111974, contained 18301 genes with 27 RIF and 27 Ctrl samples. In total, 188 DEGs were identified: 122 genes were downregulated and 66 genes were upregulated. Ten important pathways related to RIF were enriched, and were validated by validation dataset (GSE183837). Top 20 hub genes were identified by Cytoscape through PPI network, and three of them may have potential predictive values for RIF in the validation set (GSE58144). Endometrial macrophages’ infiltration level was increased in patients with RIF, compared to the control group, which were performed by CIBERSORT algorithm, and validated by FCM analysis. Bisindolylmaleimide-ix and JNK-9L may be potential therapeutic compounds for RIF, related to the result of cMap analysis.
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Regulatory T (Treg) cells could be divided into thymus-derived Treg (tTreg) cells and peripherally derived Treg (pTreg) cells, and in vitro induced Treg (iTreg) cells. To date, the functions of tTreg versus pTreg and their relative contributions to maternal-fetal immune tolerance remain insufficiently defined due to a lack of a specific marker to distinguish tTreg cells from pTreg cells. In this study, we investigated the role of thymus- and extrathymus-derived Treg cells in pregnancy tolerance using transgenic ACT-mOVA, Foxp3DTR and Foxp3GFP mice, and Treg cell adoptive transfer, etc. We found that the frequencies of Treg cells in the thymus, spleen and lymph nodes (LNs) in either syngeneically- or allogeneically-mated pregnant mice were not different from non-pregnant mice. However, percentages of blood Treg cells in pregnant mice increased at mid-gestation, and percentages of decidua Treg cells in pregnant mice increased as the pregnancy progressed compared with non-pregnant mice, and were significantly higher in allogeneic mice than those in syngeneic group. Compared with syngeneic mice, levels of CCR2 and CCR6 on blood and decidua Treg cells and CCL12 in the decidua significantly increased in allogeneic mice. A surrogate fetal antigen mOVA that was recognized by naïve T cells from OT-IIFoxp3GFP mice induced the generation of pTreg cells in vivo. Transfusion of thymus and spleen Treg cells significantly decreased diphtheria toxin (DT)-increased embryo resorption rates (ERRs) and IFN-γ levels in the blood and decidua. iTreg cells also decreased ERRs and IFN-γ levels in the blood and decidua to an extent lower than thymus and spleen Treg cells. In conclusion, increased blood and decidua Treg cells in pregnancy and increased ERRs in DT-treated Foxp3DTR mice suggest an important immunosuppressive role of Treg cells in pregnancy. Elevated decidua Treg cells in pregnancy could be derived from the recruitment of tTreg cells to the decidua, or from the transformation of naïve T cells in the decidua to pTreg cells. While the immune-suppression effects of thymus and spleen Treg cells are comparable, iTreg cells might play a weaker role in maternal-fetal tolerance.
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Introduction

Regulatory T (Treg) cells are a special subset of T cells with immunomodulatory function. The transcription factor forkhead box p 3 (Foxp3) is highly expressed in the nucleus of Treg cells. Foxp3 plays an important role in the differentiation and development of Treg cells and the maintenance of their immunosuppressive function (1). The important role of Foxp3 in Treg cell function was first demonstrated by Scurfy mice with Foxp3 gene mutation that led to absence of Treg cells, proliferation of T cells in multiple organs, and death of most animals 3-5 weeks after birth (2). Similarly, it has been demonstrated that human Foxp3 gene mutation causes deletion of Treg cells and autoimmune immune disorders, leading to polyendocrine adenosis, intestinal ptosis and X-linked (IPEX) syndrome (3). Foxp3+ Treg cells not only regulate autoimmune diseases and maintain the stability of the internal immune environment (4), but also play an important immunosuppressive function in allergic reactions (5) and organ transplantation (6).

Treg cells are divided into thymus-derived Treg (tTreg) cells and peripherally derived Treg (pTreg) cells in vivo according to their sources (7). Foxp3+CD4+ tTreg cells are developed from CD4+CD25+ T cells in the thymus, while pTreg cells are mainly induced from naïve CD4+ T cells after they are stimulated by antigens in peripheral lymphoid organs (8). Generation of pTreg cells requires the activation of T cell receptor (TCR), and cytokines interleukin-2 (IL-2) and transforming growth factor-β (TGF-β) (8). Both tTreg cells and pTreg cells express Foxp3, and have immunosuppressive function (9). tTreg cells inhibit autoantigens and play an important role in inhibiting the body’s autoimmune responses (10). pTreg cells target exogenous antigens in the environment, air and food, and play an important role in mucosal immune tolerance and the stability of the internal immune environment (10). In addition, induced Treg (iTreg) cells can be generated in vitro from naïve T cells in the presence of TCR activation and cytokines (11).

tTreg cells and pTreg cells are different in gene expression, phenotypic stability, and epigenetic regulation (12). The proportion of tTreg cells and pTreg cells in the total Treg cell pool of the body, their specific functions, and how to distinguish them are not yet clear. It has been proposed that tTreg cells and pTreg cells could be distinguished by Helios since it has been reported that Helios mainly expresses on tTreg cells rather than pTreg cells (12). However, subsequent study has shown that pTreg cells also express Helios (13). Human tTreg cells also include Helios- subset (14). Neuropinlin-1 has been also thought to be mainly expressed on tTreg cells rather than pTreg cells, and it has been later confirmed that Neuropinlin-1 could not distinguish tTreg cells from pTreg cells (15).

A large number of studies have shown that Treg cells may play an important role in maternal-fetal tolerance and pregnancy maintenance. Treg cells have been found to accumulate in the draining lymph nodes (LNs) of the uteri of pregnant mice and express memory and effector markers (16). Conditional removal of Treg cells from allogeneically-mated pregnant mice resulted in reduced reproductive efficiency of mice, while conditional removal of Treg cells from syngeneically-mated pregnant mice resulted in defective embryo implantation and reduced fetal size, which could be alleviated by adoptive transfer of Treg cells (17).

It has been reported that there are more inhibitory Treg cells in human decidua in early pregnancy than in peripheral blood (18). In addition, Treg cells at the maternal-fetal interface of patients with unexplained recurrent abortion were significantly reduced compared with normal pregnant women (19). Santner-nanan et al. (20) found that the number of Treg cells and the Treg/Th17 ratio in the peripheral blood of patients with preeclampsia significantly decreased compared with normal pregnant women.

Compared with syngeneically-mated pregnant mice, Treg cells in peripheral lymphoid organs but not thymus significantly increased in allogeneically-mated pregnant mice, indicating that the increase of Treg cells during pregnancy is fetal antigen specific (21). However, Aluvihare et al. (22) found that systemic amplification of Treg cells during gestation was not dependent on the stimulation of fetal antigen, but might be driven by pregnancy itself. In addition, removal of Treg cells by diphtheria toxin (DT) in both syngeneically-mated and allogeneically-mated Foxp3DTR transgenic mice resulted in embryo implantation deficiency, effector T cell infiltration, uterine inflammation and fibrosis, indicating that Treg cell-mediated pregnancy tolerance does not necessarily depend on fetus-specific antigen (23).

It has been demonstrated that Foxp3 enhancer conserved non-coding sequence 1 (CNS1) plays an important role in the generation of pTreg cells but not tTreg cells (24). Treg cells in the decidua of allogeneically-mated CNS1-/- pregnant mice significantly reduced, but embryo absorption rate increased, suggesting that fetal antigen-specific pTreg cells play a major role in pregnancy tolerance (25).

To date, the functions of tTreg versus pTreg and their relative contributions to maternal-fetal immune tolerance remain insufficiently defined due to a lack of a specific marker to distinguish tTreg cells from pTreg cells. In this study, we investigated the role of thymus- and extrathymus-derived Treg cells in pregnancy tolerance using transgenic ACT-mOVA, Foxp3DTR and Foxp3GFP mice, and Treg cell adoptive transfer, etc. We found that decidua and blood Treg cells significantly increased during pregnancy; elevated decidua Treg cells in pregnancy could stem from the transformation of naïve T cells, or from the recruitment of tTreg; while the immune-suppressive effects of Treg cells in the thymus and spleen were comparable, in vitro generated iTreg cells might also played an important but weaker role in maternal-fetal tolerance.



Materials and methods


Animals

C57BL/6 and BALB/c mice were purchased from the Experimental Animal Center of Zhongshan University (Guangzhou, China). Transgenic Foxp3DTR mice, Act-mOVA mice and OT-II mice on a C57BL/6 background were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Foxp3GFP mice on a C57BL/6 background were kindly provided by Professor Zhexiong Lian (South China University of Technology, Guangzhou, China). Mice were bred in the Laboratory Animal Center of Shenzhen People’s Hospital (Shenzhen, China) in pathogen-free conditions. Syngeneic C57BL/6 × C57BL/6 and allogeneic C57BL/6 × BALB/c mating combinations were established. Each female mouse at 10-12 weeks of age was cocaged with one male. The point at which a vaginal plug was detected was designated as embryonic day 0.5 (E0.5). Mice were sacrificed at different gestational age to investigate proportions of Treg cells in the thymi, peripheral blood, spleens, LNs or deciduae. Non-pregnant mice were set up as negative controls.



Induction of pTreg cells in vivo

Foxp3GFP females were mated to OT-II males to generate OT-IIFoxp3GFP mice. Spleen CD4+CD62L+GFP- naïve T cells were isolated from female Foxp3GFP or OT-IIFoxp3GFP mice. Female C57BL/6 mice were mated to male Act-mOVA mice to generate fetal antigen mOVA that can be recognized by CD4+ cells from OT-II mice (26). Spleen CD4+CD62L+GFP- naïve T cells (2 × 106 cells) from female Foxp3GFP mice or OT-IIFoxp3GFP mice were injected into the tail veins of pregnant C57BL/6 mice mated to Act-mOVA mice on E9.5. Pregnant mice were sacrificed on E13.5, and CD4+GFP+ Treg cells in the peripheral blood, spleens and deciduae were analyzed using flow cytometry.



Treg cell depletion and adoptive transfer of Treg cells

For Treg cell depletion, syngeneic pregnant Foxp3DTR mice were injected i.p. with DT (Sigma, Saint Louis, MO, USA) at a dosage of 60 µg/kg of body weight on E9.5, E10.5 and E11.5. Control mice received phosphatebuffered saline (PBS). For Treg cell reconstitution, 2 × 105 purified Treg cells from the thymi and spleens of C57BL/6 mice, or in vitro cultured iTreg cells were injected into the tail veins of Foxp3DTR mice 2 h before DT injection. Pregnant mice were sacrificed on E13.5. At this stage of gestation, feto-placental units undergoing resorption can be clearly distinguished from their viable counterparts on the basis of size and the presence of extensive tissue wasting and hemorrhage. The number of total embryos, resorbed and viable embryos per mouse was counted. The embryo resorption rate (ERR) was calculated as: ERR (%) = number of resorbed embryos/number of total embryos × 100. Treg cells in the thymi, peripheral blood, spleens and deciduae were analyzed using flow cytometry. Deciduae were collected for calculating Th1 and Th17 cell percentages using flow cytometry.



Isolation of thymus, spleen or LN mononuclear cells

Thymi, spleens or LNs including cervical, axillary, mesenteric and inguinal LNs were collected and mashed through a 40 μm cell strainer (Thermo Fisher Scientific, Waltham, MA, USA) to obtain single-cell suspensions. Mononuclear cells were then enriched by lysing red cells using a red cell lysis buffer (Biolegend, San Diego, CA, USA).



Isolation of peripheral blood mononuclear cells

Peripheral blood samples were collected from the vena orbitalis, heparinized, and purified by centrifugation on a Ficoll-Hypaque Premium (GE Healthcare, Pittsburgh, PA, USA).



Isolation of decidua mononuclear cells

Uterine tissues were collected, washed and cut into small pieces and digested with 1 mg/ml Dispase II (Roche, Basel, Switzerland) and 0.1 mg/ml DNase I (Roche) at 37°C for about 20 min in a shaking water bath. When single or clumps of cells were observed under the microscope, the released cells were separated from undigested tissue pieces by filtering through a 40 µm cell strainer. Mononuclear cells were purified over the Ficoll-Paque Premium by centrifugation at 400 g for 30 min at 20°C.



Isolation of spleen CD4+CD62L+ naïve T cells

Naïve T cells were isolated from the spleens of Foxp3GFP mice using a mouse CD4+CD62L+ naïve T cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s instructions. In brief, spleen mononuclear cells were labeled with a CD4+ T Cell Biotin-Antibody Cocktail, washed and incubated with anti-biotin microbeads. Non-CD4+ T cells were then magnetically depleted using the midiMACS separator. CD4+ T cells were collected and incubated with anti-CD62L microbeads. CD4+CD62L+ naïve T cells were sorted using the miniMACS separator. The purity of isolated naïve T cells were detected using flow cytometry.



Isolation of thymus and spleen CD4+GFP+ Treg cells

Thymus and spleen mononuclear cells of Foxp3GFP mice on E12.5 were isolated. CD4+ cells were enriched using a mouse CD4+ T cell isolation kit (Miltenyi Biotec) according to the manufacturer’s instructions, and CD4+GFP+ Treg cells were sorted by a FACSAria cell sorter (Becton Dickinson, Franklin Lakes, NJ, USA). In brief, the single-cell suspensions were labeled with a CD4+ T Cell Biotin-Antibody Cocktail, washed and incubated with anti-biotin microbeads. Non-CD4+ T cells were then magnetically depleted using the midiMACS separator. Subsequently, enriched CD4+ T cells were collected, and CD4+GFP+ Treg cells were sorted using the FACS-Aria cell sorter. The purity of isolated CD4+GFP+ Treg cells were analyzed using flow cytometry.



In vitro generation of spleen iTreg cells

Spleen CD4+CD62L+GFP- naïve T cells of Foxp3GFP mice were isolated. The cells (1 × 106/ml) were then cultured in the presence of 2.5 μg/ml anti-CD3 Ab (Biolegend), 1 μg/ml anti-CD28 Ab (Biolegend), 100 U/ml IL-2 (R&D Systems, Minneapolis, MN, USA), and 10 ng/ml TGF-β (R&D Systems) for 96 h in vitro. The ratio of CD4+GFP+ iTreg cells was detected using flow cytometry, and the iTreg cells were sorted for later experiments.



Flow cytometry

For Treg cell analysis, cells were incubated with fluorescence-conjugated Abs against CD45, CD3, CD4 and CD8 for 30 min at 4°C, and then washed and fixed in a fixation buffer. Cells were re-suspended in a permeabilization wash buffer and incubated with a fluorescence-conjugated Ab against Foxp3. Isotype controls were established using matched fluorescence-labeled isotype control Abs to account for nonspecific staining. Immunostained cells were analyzed on a FACS Fortessa flow cytometer (BD Biosciences, San Jose, CA, USA) using the FlowJo software (Ashland, OR, USA). The percentages of Foxp3+ cells in the CD45+CD3+CD4+CD8- cell population were analyzed.

For Foxp3GFP mice, cells were incubated with aforementioned fluorescently labeled Abs against CD45, CD3, CD4 and CD8 for 30 min at 4°C. Cells were washed and fixed in a fixation buffer. The percentage of GFP+ cells in the CD4+GFP+ cell population was analyzed. In selected experiments, cells were incubated with fluorescently labeled Abs against CD45, CD3, CD4 and CD8, CCR2 and CCR6. The expression of CCR2 and CCR6 on CD45+CD3+CD4+CD8-GFP+ cells was detected. For naïve T cell analysis, cells were mixed with fluorescently labeled Abs against CD45, CD3, CD4 and CD8, and CD62L for 30 min at 4°C. The percentages of CD45+CD3+CD4+CD62L+ cells in CD45+CD3+CD4+CD8- cells were analyzed.

For analysing intracellular factors, cells were incubated with fluoresence-conjugated Abs against CD45, CD3, CD4 and CD8 for 30 min at 4°C. Cells were washed, fixed, re-suspended in a permeabilization wash buffer, and incubated with fluorescence-conjugated Abs against IFN-γ and IL-17. Percentages of IFN-γ+ and IL-17+ cells in the CD45+CD3+CD4+CD8- cell population were analyzed. Fluorescence-conjugated Abs, matched fluorescence-labeled isotype control Abs, fixation buffer, and permeabilization wash buffer were all purchased from BioLegend. Flow cytometry Abs were summarized in Table 1.


Table 1 | Ab information.





mRNA levels of chemokines in the decidua by real time (RT)-PCR

The uteri of the non-pregnant mice, syngeneic and allogeneic pregnant mice on E13.5 were quickly removed and placed in liquid nitrogen and transferred to the -80°C refrigerator for later use. Total RNA was extracted from the uteri using Trizol extraction, and the content and purity of total RNA were determined by spectrophotometry. cDNA was obtained according to the instructions of the PrimeScript™ RT Reagent Kit with gDNA Eraser (Perfect Real Time) (TaKaRa, Beijing, China). The mRNA levels of ccl2, ccl7, ccl12,ccl17, ccl19, ccl20, ccl21, cxcl9, cxcl10 and cxcl11 in the deciduae were detected using PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, Foster City, CA, US) and QuantStudio fluorescent quantitative RT-PCR system (Thermo Fisher Scientific) with β-actin as the internal reference. The method of 2⁃△△Ct relative quantitation was used to compare the difference of target mRNA expression between groups. The primers of the chemokines were bought from Shanghai Shenggong Biological Company (Shanghai, China) and shown in the Table 2.


Table 2 | The primers for chemokines.





Protein levels of chemokines in the decidua by western blot

The uteri of the non-pregnant mice, syngeneic and allogeneic pregnant mice on E13.5 were collected and stored at -80°C. Tissue protein was extracted, and the bicinchoninic acid (BCA) Protein Quantification Kit (Thermo Fisher Scientific) was used to detect protein expression levels. The prestain protein marker and protein samples to be tested were loaded in the glue and electrophoresed, and then transferred to the PVDF membrane, and sealed by 5% skimmed milk. The membrane was then incubated with anti-mouse CCL2, CCL7, CCL12 and CCL20 Abs, washed and incubated with horseradish peroxidase (HRP)-coupled goat-anti-mouse secondary Ab IgG (H+L). The membrane was then washed, and hypersensitive chemiluminescence substrate (Thermo Fisher Scientific) was added for color exposure. Image J software (NationalnInstitutes of Health, Bethesda, MD, USA) was used to detect the gray value of the strip. The expression of target proteins CCL2, CCL7, CCL12 and CCL20 were analyzed semi-quantitatively using GAPDH as the internal reference protein. Western blot Abs were summarized in Table 1.



Chemotaxis experiments

Isolated thymus CD4+GFP+ Treg cells (1 × 105) were seeded in the upper chamber of a 24-well plate (5-μm pore; Sigma). A volume of 600 μl recombinated chemokines including 20 ng/ml CCL2, 500 ng/ml CCL7, 50 ng/ml CCL12 and 10 ng/ml CCL20 were loaded in the lower chamber, respectively. Basal culture medium in the lower chamber served as a negative control. After 24 h, cells in the lower chamber were collected. The numbers of CD4+GFP+ cells were calculated using flow cytometry. Migration index was expressed as fold change of the numbers of CD4+GFP+ cells relative to those isolated from basal culture medium controls. The assay was carried out in triplicate and repeated three times independently.



Statistical analysis

All statistical analyses were performed using SPSS 19.0 software (Chicago, IL, USA). Data were analyzed by one-way ANOVA with Bonferroni test among three or more groups, or independent Student’s t-test between two groups. Results were given as mean ± SD. A p value of < 0.05 was considered statistically significant between analyzed groups.




Results


Percentages of thymus, blood, spleen and LN Treg cells in syngeneic and allogeneic pregnancies

The percentages of thymus, spleen and LN CD4+Foxp3+ Treg cells in CD4+ T cells neither differ significantly among pregnant and non-pregnant groups, nor differ significantly between syngeneic and allogeneic mice from E4.5 to E19.5 (Figures 1A, C, D). However, as shown in Figure 1B, the proportions of blood CD4+Foxp3+ Treg cells in CD4+ T cells significantly increased in both syngeneic and allogeneic mice on E13.5 as compared with non-pregnant mice (p < 0.01 for both comparisons), while proportions of blood Treg cells at different gestational ages did not differ between syngeneic and heterogeneic pregnant mice.




Figure 1 | Percentages of thymus, blood, spleen and LN Treg cells in syngeneic and allogeneic pregnancies. A graphical summary of the percentages of thymus (A), blood (B), spleen (C) and LN (D) Treg cells is presented. Data are presented as mean ± SD (n = 6). *p < 0.01 vs the non-pregnant mice. NP, non-pregnant group; Syn, syngeneic pregnant group; Allo, allogeneic pregnant group.





Percentages of decidua Treg cells in syngeneic and allogeneic pregnancies

As shown in Figure 2, the percentages of decidua CD4+Foxp3+ Treg cells in both syngeneic and allogeneic mice significantly increased as the pregnancy progressed, peaked on E13.5, and then decreased till E19.5. The percentages of decidua Treg cells in allogeneic mice on E10.5, E13.5 and E16.5 were significantly higher than those in syngeneic mice (p < 0.01, respectively).




Figure 2 | Percentages of decidua Treg cells in syngeneic and allogeneic pregnancies. (A) One representative experiment of the percentages of decidua Treg cells in syngeneic mice (upper) and allogeneic mice (lower) is shown. Numbers indicate the percentages of Foxp3+CD4+ cells in CD4+ T cells (%). (B) A graphical summary of the percentages of decidua Treg cells is presented. Data are presented as mean ± SD (n = 6). *p < 0.01 vs the syngeneic mice. NP, non-pregnant group; Syn, syngeneic pregnant group; Allo, allogeneic pregnant group.





mRNA and protein levels of chemokines in the deciduae of syngeneic and allogeneic mice

As shown in Figure 3A, compared with non-pregnant group, levels of CCL2, CCL7, CCL12 and CCL20 mRNA in the deciduae significantly increased in both syngeneic mice (p < 0.01, p < 0.05, p < 0.05 and p < 0.01) and in allogeneic mice (p < 0.01, respectively). In addition, levels of CCL2, CCL7, CCL12 and CCL20 mRNA in the deciduae of allogeneic mice were significantly up-regulated compared with those of syngeneic mice (p < 0.05, p < 0.05, p < 0.05 and p < 0.01). However, levels of CCL17, CCL19, CCL21, CXCL9, CXCL10 and CXCL11 mRNA in the deciduae of pregnant mice did not differ significantly from non-pregnant mice (data not shown).




Figure 3 | mRNA and protein levels of chemokines in the deciduae of syngeneic and allogeneic mice. (A) Levels of CCL2, CCL7, CCL12 and CCL20 mRNA in the deciduae of syngeneic and allogeneic mice are shown (n = 6). (B) Levels of proteins CCL2, CCL7, CCL12 and CCL20 in the deciduae of syngeneic and allogeneic mice are shown. (C) One representative western blot experiment of the protein levels of CCL2, CCL7, CCL12 and CCL20 is shown. (D) Chemotactic effects of chemokines CCL2, CCL7, CCL12 and CCL20 on thymus Treg cells. Data are presented as mean ± SD (n = 6). *p < 0.01, #p < 0.05 vs the control group.



Since mRNA levels of CCL2, CCL7, CCL12 and CCL20 significantly increased in the deciduae of pregnant mice compared with non-pregnant mice, we analyzed protein levels of those chemokines in the decidua. As shown in Figures 3B, C, protein levels of CCL2, CCL12 and CCL20 in the deciduae of syngeneic mice (p < 0.05, p < 0.01 and p < 0.05) and allogeneic mice (p < 0.01, p < 0.01 and p < 0.05) were significantly higher than those of non-pregnant mice. In addition, the level of CCL12 in the deciduae of allogeneic mice significantly increased compared with that of syngeneic mice (p < 0.01). However, we did not find significant differences in CCL7 levels among the three groups (Figures 3B, C).



Chemotactic effects of chemokines CCL2, CCL12 and CCL20 on thymus Treg cells

In the case the mRNA levels of CCL2, CCL7, CCL12 and CCL20 in the deciduae significantly increased, we wondered whether those chemokines can attract thymus Treg cells into the deciduae by chemotactic experiments in vitro. As shown in Figure 3D, the migration indexes of CCL2, CCL7, CCL12 and CCL20 groups were all significantly increased compared with the control group without chemokines (p < 0.05, p < 0.01 and p < 0.01).



Expression of chemokine receptors CCR2 and CCR6 on thymus and blood Treg cells between syngeneic and allogeneic mice

Since mRNA and protein levels of CCL2, CCL12 and CCL20 in the decidua significantly increased in pregnant mice, we wanted to know levels of the receptors CCR2 and CCR6 of those chemokines on thymus and blood Treg cells. As shown in Figures 4A-C, compared with non-pregnant mice, while the expression of CCR2 on thymus Treg cells significantly up-regulated in syngeneic and allogeneic mice (p < 0.01 for both comparisons), the expression of CCR6 on thymus Treg cells significantly up-regulated in allogeneic mice (p < 0.01). In addition, the expression of CCR2 and CCR6 on thymus Treg cells significantly increased in allogeneic mice as compared to syngeneic mice (p < 0.01 for both comparisons). Similarly, as shown in Figures 4D-F, compared with non-pregnant mice, while the expression of CCR2 on peripheral blood Treg cells significantly up-regulated in syngeneic and allogeneic mice (p < 0.01 for both comparisons), the expression of CCR6 on peripheral blood Treg cells significantly up-regulated in allogeneic mice (p < 0.01). Besides, the expression of CCR2 (p < 0.01) and CCR6 (p < 0.05) on peripheral blood Treg cells significantly increased in allogeneic mice as compared to syngeneic mice.




Figure 4 | Expression of chemokine receptors CCR2 and CCR6 on thymus and blood Treg cells between syngeneic and allogeneic mice. (A) Representative flow cytometry experiments of the levels of CCR2 and CCR6 on thymus Treg cells are shown. Levels of CCR2 (B) and CCR6 (C) on thymus Treg cells are shown. (D) Representative flow cytometry experiments of the levels of CCR2 and CCR6 on peripheral blood Treg cells are shown. Levels of CCR2 (E) and CCR6 (F) on peripheral blood Treg cells are shown. Data are presented as mean ± SD (n = 6). NP, non-pregnant group; Syn, syngeneic pregnant group; Allo, allogeneic pregnant group.





Fetal antigen induced pTreg cell generation in vivo

In order to investigate the role of fetal antigen-specific pTreg cells in maternal-fetal tolerance, we first investigated whether pTreg could be induced from fetal antigen-specific naïve T cells using transgenic OT-II mice and fetal surrogate antigen mOVA. We demonstrated that pTreg cells were induced in vivo from mOVA-specific CD4+CD62L+GFP- naïve T cells, since transfusion of CD4+CD62L+GFP- naïve T cells that from OT-IIFoxp3GFP mice induced more CD4+GFP+ pTreg cells in the peripheral blood, spleens and deciduae of recipient mice than transfusion of naïve T cells from Foxp3GFP mice (p < 0.01, respectively) (Figure 5).




Figure 5 | Fetal antigen induced pTreg cell generation in vivo. (A) Representative flow cytometry experiments of in vivo generated CD4+GFP+ Treg cells from naïve T cells of female Foxp3GFP mice (upper row) or OT-IIFoxp3GFP mice (lower row) in the peripheral blood, spleens and deciduae of pregnant C57BL/6 mice mated to Act-mOVA mice are shown. Levels of in vivo generated CD4+GFP+ Treg cells in the peripheral blood (B), spleens (C) and deciduae (D) of pregnant C57BL/6 mice mated to Act-mOVA mice are shown. Data are presented as mean ± SD (n = 6). *p < 0.01 vs the control group.





Adoptive transfer of Treg cells inhibits DT-induced pregnancy loss in Foxp3GFP mice

In order to investigate the role of Treg cells in pregnancy, pregnant Foxp3DTR mice were i.p. injected with DT to deplete Treg cells to set a murine inflammatory abortion model. Our results showed that 3 consecutive injections of DT at the dosage of 60 μg/kg weight almost completely deplete body Treg cells as demonstrated by nearly no Treg cells in the thymi, blood, LNs, spleens and deciduae without obvious maternal morbidity or mortality. Treatment with DT did not change total fetuses, but markedly increased the ERR in Foxp3DTR mice (p < 0.01) (Figure 6), suggesting an important role of Treg cells in maternal-fetal tolerance.




Figure 6 | Adoptive transfer of Treg cells inhibits DT-induced pregnancy loss in Foxp3GFP mice. The number of total fetuses (A) and ERRs (B) were calculated. Data are presented as mean ± SD (n = 8). *p < 0.01, #p < 0.05. (C) A representative macroscopic view of fetuses from mice that received vehicle, DT, DT plus tTreg cells, DT plus spTreg cells, or DT plus iTreg cells is shown. spTreg, spleen Treg cells.



Meanwhile, we investigated whether thymus- or extrathymus-derived Treg cells play a role in pregnancy tolerance by adoptive transfer of Treg cells from different sources into DT-injected Foxp3DTR mice. As shown in Figure 6A, total fetuses did not differ among groups. Adoptive transfer of thymus (p < 0.01) or spleen CD4+GFP+ Treg cells (p < 0.01), or in vitro generated iTreg cells (p < 0.05) into DT-treated Foxp3DTR mice significantly decreased ERRs compared with DT-treated Foxp3DTR mice, which did not differ from those of vehicle-treated control mice (Figures 6B, C).



Effects of adoptive transfer of Treg cells on peripheral blood and decidua Th1 and Th17 cells in DT-treated Foxp3DTR mice

Since Th1 and Th17 cells play an important role in pregnancy loss (27), we wondered whether the immune tolerant effects by adoptive transfer of Treg cells were through inhibiting Th1 or Th17 cells. We found that treatment with DT significantly increased the percentages of peripheral blood IFN-γ+ cells and IL-17+ cells in CD45+CD3+CD4+ cells compared with controls (p < 0.01 for both comparisons, Figures 7A, B), indicating that deficiency of Treg cells increases systemic Th1 and Th17 cells. Compared with DT-treated Foxp3DTR mice, adoptive transfer of thymus or spleen CD4+GFP+ Treg cells significantly decreased the percentages of peripheral blood IFN-γ+ cells (p < 0.01 for both comparisons), which did not differ from those of vehicle-treated control mice (Figure 7A). In addition, compared with DT-treated Foxp3DTR mice, adoptive transfer of in vitro generated iTreg cells significantly decreased the percentages of peripheral blood IFN-γ+ cells (p < 0.01), which were still higher than those of vehicle-treated control mice (p < 0.01), and DT-treated Foxp3DTR mice with adoptive transfer of thymus Treg cells (p < 0.01) or spleen Treg cells (p < 0.05, Figure 7A).




Figure 7 | Effects of adoptive transfer of Treg cells on peripheral blood and decidua Th1 and Th17 cells in DT-treated Foxp3DTR mice. Representative flow cytometry experiments and levels of IFN-γ (A) and IL-17 (B) on peripheral blood CD4+ T cells are shown. Representative flow cytometry experiments and levels of IFN-γ (C) and IL-17 (D) on decidua CD4+ T cells are presented. Data are presented as mean ± SD (n = 6). *p < 0.01, #p < 0.05.



Similarly, treatment with DT significantly increased the percentages of decidua IFN-γ+ cells (p < 0.01) and IL-17+ cells (p < 0.05) in CD45+CD3+CD4+ cells compared with controls (Figures 7C, D), indicating that deficiency of Treg cells also increases maternal-fetal interface Th1 and Th17 cells. Compared with DT-treated Foxp3DTR mice, adoptive transfer of thymus and spleen Treg cells or in vitro generated iTreg cells significantly decreased the percentages of decidua IFN-γ+ cells (p < 0.01, respectively), which did not differ from those of vehicle-treated control mice (Figure 7C).Compared with DT-treated Foxp3DTR mice, adoptive transfer of thymus and spleen Treg cells or in vitro generated iTreg cells decreased the percentages of peripheral blood and decidua IL-17+ cells, but the differences did not reach statistical significance (Figures 7B, D).




Discussion

The genome of the fetus consists of both the tissue-specific antigens and paternally-inherited antigens (28). “Self”-antigens that are highly restricted to the fetus and placenta, are promiscuously expressed by medullary thymic epithelial cells under the control of Autoimmune Regulator (Aire) (29). Treg cells that circulate in mothers during pregnancy may be comprised of Tregs that are derived from the thymus as well as those are induced in the periphery. Exogenous fetal/placental antigens, including paternally-inherited major and minor histocompatibility antigens that differ between parents (30) may elicit elevated pTreg cells in the placenta. Indeed, significantly increased decidua Treg cells in allogeneic pregnant mice compared to syngeneic mice in our study suggests that at least part of increased decidua Treg cells may be derived from locally induced pTreg in response to fetus-specific paternally-inherited antigens in allogeneic mice. Similarly, scholars have reported that exogenous fetal/placental antigens induce the generation of pTreg in the decidua (25). In addition, extravillous trophoblast cells can induce Foxp3 expression in naive CD4+ T cells through a contact-independent manner, suggesting that a non-antigenic stimulation may induce pTreg cell generation in the decidua (31).

Most studies in mice agree that both syngeneic and allogeneic pregnancies involve early and local expansion of Treg cells, and an earlier and higher degree of expansion occurs in allogeneic pregnancies (16, 32, 33). In addition to locally induced pTreg cells in the decidua, up-regulated decidua Treg cells may also stem from tTreg cells since blood Treg cells in both syngeneic and allogeneic mice significantly increased at mid-gestation, and decidua Treg cells in syngeneic mice also significantly increased compared to non-pregnant mice. It has been reported that exposure of endometrium to seminal fluid induces expansion of Treg cells in the preimplantation mouse uterus (34). Accordantly, we found elevated Treg cells in the decidua as early as E4.5 in our study.

Until now, it has been difficult to directly prove the role of fetus-specific Treg cells in pregnancy tolerance due to the lack of direct manipulation of fetus-specific antigen (32). In our study, female C57BL/6 mice were mated to male Act-mOVA mice to generate a surrogate fetal antigen mOVA, which could be recognized by naïve T cells from OT-IIFoxp3GFP mice and induce the generation of pTreg cells in blood, spleens and deciduae. Similarly, Rowe et al. (35) have demonstrated that a substitute fetal antigen 2W1S55-66 induces Treg cell proliferation which remain resistant to the previous fetal antigen after delivery and rapidly expand in the second pregnancy. The progeny from C57BL/6 mice and BALB/C mice expresses peptide Eα55-66 derived from the MHC II molecule I-ED, which can be recognized by the TCR of transgenic TEa mice, and promote the transformation of T cells of TEa mice into Treg cells in a CNS1-dependent manner (25). Our results suggest that elevated decidua Treg cells could be derived from the transformation of naïve T cells in the decidua to pTreg cells after they recognize fetal antigens inherited from the father.

Part of increased decidua Treg cells may also originate from the recruitment of tTreg cells to the decidua. Elevated mRNA and protein levels of chemokines CCL2, CCL12 and CCL20 in the decidua and increased levels of chemokine receptors CCR2 and CCR6 on thymus and peripheral blood Treg cells indicates that Treg cells in the thymus could recruit to the decidua during pregnancy. We also found elevated mRNA but unchanged protein levels of CCL7 in the decidua of pregnant mice compared with non-pregnant mice in our study. The expression of CCL7 might be affected by various external and internal factors, including RNA interference, and showed no expression. In addition, our chemotaxis experiments have proved that chemokines CCL2, CCL12 and CCL20 do promote the migration of thymus Treg cells. Increased levels of decidual chemokines and chemokine receptors on thymus and peripheral blood Treg cells in allogeneic mice compared to syngeneic mice, suggests that paternally inherited antigens may also recruit tTreg cells to the decidua.

While pTreg cells play a role in maternal tolerance to the fetus (25), a possible role of central tolerance in pregnancy is less well understood and explored. Although CNS1-deleted transgenic mice were used to study the role of pTreg cells in pregnancy tolerance, deletion of the CNS1 region in Foxp3 did not completely abrogate Foxp3 induction (36). CNS1 deficiency in Foxp3 delays, but does not abrogate Treg cell selection (36). Therefore, we adoptively transferred of Treg cells from different sources into DT-injected Foxp3DTR mice to investigate their relative roles in maternal-fetal tolerance.

Interestingly, thymus Treg cells and spleen Treg cells that include thymus- and extrathymus-derived Tregs (12, 37) played a comparable role in decreasing DT- increased ERRs and IFN-γ levels in the blood and deciduae of Foxp3DTR mice. Unexpectedly, thymus Treg cells also had significant effects in suppressing immune activation in pregnancy. Indeed, it has been reported that pTreg cell deficiency induced by CNS1 depletion leads to a moderate increase of pregnancy loss in mice (25), indirectly indicating that tTreg cells may also play an important role in maternal-fetal tolerance.

Th17 cells are a newly discovered subset of Th cells different from Th1 and Th2 cells (38). They mainly secrete IL-17 and play an important role in pregnancy loss (27). In our study, transfer with thymus and spleen Treg cells, or iTreg cells decreased Th17 cells in DT-treated Foxp3DTR mice, but the differences did not reach statistical significance. Our data suggest that adoptive transfer of Treg cells may play a limited role in decreasing Th17 cells in DT-induced pregnancy loss model.

A number of studies have suggested that Foxp3+ Treg cells retain plasticity and can be “reprogrammed” into T helper cells under certain environmental conditions (39, 40). It has been demonstrated that in vitro induced iTreg cells have highly methylated Treg specific demethylation region (TSDR) and are prone to lose Foxp3 (41, 42). However, in our study, in vitro generated iTreg cells also demonstrated a role in inhibiting Treg cell deficiency-induced pregnancy loss, and blood and maternal-fetal immune activation. Since iTreg cells decreased ERRs and IFN-γ levels in the blood and decidua to an extent lower than thymus and spleen Treg cells, we consider that their effects may be weaker than those of tTreg cells and spleen Treg cells.

In conclusion, increased decidua Treg cells and DT-increased ERRs in Foxp3DTR mice suggest an immunosuppressive role of Treg cells in pregnancy. Elevated decidua Treg cells in pregnancy could be derived from the transformation of naïve T cells in the decidua to pTreg cells, or from the recruitment of tTreg cells to the decidua. The immune-suppression effects of tTreg cells and spleen Treg cells including both tTreg and pTreg cells are comparable. In vitro generated iTreg cells may also play a role in maternal-fetal tolerance, although the effects might be relatively weaker than those of tTreg cells and spleen Treg cells.
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Background

We developed a novel system for quantifying DNA damage response (DDR) to help diagnose and predict the risk of Alzheimer’s disease (AD).



Methods

We thoroughly estimated the DDR patterns in AD patients Using 179 DDR regulators. Single-cell techniques were conducted to validate the DDR levels and intercellular communications in cognitively impaired patients. The consensus clustering algorithm was utilized to group 167 AD patients into diverse subgroups after a WGCNA approach was employed to discover DDR-related lncRNAs. The distinctions between the categories in terms of clinical characteristics, DDR levels, biological behaviors, and immunological characteristics were evaluated. For the purpose of choosing distinctive lncRNAs associated with DDR, four machine learning algorithms, including LASSO, SVM-RFE, RF, and XGBoost, were utilized. A risk model was established based on the characteristic lncRNAs.



Results

The progression of AD was highly correlated with DDR levels. Single-cell studies confirmed that DDR activity was lower in cognitively impaired patients and was mainly enriched in T cells and B cells. DDR-related lncRNAs were discovered based on gene expression, and two different heterogeneous subtypes (C1 and C2) were identified. DDR C1 belonged to the non-immune phenotype, while DDR C2 was regarded as the immune phenotype. Based on various machine learning techniques, four distinctive lncRNAs associated with DDR, including FBXO30-DT, TBX2-AS1, ADAMTS9-AS2, and MEG3 were discovered. The 4-lncRNA based riskScore demonstrated acceptable efficacy in the diagnosis of AD and offered significant clinical advantages to AD patients. The riskScore ultimately divided AD patients into low- and high-risk categories. In comparison to the low-risk group, high-risk patients showed lower DDR activity, accompanied by higher levels of immune infiltration and immunological score. The prospective medications for the treatment of AD patients with low and high risk also included arachidonyltrifluoromethane and TTNPB, respectively,



Conclusions

In conclusion, immunological microenvironment and disease progression in AD patients were significantly predicted by DDR-associated genes and lncRNAs. A theoretical underpinning for the individualized treatment of AD patients was provided by the suggested genetic subtypes and risk model based on DDR.
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Background

Alzheimer’s disease (AD) is currently considered the most well-known form of dementia worldwide, as evidenced by the over-accumulation of extracellular amyloid plaque and the entanglement of neurofibrillary (1). The number of people with AD is positively correlated with advanced age, with more than 50 million people affected by AD (2). It is worth noting that most AD patients exhibit a poor prognosis with a median survival time of only 5-10 years due to a lack of early diagnose and effective treatment (3). Though some FDA-approved pharmacological treatments such as donepezil, rivastigmine, galanthamine, and other drugs have been used to prevent the progression of AD in the past decades (4, 5), the heterogeneity of AD patients limits the therapeutic efficacy of these drugs (6). Distinct molecular characteristics have been reported to be the main cause of AD heterogeneity, which is also closely related to the differences in clinical outcomes (7–9). Nonetheless, the potential molecular mechanisms underlying AD heterogeneity remain largely unknown. Therefore, to guide the individualized treatment of AD patients, it is necessary to clarify the heterogeneity of AD and accurately distinguish the molecular characteristics of each patient.

Genomic instability is one of the cardinal features of AD, and the DNA damage response (DDR) exerts an important role in maintaining genome integrity (10). DDR contains several well-coordinated processes, including the detection of DNA damage, the transduction of DNA damage signals, the promotion of DNA damage repair, the activation of cell cycle checkpoints, and the initiation of apoptosis when damage is irreversible (11). Intracellular DDR mechanisms enable cells to detect and repair DNA damage, and improper repair is one of the main causes of disease development and progression, including AD (12–14). Recent studies have shown that the accumulation of DNA damage is a well-recognized factor in aging and plays a vital role in the initiation of AD. It was found that DDR deficiency caused by mutations in DDR regulators, including BRAC1 occurs in the brain regions of AD and is implicated in the development of pathology (13). In addition, the breast cancer susceptibility gene 1, a DDR-associated gene, was found to accumulate in neurofibrillary tangles in AD brain. Its dysregulation is positively correlated with the pathogenesis of tauopathies (15, 16). DDR-related genes have been extensively studied in non-neural cancer tissues, but less is known in the nervous system. Therefore, it is imperative to comprehensively elucidate the expression patterns of DDR-related regulators and the potential molecular mechanisms of DDR in AD pathogenesis.

Long non-coding RNAs (LncRNAs) are a subclass of RNA molecules that are more than 200 nucleotides in length and are not translated into proteins. They are thought to be closely related to transcription, epigenetics, and post-transcriptional regulation (17). An increasing number of lncRNAs have been demonstrated to be participated in AD development and pathogenesis, and have been shown to serve as novel biomarkers for early diagnosis and effective therapeutic targets for patients with AD (18, 19). Several researchers demonstrated that lncRNAs also exert a protective role in promoting cell survival and preventing the development of various diseases via sustaining genomic stability. For example, as the upstream regulator of DDR, the lncRNA exerts a vital role in resisting heart failure via inhibiting the ataxia telangiectasia mutated (ATM)-DDR signaling pathway and increasing the activation of mitochondrial bioenergetics (20). Moreover, in the nervous system, the interaction of brain specific DNA damage-related lncRNA1 (BS-DRL1) with the chromatin protein HMGB1 induced by DDR can improve motor function and delay the degeneration of Purkinje cells in mice (21). In addition, another study also demonstrated that LncRNA Meg3 can function as the stabilizer of the DDR-related gene PTBP3 and participate in the maintenance of endothelial function (22). However, the role of lncRNA-mediated DDR signaling pathway in AD remains unknown and needs further exploration.

We thoroughly assessed the DDR expressional patterns in AD patients in our investigation. Data from single cells were used to visualize the DDR landscape of different cell types in AD. Weighted gene coexpression network analysis (WGCNA) was used to identify DDR-associated lncRNAs, and 154 AD patients were then classified into heterogeneous subtypes based on their clinical traits, biological behaviors, DDR levels, and immunological characteristics. The suitable lncRNAs connected to DDR were then chosen using four machine learning techniques, including least absolute shrinkage and selection operator (LASSO), support vector machine-recursive feature elimination (SVM-RFE), random forest (RF), and eXtreme Gradient Boosting (XGBoost). For AD patients at various risk levels, a scoring system was developed to determine their biological traits, immunological microenvironment, and prospective treatment medications. Overall, this research creatively clarified the link between DDR expression patterns and AD heterogeneity, offering novel perspectives on how to treat AD patients on an individual basis.



Materials


Bulk transcriptome data acquisition and pre-processing

The bulk AD transcriptome data were retrieved from the GEO (Gene Expression Omnibus, https://www.ncbi.nlm.nih.gov/geo/) database. GSE48350, GSE5281, and GSE28146 with lncRNAs and mRNAs data are based on the GPL570 platform, which included 173 normal and 80 AD brain tissue samples, 74 healthy brain tissues and 87 brain tissues from AD patients, 8 no-AD and 22 AD brain tissue samples, respectively (23–25). GSE122063 that mainly contained mRNAs data is based on the GPL16699 platform and included 44 normal and 56 AD brain tissues samples (26). In addition, we extracted mRNAs expressional data from 157 normal and 319 AD brain tissues samples from the GSE33000 dataset (built on the GPL4372 platform) (27). Since GSE48350 and GSE5281 datasets were combined based on the Combat function of “sva” R package (http://bioconductor.org/help/search/index.html?q=sva/) and a total of 8 abnormally expressed samples were removed (28). In addition, due to the high proportion of non-elderly samples identified in the normal group of the GSE48350 dataset, we chose the normal samples aged over 65 years for the further study. Eventually, a total of 150 normal and 161 AD brain tissues samples were obtained. While other three datasets GSE28146, GSE122063, and GSE33000 were selected as the validation sets. The raw data were log2-transformed and normalized according to the Robust Multiple Array Average (RMA) function of the “affy” R package http://www.bioconductor.org/help/search/index.html?q=affy/). Differential analysis was performed using the “limma” R package (http://www.bioconductor.org/help/search/index.html?q=limma/) and adjusted p-values (FDR) for DElncRNAs were determined. Genes with the value of |log2FC|>0.5 and FDR <0.05 between DDR subtypes or risk groups were determined as Differential expressed gene (DEGs).



Single-cell sequencing data processing

The single-cell transcriptome data (15 mild cognitive impairment (MCI)/AD and 44 normal CSF samples) were obtained from the GEO database (GSE200164). The expression matrix was normalized by the “NormalizeData” function of the “Seurat” package https://cran.r-project.org/web/packages/Seurat/index.html). Integrated datasets and batch elimination were generated with the IntegrateData function of the “Seurat” package. Subsequently, the combined object underwent principal component analysis (PCA) and uniform manifold approximation and projection (UMAP) analysis. The filtering of the cells was performed based on the following parameters: Cell count >3 cells, 200 genes <Cells with <5000 genes, and cells with fewer than 15% mitochondrial genes. A total of 34738 filtered cells were selected for further analysis. The top 4000 variably expressed genes were determined by the “FindVariableFeatures” function of the “Seurat” package. The “FindClusters” function was utilized to classify the cells into distinct clusters. Cell type annotation was performed based on the “Celltypist” Python package according to a prior study (29). Additionally, DEGs for each cell cluster were identified by utilizing the “FindAllMarkers” function with logfc.threshold = 0.25.



Establishment of a DDR score

A total of 200 DDR regulators were extracted according to previous studies (30, 31). Differentially expressed DDR regulators were visualized using a heatmap, and correlations between these DDR regulators were visualized using a gene network diagram drawn from the igraph package. Furthermore, a DDR score were estimated based on the differentially expressed DDR regulators via the Single-Sample Gene Set Enrichment Analysis (ssGSEA) or “Ucell” algorithms (32). Spearman described a correlation analysis between DDR scores and 28 infiltrated immune cells.



Cell communication analysis

The CellChat objects were created by the “CellChat” R package (https://www.github.com/sqjin/CellChat) (33) based on the UMI count matrix for each group (Normal and AD). The “CellChatDB.human” ligand-receptor interaction database was considered preference data. Cell-to-cell communication analysis was conducted using the default parameters set. CellChat objects from each group were combined using the “mergeCellChat” function to obtain a comparison of the total number of interactions and the strength of interactions. The visualization of the differences in the number or strength of interactions among distinct cell types between groups was achieved using the “netVisual_diffInteraction” function. Finally, we determined differential expression of signaling pathways using the “rankNet” function and visualized the distribution of signaling gene expression between groups using the “netVisual_bubble” and “netVisual_aggregate” functions.



Investigation of DDR-associated lncRNAs

The weighted gene coexpression network analysis (WGCNA) approach was employed to examine lncRNA modules associated with DDR score via the “WGCNA” R package (https://cran.rstudio.com/web/packages/WGCNA/) (34). Briefly, the expression landscapes of lncRNAs were selected as input data and converted into adjacency matrix to further establish unsupervised co-expression association. According to the scale-free topology criteria, the scale-free network was built based on the optimal soft threshold identified, followed by the constructed weighted adjacency matrix converted into a topological overlap matrix (TOM). Then, we employed a dynamic tree pruning algorithm to identify lncRNA modules of different colors in the hierarchical clustering tree. A LncRNA module that displayed the strongest correlation with the DDR score was finally screened and selected for further analysis.



Consensus clustering based on differentially expressed DDR

DDR-associated lncRNAs shared by the turquoise module, combined datasets, and GSE5281 were identified as AD-related lncRNAs, and DDR subtypes were developed using the k-means method implemented in the “ConsensusClusterPlus” R package (http://www.bioconductor.org/help/search/index.html?q=ConsensusClusterPlus/) (35) with the following parameters: resampling rate per iteration=80%, cluster classification = 2–8, repetitions = 1000, and Euclidean distance. The appropriate number of DDR subtypes was determined on the basis of the consensus score matrix, cumulative distribution function (CDF) curve, the relative change in the area of the CDF curve, and the consistency of the cluster score. The t-Distributed Stochastic Neighbor Embedding (tSNE) plot was applied for evaluating the stability of the clustering patterns.



Enrichment analysis and functional annotation

Kyoto Encyclopedia of Genes and Genomes (KEGG) Gene ontology (GO) enrichment analysis were performed using the previously described “clusterProfiler” R package (http://www.bioconductor.org/help/search/index.html?q=clusterProfiler/) (36). Gene ontology biological function, including biological processes (BP), molecular function (MF), and cellular component (CC). The p-values ​​were adjusted using the Benjamini-Hochberg method, and the adjusted p-values below 0.05 were considered statistically significant.

Gene Set Variation Analysis (GSVA) enrichment was conducted to evaluate the heterogeneity of a variety of biological processes and pathway activities using the “GSVA” R package (http://www.bioconductor.org/help/search/index.html?q=GSVA/) (37). Hallmark gene sets of “c2.cp.kegg.v7.4.symbols” and “c5.go.bp.v7.5.1.symbols” obtained from the Molecular Signatures Database (MSigDB, http://www.gsea-msigdb.org/gsea/msigdb/index.jsp ) were chosen as the preference gene sets of GSVA. Different molecular features were elucidated in DDR subtypes. Differences between biological functions and signaling pathways were calculated using the “limma” R package, and absolute t-values ​​with a GSEA score greater than 5 were considered statistically significant.

Furthermore, we performed gene set enrichment analysis (GSEA) based on the “clusterProfiler” R package to assess the differences in pathway activities. Normalized enrichment score (NES) were ranked, and adjusted p-values below 0.05 were considered statistically significant.



Evaluation of the immune microenvironment

The immune infiltrating levels were conducted using ssGSEA https://github.com/GSEA-MSigDB/ssGSEA-gpmodule), MCPcounter https://github.com/ebecht/MCPcounter), xCell https://xcell.ucsf.edu/), ABIS https://github.com/giannimonaco/ABIS) and ESTIMATE (https://cibersortx.stanford.edu/) algorithms according to previously described (38). Briefly, the proportions of a variety of immune cells in each sample were assessed using global marker genes, and the above algorithms were applied for calculating fractional enrichment or relative abundance for each immune cell subset. The Wilcoxon rank-sum test was employed to evaluate the differences in immune infiltration levels between groups. A heatmap was utilized to visualize the abundance of immune infiltration for each AD sample under distinct algorithms. Additionally, immune scores were calculated using the “ESTIMATE” R package to further estimate the immune microenvironment of patients with AD. Finally, the expression levels of 60 immunoregulatory genes such as antigen presentation, cell adhesion, co-inhibitor, co-stimulator, ligand, and receptor were described to explore the differences in immune competence between groups.



Screening of characteristic lncRNAs based on machine learning

Four distinct machine learning algorithms, including LASSO, SVM-RFE, RF, and the XGBoost model were conducted to predict the DDR-associated characteristic lncRNAs on the basis of “glmnet” (https://cran.r-project.org/web/packages/glmnet/index.html) “e1071” (https://cran.r-project.org/web/packages/e1071/index.html), “caret” https://cran.r-project.org/web/packages/caret/index.html), “Boruta” https://cran.r-project.org/web/packages/Boruta/index.html), and “xgboost” (https://github.com/dmlc/xgboost) packages. In the LASSO model, the final coefficients of the important variables were finally determined based on the optimal penalty parameter λ through five cross-validations (39). The Boruta-based identification of significant lncRNA signatures was performed using the following parameters: (300 iterations and p-value less than 0.01). After excluding the insignificant variables, those remaining Boruta-based lncRNA signatures were fitted to the RF model by the “caret” R package and ranked according to the calculated lncRNA importance. The SHAP values were employed to interpret the XGBoost model via the “SHAP” (https://github.com/pablo14/shap-values) R package. These four machine learning models were conducted with default parameters based on 5-fold cross-validation to avoid over-fitting. All the brain tissue samples enrolled in the combined datasets were randomly split into a training set (70%) and a verification set (30%). The results of the four machine learning algorithms were then intersected to determine the final characteristic lncRNA. The diagnostic performance was assessed using the area under the receiver operating characteristic curve (AUC) on the basis of the “pROC” (https://cran.r-project.org/web/packages/pROC/) R package.



Construction of a nomogram and a risk model based on DDR-related lncRNAs

The distinctive lncRNAs associated with DDR were then applied for generating a predicted nomogram based on the “rms” (https://cran.r-project.org/web/packages/rms/index.html) package. A calibration curve was made to figure out how accurate the nomogram was. Using the “ggDCA” (https://cran.r-project.org/web/packages/ggDCA/index.html) R package, the results of a decision curve analysis (DCA) were employed to measure and evaluate the nomogram’s clinical performance.

DDR riskScore were calculated using the characteristic lncRNA signature coefficients generated by the LASSO machine learning model: riskScore = Σi Coefficientsi × Expression level of lncRNAi (i represents the each lncRNA symbol that was included in the risk scoring model). All patients with AD can be classified according to their risk score. Finally, AD samples with a risk score below or above the median were divided into the low-risk group and the high-risk group. Finally, based on the obtained DDR-related lncRNAs, a risk score model was constructed to classify 154 AD patients with high- and low-risk groups in the combined dataset. An external dataset GSE5281 was employed to verify the applicability of risk estimation.



Prediction of potential therapeutic drugs

Connectivity map (CMap) analysis is a widely utilized approach to predict treatments for patients based on similar gene expression profiles (40). In this study, the drug signature data retrieved from the CMap database was chosen as the preference drug information, and the top 150 up-regulated and 150 down-regulated genes in AD patient with high-risk and low-risk, respectively, were selected as input data. Based on the using the eXtreme Sum (XSum) algorithm, we then compared the similarity of gene expression and drug signatures and calculated the CMap scores to assess therapeutic potential in distinct risk patients.



Other statistical analysis

All statistical analyses and visualizations were performed using R 4.1.0 software. Spearman’s correlation analysis was used to clarify the relationship between two continuous variables. The Wilcoxon sum-rank test or t-test was used to compare the difference of continuous variables between two groups. Comparisons of non-continuous variables between the two groups were made using the chi-square test. Binary categorical variables were predicted by ROC curve analysis. FDRs were calculated according to the Benjamin-Hochberg method to adjust p-values, and a two-sided p-value below 0.05 was considered to be statistically significant.




Results


The role of DDR-related genes in patients with AD

A detailed flow chart of the research process is shown in Figure 1. After excluding aberrant brain tissues samples, we merged the expression patterns of the normal and AD brain tissues from the GSE48350 and GSE5281 datasets, yielding 150 normal and 161 AD brain tissues. Brain tissues from various platforms displayed considerably diverse clustering patterns before batch effects were removed, but they grouped together after batch correlation (Additional file: Figures S1A, B). Normal individuals had a mean age of 81.58 years (SD: 8.85), and 65 (43.3%) subjects were females. Interestingly, AD patients exhibited a mean age of 82.47 years (SD: 7.64), and 83 (49.7%) of which were females. The differences in age and sex between the normal and AD groups were not statistically significant (Additional file: Figures S1C, D). Of the 200 DDR-related regulatory genes obtained in previous studies, 179 genes were expressed in the AD-related combined dataset. Abnormal expression profiles of 51 DDR regulators were observed in AD brain tissues when compared with those in normal group, suggesting a marked difference in biological behavior between AD patients and healthy subjects. The heatmap displayed the expression landscape of 51 differentially expressed DDR-related genes between healthy individuals and patients with AD. Among them, RECOL, CUL4A, PARP4, HES1, FANCE, OGG1, XRCC2, UNG, PPP4R2, POLN, PER3, HUS1, DDB2, DCLRE1C, and BLM were found to be dramatically increased in AD brain tissue samples, while a significant decrease in the expression levels of other 36 genes including UBE2N, CCNH, RAD51C, XRCC5 and et al. was observed in AD group relative to normal group (Figure 2A). Functional annotation analysis revealed that these differentially expressed DDR regulators were primarily enriched in DNA damage repair-associated progresses, including nucleotide-excision repair, double-strand break repair, DNA recombination, transcription factor TFIIH core complex, and DNA-directed 5’-3’ RNA polymerase activity (Additional file: Figure S1E). In addition, KEGG analysis suggested that some human disease, genetic information processing-associated signaling pathways, cell cycle, and cytosolic DNA-sensing pathways were closely related to these DDR regulators (Additional file: Figure S1F). To systemically elucidate the relationship between the 51 differentially expressed DDR regulators, we grouped these genes into three types and generated a regulatory network showing the interactions among these DDR-related genes, most of which showed substantial associations. For example, UBE2N and PARP2, also from cluster A, presented a significant synergistic effect (coefficient = 0.645), whereas the same cluster B-associated DDR regulators, such as HES1 andRAD51C, exhibited a highly antagonistic effect (coefficient = -0.418). Additionally, Furthermore, a strongest positive correlation was detected between PARP2 and UBE2V2 (coefficient = 0.738). Conversely, PARP2 and OGG1 possessed the dramatic negative correlation (coefficient = -0.513) (Figure 2B). Subsequently, to further illustrate the relationship between DDR and AD, we calculated the DDR score for each sample using the ssGSEA algorithm based on the differentially expressed DDR regulators. Interestingly, we found AD patients exhibited significantly lower DDR score relative to non-AD individuals in the combined dataset (Figure 2C), which was consistent with the results from the other three external validation datasets, GSE33000, GSE122063, and GSE28146 (Figures 2D–F). These results indicated that the interactions among these DDR-regulated genes may play a major role in preserving genomic integrity, while the dysregulation of DDR may be the vital factor leading to AD progression. Furthermore, we further described the correlation patterns between DDR and 28 infiltrated immune cell subsets (Figure 2G). The lower DDR score represented a superior levels of immune cell infiltration, suggesting the synergistic effects of low DDR scores and highly infiltrated immune cells may promote the progression of AD.




Figure 1 | The study flow chart.






Figure 2 | Estimation of DDR regulators between AD and healthy individuals. (A) Comparison of the expression profiles of abnormal DDR regulators across AD and non-AD brain tissues in combined dataset using a heatmap. As examples of annotations, age and sex were displayed. (B) Interactions among 51 DDR regulators. The circle size serves as a representation of how each individual variable affected AD, and the Benjamini-Hochberg method is used to modify the p-value. Different colors indicating that DDR regulators are grouped into distinct clusters. The interactions are represented by each line joining the DDR regulators, and the thickness of each line reflected the intensity of the link. Blue denotes a negative correlation, whereas red denotes a positive connection. (C–F) The DDR scores of AD and non-AD brain tissues are compared in the combined datasets (C), GSE33000 (D), GSE122063 (E), and GSE28146 (F) respectively. (G) The relationship between 28 immune cell subtypes and the DDR score in combined dataset. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





Analysis of DDR at the level of single-cell

To investigate the differences in DDR activity of various infiltrated immune cells in AD, we performed an in-depth analysis of public single-cell sequencing data related to cognitive impairment. A total of 70391 sorted cells from 15 MCI/AD and 44 normal CSF samples were grouped into 12 clusters, and seven cell types were finally annotated, including T cells (n=55435) identified by the expression of CD3D, B cells (n=224), marked by MS4A1, DC (n=9749) which expressed the HLA-DRA, ILC (n=2406) marked by KLRD1, pDC (n=738) identified by LILRA4, macrophages (n=354) which were positive for C1QB, monocytes (n=1485) defined by their classical marker S100A9 (Figures 3A–C). Cell type fractions of each group revealed a decreased percentage of all cell types in the cognitive impairment (CI) group (Figure 3D). The heatmap exhibited the expression patterns of top 15 marker genes for each cell subtype (Figure 3E). We then calculated the DDR score of each cell using the “UCell” algorithm, the results suggested that cells with a higher DDR score were primary enriched in normal samples, especially in the regions of T and B cells (Figures 3F–H), which was consistent with the results of bulk transcriptomic analysis.




Figure 3 | Characteristic of DDR at the single-cell level. (A, B) The UMAP projection of 70391 single cells from 15 MCI/AD patients and 44 control subjects, showing the formation of 12 main clusters (A), which were further annotated as seven cell types, including T cells, B cells, DC, ILC, pDC, macrophages, monocytes (B). Each dot corresponds to one single cell, colored according to cell cluster. (C) Representative UMAP plots showing the expression levels of marker genes representing seven cell subtypes in 70391 cells from both normal and cognitively impaired CSF samples. (D) A stacked bar chart showing the fractions of each cell type in normal and CI groups, respectively. (E) A heatmap displaying the distribution of top 15 differentially expressed genes specific to different cell subtypes. Blue colors denote down-regulation, whereas red colors denote up-regulation. (F) Difference of DDR score based on the UCell algorithm across 70391 single cells were illustrated using UMAP plots. (G) Representative violin plots displaying the differences in DDR score between control and CI groups. (H) Representative violin plots displaying the differences in DDR score among seven distinct cell types. (I, J) UMAP plot showing clusters (I) and annotated subtypes (J) of CSF T cells. (K) UMAP plot exhibiting the distribution of DDR score based on the UCell algorithm across distinct T cell subtypes. (L) Representative violin plots exhibiting the differences in DDR score among six distinct T cell subtypes. ***p < 0.001, ****p < 0.0001.



Since T cells accounted for the largest proportion, we next further explored the expression of DDR in distinct T cell subsets. The T cells were extracted and reanalyzed, and a total of 12 clusters were identified, which were annotated as six T cell subtypes, including 761 MAIT cells identified by SLC4A10, 1779 regulatory T cells which were represented as FOXP3, 13904 Tcm/Naive helper T cells marked by CCR7, 14876 Tem/Effector helper T cells defined by TIMP1, 22822 Tem/Trm cytotoxic T cells marked by GZMK, and 1132 Type 1 helper T cells marked by CXCR6 (Figures 3I, J, Additional file, Figure S2A). All six major cell types were presented significant difference between control and CI samples (Additional file, Figure S2B). The UCell algorithm results revealed that DDR scores were upregulated to varying degrees in all T subtypes except Tcm/Naive helper T cells (Figures 3K, L).



Cell–cell interactions within the progression of cognitive impairment

Subsequently, we conducted the CellChat analysis to explore cell-cell interactions during the progression of cognitive impairment. The interaction numbers and strength strengthened from normal to cognitive impairment. In particular, macrophages, ILC, and pDC cells exhibited stronger interaction numbers and interaction strengths with other cell types in the CI group relative to the normal group. While DC cells and B cells communicated frequently with monocytes and pDC cells in the normal group (Figures 4A, B). Specific pathways were then identified between the control and CI groups by comparing the interaction strengths of each pathway. Signaling pathways such as ANNEXIN, CD70, FLT3, BTLA, and CD40 were particularly active in cognitively impaired patients. However, the control individuals exhibited a relative greater activity of TGFb, VISFATIN, and RESISTIN signaling pathways. For example, the impairment of the TGFb and ANNEXIN signaling pathway in CI patients was primarily reflected in the reduction of monocytes (senders) and DC cells (receivers) and ILC (receivers) interactions, while the frequent communication between B cells (senders) and T cells (receivers) lead to the increment of the CD70 signaling pathway in CI group (Figure 4C, Additional file: Figures S2C–H). In addition, the strong communication probabilities between T cells and other cell types, including DC, ILC, macrophages, and pDC binding CD4 and FPR1 IL16 via ANXA1were observed in cognitively impaired CSF samples. However, the communication between CD40LG and ITGAM+ITGB2 and ITGA5+IRGB1 was unique to CI group (Figure 4D).




Figure 4 | Intercellular communication difference between Normal and AD single cells. (A, B) Bar and circle charts showing the differences in the number of interactions (left) or strength of interactions (right) in the network of cell-cell communication between normal and CI groups. Thicker lines representing stronger interactions, and red or blue colors representing greater or decreased signaling in AD patients when compared with normal group, respectively. (C) Stacked plots exhibiting the differences in intercellular signaling pathways between CI and normal groups. Orange and green colors denote up-regulated signaling pathways in normal and CI samples, respectively. (D) Dot plot indicating the difference in signaling molecules from T cells to other immune cells between normal and cognitively impaired CSF samples.





Investigation of DDR-associated long non-coding RNAs

To further elucidate the regulatory patterns of DDR, we conducted the WGCNA approach and screened DDR-associated lncRNAs on the basis of the expression profiles of lncRNAs in the combined dataset. Next, according to the optimal soft threshold β, we applied a hierarchical clustering algorithm to the samples of the clustering dendrogram, and thus obtained ten lncRNA co-expression modules with different colors. Among them, the magenta module exhibited the most powerful link with DDR score (R= -0.77) (Figure 5A). Following intersection, 33 common DDR-associated lncRNAs were finally screened (Figure 5B). The DDR-lncRNA co-expression network generated is visualized in Figure 5C. The heatmap exhibited the diverse expression patterns of 33 DDR-associated lncRNAs between controls and patients with AD, of which 31 were found to be markedly reinforced in AD patients, whereas the expression profiles of the other 2 DDR-associated lncRNAs were observed to be substantially enhanced in healthy individuals (Figure 5D).




Figure 5 | Identification of DDR-associated lncRNAs. (A) Heatmap representing the association between 10 modules with DDR score. (B) The intersecting DDR-associated lncRNAs shared by the magenta module and the DElncRNAs in the combined dataset were shown in a venn diagram. (C) The Sankey diagram exhibiting the correlation between differentially expressed DDR regulators and 33 lncRNAs. (D) Comparison of the expression profiles of 33 DDR-associated lncRNAs across AD and normal brain tissues in combined dataset using a heatmap. **p < 0.01, ***p < 0.001, ****p < 0.0001.





Identification of DDR subtypes in AD patients

On the basis of the expression landscape of 33 DDR-related lncRNAs, a consensus clustering algorithm was used to classify AD samples into different subtypes, each with a qualitatively different DDR regulatory status. The higher the consensus matrix score, the more likely it was to be in the same group (Figure 6A). In addition, the smoother the center of the CDF curve, the clearer the sampling distribution. Ultimately, combining the relative changes in the area under the CDF curve and consistent clustering score results, a total of 167 AD patients were grouped into two subtypes, including 74 cases of C1 and 93 cases of C2 (Additional file: Figure S3). The tSNE analysis revealed significant differences in the distribution of AD patients between the C1 and C2 clusters (Figure 6B). Interestingly, DDR C2 showed a lower DDR score relative to DDR C1 (Figure 6C), suggesting a lack of DDR regulation in patients with DDR C2. However, the age and gender distribution were not statistically different between DDR C1 and DDR C2 subtypes (Figures 6D, E). A heatmap illustrated that these DDR-related lncRNAs were notably different between distinct DDR clusters, and most lncRNAs were upregulated in DDR C2 (Figure 6F).




Figure 6 | Identification of DDR subtypes using a consensus clustering algorithm. (A) The consensus clustering matrix of DDR subtypes is depicted based on the consensus clustering methodology. (B) The DDR C1 and C2 samples are differentiated using the t-SNE diagram. (C) A comparison of the DDR score in AD patients with DDR C1 and C2. (D, E) Age (D) and gender (E) distribution differences between AD patients with DDR C1 and C2. (F) Comparison of the expression profiles of 33 DDR-associated lncRNAs across DDR C1 and C2 subtypes in AD patients using a heatmap. *p < 0.05, **p < 0.01,  ****p < 0.0001.





Characterization of the molecular functions and pathways between DDR subtypes

We next attempted to illustrate the transcriptomic differences between these DDR subtypes using the DEG analysis, and a total of 2472 DEGs between these subtypes were screened (2859 up-regulation and 1856 down-regulation) (Additional file: Figure S4). Functional annotations based on the GSVA algorithm revealed that DDR C2 was mainly involved in myotube differentiation, activation of vascular endothelial growth factor receptor, intercellular junctions, neuron projection regeneration, cell cycle arrest, and immune responses. In contrast, DDR C1 was closely linked with the biological functions associated with mitochondrial and amino acid metabolism, tRNA and lysosomal transport, and protein localization (Figure 7A). Pathways enrichment analysis showed that DDR C2 was primarily driven by immune regulation, cytokine-cytokine interaction, and several classical signaling pathways, including JAK-STAT, P53, TGFβ, MAPK, and VEGF signaling pathway. Notably, DDR C1 predominantly regulated enriched pathways associated with metabolism, DNA replication, lysosome, gluconeogenesis, and RNA degradation (Figure 7B). Consistently, the results of GSEA indicated that the up-regulated pathways in DDR C2 were as follows: B cell receptor signaling pathway, cytokine-cytokine receptor interaction, JAK-STAT signaling pathway, natural killer cell mediated cytotoxicity, and Notch signaling pathway (Figure 7C). DDR C1 was characterized by the DNA replication, gluconeogenesis, lysosome, oxidative phosphorylation, and RNA degradation (Figure 7D). These results highlight the distinct molecular functions and pathways between subtype1 and subtype2.




Figure 7 | Analyses of functional enrichment in DDR subtypes. (A, B) The t-value of the GSVA scores is utilized to rank the differences in abundant biological functions (A) and characteristic signaling pathways (B) between DDR C1 and C2. (C, D) GSEA revealing the elevated (C) and downregulated (D) main pathways in patients with DDR C2.





Identification of the immune characteristics between DDR subtypes

To better elucidate the differences in immune microenvironment between DDR subtypes, we first comprehensively investigated the correlations between immune infiltrating levels. The heatmap of immune cell subsets based on the ssGSEA, MCPcounter, xCell, ABIS, and ESTIMATE algorithms method was illustrated in Figure 8A, which showed that the infiltrating levels of most types of immune cells were primarily distributed in DDR C2, such as B cells, T cells, dendritic cells, macrophages, natural killer cells, and neutrophils. Next, we further investigated the correlations between DDR phenotypes and various immune modulators and immune checkpoints. The results of the effect of DDR on the AD immune microenvironment revealed that the expression levels of co-stimulators, such as CD28 and CD80, in DDR C2 subtype was significantly increased. In addition, the increasing expressions of antigen presentation, cell adhesion, co-inhibitor, ligand, receptor, and other functions were also seen in DDR C2 subtype. While compared to DDR C2, DDR C1 exhibited the higher expression of CD274 and CX3CL1 (Figure 8B). Moreover, DDR C2 also exhibited a stronger ImmuneScore, which suggested a more powerful responsiveness to immunotherapy (Figure 8C). Based on the above results, we thought of DDR C2 as a subtype of the immune system and DDR C1 as a phenotype of metabolism.




Figure 8 | The immunological characteristics of different DDR subtypes. (A) Heatmap displaying the expression profiles of infiltrating immune cells across DDR C1 and C2 subtypes in AD patients based on the ssGSEA, MCPcounter, xCell, ABIS, and ESTIMATE algorithms. Age and gender are displayed as patient annotations. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (B) Heatmap displaying the expression profiles of immunoregulatory subgroup genes in DDR C1 and C2 patients with AD. Age and gender are displayed as patient annotations. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) A comparison of the immunological score between AD patients with DDR C1 and C2 subtypes.





Machine learning-based selection of characteristic DDR-associated lncRNAs

To further identify DDR-associated lncRNAs that can accurately diagnose AD, we utilized four well-known machine learning models, including LASSO, RF, SVM-RFE, and XGBoost to perform signature selection on the basis of the expression landscape of 33 DDR-associated lncRNAs. Using the LASSO classifier, the best lambda value of 0.0237 was fitted to the LASSO model, which proved to be the most accurate (Additional file: Figure S5A, B), eventually generating 15 DDR-associated lncRNAs with non-zero coefficients (Figure 9A). ROC curve analysis revealed that the AUC of the 15-lncRNA-based LASSO model was 0.745 in the training set and 0.743 in the test set (Figure 9B). Subsequently, we determined that the combination of 9 lncRNAs exhibited the highest accuracy in predicting AD initiation based on the SVM-RFE model (Additional file: Figure S5C), with a satisfactory AUC value in the training set (0.747) and the test set (0.759), respectively (Figure 9C). Next, we employed the Boruta feature selection algorithm and identified 14 tentative and important lncRNAs in total (Additional file: Figure S5D). These 14 signatures screened by the Boruta algorithm were incorporated into the RF model and achieved an AUC value of 1 in the training set and 0.731 in the test set (Figure 9D). The top ten most important lncRNAs associated with the RF model were determined according to the feature importance ranking (MALAT1, TBX2-AS1, MEG3, HCG18, JPX, PAXIP1-AS2, MUC20-OT1, FBXO30-DT, DAMTS9-AS2, and MIR23AHG) (Additional file: Figure S5E). Furthermore, for AD identification, the XGBoost classifier achieved AUCs of 1 and 0.778 in the training set and test set, respectively (Figure 9E). According to the weighted ranking of characteristic DDR-associated lncRNAs in the SHAP dependent analysis of the XGBoost model, the 10 lncRNAs that contributed the most to the XGBoost model were as follows: MALAT1, TBX2-AS1, MEG3, FBXO30-DT, JPX, DAPK1-IT1, MIR570HG, PAXIP1-AS2, SEPSECS-AS1, and ADAMTS9-AS2 (Additional file: Figure S5F). The higher the SHAP score of the DDR-associated lncRNAs, the higher the probability of AD. For example, in the XGBoost model, low MALAT1 feature values ​​correspond to inferior SHAP values ​​and are negatively associated with AD occurrence. In contrast, high feature values for MALAT1 resulted in positive SHAP values and an increment in AD risk. For more details on these 10 lncRNAs affecting XGBoost model predictions, see (Additional file: Figure S5G). Following intersection, FBXO30-DT, ADAMTS9-AS2, TBX2-AS1, and MEG3 shared by the LASSO, SVM-RFE, RF, and XGBoost algorithms were determined as the common DDR-associated lncRNAs (Figure 9F).




Figure 9 | Selection of characteristic lncRNAs associated with DDR based on multiple machine learning models. (A) The specific coefficient value of the 15 DDR-associated lncRNAs screened by the optimal lambda value using the LASSO algorithm. (B) The value of ROC curves for the 15-lncRNA-based LASSO algorithm in the training set and testing sets. (C) The value of ROC curves for the 9-lncRNA-based SVM-RFE algorithm in the training set and testing sets. (D) The value of ROC curves for the 14-lncRNA-based RF algorithm in the training set and testing sets. (E) The value of ROC curves for the XGBoost algorithm in the training set and testing sets. (F) Venn diagram displaying the intersection results of the LASSO, SVM-RFE, RF and XGBoost algorithms.





Establishment of a riskScore model and nomogram

These four distinct DDR-associated lncRNAs were used to calculate DDR-related riskScore using their corresponding LASSO model coefficients: riskScore = (-0.188478 × FBXO30-DT) + (0.117249 × ADAMTS9-AS2) + (0.129318 × TBX2-AS1) + (0.320641 ×MEG3). Subsequently, the diagnostic efficacy of riskScore and clinical characteristics (age and gender) in predicting AD progression in the combined dataset was estimated using ROC curve analysis. The ROC curve-based prediction model had an AUC value of 0.712, an age of 0.558, and a gender of 0.455, with AD patients exhibiting a significantly higher riskScore (Figures 10A, B). These results suggested that the riskScore can predict AD progression more accurately than classic clinical indicators. A constructed nomogram consisting of gender, riskScore, and age demonstrated the satisfactory prediction outcomes of these features in diagnosing AD (Figure 10C), and the calculated calibration curve proved the robustness of our nomogram (Figure 10D). In addition, the DCA demonstrated the riskScore-based nomogram to be clinically beneficial (Figure 10E).




Figure 10 | Construction and validation the diagnostic efficacy of riskScore. (A) ROC curves displaying the diagnostic efficacy of riskScore and classic clinical indicators in the combined dataset. (B) Comparison of riskScore across AD and normal brain tissues in the combined dataset. (C) Establishment of a predictive nomogram consisting of riskScore, age, and gender. (D) Calibration curve displaying the predicted efficacy of a predictive nomogram. (E) DCA showing the clinical benefits of a predictive nomogram.





Clinical values and molecular pathways in the low- and high- risk groups

To comprehensively illustrate the DDR riskScore-related mechanisms in AD, we developed a risk model and classified 167 AD samples in total into low- and high-risk groups based on their median riskScore. The heatmap and violin plot exhibited the different expression patterns of these four DDR-associated lncRNAs between the low- and high-risk groups, with the reinforced expression levels of MEG3, TBX2-AS1, and ADAMTS9-AS2 in the high-risk group. Whereas a notable higher expression of FBXO30-DT was observed in the low-risk group (Figure 11A). The Sankey plot comprehensively depicted details of the different subtypes and proportions of clinical indicators in the low- and high risk groups. Higher DDR C2 subtype rates was found in the high-risk group, while gender and age distribution had no obvious difference between low- and high-risk groups (Figures 11B–D). Furthermore, by comparing DDR score levels between these two riskScore groups, it was shown that the DDR score was higher in the low-risk group relative to the high-risk group (Figure 11E). GSEA revealed that the high-risk group was predominantly participated in autoimmune disease, cytokine-cytokine receptor interaction, ECM receptor interaction, JAK-STAT signaling pathway, natural killer cell-mediated cytotoxicity, and neuroactive ligand receptor interaction (Figure 11F), while low-risk group was primarily regulated by the pathways associated with TCA cycle, DNA replication, oxidative phosphorylation, pentose phosphate pathway, pyrimidine and pyruvate metabolism, and RNA degradation (Figure 11G). To evaluate individualized clinical treatments for AD patients, we explored potential therapeutic agents for low- and high-risk populations separately using the CMap database. The top 5 drugs harboring individualized therapeutic potential for the low-risk group were as follows: W-13, XAH-6809, TTNPB, butein, and arachidonyltrifluoromethane (Figure 11H). While vorinostat, alsterpaullone, STOCKIN-35874, arachidonyltrifluoromethane, and TTNPB were the five most effective therapeutic drugs for AD patients at high risk (Figure 11I). In particular, arachidonyltrifluoromethane and TTNPB had the lowest CMap scores in the low- and high-risk groups, respectively, revealing the best therapeutic benefit in AD patients at different risks.




Figure 11 | Construction and molecular characteristic of a risk model. (A) Heatmap displaying the expression profiles of 4 characteristic lncRNAs associated with DDR between low- and high-risk AD patients. Age, sex, and DDR subtypes were exhibited as patient annotations. (B) The sankey diagram illustrating the association between riskScore, DDR subtypes, age, and gender. (C, D) Age (C) and gender (D) distribution differences between AD patients at low and high risk. (E) Comparison of the DDR score in low- and high-risk AD patients. (F, G) GSEA revealing the elevated (F) and downregulated (G) main pathways in patients at low and high risk. (H, I) CMap study displaying the top 5 prospective treatment medicines for patients at low (H) and high (I) risk.





Differences in the immune microenvironment and therapeutic drugs between distinct AD risk patients

The landscape of infiltrating cells in low- and high-risk groups was also explored based on the ssGSEA, MCPcounter, xCell, ABIS, and ESTIMATE algorithms. Higher infiltration levels of multiple immune cell subtypes, such as B cells, T cells, macrophages, natural killer cells, and neutrophils were observed in the high-risk group (Figure 12A). Moreover, immune-modulators and immune checkpoints differ significantly between patients at different risk for AD. For example, immune genes associated with antigen presentation (HLA-DQB2 and MICB), cell adhesion (ICAM1), co-inhibitor (CD276 and PDCD1LG2), co-stimulator (CD28), ligand (CD40LG, CD70, CXCL10, CXCL9, IL10, IL13, IL2, IL4, TGFB1, VEGFA, and VEGFB), receptor (BTLA, CD27, CD40, IL2RA, LAG3, PDCD1, TIGIT, TNFRSF14, TNFRSF18, and TNFRSF4) and other immune-modulators (GZMA and PRF1) were markedly higher in high-risk group. In contrast, low-risk patients only displayed excessive expression of HMGB1 relative to high-risk patients with AD (Figure 12B). Additionally, a significant weakness of ImmuneScore could be observed in the low-risk group, suggesting a poor responsiveness to immunotherapy (Figure 12C). Correlation analysis also demonstrated that a higher riskScore was positively correlated with most types of immune cells and revealed a superior infiltration levels of immune (Figure 12D).




Figure 12 | The immunological characteristics in AD patients at low and high risk. (A) Heatmap displaying the expression profiles of infiltrating immune cells between low- and high-risk AD patients based on the ssGSEA, MCPcounter, xCell, ABIS, and ESTIMATE algorithms. Age, gender, and DDR subtypes are displayed as patient annotations. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (B) Heatmap displaying the expression profiles of immunoregulatory subgroup genes in AD patients at low and high risk. Age, gender, and DDR subtypes are displayed as patient annotations. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Comparison of the immunological score in low- and high-risk AD patients. (D) The correlation between 28 immune cell subtypes and the riskScore.






Discussion

Currently, due to the heterogeneity of AD, patients exhibit distinct response rates and clinical outcomes, and little progress has been made in individualizing AD therapy. Therefore, comprehensively elucidating the heterogeneity of AD would help us better understand AD pathology and find out more appropriate treatment strategies. Recent research has demonstrated that excessive DNA damage and a defective DNA damage response are closely related to the early phases of AD neuropathology, and that enhanced Aβ production in neural progenitor cells may be the key pathogenic mechanism (12, 13, 41).. According to another study, in stressful circumstances, DDR downstream factors promote cell cycle arrest to protect neurons from death, whereas persistent activation of DDR can lead to progressive senescence in surviving neurons and eventually the onset of neurodegenerative disorders (42). These studies suggest that DDR is a prime candidate for enhancing AD prediction, despite the fact that comprehensive multi-omics research on AD are still incredibly uncommon.

Herein, we first systematically explored the relationships between DDR and AD heterogeneity. A total of 179 DDR regulators were enrolled in our study on the basis of previously published literatures, and 51 of which were abnormally expressed in AD patients, demonstrating that the dysregulated DDR might play a crucial role in promoting the initiation of AD. Previous study has reported that phosphorylated p53-induced DDR is markedly reduced in AD brain (41). Consistently, our transcriptomic and single-cell analysis demonstrated a decreased DDR score in patients with AD relative to controls. Interestingly, we innovatively found a lower DDR score was positively associated with the activation of most types of immune cells, including macrophages, memory B cells, effector memory CD8+ T cells, central memory CD4+ and CD8+ T cells, natural killer cells, and neutrophils, pointing out that the interaction of a decreased DDR score with the activation of immune responses may be a novel mechanism contributing to the poor prognosis in AD. Currently, the regulatory role of lncRNAs in DDR has attracted a growing amount of attention. Due to the extensive relationship between lncRNAs and the canonical DDR pathway, DDR-mediated lncRNA expression provides a regulatory mechanism that precisely regulates the expression of DDR-related genes spatially and temporally (43). Mechanistically, DNA damage alters the expression of various lncRNAs, including the regulation of transcription and post-transcription, and RNA degradation (44). On the other hand, lncRNAs are able to alter the expression levels of their target genes through four regulatory modes, including signal, decoy, guide, and scaffold, which in turn directly regulate cellular processes associated with DDR (45, 46). In our current study, we determined a total of 51 DDR-related lncRNAs based on the WGCNA algorithm, all of which exhibited significant differences between AD patients and healthy individuals, suggesting their various roles in patients with AD.

Single-cell analysis is superior in providing insights into the heterogeneity of molecular content and phenotypic characteristics among complex cell populations of different diseases, and has been widely utilized in medical research (47–49). In our transcriptional analysis, the DDR score was shown to be significantly decreased in cognitively impaired patients and was negatively correlated with immune infiltration levels. Therefore, we further conducted single-cell analysis to depict the landscape of DDR score in CI patients. Consistent with transcriptional results, CI samples exhibited a relative lower DDR score. In addition, T cells and B cells in normal samples displayed markedly activated DDR levels compared with other immune cells. Targeting the DDR damage response through enhanced T-cell activation has been reported to be employed in antitumor therapy (50, 51). Thus, we elucidated the relationship between DDR and T cells at the single-cell level, which may partly provide innovative insights for the clinical treatment of AD. Future studies need to further explore the specific role of DDR in different T-cell subsets. On the other hand, we estimated the interaction strength and numbers of immune cells in CI samples, which showed that macrophages, ILC, and pDC cells exhibited notably strong interactions with other cell types in the CI group. Subsequently, the underlying ligand-receptor interactions were further explored, and the stronger intercellular communications, including IL-16-CD4, CD40LG-(ITGAM+ITGB2), CD40LG-(ITGA5+ITGB1), and ANXA1-FPR1 were exhibited in cognitively impaired patients. Overall, our study deeply elucidated that intricate connections within immune cells are a vital factor in the progression of AD.

We have defined two patterns based on 51 co-expressed lncRNAs related to DDR, each exhibited notably different biological functions and pathways, and immune microenvironment. DDR C2 was primarily driven by immune response-related functions and pathways, accompanied by an increment in the proportion of infiltrated immune cells and the expression of immune modulators. Notably, the immune C2 subtype was often related to lower levels of DDR score. Recent studies have demonstrated the close association between DDR and the immune response. Ionizing radiation-induced activation of DDR is the major cause contributing to the interference of immune microenvironment, thus reducing the anti-tumor effect of radioimmunotherapy (52). Moreover, DDR deficiency was considered an important determinant in promoting tumor immunogenicity (53), suggesting that targeting DDR could serve as a potential therapeutic strategy to promote anti-tumor immune responses. In addition, human adenovirus-mediated immune escape is largely associated with the impairment of interferon (IFN) and DDR responses, including the inhibition of the Mre11-Rad50-Nbs1 complex and DNA ligase IV (54). However, whether there are DDR-mediated immune alterations in AD patients is largely unknown. In our current study, we comprehensively estimated the immune profile of DDR C1 and C2 patients, and found most types of immune cells were primarily distributed in DDR C2, including B cells, T cells, dendritic cells, macrophages, natural killer cells, and neutrophils. These innate and adaptive immune cells play a crucial role in promoting the over-accumulation of amyloid beta, the initiation of tau pathology, and neuroinflammation, eventually leading to the AD progression (55–57). Furthermore, multiple types of immune modulators, including antigen presentation, cell adhesion, co-inhibitor, co-stimulator, ligand, and receptor-related genes were also predominant in DDR C2. It has been reported that human leukocyte antigen (HLA) super families are key members involved in adaptive immunity and enable to trigger the initiation of AD-like neuropathy through activating antigen presentation (58, 59). Other classical immune checkpoint inhibitors, ICAM1, CCL5, and CTLA-4, are also targets of immunotherapy (60–62), suggesting their great therapeutic potential in diseases. Overall, we innovatively defined DDR C2 as an immune subtype, suggesting that immunotherapy targeting DDR could achieve superior efficacy in AD patients with the C1 subtype.

We identified a 4-DDR-related lncRNA signature based on the multiple machine learning algorithms, including FBXO30-DT, TBX2-AS1, ADAMTS9-AS2, and MEG3. As the newest member of the lncRNA family, the role of FBXO30-DT in disease progression remains unknown. Bioinformatics analysis and an external validation experiment revealed that TBX2-AS1 is a member of the M2 tumor-associated macrophages-associated gene family, and the dysregulated expression of TBX2-AS1 could be observed in ovarian cancer, indicating a significant correlation between TBX2-AS1 and the prognostic survival of patients with ovarian cancer (63). ADAMTS9-AS2 is identified as the novel tumor suppressor and could serve as a tumor biomarker in non-small cell lung cancer (64). The upregulated ADAMTS9-AS2 functions as a competing endogenous RNA for miR-143-3p that pretects ITGA6 from miRNA-mediated degradation, thereby promoting the metastasis of salivary adenoid cystic carcinoma by activating the PI3K/Akt and MEK/Erk signaling pathways (65). In contrast, the deficiency of ADAMTS9-AS2 is positively correlated with poor overall survival in patients with ovarian cancer by elevating the proliferation and invasion of tumor cells (66). However, it is regrettable that the relationship between these three characteristic lncRNAs and the pathological progress of AD has not been reported. Interestingly, MEG3 overexpression exacerbates cerebral ischemia-reperfusion injury, but improves cognitive impairment and alleviates pathological damage in AD patients (67, 68). In our current study, the constructed ROC curves, nomograms, calibration curves, and DCA demonstrated that the riskScore based on the 4-DDR-related lncRNA signature can predict AD progression more precisely than individual variable. In total, these findings indicated that the upregulation of a 4-DDR-related lncRNA signature might be closely linked to a poor prognosis in AD patients.

We therefore divided patients with AD into low- and high-risk groups based on the constructed riskScore. Similarly, the high-risk group was defined as the immune phenotype, corresponding to a higher rate of DDR C2 subtype and lower levels of DDR score, while the low-risk group exhibited the opposite effect. Low levels of DDR score in the high-risk group may imply a weaker capacity of DNA repair, which was positively correlated with the increase of the immune responses-mediated pathway. The increment of immune score, infiltrated immune cells, and immune modulators suggesting that high-risk immune phenotype could benefit strongly from immunotherapy. In addition, we further estimated the potential therapeutic drugs targeting AD patients with different risks using the CMap analysis and found that arachidonyltrifluoromethane and TTNPB may exert most effective therapeutic efficacy for AD patients in low-risk and high-risk groups, respectively. As a retinoic acid mimetic, TTNPB has been shown to promote neuronal differentiation via reinforcing the activities of RARα and RARγ, thus exerting neuroprotective effects (69). Arachidonyltrifluoromethane, a cPLA2 inhibitor, plays a vital role in attenuating lysosomal membrane permeabilization, inhibition of autophagy, and neuron death, eventually providing neuroprotective and anti-neuroinflammatory effects (70). In our study, the developed risk model not only aids in the implementation of immunotherapy, but also serves as a critical reference for individualized treatment and precision medicine in Alzheimer’s disease patients.

To the best of our knowledge, we were the first to comprehensively assess DDR expression patterns in Alzheimer’s disease patients. However, several limitations need to be emphasized: 1) The current research is retrospective, and only a limited sample size could be obtained from public databases. Further multicenter prospective studies need to be carried out to verify our results. 2) The expression landscape of mRNA was based on microarray datasets, and the results were not as stable as those from in vivo or in vitro experiments. 3) Larger AD sample sizes with more prognostic and therapeutic information should be taken into account to determine the clinical utility of AD patients with distinct molecular subtypes and riskScore.



Conclusions

In conclusion, our research showed that the progression of AD and DDR regulators are tightly related. Additionally, we discussed the DDR levels in AD patients at the single-cell level. Furthermore, based on the lncRNAs related with DDR, we developed a unique molecular classification. Different DDR expression patterns, biological traits, and immunological characteristics were exhibited in two subtypes, and the DDR C2 subtype may respond favorably to immunotherapy. Furthermore, we developed a DDR-related risk model to precisely predict the clinical outcomes of AD patients based on the 4-DDR-related lncRNA signature (FBXO30-DT, TBX2-AS1, ADAMTS9-AS2, and MEG3) screened by the various machine learning algorithms. Finally, it was determined that arachidonyltrifluoromethane and TTNPB were promising treatments for AD patients with low and high risk, respectively. Overall, our findings facilitate to design individualized treatments for AD patients and offer new insights into the heterogeneity of AD based on DDR regulators.
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Introduction

Dysregulated macrophage polarization (excessive M1-like or limited M2-like macrophages) in the early decidua contributes to allogeneic fetal rejection and thus early spontaneous abortion. However, the modulators of M1/M2 balance at the early maternal-fetal interface remain mostly unknown.





Methods

First-trimester decidual tissues were collected from normal pregnant women undergoing elective pregnancy terminations and patients with spontaneous abortion. We measured the expression of placental growth factor (PlGF) and Fms-like-tyrosine-kinase receptor 1 (FLT-1), and characterized the profiles of macrophages in decidua. Notably, we investigated the effect of recombinant human PlGF (rhPlGF) on decidual macrophages (dMφs) from normal pregnancy and revealed the underlying mechanisms both in vitro and in vivo.





Results

The downregulated expression of PlGF/ FLT-1 may result in spontaneous abortion by inducing the M1-like deviation of macrophages in human early decidua. Moreover, the CBA/J×DBA/2 abortion-prone mice displayed a lower FLT-1 expression in uterine macrophages than did CBA/J×BALB/c control pregnant mice. In in vitro models, rhPlGF treatment was found to drive the M2-like polarization of dMφs via the STAT3/CEBPB signaling pathway. These findings were further supported by a higher embryo resorption rate and uterine macrophage dysfunction in Pgf knockout mice, in addition to the reduced STAT3 transcription and C/EBPβ expression in uterine macrophages.





Discussion

PlGF plays a key role in early pregnancy maintenance by skewing dMφs toward an M2-like phenotype via the FLT-1-STAT3-C/EBPβ signaling pathway. Excitingly, our results highlight a rationale that PlGF is a promising target to prevent early spontaneous abortion.





Keywords: placental growth factor, Fms-like-tyrosine-kinase receptor 1, decidual stromal cells, decidual macrophage polarization, spontaneous abortion, early pregnancy





Introduction

During early pregnancy, decidual stromal cells (DSCs) provide immune privilege by secreting a series of chemokines, cytokines, and growth factors, and thus participate in embryo implantation and placental development (1). On the one hand, DSCs ensure that the maternal-fetal interface is abundantly populated by immune-suppressive cells, including specialized decidual natural killer (dNK) cells, decidual macrophages (dMφs), T helper 2 (Th2) cells, and regulatory T cells (Tregs) (2–8). On the other hand, DSCs limit the accumulation and function of Th1 and cytotoxic T cells in the decidua by silencing Cxcl9, Cxcl10, Cxcl11, and Ccl5 (9, 10). Aberrant DSCs may induce a prolonged and disordered proinflammatory response, which may lead to adverse pregnancy outcomes such as early spontaneous abortion (1, 11, 12).

As the second largest population in decidual immune cells (DICs), dMφs participate in several physiological processes which are essential for a successful pregnancy, including maternal immune tolerance (9). With its high plasticity and heterogeneity, dMφs undergo dynamic and highly regulated changes throughout pregnancy (13). It has been reported that dMφs exhibit a mixed M1/M2 profile with M2-predominance since trophoblasts attach to maternal decidua, and this pattern runs through the first trimester (14). However, the modulators of M1/M2 balance in the early decidua remain mostly unknown.

Placental growth factor (PlGF), a member of the vascular endothelial growth factor (VEGF) family, is a pivotal regulator for the onset and maintenance of early pregnancy and secreted by DSCs, trophoblast cells, and dNK cells (15–17). Up to the present, Fms-like-tyrosine-kinase receptor 1 (FLT-1) is the only known signaling receptor for PlGF in humans and expresses on endothelial cells, osteoclasts, smooth muscle cells, fibroblasts, angiogenesis-competent myeloid progenitors, tumour cells, T cells, and monocyte/macrophage lineage cells (18–20). PlGF/FLT-1 is best known for its involvement in placental angiogenesis and maternal spiral arteries remodeling via regulating physiological activities of endothelial cells during early pregnancy (18, 21, 22). Notably, FLT-1 also expresses on macrophages, and PlGF plays a modulatory role in the differentiation and maturation of human dendritic cells (23). However, the action of PlGF in macrophage polarization is rarely investigated. In this study, we focus on the effect of PlGF on the polarization of dMφs and reveal the potential relationship between decreased PlGF secretion and early spontaneous abortion.





Materials and methods




Human samples

Decidual tissues were collected from women with normal pregnancy (undergoing elective terminations, n=85) and spontaneous abortion (n=31) at 6-10 weeks of gestation. All subjects were confirmed by ultrasound. We excluded the spontaneous abortion with infection, chromosomal abnormality, anatomic defects, glucose metabolism disorders, thyroid dysfunction, or potential autoimmune diseases (where the anti-phospholipid antibodies or antinuclear antibodies were positive). The demographic and clinical characteristics of women with normal pregnancy and spontaneous abortion are summarized in Supplemental Table 1. All decidual samples were immediately kept in ice-cold sterile DMEM/F12 medium (HyClone) and transported to the laboratory for further processing within 30 min after the operation.





Mice

Female CBA/J mice (RRID : IMSR_JAX:000656), male DBA/2 mice (RRID : IMSR_JAX:000671), male BALB/cJ mice (RRID : IMSR_JAX:000651) and wildtype C57BL/6NJ mice (RRID : IMSR_JAX:005304) were purchased from Jackson Laboratory. After adaptive feeding, female CBA/J mice were mated to male BALB/c or DBA/2 mice to establish the models of normal pregnancy (CBA/J × BALB/c, n=5) or spontaneous abortion (CBA/J × DBA/2, n=6). The fertilized eggs of C57BL/6 mice were microinjected with Cas 9/guide RNA complexes targeting at exons 2, 3, and 4 of the murine Pgf, incubated in a 5% CO2 incubator at 37°C until the two‐cell stage, and then transferred to foster mothers. Then the F1 heterozygotes were generated by the backcrossing of genome‐modified F0 generation mice with wild‐type mice, and confirmed by qRT-PCR. To avoid the confounding effect of embryonic genotype, the heterozygotes were mated with wild-type mice to generate pregnant mice in the experimental group (Pgf-/+ females × wild-type males, n=24) and control group (wild-type females × Pgf-/+ males, n=26).





Primary cell isolation, purification, and culture

As previously described, human DICs and DSCs were isolated from decidual tissues, and murine uterine immune cells were isolated from uterine tissues at embryonic day 8.5 (24). Human dMφs were then purified from DICs using Anti-CD14 MicroBead Kit (Miltenyi, Cat #130-0490601). The purity of CD45+ DICs (above 98%), Vimentin+CD45- DSCs (above 98%), CD45+CD14+ dMφs (above 95%), and CD45+ murine uterine immune cells (above 98%) were validated by flow cytometry (FCM) analysis. The primary isolated cells were cultured in RPMI 1640 (HyClone) or DMEM/F12 (HyClone) medium containing 10% fetal bovine serum (FBS, Gibco, Australia) in 5% CO2 at 37°C.





Cell line

The human epithelial cell line 293-T was purchased from American Type Culture Collection (ATCC, CRL-3216) and cultured in DMEM (HyClone) medium containing 10% FBS (Gibco, Australia) in 5% CO2 at 37°C.





Immunohistochemistry

Human decidual tissues were labeled with rabbit anti-PlGF (Abcam) for immunohistochemical staining as previously described (24). Specifically, the formalin-fixed decidual tissues were dehydrated in ethanol, embedded with paraffin, and cut into slices. After the deparaffinization and rehydration, the sections were pretreated with sodium citrate buffer (0.01M, pH=6.0) for antigen retrieval, followed by blocking the endogenous peroxidase activity with 3% H2O2 and 5% bovine serum albumin. Then, the sections were incubated with rabbit anti-PlGF antibodies (1:100, Abcam), or rabbit IgG overnight at 4°C. After washing with PBS, the sections were incubated with secondary antibody for 30min at room temperature, labeled with 3,3’-diaminobenzidine, and counterstained with hematoxylin.





Quantitative real-time PCR

Total RNA was extracted using the TRIzol reagent (Invitrogen) and then reverse-transcribed into cDNA using the PrimeScript RT Master Mix (Takara). The qRT-PCR analysis was performed using the TB Green Premix EX Taq II (Takara) and the CFX96 Real-Time system (Bio-Rad). The primer sequences are shown in Supplemental Table 2. Each sample was analyzed in triplicate. Relative mRNA levels were normalized to GAPDH.





Enzyme-linked immunosorbent assay

After 48-hour culture of freshly isolated DSCs, the concentration of PlGF was measured by Human PlGF Quantikine ELISA kit (R&D Systems) according to the manufacturer’s instructions.





FCM

For FCM analyses, cells were incubated with monoclonal antibodies (Supplemental Table 3) according to the manufacturers’ instructions. Intracellular and intranuclear staining was performed after the fixation and permeabilization with Fixation/Permeabilization Solution Kit (BD Pharmingen) and Transcription Factor Buffer Set (BD Pharmingen) respectively. FCM was performed using Beckman-Coulter CyAN ADP Analyzer (Beckman-Coulter) and analyzed by FlowJo software (version 10.0, TreeStar).





Dual-luciferase reporter assays

With the help of the JAS-PAR database, we predicted the binding site of the CEBPB promoter to STAT3 and introduced mutations in the predicted site. 293-T cells were seeded in 24-well plates (2×105 cells per well) and cotransfected with STAT3-overexpression or vector plasmids, wild-type or mutant CEBPB promoter-reporter plasmids, and TK promoter-Renilla plasmids (GeneChem Co.) using Lipofectamine 2000 (Invitrogen). After 48 hours of transfection, dual-luciferase reporter assays were performed with the dual-luciferase reporter assay kit (Promega) according to the manufacturer’s instructions. The primer sequences are shown in Supplemental Table 4.





Statistical analysis

Continuous variables are shown as mean ± SEM. The statistical comparison between two groups was performed using t-test when they are normally distributed or Wilcoxon test if not. The correlation analysis of two continuous variables was performed by the Spearman correlation analysis. All analyses were conducted with IBM SPSS statistics 25.0. A two-tailed P-value < 0.05 was considered statistically significant.





Ethics

All procedures of this study were approved by All participants provided informed consent as part of the protocols approved by the Research Ethics Committee of the Second Affiliated Hospital, Chongqing Medical University (Chongqing, China, #2020-150). And all animal procedures were approved by the Animal Care and Use Committee of Chongqing Medical University.






Results




The reduction of PlGF/FLT-1 expression in the decidua from early spontaneous abortion

To investigate the possible role of DSC-derived PlGF in the maintenance of early pregnancy, we firstly analyzed the expression of PGF in DSCs from normal pregnancy and spontaneous abortion during early pregnancy. In comparison with normal pregnancy, DSCs from spontaneous abortion showed a weaker staining of PlGF in the cytoplasm (Figure 1A). Furthermore, a markedly lower PlGF secretion in DSCs from spontaneous abortion was demonstrated by ELISA (Figures 1B). These results suggest that the decreased level of DSC-derived PlGF may be related to spontaneous abortion.




Figure 1 | The expression of DSC-derived PlGF and its receptor FLT-1 in the early decidua. (A) Immunohistochemistry analysis of PlGF expression in the decidua from normal pregnancy (ctrl) and spontaneous abortion (n=3). Original magnification: ×200. (B) The level of PlGF secreted by DSCs (1×105 cells per well) from normal pregnancy (ctrl) and spontaneous abortion (n=8) by ELISA at 48 hours after culture. (C) Flow cytometry (FCM) analysis of FLT-1 expression in decidual macrophages (dMφs) from normal pregnancy (ctrl) (n=6) and spontaneous abortion (n=6). (D) The qRT-PCR analysis of FLT-1 expression in dMφs from normal pregnancy (ctrl, n=4) and spontaneous abortion (n=4). (E) FCM analysis of FLT-1 expression on uterine macrophages (uMφs) from CBA/J×BALB/c control pregnant mice (n=5) and CBA/J×DBA/2 abortion-prone mice (n=6) in the first trimester. Data were analyzed by Student’s t-test and shown as mean ± SEM. *P < 0.05, ***P < 0.001, and ****P < 0.0001. Ctrl, control.



FLT-1 is the only known signaling receptor for PlGF in humans and expresses on macrophages (18). We then investigated the expression of FLT-1 on dMφs in the first trimester. Interestingly, with the help of FCM, FLT-1+ macrophages were found in the early decidua and a prominent reduction of FLT-1+ dMφs was observed in patients with spontaneous abortion when compared with normal pregnancy (16.65 ± 1.06% vs. 44.83 ± 1.47%) (Figure 1C). The mRNA level of FLT1 in dMφs from patients with spontaneous abortion was also lower than that of normal pregnancy (Figure 1D). Consistent with this, CBA/J×DBA/2 abortion-prone mice displayed fewer FLT-1+ uterine macrophages than did CBA/J×BALB/c control pregnant mice (25.63 ± 2.39% vs. 42.10 ± 1.63%) (Figure 1E). These findings indicate that the reduction of PlGF/FLT-1 expression in decidua may result in early spontaneous abortion.





The decreased PlGF/FLT-1 expression contributed to the imbalance of M1/M2 paradigm at the maternal-fetal interface in early spontaneous abortion

We further characterized the profiles of macrophages in the early decidua from normal pregnancy and spontaneous abortion. A higher M1/M2 ratio of dMφs was demonstrated in spontaneous abortion, which manifested a higher expression of M1-associated markers (CD86, CD80, and IL-1β) and lower expression of M2-associated markers (CD209, CD206, IL-10, and TGF-β1 (Figure 2A). As previously described, a significant reduction of FLT-1+ dMφs was observed in early spontaneous abortion. Interestingly, compared to the FLT-1- subtype, FLT-1+ dMφs in the early decidua exhibited an M2-like profile, with a higher expression of M2-associated markers (CD209 and IL-10) and a lower expression of M1-associated markers (CD86) (Figure 2B). Thus, we hypothesized that the reduction in FLT-1+ dMφs might be associated with the imbalance of M1/M2 in spontaneous abortion. To confirm this, we assessed the expression levels of M1- and M2-associated markers in primary dMφs treated with rhPlGF for 48 hours. As shown in Figure 2C, the rhPlGF-polarized (100 ng/mL) dMφs exhibited an M2-like profile, with an increased expression of CD209 and IL-10, as well as a decreased expression of CD86. Also, the enhancing effect on CD209 expression was found in primary dMφs treated with rhPlGF at the concentration of 50 ng/mL, and the suppressing effect on CD86 expression was found at the concentrations of 50 ng/mL and 200 ng/mL (Figure 2C). However, the expression of other M1- and M2-associated markers (CD206, CD80, TGF-β1, and IL-1β) remained unaltered after rhPlGF treatment (data not shown). These data suggest that the decreased PlGF/FLT-1 expression may participate in early spontaneous abortion by inducing the M1-like deviation of dMφs.




Figure 2 | The decreased PlGF/FLT-1 expression contributed to the imbalance of M1/M2 paradigm at the maternal-fetal interface in early spontaneous abortion. (A) Flow cytometry (FCM) analysis of immune profiles (the expression levels of CD209, CD206, CD86, CD80, IL-10, TGF-β1, and IL-1β) in decidual macrophages (dMφs) from normal pregnancy (n=5) and spontaneous abortion (n=5). (B) The expression levels of CD209, CD86, and IL-10 in FLT-1− (n=5) and FLT-1+ dMφs (n = 5) by FCM analysis. (C) The MFI levels of CD86, CD209, and IL-10 in dMφs by FCM analysis after 48 hour treatment with recombinant human PlGF (rhPlGF) at gradient concentrations (5 independent experiments). Data were analyzed by Student’s t-test, Wilcoxon rank-sum test, paired t-test, or Wilcoxon matched-pair signed-ranks test, and shown as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ctrl, control; MFI, mean fluorescence intensity.







PlGF promoted the M2-like polarization of dMφs via the STAT3-C/EBPβ signaling pathway

Previous studies revealed that the stimulation of FLT-1 by PlGF leads to the activation of downstream signaling molecules, including STAT3, PI3 kinase (PI3K), and p38 MAP kinase (p38 MAPK) (25, 26). To identify the downstream pathway through which PlGF drives the M2-like polarization of macrophages in the early decidua, we analyzed the profiles of rhPlGF-polarized dMφs following the pretreatment with selective inhibitors of STAT3 (AG490), PI3K (LY294002) or p38 MAPK (PD169316). Notably, the expression changes of CD209, IL-10, and CD86 caused by rhPlGF treatment (100 ng/mL) were only almost abrogated by AG490, a STAT3 inhibitor (Figure 3A). As is known, STAT3 forms homodimers by tyrosine phosphorylation at position 705, which is essential for the transcriptional function of STAT3 (27). Moreover, the transcriptional activity of STAT3 can also be enhanced by serine phosphorylation at position 727 (28). We further assessed the phosphorylation status of STAT3 at tyrosine 705 (Tyr 705) and serine 727 (Ser727) in primary dMφs treated with rhPlGF. Compared with the control, the rhPlGF-polarized (100 ng/mL) dMφs showed a significantly higher tyrosine phosphorylation level of STAT3 at position 705 (Figure 3B), while a similar serine phosphorylation level at position 727 (data not shown). In addition, the rhPlGF-promoted STAT3 phosphorylation was profoundly inhibited by AG490 (Figure 3B). These results suggested that PlGF may drive the M2-like polarization of dMφs by up-regulating the phosphorylation level of STAT3 at Tyr 705 and enhancing the transcriptional activity of STAT3.




Figure 3 | PlGF drived the M2-like polarization by promoting STAT3 phosphorylation at Tyr 705 in macrophages from early decidua. (A) The MFI levels of CD209, CD86, and IL-10 in decidual macrophages (dMφs) by flow cytometry (FCM) analysis after 48 hour treatment with recombinant human PlGF (rhPlGF, 100 ng/mL) following 1 hour pretreatment with AG490 (10 μM), LY294002 (10 μM) or PD169316 (10 μM) (5 independent experiments). (B) The phosphorylation level of STAT3 at tyrosine 705 (Tyr 705) in dMφs by FCM analysis after 48 hour treatment with rhPlGF (100 ng/mL) following 1 hour pretreatment with AG490 (10 μM) (4 independent experiments). Data were analyzed by paired t-test or Wilcoxon matched-pair signed-ranks test, and shown as mean ± SEM. *P < 0.05, and NS no statistically difference. MFI, mean fluorescence intensity.



To investigate the mechanism underlying PlGF-mediated dMφ polarization, we explored whether rhPlGF regulated the expression of key transcription factors involved in the M2-like polarization of macrophages. The mRNA level of CEBPB remarkably increased in rhPlGF-treated (100 ng/mL) dMφs compared to the control (Figure 4A). However, the transcription level of other transcription factors remained unaltered, including PPARGC1A, PPARGC1B, IRF4, IRF5, STAT1, and STAT6 (Figure 4B). Then we observed that the rhPlGF treatment (100 ng/mL) also elevated the C/EBPβ level in dMφs (Figure 4C). Furthermore, a positive correlation was found between the expression level of C/EBPβ and the phosphorylation level of STAT3 at Tyr 705 in rhPlGF-treated (100 ng/mL) dMφs (Figure 4D; Table 1). It was noteworthy that the promoting effect of rhPlGF on the expression of CEBPB at both mRNA and protein levels was abrogated by AG490 pretreatment (Figures 4A, C). Finally, the dual-luciferase reporter assay revealed an increased luciferase activity with the co-transfection of STAT3 overexpression and wild-type CEBPB promoter-reporter plasmids, which was completely blocked by the mutations of the CEBPB promoter in its predicted binding site to STAT3 (Figure 4E). These data indicated that rhPlGF promotes the M2-like polarization of dMφs via the STAT3-C/EBPβ signaling pathway.




Figure 4 | PlGF promoted the M2-like polarization via the STAT3-C/EBPβ signaling pathway. (A) The qRT-PCR analysis of CEBPB expression in decidual macrophages (dMφs) after 48 hour treatment with recombinant human PlGF (rhPlGF, 100 ng/mL) following 1 hour pretreatment with AG490 (10 μM) (4 independent experiments). (B) Relative mRNA levels of PPARGC1A, PPARGC1B, IRF4, IRF5, STAT1, and STAT6 in dMφs after 48 hour treatment with rhPlGF (100 ng/mL) (3 independent experiments). (C) The expression level of C/EBPβ in dMφs by FCM analysis after 48 hour treatment with rhPlGF (100 ng/mL) following 1 hour pretreatment with AG490 (10 μM) (9 independent experiments). (D) The Pearson correlation analysis for the levels of C/EBPβ expression and STAT3 phosphorylation at Tyr 705 in rhPlGF-polarized (100 ng/mL) dMφs (n=7). (E) STAT3-overexpression or vector plasmids, wild-type or mutant CEBPB promoter-reporter plasmids, and TK promoter-Renilla plasmids were co-transfected in the 293T cells for 48 hours. The luciferase activity was measured and normalized to Renilla luciferase (9 independent experiments). Data were analyzed by paired t-test or Wilcoxon matched-pair signed-ranks test, and shown as mean ± SEM. *P < 0.05, **P < 0.01, and NS no statistically difference. ctrl, control; Mut, mutant; NC, negative control; Wt, wild-type.




Table 1 | The data for correlation analysis in Figure 4D.







The maternal PlGF deficiency may lead to uterine macrophage dysfunction and fetal loss in Pgf knockout mice

To validate the role of PlGF in the M2-like polarization of dMφs and the maintenance of early pregnancy in vivo, we constructed Pgf knockout mice. Unfortunately, we didn’t obtain Pgf-/- mice by mating heterozygotes, which was proved by the genotype detection. The genotypes of wild type (7/17), heterozygote (8/17) and homozygote (2/17) were detected at embryonic day 3.5, while only wild type (6/19) and heterozygote (13/19) at embryonic day 9.5. These results suggested the homozygous Pgf defect conferred embryo lethality. Compared to the control, the Pgf knockout pregnant mice showed a prominently higher embryo resorption rate at embryonic day 13.5 (Figure 5A), as well as a lower IL-10 production (Figure 5B), a lower STAT3 phosphorylation at Tyr 705 (Figure 5C), and a lower C/EBPβ expression (Figure 5D) in uterine macrophages at embryonic day 8.5. These data proved that the maternal PlGF deficiency may lead to the dysfunction of murine uterine macrophages and increase the risk of fetal loss. These findings further supported that PlGF promotes the M2-like polarization of dMφs via the STAT3-C/EBPβ signaling pathway during early pregnancy.




Figure 5 | The maternal PlGF deficiency leads to uterine macrophage dysfunction and fetal loss in Pgf knockout mice. (A) The embryo resorption rate in the control group (wild-type females × Pgf-/+ males, n=6) and experimental group (Pgf-/+ females × wild-type males, n=6) at embryonic day 13.5. (B) Flow cytometry (FCM) analysis of IL-10 expression on uterine macrophagesa in the control group (n=9) and experimental group (n=9) at embryonic day 8.5. (C) The expression level of STAT3 and the phosphorylation level of STAT3 at tyrosine 705 (Tyr 705) in uterine macrophages in the control group (n=9) and experimental group (n=6) by FCM analysis at embryonic day 8.5. (D) FCM analysis of C/EBPβ expression on uterine macrophages in the control group (n=4) and experimental group (n=4) at embryonic day 8.5. Data were analyzed by Student’s t-test or Wilcoxon rank-sum test, and shown as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. WT, wild-type.








Discussion

At the maternal-fetal interface, dMφs play an essential role in embryo implantation, maternal immune tolerance, vascular remodeling, fetal growth, and parturition initiation (9). All these functions rely on the ability of dMφs to differentiate into the classically activated M1-like phenotype or the alternatively activated M2-like phenotype in response to stimuli (29). Like Th1/Th2 cells, M1-like macrophages display pro-inflammatory functions, while M2-like macrophages have anti-inflammatory capacities (30). The polarization states of dMφs change dynamically throughout the whole period of pregnancy. At the very beginning, a mixed M1/M2 profile with M1-predominance is required for trophoblast invasion and embryo implantation (14). Since trophoblasts attaching to the maternal decidua, dMφs switch to an M2-predominance to sustain maternal immune tolerance and promote uterine vascular remodeling, then continue shifting toward the M2-like phenotype to support fetal growth after the completion of placentation, and again skew toward the M1-predominance to initiate parturition in the third trimester (13, 14, 31). Dysregulated macrophage polarization (excessive M1-like or limited M2-like macrophages) in the early decidua has been reported to be associated with allogeneic fetal rejection and finally lead to adverse pregnancy outcomes such as early spontaneous abortion (32–35). In line with previous findings, our study also revealed an inappropriate polarization pattern of dMφs in early spontaneous abortion, which was reflected by a lower expression of M2-associated markers (CD209, CD206, IL-10, and TGF-β1) and a higher expression of M1-associated markers (CD86, CD80, and IL-1β). Most importantly, we discovered that the level of PlGF secreted by DSCs and the level of FLT-1 (the only known signaling receptor for PlGF) in dMφs were significantly lower in spontaneous abortion than those in normal pregnancy. These findings indicate that the reduction of PlGF/FLT-1 in the early decidua may be associated with the dysregulated polarization of dMφs and spontaneous abortion in the first trimester. Moreover, a higher embryo resorption rate in Pgf knockout mice suggested that PlGF deficiency is a cause, rather than the outcome of spontaneous abortion.

As the finely regulated macrophage polarization is essential for the maintenance of early pregnancy, a growing body of studies have tried to investigate the modulators of macrophage polarization in the early decidua, including soluble HLA G5, M-CSF, Tim3, RANKL, and PD-1/PD-L1 axis (5, 33, 35–37). Recently, PlGF, a VEGF family member which consists of a 69-kD α-chain and a 34-kD β-chain linked by two intermolecular disulfide bonds, has been reported to participate in the onset and maintenance of early pregnancy (17, 18). Besides its best known function in angiogenic events, PlGF also displays the immunosuppressive capacity by skewing T cell toward the Th2 phenotype (21–23). Here, we revealed that PlGF is a potential modulator that drives the M2-like polarization of macrophages in the early decidua. We observed that PlGF promoted the expressions of an M2-associated marker CD209 and an anti-inflammatory cytokine IL-10, and suppressed the expression of an M1-associated marker CD86. On the one hand, IL-10 is one of the major anti-inflammatory cytokines generated by M2-like macrophages and protects the fetus from maternal immune attack (13). IL-10 limits inflammatory responses at the maternal-fetal interface by suppressing the production of pro-inflammatory molecules, including LPS‐induced TNF‐α, MMPs, IL‐6, and IL-8 (38–41). The Il-10 knockout mice challenged by low-dose LPS suffered from fetal loss at a 10-fold increased risk and the exogenous addition of IL-10 alleviated the increased susceptibility (42). On the other hand, IL-10 is engaged in vascular remodeling and placentation by inducing the expression of aquaporin-1 and VEGF-C in human trophoblasts and down-regulating the Notch-dll4 axis during pregnancy (43). The absence of IL-10 gives rise to abnormal placental morphogenesis, including an enlarged placental labyrinth and pathological architecture of blood sinuses (44). Strikingly, IL-10 acts as a direct inducer of the M2-like polarization, as well as an indirect regulator by increasing the expression of IL-4R on macrophage surface and enhancing macrophage sensitivity to being directed to an M2-like phenotype, which in turn promotes the production of IL-10 (45, 46). This positive feedback between IL-10 and M2-like macrophages may greatly benefit the establishment of maternal immune tolerance and vascular remodeling in the early decidua.

Subsequently, we identified the downstream pathway through which PlGF drives the M2-like polarization of dMφs. Both the in vitro and in vivo data showed that PlGF up-regulates the tyrosine phosphorylation level of STAT3 at position 705 in macrophages at the early maternal-fetal interface. In addition, the selective inhibition of STAT3 phosphorylation leads to a complete abrogation of the promoting effect of PlGF on the M2-like polarization. STAT3 has a C-terminal tyrosine residue at position 705 and a conserved Src homology 2 (SH2) domain (47). In response to cytokine stimulation, the protein tyrosine kinase receptor signaling or intracellular protein tyrosine kinase activates, then STAT3 becomes phosphorylated at Tyr 705, followed by reciprocal interactions of SH2 domain-phosphotyrosine and the formation of homodimers (48). The homodimerization of STAT3, a critical transcriptional regulator involved in immune activities, is essential for its transcriptional function (47, 49, 50). Accordingly, we demonstrated that rhPlGF increases the transcriptional activity of STAT3 by up-regulating the tyrosine phosphorylation level of STAT3 at position 705 and thus promotes the M2-like polarization of dMφs. In bone marrow granulocytic progenitor cells, STAT3 has been reported to stimulate the expression of C/EBPβ, which was triggered by G-CSF (51). However, previous studies did not find out the direct interference of STAT3 with a wide array of pro-inflammatory gene promoters (27). To our knowledge, we revealed that STAT3 promotes the transcription of CEBPB by binding to its promoter. As a crucial transcriptional regulator of the M2-like polarization, C/EBPβ boosts the expression of arginase-1 and M2-associated genes (including Il10) (29, 52, 53). Therefore, we proposed that PlGF drives the M2-like polarization of dMφs via the STAT3-C/EBPβ signaling pathway. This hypothesis was also verified by the positive correlation between the expression level of C/EBPβ and the phosphorylation level of STAT3 at Tyr 705 in PlGF-polarized dMφs, in addition to the abrogated effect of a selective STAT3 inhibitor on the increased C/EBPβ expression induced by PlGF. Thus, our study shed light on a molecular pathway orchestrating the M1/M2 balance in the early decidua, which is initiated by PlGF and ends in the up-regulating expression of M2-associated markers due to amplified STAT3-C/EBPβ signaling. However, the factors regulating PlGF secretion by DSCs are still unknown. In the near future, we will try to explore the upstream mechanism involved in the expression and secretion of PlGF in DSCs.

In conclusion, acting as a link between DSCs and dMφs, PlGF stimulates its receptor FLT-1 on dMφs, activates the STAT3-C/EBPβ signaling pathway, and eventually drives the M2-like polarization of dMφs. PlGF is one of the crucial factors contributing to the development of maternal immune tolerance and the maintenance of early pregnancy. The decreased PlGF secretion by DSCs may result in spontaneous abortion in the first trimester. As shown in Figure 6A, we demonstrated that PlGF skews dMφs toward an M2-like phenotype and stimulates IL-10 production from dMφs via the FLT-1-STAT3-C/EBPβ axis. Remarkably, the deficiency of PlGF/FLT-1 in the early decidua is probably responsible for the decreased tyrosine phosphorylation and transcriptional activity of STAT3, the down-regulated expression of C/EBPβ, the polarization disturbance of dMφs, and ultimately the increased risk of early spontaneous abortion (Figure 6B). These findings expanded our understanding of the regulatory role of PlGF in maintaining early pregnancy and the underlying mechanism. Excitingly, our results highlight a rationale that PlGF is a promising target to prevent early spontaneous abortion. In future work, the regulatory role of PlGF in dMφs and early pregnancy should be further validated by the conditional knockout of macrophage Flt1 in Pgf knockout mice.




Figure 6 | PlGF/FLT-1 deficiency leads to reduced STAT3-C/EBPβ signaling and aberrant polarization in decidual macrophages during early spontaneous abortion. (A) In normal pregnancy, PlGF secreted by decidual stromal cells (DSCs) promotes the M2-like polarization and IL-10 production in decidual macrophages (dMφs) by binding to its receptor FLT-1 expressing on dMφs and thereby up-regulating the level of p-STAT3, which induces CEBPB transcription. (B) In early spontaneous abortion, the deficiency of PlGF/FLT-1 leads to the decreased tyrosine phosphorylation and transcriptional activity of STAT3, then the reduced C/EBPβ expression, and eventually the aberrant polarization of dMφs. p-STAT3, phosphorylated STAT3.
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Introduction

According to the modern tenets of reproductive immunology, pregnancy can be regarded as a triumphant outcome of a natural allograft. The fetus successfully evades rejection owing to the presence of the immune barricade of the placenta, immunosuppressive cells, and immunomodulators within the maternal environment. Thus, a successful pregnancy depends on the balance of immunity between the fetus and the mother. In other words, maternal-fetal tolerance is the key to a successful pregnancy. Furthermore, the interaction between the maternal and fetal systems, as well as the impact of fetal cells circulating within the maternal bloodstream and inducing an inflammatory response, warrants consideration (1). Loss of maternal immune tolerance, causing immune rejection, may lead to pregnancy pathology such as pregnancy-induced hypertension (PIH) (2), abortion, and other conditions (3). PIH is a pregnancy-specific disorder characterized by the onset of hypertension (systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg) after 20 weeks of gestation in the absence of proteinuria or other organ dysfunction. The severity of PIH is classified into three stages: mild, moderate, and severe. PIH is a serious condition that can lead to significant maternal and fetal morbidity and mortality. The risks associated with PIH include placental abruption, fetal growth restriction (FGR), preterm birth, and maternal organ damage, such as liver and kidney dysfunction (4). If left untreated, PIH can progress to preeclampsia (PE) or eclampsia, which are even more severe conditions that can be life-threatening for both mother and fetus (5). Adopting an immunological perspective can be instrumental in uncovering and comprehending the etiology and pathogenesis of PIH, thereby providing valuable insights for the prevention, diagnosis, treatment, and care of PIH.

The most recognized model of PIH is poor placentation due to abnormal spiral artery formation, while immune modulation of trophoblast invasion is thought to play an important role in the pathogenesis of PIH (6). The maternal immune response to fetal alloantigens is dynamic and ideally shifts between immune suppression and response during placentation, with pregnancy gestation, and then birth (7). In a normal pregnancy, the maternal immune system undergoes changes to accommodate the fetus and prevent it from being recognized as foreign (8). This includes the production of certain immune cells and molecules that suppress the immune response and promote tolerance to the fetus. The rejection reaction, on the other hand, occurs when the immune system recognizes the fetus as foreign and launches an attack against it. However, in pregnant women with PIH, there is a decrease in the protective response and an increase in the rejection reaction (9). This means that the mother’s immune system is more likely to perceive the fetus as a threat and attack it, potentially leading to complications. Chemokine gene silencing in decidual stromal cells restricts the entry of T cells into the maternal-fetal interface. Effector T cells cannot accumulate in the decidua, the special stromal tissue that surrounds the fetus and placenta (10). Moreover, the regulation and recruitment of inducible regulatory T cells by trophoblast cells occur during early pregnancy (11). A large number of studies have shown that the T helper (Th) cells subgroup and their secreted cytokines play a core regulatory role in pregnancy immunity and are closely related to the occurrence of PIH (7, 9, 12, 13).Therefore, even in the presence of a small number of T cells, the effects of T cells themselves and their secreted cytokines are noteworthy.


Table 1 | The association of Th cells and cytokines with PIH.



T helper subsets primarily achieve their physiological functions through the release of cytokines. These cytokines have broad biological effects, including regulating the activation and proliferation of immune cells, regulating inflammatory responses, and affecting biological processes such as cell proliferation, differentiation, and apoptosis. In this article, we mainly focus on the effects of cytokines produced by T helper subsets on the placental trophoblast and other immune cells, and the association of these effects with the development of PIH (Figure 1). In this perspective, we will summarize the role of T helper subsets (TH1/2/17 and Treg) in PIH and explore the role of relevant cytokines in the pathogenesis of PIH.




Figure 1 | A summary of how imbalanced T helper cell functions can lead to both systemic changes as well as local changes contributing to PIH pathology. The dysregulation of Th cells containing Th1, Th2, Th17, and Tregs subsets alters the cytokine environment, which can promote a local and systemic inflammatory response that is associated with the occurrence of PIH. Furthermore, locally during placentation, an imbalance of T helper cells and related cytokines can hinder the infiltration of trophoblasts and induce the dysfunction of vascular endothelial cells, and further prompt the generation of PE.







Overview of T helper subsets

The Th cell-mediated adaptive immune response represents a critical component in the intricate mechanism of maternal-fetal immune tolerance. Upon encountering a diverse array of cytokine stimuli, the Th0 cells, which originate from initial CD4+ T cells, undergo differentiation into distinct subsets including Th1, Th2, Th17, and Treg cells, each of which assumes discrete biological functions (13). Th1 cells mainly secrete IFN-γ, TNF-α, and other cytokines, which have cytotoxic effects, and can inhibit the invasion of trophoblasts and induce their apoptosis. (53) Th1 cells can also inhibit embryo implantation by enhancing the vitality of decidual macrophages, which is not conducive to the maintenance of pregnancy (54). In contrast to Th1 cells, Th2 cells possess the capacity to produce IL-4 cytokines, which act to promote trophoblast cell proliferation and invasion, enhance uterine receptivity, and confer immune-nutritive and protective benefits to the fetus (55, 56).

Th17 cells mainly mediate inflammatory diseases and autoimmune diseases, and the cytokine IL-17 secreted by Th17 can promote the invasion of extracellular villus trophoblast cells and inhibit their apoptosis (57). Treg cells promote CD4+CD25-T differentiation to CD4+CD25 + Treg by secreting inhibitory cytokines such as TGF-β, showing the advantage of Treg cells at the mother-fetal interface and indirectly playing the role of immunomodulator (58).

Therefore, normal physiological pregnancy mainly presents a Th2-type immune advantage and the Treg cell amplification phenomenon. Th1/Th2 and Th17/Treg balance is an essential condition for maintaining normal pregnancy. On the other hand, Th1/Th2 and Th17/Treg balance play a role in maintaining maternal-fetal immune tolerance (14). Research has reported that the number and function of Th cells and the ratio of Th1/Th2 in patients with PE were significantly decreased (59). Therefore, paying attention to the changes of Th1/Th2 in PIH that may exist before the occurrence of PE is of great significance for understanding the development mechanism of PIH during pregnancy.





Overview of cytokines secreted from T helper subsets

Cytokines play a complex role in the pathophysiology of PIH and PE (60). The direct effects of cytokines on myocardiocytes to suppress contractility can also have negative consequences for maternal and fetal cardiovascular function (61). The endothelial injury caused by PE can lead to peripheral edema and other complications (62). Overall, the effects of cytokines on the maternal-fetal interface and cardiovascular system in PE are complex and require further research to fully understand. In this article, we will discuss selected cytokines produced by T helper subsets. We will focus on their effects on the immune environment, inflammatory processes, and trophoblast invasion.





Cytokines secreted from Th1




IL-2

Notably, IL-2 is a critical cytokine produced by Th1 cells. Studies have demonstrated that Th1 cells are generated from the trophoblast cell and decidual lymphocytes during pregnancy, and their expression is augmented in the placental microenvironment (63). Specifically, studies have shown that the loss or reduction of IL-2 in pregnancy can suppress total natural killer (NK) cell activation, including non-cytolytic NK cells that may play a protective role in the fetal environment (64). Cytotoxic NK cells have been implicated in the development of PE as they are thought to contribute to endothelial dysfunction and inflammation. On the other hand, noncytotoxic NK cells have been shown to play a protective role in maintaining a healthy pregnancy by regulating trophoblast invasion and promoting placental development. Loss or reduction of IL-2 can lead to an increase in cytotoxic NK cells and a decrease in noncytotoxic NK cells, which can contribute to the development of PIH and PE. In addition, IL-2 plays an important role in regulating immune responses and maintaining immune balance, and its abnormal expression may lead to immune dysregulation, promoting the occurrence and development of PIH (14). Hama et al. found that IL-2 played a coordinating role in the destruction of trophoblast cells due to a decrease in the nonclassical human leukocyte antigen-1 (HLA-G) in vitro experiments (15). Furthermore, it has been observed that lymphokine-activated killer (LAK) cells derived from decidua are capable of inducing the secretion of vascular endothelial growth factor (VEGF) by nourishing cells (16). Interestingly, heightened IL-2 expression in the decidual milieu has been shown to dampen VEGF release.





IFN-γ

Interferon-gamma (IFN-γ), a cytokine produced by various immune cells, has been implicated in the pathogenesis of PIH. Studies have shown that PIH patients have elevated levels of IFN-γ, indicating that the dysregulation of IFN-γ may be involved in the pathogenesis of PIH (65). Endothelial dysfunction is a hallmark of PIH, and IFN-γ has been shown to induce endothelial cell dysfunction (17). Specifically, IFN-γ can increase endothelial cell apoptosis, impair endothelial cell proliferation (18), and promote the production of reactive oxygen species (ROS) (19), all of which contribute to the development of PIH. In normal pregnancies, trophoblast cells invade the maternal decidua and remodel the maternal spiral arteries to promote fetal growth (66). However, in PIH, trophoblast invasion is impaired, leading to inadequate placental perfusion and subsequent hypoxia (67). IFN-γ has been shown to inhibit trophoblast invasion by inducing apoptosis of extravillous trophoblast cells and suppressing the expression of invasion-related genes (20). Overexpression of Th1 at the maternal-fetal interface can activate NK cells to up-regulate the expression of HLA-G in the placenta, which is prone to immune rejection, by stimulating the secretion of IFN-γ (21). PIH is associated with an inflammatory response (68), and IFN-γ has been shown to stimulate the secretion of pro-inflammatory cytokines and chemokines (22), promoting the development of an inflammatory environment that contributes to the pathogenesis of PIH. Therefore, the dysregulation of IFN-γ plays a critical role in the pathogenesis of PIH by regulating immune responses, inducing endothelial dysfunction, impairing trophoblast invasion, and promoting an inflammatory response.





TNF-α

Among several Th1 cytokines, TNF-α is the most closely related to the occurrence of PIH (29, 69, 70). Under physiological conditions, there is typically a low expression of TNF-α mRNA in the endometrial glandular epithelium, basement membrane, and ovarian stroma of females. However, during gestation, both the developing fetus and decidual tissue are capable of producing TNF-α, which plays a pivotal role in mediating maternal-fetal immune regulation (23). However, TNF-α increased significantly when PIH occurred. Conrad (24) and Cotechini (25) believed that TNF-α could affect trophoblast infiltration of the maternal spiral artery (SA), resulting in blocked angioplasty of SA, stenosis of the vascular cavity, increased resistance, and sensitivity to vasoactive substances. Conrad et al. conducted a study to investigate the association between circulatory inflammatory cytokines and the pathogenesis of PE (24). The study found that the median concentration of plasma TNF-α was twofold higher in women with PE compared to normal third-trimester pregnancy (P < 0.001) and gestational hypertension (P < 0.04). FGR and PE are frequently linked to abnormal maternal inflammation, deficient SA remodeling, and altered uteroplacental perfusion. Cotechini et al. (25) revealed a novel mechanistic association between abnormal maternal inflammation and the development of FGR with features of PE. By administering low-dose lipopolysaccharide (LPS) to pregnant rats during gestational days 13.5-16.5, they demonstrated that abnormal inflammation resulted in FGR mediated by TNF-α. The results indicated that maternal inflammation can cause severe pregnancy complications through a mechanism involving increased maternal levels of TNF-α (25).

At the same time, TNF-α could activate neutrophils to release elastic proteinase and promote neutrophils to adhere to vascular endothelial cells (26), leading to vascular endothelial damage. It can also directly activate vascular endothelial cells, induce the expression of endothelial cell surface adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1), damage vascular endothelium, and further enhance the activity of neutrophils through the endothelial system (27). TNF-α has the ability to modulate anticoagulant factors (28), thereby promoting a procoagulant state in vascular endothelial cells. Activation of these pathways can potentially contribute to the pathogenesis of PIH. Research has revealed that increased placental synthesis and secretion of TNF-α in patients with PIH can lead to augmented apoptosis of placental trophoblast cells, which in turn impairs their capacity to invade the decidua and spiral arteries, resulting in shallow placental implantation (29). This pathological process can cause a restructuring of the uterine spiral artery architecture, leading to placental ischemia, hypoxia, and metabolic disturbances (30). In recent years, it has been found that TNF-α can also regulate plasma leptin levels in PIH (31). High levels of TNF-α and leptin may act on trophoblast cells and vascular endothelial cells together to impair their functions and lead to the occurrence of PIH (32). Leptin can induce oxidative stress and inflammation in endothelial cells, leading to endothelial dysfunction and injury (33). Leptin can also impair trophoblast invasion by inhibiting the expression of adhesion molecules and enzymes required for trophoblast invasion, such as integrins and matrix metalloproteinases (71). Additionally, leptin can induce the production of pro-inflammatory cytokines and chemokines, which further impair trophoblast invasion (72).

The upregulation of TNF-α and other cytokines causes the involvement of trophoblast cells and decreased infiltration ability (34), shallow placental implantation resulting in placental ischemia and hypoxia, enhanced local cellular immune response (35), activation of white blood cells in the villus space leading to vascular endothelial injury, and eventually the occurrence of PIH (73). Evidently, immunological factors play a crucial role in the pathogenesis of shallow placental implantation, vascular endothelial injury, and other related factors in PIH. In the future, continued investigation of molecular immunology is anticipated to elucidate the underlying mechanisms of TNF-α in the context of PIH. The observed increase in Th1 cytokines in PIH patients is likely a consequence of the pathology, rather than a cause. Systemic inflammation resulting from tissue injury can lead to an upregulation of inflammatory cytokines, including TNF-α, IL-2, IFN-γ, and IL-4. These cytokines can then contribute to the pathogenesis of PIH through various mechanisms, such as impairing trophoblast invasion and causing endothelial dysfunction.






Cytokines secreted from Th2

Cytokines secreted by Th2, such as IL-4, IL-6, and IL-10, can inhibit the Th1 immune response and the activation of NK cells to protect the fetus (74). These cytokines mainly participate in B cell proliferation and maturation, which can increase the antibody-mediated immune response. 




IL-6

IL-6 can stimulate B cells to produce antibodies to stimulate the proliferation and differentiation of cytotoxic T lymphocytes (CTL) (75). Both the placenta and decidua in early pregnancy contain IL-6 mRNA, suggesting that IL-6 may work in conjunction with other factors to facilitate the fusion of maternal and nourishing cells (36, 37). IL-6 also participates in the formation of the placental blood vessels. IL-6 can promote the proliferation and migration of endothelial cells, and stimulate the release of angiogenic factors, such as vascular endothelial growth factor (VEGF), which further promote angiogenesis (38). Excessive IL-6 in late pregnancy is involved in the pathological process of PIH (39).





IL-4

IL-4 is also an important cytokine involved in immune regulation and inflammation and has been found to be decreased in the serum and placenta of women with PE compared to those with normal pregnancy, suggesting that it may be involved in the pathogenesis of the disease (68, 76). IL-4 is known to play a role in the maintenance of vascular integrity and endothelial function, which are key factors in the development of PIH (40). Reduced IL-4 levels could therefore result in impaired eNOS activity and decreased NO-mediated vasodilation, contributing to hypertension and other cardiovascular complications in pregnancy (41). Furthermore, IL-4 may also modulate the immune response and contribute to the development of PIH through its effects on T-helper cell differentiation and cytokine production (42). Specifically, decreased IL-4 levels have been associated with an imbalance in the Th1/Th2 ratio, which may contribute to the pro-inflammatory state seen in PIH (43). It can be concluded that IL-4 is involved in the regulation of vascular function, immune response, and inflammation, which are important implications in the pathogenesis of PIH.

In order to deeply understand the relationship between Th cell subsets and their differentiated cytokines and PIH, Saito et al. (44) investigated Th1 and Th2 cytokines secreted by peripheral blood mononuclear cells (PBMC) of patients with hypertensive diseases during pregnancy by enzyme-linked immunosorbent assay (ELISA). The results showed that the level of Th1 cytokines secreted by PBMC in PIH patients was significantly higher than that in the normal control group, and the ratios of TNF-α/IL-4, IL-2/IL-4, and IFN-γ/IL-4 were also significantly higher. Moreover, the concentrations of the three Th1 cytokines were positively correlated with patients’ MAP. Systemic inflammation resulting from tissue injury can lead to an upregulation of inflammatory cytokines, including TNF-α, IL-2, IFN-γ, and IL-4. Abnormal secretion of these cytokines can then contribute to the pathogenesis of PIH through various mechanisms, such as impairing trophoblast invasion and causing endothelial dysfunction.

A further study showed that compared with normal pregnant women, the ratio of Th1 and Th2 cells increased and the content of Th2 cells decreased in patients with PIH during late pregnancy. The results of this study are consistent with Saito’s report (77). The reciprocal regulation between Th1 and Th2 cells plays a pivotal role in the maintenance of immune homeostasis, particularly in the context of transplant immunology (78). Therefore, aberrant maternal immune responses may serve as a trigger for the onset of PIH (9). Recent investigations have demonstrated that the Th1/Th2 cell ratio in patients with PIH exhibits a tendency towards heightened Th1 activity (79).






Cytokines from Th17

Th17 cells secrete a number of pro-inflammatory cytokines, including IL-17, IL-21, and IL-22, which have been found to be elevated in the circulation of women with PIH (80). These cytokines may contribute to the development of hypertension and endothelial dysfunction, which are key features of PIH.





IL-17

IL-17, in particular, has been implicated in the pathogenesis of PIH (81). It induces the production of other pro-inflammatory cytokines and chemokines, such as IL-6 and TNF-α (45), which contribute to the development of hypertension and endothelial dysfunction. IL-17 also stimulates the production of reactive oxygen species (ROS) (46), which can lead to oxidative stress and endothelial damage. Additionally, IL-17 promotes the infiltration of neutrophils and macrophages into the placenta (47), which can further contribute to inflammation and tissue damage.





IL-21 and IL-22

IL-21 and IL-22 have also been shown to be elevated in women with PIH. IL-21 promotes the differentiation and activation of Th17 cells, and can enhance the production of IL-17 and other pro-inflammatory cytokines (48). IL-22, on the other hand, has been implicated in the regulation of angiogenesis and VEGF signaling (49), which are important processes in the development of placental vascularization and function.

Taken together, the cytokines produced by Th17 cells are important contributors to the pathogenesis of PIH, promoting inflammation, oxidative stress, endothelial dysfunction, and vascular damage. Targeting these cytokines may provide a potential therapeutic strategy for the prevention and treatment of PIH.





Cytokines from Tregs

Tregs are a subset of T cells that regulate immune responses and maintain tolerance to self-antigens. They produce cytokines such as IL-10 and TGF-β, which have anti-inflammatory and immunosuppressive effects. Several studies have reported lower levels of Tregs in women with PIH compared to normotensive pregnant women (82). This suggests that a deficiency in Tregs may contribute to the development of PIH. In addition, decreased production of IL-10 and TGF-β has been observed in women with PIH (83), further supporting the role of Tregs in the development of PIH. Moreover, it has been shown that administration of TGF-β can ameliorate PIH in a rat animal models study (50). This suggests that Tregs and their cytokines may have therapeutic potential for the treatment of PIH.




IL-10

IL-10 is a kind of cytokine that has a variety of biological activities and its most important role is in immunosuppression. Many researchers have found that IL-10 can inhibit the expression of TNF-α, INF-γ, major histocompatibility complex (MHC-II) molecules, and B7 adhesion molecules on phagocytes, and block the killing effect of NK (51). The relative lack of IL-10 will increase the content of immune factors, resulting in the breakdown of the Th1/Th2 balance, resulting in the enhancement of the Th1 immune response, leading to the occurrence of PIH (52).






Discussion and conclusion

In brief, the etiology and pathogenesis of PIH in immunological investigations are posited to arise from the dysregulation of maternal-fetal immune homeostasis or immune tolerance, characterized by diminished Th2-mediated immunosuppression and/or heightened Th1-mediated cellular immune activation Table 1.

PIH represents a prevalent condition in obstetrics and has been a subject of intense research. Numerous etiological and pathogenic mechanisms have been proposed, including the immune response theory, oxidative stress theory, capillary endothelial injury theory, and others. However, thus far, none of these theories have fully accounted for the multifaceted pathophysiology of PIH. Here, we briefly summarized the close relationship between Th1 cells, Th2 cells, and the released cytokines and PIH from the perspective of immunology, and discussed the possible occurrence and development mechanism. Overall, although PIH is caused by many factors, the immune factor plays a pivotal role. Therefore, it may be more effective to prevent, diagnose, treat, and care for PIH by focusing on immunological indicators.

The pathogenesis of PIH is still unclear, which makes clinical diagnosis and treatment difficult. The current diagnosis of PIH and PE mainly focuses on hypertension, proteinuria, serum biochemical abnormalities, and fetal growth. It can be seen from this review that the pathogenesis of PIH may be related to immune factors to a certain extent. In recent years, researchers have suggested that the serum levels of inflammatory factors associated with the pathogenesis of PIH and PE may become part of the diagnostic criteria. For example, a study by Li et al. found that serum levels of IL-6 and TNF-α were significantly higher in women with early-onset PIH compared to normotensive pregnant women (29). They proposed that serum levels of IL-6 and TNF-α could be used as potential biomarkers for early diagnosis of PIH.

Significantly, immune modulation is anticipated to emerge as a novel therapeutic target for PIH and PE in clinical management and holds considerable promise in ameliorating maternal mortality. This approach aims to modulate the immune response by regulating key immune pathways and cytokines, such as interleukin-6 (IL-6) and interleukin-10 (IL-10), and may improve outcomes for women with PIH and PE. Immune modulation strategies for the treatment of PIH and PE include the use of immunomodulatory agents and the development of novel targeted therapies. For example, Tinsley et al. (84) used a PIH rat model of deoxycorticosterone acetate (DOCA)/salt-low renin, which exhibits features of hypertension, proteinuria, endothelial dysfunction, and intrauterine growth restriction (IUGR). Furthermore, suppression of the immune system with either azathioprine (Aza) or mycophenolate mofetil (MMF) during the second half of pregnancy significantly reduced hypertension, proteinuria, and endothelial dysfunction, as well as increased the proinflammatory Th1 cytokine profile in rats treated with DOCA/salt, which alleviated the development of PIH. Medications that target the immune system, such as anti-inflammatory drugs or targeted immunotherapy agents, may be beneficial for PIH patients with an overactive immune system. However, medication interventions should be tailored to the individual patient based on their immunological profile and other medical conditions.
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Female fertility decline is an accumulative consequence caused by complex factors, among them, the disruption of the immune profile in female reproduction stands out as a crucial contributor. Presently, the effects of immune microenvironment (IME) on the female reproductive process have attracted increasing attentions for their dynamic but precisive roles. Immunocytes including macrophages, dendritic cells, T cells, B cells and neutrophils, with diverse subpopulations as well as high plasticity functioned dynamically in the process of female reproduction through indirect intercellular communication via specific cytokine release transduced by molecular signal networks or direct cell-cell contact to maintain the stability of the reproductive process have been unveiled. The immune profile of female reproduction in each stage has also been meticulously unveiled. Especially, the application of single-cell sequencing (scRNA-seq) technology in this process reveals the distribution map of immune cells, which gives a novel insight for the homeostasis of IME and provides a research direction for better exploring the role of immune cells in female reproduction. Here, we provide an all-encompassing overview of the latest advancements in immune modulation within the context of the female reproductive process. Our approach involves structuring our summary in accordance with the physiological sequence encompassing gonadogenesis, folliculogenesis within the ovaries, ovulation through the fallopian tubes, and the subsequent stages of embryo implantation and development within the uterus. Our overarching objective is to construct a comprehensive portrayal of the immune microenvironment (IME), thereby accentuating the pivotal role played by immune cells in governing the intricate female reproductive journey. Additionally, we emphasize the pressing need for heightened attention directed towards strategies that focus on immune interventions within the female reproductive process, with the ultimate aim of enhancing female fertility.
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1 Introduction

The fertility rate decline has emerged as a global public health concern, carrying the potential to disrupt population dynamics and exert adverse impacts on worldwide economic progress (1). Data furnished by Organization for Economic Co-operation and Development (OECD) have shown a dramatic decline in fertility rates during the past few decades among more than 50 countries around the world, including China. Chinese fertility rates calculated by children/women remained below 2.0 for the past 10 years, which indicates negative population growth. Fertility decline in females is regarded as the most critical reason leading to the reduction in the fertility rate. Despite the physical factors of postponed childbearing age (2) and excessive obesity of women (3), abnormal immunomodulation in the female reproductive process was considered the central cause of female infertility (4).

The IME can be envisioned as the native habitat where immune cells reside, underscoring the significance of intercellular communication and comprehensive coordination. Owing to the distinctive physiological traits of the female reproductive system, its immune system demonstrates complexity and variability, a subject that has captivated the attention of numerous researchers. Furthermore, the equilibrium of IME within female reproduction has been highlighted for its pivotal contribution to the entirety of the female reproductive journey. Despite the presence of several reviews encapsulating the fluctuating dynamics of the immune system during various female physiological or pathological processes (5–8), there is still a lack of systematic summary to give a comprehensive description of the dynamic alteration for the whole female reproductive process. Moreover, aided by advanced high-throughput technologies, particularly the integration of scRNA-seq, a multitude of immune sub-populations and their diverse functions within the orchestration of the female reproductive process have come to light (9). we present a comprehensive overview of the latest advancements in understanding immune cell involvement throughout the female reproductive journey. Our overarching objective is to construct a holistic regulatory network that unveils the role of IME in female reproduction, while shedding light on the intricate web of communications established between immune cells and the localized microenvironment. This review aspires to provide insights that will contribute to the enhancement of research and the development of immune modulation-based therapies, tailored to amplify female fertility.




2 Roles of IME involved in gonadogenesis, folliculogenesis and ovulation



2.1 Mφs’ involvement in the process of gonadogenesis

Within the female context, oocytes trace their origins back to oogonia, derived from primordial germ cells through a process of differentiation (10). Gonad development is a highly regulated process that coordinates cell size and morphogenesis to produce the sex-specific organ structure needed for reproduction. Sex differentiation is obvious in the whole organ, including the interstitial compartment containing immune cells and the vascular system (11).

The nascent immune cells in proximity to the gonad of the neonatal fetus comprise primitive macrophages (Mφs), pivotal entities that wield significant influence over various facets of gonadogenesis and fertility. Their roles encompass diverse responsibilities, such as orchestrating the establishment and sustenance of sexual gonadal vasculature across different phases of life (12). During fetal development and up to birth, additional immune cell types, including monocytes and a limited population of eosinophils, can be identified within the gonadal milieu. Nonetheless, the precise contributions of these cells to ovarian organogenesis and functionality remain largely enigmatic (13).

During the development of mouse embryos, the ovarian Mφs at E14.5 mainly included dominant CD11bIntF4/80Hi cells, while the number of CD11bHiF4/80Int cells in E16.5 ovaries increased significantly, indicating that the Mφs population changed significantly (14). In addition, CD11bHiF4/80Int Mφs expressed monocyte markers, such as LY6C and CCR2 (M2 marker), but MHCII (M1 marker) was not expressed in the two Mφs populations, which indicated that fetal ovarian Mφs showed M2-type Mφs (14). In addition to immunophenotyping, scRNA-seq has been widely used to clarify the dynamic process of tissue development. The latest scRNA-seq study on gonad development also illustrates the crucial regulatory signals for gonad formation and the dynamic process of gonadal development. While the role of immune cells is not elaborated upon in the process of female gonad formation and development, a discovery was made during the process of male gonad formation. It was found that macrophages double-positive for SIGLEC15+ and TREM2+ can determine gonad formation by regulating somatic cells (Figure 1A) (15). Previous studies have also revealed the distribution of Mφs as well as other immune cells during the development of different species (including mice, monkeys and humans) of fetal ovaries (Figures 1B–D) (16–18). However, the effect of these Mφs on fetal ovaries (including angiogenesis and development) has not yet been revealed, which may be an important research direction in the future.




Figure 1 | Immune profile in Gonadogenesis. (A) UMAP of immune cell states (color) in the human scRNA-seq data. Cited from Luz Garcia-Alonso et al, 2022 (15). b-d. Distribution of Mφs in monkeys (B), mice (C) and humans fetal ovaries (D). Cited from (16–18). (E) Transcription profiles of six main cell types in ovarian tissue. Cited from Magdalena Wagner et al, 2020 (19).






2.2 The role of Mφs in the formation of follicles

The ovary serves as the focal point of folliculogenesis, undertaking the dual responsibilities of oocyte production and differentiation, as well as the release of sex hormones. The integration of scRNA-seq technology has ushered in a new era in the study of follicular formation and development, transitioning from an emphasis on singular cellular events to a simultaneous exploration of the microenvironment within the entire follicle (20). Through a scRNA-seq investigation, the transcriptional profiles of six primary cell types within ovarian tissue were unveiled: oocytes, granulosa cells, immune cells, endothelial cells, perivascular cells, and stromal cells (Figure 1E) (19). Furthermore, granulosa cells, a key player across various developmental stages of ovarian follicles, were comprehensively studied through another single-cell sequencing study (21). Regulatory entities like immune cells also hold sway in governing the microenvironment (22). It’s notable that any disruption in the balance of the immune microenvironment (IME) can trigger ovarian dysfunctions (8, 23).

Mφs are the dominant immunocytes in ovaries, with the characteristics of high heterogeneity and plasticity in their functions when responding to diverse stimulations (24). In general, according to the exposure signals, Mφs can be polarized into the proinflammatory M1 type and anti-inflammatory M2 type. M1 Mφs mainly function in eliminating intracellular pathogens, whereas M2 Mφs participate in tissue remodeling and repair, as well as the resolution of inflammation (7, 25). Mφs are found to regulate folliculogenesis. Researchers constructed M1-like CD11c DTR mice (CD11c depletion mice) and M2-like CD206 DTR mice (CD206 depletion mice) to investigate the role of M1-like Mφs and M2-like Mφs in folliculogenesis. Compared with WT mice, folliculogenesis was impaired. In CD206 DTR mice, folliculogenesis was normal, and the ovulation number, fertilization rate, and implantation rate were similar to those in WT mice, indicating the necessity of M1 populations in folliculogenesis (26). Nevertheless, Luba et al. observed no significant change in ovarian follicle numbers, follicle atresia, or apoptosis within 5-21 days post-depletion of CX3CR1 in the Wistar rat model that allows a conditional depletion of circulating monocytes, despite an effective depletion of ovarian monocytes and monocyte-derived Mφs (27).

During a menstrual cycle, despite there are several follicles at different developmental stages in the ovary, there is usually only one; in rare cases, two follicles can develop into larger dominant follicles and participate in the subsequent ovulation process. The fate of a primordial follicle hinges upon a decisive choice: to be a dominant follicle ovulated or atresia follicle phagocytosed by Mφs. Primordial follicle development unfolds in two distinct waves, each characterized by varying rates of progression. It is likely that the fast-growing first wave of follicles facilitates the establishment of the hypothalamic–pituitary–ovarian axis and thereby plays a key role in the onset of puberty and the initiation of reproductive life, while the second wave of relatively slow-growing adult primordial follicles contribute to continuous ovulation throughout the middle and late stages of reproductive life (28). Prior research indicates that the initial stages of follicle growth appear to be independent of Mφ influences because direct interactions between Mφs and primordial follicles have not been observed. However, an increase in the number and localization change to the theca cell layer formed at the secondary follicle stage of ovarian Mφs in healthy follicles was observed (29), which suggests that Mφs indeed participate in the process of follicle growth and development in a paracrine manner. Liu et al. highlighted the importance of Mφs in primordial follicular selection and discovered the potential functions of immune response genes and the NF-κB pathway on primordial follicular selective activation in bovine ovary (30). Interestingly, in accordance with the results found by Yosuke Ono (26), Xiao et al. observed the stimulatory effects of M1-like Mφs and surprising inhibitory effects of M2-like Mφs, while no obvious effect of M0-like Mφs on primordial follicles was observed by coculture of both newborn ovaries with M0, M1 and M2-like Mφs and exocellular vehicles derived from them, suggesting that M1-like Mφs were necessary and promotive for primordial folliculogenesis and subsequent selective activation. Mechanistically, the levels of p-AKT and p-RPS6 in M1-treated ovaries were elevated, while both phosphorylated proteins were markedly decreased in the M2 group. In addition, they found that two specific miRNAs, miR-107 from M1-EVs and miR-99a-5p from M2-EVs, participated in modulating this signaling pathway and follicular selective activation in an opposing manner by targeting PTEN and mTOR, respectively (Table 1) (7). Furthermore, infiltration of Mφs in the ovary can also be modulated by several endogenous or exogenous factors and leads to disorders of ovarian function (31, 32).


Table 1 | Types and functions of immune cells involved in folliculogenesis.






2.3 Activation of immune cell infiltration in preovulatory follicles

The main mission for preovulation follicles is to prepare for ovulation; thus, a series of molecular events to promote oocyte meiotic resumption, remodel the follicle structure, and prepare to support luteal function are needed in this stage (33, 34). As a part of ovarian tissue remodelling and repair during ovulation follicular rupture and oocyte release, it is a physiological inflammatory reaction involving sex hormones in cooperation with various proteases and cytokines (35, 36). Follicular fluid (FF) contains a variety of cytokines and immune cells, including IL6, IL12, sHLA-G, Mφs, NK cells and dendritic cells (DCs) (37). Therefore, changes in IME balance are closely related to changes in follicular development, oocyte maturation, oocyte quality and ovulation.

Owing to the challenges associated with obtaining preovulatory follicles during a natural menstrual cycle, research centered on this specific phase remains relatively constrained. Evidence from scRNA-seq conducted by Wu et al. has demonstrated the congregation of various immune cell types including Mφs, DCs, T cells, as well as neutrophils within preovulatory follicles and actively participate in the preparation for follicular ovulation (Figure 2A). Moreover, through immunofluorescence analysis, it was revealed that Mφs (positive for CD68) infiltrate the vicinity of granular cells (positive for STAR), underscoring their regulatory role in the subsequent ovulation process (Figure 2B). In addition, a total of five clusters of Mφs (Mφ1, Mφ2, Mφ3, Mφ4, Mφ5) within preovulatory follicles were observed and verified by immunofluorescence (Figure 2C), which have a variety of functions during ovulation (38). In detail, M2-like Mφ1 has anti-inflammatory effects, inflammation-responsive Mφ2, undifferentiated and immature Mφ3, Mφ4 with a high secretion of exosomes to degrade and remodel the extracellular matrix (ECM), and Mφ5 associated with granulocytes and cell chemotaxis. Collectively, the different populations of Mφs in preovulatory follicles exhibit obvious heterogeneity in their expression profiles as well as functions (38). It is interesting that the communications between Mφs and granulosa cells were uncovered. They found that there were strong interactions between granulosa cells and Mφs involved in cytokine–cytokine receptor interactions, cell adhesion molecules, the chemokine signaling pathway and the EGFR tyrosine kinase pathway (38). All these interactions collectively stimulate Mφs chemotaxis, leading them to adhere to and inhabit the preovulatory follicles, which have been categorized into nine distinct groups (G1-G9) based on their varied roles in biological processes. Additionally, Mφs also closely communicate with DCs via the interaction of CCL4 and its receptor CCR5, with T cells via the interaction of CCL4L2 and PGRMC2, CCL4 and CCR5, with neutrophils via the interaction of CXCL2 and CXCR2, CXCL8 and CXCR2/CXCR1, CXCL3 and CXCR2, and CCL3 and CCR1, indicating a role for Mφs in DC, T-cell and neutrophil recruitment (Figure 2D) (Table 2) (38). Inevitably, these alterations in cellular signals were also preparations for subsequent ovulation. However, due to the limitations of single-cell sequencing, which primarily reveals presence, further experimental validation is required to establish causality. This point is also supported by the table summarizing the content of the immune-related single-cell sequencing studies we referred to (Table 3). As a result, the temporal expression of these cytokines and the competition among immune cells with the same receptors expressing them are worthy of investigation, and the functions excluded by these infiltrated immune cells is with necessity and meanings to be clarified. Studies has shown that immune cells can participate in follicle growth, oocyte maturation, ovulation and luteinization by secreting cytokines and chemokines (39, 40). Moreover, they can also facilitate tissue repair after ovulation via phagocytosis (41, 42). However, the underlying mechanisms are also needed to be elucidated.




Figure 2 | Immune profile in preovulatory follicles. Cited from Huihua Wu et al, 2022 (38). (A) UMAP showing immune cell types in preovulatory follicles. (B) Immunofluorescence showing the existence of GCs (STAR, green) and macrophages (CD68, red) in preovulatory follicles. DAPI (blue)-labelled cell nucleus. (C) Five different clusters (M1–M5) identified in the macrophage population, shown in a UMAP. (D) Scheme of the main ligand and receptors’ interaction of GCs and immune cells.




Table 2 | Cytokine-receptor interactions.




Table 3 | Summary of immune related scRNA-seq articles.






2.4 Immune activation during ovulation

Ovulation stands as a pivotal milestone for the attainment of successful pregnancy and is underpinned by intricate cellular and molecular networks. Research has unveiled that both resident and migrating immune cells play a contributory role in facilitating the achievement of successful ovulation. In more detailed investigations, numerous studies have demonstrated that ovulation can be induced in perfused rabbit and rat ovaries in in vitro models, indicating that supplements of migrated immune cells are not required for ovulation (43–45). However, ovulation efficiency is decreased in this model. Another finding declared that the ovulation rate can be increased by leukocyte supplementation in in vitro perfused rat ovaries (46). Consequently, it could be posited that immune cells residing within the ovaries hold the capacity to initiate ovulation, yet to attain complete ovulatory potential, the influx of additional immune cells becomes requisite (6). During ovulation, the surge of luteinizing hormone (LH) can first act on granulosa cells and theca cells to produce inflammatory mediators and then activate immune cells (6). Preovulatory DCs are an important component of immune cells, and the maturity of DCs is positively correlated with the ovarian response to gonadotropin. During ovulation, these immune cells (distributed in follicular fluid) and granulosa cells can produce a large number of inflammatory factors (IL-6, IL-23 and TNF-α) and interact with each other to regulate ovarian function (Figure 3) (6, 47).




Figure 3 | Role of immune cells during ovulation. Summarized from (22) and (47).



Degradation of ECM at the follicular apex is a key event for ovulation to be successful in enabling the release of the oocyte. Coincidentally, neutrophils are believed to actively participate in ECM remodeling by secreting proteases such as MMP-9, MPO and NE (48), supported by the observation that the ovulation rate was reduced in neutrophil-depleted rats (49, 50). Therefore, the rearrangements of cytokines and immune cells infiltrating the follicles are the foundation for this structural change to achieve ovulation. Notably, the cytokines expressed by Mφs function to remodel the ECM by releasing cathepsin family members CTSD, CTSB, and CTSL (51), which are essential for follicle rupture. Among them, CTSD is capable of initiating a proteolytic cascade and remodeling the ECM (52); moreover, the local accumulation of CTSB and CTSL in Mφs is associated with the degradation of tissues during inflammatory responses (53).

Infiltrations of immune cells are necessary for ovulation and are modulated by multiple cells resident in preovulation follicles by releasing chemokines (47). For example, TECK is secreted by ovarian resident cells surrounding mature follicles and localizes to the theca layers of follicles to recruit monocytes (54), which are responsible for removing damaged cells and tissues via phagocytosis (41, 42). Mφs are the dominant cells resident in follicles and the immune population chemotaxis into preovulation follicles (Figure 3) (22), which play important roles in ovulation. Mice with lower monocyte/macrophage counts by mutation in the M-CSF gene have reduced ovulation rates (55). Additionally, the administration of clodronate liposomes into the ovarian bursa of the mouse (56) or M-CSF neutralizing antibodies (57) into the bursa of the primed rats to deplete the ovary from Mφs can lead to a decrease in ovulation rates. Furthermore, Mφs possess the capability to release MCP-1 within the perifollicular stroma in the late ovulatory phase to Mφs induce macrophage chemotaxis and contribute to attracting mast cells and T lymphocytes or merely activating tissue-bound Mφs to facilitate ovulation (42). Among the attracted populations, mast cells have been identified to secrete IL-8, a cytokine that is thought to foster follicle growth and bolster ovulation rates in vitro (58) and further to induce neutrophil accumulation and activation in ovulation (Table 4) (59). Moreover, granulosa cells in preovulatory follicles are also contributors to ovulation by expressing Pgr to attenuate excessive ovulatory inflammation by diminishing Ptgs2 expression (60), which promotes inflammation by producing proinflammatory prostaglandins (61). Abnormal NK cells in FF will also affect the development of follicles (Figure 3), but its specific molecular mechanism has not been revealed. In addition, CXCL12 secreted by granulosa cells is another chemokine that helps T lymphocyte chemotaxis to preovulation follicles to regulate ovulation and conversely reduces the apoptosis of granulosa cells with the help of T lymphocytes (62). Here, we consolidate the diverse intercellular communications facilitated by cytokines and pathways, aiming to provide a comprehensive elucidation of the intricate alterations occurring within follicles during the process of ovulation.


Table 4 | Types and functions of immune cells involved in ovulation.







3 Roles of IME in endometrial receptivity regulation

Following fertilization within the fallopian tube’s ampulla, the ovum transforms into a zygote, subsequently undergoing successive rounds of cell division while traversing towards the uterus. Before embryo implantation, the endometrium needs to supply a suitable environment for immune tolerance for embryo implantation and development since the embryo is regarded as an exogenous immunogen for the maternal interface due to half of the genetic material from the father, which is also called endometrial receptivity. A large number of immune cells migrate into the endometrial tissue to regulate endometrial receptivity, accounting for 30%-40% of the total number of deciduous cells, mainly including Mφs, DCs, T cells and NKs (Figure 4A) (64). The dynamic changes of these immune cells play an important role in maintaining the embryo development in different stages of pregnancy, with their underlying molecular mechanisms gradually being unveiled. Furthermore, scRNA-seq technology was also used to reveal the map changes of different immune cell groups at the maternal-fetal interface during pregnancy (Figures 4B, C) (63), which will benefit researchers to better understand the immune cell function at the maternal-fetal interface.




Figure 4 | The role of immune cells in embryo implantation and development. (A) Scheme of immune cells changes from preimplantation to the first trimester of pregnancy (B, C). UMAP showing immune cell and other cell types in the first trimester (B) and third trimester (C) of pregnancy. Cited from Derek Miller et al., 2022 (63). (D) Scheme of immune cells changes from the second trimester to the end of pregnancy.





3.1 NKs in endometrial receptivity regulation

Among them, uNKs (also called decidual NK; dNK, in decidual endometrium) are the main component of endometrial immune cells, accounting for approximately 70% of deciduous leukocytes (65). Abnormal quantities of NKs and functions are related not only to the failure of pregnancy establishment but also to placental disorders such as PE, RIF, intrauterine growth restriction and placental hyperplasia (66, 67). The luteal phase (also known as the mid-secretory phase) is a crucial stage during which the uterine endometrium prepares for pregnancy. The physical proximity of uNK cells to decidual cells, their precise upregulation in density during the implantation window, and their ability to release cytokines known to stimulate decidual development all indicate the pivotal role of uNK cells in early pregnancy events (68). During the proliferative phase of the menstrual cycle, the density of uNK cells remains relatively low and stable. However, in response to the surge of luteinizing hormone, the density of uNK cells begins to increase during the first half of the secretory phase, exhibiting a substantial 6-10-fold increase in the latter half of the secretory phase (69, 70). The dynamic changes in subpopulations of uNK cells, along with their secretion of specific cytokines such as IFN-γ, IL-10, and IL-6 at distinct time points, regulate the immune microenvironment within the endometrium (71, 72). Additionally, these cells release immunosuppressive cytokines that inhibit the activity of other immune cells, thereby maintaining immune balance. uNK cells tend to secrete pro-inflammatory cytokines resembling Th1-type cell cytokines, while simultaneously inhibiting the anti-inflammatory Th2-type cell cytokines necessary for maintaining a healthy pregnancy (73, 74). Moreover, within the endometrium, uNK cells can selectively induce cytotoxic effects by releasing cytotoxic granules like perforin and granzymes, which can selectively target and eliminate decidual cells (75). These characteristics of uNK cells play a significant role in regulating endometrial receptivity and the functions of decidual cells. A study has shown that patients with RIF have elevated CD57+/CD56+ uNK in endometrial and peripheral blood, suggesting that abnormally increased CD57 expression in uNK cells will lead to adverse pregnancy outcomes (76). Research indicates that patients with RM tend to exhibit a higher proportion of circulating activated T lymphocytes, elevated cytotoxic NK cell levels, and decreased numbers of circulating IL-10 CD56+ NK cells. Additionally, lower levels of IL-4, IL-10, and TGF-β have been observed in these individuals (77). Given the challenges in obtaining uterine endometrial samples, our understanding of uNK cell research remains limited. This constraint may restrict our comprehensive comprehension of the precise roles and functions of uNK cells in regulating the immune microenvironment of the endometrium.

While the precise role of dNK cells remains partially understood, existing research findings indicate that cytokines secreted by dNK cells may be involved in remodeling blood vessels to create a favorable microenvironment for the fetus (Figure 5) (65, 78). scRNA-seq sequencing and high-throughput transcriptional sequencing were used to reveal the characteristic distribution of dNK cells in decidual tissue in patients with RSA and suggested that the polarization process of dNK cells in decidual tissue was found to be seriously disturbed in RSA compared with normal pregnant women (5). This study also demonstrated that the reduced expression of KIRs during the differentiation of dNK cells in decidual tissue may be the key reason for the high cytotoxic reactivity of polarized NK cells in RSA patients (5). Recent research discoveries have highlighted that G-CSF, GM-CSF, M-CSF, TNF-α, IFN-c and LIF are all secreted by dNK cells to regulate endometrial tolerance (79, 80). In addition, dNKs are also a major source of VEGF-C, Ang1, Ang2, and TGF-β1, which are involved in endometrial angiogenesis (81). Generally, uNKs are considered as the key population of immune cells that regulate endometrial immune tolerance to embryos before implantation, although members of the major histocompatibility complex family in human HLA-G are also involved in regulating the immune response of endometrial immune cells, influencing the production of cytokines and growth factors, inducing immunosuppression, and thus affecting endometrial receptivity (82, 83). Interestingly, the heterogeneity of NKs makes it more complex and comprehensive to evaluate the modulation of immunity on pregnancy. Decidual inherent NKs can be divided into five groups, dNK1, dNK2, dNK3, dILC2 and dNKp, through flow mass spectrometry. Among them, groups dNK1, dNK2 and dNK3 are suggested to secrete cytokines, including CD107α, GM-CSF, XCL1, MIP1, MIP 1β and IFNγ, which are responsible for interactions with other types of cells to affect endometrial receptivity, while dNKp may serve as a subtype of proliferation NKs (Figure 5) (84).




Figure 5 | Mechanisms of maternal tolerance.






3.2 B cells in endometrial receptivity regulation

In contrast to other immune cell populations, B cells are relatively scarce within the female reproductive tract, and their abundance does not appear to vary significantly throughout the menstrual cycle (85). Nonetheless, they play a pivotal role by releasing a diverse array of immune regulatory molecules that contribute to the regulation of the IME at the maternal-fetal interface, including cytokines and chemical mediators. A particularly noteworthy regulatory molecule is the IgG4 subclass of antibodies, which exerts inhibitory effects on inflammatory reactions and the activation of immune cells. This contributes to sustaining immune tolerance and equilibrium at the maternal-fetal interface (86). Furthermore, B cells facilitate the presentation of antigens through MHC class II molecules to CD4+ T cells, leading to the suppression of T cell activity. This observation aligns with earlier research findings and underscores the multifaceted roles that B cells assume in orchestrating immune responses. Specifically, while the body of research pertaining to the immunomodulatory role of regulatory B cells (Breg cells) remains somewhat limited, recent discoveries have started to unveil their involvement in the regulation of endometrial receptivity. Breg cells are immunosuppressive cells that support immunological tolerance. Generally, Breg cells are recognized for their ability to curtail the proliferation of cytotoxic T cells and other pro-inflammatory lymphocytes by generating cytokines such as IL-10, IL-35, and TGF-β (87, 88). Notably, aside from their role in T cell suppression, these cells have been identified as one subtype of antigen-presenting cells (APCs), raising questions about their unique capacity to tolerate trophoblast antigens during the crucial stage of embryo implantation (89). Furthermore, a study observed higher CD19(+) CD24(hi) CD27(+) Breg cell frequency in peripheral blood of normal pregnancy onsets but not in spontaneous abortions by flow cytometry, indicating its partition in gestation maintenance in early pregnancy (90), and a meaningful research provide evidence that Breg cell suppression to trophoblast antigens to establish fetal-maternal tolerance in mice was mediated by glycan through CD22–LYN inhibitory signaling (89). In summary, B cells contribute to maintaining the IME of maternal-fetal immune balance through antibody production, secretion of immune regulatory molecules, interaction with immune cells, and regulation of surface molecules.




3.3 Other IME regulation in endometrial receptivity

As mentioned above, the dynamic fluctuations within various subsets of Mφs play a critical role in regulating T cell differentiation and immune responses, and this ongoing process continues throughout pregnancy, underscoring the significant contribution of macrophages in upholding endometrial receptivity. Simultaneously, macrophages exert control over the immune responsiveness of endometrial cells through the secretion of cytokines like IL-1β, IL-6, and TNF-α (91). Furthermore, they engage in the synthesis and release of factors such as EGF, FGF, progesterone, and bioactive lipids including prostaglandins and leukotrienes. These substances possess the capacity to alter the differentiation status of endometrial cells while also supporting the processes of endometrial vascularization and glandular development (92–95). In the decidualization of the endometrium, CD3-negative lymphocytes can interact with stromal fibroblast cells through high expression of chemotaxis, IL2RB, IL2RG and NKRs to maintain endometrial homeostasis and prepare for embryo acceptance (96). Mast cells are also essential for the regulation of endometrial tolerance. It has been shown that mice lacking mast cells develop histological changes in the endometrium that are detrimental to embryonic implantation, and these changes will further interfere with metaphase and trophoblast invasion (97). Naturally, nonimmune cells can also modulate immune cells. Researchers found that placental trophoblasts can produce the immune regulatory factor IL-35, which can induce Tconv cells to differentiate into immunosuppressive iTR35 cells by activating STAT1 and STAT3 (Figure 5). It is essential for the establishment of an immune tolerance microenvironment at the maternal-fetal interface and the maintenance of pregnancy (98). Additionally, DCs can also interact closely with other immune components, such as NKs and Mφs, as well as the endocrine system to maintain a pregnancy-friendly environment, while abnormal DCs can also lead to APOs (99).

In general, immune cells play a crucial role in regulating the receptivity of the uterine lining through close interactions and molecular signaling, ensuring the successful implantation and development of the embryo. However, the specific mechanisms of action of immune cells and their regulatory modes in different physiological and pathological contexts require further investigation. Gaining a deeper understanding of how immune cells modulate the receptivity of the uterine lining will contribute to the development of more effective intervention strategies, enhancing female fertility. This understanding also opens up new avenues and approaches for addressing infertility and other reproductive health issues.





4 Dynamic alterations of the immune profile in embryo implantation and development

Once the zygote undergoes development and transforms into a blastocyst, it begins to directly interact with the maternal interface physically, forming the maternal-fetal interface, which is also called the process of embryo implantation. The maternal-fetal interface is the part of the endometrium and extraembryonic tissue formed in the complex process of blastocyst implantation and is considered the direct communication interface between the mother and fetus, which is mainly composed of trophoblast cells, decidual cells and immune cells (100). In essence, the maternal-fetal interface stands as a remarkable testament to the exceptional synergy among trophoblast cells, decidual cells, and immune cells. Immune cells, including NKs, Mφs, and T cells, are an indispensable component of this intricate ecosystem. The intricate molecular dialogues between these immune cells and decidual and trophoblast cells delicately balance tolerance and protection, and this precise coordination is of utmost importance for shielding the developing embryo from rejection while simultaneously facilitating its optimal growth and development.



4.1 NKs in embryo implantation and development

During embryo implantation, moderate migration and invasion of the blastocyst into the endometrium and spiral artery remodeling are widely believed to be the critical steps for successful pregnancy and are regulated by immunomodulation to a large extent. Any factors causing the disorder of IME at this period may lead to APOs, including RSA, infection, PE and premature birth, and intrauterine growth restriction (63, 101, 102). Researchers observed the failure of spiral arterial remodeling in uNK knockout mice, there is an observed failure in spiral arterial remodeling, which also results in a limitation of uNK expansion, indicating its essential role in embryo development (103, 104). Notably, Anna Sliz et al. creatively identified the Gab family members Gab3 as a key determinant of NK cell expansion, while loss of Gab3 resulted in impaired IL-2 and IL-15–induced NK cell priming and expansion due to a selective impairment in MAPK signaling (104). For the first week of pregnancy, uNK cells infiltrate and aggregate around the spiral artery (Figure 4A), but their total amount does not change significantly as the embryo develops. Until the late stage of pregnancy, the number of uNKs was significantly reduced, indicating that the enrichment of uNKs coincided with the invasion period of trophoblast cells (105). This is because the receptors CD94/NKG2A, KIR2DL4 and KIR expressed by uNK cells specifically bind to HLA-E, HLA-G and HLA-C on trophoblasts, respectively, to promote their invasion of the endometrium (Figure 5) (106). Moreover, the continuous differentiation of uNK is responsible for endometrial regeneration and successful pregnancy (107).

The release of uterine IL-15 promotes dNKs maturation and mature dNK cells are an important source of growth factors and cytokines, which can regulate the invasion of trophoblast cells and reshape the function of spiral arteries through a variety of cytokines (108, 109). For example, dNKs can secrete VEGFC to initiate lymphatic mimicry in maternal endothelial cells to benefit spiral artery remodeling in mice by stimulating VEGFE3 pathway signal transduction (110) as well as IFNγ, VEGF, and TNFα to promote decidual remodeling and blastocyst implantation (111), the release of IL-8 and CXCL10 by dNK can also promote extravillous trophoblast invasion (4). Above all, it is obvious that dNKs have multiple regulatory functions in spiral artery remodeling, differentiation and invasion of trophoblast cells, fetal development and maternal immune tolerance in early pregnancy. Extremely interesting research verified the existence of memory in uNKs, which means more significant placental growth-promoting activity and the ability to maintain pregnancy while receiving stimulation again (112). Importantly, the process of embryo implantation and development is accompanied by the precise balance regulation of immune tolerance at the maternal-fetal interface, that is, to control the balance of pro-inflammatory and anti-inflammatory at the local microenvironment.

Preimplantation and implantation mainly promote local inflammatory reactions to mediate cell proliferation, induce trophoblast invasion, promote decidualization of endometrial stromal cells and form a large number of tiny vessels, while during the first and second trimesters of pregnancy, chemokines inducing the increase in anti-inflammatory factors to induce immune tolerance and maintain pregnancy are largely needed, and inflammatory cytokines are activated again at the mother-fetal interface at the late stage of pregnancy, promoting the activation of the delivery mechanism (113, 114).




4.2 Mφs in embryo implantation and development

Interestingly, researchers identified a group of fetal-derived Mφs by single-cell RNA sequencing (named Hofbauer cells, HBC) in the placenta at 6-12 week after fertilization (Figure 6A) (115), which are M2-like Mφs with high expression of CD163 and CD209 (116). Based on these findings, researchers identified another group of maternally derived Mφs, named PAMMs, which can be divided into three subgroups: FOLR2-CD9hiCCR2lo/int (PAMM1a), FOLR2-CD9-/intCCR2+ (PAMM1b) and HLA-DRhi/FOLR2hi (PAMM2). In detail, placental surface-specific resident PAMM1a is believed to release MMP-9 and fibronectin to participate in damaged tissue repair, monocytes such as PAMM1b have the ability to secrete IL-1β to induce an inflammatory response, and PAMM2s are decidual Mφs (DMs) (115). Cytokines secreted by HBC (such as IL-8, MMP-9, OPN) can promote the growth and development of the placenta (Figure 6B), maintain homeostasis, and participate in eliminating pathogenic microorganisms and bacteriophages in vitro; in contrast, their abnormal function can cause chorioamnionitis, spontaneous abortion and metabolic diseases in the fetus (115, 117).




Figure 6 | Origin and function of HBC cells. (A) UMAP of various cell types in the embryo scRNA-seq data. Cited from Jake R. Thomas et al., 2021 (115). (B) Scheme of HBC functions in maternal-fetal interface.



In the early stage of embryo implantation, various chemokines and cytokines are secreted at the maternal-fetal interface, and peripheral blood mononuclear cells are recruited to differentiate into DMs; then, DMs self-renew and proliferate during embryo development (118). As shown in Figures 4A–D, DMs exhibit different phenotypes and functions in the decidual microenvironment at different stages of pregnancy, and this dynamic change plays an important role in the establishment and maintenance of normal pregnancy (119). In detail, during the implantation period of the embryo, the uterus presents a local inflammatory state, and GM⁃CSF induces the polarization of DMs to the M1 type, forming an inflammatory environment in the uterus to promote the adhesion of the embryo to the endometrium. Throughout the first to second trimesters of pregnancy, DMs gradually convert to the M1/M2 mixed phenotype as trophoblasts invade the endometrial stroma, and DMs secrete VEGF to participate in angiogenesis and spiral artery remodeling in preparation for fetal blood supply. After placental development is completed, DMs are polarized from the M1/M2 mixed to the M2 type to maintain an anti-inflammatory environment in utero and prevent fetal rejection by the mother, as well as engulf trophoblast cell fragments and apoptotic cells (Figure 4D) (120). Before delivery, the endometrium aggregates M1-type Mφs, which secrete proinflammatory factors and participate in the processes of uterine contractions, childbirth and uterine repair (Figure 4D) (121).

Naturally, abnormal activation of Mφs leads to changes in the IME of the maternal-fetal interface, which interferes with normal development processes, such as placental vascular development, trophoblast cell invasion and spiral artery remodeling, and leads to adverse pregnancy outcomes, including RIF (122), RSA (123), fetal growth restriction (124), premature delivery and PE (117). Therefore, how to effectively regulate the polarization of Mφs at the maternal-fetal interface and prevent and treat pregnancy complications is a key research direction in the future.




4.3 T cells in embryo implantation and development

CD4+ T cells are also recruited to the maternal-fetal interface under the action of chemokines during implantation and early pregnancy, which mediates the establishment and maintenance of the immune tolerance balance of the maternal-fetal interface (125). CD4+ T cells in the maternal-fetal interface are mainly divided into Th cells and Tregs. Toward different immune threats, Th cells can make different responses and differentiate into Th 1, Th 2, Th 17 or Th 22 cells (126).

Similar to the polarization of Mφs, the balance of Th 1/Th 2 is the key to maintaining the homeostasis of the maternal-fetal interface, which can be regulated by various molecules and manifested in different states at different stages of pregnancy (Figures 4A–D). Studies have shown that the imbalance of Th 1/Th 2 can lead to RIF, PE, and even RSA, and the fundamental reason for this consequence is the disorder of the microenvironment of the maternal-fetal interface (127–131). During the preimplantation and implantation periods, Th1 cells are the main population to function (Figure 4A) and secrete proinflammatory factors, including IFN-γ, TNF-α and IL-2, which promote moderate local inflammation and induce trophoblast cells to invade the endometrium. In contrast, in the early to middle periods of pregnancy, Th2 cells play a dominant role by secreting IL-4, IL-6, IL-10, and IL-13 to inhibit local inflammation and protect the fetus from maternal rejection (132). As the embryo develops, Th1 once again dominates before delivery and starts the delivery process (Figure 4D) (133).

In addition, the balance between Th17 and Treg cells can also regulate the implantation and development of embryos. Maternal Treg cells mainly express CD4+, CD25+ and Fox3+ to protect against Th17-mediated immune responses, thereby suppressing their own immune response to paternal antigens and contributing to the maintenance of pregnancy (134, 135). Th17 cells can specifically express RORγ and secrete cytokines such as IL-17, IL-21 and IL-23, which play an important role in promoting inflammatory reactions and participate in autoimmune diseases (136). During normal pregnancy, the balance of Treg/Th17 tends toward Treg cells. Once more Th cells in the endometrium differentiate into the Th17 type, the Treg/Th17 imbalance and endometrial immune microenvironment will be disordered, which eventually leads to APOs (137–139). As a result, CD4+ T cells play an important role in the establishment and maintenance of immune tolerance balance at the maternal-fetal interface. Except CD4+ T cells, CD8+ T cells involved in the regulation of process during embryo implantation and development. As mentioned earlier, CD8+ T cells were commonly suppressed to maintain immune tolerance which benefiting embryo implantation during early pregnancy stage. However, the infiltration of CD8+ T cells in decidua function in the stages of embryo implantation and development. Paula et al. observed that decidual CD8+ T lymphocyte supernatants increased the capacity of extravillous trophoblast cells to invade through Matrigel which promoting the implantation of embryo (140). In normally progressing pregnancies, Blois et al. found that adequate levels of progesterone led to a predominance of pregnancy protective cytokines, possibly via PIBF secreted by uterine CD8+ T cells, while depletion of CD8+ T cells resulted abortions, which indicating the essential roles of CD8+ T cells in pregnancy maintenance (141).




4.4 HLA molecules in embryo implantation and development

Despite immune populations, trophoblasts can also express embryo antigens, secrete cytokines, and form immune tolerance to escape the attack of the maternal immune system, while the imbalance of this escape mechanism may lead to implantation failure of the embryo. Researchers found that members of the family of major histocompatibility (HLA) complexes in humans, including 3 soluble isoforms (sHLA-G5, G6, G7) and 4 membrane-bound isoforms (HLA-G1, G2, G3, G4), were highly selectively expressed by trophoblast cells outside the maternal-fetal interface and can dynamically regulate the process of embryo implantation and development through changes in their expression levels (142, 143). Studies have shown that the levels of sHLA-G in women’s blood are positively related to the success of in vitro fertilization. In contrast, low expression of HLA-G indicates a high risk of RSA (144–148).

Among the members of HLA-G, HLA-G3 and HLA-G4 are the main transcripts throughout the preimplantation stage, followed by HLA-G1, HLA-G2, and HLA-G5, while HLA-G6 does not appear until the blastocyst stage. After implantation, HLA-G1 and -G5 expression differentiates toward the trophoblast ectoderm and gradually disappears in the inner cell mass during development (Figure 7A) (150). The physiological function of HLA-G has also been revealed. HLA-G promotes the production of beta human chorionic gonadotrophin by activating the Erk 1/2 pathway, which has a positive impact on embryo implantation (151). Isoform HLA-G 5 promotes the invasion of primary trophoblast cells, the trophoblast cell line JEG-3 and JAR cells by activating phosphorylation of the ERK pathway (144). In vitro studies have confirmed that HLA-G can bind to specific receptors expressed by uNKs and plays an important role in the invasion behavior of the endometrium by trophoblasts (152).




Figure 7 | HLA molecules in embryo implantation and development. (A) Scheme of dynamic process of HLA-G molecule expression in pre-implantation stage of human embryo. (B) FPKM values of MHC class I genes (HLA-C, HLA-E and HLA-G) in human embryos between D8 and D12. Cited from Rachel C West et al., 2019 (149).



In addition, trophoblasts also express classical HLA class I molecules HLA-C and nonclassical HLA class I molecules such as HLA-E and HLA-F, which are of great significance to the immune microenvironment of the maternal-fetal interface (153). Evidence from single-cell RNA sequencing clarified the upregulation of HLA-C, HLA-E and HLA-G on the 12th day of migrating trophoblasts, which is considered the process of embryo implantation (Figure 7B) (149).




4.5 Other immune cells in embryo implantation and development

Although other immune cells are present in smaller numbers in the endometrium, their regulation of the maternal-fetal interface during pregnancy by participating in embryonic immune protection, regulation, and development through multiple mechanisms still plays a crucial role in embryo implantation and development.

Uterine DCs (uDCs) recognize antigens through their surface antigen recognition receptors and, after capturing them, process and degrade the antigens into fragments. These antigen fragments are then presented to T cells through major histocompatibility complex (MHC) molecules (MHC-I molecules present endogenous antigens to CD8+ T cells, while MHC-II molecules present exogenous antigens to CD4+ T cells) (154, 155). Simultaneously, uDCs express co-stimulatory molecules such as CD80 and CD86, which interact with relevant receptors on the surface of T cells (such as CD28), providing a second signal that promotes T cell activation and proliferation (156). uDCs can also express immune regulatory molecules such as PD-L1. After PD-L1 on uDCs binds to the PD-1 receptor on the surface of T cells, it transmits inhibitory signals that suppress T cell activation and immune responses (157). It also inhibits inflammatory reactions and Treg cell immune responses by secreting various immune regulatory cytokines, such as IL-10 and TGF-β (158). Additionally, B cells can interact with Treg cells, promoting the expansion and activation of Treg cells, which in turn suppresses the immune system’s attack on the fetus (159). And the expression of certain surface molecules on B cells at the maternal-fetal interface, such as CD69 and PD-L1, can be regulated to activate or inhibit other immune cells (155). During embryo development, B cells also can differentiate into plasma cells and produce hematopoietic cells such as red blood cells, white blood cells, and platelets, which supports the development and function of the embryo hematopoietic system, especially in the early stages of embryo development (160, 161). In addition to regulating embryonic development through binding to HLA-C ligands on the surface of embryonic cells, NKs also secrete IFN-γ, which can regulate the types and activity of immune cells in the placenta and endometrium, which affects the process of embryo implantation and development (162). NKs can promote the proliferation and migration of endothelial cells and the formation of blood vessel lumens by secreting cytokines such as vascular endothelial growth factor and matrix metalloproteinases. Additionally, they selectively eliminate abnormal spiral artery cells, thereby promoting the remodeling of spiral arteries (163, 164). In addition, NKs possess the ability to identify potential abnormal embryos by binding to specific ligands in the embryo, controlling selective immune clearance of the embryo.





5 Conclusion and perspectives

By presenting the status of the IME at each stage of reproductive process, combined with the application of scRNA-seq technology in these stages, we have systematically summarized the important role of dynamic balance of IME in promoting successful pregnancy and the serious adverse consequences caused by immune regulation disorder. However, the advantage of scRNA-seq lies in its capacity to unveil intricate tissue composition details and dynamic changes, while it falls short of revealing the functional roles and molecular mechanisms of specific identified cell types. Moreover, the information yielded by scRNA-seq is voluminous, and the analytical strategies employed hold a pivotal influence over result interpretation. Hence, it is imperative to approach scRNA-seq outcomes with objectivity, anchored in empirical validation. Immune cells resident in the uterus or ovary and recruited from peripheral blood are involved in almost every stage of pregnancy, especially after fertilization, by direct or indirect interactions with other parenchymal cells and stromal cells to exclude signal transduction to ensure the coordination of all components of the complex regulatory networks so that the normal reproductive process can be carried out. Overall, we summarize the critical factors influencing female fertility to highlight the importance of the IME constructed by both immune populations and nonimmune cells through cytokines in female reproductive process. The immune system plays an indispensable role in the female reproductive process, encompassing ovarian follicle formation, ovulation, embryo implantation in the uterine lining, and embryonic development. Immune cells engage in intricate molecular communication networks to regulate each critical stage. Mφs, NKs, B cells, T cells, and other immune components collaborate synergistically, not only influencing the development of reproductive cells but also ensuring the receptivity of the uterine lining, successful embryo implantation, and the smooth progression of pregnancy. However, despite significant progress, there remain many unknowns regarding the precise roles of these immune cells, their molecular mechanisms, and their interactions in diverse physiological and pathological contexts. Future research should delve deeper into these matters, particularly focusing on interactions and regulatory pathways among different immune cell subtypes. In addition, more attention should be given to research on the treatment of various APOs or infertility through immunotherapy to improve the immune abnormality and to further improve female fertility, and more technologies with higher throughput should be utilized to acquire more information about not only the expression change of some signal molecules but also the alterations of time and space point at one disease model or one physiological process at the same time so that we can obtain more comprehensive knowledge about the female reproductive process, which will benefit the development of treatment methods in the clinic.
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Accelerates the expression of CCL2 to be one of decidualization markers

Raises the concentration of CCL2 and CCR2 in DSCs through the phosphorylation of NF-kB p65 and ERK1/
2

Enhance CCL2/CCR?2 axis concerning with NF-kB pathway

Causes the ascent of CCL2 in first trimester trophoblast cells through the activation of MAPK and ¢-JNK
signaling

Triggers high expression of CCL2

Augments CCL2 protein expression through PAR-1 mediated pathways including PAR-1/Raf-1/MEK/MAPK
cascade responses, PAR-1/Rho/Rho-kinase pathway or non-PAR-1 pathway including PLC-InsP3/Ca’*-PKC
and downstream ERK1/2 but CCL2 mRNA doesn’t be affected

Advances CCL2 and CCR2 expression in decidual cells

Works on LPA1 receptor of human first-trimester trophoblast cells and then releases CCL2 via Gi protein,
ERK, PKC, p38, Akt, JNK and NF-kB signaling

Restrains the expression of CCL2 via GPR81

(26, 45)
(46)
(47)
(47)
(48)

(49, 50)

(51)

(52)

(53)

(54)

(55-58)

(59)

(60, 61)

(62)
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Attracts macrophages to keep a balanced
immune state in the first trimester (34)

Recruits Th17 for generating IL-17 to endorse
trophoblast proliferation and control the
apoptosis in the first trimester (32)

Produces the bias of Th2 polarization for the
toleration of gestation in the first trimester (35,
40)

Enhances the proliferation and vigor of ESC
through Akt and MAPK/Erk1/2 signaling
pathway, for decidualization in the first
trimester (93, 94, 97)

Regulates the growth and invasion of EVT for
deeper implantation in the first trimester (98)

Prompts the proliferation and anti-apoptosis
of DSC in the first trimester (51, 52)

Rationalizes the M1/M2 ratio for appropriate
vascular transformation in the second
trimester (109)

Increases the level of proangiogenic factors for
vascular remodeling in the second trimester
(114, 115)

Recruits more macrophages into uterine tissues
for an “inflammatory microenvironment” in
the last trimester and the onset of parturition
(48)

Abol

n

Recruits more M1 macrophages to secret
more pro-inflammatory factors in the early
trimester (125, 126)

Mediates the alteration of T cells to Thl
and the generation of Th1 cytokines,
leading to immune variations in the first
trimester (86, 124)

Pre-eclamps

Increases the infiltration of
neutrophils and impairs
immune tolerance in the last
trimester (142, 143)

Enhances Fas-intermediated
apoptosis of EVT in the
second trimester (137)

Accumulates excess ROS to
disturb the proliferation of
trophoblasts in the second

trimester (134)

Attracts circulating monocytes
to damage the vascular
endothelium in the second
trimester (137)

Leads to systematic
inflammatory disorders in the
third trimester (140)
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Level

Phylum

Genus

Species

Small intestine
Uroviricota
Nucleocytoviricota
Peploviricota
Hofneiviricota
Artverviricota
Lillamyvirus
Muminvirus
Inovirus
Obolenskvirus
Pandoravirus
Clostridium phage phiCT453A
Clostridium phage phiCT9441A

Escherichia virus M13

Ce

Uroviricota
Hofneiviricota
Peploviricota

Artverviricota

Lillamyvirus

Kalppathivirus

Inovirus

Anaposvirus

Muminvirus

Clostridium phage phiCT453A
Curvibacter virus P26059B

Escherichia virus M13

ectum
Uroviricota
Nucleocytoviricota
Peploviricota
Artverviricota
Pisuviricota
Pahexavirus
Muminvirus
Lillamyvirus
Cytomegalovirus
Pandoravirus
Clostridium phage phiCT453A
Human betaherpesvirus 5

Flavobacterium virus Filifjonk

Adult g

Uroviricota
Hofneiviricota
Nucleocytoviricota

Pisuviricota

Toutatisvirus

Brigitvirus

Oengusvirus

Taranisvirus

Skunavirus
Faecalibacterium_virus_Toutatis
Faecalibacterium_virus_Brigit

Faecalibacterium_virus_Oengus

Human betaherpesvirus 5

Escherichia virus T4

Synechococcus virus SCAM1

Clostridium phage phiCT9441A

Clostridium phage phiCT9441A

Lactococcus phage P335 sensulato

uncultured_crAssphage

Faecalibacterium_virus_Taranis
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Phylum

Genus

Species

Small intestine
Euryarchaeota
Thaumarchaeota
Crenarchaeota
Candidatus Thermoplasmatota
Candidatus Lokiarchaeota
Halorubrum
Methanosarcina
Methanobrevibacter
Natrinema
Methanobacterium
Methanobrevibacter smithii
Salinadaptatus halalkaliphilus
Salinigranum rubrum
Halopiger xanaduensis

Salinarchaeum sp. Harcht-Bsk1

Ce

Euryarchaeota
Crenarchaeota

Thaumarchaeota

Halovivax

Methanobacterium
Methanobrevibacter
Natronococcus

Halorubrum

Halovivax ruber
Methanobacterium congolense
Natronococcus occultus
‘Methanobrevibacter millerae

Metallosphaera hakonensis

ctum
Euryarchaeota
Thaumarchaeota
Crenarchaeota

Candidatus Thermoplasmatota
Candidatus Lokiarchaeota
Halorubrum

Methanosarcina
Thermococcus
Methanobrevibacter
Methanobacterium
Salinadaptatus halalkaliphilus
Halopiger xanaduensis
Methanobrevibacter smithii
Methanothrix soehngenii

Haloterrigena turkmenica

Adult gut

Euryarchaeota
Crenarchaeota

Candidatus Thermoplasmatota
Thaumarchaeota
Candidatus_Lokiarchaeota
Methanosarcina
Methanobrevibacter
Thermococcus
Methanococcus
Methanosalsum
‘Methanobrevibacter_smithii
Methanosalsum_zhilinae
‘Methanococcus_maripaludis
‘Methanosarcina_barkeri

Methanocorpusculum_labreanum
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Species

Il intestin
Proteobacteria
Actinobacteria
Firmicutes
Bacteroidetes
Planctomycetes
Ralstonia
Pseudomonas
Bradyrhizobium
Mesorhizobium
Cutibacterium
Ralstonia pickettii

Cutibacterium acnes

Cecum
Proteobacteria
Actinobacteria
Firmicutes
Bacteroidetes
Planctomycetes
Pseudomonas
Ralstonia
Mesorhizobium
Bradyrhizobium
Sphingomonas
Ralstonia pickettii

Mesorhizobium terrae

ectum
Proteobacteria
Actinobacteria
Firmicutes
Bacteroidetes
Planctomycetes
Pseudomonas
Ralstonia
Bradyrhizobium
Mesorhizobium
Corynebacterium
Ralstonia pickettii

Cutibacterium acnes

Mesorhizobium terrae

Cutibacterium acnes

Mesorhizobium terrae

Bradyrhizobiaceae bacterium SG-6C

Clostridium botulinum

Methylorubrum extorquens

Methylotenera versatilis

Corynebacterium jeikeium

Bradyrhizobiaceae bacterium SG-6C
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Species

all intestine
Proteobacteria
Actinobacteria
Bacteroidetes

Firmicutes
Cyanobacteria
Microbacterium
Burkholderia

Rhizobium
Paraburkholderia
Neorhizobium
Microbacterium sp. LKL04
Methylorubrum populi

Agrococcus sp. SGAir0287

Cecum
Proteobacteria
Actinobacteria
Bacteroidetes
Firmicutes
Planctomycetes
Burkholderia
Microbacterium
Paraburkholderia
Agrococcus
Rhizobium
Agrococcus sp. SGAir0287
Paraburkholderia fungorum

Burkholderia multivorans

Rectum
Proteobacteria
Actinobacteria
Firmicutes
Bacteroidetes
Planctomycetes
Microbacterium
Rhizobium
Burkholderia
Neorhizobium
Agrococcus
Microbacterium sp. LKL04
Methylorubrum populi

Agrococcus sp. SGAir0287

Adult g

Firmicutes
Bacteroidetes
Actinobacteria
Proteobacteria
Verrucomicrobia
Bacteroides
Phocaeicola
Faecalibacterium
Bifidobacterium
Roseburia
Phocaeicola vulgatus
Faecalibacterium prausnitzii

Bacteroides uniformis

Microbacterium oleivorans

Neorhizobium sp. NCHU2750

Microbacterium sp. LKL04

Methylorubrum populi

Neorhizobium galegae

Microbacterium oleivorans

Roseburia intestinalis

Bifidobacterium longum
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Genes Upstream primers ownstream primers

Cel2 5-TTAAAAACCTGGATCGGAACCAA-3" 5-GCATTAGCTTCAGATTTACGGGT-3
Ccl7 5-AAGTGGGTCGAGGAGGCTAT-3 5-AAGTGGGTCGAGGAGGCTAT-3
Ccl12 5-ATTTCCACACTTCTATGCCTCCT-3 5-ATCCAGTATGGTCCTGAAGATCA-3
Cel17 5-TACCATGAGGTCACTTCAGATGC-3’ 5-GCACTCTCGGCCTACATTGG-3’
Ccl19 5-GGGGTGCTAATGATGCGGAA-3’ 5-CCTTAGTGTGGTGAACACAACA-3
Ccl20 5-GCCTCTCGTACATACAGACGC-3’ 5-CCAGTTCTGCTTTGGATCAGC-3"
Cel21 5-GTGCAGAAGTTGATGCGACG-3" 5-CCCAGCTTGAAGTTCGTGGA-3
Cxcl9 5-GGAGTTCGAGGAACCCTAGTG-3 5-GGGATTTGTAGTGGATCGTGC-3
Cxcl10 5-CCAAGTGCTGCCGTCATTTTC-3’ 5-GGCTCGCAGGGATGATTTCAA-3’
Cxclll 5-GGCTTCCTTATGTTCAAACAGGG-3 5-GGCTTCCTTATGTTCAAACAGGG-3’

B-actin 5-GGCTGTATTCCCCTCCATCG-3 5-CCAGTTGGTAACAATGCCATGT-3’
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Ab Comp:
APC/Cyanine7anti-mouse CD45 Ab Biolegend
Brilliant Violet 421™ anti-mouse CD3Ab Biolegend
PerCP/Cyanine5.5 anti-mouse CD4 Ab Biolegend
Brilliant Violet 785™ anti-mouse CD8 Ab Biolegend
Alexa Fluor® 647 anti-mouse FOXP3 Ab Biolegend
APC anti-mouse CCR2 Ab Biolegend
PE/Cyanine7 anti-mouse CCR6 Ab Biolegend
FITC anti-mouse CD62L Ab Biolegend
APC anti-mouse IFN-y Ab Biolegend
PE anti-mouse IL-17A Ab Biolegend
APC/Cyanine7 Rat IgG2b, k Isotype Ctrl Ab Biolegend
Brilliant Violet 421™ Armenian Hamster IgG Isotype Ctrl Ab Biolegend
PerCP/Cyanine5.5 Rat IgG2b,  Isotype Ctrl Ab Biolegend
Brilliant Violet 785™ Rat IgG2a, k Isotype Ctrl Ab Biolegend
Alexa Fluor® 647 Rat IgG2b, k Tsotype Ctrl Ab Biolegend
APC Rat IgG2b, x Isotype Ctrl Ab Biolegend
PE/Cyanine7 Rat IgG2b, x Isotype Ctrl Ab Biolegend
FITC Rat IgG2a, & Isotype Ctrl Ab Biolegend
APC Rat IgGl, ¥ Isotype Ctrl Ab Biolegend
PE Rat IgGl, k Isotype Ctrl Ab Biolegend
Murine CCL2 affinity purified polyclonal Ab Abcam

Murine CCL7 affinity purified polyclonal Ab
Murine CCLI2 affinity purified polyclonal Ab
Murine CCL20 affinity purified polyclonal Ab

Horseradish peroxidase (HRP)-coupled goat-anti-mouse secondary Ab IgG (H+L)

R&D Systems
R&D Systems
Abcam

Thermo Fisher Scientific
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Variables

Ave age (year)

Ave No. of gravidities

Ave No. of previous miscarriage
Ave gestation (week)

Ave BMI (week)

Ave, Average; BMI, Body Mass Index.

HD (n=23)

30.39+1.64
1.65+0.83
0
6.74+0.45
21.03+1.34

RPL (n=21)

31.1943.72
3.67+1.93
3.48+1.63
6.81+0.40

22.67+4.14

P value

0.355
<0.001
<0.001
0.588
0.077
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Primer Name

ACTR2-F
ACTR2-R
CD2AP-F
CD2AP-R
MBNL2-F
MBNL2-R
NCSTN-F
NCSTN-R
PUMI-F
PUMI-R
RPN2-F
RPN2-R
TBC1D12-F
TBC1DI12-R
GAPDH-F
GAPDH-R

Prime (5'to3’)

AGTTGGGTTCAGGGAAATGGG
CAAGGGACAAACGATAAATGCTC
AAAAGAAGAAGACAGTGCCAACC
AATGGAGTCAGGAAAGCAGTTGT
TCATACCCCACCAAACAAAGTC
GAAGTCTGGCAAAATCTAGGCAC
TGGGCAATGGTTTGGCTTAT
CAGGTGGCAGTGCTGATGAC
TGAAGAACGGTGTTGACTTAGGG
TGGTTGCTGGTTGGATTTGC
CGAGCCAGACAACAAGAACG
CCTCAGGGAACTTGATGACCAC
GCCCTCGTCTACCTCACTATCC
CATTCCTCAAAGTATTTCACCTCCA
GGAGTCCACTGGCGTCTTCA
GTCATGAGTCCTTCCACGATACC

Length (bp)

21
23
23
23
22
23
20
20
23
20
20
22
22
25
20
23
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9758 | fulvestrant ESRI, EPHX2, ESR2, GPERL Estrogen receptor antagonist

HDACI, HDAC10, HDAC11, HDAC2, HDAC3, HDAC4, HDACS5, HDAC6, HDAC7, g
96.03 JNJ-26854165 HDAGS, HDACY, MDM2 HDAC inhibitor

9594 | huperzine-a ACHE Acetylcholinesterase inhibitor

9486 | perindopril ACE ACE inhibitor

9426 CDKI-5-inhibitor CDKI1, CDK5, GSK3B CDK inhibitor, Glycogen synthase kinase
inhibitor

9387 SU-11274 MET ?;ﬁ:?ﬁ:;u;:‘mf;cs: receptor inhibitor,

9387 | MK-212 HTR2A, HTR2B, HTR2C Serotonin receptor agonist

935 CO-101244 GRIN2B Tonotropic glutamate receptor antagonist

93.03 | ALW-I1-49-7 DDRI, EPHA, EPHA4, EPHA7, EPHB2, EPHB4, EPHB6 Ephrin inhibitor

9301 | tyrphostin ERBB2 EGER inhibitor

9225 BRD-K34608650 CNR2 Cannabinoid receptor agonist

90.54 hymecromone MAOA Monoamine oxidase inhibitor

9034 | tandutinib FLT3, KIT, PDGFRA, PDGFRB, CSFIR, PDGFD ELT3:inhibitor, KITinhibitor, PDGER zeceptor.
inhibitor

9043 | XMD-1150 LRRK2 Leucine rich repeat kinase inhibitor

bisindolylmaleimide- | SIRT1, AKT1, GSK3B, LCK, LRRK2, MAPK1, MAPK11, MAPK12, MAPK 14,

212 ix MAPKS, PRKCA, ROCK1, RPS6KB1, SIRT2

CDK inhibitor, PKC inhibitor

-95.03 JNK-9L MAPK8 JNK inhibitor

9565 | Ala-Ala-Phe-CMK | TPP2 Tripeptidyl peptidase inhibitor
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TABLE 2 Up and Down DEGs.

Express Gene Name

Up

Down

Clorf131, CALCOCOL1, STIM1, PSMD3, RNF7, COMMD?, CD320, TMEM214, KIAA0415, RBX1, KRTAP20-1, MRPL22, STXBP2, C20rf44, RAB3D, MANF,
MRPL17, SLC44A1, AMT, CHMP4B, MICALI, KRTAP10-1, RPL18A, HNRNPH3, SNX19, RBM22, TOR3A, BRD2, AGPAT6, GSK3B, Cl4orf142, SPG7,
ARPCIA, ILF2, KRTAP10-9, MED27, SCD5, PXMP2, DHTKD1, NMB, SLCO2A1, H1F0, CYCS, GPSM1, PCBD1, EGFL6, NDUFBS, ERBB2, HISTIH2BI,
GPR32, FKBP3, RPS7, HLA-DPA1, KLF13, KDM5B, NHP2, DDX6, PSMD10, TMCO3, COX4I1, DIDO1, NANS, CORO7, FXR1, NIPSNAP1, KCNMA1

FAMY96A, HIST1H2BF, ECE1, PSMC6, RXRB, CLDN3, SPEF2, MRPS21, PDE6D, DAXX, UBE2N, TRPC4AP, C9orf23, CYP4X1, CYTH2, PPP2CA, E2F4,
CCNBI1IP1, NUDT21, MUC16, AIM1, GLTP, NOTCH1, COPG, PDE6G, HUWEI, RNASES, CRISP2, KDELR2, SUV420H1, IFNAR1, MAFG, EMP1,
HIST1H2A], TMEM161A, ACP5, MCAT, PIAS4, NSDHL, TMEM14C, KRAS, PHIP, AKT1, UVRAG, CIC, GTPBP1, TRIMY, PARVA, PPFIA1, ZC3H7B,
HIST1H4E, ARRDC2, C190rf56, LASP1, ASAH1, TSPAN6, POLR2L, WARS2, GLB1, PDIA4, PSMB8, PPM1A, MAPKSIP3, SRPRB, SC5DL, SEC14L1,
NR2C1, ARHGAP15, MRPL39, ATP6V1C1, OAS1, PRAME, POLR2F, ATP13A5, MAPK6, FARSA, HIST1H3G, TSPAN14, HERC6, NOTCH3, WDR24,
MYH?7, CCT2, MAFB, NOTCH4, TMX2, AIMP1, OS9, REXO1, ZNF444, TMEM211, C100rf137, OBFC1, SLC4A4, FLNC, VEZF1, TCEB2, ANKLE2,
FILIP1L, NDUFBY, RPL38, C100rf26, ABP1, SH2B3, TBL2, PLAC9, PRCC, SOS2, C200rf194, TMEM60, RNASE6, NELL2, SAP30L, ATXN2, RINTI, PI4KA,
FCGBP, DNAJB5, KRTAP19-4, CSRP2BP, EXOSC8, RHBDF1
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AUC 95%CI P value Best threshold Specificity (%) Sensitivity (%)

B-hCG (IU/L) 07477 0.7296-0.7657 54245 71.13 67.71
Maternal age (y) 05780  0.5576-0.5983 < .001 33.50 79.00 3347
Paternal age (y) 0.5699  0.5498-0.5901 <001 32,50 59.56 5144
AFC 05277 05072-05482 < .001 10.75 7324 33.75
Endometrial thickness (cm) 0.4622  0.4421-0.4824 < .001 148 93.49 6.97
Model 1 05834  0.5626-0.6043 < .001 173 63.62 4895
Model 2 07462 0.7279-0.7645 815 139 77.54 619

AUC, area under the curve; CI, confidence interval; NPV, negative predictive value; PPV, positive predictive value.
Model 1 included maternal age, paternal age, No. of retrieved oocytes, AFC and endometrial thickness;.

Model 2, model 1 plus B-hCG.

P values express the significance of the differences between B-hCG and other variables or the two models.

PPV (%)

28.80
21.75
18.13
17.99
1578
18.78
3191

NPV (%)

92.74
87.19
87.57
86.41
85.17
87.88
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Maternal age (y)
Paternal age (y)
Maternal BMI (kg/m2)
Infertility duration (y)
Infertility type
Primary
Secondary
AFC
Number of retrieved oocytes
Number of metaphase-2 oocytes
Fertilization methods
IVE
1Cs1
Endometrial thickness (cm)
Number of transferred embryos
1
2
3
E2/P
B-hCG (IU/L)

Ongoing pregnancy (n = 5620)

30.39 + 4.04
32.07 + 4.80
22.20 +3.11

3.83 £ 2.80

3320 (59.33%)
2276 (40.67%)
14.99 + 6.74
13.98 + 6.26
12.69 + 6.01

3489 (62.08%)
2131 (37.92%)
113 £021

1572 (27.97%)
3529 (62.79%)
519 (9.23%)
312216
1139.04 + 1048.72

Values are meansstandard deviation or number (percentage)
AFC, total antral follicle count; BMI, body mass index.

Early pregnancy loss (n = 980)

31.74 + 481
3351 + 5.64
22.46 + 3.01
4.17 £ 3.24

523 (53.64%)
452 (46.36%)
14.54 + 7.33
13.01 + 6.30
11.88 £ 6.17

616 (62.86%)
364 (37.14%)
L11+0.22

198 (20.20%)
733 (74.80%)
49 (5.00%)
291 +218
564.03 + 838.16

P value

<.01
<01
<.05
<01
<.01

<01

<.01

<.01
.64

<01
19

<01
<01
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Variables

Maternal age (y)
Paternal age (y)
Maternal BMI (kg/m2)
Infertility duration (y)
Infertility type

Primary

Secundary
AFC
Number of retrieved oocytes
Number of metaphase-2 oocytes
Endometrial thickness (cm)
E2/P
B-hCG (IU/L)

AFC, total antral follicle count; BMI, body mass index; OR, odds ratio; CI, confidence interval.

Univariable

OR (95%CI)

1.0781 (1.0612, 1.0954)
1.0562 (1.0426, 1.0700)
1.0274 (1.0053, 1.0499)
1.0390 (1.0161, 1.0625)

1.0
1.2607 (1.0996, 1.4454)
0.9902 (0.9800, 1.0004)
0.9749 (0.9641, 0.9859)
0.9774 (0.9662, 0.9888)
0.5633 (0.4055, 0.7826)
0.9466 (0.9107, 0.9839)
0.9987 (0.9985, 0.9988)

P value

<.01
<.01
<.05
<01

<0.01
.06
<.01
<.01
<.01
<01
<.01

Multivariable

OR (95%CI)

1.0423 (1.0158, 1.0696)
1.0229 (1.0018, 1.0445)
0.9910 (0.9666, 1.0161)
1.0004 (0.9747, 1.0268)

1.0
1.0206 (0.8666, 1.2020)
1.0187 (1.0055, 1.0321)
0.9642 (0.9277, 1.0021)
1.0231 (0.9840, 1.0638)
0.5669 (0.3950, 0.8136)
0.9683 (0.9292, 1.0090)
0.9987 (0.9986, 0.9989)

P value

<.01

<.05
.48
.98

0.81
<.01
.06
25
<.01
13
<.01
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hCG quartiles (IU/L) Model 1 Model 2 Model 3

Adjusted OR (95%CI) Adjusted OR (95%CI) Adjusted OR (95%CI)
<4129 1.0 1.0 1.0
412.9-790.8 026 (0.22, 0.31)* 026 (0.22, 031)* 027 (0.22, 0.33)*
790.9-1390 0.18 (0.15, 0.22)* 0.19 (0.15, 0.23)* 0.19 (0.15, 0.24)*
>1390 0.1 (0.09, 0.14)* 0.11 (0.09, 0.14)* 0.11(0.09, 0.14)*
P for trend <0.001 <0001 <0.001

CI, confidence interval; OR, odds ratio.

Model 1:unadjusted.

Model 2:adjusted for maternal age, paternal age, number of retrieved oocytes, duration of infertility, and maternal BML.

Model 3:adjusted for maternal age, paternal age, number of retrieved oocytes, duration of infertility, maternal BMI, total AFC, type of infertility, number of metaphase-2 oocytes,
endometrial thickness, E2/P.

*P < 0.001.
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