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The increasing number of patients with infertility is recognized as an emerging problem worldwide. However, little is known about the cause of infertility. At present, it is believed that infertility may be related to genetic or abnormal immune responses. It has long been indicated that autoimmune regulator (AIRE), a transcription factor, participates in immune tolerance by regulating the expression of thousands of promiscuous tissue-specific antigens in medullary thymic epithelial cells (mTECs), which play a pivotal role in preventing autoimmune diseases. AIRE is also expressed in germ cell progenitors. Importantly, the deletion of AIRE leads to severe oophoritis and age-dependent depletion of follicular reserves and causes altered embryonic development in female mice. AIRE-deficient male mice exhibit altered apoptosis during spermatogenesis and have a significantly decreased breeding capacity. These reports suggest that AIRE deficiency may be responsible for infertility. The causes may be related to the production of autoantibodies against sperm, poor development of germ cells, and abnormal ovarian function, which eventually lead to infertility. Here, we focus on the potential associations of AIRE deficiency with infertility as well as the possible pathogenesis, providing insight into the significance of AIRE in the development of infertility.
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INTRODUCTION

AIRE is a 545-amino-acid glycoprotein that was originally reported in 1997 (1) and has been mapped to regions of human chromosome 21q22.3 (1) and mouse chromosome 10 (2, 3). Since then, research on the immunologic function of AIRE has demonstrated its multiple functions. AIRE acts as a transcription factor and is predominantly expressed in mTECs (4), where it induces the ectopic expression of a variety of tissue-specific antigens (TSAs) (5) and hence is thought to contribute to the negative selection of self-reactive thymocytes, thereby maintaining central immune tolerance. In addition, AIRE protein has also been detected in multiple peripheral tissues and cell types, such as dendritic cells (DCs) (6). Peripheral AIRE-expressing DCs participate in the establishment of peripheral tolerance through clearance of autoreactive CD4+ T cells or inhibition of Th1, Th17, Th22, and TFH differentiation (7). In these respects, AIRE has emerged as one of the most critical actors in the establishment of self-immunological tolerance, which, as a result, prevents autoimmune disease.

Functional AIRE gene mutation causes autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED), the main clinical manifestation of which is severe multiple organ-specific autoimmune disorders in humans (8). Additionally, emerging evidence has demonstrated that AIRE deficiency is also related to infertility, one of the comorbidities associated with APECED. Infertility is regarded as a fairly common problem around the globe. After a period of 1 year of unprotected intercourse, ~15% of couples fail to conceive. The prevalence of infertility has increased noticeably in recent years because of delayed childbearing. Multiple factors are involved in the development of infertility. Female factors contribute to more than half of diagnosed cases of infertility, and the potential causes correlate very well with a variety of autoimmune disorders targeting the ovary directly or secondarily following autoimmune disease (9–12). Most female APECED patients with infertility could be explained by ovarian failure. In other cases, infertility is attributed to male factors. Testicular atrophy, hypogonadotrophy, azoospermia anti-sperm antibodies, and Leydig cell antibodies were significantly associated with infertility in male patients (13). Importantly, most of the available data suggesting a role for AIRE in infertility was deduced from mouse models lacking AIRE. An increasing number of infertility studies have highlighted the effect of AIRE deficiency, which has received relatively little attention in the public arena. In the near future, AIRE may become a focal point in the field of infertility. Thus, in this review, we specifically focus on the relationship between AIRE deficiency and female and male infertility in mice. In addition, we discuss the potential mechanism underlying the pathological link between AIRE loss and infertility.



AIRE DEFICIENCY IS RESPONSIBLE FOR INFERTILITY

The important role of AIRE in central and peripheral tissues has received enormous attention over multiple decades. More recently, accumulating evidence has indicated that AIRE is also expressed in the ovary (14) and testis (15) except the immune system. Many studies have reported that AIRE deficiency may result in infertility in females or males, suggesting that the loss of AIRE is one of the most determinant factors of infertility.


Female Infertility

In 1999, AIRE was first detected within the ovary in C57BL/6 mice by Northern blot and RT-PCR (14). Then, one set of pregnancy model studies demonstrated high levels of AIRE expression in the decidual basilis and mesometrial lymphoid aggregate of pregnancy (MLAp) in the uterus at gestational day (GD) 10.5 (16). Later, experimental data from Soumya et al. showed that AIRE expression is markedly upregulated at embryo implantation day 5 and is most prominent within the primary decidual zone (PDZ) of the uterus (17). This points to its possible function in the development of embryo implantation with the subsequent pregnancy success rate. This mechanism is also favored by the observation of significantly impaired embryo implantation as well as reduced fertility in AIRE-deficient female mice reported by Warren (18). In these senses, the loss of AIRE in mice may be responsible for female infertility. First, AIRE deficiency resulted in a decreased rate of pregnancy. At 6 weeks of age, although female mice either with or without AIRE deficiency have overtly normal ovaries and display essentially normal copulatory behavior, only half of AIRE-deficient females become pregnant after cohabitation with wild-type (WT) males (19), suggesting that the fertility of AIRE-deficient mice is compromised from an early reproductive age. Further decline in frequency of fertile females is observed with advancing age. Among the other half of AIRE-deficient mice that failed to deliver litters, 83% exhibited severely disrupted estrous cyclicity. All control females delivered litters, and none of them displayed impaired cyclicity (19). In addition, compared with WT females, AIRE-deficient mice show significantly decreased potential to deliver a second litter (20). Among all AIRE-deficient females, 80% failed to deliver pups (20). Finally, another line of evidence indicating a direct role of AIRE in fertility is that deletion of the AIRE gene results in a dramatic impairment of fetal development. When AIRE-deficient pregnant mice and WT controls were sacrificed on the 13th day of pregnancy, the majority of control females had normal fetuses in the horn, while all AIRE-deficient females experienced fetal loss (17). Overall, studies using these mouse models lacking AIRE point to a critical role played by AIRE in maintaining normal reproductive function, and female mice with deletion of AIRE suffer from high rates of infertility.



Male Infertility

In the initial characterization of AIRE in the testis, AIRE mRNA was detectable, but protein could not be identified by Western blotting (15). It was not clear whether AIRE mRNA can effectively be translated into protein in the testis or in which cell type it is expressed. A subsequent study from Claudia et al. suggested that the use of polyclonal Abs may be one of the reasons for the discrepancies between mRNA and protein results. By using a monoclonal Ab, they found that testicular AIRE expression was specifically limited to early spermatocytes and spermatogonia and was not present in spermatids or Sertoli cells (21). Nonetheless, studies on the testis expression of AIRE vary considerably. The results of a recent finding supported the opposite fact that the AIRE protein is abundantly expressed in mouse testicular lysates at all evaluated stages of germ cell development, including in meiotic germ cells, primary spermatocytes, post meiotic cells, secondary spermatocytes and spermatids (22). Interestingly, a research group observed a gradual decreasing trend in AIRE expression in the testis with sexual maturity. RT-PCR analysis showed that AIRE mRNA is expressed at the highest level in the testes of male mice at the age of 1 week, which is markedly higher than the level at the age of 4 weeks. The levels of AIRE expression in the testes of 2-week-old and 3-week-old mice showed a 4- or 3-fold increase compared with that in 4-week-old testes (22). Notably, female mice failed to produce any litters after intercrossing with Aire-deficient males, indicating fertility defects. A recent study carried out on AIRE-deficient male models revealed that the fertilization success rate was markedly downregulated compared with that of WT controls (23), suggesting the decreased quality and oocyte fertilization capacity of sperm from AIRE-deficient mice, which further negatively impacts fertility in these mice.




THE EFFECT OF AIRE DEFICIENCY IN INFERTILITY

Since the depletion of AIRE is responsible for infertility, a large number of studies have attempted to quantify the effects of AIRE deficiency on infertility. The pathology of infertility in AIRE-deficient mice displays sex differences. The observation of impaired embryonic development together with the presence of follicular depletion and T cell inflammatory infiltrates in Aire-deficient female mice has been well-reported. Male mice lacking AIRE displayed reduced scheduled apoptosis in spermatogenesis. These results provide a potential explanation for the observed variations in female and male fertility.


The Effect of AIRE Deficiency in Female Infertility
 
Reduced Embryonic Development

A recent experimental study favored delayed embryonic development as the major reason for infertility in females lacking AIRE. AIRE-deficient female mice and WT controls, 6 weeks old, were mated with fertile males, and heterozygous embryos were quantified by counting the numbers in the uteri of the females on GD 3.5. Although no apparent distinction in the numbers of embryos was seen between strains, the developmental stages of the embryos showed a significant difference. The presence of embryos at the blastocyst stage was observed in all WT dams, with the percentage of embryos reaching the blastocyst stage being 57–100%, whereas in four KO dams, blastocysts were found in only two of the dams, and within these, only 12.5 and 62.5% of embryos had grown to the blastocyst stage. In total, 80% of embryos from WT mice had grown to the blastocyst stage, while only 20% of embryos from AIRE-deficient mice reached this stage, a marked decrease (19). These results might reflect a direct role of AIRE in early embryogenesis. Interestingly, no difference was observed in the implantation rates of WT and AIRE-deficient dams at GD5.5, suggesting developmental delay in embryos rather than arrest. Consistent with this, GD3.5 embryos from AIRE-deficient dams cultured in vitro did not show extensive outgrowth of trophoblasts compared with the control (19). The slowed growth may have resulted in reduced developmental competence. Overall, these data indicated the pronounced role of AIRE depletion in reduced embryonic development, which could cause low fertility.



Ovarian Follicular Depletion

The ovaries are filled with follicles, which play an important role in oocyte maturation. Susmita et al. found the depletion of ovarian follicular reserves in female mice lacking AIRE, which displayed a failure to mate (20). Histological section analysis was used to quantify the follicular reserve in virgin AIRE-deficient female mice and BALB/c controls at 1, 4, 8, 12, 16, and 20 weeks of age. The loss of ovarian follicles was seen in approximately 30% of AIRE-deficient females at 8 weeks of age. Of the control females, none of the BALB/c mice exhibited follicular depletion. Later, a higher percentage of AIRE-deficient mice displayed follicular depletion with advancing age, ranging from 50 to 60% at the age of 12–20 weeks. However, of previously bred AIRE-deficient females at the same age, ~80% displayed complete ovarian follicular reserve loss (20). Apparently, pregnancy itself may further predispose these mice to ovarian follicular depletion. Moreover, as previously described by Susmita (20), 10 of 12 AIRE-deficient females failed to deliver either a first or second litter. The other two mice that could deliver a second litter also showed signs of depletion of follicular reserves despite possessing histologically normal ovaries, suggesting that AIRE deletion probably affects follicles at multiple stages. Furthermore, in transplantation experiments, ovaries transplanted from WT animals into AIRE-deficient females exhibited rapid depletion of ovarian follicles in recipients whose ovaries were similarly empty of oocytes (20), suggesting that follicular loss depended on factors extrinsic to the ovary. Taken together, these data strongly suggest that infertility in female mice lacking AIRE is correlated, at least in part, with progressive ovarian follicular depletion.



Infiltration of Inflammatory T Cell in Ovaries

Inflammation is considered a major causal factor related to reproductive dysfunction, including the most common causes of female infertility, such as pelvic inflammatory disease, obesity, polycystic ovary syndrome, endometriosis, and recurrent pregnancy loss (24). It is likely that a defect in AIRE negatively regulates fertility in female mice by mediating the inflammatory process, a notion supported by the observation of T cell inflammatory infiltrates in or around the ovaries of female mice lacking AIRE. Immunohistochemistry analysis of ovarian tissues revealed significantly increased expression of CD3, a marker of T lymphocytes, in AIRE-deficient mice compared with control mice. At 4 weeks of age, 57% of AIRE-deficient female mice had CD3+ T cell infiltration. The percentage of CD3-positive ovarian cells increased with advancing age in AIRE-deficient females and reached 96% by 20 weeks of age. It seems likely that these females would display follicular depletion later. Consistently, these T cells in the ovary resident to surround follicles, infiltrate the corpora lutea, or organize into aggregates. Only 3% of WT mice displayed detectable CD3+ T cells (20). Furthermore, Th1 cells appear to contribute to infertility in AIRE-deficient females by mediating ovarian infiltrates. Women with premature ovarian failure also display similar immune infiltrates (25). In summary, the depletion of AIRE might cause T cell inflammatory infiltration, which is a causative factor of infertility.




The Effect of AIRE Deficiency in Male Infertility

In the last few years, several research groups have postulated that exquisitely coordinated interactions between Sertoli cells and germ cells are necessary for normal mature spermatogenesis. The ratio of germ cells in different developmental stages to Sertoli cells is believed to play an important role, as the apoptotic wave spares Sertoli cells. This process would further lead to permanent impairment of spermatogenesis, which would increase the prevalence of male infertility (26). Nevertheless, one recent report is not consistent with these results. Schaller and colleagues (21) propose that scheduled apoptosis of spermatogenesis is one of the critical events for genomic health. A decrease in scheduled apoptotic waves of germ cells has been demonstrated in AIRE-deficient male mice at 3 weeks of age. TUNEL assays showed that 1.6% of cells in WT mice were apoptotic, while AIRE-deficient mice displayed a 25% reduction compared with the control. The most affected apoptotic cells in AIRE-deficient males are spermatocyte II cells, which exhibit only half of the apoptosis observed in WT mice. Interestingly, sporadic apoptosis in adult mice at the age of 3 months was upregulated in AIRE-deficient mice, most likely due to mutated AIRE resulting in proliferation and further differentiation of spermatocytes, thereby leading to more cell death. This line of evidence implies an association between scheduled and sporadic apoptotic processes and suggests that scheduled apoptosis provides a counterselection mechanism that keeps the germline stable. On the other hand, another plausible explanation is that male lacking AIRE with high incidence (71%) of autoimmune prostatitis could be responsible for infertility (27). Motrich et al. (28) reported that male with prostatitis have upregulated level of TNF-α, IFN-γ and IL-1 in seminal plasma, these inflammatory cytokines have detrimental effect on sperm motion and viability. It is thus possible that the deletion of AIRE in male could also negatively affect the semen and sperm quality. Collectively, these findings indicate that the definite consequence of AIRE deficiency in the testes is a reduction in germ cell apoptosis as well as semen and sperm quality that results in reduced fertility.




MOLECULAR MECHANISMS UNDERLYING AIRE DEFICIENCY IN INFERTILITY

Several studies in mice have been presented to explain the molecular mechanism by which AIRE deficiency results in defects in fertility. These downstream molecules were supported by several lines of evidence, and a major portion of them include decidual markers and autoantibodies against ovaries and testes.


The Molecular Mechanisms of AIRE Deficiency in Female Infertility
 
Bmp2, Bmp4, Igfbp1, and Hoxa10

As mentioned above, failure of embryo implantation in AIRE-deficient female mice is one of the major reasons for infertility. Females with implantation failure have shown impaired decidualization, a vital process in the early pregnancy period, that further negatively regulates embryonic survival (29). One morphometric analysis identified smaller implantation sites, compromised primary decidual zones, and reduced embryo sizes in AIRE-deficient female mice compared to WT control mice. Decidual markers; bone morphogenetic protein-2,4 (Bmp2, Bmp4) (30), which are focal to decidual reprogramming during early pregnancy; insulin-like growth factor-binding protein 1 (Igfbp1); and homeobox A10 (Hoxa10) (31) are conserved genes that regulate progesterone-induced regional decidualization in implantation and play key roles in the uterus and during pregnancy. AIRE is well-known to influence the transcription of these genes in the endometrial stromal cells by binding to their promoters. The mRNA expression of Bmp2 and Bmp4 in AIRE-deficient uteri was reported to be significantly abolished. Western blotting analysis suggested a significant downregulation of these factors in AIRE-silenced uteri, and immunohistochemistry results confirmed this effect in vivo. Igfbp1 and Hoxa 10 are reduced in AIRE-deficient uteri at both the mRNA and protein levels (17). Overall, these results support the idea that the key molecules downregulated by AIRE defects are involved in decidualization-mediated loss in the decidual reaction, which is responsible for the smaller implantation sites and decreased embryonic growth.



Anti-ovarian Antibodies

It has been well-established that ovarian autoimmunity is one of the causes of female infertility. Females lacking AIRE develop autoimmune oophoritis, whose manifestations include histologic disease and frequent oligoclonal autoantibodies to the ovary (32). In addition, the presence of anti-ovarian antibodies (AOAs) has been shown to influence the development of eggs and embryos as well as contribute to implantation failures (33). All these findings point to the possible effect of AIRE defects on the production of anti-ovarian antibodies. Further support has come from the observations of autoantibodies in female mice lacking AIRE, as assessed by Cheng (25). AIRE-deficient mice ovulated degenerated oocytes somewhat frequently (31%), whereas none of the control mice did. Sixty percent of AIRE-deficient female mice at 6–8 weeks of age produced serum autoantibodies against the ovary and oocytes (20). Moreover, autoantibody immunoreactivity suggests a wide array of autoreactive targets, including stromal cells, luteal cells, and oocytes (18). Interestingly, these targets may vary according to whether the female has pregnancy signs and symptoms. Western immunoblotting analysis showed that antigen molecules such as zona pelucida (ZP)2 and ZP3 are oocyte-specific and are detectable in non-pregnant AIRE-deficient female serum but not in pregnant AIRE-deficient or WT females (5, 34), while another molecule, betaine-homocysteine methyltransferase (BHMT), is only present in pregnant AIRE-KO mice. These factors are all potentially ovarian targets that can affect both antibody production and infertility (18). In females, hypogonadism relative to APECED is probably caused by autoantibodies against steroidogenic enzymes, in addition to targeting of ovary-specific antigens. These include Cytochrome P450 Family 11 Subfamily A Member 1 (CYP11A1) and Cytochrome P450 17alpha-hydroxylase/17,20-lyase (CYP17), which are also observed in the adrenal gland (35, 36). These studies confirm the roles of antiantibodies in the pathogenesis of infertility in AIRE-deficient females.




The Molecular Mechanisms of AIRE Deficiency in Male Infertility
 
TGM4

Transglutaminase 4 (TGM4), a prostatic secretory enzyme, is identified as a male-specific autoantigen. Autoantibodies against TGM4 can be found in the majority of adult male patients with APECED but were not detected in young males, which suggests a potential effect of AIRE mutation in mediating the secretion of TGM4 autoantibodies in males. Consistent with these findings, in a mouse model, TGM4 autoantibodies were detectable in all AIRE-deficient males, whereas this kind of antibody was not detected in any of the AIRE-deficient female or WT mice (37). On the other hand, TGM4 most likely plays a key role in male reproductive physiology through various mechanisms. TGM4 is well-known to be a main regulator of semen viscosity and induces viscosity and coagulation of semen by cross-linking gel-forming proteins (38, 39). It can also regulate the modification of the sperm surface, mediating the capacitation of sperm; thereby, TGM4 further appears to be critical for sperm to acquire the features of a fully differentiated fertile cell (40). These important functions are severely impaired in TGM4 knockout mice, which display severely reduced male fertility. AIRE-deficient mice with TGM4 autoantibodies exhibited failure of TGM4 secretion and appear to show the same fertility defects as TGM4-knockout mice. Overall, male infertility could be the result of increased expression of TGM4 autoantibodies mediated directly or indirectly by AIRE defects.



SVS2

Seminal vesicle secretory protein 2 (SVS2), a major component of seminal vesicle secretions expressed in the prostate gland, is critical for successful internal fertilization through protection of the sperm membrane against a uterine immune attack (41). Male mice lacking SVS2 protein consistently display reduced fertility efficiency. Hou et al. reported AIRE is required for SVS2 expression in thymus, the deletion of AIRE significantly reduced the thymic expression of the SVS2 gene (27), which will further impair the formation of copulatory plugs in natural mating may result in male infertility. The sperm ejaculated from male mice lacking SVS2 is considered to undergo ectopic activation in the uterine cavity, effectively resulting in failure to entry into the oviduct (42). On the other hand, the deletion of SVS2 in mice could disturb sperm plasma membrane, presumably leading to intrauterine sperm death (42). Therefore, SVS2 impairment is closely associated with infertility mediated by AIRE loss.





CONCLUSION AND PERSPECTIVES

Researchers have improved their understanding of the association between AIRE deficiency and infertility. Loss of AIRE in females results in a reduced rate of pregnancy and impaired fetal development. These effects are most likely a result of decreased oocyte quality due to the presence of anti-ovarian autoantibodies, wholesale follicular depletion, a direct effect of AIRE on embryonic development, or the asynchrony between embryonic development and uterine implantation, further leading to embryonic demise shortly after implantation. These are all highly suggestive of the effects of the loss of AIRE on oocyte and embryonic health (Figure 1). Moreover, AIRE is detectable in the testis, and in male mice lacking AIRE expression, the scheduled apoptotic wave of germ cells, which is necessary for normal spermatogenesis and maturation, is decreased. Aire-deficient mice with TGM4 autoantibodies lacked TGM4 production, displaying severely decreased male fertility (Figure 2). Taken together, these studies have firmly established the importance of AIRE in healthy pregnancy. AIRE deficiency negatively impacts fertility in mice.


[image: Figure 1]
FIGURE 1. Roles of AIRE deficiency in the pathogenesis of female infertility. In wild-type female mice, follicles at the primordial stage with activation develop into preovulatory follicles and are finally released from the ovary to become fertilized. The fertilized egg (zygote) moves to the uterus to become a blastocyst that implants in the wall of the uterus. Notably, decidualization, the rapid proliferation of endometrial stromal cells into decidual cells, is required for implantation. Successful implantation is considered to be essential for pregnancy. However, female mice lacking AIRE exhibit marked defects in ovarian follicles, blastocysts and decidualization. Additionally, AIRE deficiency may induce the production of autoantibodies against the ovary and infiltration of inflammatory T cells, resulting in pathological alterations and female infertility.



[image: Figure 2]
FIGURE 2. Pathological roles of AIRE deficiency in the pathogenesis of male infertility. Scheduled germ cell apoptosis is critical for spermatogenesis in male testes. AIRE-deficient males fail to display the normal scheduled apoptotic wave of germ cells, possibly leading to nuclear DNA damage or cytoplasmic abnormalities and further producing abnormal spermatozoa. In addition, AIRE defects increase the expression of TGM4 autoantibodies in serum and reduced the secretion of SVS2 from prostate gland, resulting in male infertility.


However, there are still some big challenges ahead of us. Studies from Jasti et al. identified placental syncytiotrophoblasts as autoimmune targets in the presence of autoantibodies, suggesting that immune-mediated pregnancy loss may be a result of AIRE deficiency. However, future research should address the possible mechanism underlying the role of placental syncytiotrophoblasts in infertility. Furthermore, in addition to autoantibody induction by AIRE deficiency causing spermatogonial apoptosis, the existence of mechanisms distinct from AIRE still needs to be explored. A limitation of the current literature is that the identity of the antigenic targets in the ovary and other tissues of the reproductive tract have not been revealed; more research is needed on this topic. Future studies will also reveal cell types in addition to T cells that regulate autoimmune damage in the ovary. In addition, a variety of reproductive antigens are detectable in mTECs, including limited expression in organs of the female and male reproductive tracts. It is not clear whether autoreactive T cells escape negative selection in the thymus due to the abnormal expression of autoantigens in reproductive organs with AIRE deficiency. This mediates the autoimmune response to the ovary or testis, subsequently resulting in the development of infertility. Moreover, AIRE-deficient mice often suffer from autoimmune disease such as lupus (43), rheumatoid arthritis (44) or type I diabetes (45) but may develop inflammation in prostate that commonly induce the risk for infertility. Additional research is required to strengthen the potential suggestions that AIRE deficiency may indirectly impair fertility by mediating those disease. Therefore, we need to further study the mechanisms involved in female and male infertility associated with AIRE deficiency.
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The success of pregnancy relies on the fine adjustment of the maternal immune system to tolerate the allogeneic fetus. Trophoblasts carrying paternal antigens are the only fetal-derived cells that come into direct contact with the maternal immune cells at the maternal–fetal interface. The crosstalk between trophoblasts and decidual immune cells (DICs) via cell–cell direct interaction and soluble factors such as chemokines and cytokines is a core event contributing to the unique immunotolerant microenvironment. Abnormal trophoblasts–DICs crosstalk can lead to dysregulated immune situations, which is well known to be a potential cause of a series of pregnancy complications including recurrent spontaneous abortion (RSA), which is the most common one. Immunotherapy has been applied to RSA. However, its development has been far less rapid or mature than that of cancer immunotherapy. Elucidating the mechanism of maternal–fetal immune tolerance, the theoretical basis for RSA immunotherapy, not only helps to understand the establishment and maintenance of normal pregnancy but also provides new therapeutic strategies and promotes the progress of immunotherapy against pregnancy-related diseases caused by disrupted immunotolerance. In this review, we focus on recent progress in the maternal–fetal immune tolerance mediated by trophoblasts–DICs crosstalk and clinical application of immunotherapy in RSA. Advancement in this area will further accelerate the basic research and clinical transformation of reproductive immunity and tumor immunity.
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INTRODUCTION

A new life begins when an egg and a sperm meet at the ampulla of the mother's fallopian tube and combine to form a fertilized egg, which further develops into a blastocyst. A series of processes including implantation, decidualization, and trophoblast differentiation and invasion ultimately lead to successful placentation and embryo development (1, 2). Immunologically speaking, either the embryo or the trophoblast carrying paternal antigens is similar to a semi-allogeneic transplant for the mother. However, instead of being attacked by the maternal immune system, the embryo or fetus grows naturally and safely in the womb until delivery. Hence, successful pregnancy is considered to be an immunological paradox that challenges the basic principles of transplantation immunology.

For decades, many researchers have devoted themselves to exploring the immunological truth behind pregnancy. The first attempt to explain the immune refutation was made by famous transplant scientist Peter Medawar in the 1950s (3). He proposed three possible theories, namely, the presence of the placental barrier, the immaturity of fetal antigens, and the inertness of the maternal immune system, which had greatly promoted the development of reproductive immunology at that time and still have important guiding significance nowadays. After years of research, it has been discovered that the complex and delicate dialogs between trophoblasts and decidual immune cells (DICs) are the key link in driving the establishment and maintenance of maternal–fetal immunotolerance. Trophoblasts are the only fetal-derived cells that come into close contact with the mother's immune system. Moderate proliferation, migration and invasion of trophoblasts in early pregnancy are crucial to placenta formation and fetal growth, and are regulated by multiple factors (4, 5). Dysfunction of trophoblast cells may lead to a series of pregnancy-related complications including RSA and preeclampsia (PE) (6, 7). On the other hand, DICs refer to a large number of immune cells accumulating in the decidua during early pregnancy which account for approximately 40–50% of decidual cells (8, 9). Among them, decidual NK cells, decidual macrophages and decidual T cells occupy the vast majority, and the rest include granulocytes, dendritic cells, mast cells, other innate lymphoid cells (ILCs), decidual B cells and so on (8, 10). DICs have specific phenotypes and are involved in the regulation of crucial processes including local inflammation and immune responses, trophoblast invasion and vascular remodeling (8). Actually, the phenotypes and functions of DICs can be finely adjusted by trophoblasts, the active builder of immune tolerance in pregnancy. Aberrant interaction between trophoblasts and DICs will cause immune tolerance disorder, which is closely related to a variety of adverse pregnancy outcomes such as recurrent spontaneous abortion (RSA), intrauterine growth retardation (IUGR), and PE (11). Therefore, this review will elaborate on the complicated and delicate interaction between trophoblasts and DICs in the formation of maternal–fetal immunotolerance, in the hope of providing new ideas for the diagnosis and treatment of clinical pregnancy-related diseases.



THE DIFFERENTIATION AND CHARACTERISTICS OF TROPHOBLASTS

As the only component containing paternal antigens at the maternal–fetal interface, trophoblasts serve a core role in mediating maternal tolerance toward the embryo. It is necessary to have knowledge of the differentiation and characteristics of trophoblasts to fully understand the cross-communication initiated by trophoblasts in maternal immunotolerance. In the pre-implantation stage, the blastocyst differentiates into inner cell mass (ICM) and trophectoderm (TE). After implantation, ICM cells further differentiate into embryonic lineages, giving rise to all kinds of tissues in the developing fetus, whereas TE cells subsequently become the precursor lineage, forming the embryonic part of the placenta (Figure 1) (12). The placenta, a unique and transient organ consisting of both maternal and fetal tissues, not only is in charge of nutrition exchange between the mother and the fetus but also participates in the immune adaptation of the maternal immune system (13, 14). Malfunction of placenta is identified as a potential cause of various pregnancy complications including RSA, PE, and preterm (15, 16). The villus, the functional unit of placenta, is composed of epithelial trophoblasts differentiated from TE and a stromal cell core containing fetal endothelial cells, Hofbauer cells, and mesenchymal stromal cells, among others (17). Cytotrophoblasts (CTBs), one type of epithelial trophoblasts, encircle the stromal cell core and express receptors involved in cellular proliferation and differentiation such as epidermal growth factor receptor(EGFR), neuropilin-2 (NRP2), and hepatocyte growth factor receptor(HGFR) which are predicted to interact with Hofbauer cells and placental fibroblast cells (Figure 1, Table 1) (18). There are two distinct differentiation pathways in CTBs, generating syncytiotrophoblasts (STBs) and extravillous trophoblasts (EVTs), the other two types of epithelial trophoblasts (Figure 1) (18). STBs, responsible for producing placental hormones, scarcely express any major histocompatibility complex (MHC, also known as human leukocyte antigen [HLA]) class I or class II molecules, which allows them to escape immune attack mediated by allogeneic recognition from T cells (19). By contrast, EVTs, which are in charge of invading the decidua and participating in spiral arteries remodeling, express HLA-C, HLA-E, and HLA-G along with increased expression of receptors involved in immune regulation including atypical chemokine receptor 2 (ACKR2) and C-X-C chemokine receptor type 6 (CXCR6) (Figure 1, Table 1) (18).


[image: Figure 1]
FIGURE 1. Differentiation and development of trophoblasts. The blastocyst developed from the fertilized egg further differentiates into inner cell mass (ICM) and trophectoderm (TE). ICM develops into the fetus, while TE differentiates into cytotrophoblasts (CTBs or villous cytotrophoblasts, VCTs) which further differentiate into syncytiotrophoblasts (STBs or SCTs) and extravillous trophoblasts (EVTs). The EVTs that invade the decidua can be divided into intravascular EVTs (enEVTs) and interstitial EVTs (iEVTs) according to the specific location. EGFR, epidermal growth factor receptor; NRP2, neuropilin-2; HGFR, hepatocyte growth factor receptor; ACKR2, atypical chemokine receptor 2; HLA, human leukocyte antigen; CXCR6, C-X-C chemokine receptor type 6.



Table 1. New subsets of placental trophoblasts during early pregnancy identified by single cell RNA seq.
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Recently, single-cell RNA sequencing performed on placental cells has identified three subsets of CTBs. The proliferative subpopulation was predicted to replenish the CTB pool. The non-proliferative subset was divided into two other subgroups on the basis of the expression of Syncytin-2, of which the positive one was proved to be STB progenitors (Table 1) (17). Not only that, EVTs from the first trimester were also identified as three subsets, and EVT subsets expressed more than 40 polypeptide hormone genes including CSH1, FSTL1, PAPPA2, TAC3, and several PSG genes. This is contradictory to previous cognition that other placental subsets hardly secret hormones except STBs (Table 1) (17). New insights on the phenotypes and functions of various types of placental cells have greatly enriched and deepened our understanding of the human placental lineage specification and deserve further research in the future. For example, do these new hormone genes expressed by EVT subsets also play a role in the induction of immune tolerance? This is a new scientific question waiting to be answered.



THE FORMATION OF MATERNAL-FETAL IMMUNOTOLERANCE

Trophoblasts communicate with decidual cells in specific microenvironments, namely, the important maternal–fetal interface which appears in early pregnancy when EVTs invade the decidua and encounter various DICs as well as a large number of decidual stromal cells (DSCs) (Figure 2) (20). The maternal–fetal interface is the key site to establish a specific immune microenvironment and maintain maternal–fetal immune tolerance. Various types of DICs greatly influenced by EVTs are characterized with specific phenotypes and functions. Decidual natural killer (dNK) cells are the most abundant, reaching more than 70% of decidual lymphocytes, followed by decidual macrophages (dMΦ) with 10–20% and then decidual T cells, which make up 10–20% of total DICs (Figure 2) (21). EVTs actively engage in precise dialogs with DICs to tolerate the allogeneic fetus (22). However, aberrant crosstalk between EVTs and DICs leads to dysregulated immune responses and imbalanced maternal–fetal immune tolerance, which can bring about a series of pregnancy complications including RSA, the most common event occurred in early pregnancy (9). In the following sections, we will elaborate the characteristics of immune cell subgroups and their intricate interaction with trophoblasts to conduce pregnancy tolerance, depicting the network of maternal–fetal immunity.


[image: Figure 2]
FIGURE 2. A diagram of the maternal-fetal interface in the first trimester. The thick lines surrounding CTBs represent STBs. Area A indicates the floating villi and interstitial spaces. Area B represents the villous column formed by trophoblasts. Area C represents the decidua layer. Area D indicates the myometrium. The important maternal-fetal interface is composed of EVTs, DSCs, and decidual immune cells. CTB, cytotrophoblast; enEVT, endovascular EVT; iEVT, interstitial EVT; pNK, peripheral natural killer cell; pT, peripheral T cell; Mo, monocyte; RBC, red blood cell; EC, endothelial cell; dMΦ, decidual macrophages; dNK, decidual natural killer cell; dT, decidual T cel; DSC, decidual stromal cell.



Decidual NK Cells


A Brief Description of the Phenotype and Characteristics of dNK Cells

NK cells, as important members of the innate immune system, are involved in antiviral and anti-tumor immunity. In general, peripheral blood NK (pNK) cells account for about 10% of total lymphocytes, and the phenotype of the vast majority (90–95%) is CD3−CD56dimCD16+, representing stronger cytotoxicity, whereas the remaining 10% is CD3−CD56brightCD16−, mainly secreting various cytokines. This shows a distinct phenotype of dNK cells characterized by CD3−CD56brightCD16−CD9+KIR+ from that of pNK cells, which also indicates that the local microenvironment of the decidua is closely related to the differentiation of dNK cells (23).



Interaction Between Trophoblasts and dNK Cells in Maternal–Fetal Tolerance

Whether peripherally or locally, execution of cytotoxic and/or cytokine secretion functions of NK cells is dependent on the recognition of MHC ligands by their membrane surface receptor repertoire (24). Human trophoblasts, as the only cell type carrying paternal antigens at the mother–fetus interface, express a unique repertoire of MHC ligands. The MHC ligands HLA-C, HLA-E, and HLA-G expressed by EVTs are the targets of dNK cells (Figure 3). The surface receptors of dNK cells can be divided into activating receptors and inhibitory receptors. To be exact, the activation or inhibition of dNK cells hinges on the binding ability of the inhibitory receptors with corresponding MHC ligands expressed by EVTs, indicating a crucial role of EVTs on regulation of dNK cell functions (22). In humans, HLA-C can be classified into two allotypes due to its dimorphism, HLA-C1 and HLA-C2 (25). The corresponding receptors expressed on dNK cells are killer cell immunoglobulin receptors (KIRs), which include inhibitory receptors (KIR2DL2 or KIR2DL3 specific for HLA-C1 and KIR2DL1 specific for HLA-C2) and activating receptors (KIR2DS1 specific for HLA-C2) (Figure 3) (26). On the basis of the presence of activating receptors, hundreds of KIR genotypes can be divided into two haplotypes, A (inhibitory receptors only) and B (activating and inhibitory receptors) (26). Although the combination of KIR inhibitory receptors with HLA-C is indispensable for dNK cells to recognize and tolerate fetal antigens, the lack of appropriate activation of dNK cell function mediated by KIR activating receptors may lead to adverse pregnancy outcomes such as IUGR, PE, and RSA (27–29).


[image: Figure 3]
FIGURE 3. The interaction between HLA ligands on EVTs and inhibitory receptors on dNK cells. The pattern diagram shows the expression profile of HLA antigens on EVTs and the corresponding inhibitory receptors on dNK cells. All inhibitory receptors contain at least one ITIM motif in their intracellular regions. EVT, extravillous trophoblasts; HLA, human leukocyte antigen; dNK, decidual natural killer cell; KIR, killer cell immunoglobulin receptor; LILRB1, leukocyte immunoglobulin-like receptor subfamily B member 1; ILT2, immunoglobulin-like transcript 2.


In addition to the allogeneic recognition of HLA-C with KIRs, the interaction between HLA-E and CD94/NKG2 receptors on dNK cells is also one of the basic mechanisms regulating its activity (Figure 3). Here is a brief introduction to the CD94/NKG2 receptors library. Genes including CD94 (KLRD1), NKG2D (KLRK1), NKG2F (KLRC4), NKG2E (KLRC3, encoding NKG2E and NKG2H), NKG2C (KLRC2), and NKG2A (KLRC1, encoding NKG2A and NKG2B) are grouped into a cluster (30). Except NKG2D and NKG2F, both of which are activating receptors, the CD94 molecule generally forms a heterodimer transmitting inhibitory signals with NKG2A/NKG2B and a heterodimer having activating functionality with NKG2C/NKG2E/NKG2H (30). Engagement of CD94/NKG2A with HLA-E expressed by EVTs (Figure 3) inducing inhibitory signals is an essential mechanism by which dNK cells maintain tolerance to the semi-allogeneic fetus (31).

HLA-G expressed by EVTs regulates the activity of dNK cells in several ways. On the one hand, HLA-G can directly bind inhibitory receptors KIR2DL4 and Immunoglobulin-like transcript 2 (ILT2, also known as leukocyte immunoglobulin-like receptor subfamily B member 1 [LILRB1]) on dNK cells (Figure 3) (32, 33) or indirectly enhance the affinity between inhibitory receptor CD94/NKGA and HLA-C (34). On the other hand, HLA-G-induced immunotolerance can be achieved by a special biological process, termed trogocytosis, which means transfer of membrane proteins between cells. Successful HLA-G trogocytosis endows the recipient cells with a transient immunosuppressive phenotype (35). HLA-G can be captured via trogocytosis and internalized via endocytosis by dNK cells during interaction of HLA-G+ EVTs with dNK cells. Degradation of internalized HLA-G occurs after cytokine activation and is accompanied with restoration of cytotoxicity, suggesting trogocytosis of HLA-G is closely related to the tolerant phenotype of dNK cells (36).

In addition to specific HLA molecules, trophoblasts can help to maintain the unique phenotype and restrained activity of dNK cells in other ways. Our team previously found that trophoblasts-derived galectin-9 interacting with T cell immunoglobulin mucin receptor 3 (Tim-3) on pNK cells promoted a shift toward the dNK cell-like phenotype. Moreover, trophoblasts limited excess activation of dNK cells evoked by lipopolysaccharide (LPS) stimulation in a galectin-9/Tim-3 dependent manner (37). All the results suggest that the checkpoint Tim-3-mediated signaling plays a role in the trophoblasts–dNK cells communication. Other researchers implied that the autophagy level of trophoblasts is bound up with the cytotoxicity of dNK cells. Tan et al. showed that trophoblasts with upregulated autophagy levels induced by rapamycin greatly inhibited the expression of CD16 and activating receptors such as NKG2D, NKp30, and NKp46 on dNK cells via IGF2 signaling (38). Besides, indirect regulation of dNK cells by trophoblasts was also proved. Our group demonstrated that C-X-C motif chemokine ligand 16 (CXCL16) secreted by trophoblasts induced M2 macrophage polarization and the instructed M2 facilitated the inactivation of NK cells via the decreased expression of interleukin (IL)-15 (39).

Recently, an interesting result of the transcriptome analysis of single cells from first-trimester pregnancy has attracted most attention. Analysis revealed that there were three main subgroups of dNK cells: dNK1, dNK2, and dNK3 cells. The same subgroup classification was also characterized in another study using mass cytometry (40). Compared with dNK2 and dNK3 cells, dNK1 cells expressed higher levels of KIRs and LILRB1, which are inhibitory receptors for HLA-C and HLA-G, respectively, as mentioned above, and produced more perforin and granzyme B (18). The specific inhibitory receptor CD94/NKG2A for HLA-E was expressed by both dNK1 and dNK2 cells (18). This finding suggests that dNK1, rather than dNK2 or dNK3, may be the main subgroup that recognizes and interacts with EVTs.

Whether it is the novel subpopulations of placental cells mentioned above or the breakthrough new classification of decidual NK cells summarized here, researchers benefited from single-cell sequencing, one of the most popular research techniques, have been able to discover something new from what they already know. However, it is worth noting that although single-cell sequencing can provide rich biological information for comprehensive and in-depth researches, the existence and difference of mRNA levels do not necessarily mean the same changes in protein levels. In short, the results of single-cell sequencing are not guaranteed to be completely reliable, but they can indeed provide hints or guidance for future research directions.

In summary, as the most abundant immune cells in the decidua during early pregnancy, the specific phenotype and function of NK cells require the fine adjustment of the local microenvironment of the decidua, including trophoblasts. However, it should be reminded that there is no guarantee that decidual NK cells will always play a friendly role in pregnancy. When the microenvironment is abnormal, such as in the case of inflammation, NK cells may become adversely activated, which not only fails to be the guardian of the fetus, but becomes the foe to pregnancy (41–43).




Decidual Macrophages


Dynamic M1/M2 Shift of Decidual Macrophages

Macrophages, the pivotal regulators and effectors of inflammation and innate immune responses (44), are the immune cells with the highest plasticity in the hematopoietic system. They are distributed in all tissues and play important roles in almost all kinds of biological processes of the body, both physiologically and pathologically (45). Tissue-resident macrophages derive from a wide range of sources, including (1) bone marrow-derived monocytes, (2) embryonic progenitor located in the yolk sac or fetal liver, and (3) self-renewal (46). In response to specific microenvironmental stimuli, macrophages undergo specific functional polarization, resulting in classically activated M1 macrophages and alternatively activated M2 macrophages (47). M1 macrophages characterized by CD80 and CD86 are supposed to participate in antigen presentation and secretion of proinflammatory cytokines, whereas M2 macrophages with surface markers CD206 and CD163 take charge of tissue remodeling and immune tolerance mediated by Th2 activation (48). In vitro, monocytes are induced to polarize toward the M1 phenotype with LPS and IFN-γ and toward the M2 phenotype with IL-4 and IL-13 (45). Disturbed M1/M2 macrophages balance at the maternal-fetal interface was proved to participate in the adverse pregnancy outcome (49, 50). Excessive activation of decidual macrophages displaying higher expression of pro-inflammatory cytokines and lower anti-inflammatory cytokines was detected in patients with recurrent miscarriage (49, 51, 52).

At different stages of pregnancy, the maternal immune system presents different inflammatory states. In the beginning, a moderate inflammatory environment is conducive to embryo implantation. Then, the local decidua needs to establish an anti-inflammatory and immune-tolerant microenvironment to ensure the survival and growth of the embryo. At the time of delivery, the microenvironment of the decidua shifts toward the proinflammatory direction again (53). The phenotype and function of macrophages at the maternal–fetal interface change accordingly. Before implantation, dMΦ polarize toward the proinflammatory M1 phenotype. When EVTs begin to invade the decidua after implantation, a mixed M1/M2 profile is present and gradually transforms into a tolerant M2 phenotype until delivery (21). Indeed, single-cell sequencing confirmed M1 and M2 macrophages coexisting at the maternal–fetal interface during the first trimester (18). Notably, it is previously agreed that decidual M2 macrophages highly express IL-10, an immune regulatory cytokine that plays a crucial role in immunotolerance, but the result of single-cell RNA sequencing revealed a higher expression level of IL-10 in decidual M1 macrophages than that in decidual M2 macrophages (18). Because IL-10 itself is one of the stimuli inducing M2 polarization, there is a possibility, which remains to be confirmed, that decidual M1 macrophages promote their own transformation to the tolerant M2 phenotype via the secretion of IL-10. What is clear, however, is that the predominance of decidual M2 macrophages contributes to the maintenance of an immunotolerant environment.



The Conversation Between Trophoblasts-dMΦ in Promoting M2 Polarization Shift

Numerous studies have shown that trophoblasts zealously promote the predominant M2 polarization of dMΦ in multiple ways to maintain an anti-inflammatory and immune-tolerant environment (Figure 4). Interesting findings reported by Abumaree et al. (54) that the phagocytosis of trophoblast debris by macrophages led to increased expression of programmed cell death 1 ligand 1 (PD-L1) and IL-10, as well as decreased expression of costimulatory molecules (CD80, CD86, CD40, and B7H3) and proinflammatory cytokines including IL-1β, IL12p70, and IL-8. Our team has demonstrated that the chemokine CXCL16 secreted by trophoblasts recruited peripheral monocytes to the decidua by interacting with the receptor CXCR6 (55) and promoted the polarization of macrophages into the M2 phenotype which exhibit decreased IL-15 production, so as to facilitate the inactivation of NK cells (39). We also found that the receptor activator for nuclear factor-κ B ligand (RANKL), expressed by DSCs and in particular trophoblasts, interacted with RANK on dMΦ and activated the downstream AKT/signal transducer and activator of transcription (STAT)-6 signaling, inducing M2 polarization, which further induced CD4+ T cells to present a Th2 bias (56). Placenta-derived soluble factors macrophage colony stimulating factor (M-CSF, also known as CSF-1) and, in particular, IL-10, both of which were primarily produced by trophoblasts, were capable of inducing homeostatic M2 macrophages characterized by the decidual-like CD14+CD163+CD206+CD209+ phenotype and production of IL-10 and CCL18 (57). Higher level of IL-10 is produced by placental villous trophoblasts during first and second trimesters. And it has been demonstrated that in both human and mouse, IL-10 exerts anti-inflammatory and immunosuppressive effect on multiple decidual immune cells including macrophages and mediates the immune tolerance in pregnancy (58). Observations in IL-10−/− mouse suggest that IL-10 deficiency is strongly associated with adverse pregnancy outcomes including RSA, PE, and preterm delivery (42, 59–61). Besides, IL-34, a newly discovered cytokine sharing the same receptor as M-CSF, was produced by trophoblasts and DSCs and could polarize macrophages into a decidual-like phenotype in vitro (62). Recently, Ding et al. (63) found that trophoblasts skewed macrophages toward M2 polarization via secreting IL-6 that activated signal transducer and activator of transcription (STAT)-3 signal in a co-culture system. In addition to chemokines and cytokines, trophoblasts could also secrete hyaluronic acid, the most abundant component of the extracellular matrix, which interacted with CD44 and activated the downstream PI3K/Akt-STAT-3/STAT-6 signal pathway to promote M2 polarization (Figure 4) (64).
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FIGURE 4. Mechanisms of the M2 polarization of decidual macrophages by trophoblasts. Tros express chemokine CXCL16, extracellular matrix HA, cytokines (RANKL, IL-6, IL-10, M-CSF, and IL-34), and checkpoint ligands PD-L1 and sPD-L1, which act on macrophages to promote them to polarize toward M2 phenotype via different signal pathways. Tros, trohoblasts; CXCL16, C-X-C motif chemokine ligand 16; RANKL, receptor activator for nuclear factor-κ B ligand; HA, hyaluronic acid; IL, interleukin; M-CSF, macrophages colony stimulating factor; sPD-L1, soluble programmed cell death 1 ligand 1; sHLA-G, soluble human leukocyte antigen G; CXCR6, C-X-C chemokine receptor type 6; RANK, receptor activator for nuclear factor-κ B; STAT, signal transducer and activator of transcription.


The interaction of checkpoint PD-1 and its ligand PD-L1 has also been reported to involve in decidual M2 polarization (Figure 4). Zhang et al. (65) showed that trophoblasts expressed PD-L1 and activated PD-1 on dMΦ, conducing to the M2 phenotype with immunomodulatory characteristics. Recently, soluble PD-L1 (sPD-L1) was found to be elevated throughout gestation and predicted to suppress maternal immune responses (66, 67). A research found that sPD-L1 produced by trophoblasts could induce unique CD14+CD206+CD86− macrophages, which expressed IFN-β in response to TLR4/LPS activation. IFN-β produced by the induced macrophages in turn promoted the secretion of sPD-L1 by trophoblasts (68). Similar to sPD-L1, trophoblast-produced soluble HLA-G5, translated from one of seven alternatively spliced transcripts of HLA-G, drove the differentiation of macrophages toward an immunoregulatory phenotype accompanied by increased expression of indoleamine 2,3-dioxygenase (IDO) 1 and IL-6, both of which are closely related with the inhibition of T cell function (69).



Decidual T Cells

As the main adaptive immune cells at the maternal–fetal interface, decidual T cells have always been one of the hotspots in the study of reproductive immunity. The number and functions of decidual T cells are precisely regulated in both human and mice pregnancy, and their abnormalities or dysfunction may lead to many pregnancy diseases such as miscarriage and PE (70–72). Decidual T cells mainly include two cell subgroups: CD4+ T cells, accounting for 30–45%, and CD8+ T cells, making up 45–75%. According to cytokine production and different transcription factor requirements, CD4+ T cells are further divided into Th1, Th2, Th17, and regulatory T (Treg) cells, whose proportions of total decidual CD4+ T cells are 5–30, 5, 2, and 5%, respectively (21). However, some studies have shown that the heterogeneous subpopulations of CD4+ decidual T cells mainly include Th1, Th17 and Treg subsets, since the mRNA levels of Th2-type cytokines (IL4, IL5, and IL13) and GATA3 at rest as well as the secretion level of IL4 after stimulation are extremely low in CD4+ decidual T cells (73).



Crosstalk Between Trophoblasts and Decidual Effector T Cells Facilitates Maternal Tolerance

Th1 cells, whose essential transcription factor is T-bet, are differentiated from naïve CD4+T cells in response to IL-12 and produce Th1-type cytokines including IL-2, IFN-γ, and TNF-α, which are associated with cellular immunity and immune rejection (74, 75). In contrast, Th2 cells characterized by transcription factor GATA-3 are induced by IL-4 and responsible for secreting Th2-type cytokines such as IL-4, IL-5, IL-6, IL-10, and IL-13 (74, 76). Th17 cells, whose specific transcription factor is RORγt, are another effector T subset in response to IL-6 and transforming growth factor-β (TGF-β), secreting proinflammatory cytokines such as IL-17A and IL-22 (74, 76).

For the three major effector subgroups of CD4+ T cells at the maternal–fetal interface, the attitude of trophoblasts is to shift Th1/Th2 balance toward Th2 bias and suppress Th17 activation, which is in line with the anti-inflammatory and immunotolerant microenvironment required by an allogeneic fetus (77). In fact, trophoblast cells protect themselves from effector T cells attack through a variety of mechanisms. A study published in Science revealed that IDO expressed by trophoblasts as well as macrophages inhibited activity of T cells to prevent allogeneic rejection by catabolizing tryptophan (78). Mechanistically, tryptophan deficiency caused cell cycle arrest and apoptosis of activated T cells (79). In addition, our team has proved that the thymic stromal lymphopoietins (TSLPs) secreted by trophoblasts activated CD1c+ dendritic cells by binding to the TSLP receptor so as to prime CD4+ decidual T cells for Th2 cell differentiation, reflecting the indirect promotion of trophoblasts to Th2 bias (Figure 5) (80). Interestingly, it was found in mice experiments that trophoblasts-derived TSLP could activate placental DC cells through TSLP-TSLP receptor interactions, which in turn promoted the expansion of IL-10+NK cell (81).
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FIGURE 5. Effects of trophoblasts on decidual T lymphocytes to form the immunotolerance. Tros promote the apoptosis of activated T cells through IDO and inhibit the cytotoxicity of CD8+ T cells via HLA-C and PD-L1. Th2 bias and Treg expansion induced by trophoblasts via multiple mechanisms are summarized in this diagram. Tros, trohoblasts; IDO, indoleamine 2,3-dioxyenase; TSLP, thymic stromal lymphopoietins; TGF-β, transforming growth factor-β; IL, interleukin; TRAIL, TNF-related apoptosis-inducing ligand; HLA, human leukocyte antigen; PD-L1, programmed cell death 1 ligand 1.




Crosstalk Between Trophoblasts and the Immune-Suppressive Treg Cells

As a unique subset of T cells with immunomodulatory and immunosuppressive properties, Treg cells characterized by CD4+CD25+FOXP3+ regulate all of effector T subsets and are the key hub for the maintenance of T immune homeostasis. The immunosuppressive function of Treg cells is achieved through cell-to-cell contact-dependent and -independent pathways. The key to the former pathway lies in the constitutive expression of immune checkpoint molecule CTLA-4 on Treg cells, which competitively binds to CD80 and CD86 on antigen-presenting cells (APCs) with a higher affinity than CD28 expressed by effector T cells, blocking the indispensable second signal for the activation of T cells (82, 83). IL-2 signals are necessary for the activation of T cells including Treg cells (84). The high affinity IL-2Ra (CD25) on Treg cells not only promotes its own maturity and expansion by receiving IL2 signals produced by effector T cells but also promotes the apoptosis of effector T cells via the consumption of IL-2 (85, 86). While the cell-to-cell contact-independent pathway refers to the secretion of anti-inflammatory and immunosuppressive cytokines such as TGF-β, IL-10, and IL-35 (87, 88), all of which are conversely key regulators of Treg cell expansion and suppressive activity (89–91).

Treg cells can be divided into thymic-derived Treg (tTreg) cells and peripheral Treg (pTreg) cells according to their differentiation and maturation locations. The key to the former is the interactions with self-peptide/MHC class II complexes along with IL2 receptor signaling, while the latter develops from naïve T cell precursors after exposure to antigenic stimulation (92). Besides, a Foxp3 enhancer, conserved noncoding sequence 1 (CNS1), is crucial for pTreg cell differentiation but dispensable for tTreg cell generation (93). It was suggested that Treg cells in decidua were mainly composed of pTreg cells. Deletion of pTreg due to CNS1 knockout showed increased fetal absorption accompanied by increased immune cell infiltration and defective spiral artery remodeling (93, 94). However, a recent study revealed that blunted expansion of tTreg mediated by RANK deficiency in thymic epithelial cells contributed to reduced accumulation of tTreg cells in the placenta and increased fetal loss (95). Increasing evidence has shown that the differentiation and expansion of Treg cells can be commendably adjusted by trophoblasts in multiple ways during pregnancy. First of all, trophoblasts could induce the expansion of CD25highCD127lowFoxp3+ Treg cells accompanied by an increased expression of IL-10. This induction was achieved through the cooperation of several placenta-derived soluble factors including transforming growth factor-β (TGF-β), IL-10, and the apoptosis-inducing factor TNF-related apoptosis-inducing ligand (TRAIL) (57). Indeed, it was demonstrated that trophoblasts constitutively expressed a high level of TGF-β, which promoted the recruitment and differentiation of Treg cells (96). Similar result was obtained in another experiment that HLA-G+ EVTs co-cultured with matched CD4+ T cells led to the augment of CD4+CD25HIFOXP3+CD45RA+ resting Treg cells (97). Recently, further research has shown that endovascular extravillous trophoblasts (enEVTs), but not interstitial extravillous trophoblasts (iEVTs), were capable of promoting the differentiation of naïve CD4+ T cells into immunosuppressive Treg cells in a TGF-β1-dependent manner, establishing immune tolerance along the placental–maternal circulation (98). As mentioned earlier, IL-35 is also an important regulator of Treg cell function and differentiation. Studies have found that IL-35 secreted by trophoblast cells suppressed T cell proliferation and induced the conversion of naïve conventional T (Tconv) cells into IL-35-producing induced regulatory T (iTR35) cells through the downstream phosphorylation of STAT1 and STAT3 (99). In addition, trophoblasts exerted an indirect induction effect on Treg cell differentiation via first priming antigen presenting cells (APC) decidual dendritic cells (DCs) by the secreted TSLPs (Figure 5) (100). There is a view that a shift from Th17/Treg cell balance toward Treg cell dominance at the maternal–fetal interface is essential for maintaining the immunotolerant microenvironment (75). It was found that the abnormally upregulated CD81 of trophoblasts promoted the differentiation of T cells into Th17 and reduced the differentiation into Treg cells through the paracrine effect of IL-6, which interfered with the immune balance of the maternal–fetal interface and was involved in PE (101).



Crosstalk Between Trophoblasts and the Inertial CD8+ Decidual T Cell

CD8+ decidual T cells are the main force at the maternal–fetal interface to balance the immunotolerance and immune defense (102). Unlike the fact that nearly half of CD8+ T cells in peripheral blood are unprimed naïve cells, it is found that CD8+ decidual T cells mainly consist of differentiated CD45RA−CCR7− effector-memory T cells (103). They express less level of perforin and granzyme B than do peripheral CD8+ effector-memory T cells (104, 105). The gene-expression analysis indicated that CD8+ effector-memory T cells were characterized by a mixed signature of T cell dysfunction, activation, effector function (106). Upon in vitro stimulation, CD8+ T cells were able to elicit a series of immune reactions including proliferation, degranulation, and production of IFN-γ, TNF-α, perforin, and granzyme B. Thereby, CD8+ decidual T cells restrict the activation to avoid rejecting the fetus but retain the immune defense against infections (106, 107).

The dominant proportion of CD8+ decidual effector-memory T cells suggests that antigens have been presented to CD8+ decidual T cells, which can elicit antigen-specific CD8+ T cell responses. Indeed, analysis of the TCR repertoires of effector-memory CD8+ T cells revealed that a few TCRβ were clonally expanded (108). Nevertheless, the antigens targeted by CD8+ decidual T cells are not fully understood and candidate antigens may be HLA-C, minor histocompatibility antigens (mHags), and pathogen-derived antigens (104).

The limited cytotoxicity of CD8+ decidual T cells can be attributed to high expression of a variety of immune checkpoint molecules including PD-1, TIM-3, LAG-3, and CTLA-4 under a decidual-specific immune microenvironment (105, 106, 108). The PD-1+TIM-3+CD8+ decidual T subset possessed increased proliferation potential and produced Th2 cytokines, exhibiting tolerant capacity toward trophoblasts, whereas trophoblasts in turn enriched PD1+TIM-3+CD8+ T cells in an HLA-C-dependent manner (109). Furthermore, PD-L1, the ligand for PD-1, has been found to be highly expressed on STBs, moderately expressed on intermediate trophoblasts, and barely expressed on CTB (110, 111). Both of STBs and intermediate trophoblasts come into contact with DICs including CD8+ T cells. The PD-L1/PD-1 interaction between trophoblasts and CD8+ T cells gives rise to an inhibitory signal, contributing to inhibition of CD8+ T cells cytotoxicity and maintenance of immunotolerance (Figure 5).





IMMUNOTHERAPY OF RSA

As mentioned earlier, the establishment and maintenance of maternal–fetal immune tolerance depends on the harmonious dialog between trophoblasts and DICs. Abnormal mother–fetal dialog will lead to dysfunction of maternal–fetal immunotolerance and thus bring about pregnancy loss and pregnancy complications.

The research on maternal–fetal immunotolerance is not only to analyze the immunological truth behind successful pregnancy, but more importantly, it is expected to provide a new theoretical basis for the diagnosis and treatment of clinical pregnancy-related complications caused by immune tolerance disorders including RSA. RSA has become one of the most frustrating and difficult problems in reproductive medicine and puts a huge burden on patients and their families.

Indeed, immunotolerance of pregnancy is similar to tumor immune escape. Recently, immunotherapy has developed rapidly; in particular, anti-tumor therapy has achieved remarkable achievements. Therefore, the application of immunotherapy in RSA is also worthy of attention and exploration. The immunotherapy of RSA is summarized as follows.


Controversial Immunotherapies of RSA

Lymphocyte active immunotherapy (LIT) for pregnancy preservation is a process in which peripheral white blood cells, collected from the husband or a third person, are injected into the prospective mother to prepare her immune system for tolerating the embryo's antigens (112). However, a lot of research advocated that the efficiency of LIT for the treatment of RSA is inconsistent and controversial (113, 114).

Intravenous immunoglobulin (IVIg) passive immunotherapy is another approach widely used in many areas of the world. On the basis of the hypothesis that RSA was associated with a lack of blocking antibodies normally produced by the mother's immune system to protect the fetus against immunologic rejections, IVIg treatment was attempted as a novel therapeutic approach for unexplained RSA (URSA) as early as 1989 (115). Although some randomized clinical trials designed to evaluate IVIg therapeutic efficacy in women with unexplained RSA have shown that IVIg is supposed to be more advantageous than LIT (115–117), others have come up with the opposite conclusion that evidence is insufficient to support the beneficial effects of IVIg on an unexplained RSA (118–120).



Promising Strategy for Immunotherapy of RSA

Given the inconsistent and controversial efficacy of current immunotherapies such as LIT and IVIg, it is an urgent mission for reproductive immunologists to explore feasible immunotherapies. Tumor immunotherapy based on the tumor immune escape mechanism, has developed dramatically. In particular, the use of immune checkpoint inhibitors has become standard therapy in many tumors. The breakthrough in anti-tumor immunotherapy brings great confidence and new ideas to the field of reproductive immunology, since reproductive immunity and tumor immunity display many similarities. Moreover, the roles of immune checkpoints such as CTLA4, PD-1, and TIM-3 in multiple critical processes during pregnancy have been gradually demonstrated by our team and other researchers. For example, the TIM-3 signal is involved in the functional regulation of NK cells, the PD-1 signal modulates the polarization of macrophages and the cytotoxicity of cytotoxic T cells, and CTLA-4 is an important effector molecule on the surface of Treg cells. Whether immune checkpoints could be the targeted immunotherapy for reproductive immune disorders such as RSA deserves to be further explored.

Besides the immunotherapy targeting checkpoints, the use of mesenchymal stem cells (MSCs) has been a novel promising therapeutic approach in many clinical conditions, such as tumor, autoimmune diseases, and inflammation-related diseases. Excitingly, our research team found that MSCs executed immunotherapeutic effect in both the LPS-induced abortion model and the immune response-mediated spontaneous abortion model via inhibition of CD4+ T cell proliferation and promotion of macrophage M2 polarization (52). Consistent results were obtained by other researches (121–125). Therefore, the prospect of MSCs as a potential therapeutic strategy for RSA is worth expecting and needs more clinical trials.

Far less mature than tumor immunotherapy, novel immunotherapeutic strategies for RSA is on the way, and much more effort should be paid by reproductive immunologists. All novel therapies are based on clear physiologic and pathologic mechanisms. Thus, focusing on the crosstalk of trophoblasts and DICs and their roles in normal pregnancy and RSA is indeed critical to revealing the maternal immune tolerance mechanism and paves the way for the promising immunotherapy of RSA.




CONCLUSION AND PERSPECTIVES

Maternal immune tolerance to the semi-allogeneic fetus is an important cornerstone for the smooth progress of pregnancy until successful delivery. Trophoblasts are the only fetal-derived cells that come into direct contact with the maternal immune system. Rather than rejecting the fetus, trophoblasts actively participate in establishing and maintaining immune tolerance through delicate dialogs with DICs. Abnormal conversation between trophoblasts and DICs will lead to dysregulated maternal–fetal immunity, which is supposed to be a potential cause of pregnancy complications including RSA. Therefore, further exploration of the interactive dialog between trophoblasts and DICs is expected to interpret the mechanism of pregnancy tolerance. More importantly, it will provide a new scientific basis for the diagnosis and treatment of disorders associated with pregnancy tolerance abnormalities. At the same time, the research breakthrough of maternal–fetal immune tolerance will also inspire and promote the research on tumor immune escape and transplantation immunity.
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Background: Female Genital Tract (FGT) is an important micro-ecological area of human body. Microbiota in the lower reproductive tract may subsequently invade the uterine cavity during embryo implantation and produce immune responses. CBA/J×DBA/2 mating combination has been widely used as an abortion-prone mice model but whether microbiota existed in their uterine cavity remains unclear. In this context, the role of the microbial communities in immune response deserves attention.

Objective: To investigate the relationship between the distribution of microbiota in the uterine cavity of CBA/J×DBA/2 abortion-prone mouse model and the immune imbalance of the maternal-fetal interface.

Methods: In this study, female CBA/J mice were paired with male DBA/2 mice to develop an abortion-prone model (BA group), and with male BALB/c mice to build a standard pregnancy model (BC group). The non-pregnant female mice were served as the control group (C group). Uterine flushing fluid and sera were collected on day 13.5 of pregnancy. 16S rRNA sequencing technology was used to analyze the distribution of intrauterine microbiota. Phylogenetic Investigation of Communities were conducted to predict the microbiota functions by Reconstruction of Unobserved States (PICRUST) and Kyoto Encyclopedia of Genes and Genomes (KEGG). The serum IL 10, INF-γ, and TNF-α levels were examined using Enzyme-linked immunosorbent assay (ELISA) method.

Results: All samples were detected with microbial communities. The α diversity (p = 0.00077) had significant differences among three groups. Proteobacteria was the most dominant phylum in C group (mean = 83.21%) and BA group (mean = 43.23%). Firmicutes was dominant in BC group (mean = 46.4%), as well as the second dominant one in C group (mean = 12.63%) and BA group (mean = 40.55%). Microbiota functions were associated with metabolism and immune response through the NOD-like receptor signaling pathway. The serum IL 10 level in BA group were significantly lower than that in BC group (10.14 ± 1.90 pg/ml, n = 8; vs. 19.03 ± 1.82 pg/ml, n = 10; p = 0.004). The serum TNF-α and INF-γ level in BA group were also significantly higher than that in BC group (523.1 ± 58.14 pg/ml, n = 8 vs. 310.3 ± 28.51 pg/ml, n = 10, p = 0.0029; 69.22 ± 5.38 pg/ml, n = 8 vs. 50.85 ± 2.45 pg/ml, n = 10, p = 0.0042).

Conclusion: Microbial communities were colonized in uterine cavity of CBA/J mice both at non-pregnant stage and pregnant stage when mated with both BALB/c and DBA/2 male mice. The differentially abundant microbiome may be attributed to the immune tolerance through binding to the NOD-like receptor.

Keywords: microbiota, 16S rRNA sequencing, abortion-prone model, immune imbalance, maternal-fetal interface


INTRODUCTION

Maintaining pregnancy requires an immune balance microenvironment at the maternal-fetal interface. Innate immunity and acquired immunity jointly contribute to this immune tolerance microenvironment, while an imbalanced stage could lead to pregnancy loss (1). The surviving embryos are prone to placental related diseases like intrauterine fetal growth restriction and hypertension during pregnancy (2). Many factors may break the immune balance and microbial invasion that could activate the innate immunity. The Female Genital Tract (FGT) is an important micro-ecological area in human body, hosting many microorganisms and closely linked to human health. Traditionally, uterine cavity has been often known as a classic sterile cavity. However, Recent studies have found a certain amount of symbiotic microbiota in the uterine cavity and some of them only found in the uterine cavity (3). Besides, microbiota from the lower reproductive tract can enter the uterine cavity and stimulate trophoblasts to produce an immune response at the stage of embryo implantation.

NLR receptor (NOD-like receptor) family, as a major cytoplasmic PPR (Pattern recognition receptors), plays an important role in the innate immune system, maintaining the intracellular environment. It plays a defensive function by identifying PAMPs (pathogen-associated molecular pattern) and endogenous DAMPs (damage-associated molecular patterns) that invade cells (4). Recent studies have shown that the degradation products of bacterial cell wall peptidoglycan (PGN) can be recognized by both NOD1 and NOD2 proteins, and the PGN motifs they recognize are distinct. The smallest structure recognized by NOD1 is γ-D-glutamic acid-meso-diaminopimelic acid (γ-D-glu-meso-DAP, mesoDAP), which mainly exists in the PGN of G−bacteria. Therefore, NOD1 can specifically recognizes G−bacteria. The smallest structure recognized by NOD2 is MDP (muramyl dipeptide) which exists in the PGN of all bacteria, thus NOD2 is both a receptor for G+ bacteria and G− bacteria (5). Our previous study confirmed that URSA (Unexplained Recurrent Spontaneous Abortion) patients have high expressions of NOD1 and NOD2, affecting the behavior of trophoblasts through the MAPK/p38 signaling pathway (6). The CBA/J'DBA/2 mice model has been commonly employed to investigate immune tolerance at the maternal-fetal interface with pregnancy failure. Here we aim to explore whether there is a linkage between the distribution of intrauterine microbiota and immune imbalance at the maternal-fetal interface in the CBA/J'DBA/2 abortion mice model.



MATERIALS AND METHODS


Animals and Treatment

Ten to 12 weeks old of male DBA/2 mice, male BALB/c mice and female CBA/J mice were purchased from Beijing HFK Bioscience Co., LTD. All animals were feed at the Center for Disease Model Animals of Sun Yat-sen University and maintained under a 12-h light-dark cycle at constant temperature (20–22°C) with free access to standard food and water. Female CBA/J mice were randomly allocated into abortion model group (BA group, n = 8), normal pregnant control group (BC group, n = 10), and normal non-pregnant control group (C group, n = 8). Female mice and male mice were mated at 18:00 p.m. to construct a normal pregnancy model (CBA/J×BALB/c) and an abortion model (CBA/J×DBA/2). Female CBA/J mice detected vaginal plugs on day 0.5 of gestation. On day 13.5 of pregnancy, animals were killed by CO2 inhalation. Embryo absorption rate were measured in order to determine the accuracy of the abortion model. All animal experimental protocols were approved by the Animal Ethics Committee of Sun Yat-Sen University (Guangzhou, China).



Sample Collection

The uterus was separated from the cervix and fallopian tubes aseptically. One ml RNase- and DNase-free water was injected from one side of uterine horn and flushing fluid was collected in cryopreservation tube, placed into liquid nitrogen, and then transferred to −80°C for future analysis (Figure 1). Samples were collected under sterile conditions to avoid contamination. Puncturing into the amniotic cavity had avoided any interference with the amniotic fluid. Due to the difficulty of obtaining materials for uterine flushing fluid, we only collected 2 cases in C group, 5 cases in BA group and 5 cases in BC group.


[image: Figure 1]
FIGURE 1. Sample collection method. Uterus was separated from the cervix and fallopian tubes. 1 ml RNase- and DNase-free water was used to rinse the uterine cavity to avoid piercing the amniotic cavity or piercing the uterine wall. The flushing fluid sample was collected for 16s rRNA sequence.




DNA Extraction and 16S rRNA Sequencing

Genomic DNA were extracted from the frozen uterine cavity fluid sample by QIAmp DNA mini-kit (Qiagen, USA) following the manufacturer's protocol. Sterile saline was chosen as the negative control. The V3-V4 region of the 16S rRNA gene sequencing was completed by MAGIGENE (Guangzhou, China) according to the standard service workflow. Primers 357-F (5′-ACTCCTACGGRAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) was used to amplify 16S rRNA gene by PCR following the Illumina miseq protocols. PCRs were run in duplicate using GeneAmp® PCR System 9700 (California, USA) using thermocycling conditions of 94°C for 2 min, 38 cycles of 94°C for 30 s, 56°C for 30 s, 72°C for 30 s, a final extension at 72°C for 5 min, and a final temperature at 10°C. PCR products were checked by agarose gel electrophoresis and collected using AxyPrepDNA (Huangzhou, China). The PCR products were quantified using FTC-3000 TM real-time PCR and sequenced using MiSeq® Reagent Kit v3 (Illumina) on a MiSeq-Illumina platform (Lifesequencing sequencing service, Valencia, Spain).



Bioinformatics and Data Analysis

Sequences were processed through QIIME (7). Based on their sequence similarity using UPARSE, all sequences were clustered into operational taxonomic units (OTU), with a threshold of sequence similarity as 0.97. Singletons and OTUs with a relative frequency below 0.01 were removed. Alpha diversity was evaludated using QIIME and Shannon method was applied to analyze the biodiversity of samples. The X-axis represented the grouping, and the Y-axis represented the corresponding Shannon diversity index. The shape on the plots show the richness of alpha diversity that the higher Y-axis values suggested the richer species (Figure 3A).

Beta diversity was conducted using Principal coordinates analysis (PCoA) plots. The LEfSe method (8) was applied to analyze and identify the differentially abundant microbiome across three groups. Linear discriminant analysis (LDA) was employed to identify communities or species with significant differences in the division of samples into different groups, depending on the taxonomic composition. The total statistical analysis on bacterial taxonomic identification was performed using Calypso software (version 8.10).



PICRUST and KEGG Enrichment

Functional Potential of the Microbiome was used PICRUST and the GO and KEGG database were adopted by putting in the OTU abundances (9).



Enzyme-Linked Immunosorbent Assay (ELISA)

Sera were collected after centrifugation of blood obtained from the abdominal aortic puncture and stored at −80°C. The serum IL 10, INF-γ and TNF-α levels were examined using ELISA method following manufacturer's instruction.



Data Analysis

Statistical analysis was performed using SPSS 19.0. Measurement data were expressed as mean ± standard deviation (X ± s). The mean comparisons of serum IL 10, INF-γ and TNF-α levels between two groups were performed by t-test. The comparison of the rate of two groups was performed using Pearson Chi-square test. Alpha diversity was analyzed using the analysis of variance (ANOVA) method. P < 0.05 was considered to be statistically significant.




RESULTS


Abortion-Prone Model and Embryo Resorption Rate

The embryo resorption rate of BA group was 27.51 ± 3.652%, which was significantly higher than that in BC group (2.74 ± 1.68%, P < 0.0001) (Figure 2A). Following our previous study, the current abortion mice model was considered successful.
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FIGURE 2. The embryo abortion rate and the level of inflammatory factors in the serum. (A) The embryo abortion rate in BC group was significantly lower than that in BA group (2.74 ± 1.68% vs. 27.51 ± 3.652%, P < 0.0001). (B) The serum IL-10 level in BA group were significantly lower than that in BC group (10.14 ± 1.90 pg/ml, n = 8; vs. 19.03 ± 1.82 pg/ml, n = 10; p = 0.004). (C) the serum TNF-α level in BA group (523.1 ± 58.14 pg/ml) were significantly higher than that in BC group (310.3 ± 28.51 pg/ml, p = 0.0029). (D) The serum INF-γ level in BA group (69.22 ± 5.38 pg/ml) were significantly higher than that in BC group (50.85 ± 2.45 pg/ml, p = 0.0042). ** indicates P < 0.01; *** indicates P < 0.001.




The Level of Inflammatory Factors in the Serum

The serum IL-10 level in BA group was significantly lower than that in BC group (10.14 ± 1.90 pg/ml, n = 8; vs. 19.03 ± 1.82 pg/ml, n = 10; p = 0.004) (Figure 2B). However, the serum TNF-α level in BA group (523.1 ± 58.14 pg/ml) were substantially higher than that in BC group (310.3 ± 28.51 pg/ml, p = 0.0029) (Figure 2C). The serum INF-γ level between two groups had the same trend, with the level in BA group (69.22 ± 5.38 pg/ml) significantly higher than that in BC group (50.85 ± 2.45 pg/ml, p = 0.0042) (Figure 2D).



Dataset Features and Bacterial Diversity

A total of 391,417 of 16S rRNA effective raw reads were generated from the 11 samples, and the clean raw reads optimized after were 138,352, Supplementary Table 1). The sequence depth per group varied, with the highest number of clean raw reads obtained from BA group (mean = 14881.4) and BC group (mean = 14965.25). C group obtained the least clean raw reads (mean = 2,042) (Supplementary Table 1). These reads were assigned to 127 OTUs. Alpha-diversity was calculated by Shannon index according to obtained reads and OTUs as shown in Figure 3A. The BA group had the richest bacterial diversity, followed by the BC group. The C group has the smallest Shannon index, suggesting a comparatively simple microbial community in this group. Significant differences in the alpha-diversity were identified across the three groups (p = 0.00077). Principal coordinate analysis indicated that samples within the same group were much more likely located closely on the PCoA plots (Figure 3B). Specifically, microbial communities in the uterine cavity of CBA/J mice were distinct before and during birth. Compared with the non-pregnant stage, pregnant CBA/J mice had more abundant microbial populations, and the degree of diversity was more significant when combined with DBA/2 mice. The intra-group differences in the three groups of samples were small.
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FIGURE 3. Bacterial composition and diversity. (A) Alpha diversity was significantly different across three groups (P < 0.001). The C group had the least species of microbiome and the BA group had the largest. (B) Samples of each group were located closely on the PCoA plots. (C) The composition of microbial communities at phylum level. (D) The composition of microbial communities at genus level.




Characteristics of Intrauterine Microbiome in CBA/J Mice

Proteobacteria was the most dominant phylum in C group (mean = 83.21%) and BA group (mean = 43.23%) (Figure 3C). Firmicutes was dominant in BC group (mean = 46.4%) and the second dominant in both C group (mean = 12.63%) and BA group (mean = 40.55%). Figure 3D showed a heat map of relative abundances of OTUs at the genus level. Ralstonia was the most abundant in C group (mean = 42.21%). Phyllobacterium, Staphylococcus as well as Vibrio and Pseudomonas were typical taxa. Acinetobacter, Aquabacterium, Sphingomonas, Pasteurella, and Achromobacter were also observed but at relatively low abundances of the total population. BA group had an abundance of Brevundimonas (mean = 16.5%) followed by Staphylococcus, Corynebacterium, Bacillus, and Jeotgalicoccus. In BC group, the most dominant genus was Jeotgalicoccus (mean = 21.05%) and the second dominant one was Staphylococcus (mean = 17.51%). Corynebacterium, Sphingomonas, Ralstonia, and Brevundimonas were also found at lower relative abundances.

We then used LEfSe to classify various abundant microbiomes among three classes and found that Achromobacter, Pseudomonas and Bacteroidales were associated with discriminatory features in the C group, and Methylobacterium, Bacillus, Brevundimonas and Caulobacteraceae were associated with discriminatory features in group BA (Figures 4A,B). Comparing with BA group, C and BC group were more likely to have lower abundance or absence of Carnobacteriaceae (Figure 4C), Bacillus (Figure 4D), and Caulobacterales (Figure 4E).


[image: Figure 4]
FIGURE 4. Different abundant microbiome among three groups. (A,B) Achromobacter, Pseudomonas and Bacteroidales as discriminatory features for C group; Methylobacterium, Bacillus, Brevundimonas and Caulobacteraceae were associated with BA group. (C–E) In comparison with BA group, C and BC group was more likely to have lower abundance or absence of Carnobacteriaceae, Bacillus, and Caulobacterales.




Functions of Intrauterine Microbiome in CBA/J Mice

The different abundance of microbiota was primarily enriched in metabolic pathways such as Peptidases, Pyruvate metabolism and TCA cycle, through the PICRUST and KEGG enrichment study (Figure 5A). Regarding the function and role of microbial communities in the immune system, there were no difference identified in NOD-like receptor signaling pathway across three groups (p = 0.295, Figure 5B).
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FIGURE 5. Functions of intrauterine microbiome in CBA/J mice. (A) The top 20 most different abundant enriched KEGG pathways. (B) The difference abundance enrichment of immune system between three groups.





DISCUSSION

To our knowledge, this is the first study to detect the microbiota in uterine cavity of CBA/J mice. Most research have focused on the composition of microbial communities in the human uterine cavity, amniotic fluid, placenta, and the downstream direction of causes of immune imbalance during pregnancy at the maternal-fetal interface. However, it is still necessary to clarify the composition, function, and relationship of microbial communities in the uterine cavity of CBA/J mice as well as possible mechanisms of the associated immune imbalance. Here we utilize the 16S rRNA sequencing technology and PICRUST enrichment to provide additional insights on this topic. In particular, we found that the compositions of microbial communities in pregnant uterine cavity of CBA/J mice were significantly distinct from those in unpregnant ones. When the mice were unpregnant, the diversity and the abundance of microbial communities were significantly lower. When the CBA/J mice mated with different kinds of male mice, there were variations in the uterine microbial populations as well. Semen has to liquefy in the vagina before reaching the uterine cavity after passing through the cervix, so that the egg can be fertilized. In this process, the microbiota from the cervix and vagina, as well as those from the male mice may enter the uterine cavity and colonized (10). Our finding suggest that the uterine cavity microbiome may be affected by the lower reproductive tract microbial communities and the semen of male mice. Proteobacteria is reported to be one of the major bacterial genera significantly enriched in the endometrial cancer cohort (11). It is the dominant phylum in both samples taken from the vaginas and uteri from giant pandas and may be attributed to pregnancy outcomes (12). During pregnancy, fat and vitamin intakes could increase the abundance of Proteobacteria, which is a pro-inflammatory maternal microbiota (13). Tapiainen et al. showed that the most abundant phyla were Firmicutes followed by Proteobacteria in first-pass meconium of newborn infants, and they were affected by maternal factors during pregnancy implying that they were transferred from the uterus (14). In our study, we found that Proteobacteria was the most dominant phylum in both unpregnant CBA/J mice and CBA/J×DBA/2 abortion-prone mice models. In CBA/J×BALB/C pregnant mice, the dominant phylum was Firmicutes. The abundance changes of Proteobacteria/Firmicutes may be a leading factor of abortion-prone in mice model.

Furthermore, we compared the distribution of microbial communities across three groups. Interestingly, Carnobacteriaceae, Bacillus, and Caulobacterales were more abundant than the usual pregnant classes in the abortion-prone model of mice whereas lacking in the unpregnant mice. Carnobacteriaceae may be attributed to hormone metabolites (15), which was increased in oral and gut samples after re-initiation of oral food intake after stroke (16). Bacillus was a spore-forming bacterium belonging to Firmicutes phylum, which can be activated in a suitable environment. Bacillus can be found in gastrointestinal tract of human and animals and stimulate the immune systems (17, 18). Caulobacterales belonging to Proteobacteria phylum can be obtained from soil and plants (19, 20). Future work should investigate whether they were the key bacteria leading to abortion and whether they can be used as biomarkers with potentially great clinical significance.

A normal pregnancy cannot be sustained without immune tolerance. The production of immune tolerance requires microbial colonization, therefore germ-free animals cannot achieve immune tolerance (21). However, when harmful microbial gains access to the uterine cavity, they can result in inflammation and disrupt the immune balance, eventually leading to abortion (22). We found the serum levels of IL-10, a representation of Th1 cytokines, were significantly lower in abortion-prone mice model whereas the serum level of TNF-α and INF-γ, a representation of Th2 cytokines, were significantly higher. This was consistent with previous studies (22–24). Regarding the role of microbial communities, we found that they can influence immune response through the NOD-like receptor signaling pathway, potentially because microbiome distribution changes could bind to the NOD-like receptor and participate in the Th1/Th2 immune balance bias that leads to abortion. Lastly, the following limitations should be considered. Samples were obtained from only uterine cavity, and we did not obtain the semen samples from different kinds of male mice, thus the composition of microbial communities among the three groups remain unclear. Besides, our data showed that microbial communities' functions were related to the signaling pathway of the NOD-like receptor, but the specific receptor remains unknown.



CONCLUSION

Our study explored the composition of microbial communities in uterine cavity of CBA/J mice at both non-pregnant stage and pregnant stage, mated with BALB/c male mice and DBA/2 male mice. The differentially abundant microbiome may be attributed to immune tolerance through binding to NOD-like receptor. The specific microbiota in the uterine cavity that could be characterized as the biomarker of abortion-prone bacteria and how it affects the immune response remains to be elucidated in future work.
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Cardiac allograft vasculopathy (CAV) charactered with aberrant remodeling and fibrosis usually leads to the loss of graft after heart transplantation. Our previous work has reported that extracellular high-mobility group box 1 (HMGB1) participated in the CAV progression via promoting inflammatory cells infiltration and immune damage. The aim of this study was to investigate the involvement of HMGB1 in the pathogenesis of CAV/fibrosis and potential mechanisms using a chronic cardiac rejection model in mice. We found high levels of transforming growth factor (TGF)-β1 in cardiac allografts after transplantation. Treatment with HMGB1 neutralizing antibody markedly prolonged the allograft survival accompanied by attenuated fibrosis of cardiac allograft, decreased fibroblasts-to-myofibroblasts conversion, and reduced synthesis and release of TGF-β1. In addition, recombinant HMGB1 stimulation promoted release of active TGF-β1 from cardiac fibroblasts and macrophages in vitro, and subsequent phosphorylation of Smad2 and Smad3 which were downstream of TGF-β1 signaling. These data indicate that HMGB1 contributes to the CAV/fibrosis via promoting the activation of TGF-β1/Smad signaling. Targeting HMGB1 might become a new therapeutic strategy for inhibiting cardiac allograft fibrosis and dysfunction.
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INTRODUCTION

Despite considerable advances have been achieved in controlling acute rejection, the long-term survival of cardiac allograft remains limited by chronic rejection which charactered with cardiac allograft vasculopathy (CAV) (1, 2). The distinctive features of CAV are fibroblasts-to-myofibroblasts conversion and deposition of extracellular matrix (ECM), fibrosis around the blood vessels accompanied by inflammatory cells infiltration, and subsequent lumen constriction resulting in ischemic graft failure (2). Accumulation of lymphocyte cells and macrophages are commonly observed in vascular lesions (3). CAV is the major cause of late allograft dysfunction following heart transplantation, and until now little progress has been made for the prevention of CAV.

Fibrosis is the main event of chronic CAV (4). In fibrotic process, resident cardiac fibroblasts proliferate and develop into matrix-producing α-smooth muscle actin-expressing (α-SMA+) myofibroblasts to produce ECM proteins (4, 5). This process is often induced by the factor of transforming growth factor (TGF)-β1. In acute response to injury, TGF-β1 was primarily released from platelets and T cells, this release is important in macrophage and fibroblast chemotaxis to the injured site (6, 7). Functionally activated TGF-β1 produced from an inactive precursor is a crucial mediator of fibrotic disorder, which activates TGF-β1 signaling through a classical SMAD pathway (7) or an alternative SMAD independent pathway (8).

High-mobility group box 1 (HMGB1), a ubiquitous non-histone nuclear protein, functions as a danger signal in extracellular circumstances and participates in various inflammatory diseases, tissue injury and fibrotic diseases (9–14). Accumulating studies have reported extracellular HMGB1 contributing to the acute cardiac allograft rejection (15–19). Our previous work has shown high level of extracellular HMGB1 in chronic cardiac allograft, and that blockade of HMGB1 markedly attenuated the CAV via inhibiting the inflammatory cells infiltration and immune damage (17). In heart transplantation recipients, a strong association between the expression of TGF-β in cardiac biopsy specimens and the development of vasculopathy was observed (20). However, whether HMGB1 could directly affect the fibrosis of CAV is unknown. Therefore, we hypothesize that extracellular HMGB1 might promote CAV/fibrosis via enhancing TGF-β1 signaling in allograft.

Using a single MHC Class II (MHC-II)-mismatched mouse heart transplantation model to reflect CAV, we observed that active TGF-β1 was increased in cardiac allograft. Blockade of HMGB1 prolonged the allograft survival and CAV/fibrosis via inhibiting the synthesis and release of TGF-β1, and subsequent activation of TGF-β1/Smad signaling. Therefore, targeting HMGB1 might not only prevent inflammatory damage of allografts, but also become a new therapeutic strategy for inhibiting cardiac allograft fibrosis and dysfunction.



MATERIALS AND METHODS


Mice

Female C57BL/6 (B6, H-2b) mice, aged 6–8 weeks, were obtained from Hubei Research Center of Laboratory Animals (Wuhan, China). B6.C-H-2bm12KhEg (bm12, H-2bm12) females, strained of mice B6 arose through a spontaneous mutation in the MHC class II molecule, I-Ab, were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). All experimental mice were housed in humidity and temperature controlled specific pathogen-free conditions in the animal facility with autoclaved sterile diet and water. All experiments were performed in compliance with the guidelines of Institutional Animal Care and Use Committee (IACUC) at Tongji Medical College (Wuhan, China).



Cardiac Transplantation

Heterotopic cardiac transplantation was performed using a microsurgical technique as previously described by Corry et al. (21, 22). In single MHC class-II mismatched heart transplantation models, bm12 mice were used as donors and B6 mice were used as recipients. Briefly, the cardiac allograft (from bm12 mice) was transplanted in the abdominal cavity by anastomosing the aorta and pulmonary artery of the graft end-to-side to the recipient's (B6 mice) aorta and vena cava, respectively. This is an established murine model of CAV. After surgery, the strength and quality of allograft impulses were assessed by daily abdominal palpation. CAV was defined as the change of detectable heart beating and verified by histological examination.



HMGB1 Antibody Treatment

Anti-HMGB1 neutralizing monoclonal antibody (isotype mouse IgG) (HMGB1 mAb) was obtained by the Institute of Biophysics, Chinese Academy of Science (Beijing, China) (17). Briefly, two-hundred microgram of HMGB1 mAb was intraperitoneally (i.p.) injected into recipients from the day before transplantation, then twice a week till week 4 after transplantation. Recipients received the same amount of normal mouse IgG (Sigma-Aldrich, Saint Louis, MO, USA) were served as controls.



Western Blotting

Total proteins were extracted from cardiac grafts or cell lysates after recombinant HMGB1 (rHMGB1) (Sigma-Aldrich, Saint Louis, MO, USA) stimulation, and subjected to immunoblots as well as incubation with mouse monoclonal anti-TGF-β1 (1:500, Abcam plc, Cambridge, UK), rabbit monoclonal anti-α-SMA (1:10,000, Abcam plc, Cambridge, UK), rabbit polyclonal anti-p-Smad2 (1:200, Santa Cruz Biotechnology, Inc., Dallas, USA), rabbit polyclonal anti-p-Smad3 (1:500, Sangon Biotechnology Co., Ltd., Shanghai, China), rabbit polyclonal anti-Smad2 (1:500, Shanghai Sangon Biotechnology Co., Ltd., Shanghai, China), rabbit polyclonal anti-Smad3 (1:500, Shanghai Sangon Biotechnology Co., Ltd., Shanghai, China) or rabbit polyclonal anti-GAPDH (1:1,000, ZSGQ-BIO, Beijing Zhong Shan Jin Qiao Biotechnology Co., Ltd., Beijing, China). Blots were visualized by an ECL system (Pierce Biotechnology, Rockford, USA) after incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5,000, Santa Cruz Biotechnology, Inc., Dallas, USA), and were quantified by densitometry using an image analysis program (IMAGE J, NIH, Bethesda, USA).



Immunohistochemistry

5-μm-thick paraffin sections of grafts harvested at week 8 were incubated with mouse monoclonal anti-TGF-β1 (1:250, Abcam plc, Cambridge, UK) overnight at 4°C, then stained using the streptavidin/peroxidase histostainTM-plus kit (Beijing Zhong Shan Jin Qiao Biotechnology Co., Ltd., Beijing, China) according to the manufacturer's recommendations. The slides were evaluated using Zeiss (Carl Zeiss AG, Oberkochen, Germany) microscope.



Graft Histological Analysis

Grafts harvested at pointed time were fixed in 4% paraformaldehyde, embedded in paraffin and cut into 5-μm-thick sections for Masson staining to evaluate collagen expression. Masson staining was performed according to the Masson-Goldner trichrome kit (Servicebio Biotechnology, Wuhan, China).



ELISA

Blood samples, allograft homogenates and cell culture supernatants were collected at indicated time. The concentration of free active and total TGF-β1 in the sera, heart homogenates or cell culture supernatants were determined by ELISA kits (Biolegend, SanDiego, CA, USA) according to the manufacturer's instructions.



Immunofluorescence

Subcellular localization of TGF-β1 and F4/80 or α-SMA proteins in allografts was identified by using immunofluorescent staining. Formalin-fixed, paraffin embedded tissue sections washed with PBS, and blocked with blocking reagent for 2 h. Then the sections were incubated overnight at 4°C with primary antibodies against either TGF-β1 (1:250, Abcam plc, Cambridge, UK), F4/80 (1:400, Biolegend, San Diego, CA, USA) or α-SMA (1:250, Abcam plc, Cambridge, UK). Subsequently, the bound signal was visualized by Alexa Fluor 488- anti-rabbit antibody or 594-conjugated (Molecular Probe, Eugene, OR). Nuclei were counterstained with DAPI (0.1 μg/ml, Sigma-Aldrich, St Louis, MO, USA). The co-localization of these indicators were observed by confocal microscopy (Carl Zeiss AG, Oberkochen, Germany).



Isolation of Fibroblasts From Neonatal Mouse Heart

Hearts from neonatal mice were pooled and treated as an individual sample. Hearts were divided into atrium and ventricle under the microscope (Stereomaster, Fisher Scientific, Waltham, MA) then dissociated into mononuclear cells as previously described with minor modification. Briefly, hearts were minced with dissecting scissors into ≤3 mm pieces and digested with 2 mg/mL Collagenase type IV (Worthington, Lakewood, NJ) and 0.1 mg/ml DNase I (Sigma-Aldrich, Saint Louis, MO, USA) in PBS at 37°C for 45 min with agitation every 15 min. After 45 min, enzymes were neutralized by adding twice the original volume of Ham's F10 with L-Glutamine (HyClone, Logan, UT, USA) and 15% horse serum (HyClone, Logan, UT, USA), filtered through sterile 70 mnylonmeshcell strainer (ThermoFisher Scientifics, Waltham, MA, USA), centrifuged at 300 g for 5 min. Single cell suspension was resuspended in PBS, counted and transferred to culture immediately.



Generation of Mouse BMDMs

Bone marrow-derived macrophages (BMDMs) were propagated from mouse bone marrow as described previously (23). After 7 days of culture, the cells were stimulated with mouse rHMGB1 for 48 h or 0, 10, 30, 60 min. The supernatants were collected for cytokines analysis by ELISA and the cells were harvested for western blotting.



Statistical Analysis

Allograft survival curve was generated by the Log-rank and Gehan-Breslow-Wilcoxon test. Other data are presented as mean ± standard error of the mean (SEM), and comparison between two groups was performed using a two-tailed Student's t test. The difference among groups was conducted by one-way analysis of variance (ANOVA) followed by Bonferroni correction. Values of p < 0.05 were considered statistically significant.




RESULTS


Blockade of HMGB1 Prolonged Chronic Cardiac Allograft Survival and Attenuated Allograft Fibrosis

To investigate the role of HMGB1 in the fibrosis of cardiac allograft, the heart of bm12 mouse was transplanted to the B6 mouse, which was called MHC-II mismatched model charactered by chronic allograft fibrosis. The mouse HMGB1 mAb, a specific blockade for HMGB1, was administered to recipients as schematized in Figure 1A. The same amount of IgG administered to the recipients was served as control. Allograft survival was monitored daily. The survival time of allografts in HMGB1 mAb treated recipients was significantly longer than that in IgG isotype treated recipients (Figure 1B). Allografts especially the affected vascular site from HMGB1 mAb treated recipients showed a marked decrease in the expression of collagenous fibers (which stained blue) at week 8 post-transplant (Figures 1C,D). These data indicate that HMGB1 was involved in the vasculopathy/fibrosis of cardiac allografts.


[image: Figure 1]
FIGURE 1. The effects of HMGB1 mAb on murine cardiac allograft survival and fibrosis. HMGB1 mAb or control mouse IgG (200 μg each time) was intraperitoneally (i.p.) injected into the allogeneic recipients, from the day before transplantation and then twice a week untill week 4 after transplantation. Allograft impulse was assessed by daily abdominal palpation and cardiac tissue samples were collected at indicated time after transplantation. (A) Therapeutic strategy about HMGB1 mAb. (B) The allograft survival time were evaluated in two groups (n=7/group). *: p<0.05, vs. the IgG group. (C) Fibrotic features of allografts from each experimental group were evaluated at week 8 post-transplant by Masson staining. Scale bar: 100 μm and 200 μm. (D) Quantitative analysis of cardiac fibrosis area by Masson staining. Values were shown as mean ± SEM (n=3/group). **: p<0.01. All data were representative of two or three independent experiments.




TGF-β1 Was Increased in Allograft After Cardiac Transplantation

TGF-β1 has been reported to modulate the pathological process of fibrotic diseases. To verify the expression of TGF-β1 during CAV progression, we examined TGF-β1 level in allografts after heart transplantation. The protein level of TGF-β1 in allografts continuously increased in the development of CAV (Figures 2A,B). Meanwhile, compared with syngeneic graft, HMGB1 positive cells in the allografts markedly elevated at week 2, 4, 8 post transplantation (Figure 2C). The results suggest that TGF-β1 was associated with the pathogenesis of HMGB1-related CAV/fibrosis.


[image: Figure 2]
FIGURE 2. The expression of TGF-β1 in cardiac allografts. Cardiac tissue samples were collected at indicated time after transplantation. (A) Expression of TGF-β1 protein in allografts. (B) The relative quantity of TGF-β1 protein normalized to GAPDH. The data of (B) was shown as mean ± SEM (n=3/group). *: p<0.05; **: p<0.01, ***: p<0.001. (C) The localization of TGF-β1 in allografts was examined by immunohistochemistry staining. TGF-β1 was stained brown and the nuclei was counterstained blue. Upper image: scale bar: 50 μm; Lower image: enlarged view of the box above. The data were representative of three independent experiments.




Blockade of HMGB1 Attenuated the Synthesis and Release of TGF-β1 in Graft

It has been reported that HMGB1 was involved in the activation of TGF-β1/Smad signaling in abnormal lung remodeling. To investigate the effect of HMGB1 on TGF-β1 production in fibrotic cardiac allografts, the change of TGF-β1 after HMGB1 mAb treatment was examined. As illustrated in Figure 3A, the number of HMGB1 positive cells in HMGB1 mAb treated allografts was markedly decreased compared with that in IgG control group. The amount of free active TGF-β1 in serum of receipt mice and allograft homogenate (Figure 3B), and total TGF-β1 in allografts (Figures 3C,D), were reduced after HMGB1 mAb treatment. These data indicate that HMGB1 affected the production of TGF-β1 and that the pathogenesis of HMGB1 in the fibrosis of cardiac allograft might partly depend on TGF-β1.


[image: Figure 3]
FIGURE 3. HMGB1 blockade attenuated the synthesis and release of TGF-β1 in allografts. (A) Representative images showed the protein expression of TGF-β1 (brown arrows) by immunohistochemical analysis in cardiac allografts at week 8 post transplantation in two groups. Scale bar: 50 μm. (B) Concentration of TGF-β1 in recipients' sera and the allograft homogenate at week 8 post-transplant tested by ELISA. Values were expressed as means ± SEM (n = 4–8/group). **: p<0.01; ***: p<0.001, vs. the IgG group. (C) The protein expression of TGF-β1 by western blotting after HMGB1 mAb administration. (D) The relative quantity of TGF-β1 protein normalized to GAPDH. Data were shown as mean ± SEM. ***: p<0.001, vs. the IgG group. All data were representative of three independent experiments.




HMGB1 Promoted the Release of TGF-β1 From Cardiac Fibroblasts

Myofibroblasts transferred from fibroblasts are the major source of extracellular matrix (ECM) and TGF-β1 in the fibrosis progression, we then detected the direct effect of HMGB1 on fibroblasts. As shown in Figure 4A, myofibroblasts (α-SMA+) expressed TGF-β1 in the allograft at week 8 post transplantation. After HMGB1 mAb treatment, the expression of TGF-β1 in myofibroblasts was reduced. Myofibroblast marker α-SMA was significantly reduced in allograft after HMGB1 mAb administration (Figures 4B,C). In vitro, exogenous HMGB1 stimulation for 48 h promoted the expression of α-SMA in cultured neonatal cardiac fibroblasts (Figures 4D,E) and elevated the levels of free active and total TGF-β1 in culture supernatants (Figure 4F). These results indicate that HMGB1 promoted the transform of fibroblasts to myofibroblasts and the release of TGF-β1 from myofibroblasts.


[image: Figure 4]
FIGURE 4. Extracellular HMGB1 promoted the release of TGF-β1 from fibroblasts. (A) The expression of TGF-β1 on myofibroblasts (α-SMA+) in the allograft at week 8 posttransplant and HMGB1 mAb treatment. α-SMA was labeled with green fluorescence, TGF-β1 was labeled with red color and nuclei were stained with DAPI in blue. Scale bar: 25 μm. (B) The protein expression of α-SMA by western blotting after HMGB1 mAb administration and (C) the relative quantity of α-SMA protein normalized to GAPDH in grafts. After 16 h of serum starvation, stimulation with rHMGB1 for 48 h at dose of 0 or 500 ng/ml in media containing 0.5% FBS, (D) western blotting analysis of α-SMA protein expression in cultured cardiac fibroblasts, (E) the relative quantity of α-SMA protein normalized to GAPDH, (F) free active and total TGF-β1 in the supernatants of fibroblasts after rHMGB1 stimulation detected by ELISA. Data were expressed as mean ± SEM (n=3/group) and representative of at least three separate experiments. *: p<0.05; **: p<0.01; ***: p<0.001, vs. negative control.




HMGB1 Enhanced Macrophage Released TGF-β1

Our previous work has shown that macrophage was the major cell type infiltrated in the cardiac allografts, we then detected its role in the fibrosis of allograft. As shown in Figure 5A, macrophages (F4/80+) expressed TGF-β1 in the allograft at week 8 post heart transplantation. After HMGB1 mAb treatment, the expression of TGF-β1 in macrophages was markedly reduced. In vitro, HMGB1 treated bone marrow-derived macrophages (BMMs) released higher levels of free active and total TGF-β1 to the culture supernatant (Figure 5B). These results indicate that HMGB1 promoted the release of TGF-β1 from macrophage.


[image: Figure 5]
FIGURE 5. Extracellular HMGB1 enhanced macrophage released TGF-β1. (A) The expression of TGF-β1 on macrophages (F4/80+) in the allograft at week 8 posttransplant and HMGB1 mAb treatment. F4/80 was labeled with red color, TGF-β1 was labeled with green fluorescence and nuclei were stained with DAPI in blue. Scale bar: 25 μm. (B) After 16 h of serum starvation, BMMs were treated with recombinant HMGB1 at 500 ng/mL for 48h in the presence of 0.5% FBS. Free active and total TGF-β1 in the supernatants of BMMs were detected by ELISA. Data were expressed as means ± SEM (n = 3/group). **: p<0.01; ***: p<0.001, vs. negative control. All data were representative of three independent experiments.




HMGB1 Triggered Smad2 and Smad3 Phosphorylation in Macrophages and Cardiac Fibroblasts

In order to research the effect of HMGB1 on the downstream signaling of TGF-β1, the activation of TGF-β1/Smad signaling were observed. As illustrated in Figures 6A–D, the expression of p-Smad2 and p-Smad3 in the allografts were significantly decreased in HMGB1 mAb treated group compared with that in IgG control group. In addition, exogenous HMGB1 stimulation obviously induced Smad2 and Smad3 phosphorylation as normalized to total Smad2/Smad3 level in BMMs, even early at 10 min after HMGB1 treatment (Figures 6E,F), and similar results were observed in fibroblasts (Figures 6G,H). Simultaneously, a significant increase of free active TGF-β1 at 60 min and total TGF-β1 at 10 min in the supernatants of BMMs after HMGB1 treatment (Figure 6I), but HMGB1 treatment for 1 h did not change the release of TGF-β1 from fibroblasts (Figure 6J). These data indicate that HMGB1 might induce Smad2/3 phosphorylation in fibroblasts in a TGF-β1 dependent or independent method.


[image: Figure 6]
FIGURE 6. HMGB1 induced phosphorylation of Smad2 and Smad3 in macrophages and fibroblasts. (A,C) The protein expression of p-Smad2 and p-Smad3 by western blot after HMGB1 Ab administration. (B,D) The relative quantity of p-Smad2, p-Smad3 protein normalized to total Smad2 and Smad3. Data were shown as mean ± SEM and represented of at least three separate experiments. *: p<0.05; **: p<0.01, ***: p<0.001, vs. the IgG group. All data were representative of three independent experiments. (E–H) After 16 h of serum starvation, cultured macrophages and fibroblasts were treated with rHMGB1 for 0, 10, 30 and 60 min in the presence of 0.5% FBS. The phosphorylation of Smad2 and Smad3 in BMMs (E,F) and fibroblasts (G,H) was observed with western blot. The relative quantity of p-Smad2 and p-Smad3 normalized to total Smad2 and Smad3, respectively. The data were shown as mean ± SEM (n = 3/group). **: p<0.01; ***: p<0.001, vs. negative control. All data were representative of three independent experiments. (I,J) ELISA to detect for free active and total TGF-β1 levels of BMMs (I) and fibroblasts (J) cultured supernatant. The data were shown as mean ± SEM (n = 3/group). *: p<0.05; **: p<0.01; ***: p<0.001, vs. negative control. All data were representative of two independent experiments.





DISCUSSION

In our previous study and other works, it has been reported the involvement of HMGB1 in the development of cardiac allograft rejection via promoting the inflammatory cells infiltration and immune damage (24, 25). However, whether HMGB1 contributes to the fibrotic damage of cardiac allograft is unclear. Now, we showed a connection between HMGB1 and TGF-β1 in a single MHC-II–mismatched heart transplantation mouse model, and also found extracellular HMGB1 promoting the synthesis and release of TGF-β1 and subsequent TGF-β1/Smad signaling in allograft fibroblasts and macrophages. Blockade of HMGB1 with neutralizing mAb prolonged cardiac allograft survival and alleviated CAV/fibrosis.

The common characteristics of CAV are intimal thickening, medial apoptosis, adventitial deposition of ECM and fibrosis, accumulation of lymphocyte cells and macrophages in affected vascular (3). The adventitia of CAV is presented with fibroblasts-to-myofibroblasts conversion, ECM production and inflammatory cells infiltration (4). The lumen of the affected artery is consisted of an endothelial cell monolayer and a mononuclear cell infiltrate. The latter includes mainly T cells and macrophages, and innate lymphoid cells and other myeloid cell types such as dendritic cells at low frequency (2). In other acute injured condition, released TGF-β1 from platelets plays a critical role in macrophage and fibroblast chemotaxis to the wound site (7). In chronic cardiac allograft rejection, resident fibroblasts are primarily responsible for excessive production of ECM proteins, although other cellular sources such as endothelial cells may also contribute to fibrosis (26, 27). In this study, decreased number of F4/80+ macrophage was found in anti-HMGB1-treated than in IgG-treated cardiac grafts (Figure 5). Therefore, we mainly focused on fibroblasts and macrophages to explore the effect of HMGB1 on CAV/fibrosis in allografts. Whether this macrophage infiltration was attributed to monocyte-macrophage chemotaxis or differentiation from resident macrophage needs to be further confirmed. The macrophages in allografts may be M2 phenotype, as it has been reported in other conditions that M2 macrophages participated in fibrosis progression (28, 29).

The TGF-β superfamily is an important mediator of tissue repair and fibrotic disorders, and TGF-β/Smad signaling has been implicated in these processes (30, 31). In diabetic cardiopathy mouse models, TGF-β/Smad signaling mediates the cardiac fibrosis (32, 33). In heart transplantation recipient patients, the expression of TGF-β in cardiac biopsy specimens was strongly associated with the development of vasculopathy (20). A positive association between HMGB1 and TGF-β1 expression was identified in chronic allograft nephropathy (11). TGF-β has 3 isoforms including TGF-β1, -β2, and -β3. Functionally activated TGF-β, produced from an inactive precursor (pro-TGF-β) by convertase, can participate in cellular response via binding to transforming growth factor-β receptor. TGF-β signaling initiates via the downstream SMAD pathway or an alternative SMAD independent pathway. Among the isoforms, TGF-β1 is the most prevalent and thought to be the most biologically relevant (7, 34). Thus, we explored the effect of HMGB1 on TGF-β1 signaling in CAV/fibrosis.

In this study, we found that the expression of TGF-β1 was increased during the CAV progression, and that blockade of HMGB1 significantly downregulated the fibroblasts-to-myofibroblasts conversion and the synthesis and release of TGF-β1 in cardiac allografts. Moreover, extracellular rHMGB1 stimulation promoted the synthesis and release of TGF-β1 in fibroblasts and macrophages. Interestingly, we observed that exogenous HMGB1 stimulation for 48 h induced the release of active TGF-β1 (Figure 4F), as it has been shown in lung fibroblasts (35), while the stimulation of HMGB1 for 1h directly triggered the Smad2 and Smad3 phosphorylation and unchanged the release of active TGF-β1 in cardiac fibroblasts in vitro (Figure 6J). These data suggest that HMGB1 might be involved in the CAV/fibrosis via promoting TGF-β1/Smad signaling by a TGF-β1 dependent or independent method. Further investigation should be performed to support this thesis, it may be associated with the expression of HMGB1 receptor on the cardiac fibroblasts (36, 37).

TGF-β regulates cell growth and differentiation, apoptosis, angiogenesis and ECM production (34). It is also commonly viewed as the major immunosuppressive cytokine that prevents immunity through its anti-inflammatory and antiproliferative properties (38, 39). As a major profibrotic factor in fibrotic disorders, anti-TGF-β treatment prevented skin and lung fibrosis in a mouse model for scleroderma (40); administration of TGF-β1-directed antibody prevented ECM matrix protein expression from injured vascular smooth muscle cell lines (41). Studies also showed that TGF-β1 mAb treatment did not prevent the progression of diabetic nephropathy (42) and anti-TGF-β treatment for renal fibrosis was ineffective and non-specific (43). CAV is associated with overexpression of TGF-β1 (20, 27, 44). Inhibition of TGF-β1 may be effective in preventing the fibrosis but may delete its anti-inflammatory effect in chronic CAV, which needs further study to confirm. Based on our previous work and present study, it was found that HMGB1 promoted the immune inflammatory damage and chronic CAV/fibrosis, and that blockade of HMGB1 significantly prolonged the cardiac allograft survival. Therefore, inhibition of extracellular HMGB1 might be a promising strategy for the prevention of CAV after heart transplantation.

In conclusion, our work in a chronic cardiac allograft rejection mouse model demonstrated that extracellular HMGB1 was involved in chronic CAV and fibrosis via promoting TGF-β1 signaling after heart transplantation. Blockade of HMGB1 might represent a promising therapeutic target for the simultaneous inhibition of allograft chronic inflammatory damage and vasculopathy/fibrosis progression.
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Maternal immune tolerance to semi-allogeneic fetus is essential for a successful implantation and pregnancy. Growing evidence indicated that low cytotoxic activity of γδ-T cells, which is mediated by activation and inhibitory receptors, is important for establishment of maternal immune tolerant microenvironment. However, the correlation between receptors on peripheral blood γδ-T cells, such as NKG2D, CD158a, and CD158b, and pregnancy outcome in patients with unexplained repeated implantation failure (uRIF) remains unclear. In this study, the association between the expression level of these receptors and pregnancy outcome in patients with uRIF was investigated. Thirty-eight women with uRIF were enrolled and divided into two groups: successful group and failed group, according to the pregnancy outcome on different gestational periods. The percentage of NKG2D+ γδ-T cells in lymphocytes was significantly higher in uRIF patients who had failed clinical pregnancy in subsequent cycle, compared with those who had successful clinical pregnancy. However, there were no differences about the frequencies of CD158a+ and CD158b+ γδ-T cells between the successful and failed groups. The receiver operating characteristic curve exhibited that the optimal cut-off value of NKG2D+ γδ-T cells was 3.24%, with 92.3% sensitivity and 66.7% specificity in predicting clinical pregnancy failure in uRIF patients. The patients with uRIF were further divided into two groups, group 1 (NKG2D+ γδ-T cells <3.24%) and group 2 (NKG2D+ γδ-T cells ≥3.24%), based on the cut-off value. The live birth rate of patients in the group 1 and group 2 were 61.5 and 28.0%, respectively. Kaplan-Meier survival curve further suggested that the frequency of NKG2D+ γδ-T cells in lymphocytes negatively correlated with live birth rate in patients with uRIF. In conclusion, our study demonstrated that the frequency of peripheral blood NKG2D+ γδ-T cells among lymphocytes is a potential predictor for pregnancy outcome in uRIF patients.

Keywords: γδ-T cells, NKG2D, unexplained repeated implantation failure, activation and inhibitory receptors, receiver operating characteristic curve


INTRODUCTION

The current clinical definition of infertility is the state of a diminished capacity to conceive after 12 months of regular sexual intercourse. The prevalence of infertility is ~10% among men and 13% among women (1). Although assisted reproductive technologies helped numerous infertile couples in achieving a successful pregnancy, 10–15% of the infertile couples who were subjected to assisted reproductive technology treatment experienced failure to conceive after multiple in vitro fertilization-embryo transfer (IVF-ET) cycles (2). These patients are defined as repeated implantation failure (RIF) patients. The etiology of RIF is complex, mainly including genetic abnormalities, endocrine disorders, abnormal anatomy of the genital tract, presence of infection and/or some autoimmunity diseases, and thrombophilia conditions (3). After ruling out the RIF patients with above common etiology, there are still some patients with unknown etiology. These RIF patients are defined as unexplained RIF (uRIF) patients.

The maternal-fetal interface is an indispensable aspect to establish and maintain the successful pregnancy. On one hand the extra villous trophoblasts invade the decidua and directly interact with decidual immune cells, on the other hand the syncytiotrophoblast provides a connection with the uterus wall to allow the contact of the maternal circulation with the fetus for transport of nutrients (4). Therefore, an appropriate recognition of the semi-allogeneic fetus by the maternal immune system is required for establishing an immune tolerant microenvironment which allows a successful implantation and pregnancy (5). In this context, γδ-T cells, a group of unconventional T cells that express the T cell receptor containing a γ and δ chain, display an important role due to their early and rapid response against cellular stress and infections in an major histocompatibility complex (MHC)-independent manner (6). Although γδ-T cells represent a minor population of T lymphocytes (1–10%) (7, 8), they exhibit multiple immunological functions, such as anti-viral infection, inflammation regulation, tissue homeostasis, and even in maintaining successful pregnancy (9–13). In the early 1990s, some studies suggested that peripheral γδ-T cells play an important role in decreasing natural killer activity through secreting anti-inflammatory cytokines during the whole pregnancy process (14, 15). In addition, the low cytotoxic activity of γδ-T cells is essential during a normal pregnancy (16). The γδ-T cell subsets with potent cytotoxic activity were associated with unexplained recurrent miscarriage (17). However, the correlation between γδ-T cells and uRIF still remains unknown.

Cytotoxic activity of γδ-T cells is mainly mediated by releasing soluble cytotoxic granules, such as perforin, granzyme and granulysin (18, 19). Most importantly, the degranulation process is regulated by the balance between activation and inhibitory receptors (20). For instance, NKG2D is an activation receptor expressed on most human NK cells and γδ-T cells. The interaction between NKG2D and its ligands can modulate the cytotoxic capacity of γδ-T cells (21–23). Indeed, the activation of the NKG2D pathway induces the secretion of cytotoxic granules, interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α), finally promoting the cytotoxicity of γδ-T cells against infected cells or tumor cells (24, 25). In contrast, regulatory receptors for self-MHC class I molecules, particularly killer cell immunoglobulin-like receptors (KIRs), negatively regulate γδ-T cells activation (26). KIR with two Ig domains (KIR2D), such as KIR2DL1 (CD158a) and KIR2DL2/L3 (CD158b), which can bind to the human leukocyte antigen (HLA)-C. This interaction activates the downstream immunoreceptor tyrosine-based inhibitory motifs to inhibit the signal activation (27). Previous studies suggested that CD158a+/CD158b+ γδ-T cells were less cytotoxic than CD158a−/CD158b− γδ-T cells (28, 29). However, up to now, little is known regarding the relationship between expression pattern of NKG2D, CD158a and CD158b on γδ-T cells and pregnancy outcome in uRIF patients.

In this study, we demonstrated that high frequency of NKG2D+ γδ-T cells in lymphocytes was inversely correlated with pregnancy outcomes in patients with uRIF. Our data suggest that the frequency of NKG2D+ γδ-T cells in lymphocytes could be used to predict pregnancy outcome in uRIF patients.



MATERIALS AND METHODS


Study Population

Female infertile patients were selected from infertile couples who went to the Fertility Center of Shenzhen Zhongshan Urology Hospital, China, from January 2016 to July 2017. The inclusion criteria include: (1) age of 18–40 years; (2) met the diagnostic criteria of RIF: three or more IVF failures after the transfer of at least one high-quality embryo per cycle. The potential conventional factors causing RIF were not taken into consideration at the time of selection. The exclusion criteria include: (1) abnormal chromosome karyotype; (2) abnormal ultrasonography and hysterosalpingogram/hysteroscopy result; (3) infection of hepatitis B virus, hepatitis C virus, human immunodeficiency virus, toxoplasma, rubella virus, cytomegalovirus, or herpes virus; (4) abnormal basal endocrine hormone level, such as follicle-stimulating hormone, estradiol, luteinizing hormone, prolactin, or testosterone; (5) male infertility. The peripheral blood of the patients enrolled in this study was collected to perform immunological assays, and then these patients received an empirical therapy represented by the endometrium scratching operation. Women who did not provide the blood sample for immunological assays were excluded. To match the end-points of the study, women who were not subjected to embryo transfer operation within 1 year after the immunological tests were also excluded. A total of 111 couples met the diagnostic criteria of RIF and were enrolled in the study (Figure 1). After excluding 30 subjects with conventional factors, a total of 81 uRIF women comprised the study population. There were 22 subjects who failed immunologic testing and 21 women who did not undergo embryo transfer within 1 year after immunologic testing, resulting in a total of 38 uRIF women who participated in the statistical analysis.


[image: Figure 1]
FIGURE 1. Flowchart listing the inclusion and exclusion criteria to select patients in this study.


To assess the power value of the receptors on the γδ-T cell in predicting the outcome of pregnancy failure in patients with uRIF on different gestational periods, implantation, clinical pregnancy, ongoing pregnancy, and live birth were followed up. Potential successful implantation was monitored at ~14 days after embryo transfer and was defined as the presence of seropositive-human chorionic gonadotropin. Otherwise, implantation failure was defined. A successful clinical pregnancy was defined as the presence of a gestational sac as shown by ultrasound 4–5 weeks after embryo transfer. If absent, a failed clinical pregnancy was defined. Successful sustained pregnancy was defined as the presence of a live fetus of ~12 weeks gestational age. Otherwise, it was defined as a failure of the ongoing pregnancy. Successful live birth was defined as the delivery of a live fetus by the mother at full term gestation, otherwise, it was defined as failure of live birth.

This study was performed in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Shenzhen Zhongshan Urology Hospital. All participants gave their informed consent for the inclusion in this study before their participation.



Flow Cytometry

Immunological phenotypes of γδ-T cells and their subpopulations were determined by flow cytometry. The following fluorophore-conjugated mouse monoclonal antibodies anti-human antibodies were used: PerCP-conjugated anti-CD3 (347344; BD Pharmingen, USA), PE-cy7-conjugated anti- TCRγδ (331222; Biolegend, USA), FITC-conjugated anti-NKG2D (11-5878; eBioscience, USA), FITC-conjugated anti-CD158a (556062; BD Pharmingen, USA), PE-conjugated anti-CD158b (559785; BD Pharmingen, USA).



Phenotypic Characteristics of γδ-T Cells

To determine the surface expression of activation markers on the surface of γδ-T cells, the heparinized whole blood (100 μL) was collected during the mid-luteal phase of the menstrual cycle and was stained with anti-CD3 (5 μL), anti-TCRγδ (5 μL), and anti-NKG2D (10 μL) antibodies. To determine the surface expression of inhibitory markers on γδ-T cells, the heparinized whole blood (100 μL) was incubated for 15 min with antibodies against CD3 (5 μL), γδ TCR (5 μL), CD158a (10 μL), and CD158b (10 μL). After 15 min of incubation in the dark, the whole blood was lysed using 1×FACS lysis solution, and the cells were subsequently washed three times with PBS. Finally, cells were analyzed with a BD FACSCanto II flow cytometer (BD, USA). According to the gating strategy (Figure 2), the lymphocytes were gated by FSC and SSC first. Then CD3+ TCRγδ+ cells were defined as γδ-T cells. In the population of γδ-T cells, TCRγδ+NKG2D+ cells, TCRγδ+CD158a+ cells, and TCRγδ+CD158b+ cells were defined as NKG2D+ γδ-T cells, CD158a+ γδ-T cells and CD158b+ γδ-T cells, respectively. The percentage of receptor-positive γδ-T cells in total γδ-T cells, CD3+ T cells, and overall lymphocytes was respectively calculated.


[image: Figure 2]
FIGURE 2. Flow cytometry gating strategy for surface markers and γδ-T cell subsets. (A) The lymphocytes were gated by FSC and SSC. (B) CD3+ γδ TCR+ cells were defined as γδ-T cells. (C) Among γδ-T cells, NKG2D+γδ TCR+ were defined as NKG2D+ γδ-T cells. (D) Among γδ-T cells, CD158a+γδ TCR+ were defined as CD158a+ γδ-T cells. (E) Among γδ-T cells, CD158b+γδ TCR+ were defined as CD158b+ γδ-T cells.




Statistical Analysis

Statistical analysis was performed using SPSS 20.0 (IBM, USA). Kolmogorov-Smimov test was used to determine the normal distribution of the data. Data were presented as mean ± SD when normally distributed, or as median with quartiles when not normally distributed. Inter-group differences in immune markers were examined using the independent t-test when the data were normally distributed, or using the Mann-Whitney U-test when they were not normally distributed. The categorical variables were analyzed by chi-square test or Fisher's exact test. Receiver operating characteristic (ROC) curve and the area under the curve (AUC) were used to establish the power value of the immune markers in predicting the pregnancy outcome in patients with uRIF. The overall live birth rate and gestational age of the patients with uRIF were estimated by the Kaplan-Meier analysis. The time to event was referred to the length in weeks from the date of the embryo transfer to the date of the patient undergoing pregnancy failure, or to the date of the end point of the pregnancy in patients who gave live birth, or to the date of loss to follow-up (censored). A two-tailed P-value of < 0.05 was considered statistically significant.




RESULTS


Clinical Characteristics for uRIF Patients Categorized by Pregnancy Outcomes

To investigate the relationship between basic clinical characteristics and pregnancy outcomes, basic clinical characteristics were compared between uRIF patients with successful pregnancy outcome and patients with failed pregnancy outcome on different gestational periods. As shown in Table 1, regardless of the gestational period, there was no evident difference in the clinical characteristics, such as age, body mass index, number of previous failed pregnancy, content of estradiol, progesterone, follicle-stimulating hormone, luteinizing hormone, prolactin, and testosterone (all P > 0.05), between the successful group and failed group. Other factors which potentially affect the pregnancy outcome during IVF-ET treatment process, such as percentage of blastocyst in the transferred embryos, number of transferred embryos, number of transferred high-quality embryos were also comparable between the successful group and failed group.


Table 1. Clinical characteristics of uRIF patients categorized according to the pregnancy outcome.
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Expression of NKG2D on γδ-T cells Were Increased in uRIF Patients With Clinical Pregnancy Failure

To investigate the relationship between surface receptors on γδ-T cells and pregnancy outcome in patients with uRIF, the percentage of NKG2D+, CD158a+ or CD158b+ γδ-T cells in γδ-T cells, CD3+ T cells or overall lymphocytes were compared between the successful group and failed group, respectively. As shown in Table 2, there were no significant differences in the percentages of NKG2D+ γδ-T cells, CD158a+ γδ-T cells and CD158b+ γδ-T cells in total γδ-T cells between the successful group and failed group. The percentages of total γδ-T cells, NKG2D+ γδ-T cells, CD158a+ γδ-T cells and CD158b+ γδ-T cells in CD3+ T cells were similar between the successful group and failed group. In addition, no significant differences were found on the percentages of CD158a+ γδ-T cells and CD158b+ γδ-T cells in the overall lymphocytes between the successful group and failed group. However, the percentages of CD3+ T cells [(62.5 ± 6.9)% vs. (59.5 ± 24.0)%, P = 0.016], γδ-T cells [(8.0 ± 6.7)% vs. (4.5 ± 2.1)%, P = 0.047], and NKG2D+ γδ-T cells [(7.6 ± 6.5)% vs. (3.8 ± 2.1)%, P =0.025] in lymphocytes were significantly increased in uRIF patients with clinical pregnancy failure, when compared to that in uRIF patients with successful clinical pregnancy. Taken together, our results suggested that the increase of NKG2D+ γδ-T cell frequency in lymphocytes might be associated with clinical pregnancy failure in uRIF patients.


Table 2. Comparison of frequency of γδ-T subsets in uRIF patients with successful pregnancy and those patients with pregnancy failure.
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Power Analysis of NKG2D+ γδ-T cells in Predicting Pregnancy Failure in uRIF Patients

To further evaluate the predictive power and cut-off value of NKG2D+ γδ-T cells in predicting pregnancy failure in uRIF patients, 28 patients were randomly selected from the study population and analyzed by the ROC curve, while the remaining 10 patients were used to validate the power. The ROC curve showed that the accuracies of NKG2D+ γδ-T cells in predicting implantation, clinical pregnancy, ongoing pregnancy and live birth, measured by AUC, were 0.722 (95% CI: 0.526-0.917, P = 0.051, Figure 3A), 0.774 (95% CI: 0.597-0.951, P = 0.014, Figure 3B), 0.588 (95% CI: 0.366-0.811, P = 0.438, Figure 3C), and 0.588 (95% CI: 0.366-0.811, P = 0.438, Figure 3D), respectively. These results indicated that the frequency of NKG2D+ γδ-T cells in lymphocytes could be used as a potential indicator to predict clinical pregnancy failure in patients with uRIF. At a cut-off value of 3.24% referred to the percentage of NKG2D+ γδ-T cells in lymphocytes, the sensitivity and specificity were 92.3 and 66.7%, respectively. In the validation set, the sensitivity, specificity, positive predictive value, and negative predictive value of NKG2D+ γδ-T cells for clinical pregnancy failure were 80.0, 20.0, 50.0, and 50.0%, respectively. The high accuracy and sensitivity in predicting clinical pregnancy failure further indicated that the percentage of NKG2D+ γδ-T cells in lymphocytes was a potential prognostic indicator for clinical pregnancy failure in uRIF patients.


[image: Figure 3]
FIGURE 3. ROC analysis of NKG2D+ γδ-T cells in predicting pregnancy outcome failure in patients with uRIF. (A) Power analysis of NKG2D in predicting implantation outcome in patients with uRIF. (B) Power analysis of NKG2D in predicting clinical pregnancy outcome in patients with uRIF. (C) Power analysis of NKG2D in predicting ongoing pregnancy outcome in patients with uRIF. (D) Power analysis of NKG2D in predicting live birth outcome in patients with uRIF. AUC indicated the area of under curve of NKG2D+ γδ-T cells, and P indicated the statistical power of NKG2D+ γδ-T cells.




Kaplan-Meier Survival Analysis Based on NKG2D+ γδ-T cells in Patients With uRIF

The frequency of NKG2D+ γδ-T cells in lymphocytes allowed us to classify the uRIF patients into subgroups (group 1: NKG2D+ γδ-T cells≤3.24%; group 2: NKG2D+ γδ-T cells>3.24%; cut-off value was determined with the ROC curve). The clinical characteristics of these two groups are listed in Table 3, and the results showed no evident difference among the basic parameters in these two groups. The live birth rate of patients in the group 1 (NKG2D+ γδ-T cells <3.24%) and group 2 (NKG2D+ γδ-T cells ≥3.24%) were 61.5% and 28.0%, respectively. Kaplan-Meier survival curve (Figure 4) and the test of the equality of survival distribution (Supplementary Table 1) further demonstrated that the frequency of NKG2D+ γδ-T cells in lymphocytes negatively correlated with live birth rate in patients with uRIF. In addition, the estimated mean gestational age was 28 weeks in the group 1, while it was only 13 weeks in the group 2, suggesting that the presence of a low frequency of NKG2D+ γδ-T cells in lymphocytes corresponded to a significantly increased chance of successful live birth (Supplementary Table 2). Taken together, these data suggested that the frequency of NKG2D+ γδ-T cells in lymphocytes was negatively associated with the live birth rate and gestational age in uRIF patients.


Table 3. Clinical characteristics of uRIF patients categorized based on the cut-off value of percentage of NKG2D+ γδ-T cells in lymphocytes.

[image: Table 3]


[image: Figure 4]
FIGURE 4. Kaplan-Meier survival analysis of NKG2D+ γδ-T cells for live birth rate in uRIF patients. The cumulative survival rate (live birth rate) was compared between uRIF patients with low frequency of NKG2D+ γδ-T cells (<3.24%, blue line) and those with high frequency of NKG2D+ γδ-T cells (≥3.24%, green line). *P < 0.05.





DISCUSSION

Our study demonstrated that the frequency of peripheral NKG2D+ γδ-T cells in lymphocytes was significantly increased in the uRIF patients with failure of implantation or clinical pregnancy compared to that in the uRIF patients with corresponding successful pregnancy. The ROC analysis for the diagnostic power of NKG2D+ γδ-T cells resulted in an AUC of 0.774, with 92.3% sensitivity and 66.7% specificity in differentiating uRIF patients with successful clinical pregnancy from those with clinical pregnancy failure. Moreover, K-M survival curve analysis showed that the frequency of NKG2D+ γδ-T cells was negatively associated with live birth rate and gestational age. These results suggest that the NKG2D on γδ-T cell is a potential biochemical predictor for pregnancy outcome in uRIF patients.

Previous studies showed that peripheral γδ-T cells may be involved in recurrent miscarriage through the increased pro-inflammatory factors such as interleukin (IL)-12, IL-17, and IFN-γ, and the decreased anti-inflammatory factors such as IL-10 (17, 30). The increased NKG2C and decreased NKG2A on peripheral γδ-T cells were also reported to be associated with premature birth (31) and pre-eclampsia (32). In current study, we showed that the percentage of NKG2D+ γδ-T cells in lymphocytes was significantly increased in the uRIF patients with a failure in implantation or clinical pregnancy, when compared to that in the uRIF patients with successful implantation or successful clinical pregnancy. Taken together, these data indicated that abnormal expression of molecules regulating cytotoxicity of γδ-T cells was associated with adverse pregnancy outcomes. However, these studies were mainly based on the comparisons of the γδ-T cell status between women with adverse pregnancy and normal pregnancy, the prognosis value of these markers in reproductive failure was not investigated. Therefore, the clinical significance of these conclusions is greatly reduced. In this study, we demonstrated that the AUC of the frequency of NKG2D+ γδ-T cells in lymphocytes to predict the clinical pregnancy failure was 0.774, and the optimal cut-off value was 3.24% with 92.3% sensitivity and 66.7% specificity. Moreover, further K-M survival analysis showed that the lower live birth rate and shorter gestational age were observed in uRIF patients with a high frequency of NKG2D+ γδ-T cells. Our results indicate that NKG2D on γδ-T cell is a potential predictor for pregnancy outcome in uRIF patients. It is known that the cytotoxic activity of γδ-T cells against virus or cancer cells was determined by the expression of NKG2D and granzyme B (GrB) (22, 33–35). Recently we also found that the percentage of GrB+ γδ-T cells in lymphocytes was negatively associated with successful clinical pregnancy (36). These data suggest that the increase of γδ-T cell cytotoxicity is deleterious to the pregnancy.

The limitations of this study are reflected in the fact that, although the sensitivity of NKG2D+ γδ-T cells in predicting clinical pregnancy failure was as high as 80.0% during the validation phase, the specific, positive, and negative predictive values were as low as 20.0, 50.0, and 50.0%, respectively. The following three factors may contribute to them. First, the relatively small sample size in this study. The larger sample size, the greater statistical power and accuracy of the prediction. Therefore, a study with a larger sample size should be further performed to confirm this conclusion. Second, other receptors related to the cytotoxicity of γδ-T cells, such as NKG2C (31) and NKG2A (32), should be investigated in further study. Third, the appropriate interaction between receptors on immune cells and corresponding ligands on trophoblasts should be also considered because they are also associated with a successful pregnancy (37). The role of NKG2D at the maternal-fetal interface might be modified by the corresponding ligands expressed on trophoblasts. Previous study reported that the KIR genotype and haplotype is associated with pregnancy loss during IVF cycles. KIR B haplotype carriers experienced more pregnancy failure than KIR A haplotype carriers after embryo transfer. However, this risk was significantly influenced by their corresponding ligand, such as HLA-C alleles, present in the embryo. The high-risk combinations (KIR B/HLA-C1) resulted in a 51% increased risk of pregnancy failure (38). Therefore, the overall prognostic value of combined indicator with NKG2D and potential ligands on trophoblasts in predicting pregnancy outcomes in uRIF patients should be also further investigated.

Taken together, our study suggests that the increased frequency of peripheral NKG2D+ γδ-T cells in lymphocyte is significantly associated with pregnancy failure in uRIF patients. The ROC and K-M survival analysis indicate that NKG2D on γδ-T cell is a potential biomarker in predicting pregnancy outcome in uRIF patients. It is worth noting that finding effective treatment and evaluating their efficacy against NKG2D on γδ-T cells is a necessary step before this predictor can be applied in clinical translation.
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Ovarian cancer (OC) is still the leading cause of death among all gynecological malignancies, despite the recent progress in cancer therapy. Immune escape and drug resistance, especially platinum-based chemotherapy, are significant factors causing disease progression, recurrence and poor prognosis in OC patients. MicroRNAs(miRNAs) are small noncoding RNAs, regulating gene expression at the transcriptional level. Accumulating evidence have indicated their crucial roles in platinum resistance. Importantly, they also act as mediators of tumor immune escape/evasion. In this review, we summarize the recent study of miRNAs involved in platinum resistance of OC and systematically analyses miRNAs involved in the regulation of OC immune escape. Further understanding of miRNAs roles and their possible mechanisms in platinum resistance and tumor escape may open new avenues for improving OC therapy.
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Introduction

Ovarian cancer (OC) is gynecologic malignancy with high mortality rate and is predicted to be the fifth leading cause of female cancer deaths in the United States (1). The high mortality of OC remains a global health problem despite the recent progress achieved in OC treatment. The failure in early diagnosis and drug resistance result in poor prognosis of OC patients (2). Thus, it is urgent to address the underlying mechanisms contributing to poor prognosis and develop more effective therapeutic strategies.

Platinum-based chemotherapies are antitumor agents that are widely used as a first-line clinical therapeutic regimen for OC. Despite a high initial response rate, the majority of advanced stage OC patients will become increasingly resistant to platinum and have a poor prognosis (3). Immune escape/evasion is another critical problem that cannot be ignored in the treatment of OC. OC is capable of create a highly complex and heterogenous ecosystem where anti-tumor immune cells may be hijacked to evade human immune attack (4). Moreover, though immunotherapy has produced promising results in some malignancies, the therapeutic effect of OC patients is not ideal, which has also been mainly attributed to the immune evasion (5).

MicroRNAs (miRNAs) are endogenous non-coding RNAs containing 18 to 25 nucleotides, which play important roles in regulating target gene expression through incompletely pairing to the 3′-untranslational region (3′-UTR), 5′-UTR or even open reading frame and thus causing the degradation of target mRNAs or blocking the translation (6). MiRNAs have differential expression profile in OC and exhibit significant impact on OC occurrence and progression (7). Emerging evidence shed light on the role of miRNAs in platinum resistance in OC and uncover multiple molecular mechanisms of miRNA-based immune escape.

In this review, we summarize the current knowledge of miRNAs involved in platinum chemoresistance and immune escape in OC and discuss their potential applications for improving OC treatment.



The Role of miRNAs in Platinum Resistance of OC

Common mechanisms underlying resistance to platinum-based chemotherapy in OC have been elegantly elucidated by Samuel and colleagues, including reduced intracellular accumulation of platinum and cytosolic inactivation, DNA damage repair, apoptotic pathways abnormality elicited by platinum-mediated DNA damage, and other cellular processes indirectly involved in platinum-elicited signals (8).The aberrant expression and function of miRNAs involved in these mechanisms have been found to be associated with platinum resistance (Figure 1).




Figure 1 | The mechanism of platinum resistance in OC. (A) Reduced intracellular accumulation and cytosolic inactivation. (B) Increased DNA repair, including NER, MMR, HR, BER, NHEJ, and TLS. (C) Alteration of apoptosis related proteins and apoptosis associated pathways causing enhanced resistance to apoptosis. (D) Other cellular processes or pathways indirectly reduce platinum sensitivity. CTR1, copper transporter 1; OTC3, organic cation transporter 3; ABC, ATP-binding cassette transporter; ATP7A/7B, P-type ATPase transporter; GSH, glutathione; NER, nucleotide excision repair; MMR, mismatch repair; HR, homologous recombination; BER, base excision repair; NHEJ, non-homologous end joining; TLS, translesion synthesis; EMT, epithelial-mesenchymal transition; DNMT, DNA methyltransferase.




Reduced Intracellular Accumulation and Cytosolic Inactivation


Defective Drug Uptake

It is widely accepted that platinum is mainly uptaken into cells by passive diffusion and various endocytic routes across plasma membrane. Several transporters are also found to be involved in platinum uptake and efflux, including copper transporter 1 (CTR1), organic cation transporter 2 (OTC2), P-type ATPases (ATP7A/ATP7B) (9). It was demonstrated that Ctr1p mediates cisplatin uptake in yeast and mammals, and cisplatin accumulation was obviously decreased in Ctr1-mutant mouse cell lines compared with wild-type cells (10). Furthermore, OC patients with lower CTR1 expression exhibited increased platinum resistance and shorter survival (11). MiR-130a was reported to target CTR1and induce cisplatin resistance of cervical cancer cell (12). Further research was needed on miRNAs, which affect platinum resistance in OC via targeting CTR1.



Increased Efflux

Increasing transporter efflux is another reason of decreased intracellular accumulation, in platinum resistance. P-type ATPase transporters and ATP-binding cassette (ABC) transporters are two major transporters involved in platinum efflux (13). Some miRNAs have been shown to affect the chemosensitivity of OC cells via regulating these transporters.

ATP7A and ATP7B, which belong to P-type ATPase transporters, are associated with cisplatin resistance in OC cells. ATP7A and ATP7B were reported to mainly localize in the trans-Golgi network in cisplatin-sensitive A2780 cells, while sequestrated in the vesicular structures in cisplatin-resistant cells. This altered localization of P-type ATPase transporters was considered to prevent cisplatin from accumulating in the cytoplasm or nucleus (14). MiR-139 was downregulated in cisplatin-resistant OC tissues (n=14) compared with cisplatin-sensitive tissues (n=23) and was inversely correlated with ATP7A and ATP7B expression. MiR-139 could enhance cisplatin sensitivity in OC cells by suppressing ATP7A and ATP7B expressions (15).

To date, the ABC superfamily contains 49 members and is classified into seven subfamilies (from ABCA to ABCG). ABC transporter-mediated active efflux of cytotoxic compounds, including platinum, across membranes is largely attributed to therapeutic resistance (16). Low expression of miR−514 was reported to be correlated with poor prognosis in OC patients. Moreover, luciferase assay and Western blot analysis confirmed that miR-514 can bind directly to ABC subfamily members, including ABCA1, ABCA10, and ABCF2. Upregulation of miR-514 increases the sensitivity of OC cells to the cytotoxic effect of cisplatin by suppressing ATP binding cassette subfamily expression (17). It was also evidenced that miR-130a could induce OC cells resistance to cisplatin by increasing the mRNA level of MDR1, which was the first identified ABC transporter (18). In addition to regulating ABCB1 protein expression, miRNA can directly target ABCB1. For example, miR-186 directly targeted ABCB1 to sensitize OC cell to cisplatin (19). Similarly, miR-133b increased OC cells sensitivity to cisplatin by inhibiting the expression of ABCB1 and GST-π (20). The nuclear membranous localization of ABCC2, one member of ABC transporter, in OC cells was associated with cisplatin resistance. Moreover, ABCC2 expression was obviously evaluated in the most cisplatin-resistant cell line, A2780RCIS (21). While miR-490-3p could increase the sensitivity of cisplatin in OC cells by inhibiting ABCC2 (22). Besides, ABCC5 and ABCG2, which increased OC chemo-resistance, were also inhibited by miRNAs. Overexpression of miR-128 could reduce the expression of ABCC5 and reverse resistance to cisplatin in OC. Of note, cisplatin combined with miR-128 agomirs inhibited the growth of SKOV3/CP xenografts more effectively than cisplatin alone (23). It has been shown that miR-411 downregulated the expression of ABCG2, causing increased sensitivity of OC cells to cisplatin (24). These miRNAs may act as promising therapeutic targets for the improvement of cisplatin sensitivity in OC (Table 1).


Table 1 | miRNAs mediate platinum resistance via regulating intracellular accumulation in OC.





Cytosolic Inactivation

Platinum can also bind to cytosolic nucleophile proteins to be detoxified, including glutathione, methionine, metallothionein, and other cysteine-rich proteins (25). High expression of glutathione S-transferase (GST) was found in a cytotoxic drug-resistant ovarian adenocarcinoma cell line (26). GST-π is an enzyme closely related to drug resistance. GST-π mRNA expression was upregulated after anti–miR-186 transfection in OC cells, which subsequently increases drug resistance (19). MiR-133b also interacts with GST-π and is downregulated in drug-resistant ovarian carcinomas and cell lines. Enhanced expression of miR-133b could effectively sensitize ovarian carcinoma cell lines to chemotherapy drugs (20).




Increased DNA Repair

Platinum can be activated into hydrated, charged electrophile to bind to DNA and induce DNA damage and cancer cell apoptosis after imported into cytoplasm (27). However, platinum-resistant cells have the ability to tolerate DNA lesions and accelerate DNA repair processes. There are six DNA repair pathways, including direct repair, mismatch repair (MMR), nucleotide excision repair (NER), homologous recombination (HR), base excision repair (BER), and non-homologous end joining (NHEJ). Translesion synthesis (TLS) was considered as a DNA damage tolerance mechanism (28). Increasing evidences demonstrated that miRNAs also influence DNA damage repair processes (Table 2). MiR-211 was positively correlated with OC prognosis and could enhance platinum chemosensitivity by blocking the DNA damage response (DDR) (29).


Table 2 | Increased DNA repair and miRNAs in OC.




Mismatch Repair

Mismatch repair (MMR), a highly conservative process, repairs base-base mismatches, insertion and deletion loops that are generated during DNA replication. MMR could recognize mismatch lesions induced by platinum but fail to repair them. MMR appears to be more effective at mediating the cell-cycle and apoptotic responses induced by platinum. MMR deficiency was thus found closely related to platinum resistance in multiple tumor cell lines (57). Aebi et al. have developed a number of different models to explain chemoresistance in MMR-deficient cells. Compared to control cells, cisplatin-resistant OC could induce mutations that functionally alter MMR proteins. More importantly, MMR deficiency contributed to cisplatin resistance in two human tumor cell lines (58). A recent study showed that overexpression of miR-155 significantly down-regulates the core MMR proteins, hMSH2, hMSH6, and hMLH1, inducing a mutator phenotype and MSI, which is a signature of MMR defects. Although further study is needed, this study strongly supports a role for miRNAs in the non-Mendelian regulation of MMR genes and MMR-deficient related platinum resistance (59).



Nucleotide Excision Repair

Increased nucleotide excision repair (NER) was shown in cisplatin-resistant ovarian tumor cells. ERCC1–XPF, a NER protein responsible for cutting the strand on the 5′ side of the damage endonuclease, may be a determinant of increased NER in cisplatin-resistant model (60). To determine the impact of ERCC1, a component of ERCC1–XPF, in cisplatin drug resistance, Selvakumaran et al. (61) established stable OC lines expressing antisense ERCC1 and found that cisplatin sensitivity of these cell lines were enhanced. ERCC1 mRNA is a direct target of miR-30a-3p, which notably increased the DNA damage and intracellular cisplatin accumulation in ovarian carcinoma cells. Sulforaphane, one of the most available phytochemicals in cruciferous vegetable, could increase miR-30a-3p expression and repress ERCC1 and ATP7A, contributing to enhanced cisplatin sensitivity in OC cells. In other words, the impaired DNA repair mediated by ERCC1 could be corrected by miR-30a-3p combined with sulforaphane in cisplatin-resistant OC cells (30).



Homologous Recombination

Double-strand breaks (DSBs) are repaired by HR during the S and G2 phases of the cell cycle. The process of homologous recombination (HR) mainly includes three parts: damage recognition by the kinases ATM and ataxia telangiectasia and Rad3-related, signal transduction by CHK2 and BRCA1, and initiation of repair by BRCA2 and RAD51 (62). MiRNA can regulate cisplatin sensitivity in OC by targeting important component of HR. One study demonstrated that 3′-UTR of BRCA1 mRNA is a direct functional target of miR-9, which is associated with cisplatin sensitivity and good prognosis of OC patients. MiR-9 can increase the sensitivity of OC to cisplatin and promote DNA damage via inhibiting BRCA1. Therefore, miR-9 may serve as a promising therapeutic target for OC patients who exhibit resistance to cisplatin (31). Analyzing the Cancer Genome Atlas (TCGA) database network for high-grade serous ovarian cancer (HGSOC), Liu found that miR-506 expression was associated with an increased response to therapy and prolonged progression-free survival (PFS) and overall survival (OS). Further results have indicated that RAD51 is a direct target of miR-506. MiR-506 can enhance the response to cisplatin through targeting RAD51 and suppressing homologous recombination in OC cell lines (32). In addition to the dysregulation of HR components, HR deficiency also related to platinum resistance in OC. About half of serous ovarian cancer (SOC) have defects in homologous recombination, while BRCA1/2 were mutated in 22% of tumors (63). Although BRCA1/2-mutated OC are initially sensitive to platinum, such cancer still later develops cisplatin resistance. Secondary intragenic mutations in BRCA2 may be one reason for acquired drug resistance in BRCA2-mutated cancers (64). The mechanisms of resistance in BRCA2-mutated cancers are much more than those, emerging evidence indicated that miRNAs are also involved. Choi has uncovered that miR-622 could induce resistance to platinum in BRCA1-mutant HGSOCs by targeting the Ku complex and restored HR-mediated double-strand breaks repair (65). Similarly, miR-493-5p also mediated platinum resistance in BRCA2 mutant carcinomas. But miR-493-5p reduced genome stability rather than restore HR (66). Furthermore, BRCA2-deficient cells appear to rely on specific repair pathways, such as BER (67). PARP1 is involved in BER which mediates the repair of DNA single-strand breaks (68). Liu has revealed that PARP1 is a direct target of MiR-216b, which is downregulated in cisplatin-resistant OC cells. Overexpression of MiR-216b could increase cisplatin sensitivity in OC cells by targeting PARP1 (33).



Translesion Synthesis

Translesion synthesis (TLS) allows to synthesize DNA via DNA lesions and is easy to error, so it is considered as a DNA damage tolerance mechanism (28). It has been previously shown that suppression of TLS improves therapy sensibility and prevents tumor chemoresistance. As an essential TLS scaffold protein and dCMP transferase, Rev1 plays a key role in preventing cisplatin cytotoxicity and DNA damage-induced mutagenesis. Upregulated expression of miR-96 augmented cisplatin sensitivity by repressing REV1 in OC cells (34, 69). Besides, miR-93 increases the efficacy of cisplatin treatment via negatively regulating TLS DNA polymerase η (Pol η) in OC stem cells (CSCs) (35).




MiRNAs and Apoptosis-Associated Pathway Inactivation

Once DNA damage caused by platinum failed to be repaired, tumor cells undergo programmed cell death. Inactivation of apoptosis pathway to escape from platinum-induced apoptosis in tumor cells is one of the important mechanisms of platinum resistance. A number of miRNAs have been shown to be involved in regulating apoptosis-related proteins (Table 3) and pathways (Table 4).


Table 3 | MiRNAs that modulate chemoresistance through apoptosis related proteins in OC.




Table 4 | Inactivation of apoptosis related pathway and miRNAs in OC.




Apoptosis-Associated Proteins


BCL-2 Family Members

Bcl-2 family in mammals contains 20 proteins and is divided into two categories. The anti-apoptotic proteins include Bcl-2, Bcl-XL, Bcl-W, McL-1, etc. On the contrary, the pro-apoptotic proteins include Bax, Bak, Bok, and their subsets, such as Bad, Bim, Bid, Noxa, Puma, Bik/Blk, Bmf, Hrk/DP5, Beclin-1, and Mule (70, 71). MiRNAs could mediate drug resistance via regulating apoptosis by targeting pro-apoptotic genes or anti-apoptotic genes. Chen has found that miR-137 promoted cisplatin-induced apoptosis via downregulating MCL1 in OC cells (36). BCL-2 is identified as a direct target of the miR-17–92 clusters, which promotes cisplatin-induced apoptosis in OC cells (37). MiR-335-5p, which was down-regulated in cisplatin-resistant A2780 cells, enhanced cisplatin-induced cell apoptosis by targeting BCL2L2 (38). Additionally, miR−146a−5p downregulates several anti−apoptotic genes, including XIAP, BCL2L2, and BIRC5. MiR-146a-5p can effectively accelerate apoptosis by sensitizing Epithelial ovarian cancer (EOC) cells to cisplatin, which can be rescued by XIAP overexpression (39). Similarly, miR-509-3p can decrease the expressions of BCL2, BCL2L2, and MCL1 and sensitize OC cells to cisplatin treatment (40). On the contrary, miR-125b repressed Bak1 expression, which plays a critical role in cisplatin-induced apoptosis to promote cisplatin resistance in OC (41).



X-Linked Inhibitor of Apoptosis Protein (XIAP)

As a member of apoptosis protein family inhibitors, XIAP can directly inhibit several caspases in the central parts of apoptosis pathways (72). MiRNA-137 promotes apoptosis by decreasing XIAP protein levels (42). Similarly, miR-130a, miR-519d, and miR-149 can directly bind the 3′-UTR of XIAP and enhance cisplatin-induced apoptosis (43–45). MiR-142-5p can regulate multiple anti-apoptotic genes including XIAP and can be considered as potential treatment targets and theragnostic panel in OC (46).



p53

Wild type p53 protein mediates the inhibition of DNA synthesis that follows DNA damage (73), so the deactivation of p53 is associated with chemoresistance in OC. Most OC is characterized by TP53 mutations, genetic mutation is not the only cause of p53 inactivation (74). Recent studies have demonstrated that miRNAs are involved in the regulation of p53 protein in an indirect way. In SOC, low expression of miR-31 targeting CDKN2A is associated with defects in the p53 pathway. CDKN2A encodes the tumor suppressor proteins p14arf which sequesters MDM2, a potent inhibitor of p53 (75). It was demonstrated that miRNA let−7d−5p was responsible for promoting OC cell apoptosis and increasing chemosensitivity by regulating the p53 signaling pathway via HMGA1 (47). These findings favor the application of miRNAs in OC with deficiency of p53 activity.




Apoptosis-Related Pathways Pathway


PI3K/Akt Pathway

The PI3K/AKT pathway is the hub of a variety of signal pathways including apoptosis. Ersahin constructed a comprehensive PI3K/AKT/mTOR signaling pathway consisted of 254 components and 478 links from 498 peer reviewed literature. The regulatory network is clearly shown that PI3K/AKT pathway is regulated by a variety of upstream regulatory proteins, such as PTEN, PI3K, and RTKs, and involves in multiple pathways through regulating many downstream effectors, such as GSK-3β, FOXO, and MDM2 (76). So, if miRNA can control regulatory proteins in the upstream of the PI3K/AKT pathway, it is highly likely to affect downstream effectors through this pathway and thus regulate cell cycle and apoptosis. For example, miR-221/222 were found to induce cisplatin resistance by targeting PTEN-mediated PI3K/Akt pathway (48). PTEN, an important tumor suppressor, antagonizes PI3K activity via regulating the cellular level of PIP3 (77). Moreover, it has been reported that inhibition of PI3K/Akt/mTOR signaling pathway enhances cisplatin sensitivity in the drug-resistant human OC cells SKOV3/DDP OC cell line (78). Analogously, miR-216a also directly target PTEN and promote cisplatin resistance of OC cells. Although the report has been declared that STAT3 is a regulator of miR-216a, the miR-216a/PTEN/PI3K/Akt axis need to be explored in the future (49). It is worth mentioning that miR-186 play the bidirectional regulatory role of cisplatin sensitivity in OC. MiR-186 inhibited the expression of PTEN and PIK3R3 dose-dependently, which are play a completely opposite role in the AKT pathway. PTEN mediated increasing cisplatin sensitivity of OC cells when miR-186 is at low concentration, while PIK3R3 decreased the cisplatin sensitivity under the context of high concentration of miR-186 (50).

In addition to PTEN, miRNAs can also regulate other proteins in the upstream of the AKT pathway. MiR-34c inhibited the phosphorylation of PI3K and AKT and thus activate Bad through targeting MET. Since Bad (BCL2-associated agonist of cell death) is a pro-apoptotic protein, it can sensitize OC cells to cisplatin-induced mitochondrial apoptosis (51). Likewise, miR-124-3p.1 may sensitize OC cells to mitochondrial apoptosis via the CAV1/AKT/Bad pathway (52). MiR-503 can regulate PI3K p85 to reduce the cisplatin resistance of OC cells by the PI3K/Akt signaling pathway (53). These data fully illustrated the diverse roles of miRNA in the PI3K/Akt signaling pathway.



MAPK Pathway

MAPK pathway plays a critical role in cisplatin-induced apoptosis. There are three major MAPK subfamilies described in mammalian: the p38 MAPK, Jun kinase (JNK), and ERK pathway. Mansouri compared the cisplatin-induced activation of these three MAPKs between cisplatin-sensitive and cisplatin-resistant human OC cell line. Results have uncovered that cisplatin-induced apoptosis depends on c-Jun, especially the duration of JNK activation. Moreover, the JNK/p38 MAPK pathways led to sensitization to apoptosis via reactivating FasL expression in resistant cells (79). ERK activation has also been demonstrated to be necessary for cisplatin-induced apoptosis (80). Regulation of the three MAPK subfamilies by miRNAs can also affect resistance in OC. For example, S100A7, a target of miR-330-5p, increased the expression of active p38, JNK, and ERK in EOC. This suggests that miR-330-5p can be a possible target for increasing sensitivity to cisplatin (54). Overexpressed miR-634 directly repressed the Ras-MAPK pathway components GRB2, ERK2, and RSK2. MiR-634 not only resensitized resistant OC cell lines to cisplatin but also to carboplatin and doxorubicin (55). In addition, some miRNAs reduced chemosensitivity in OC cells through the downstream of MAPK pathway. Echevarría-Vargas has reported that the c-Jun binding to miR-21 gene promoter regions, while the expression of miR-21 is reduced after blocking the JNK-1 which participate in activating phosphorylation of c-Jun. The JNK-1/c-Jun/miR-21 pathway is believed to increase the cisplatin resistance of OC cells (56).




Indirect Mechanisms Associated With Platinum Resistance

Accumulating evidences suggest that miRNAs were also involved in drug resistance of OC via some indirect mechanisms.


Autophagy

Autophagy is a highly conserved pathway which engulfs cytoplasmic components and delivers them to the lysosome for degradation. It can be a double−edged sword in the development of tumor. On the one hand, autophagy removes damaged cells and recycling the raw material in normal cells, but on the other hand, autophagy may be a survival mechanism that promotes chemoresistance following chemotherapy (81, 82). It has not been fully revealed how autophagy protects tumor cells from death mediated by chemotherapy. Wang found that cisplatin treatment might induce autophagy through activating ERK and promoting resistance in OC cells. So, inhibition of autophagy has the potential to improve chemotherapeutic resistance (83). Overexpression of miR-29c-3p may be a useful therapeutic strategy to inhibit autophagy and DDP resistance partly via downregulating FOXP1/ATG14 pathway. ATG14, belonging to autophagy-related (ATG) proteins, plays an important role in the initiation steps of autophagy (84). It is also a target of miR-152, which can resensitize cisplatin-resistant in OC cells by reducing cisplatin-induced autophagy. Furthermore, miR-152 is regulated by EGR1. Both activation of EGR1 and upregulation of miR-152 can increase chemosensitivity in OC (85). Another example of miRNA regulation of autophagy is miR-204, which inhibited autophagy in OC cells and overcome cisplatin-resistance via targeting LC3B (86). These findings only reveal partial role of miRNAs in regulation of autophagy in cisplatin-resistant cells. More evidences need to be uncovered and explored.



Epigenetics

Epigenetics refers to variability in gene expression, heritable through mitosis and potentially meiosis, without any underlying modification in the actual genetic sequence. The most studied epigenetic machineries are DNA methylation, histone modifications, and small or long noncoding RNAs (lncRNAs) (87). To investigate DNA methylation associated with platinum resistance, the researchers analyze the global CGI methylation and mRNA expression of drug-sensitive and -resistant A2780 EOC cells after treating with increasing concentrations of cisplatin. Results showed that hypermethylated CGIs are related to increased drug resistance (88). In addition, low-dose decitabine, a kind of hypomethylating agents, restored sensitivity to carboplatin in platinum-resistant OC patients (89). Recent studies have also shown that miRNA can regulate DNA methylation and improve chemotherapeutic efficacy. In OC, miR−200b and miR−200c enhance cisplatin sensitivity via targeting DNA methyltransferases (90). Similarly, miR-152 and miR-185 were also identified as a negative regulator of DNA methyltransferase 1 (DNMT1), which mediates DNA methylation (91). Expression of some miRNAs is regulated by genetic or epigenetic events, and these miRNAs are involved in platinum response of OC. Deng has found that the miR-199a promoter was hypermethylated in OC cells but not in normal ovarian epithelial cells. Overexpression of miR-199a enhanced cisplatin resistance through inhibiting DDR1 expression (92). MiR-7, which presented specific methylation in resistant cell lines, reduces cell sensitivity to cisplatin by targeting MAFG (93). Additionally, let-7e are down-regulated in cisplatin-resistant human EOC cell line A2780/CP. Further study demonstrated that DNA hypermethylation is the cause of let-7e silencing in OC (94).



Epithelial-Mesenchymal Transition

Strong evidences show that epithelial-mesenchymal transition (EMT) is associated with resistance to platinum-based chemotherapy in EOC (95). MiRNAs may partially mediate platinum resistance or sensitivity through regulating EMT. Drug-resistant ovarian cell lines expressed EMT phenotype, while transfection with all miR-200 family members generally induced morphological hallmarks of mesenchymal-epithelial transition (MET). It is worth mentioning that each individual member of miR-200 family exists significant differences in the regulation of chemotherapy sensitivity. Cells transfected with miR-200b were significantly more sensitive to cisplatin than those transfected with miR-429 (96). The important components, such as Snail, Slug, Twist in the occurrence of EMT may be direct targets of miRNAs. For example, Twist1, which was negatively regulated by miR-186, induced EMT and cisplatin resistance in EOC (97). Cao has found that miR-363 inhibits cisplatin chemoresistance of EOC, with a decreased expression of Snail, which plays an important role in initiating of EMT (98).



Cancer Stem Cells

OC is considered as a kind of stem cell–related disease, which originates from the fallopian tube and ovarian surface epithelium (99, 100). Cancer stem cells (CSCs) are characterized by enhanced tumorigenicity and chemo-resistance. Srivastava has found that ovarian CSCs may have intrinsically enhanced TLS through increasing the expression of Pol η and which allows ovarian CSCs to survive cisplatin treatment. What is more, further study has shown that miR-93 inhibited the expression of Pol η. It suggests that miR-93 is able to be a therapeutic target that can enhance the treatment of cisplatin (35). The characteristics of CSCs are majorly similar to normal stem/progenitor cells, so the search for unique markers of CSCs is necessary (101). There is evidence that ALDH1 is a useful marker for enriching ovarian CSCs. MiR-23b, miR-27a, miR-27b, miR-346, miR-424, and miR-503, which overexpressed in ALDH1+ cells, are significantly associated with chemoresistance and tumor progression in OC (102). In addition, side population (SP) cells are putative CSCs, which sorting based on ABC transporter–mediated efflux of the Hoechst 33342 dye (103). By using a quantitative PCR array, Wei found that miR-551b was upregulated in the SP cells isolated from an ascite-derived OC cell. Further assays uncovered that miR-551b promoted chemoresistance through suppressing the expression of Foxo3 and TRIM31 in OC (104).






MiRNAs Modulating Immune Escape/Evasion in OC

Apart from the role of miRNAs in platinum resistance of OC, miRNAs associated with immune response or immune regulation have recently also attracted more attention in cancer. These miRNAs are involved in tumor escape/evasion via regulating the immunogenicity of tumors and antitumor immune responses (105). Fundamental progress has been made to understand the molecular mechanisms underlying immune escape by tumors, which contributes to a new dimension in understanding of tumor development and progression. These mechanisms mainly include either defects or decreases in classic HLA class I antigens, components of the antigen processing machinery (APM) and the interferon (IFN) signaling pathway, or upregulation of non-classical HLA class I antigens and negative immune checkpoints. Besides, immune escape is associated with the low level of CD8+ and CD4+ T cells, dendritic cells (DCs), as well as natural killer (NK) cells, which mediate anti-tumor immune responses, increased immune suppressive cells containing regulatory T cells (Treg), tumorassociated macrophages (TAMs), tumor-associated neutrophils (TANs), and myeloid-derived suppressor cells (MDSCs). The altered tumor and immune cell metabolism and the shaping of tumor microenvironment also contributed to immune escape. Moreover, tumor cells can release immune-suppressive cytokines (such as TGF-β, IL-10, etc.) and exosomes (containing miRNAs, lncRNAs, proteins, and so on) to affect anti-tumor immune responses (106). A number of studies have declared that miRNAs also affecting OC immune escape via some mechanisms above and are described in detail below (Figure 2).




Figure 2 | miRNA mediated immune escape in OC. Immunological miRNA can suppress MHC class I chain-related molecules A and B (MICA/B) and immune checkpoint PDL1. OC cells-derived miRNAs can regulate immune evasion via exosomes or vehicles. OC cells-derived miRNAs promote Th1 differentiation from CD4+T cells, blocking NK cells cytotoxicity, inducing the polarization of macrophages toward M2-like phenotype, as well as reprograming normal fibroblasts to CAFs. Moreover, CAFs can secrete exosomal miRNAs to promote the progression of OC. MICA/B, MHC class I chain-related molecules A and B; NK, natural killer cells; TAMs, tumor-associated macrophages; CAFs, cancer-associated fibroblasts.




The Effect of miRNAs on OC Antigen Processing and Presentation


HLA-G and MHC Class I–Related Proteins

HLA-G is a class Ib HLA molecule, which was initially found at the maternal-fetal interface and plays a key role during pregnancy by maintaining maternal-fetal tolerance (107). While tumors are capable of exploiting HLA-G to promote immune escape via suppressing the cytotoxic activities of effector cells, such as CTLs and NKs (108). Lin et al. analyzed HLA-G expression in 33 primary ovarian carcinoma tissues and found that HLA-G expression was detected in 22/33 (66.7%) primary tumor tissues while it was absent in normal ovarian tissues (P<0.01). Further functional study indicated that HLA-G could inhibit NK cell cytotoxicity and thus assist ovarian carcinomas to escape from human immune surveillance (109). HLA-G–related miRNAs get increased attention in recent years. There were miRNA binding sites, also the potential targets of miR-148a, miR-148b, and miR-152 at the 3′-UTR region of HLA-G (107). MiR-148a, miR-148b, and miR-152 were subsequently demonstrated that could downregulate HLA-G expression in other tumors (110), while the role for miRNAs in the regulation of HLA-G in OC remains to be revealed.

MHC class I chain-related molecules A and B (MICA/B) and UL-16 binding proteins (ULBPs) are the ligands of NKG2D, while NKG2D expressed on NK cells, CD8+ cytotoxic T cells (CTL) and TCR γδ-T cells (111). NKG2D signaling plays a critical role in cancer immunosurveillance via activating NK cells and T cells, while tumors can develop mechanisms to overcome the NKG2D-mediated immune response and induce immune escape (112). MICA/B suppression by miRNAs is one of the strategies by which OC cells escape immunosurveillance. It was found that miR-20a, which is correlated with OC progression, directly binds the MICA/B 3′-UTR and reduces NKG2D-mediated killing. More importantly, miR-20a are found to mediate immune evasion in vivo (113). In addition, high expression of ULBP2 is reported to be correlated with poor prognoses for OC patients and may related to the functional inhibition of CD8+T cells, while ULBP2 expression has been suggested to be regulated by miR34a and miR34c (111, 112).



Immune Checkpoint Proteins

Immune checkpoint proteins (ICPs) are regulators of immune system and divided into two parts according to their effects on T or B cells: co-stimulatory proteins (CD28, ICOS, B7H2, B7H3, CD27, CD70, CD40, and CD40L) and co-inhibitory proteins (PD-1, PD-L1, CTLA-4, and B7-H4), also the negative ICPs (114). The dysfunction of miRNAs which regulate ICPs seems to be one of the important reasons for immune escape in OC. Considering B7H3 is aberrantly overexpressed in many types of cancer and associated with a poor clinical prognosis, researchers revealed that 17 common miRNAs potentially influence B7H3 mRNA through meta-analysis of miRNA database. Among these miRNAs, low miR-187 and miR-489 expression was associated with poor prognosis of OC, with the analysis of the TCGA OC data set. Future studies will provide further insights into B7H3-related miRNA in ovarian carcinoma (115).

Programmed death-ligand 1 (PD-L1), an inhibitory molecule expressed by cancer cells, which assist tumor cells to escape the host immune attack in the tumor micro-environment are found to be evaluated after treating with cisplatin in cisplatin-resistant OC cells. Further study declared that miR-145 can repress PD-L1 expression via targeting c-Myc. Thereby cisplatin mediated T lymphocytes dysfunction through miR-145/c-Myc/PD-L1 axis (116). Similarly, Xu et al. have found that miR-424(322), which correlated with the progression-free survival of OC patients, activates CTLs and reduces regulatory cytokine secretions. Mechanistic investigations showed that miR-424(322) negative regulates the PD-L1/PD-1 and CD80/CTLA-4 pathways in chemo-resistant OC (117).




Cancer Cell-Derived miRNAs and Its Role in Modulation of Antitumor Immune Cells

MiRNAs functions not only within cells, but also through microvesicles and exosomes. Tumor-derived miRNAs can interact with immune cells with the assistance of microvesicles and exosomes, so they are able to promote the immune escape/evasion of cancer cells by either directly inhibiting immune cells such as T cells, DCs, and NK cells or inducing immune-suppressive cells like MDSCs, Tregs, and TAMs (105). Advanced dates point out that miRNAs are capable to regulate immune cells in OC, thereby facilitating tumor immune escape.


Lymphocytes

A recent study described that the IFN-level and Th1/CD4+T cells percentage were increased in CD4+T cells treated with artesunate, but rescued by miR-142 inhibitor. Further investigation found that artesunate promotes Th1 differentiation from CD4+T cells and enhance the pro-apoptotic effects of Th1 cells in OC via the miR-142/Sirt1 pathway (118). NK cells are the prototype innate lymphoid cells with enhanced cytolytic function which handles immune surveillance against cancer (119). So, the decreased natural killer cytotoxicity seems to be a cause for tumor escape. It has been reported that, miR-140-3p blocked NK cells cytotoxicity in OC via mediating MAPK1, which suggest a new approach to improve NK cells function for OC (120). In addition, miR-29a-3p and miR-21-5p in exosomes are found to alter the ratio of Treg to Th17 cells. A luciferase assay revealed that miR-29a-3p and miR-21-5p directly target the STAT3 3′-UTR and then enhanced the growth and metastasis of OC cells in vivo (121).



Tumor-Associated Macrophages

Macrophages are heterogeneous and contain two distinct subsets: M1 macrophage which are pro-inflammatory, and M2 macrophage with pro-inflammatory function. In general, tumor-associated macrophages (TAMs) are more resemble to M2 phenotypes, which promote tumor in different aspects (122). Recently, several studies have shown that cancer-derived exosomal miRNA are a pivotal factor accounting for the modulation of TAMs in OC. MiR-222-3p, which is enriched in EOC-derived exosomes, could promote macrophage polarization and differentiation to M2 phenotypes by regulating the SOCS3/STAT3 pathway in vitro and in vivo (123). Interestingly, the expression of miR−940 was both increased in EOC cells and EOC−derived exosomes under the condition of hypoxia. Further assays indicated that miR-940 induce M2-phenotype macrophages and thus promote migration of OC cells (124). Similarly, miR-21–3p, miR-125 b-5p, and miR-181d-5p in exosomes derived from hypoxic EOC cells, affected macrophage M2 polarization by regulating the SOCS4/5/STAT3 pathway (125). These exosomes and associated miRNAs provide novel targets for the treatments of EOC.



Cancer-Associated Fibroblasts

Cancer-associated fibroblasts (CAFs), the major constituent of the tumor stroma, are proposed to play critical roles in cancer progression (126). Moreover, CAFs also exhibit positive correlation to the invasion and metastasis of EOC (127). Previous study indicated that the crosstalk between miRNAs, tumor cells and fibroblasts is proposed to play critical roles in ovarian carcinogenesis. Trying to mimic a natural condition in OC, researchers co-cultured SKOV-3 cancer cells with human normal fibroblasts derived from primary culture (FP-96). The results uncovered that α-SMA, the common expressed marker in CAFs was induced and expressed in FP-96 fibroblasts under the co-culture system condition. Subsequently, α-SMA–expressing fibroblasts induced the downregulation of tumor suppressor miR-29b expression in SKOV-3 cells and increased migration of SKOV-3 cells. These data suggest that CAFs regulate miRNAs expression possibly in OC, although it has not been fully confirmed (128). Another investigation has shown that CAFs are able to secrete exosomal miR-98-5p which promote cisplatin resistance in OC by downregulating CDKN1A (129). CAFs can secrete exosomal miRNAs under the tumor microenvironment, thereby modulating the expression of genes involved in tumor progression. Conversely, OC cells‐derived miRNAs were involved in promoting the transdifferentiation of normal fibroblasts to CAFs. For example, it was found that OC cells reprogram fibroblasts to become CAFs via downregulating miR-31 and miR-214 or upregulating miR-155 (126). Besides, Zhang et al. observed that miR‐124 which secreted by human ovarian surface epithelial cells is involved in reprograming normal fibroblasts to CAFs, thereby triggering the tumor progression (130).





MiRNA−Related Therapeutic Strategies

Alteration in miRNA expression profile plays a crucial role in carcinogenesis. Overexpressed oncomiRNAs act as oncogenes to induce drug resistance, assist tumor escape, and so on, while oncomiRNAs with lower expression or anti-oncomiRNAs with higher expression act as tumor suppressors to improve chemotherapy sensibility, prevent tumor evasion, etc. It is promising to develop diagnostic markers and therapeutic strategy based on these abnormally expressed miRNAs. However, it is a challenge to select the suitable miRNAs from a large amount of candidate miRNAs.

At present, miRNA-based therapy is realized by artificially modulating the expression of miRNAs. Silencing of aberrant miRNAs can be achieved by the synthetic analogs of small RNA molecules termed “antagomirs” or locked nucleic acid (LNA), while miRNA mimics and modified miRNAs are often used to rescue normal levels of miRNAs that are silenced in cancer cells (131). MRX34, miR−34 mimics, is the first miRNA therapeutics for cancer and achieved phase I clinical trial in several solid and hematological malignancies (132). Since then, numerous preclinical studies involving miRNA therapeutics have been conducted and partial miRNA therapeutics have moved through the clinical development process (131). However, it is still a long way to go before safely and effectively applying to clinic, miRNA therapeutics have extensive application prospects in anti-tumor therapy.

For efficient, miRNA therapeutics need to be transported to the cell via an appropriate delivery system. Artificial engineered nanoparticles are designed to delivery miRNA with higher stability and less toxicity. For example, Javanmardi et al. established a new plasmid delivery system, PEG2k-CMPEI-ss, which can deliver anti-miR-21 to OC cells, thereby increasing sensitivity to cisplatin (133). Moreover, accumulating evidence has demonstrated that exosomes, natural physiological nanovesicles, are useful carriers for miRNAs delivery. It was documented that the engineered exosome-based 5-FU and anti-miR-21 co-delivery system could efficiently reverse 5-FU resistance in colon cancer. Moreover, acute toxicity was not detected in mice treated with engineered exosome packaging 5-FU and anti-miR-21 (134). So far, research on exploring effective miRNAs delivery tools is still ongoing.



Discussions

OC is the most lethal gynecological malignancy across the world. Platinum-based chemotherapy resistance decreases anticancer efficacy of drugs in OC, on the other hand, tumor exploits various mechanisms to escape the attack of human immune cells. Platinum resistance and immune escape provides double insurance for OC, the exploration of the tolerogenic pathways utilized by malignant tumors and development of effective combination therapy are urgently needed. The discovery of miRNAs has deepened our understanding of human cancers.

MiRNAs have been documented to be involved in various biological processes to regulate chemoresistance in OC. The intracellular accumulation of platinum is partially regulated by miRNAs before entering nucleus to induce DNA damage, which has not yet been entirely elucidated. MiRNAs are also involved in DNA damage repairing process, such as HR, MMR and NER. Due to the wide defections of homologous recombination in OC patients, much attention has been paid on HR-associated miRNAs in platinum-resistant OC cells. Generally, most miRNAs affect drug resistance by targeting genes in platinum-induced apoptosis process. MiRNAs also participate in many other indirect mechanisms to regulate platinum resistance, such as regulating in the autophagy, epigenetics, EMT and CSCs. The research on mechanisms of miRNA-related platinum resistance offers promising access to miRNA-based therapy in OC.

In recent years, miRNAs, associated with immune response or regulation, provide new insights into the mechanisms of tumor growth and progression. Tumor derived miRNA interact with immune cells and thus evading from surveillance of immune system. It is an appealing idea to target these miRNAs to overcome tumor immune escape and enhance anti-tumor immune response. As a new field in OC, the immune response associated miRNAs have not been revealed in depth, but it cannot be ignored their clinical value.

In summary, miRNA-based therapy may offer new opportunities for OC patients by overcoming the platinum resistance and immune escape, and research on miRNAs deserves to receive much attention.
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Recurrent reproductive failure (RRF), such as recurrent pregnancy loss and repeated implantation failure, is characterized by complex etiologies and particularly associated with diverse maternal factors. It is currently believed that RRF is closely associated with the maternal environment, which is, in turn, affected by complex immune factors. Without the use of automated tools, it is often difficult to assess the interaction and synergistic effects of the various immune factors on the pregnancy outcome. As a result, the application of Artificial Intelligence (A.I.) has been explored in the field of assisted reproductive technology (ART). In this study, we reviewed studies on the use of A.I. to develop prediction models for pregnancy outcomes of patients who underwent ART treatment. A limited amount of models based on genetic markers or common indices have been established for prediction of pregnancy outcome of patients with RRF. In this study, we applied A.I. to analyze the medical information of patients with RRF, including immune indicators. The entire clinical samples set (561 samples) was divided into two sets: 90% of the set was used for training and 10% for testing. Different data panels were established to predict pregnancy outcomes at four different gestational nodes, including biochemical pregnancy, clinical pregnancy, ongoing pregnancy, and live birth, respectively. The prediction models of pregnancy outcomes were established using sparse coding, based on six data panels: basic patient characteristics, hormone levels, autoantibodies, peripheral immunology, endometrial immunology, and embryo parameters. The six data panels covered 64 variables. In terms of biochemical pregnancy prediction, the area under curve (AUC) using the endometrial immunology panel was the largest (AUC = 0.766, accuracy: 73.0%). The AUC using the autoantibodies panel was the largest in predicting clinical pregnancy (AUC = 0.688, accuracy: 78.4%), ongoing pregnancy (AUC = 0.802, accuracy: 75.0%), and live birth (AUC = 0.909, accuracy: 89.7%). Combining the data panels did not significantly enhance the effect on prediction of all the four pregnancy outcomes. These results give us a new insight on reproductive immunology and establish the basis for assisting clinicians to plan more precise and personalized diagnosis and treatment for patients with RRF.
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INTRODUCTION

Pregnancy is a complex biological process that poses a great challenge to the maternal immune system. The unique immunology of the maternal–fetal interface was recognized, since the “fetal allograft” concept was first described by Sir Peter Brian Medawar in the early 1950s (1). Correct and precise cross-talk between fetus and mother is an important basis for the apposition, adhesion, implantation, and growth of the embryo in the uterus (2). The abnormal frequencies and functions of maternal immune cells are associated with reproductive failure, especially in cases of recurrent reproductive failure (RRF), such as recurrent pregnancy loss (RPL) and repeated implantation failure (RIF) (3).

In the conventional medical procedure, the patients with RRF are assessed and given a score, based on biomarkers that have been demonstrated to be of relevance to the disease. The treatment for the patients is based on the classification or scores (4, 5). However, the etiologies of RRF are highly heterogeneous and the complex underlying interactions between the biomarkers make the creation of a personalized treatment strategy based on all known parameters impossible for the clinicians. Therefore, the design of a model that can accurately predict the outcome of treatment methods would be highly beneficial to the clinicians, enabling the choice of lower-risk treatments, thus alleviating the financial burden of the treatment cost and reducing treatment time.

In the field of assisted reproductive technology (ART), predictive models have been applied as decision aids to embryo, egg, sperm selection, and pregnancy outcome prediction, and for the intrinsic evaluation of various factors related to clinical outcomes (6, 7). Presently, the validity of the applied models has been demonstrated by analyzing the correlation between factors and the treatment outcome or etiology (8). However, the varying degrees of accuracy and limitations of the applied models have inhibited their use in the routine implementation of in vitro fertilization (IVF) procedures (6). To address this problem, more complex Artificial Intelligence (A.I.) systems, such as artificial neural networks (ANNs), have been introduced in ART fields (9, 10). A.I. systems are advantageous due to their significant information processing properties in terms of non-linearity, high levels of parallelism, noise and fault tolerance, as well as learning, generalization, and adaptive capabilities (11). Nevertheless, few studies that focus on the pregnancy outcome prediction in patients with RRF exist.

Sparse coding is a common machine learning technique used to extract features from raw data. The core of sparse coding involves establishing a sparse representation of the raw data to form a linear combination of basic elements called “atoms,” which collectively form a library known as “dictionary.” The advantages of using sparse coding include: (1) training a learning model by adopting a relatively lower number of features from raw data, which, in turn, lowers the computational cost during model training; (2) increased interpretability of the learning results as critical features that can be identified efficiently from the dictionary (12). It has been demonstrated that sparse coding can be applied in genome-wide association studies, neuroimaging, and oncology for object detection and classification tasks (13–16). Sparse coding techniques have not been comprehensively studied in the area of reproductive medicine, and its application in immunological profile analysis of patients with RRF remains to be explored.

The remainder of this article is organized as follows. A literature review in the field of A.I. and reproductive medicine is presented in the next section, followed by the methodology and demonstration of sparse coding application to analyze multidimensional clinical data of patients with RRF and predict their pregnancy outcomes. The results on the performance of the model are then introduced and finally, the concluding remarks are presented in the discussion.


Overview of A.I. Application in Reproductive Failure
 
Artificial Intelligence in Predicting Pregnancy Outcomes of Patients With Infertility

Machine learning is a subset of A.I. that enables computer algorithms to model the relationship between a set of observable data (input data) and another set of variables (output data) (17). It provides the ability to interpret and understand data and to develop predictive models based on experience. Machine learning methods include ANN, Support Vector Machines (SVM), C4.5, Classification and Regression Tree (CART), Random Forest (RF), K-Nearest-Neighbor (KNN), and so on. ANNs and SVMs are widely used in biomedical problems analysis. Machine learning methods can provide more options and richer task information for problem solving. At the same time, machine learning methods are gaining popularity in clinical decision-making (18–20).

The concept of a neural network is derived from the structure and function of biological neural networks. In particular, ANNs propose a system with stacked layers of interconnected processors, or nodes, that can form increasingly complex features in each successive layer (21). Raw information is supplied into the input layer and passes through the implicit layer by a weighted connection system. Finally, the output values of the transformed features are generated in the output layer, to predict the outcome. In a clinical setting, the input layer can represent medical data, the output layer can represent prognostic subclasses and multiple implicit layers can represent feature detectors, used to capture higher-order correlations. The SVM algorithm classifies the input data by calculating support vectors that construct hyperplanes in a higher-dimensional space, where the features are separable. C4.5, CART, and RF are three decision trees with non-parametric characteristics that map characteristics to outcomes using a partitioning procedure that recursively divides the source set of each node or branch point into unrelated subsets based on the value of a particular characteristic. KNN is an instance-based learning method that assigns classes to the data, based on nearest-neighbor decision rules.

On the basis of big data training iterations, dimensionality reduction can be applied to a large number of influential factors by using various machine learning methods for modeling and prediction. Simultaneously, relevant attributes with high influence can be extracted, and a prediction model with relatively high accuracy can be obtained. Hassan et al. (21) evaluated the predictive ability of five different machine learning models, namely, Multilayer Perceptron (MLP), SVM, C4.5, CART, and RF, on the success rate of IVF pregnancies. A feature selection algorithm for climbing features (attributes), combined with automatic classification using a machine learning technique, was used to reduce the number of most influential attributes to 19 for MLP, 16 for RF, 17 for SVMs, 12 for C4.5, and 8 for CART, in order to analyze and predict IVF pregnancies in a more accurate manner. The most influential factors were summarized as: age, fertility factor index, basal sinus follicle count, number of mature eggs, sperm collection method, gametes, in vitro fertilization rate, 14-day follicle count, and embryo transfer date. Vogiatzi et al. (8) used the ANN approach to validate the efficiency of an ANN based on correlated parameters of live birth as a comprehensive tool for predicting clinical outcomes in patients undergoing ART. The ANN was constructed using 12 statistically significant parameters from the initial integration with a cumulative sensitivity of 76.7% and a specificity of 73.4%. The standard deviation of the performance metrics evaluated between the training and the testing sets was low in the validation process, pointing to the stability of the constructed ANN. The constructed ANN, based on statistically significant live birth outcome variables, is a stable and efficient system with increased performance metrics. The validation of the system led to the recognition of its clinical value as a medical decision aid and provided a reliable method for the routine practice of IVF units in a user-friendly environment. Elson et al. (22) developed a decision tree based on a combination of clinical, morphological, and biochemical parameters predicting successful pregnancy outcomes that assisted the expected management of women with tubal ectopic pregnancies. Significant differences were detected in maternal age, initial serum β-hCG, and progesterone among pregnant women who required surgery or recovered on their own. Analysis utilizing a decision tree can be used as an estimation guide for the probability of successful prediction individually.

Machine learning methods have, in general, high prediction accuracy; however, the final model prediction accuracy can vary. Commonly used classifiers include SVMs, recursive partitioning, RF, adaptive augmentation, and KNN. Hafiz et al. (23) used data mining techniques to predict the implantation outcome of IVF and intracytoplasmic sperm injection (ICSI), which were found to be superior to other comparable methods using RF and recursive partitioning, with the corresponding area under the ROC curve (AUC) values reaching 84.23 and 82.05%, respectively. Ghaeini et al. (24) proposed an ICSI outcome prediction model based on decision trees and SVMs. The input variables of the model included parameters such as the medical history of the couple, hormone testing, and cause of infertility. The output variable was the occurrence of a clinical pregnancy. The accuracies of the decision tree method and SVMs were 70.3 and 75.7%, respectively. The performance of the SVM method was superior to the performance of the decision tree method.



Artificial Intelligence in Predicting Pregnancy Outcomes of Patients With RRF

Currently, research on predictive models for pregnancy outcomes in patients with RRF is limited and has mainly focused on classifying patients for better clinical management, ignoring the effects of relevant immune factors on pregnancy outcomes of the patients. Bruno et al. (25) used machine learning to stratify patients with RPL into different risk categories, validated their appropriate prognosis and potential treatments through diagnostic workup, provided a decision-support system tool to stratify RPL patients, and objectively addressed their appropriate clinical management. Immune factors were not accounted for and pregnancy outcomes were not predicted. Li et al. (26) suggested that RPL may be related to abnormally elevated amounts of uterine natural killer (uNK) cells. They pointed out the difficulty of counting uNK and stromal cells under histochemical sections, because of the close morphological proximity of stromal cells to epithelial cells. This paper was the first to report on the ability to distinguish between different cell morphologies and accurately count them using image recognition techniques. Researchers can greatly benefit from this method in analyzing immunohistochemical images. Nevertheless, its application is limited and is unable to provide predictions, based on cell counts alone. Mora-Sanchez et al. (27) concluded that the degree of allelic sharing of human leukocyte antigen (HLA) genes is related to RPL, combining immunogenetics with A.I. to create a personalized tool to elucidate the genetic causes of unexplained infertility and a gamete matching platform that could improve pregnancy success.

The representative literature on the development of predictive models for pregnancy outcomes in recent infertile and patients with RRF is summarized in Table 1. Notably, a limited amount of models were observed that were established for the prediction of pregnancy outcome of patients with RRF. The published models were based only on genetic markers or common indices. To investigate the impact of immune factors on pregnancy outcomes in patients with RRF, we applied A.I. for the analysis of the medical information of patients with RRF, including immune indices for pregnancy outcomes prediction.


Table 1. Recent representative literature related to predictive models for patients with infertility or RRF.
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EXPERIMENTAL METHODS


Data Acquisition

Medical data from 942 patients with RRF, including RPL or RIF, who visited the Fertility Center of Shenzhen Zhongshan Urology Hospital, China, from February 2015 to November 2019, were retrospectively extracted from the electronic medical record (EMR) system. RPL is defined as two or more spontaneous abortions prior to 20 weeks of gestation. RIF refers to infertile couples who experienced failure to conceive after multiple IVF cycles. During the process of diagnosis and laboratory detection, the medical data were generated and stored in the EMR system. Out of 942 samples, 381 were excluded, due to missing values. Finally, 561 data samples were included in the analysis.



Data Processing

Data processing, model design, and programming were all carried out in MATLAB 2017b (The MathWorks, Inc.). Due to diversity in clinical testing and reporting period, concatenation of data within 90 days prior to serum human chorionic gonadotropin (hCG) test was performed for each patient. Z-score normalization was used for numerical data and one-hot encoding for categorical data.



Model Training and Performance

The initialization of the dictionary matrix (Wd) was carried out using uniformly distributed numbers. Each column of Wd was normalized to a magnitude of 1. The processed and normalized data set (X) and dictionary matrix were used as input into the Iterative Shrinkage and Thresholding-based Algorithm with coordinate descent to obtain the sparse representation (Z) (34). Tanh and ReLu were selected as the activation functions of the hidden layers for the sparse representation. Softmax was used in the output layer for linear classification to obtain the prediction results. The cost of prediction was calculated using the sum of least squares between the prediction result and the true label. The Wd matrix was updated through backpropagation. Forward- and back-propagation were repeated until the optimal dictionary matrix was obtained (i.e., lowest cost). The data set was divided into training data set (90%) and testing data set (10%) for each data panel. The performance of the model was evaluated on the testing data set. The evaluation metrics included receiver operating characteristic (ROC) curves, accuracy, sensitivity, and specificity. The true positive (TP), true negative (TN), false positive (FP), and false negative (FN) rates were used for the calculation of the abovementioned metrics as follows:
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RESULTS


Clinical Characteristics of Samples

Following the literature review and in combination with the expertise of clinicians, six panels with 64 variables were considered as input variables. Three immune-related data panels, including the autoantibodies, peripheral immunology, and endometrial immunology panels were considered. Other IVF-related data panels contributing to the pregnancy outcome, including basic characteristics, hormones, and embryo panels were also considered. The clinical characteristics used in this study along with their respective description explaining their physical implications, type of the values, and their range in the collected data set are listed in Table 2. The mean age at the time of conception was 34.67 years and significantly different between the live birth group and non-live birth group. The average body mass index (BMI) was 21.69 kg/m2, with no statistically significant differences detected (21.55 vs. 21.79). Statistically significant differences were detected between some of the 64 variables, between the groups of patients who did and did not achieve a live birth (Table 2).


Table 2. Definition and data range of variables in the model.
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Model Performance on Immunological Data Panels

We tested the sparse coding model using various data panels including autoantibodies (Figure 1), peripheral immunology (Figure 2), endometrial immunology (Figure 3), and the combination of all three immunological data panels (Figure 4). A summary of prediction accuracy using various data panels is shown in Table 3. Four output labels were used for prediction, namely, biochemical pregnancy, clinical pregnancy, ongoing pregnancy, and live birth. The ROC curves during the model training generally had AUC values exceeding 0.9, for each immunological panel. The AUC values decreased during testing. In terms of predicting biochemical pregnancy, the AUC of prediction using the endometrial immunology panel was higher (AUC = 0.766, accuracy: 73.0%) compared to the AUC of the panel using autoantibodies (AUC = 0.447, accuracy: 70.3%) and peripheral immunology panel (AUC = 0.697, accuracy: 72.4%). The AUC of prediction using the autoantibodies panel was higher in predicting clinical pregnancy (AUC = 0.688, accuracy: 78.4%), ongoing pregnancy (AUC = 0.802, accuracy: 75.0%), and live birth (AUC = 0.909, accuracy: 89.7%), compared to the AUC of the panels using peripheral immunology and endometrial immunology panel. Combining all three immunological data panels did not result in an increase of the AUCs of all four pregnancy outcomes.


[image: Figure 1]
FIGURE 1. Autoantibodies panel performance of sparse coding in predicting pregnancy outcomes at different pregnancy periods. (A) ROC plot of the training data set. (B) ROC plot of the testing data set.



[image: Figure 2]
FIGURE 2. Peripheral immunology panel performance of sparse coding in predicting pregnancy outcomes at different pregnancy periods. (A) ROC plot of the training data set. (B) ROC plot of the testing data set.



[image: Figure 3]
FIGURE 3. Endometrial immunology panel performance of sparse coding in predicting pregnancy outcomes at different pregnancy periods. (A) ROC plot of the training data set. (B) ROC plot of the testing data set.



[image: Figure 4]
FIGURE 4. Combination of immunology-related panels (autoantibodies, peripheral immunology, and endometrial immunology) performance of sparse coding in predicting pregnancy outcomes at different pregnancy periods. (A) ROC plot of the training data set. (B) ROC plot of the testing data set.



Table 3. Summary of training and testing accuracy of models on various data panels.
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Performance of Model on Combined Data Panels

Additionally, the sparse coding model was tested using both IVF-related data panels and immunological data panels. The AUC during the training phase was 1.0 for the prediction of all four pregnancy outcomes, using combined data panels. The AUC during the testing phase ranged from 0.661 to 0.793, following a similar lower trend, as in the case of immunological data panels (Figure 5). The use of combined data panels did not significantly enhance the effect on the prediction of all four pregnancy outcomes.


[image: Figure 5]
FIGURE 5. Combination of immunology and IVF-related panels (autoantibodies, peripheral immunology, endometrial immunology, basic patient characteristic, hormone level, and embryo parameter) performance of sparse coding in predicting pregnancy outcomes at different pregnancy periods. (A) ROC plot of the training data set. (B) ROC plot of the testing data set.





DISCUSSION

A machine learning model was developed in this study for the prediction of the pregnancy outcomes for the patients with RRF at any gestational period, namely, biochemical pregnancy, clinical pregnancy, ongoing pregnancy, and live birth. The accuracy of the models for each stage in the testing data set ranged from 54.2 to 89.7%.

We observed that the performance of the endometrial immunology panel in biochemical pregnancy prediction was superior to the autoantibodies and peripheral immunology panel. Consistent with this result, it has been reported that implantation failure in ART is thought to be mainly due to impaired endometrial receptivity (35). In addition, implantation failure and miscarriage occurrence have been reported to have different mechanisms (36). Antiphospholipid syndrome (APS), which is characterized by the presence of anti-cardiolipin autoantibodies (ACAs), is the most common autoimmune disease associated with RPL (37). However, the association between ACAs and RIF is somewhat controversial (38). Anti-thyroid autoantibodies (ATA) have been also demonstrated to correlate with RPL, while, the association between ATA and RIF remains unclear (39–41). Our results showed that the AUC of the model using the autoantibodies panel in predicting clinical pregnancy, ongoing pregnancy, and live birth was the highest, while, the AUC for biochemical pregnancy prediction was the lowest. Subsequently, we can safely conclude that different models are appropriate for pregnancy outcome prediction at different pregnancy periods.

Machine learning algorithms have been widely used in many complex scenarios, such as image analysis, diagnosis, classification, and prognosis (42). Multiple machine learning techniques have been applied to improve the success rate of ART. The A.I. application in reproductive medicine has focused mainly on oocytes evaluation and selection (43), sperm analysis and selection (44), and embryo selection (45). A few studies have attempted to establish models for IVF outcome prediction (23, 46). Typical machine learning techniques such as Deep Artificial Neural Network (DANN) and Convolutional Neural Network (CNN) can be used to handle the high dimensionality data features, but very often these models are hard to interpret due to the “black-box” situation (47), which is usually not favored in biomedical applications. We adopted sparse coding which helps in the creation of an overcomplete information space composed of atom features with high dimensionality, which are critical to our model classifications. Simultaneously, the sparse representation of atoms can highlight the important features of patients using only a few atoms. It also enables us to visualize the features and interpret the classification or prediction results. To our knowledge, this is the first sparse coding-based prediction model based on reproductive big data including basic patient characteristics, hormone levels, immune status, and embryo parameter information for patients with RRF. This model represents an attempt at combining the reproductive immunology parameters with a machine learning algorithm.

In conventional clinical practice, clinicians can only provide the successful pregnancy probability to the patient according to the mean success rate of the fertility center. In addition to predicting pregnancy outcomes, clinicians are also concerned about developing effective treatment strategies based on the medical data of the patient. The models in the majority of the previous studies provided the live birth probability to the clinicians. Given the variation in the probability of success, the clinicians were unable to know how close the status of the patient is related to a successful pregnancy. The clinicians usually plan the treatment strategy according to the medical data of the patient and their experience on the underlying connection between different parameters. Interpreting the underlying relationships between medical data may influence the decision of the clinicians concerning treatment strategies. Future studies can include a thorough analysis of the immune status of the patients, by comparing the atoms which contribute to a successful pregnancy, generated in the sparse representation and assist clinicians to develop more personalized treatment strategies based on the comparison result.

Several limitations of this study need to be considered. First, the entire data set of this study was derived from a single reproductive immunology center. Second, other factors that potentially affect pregnancy outcomes, such as lifestyle (e.g., smoking history) and family genetic history, were not taken into consideration in our study. Finally, the performance of our model is related to the quantity and quality of the data. Therefore, the model presented here needs further study with more multi-center clinical data before full implementation in a clinical setting. Moreover, the current A.I. is mainly used as a support system to improve the accuracy and efficacy of the clinicians, rather than a stand-alone decision-making system. The clinicians should collaborate with algorithm engineers to continually optimize the model, as it is applied in clinical work.
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Purpose

This study aimed to investigate the profiles of messenger RNAs (mRNAs) and long noncoding RNAs (lncRNAs) in peripheral blood samples collected from polycystic ovary syndrome (PCOS) patients. In addition, an in-depth bioinformatics analysis regarding the lncRNA-mRNA co-expression network was performed.



Methods

High-throughput sequencing was used to measure the profiles of mRNAs and lncRNAs expressed in the peripheral blood samples isolated from six patients (three patients with PCOS and three normal women). In addition, five differentially expressed lncRNAs were chosen to validate the results of high-throughput sequencing by quantitative RT-PCR (qRT-PCR). Furthermore, a lncRNA-mRNA co-expression network was constructed using the Cytoscape software.



Results

A total of 14,276 differentially expressed mRNAs and 4,048 differentially expressed lncRNAs were obtained from the RNA-seq analysis of PCOS patients and healthy controls (adjusted q-value < 0.05, Fold change >2.0).The qRT-PCR results were consistent with the data obtained through high-throughput sequencing. Gene ontology (GO) and KEGG pathway analyses showed that the differentially expressed mRNAs were enriched in the chemokine signaling pathway. In addition, the analysis of the lncRNA-mRNA co-expression network of the chemokine signaling pathway showed the involvement of 6 mRNAs and 42 lncRNAs.



Conclusion

Clusters of mRNAs and lncRNAs were aberrantly expressed in the peripheral blood of PCOS patients compared with the controls. In addition, several pairs of lncRNA-mRNAs in the chemokine signaling pathway may be related to PCOS genetically.





Keywords: polycystic ovary syndrome, long noncoding RNA, messenger RNA, peripheral blood, gene ontology, pathway analysis



Introduction

As one of the most common endocrinopathies in women of reproductive age, polycystic ovary syndrome (PCOS) is characterized by oligo-anovulation, hyperandrogenism, insulin resistance and increased risks of long-term endometrial cancer, metabolic syndrome (1), type 2 diabetes (T2D), and cardiovascular diseases (2). PCOS patients not only have pathological changes in the ovaries, leading to dysfunction, but also corresponding changes and even damage to their endometrial acceptance and embryo implantation. Although the etiology of PCOS remains unclear, most researchers believe that the causes of PCOS are multifactorial and genetic factors play pivotal roles in its pathogenesis and prognosis (3). In most PCOS studies, the samples were collected from experimental animals, human ovarian granulosa cells (4), whole ovaries (5), oocytes (6) and cumulus cells (7), which pay more emphasis on the local microenvironment of the ovary and revealed that many genes are associated with PCOS. However, as a systemic disease, PCOS can be investigated more comprehensively using peripheral blood samples.

In general, long noncoding RNAs (lncRNAs) are defined as RNA transcripts longer than 200 nucleotides that lack protein-coding capability (8). LncRNAs have been found to exist in a stable form and are protected from endogenous RNase activity in tissues and body fluids, such as urine and blood (9). The major function of lncRNAs is to regulate cell growth, proliferation, differentiation, and apoptosis (10, 11). In addition, recent studies have shown that lncRNAs may be associated with the pathogenesis of PCOS. For example, C-Terminal binding protein 1 antisense (CTBP1-AS) was a novel lncRNA found to regulate androgen receptor (AR) activity (12), while lncRNA SRA might act as an important mediator of adiposity-related processes in PCOS.

Co-expression analysis is widely used to elucidate the relationship between lncRNAs and messenger RNAs (mRNAs) (13). It can also be used to discover key lncRNAs and to understand their underlying mechanisms in important diseases including PCOS. Therefore, high-throughput sequencing was performed in this study to examine the profiles of lncRNA and mRNA expression in blood samples collected from PCOS patients and healthy controls.



Materials and Methods

Patient characteristics and Samples From June 2019 to May 2020, 122 patients (63 patients with PCOS and 59 normal subjects) admitted to Guangdong Family Planning Institute of Science and Technology were included in this study. The protocol was approved by the Ethics Committee of Guangdong Family Planning Institute of Science and Technology and written informed consent was obtained from all participants. The PCOS patients of this study were diagnosed according to the Rotterdam standard. At least two of the following criteria should be met for a definite diagnosis of PCOS: menstrual irregularity (defined as less than eight menstrual cycles per year, or the absence of menstruation for 35 days or more); clinical hyperandrogenism (defined as a modified Ferriman–Gallwey score of over 6, or androgenic alopecia, or both); biochemical hyperandrogenism (defined as a testosterone level of over 2.81 nmol/l, or an androstenedione level of over 10.8 nmol/L, or both, which were the 95th percentile of the normal range for the population of this study); polycystic ovary morphology (defined as 12 or more follicles of 2–9 mm in diameter, or an ovarian volume greater than 10 cm3 in at least one ovary. In the control group, women of normal childbearing age who were treated in our hospital for azoospermia or asthenospermia were selected. They were planning to undergo artificial insemination with donor sperm, had regular menstrual periods, had not been menopausal, had no history of adverse pregnancy and childbirth. They had normal biochemical indexes, no polycystic ovary under ultrasound, no other Kaohsiung diseases such as congenital adrenal hyperplasia (CAH), Cushing syndrome, androgen-secreting tumors, and no endocrine diseases, no metabolic diseases, and family history.

In this study, blood samples from the subjects were collected in the morning on the third day of the menstrual cycle after at least 8 h of fasting. Upon collection, all blood samples were centrifuged immediately. The serum was separated and frozen at −80°C. Fasting plasma glucose was measured using a finger stick blood glucose method (Olympus, Japan). The levels of fasting insulin, testosterone, androstenedione, AMH, FSH, LH, and thyroid stimulating hormone were measured by chemiluminescence assays on an Immulite 2000 instrument (AXSYM, USA). For all measurements, the inter-assay coefficient of variation and the intra-assay coefficient of variation were less than 10% and 15%, respectively. Finally, 6 serum samples (3 PCOS samples and 3 normal subject samples) were selected for lncRNA sequencing, The 3 PCOS patients whose sisters were also PCOS patients were for the first-time confirmed PCOS and had not started drug treatment. The other 116 samples (60 PCOS samples and 56 normal subject samples) were subjected to evaluation by qRT-PCR. The clinical characteristics of the PCOS and normal subjects are listed in Table 1.


Table 1 | The clinical characteristics of PCOS patients and normal subjects.




RNA Extraction and Real-Time Quantitative PCR

Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA purity and integrity were assessed using an ND-1000 Nanodrop Instrument and an Agilent 2200 TapeStation, respectively. An NEBNext® UltraTM Directional RNA Library Prep Kit (New England Biolabs, Ipswich, Massachusetts, USA) was used for the preparation of a RNA-seq library. Finally, the sequencing of libraries was conducted on an Illumina HiSeq™ 3000 system.

A computational pipeline was used to process RNA-seq data, which were mapped to human reference genome hg19 using TopHat v2.0.13 in conjunction with default parameters. Gfold V1.1.2 was subsequently employed to convert aligned short reads into read counts for each gene model in refseq. Differential expression was assessed by the AudicS method. The Benjamini–Hochberg multiple test correction method was enabled during the analysis. Subsequently, differentially expressed genes were chosen according to the criteria of fold change > 2 and adjusted q-value < 0.05. Finally, qRT-PCR was performed using the SYBR Select Master Mix (TaKaRa, Japan). During qRT-PCR, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal control. All primer sequences used in qRT-PCR are shown in Table 2.


Table 2 | The primer sequences of qRT-PCR are shown below.





Bioinformatics Analysis

All differentially expressed mRNAs were selected for GO and KEGG pathway analyses to investigate the potential role of lncRNAs co-expressed with these mRNAs. Performed using KOBAS2.0 software, GO analysis provides label classification of gene functions and gene product attributes (http://www.geneontology.org). In addition, GO analysis covers three domains: cellular component (CC), molecular function (MF) and biological process (BP). The false discovery rate (FDR) was used to denote the significance of the P-value (a FDR value of < 0.05 was recommended). The differentially expressed mRNAs and their enrichment in different pathways were mapped using the KOBAS2.0 software (http://www.genome.jp/kegg). The importance of the KEGG pathways among differentially expressed genes was denoted by the FDR value (a FDR value of < 0.05 was recommended).



The Network of lncRNA and mRNA Co-Expression

To find the key lncRNAs involved in PCOS and their potential functions, a lncRNA/mRNA co-expression network was constructed to investigate the potential interactions between lncRNAs and mRNAs. During the construction of the lncRNA/mRNA co-expression network, Pearson correlation calculation was utilized to determine the normalized signal intensity of differentially expressed lncRNAs and mRNAs, while significantly correlated mRNAs with an absolute Pearson correlation coefficient > 0.99 were chosen as the targets to build the network using Cytoscape (version 3.5.0). Subsequently, six mRNA transcripts were selected using COR > 0.85 and P < 0.05, while the enrichment of these mRNAs in the chemokine signaling pathway was investigated in the following study. During the analysis, the target genes of all lncRNAs were predicted through cis- and trans-actions. For genes encoding several transcripts, the median value of different transcripts was taken as the value of the gene expression.



Statistical Analysis

The expression levels of all lncrna and mRNA transcripts were analyzed by balltown software. The difference analysis parameters were Q-value < 0.05 and | log2 fold change | ≥ 1.The pathways with p-value < 0.05 were defined as those significantly enriched in differentially expressed genes, Pearson correlation coefficient was calculated in the construction of coexpression network, and the mRNA with correlation coefficient > 0.99 was selected as the construction target.




Results


Overview of lncRNA and mRNA Profiles

All RNA samples were subjected to high-throughput sequencing analysis of lncRNA and mRNA expression. In total, thousands of differentially expressed human lncRNAs and mRNAs were evaluated. The differentially expressed lncRNAs and mRNAs were selected when the fold change of expression was > 2.0 (q < 0.05). During the analysis, a positive value indicated up-regulation, while a negative value indicated down-regulation. Subsequently, the expression levels of lncRNAs and mRNAs in the peripheral blood samples isolated from three PCOS patients and three normal subjects were compared. In this study, 21,566 lncRNAs, 57,567 mRNA and 34,948 coding transcripts were examined in the peripheral blood samples isolated from PCOS patients and normal subjects. As a result, the expression of 4,048 lncRNAs (64 up-regulated, 3984 down-regulated) and 14,276 mRNAs (748 up-regulated, 13,528 down-regulated) was found to be significantly changed. The top 10 most differentially expressed (5 up-regulated and 5 down-regulated) mRNAs/lncRNAs are shown in Tables 3 and 4. In addition, heat maps of differentially expressed lncRNA and mRNAs were created for better illustration (Figures 1A, B).


Table 3 | The top 5 differentially expressed mRNAs.




Table 4 | The top 10 differentially expressed lncRNAs.






Figure 1 | Expression profiles of differentially expressed lncRNAs and mRNAs in PCOS patients and normal subjects. The hierarchical cluster analysis generated heat maps of differentially expressed lncRNAs and mRNAs (log2 fold change > 2; q < 0.05). Color represents the log10 (RPKM + 1) value, with red indicating upregulated genes and green indicating downregulated genes. (A) lncRNA; (B) mRNA.





Examination of the Functions of Differentially Expressed mRNAs

Using DAVID (The Database for Annotation, Visualization and Integrated Discovery), gene ontology (GO) and KEGG pathway analyses were conducted to understand the functions of the 14,276 differentially expressed mRNAs. The KEGG results showed that the differentially expressed genes were enriched in the B cell receptor signaling pathway, estrogen signaling pathway, and chemokine signaling pathway. Moreover, the genes were related to the expression of proteasome and phagosome (Figure 2A). In addition, the GO results showed that these genes may be involved in the following cellular processes: cytokine receptor binding, MHC protein binding, chemokine activity oxygen binding, and chemokine receptor binding (Figure 2B). All these results pointed to an inflammatory state of the organism.




Figure 2 | Gene ontology and KEGG pathway analysis of differentially expressed mRNAs. (A) Gene ontology. A total of 409 differentially expressed mRNAs are chosen in GO analysis, which are divided into three categories: the green columns represent the top 10 biological processes, the red represents the top 10 cellular components, and the orange represents the top 10 molecular functions. On the right side of the coordinate axis, the gray color represents the number of genes enriched in the pathway. (B) The KEGG pathway enrichment analysis was performed on the KEGG biological pathways database (http://www.genome.jp). The left side of the coordinate axis shows the P-values of the pathway, and the yellow, green, blue and purple colors indicate the KEGG classification: organismal systems, human diseases, genetic information processing and cellular processes. On the right side of the coordinate axis, the gray color represents the number of genes enriched in the pathway.





Construction of an lncRNA and mRNA Co-Expression Network

To further investigate the inflammatory state of PCOS, chemokines were chosen for deep-going analysis using an lncRNA-mRNA co-expression network. The chemokine signaling pathway involved 6 mRNAs and 41 lncRNAs. Among these lncRNAs, 20 lncRNAs may be involved in the regulation of CCR2 expression. ENST00000484550.1 (lincRNA, -2.0 fold change), and ENST00000492208.1 (lincRNA, -2.2 fold change), ENST00000606434.1 (lincRNA, -2.5 fold change), may be greatly involved in the regulation of CCR2 expression (Figure 3).




Figure 3 | The network represents the co-expression correlations between the significantly differentially expressed mRNA and lncRNA transcripts in the chemokine signaling pathway. Red circles indicate mRNA transcripts, and blue circles indicate lncRNA. Solid lines indicate correlations.





Validation by Quantitative RT-PCR

Several differentially expressed genes were randomly selected and further validated by qRT-PCR. The five lncRNAs selected for qRT-PCR validation were ENST00000584923.1, ENST00000565493.1, ENST00000508174.1, NR_006880.1, and NR_002756.2. The qRT-PCR results suggested that the fold changes of these lncRNAs observed in the high-throughput sequencing analysis were correct (Figure 4).




Figure 4 | Validation of high-throughput sequencing results using qRT-PCR analysis of 5 randomly selected lncRNAs. The blue columns refer to the control group(n=60), and orange refers to PCOS group (n=56). Groups with significant differences are marked with *P < 0.05.






Discussion

PCOS is the most common endocrine abnormality in women of reproductive age, yet its etiology remains unknown. It has been reported that lncRNAs play important roles in a wide range of functional activities. In recent years, our team has tried to understand PCOS from a genetic perspective by establishing a stable PCOS animal model using gene knock-out. In addition, the expression of some miRNAs in peripheral blood of PCOS patients was analyzed. More and more studies have focused on the role of lncRNA in follicular maturation. The proliferation, differentiation and apoptosis of granulosa cells determine the quality of follicular development. Research data show that a variety of lncRNAs can affect the development of granulosa cells. Liu et al. (14) reported for the first time that lncRNA HCG26 level was up-regulated in PCOS patients, while lncRNA HCG26 knockdown inhibited the proliferation of granulosa cells. Li et al. (15) confirmed that lncRNA steroid receptor RNA agonist (lncRNA SRA) can stimulate the growth of mouse granulosa cells in vitro. Huang et al. (9) confirmed for the first time the whole genome lncRNA expression pattern in cumulus cells of PCOS patients through microarray, and revealed that the differentially expressed lncRNA affects the development of oocytes. Nevertheless, few studies have focused on lncRNA-mRNA co-expression in PCOS, while the molecular mechanisms underlying PCOS remain poorly understood. Therefore, an integrated analysis of differentially expressed lncRNAs and mRNAs in PCOS could help to understand its pathogenesis.

Using the novel technology of RNA-seq analysis, it was demonstrated in this study that the expression of lncRNAs and mRNAs in PCOS patients was different from that in normal subjects. In total 4,048 lncRNAs (64 were up-regulated and 3,984 were down-regulated) and 14,276 mRNAs (748 were up-regulated and 13,528 were down-regulated) were differentially expressed between PCOS patients and normal subjects. These results were quite different from Jiao’s (16). previous study which found a total of 1583 new lncRNAs were differentially expressed in follicular fluid of healthy women and PCOS patients, such a discrepancy may be due to the differences in samples and tissues. In addition, it is believed that PCOS is not only limited to local ovarian lesions, but also affects multiple systems. Therefore, the blood specimens can more comprehensively reflect the status of PCOS, while the local microenvironment and local cytokines in the ovary may play a more limited role in the pathogenesis of PCOS.

Through the bioinformatics analysis conducted in this study, it was found that a large number of differentially expressed lncRNAs and mRNAs were involved in the onset of a chronic inflammatory state in PCOS. Previous studies have shown the role of a low-grade and chronic inflammation in the development of PCOS (17) and its long-term complications. In addition, as small proteins that can activate leukocytes during the process of inflammation, chemokines such as MCP-1, IL-8, CXCR2, IL-6 and TNF have been implicated in PCOS (18, 19). Since chemokines are involved in the state of low-grade inflammation, the alternation of chemokine signaling pathway was studied here to understand its role in the pathogenesis of PCOS from a genetic perspective.

The results of co-expression analysis conducted in this study were based on the expression of lncRNAs and mRNAs during PCOS. As lncRNAs do not encode proteins, the annotation for their biological functions needs to be interpreted in other ways. For each differentially expressed lncRNA, its co-expressed coding genes were screened to find correlated RNA-mRNA pairs, thus deducing the function of lncRNAs from that of corresponding mRNAs. Based on the results of high-throughput sequencing of the chemokine signaling pathway, 63 lncRNAs were found to interact with 6 mRNAs. Among these lncRNAs, 20 lncRNAs may be involved in the regulation of CCR2 expression. Since lncRNAs are often named according to their locations in the genome relative to the location of protein coding genes, lncRNA genes located between two protein coding genes are often referred to as long or large intergenic or intervening lncRNAs (lincRNAs). In order to facilitate the follow-up experiments, the relevant lincRNAs, such as ENST00000457302.2, ENST00000484550.1, ENST00000492208.1, and ENST00000606434.1, were selected and verified.

To the knowledge of the authors, this is the first lncRNA-mRNA co-expression analysis conducted using the peripheral blood samples from PCOS patients. Notably, the co-expression network of coding-non-coding genes provided valuable insight regarding the pathogenesis of PCOS. Nowadays, the number of identified lncRNAs is growing quickly and hence further study will be needed to explore their molecular and biological functions. There are limitations to this study. First, the complex blood background made it difficult to identify the cellular origin and tissue expression patterns of lncRNAs among peripheral blood samples of PCOS patients. Second, the sample size was small and contained only 63 PCOS patients and 59 healthy controls. Third, the results were obtained from the bioinformatic analysis and high-throughput sequencing analysis only. Therefore, further studies are needed to confirm these differentially expressed genes and their roles in different pathways.
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Kidney transplantation is currently the first choice of treatment for various types of end-stage renal failure, but there are major limitations in the application of immunosuppressive protocols after kidney transplantation. When the dose of immunosuppressant is too low, graft rejection occurs easily, while a dose that is too high can lead to graft loss. Therefore, it is very important to explore the immune status of patients receiving immunosuppressive agents after kidney transplantation. To compare the immune status of the recipient’s whole peripheral blood before and after receipt of immunosuppressive agents, we used single-cell cytometry by time-of-flight (CyTOF) to detect the peripheral blood immune cells in five kidney transplant recipients (KTRs) from the Department of Organ Transplantation of Zhujiang Hospital of Southern Medical University before and after receiving immunosuppressive agents. Based on CyTOF analysis, we detected 363,342 live single immune cells. We found that the immune cell types of the KTRs before and after receipt of immunosuppressive agents were mainly divided into CD4+ T cells, CD8+ T cells, B cells, NK cells/γδ T cells, monocytes/macrophages, granulocytes, and dendritic cells (DCs). After further reclustering of the above cell types, it was found that the immune cell subclusters in the peripheral blood of patients underwent major changes after receipt of immunosuppressants. After receiving immunosuppressive therapy, the peripheral blood of KTRs had significantly increased levels of CD57+NK cells and significantly decreased levels of central memory CD4+ T cells, follicular helper CD4+ T cells, effector CD8+ T cells, effector memory CD8+ T cells and naive CD8+ T cells. This study used CyTOF to classify immune cells in the peripheral blood of KTRs before and after immunosuppressive treatment, further compared differences in the proportions of the main immune cell types and immune cell subgroups before and after receipt of immunosuppressants, and provided relatively accurate information for assessment and treatment strategies for KTRs.
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Introduction

Kidney transplantation is currently recognized by the international medical community as the first choice of treatment for various types of end-stage renal failure (1, 2). Optimized immunosuppressive regimens and new immune detection technologies have significantly improved the short-term outcomes of transplant recipients after surgery, but effective methods for immune system function monitoring in patients after kidney transplantation are still lacking, leading to many blind spots in the clinical application of immunosuppressive agents. When the dose of immunosuppressant is too low, graft rejection can easily occur, and improper handling can lead to loss of the graft. In contrast, too high a dose of immunosuppressant can impair the patient’s immune system, making them prone to bacterial infection. Furthermore, infections with fungi, viruses, and protozoa have become the most important causes of death in transplant patients (1–3). Therefore, it is important to explore the immune status of patients receiving immunosuppressive agents after kidney transplantation.

The most critical role of the human immune system is to effectively recognize and eliminate foreign antigens while protecting the normal tissue structure from damage. The immune system has a protective effect on self-antigens; that is, there is a mechanism of self-tolerance. A healthy immune system has a variety of central and peripheral tolerance mechanisms, such as clonal loss, clonal function inhibition, immune escape, and immune exemption, which play vital roles in inhibiting the activation of autoreactive immune cells (4, 5). When infection, inflammation, or immune rejection occurs, the proportion and distribution of immune cells also change. Therefore, detecting changes in the immune microenvironment in the peripheral blood of KTRs after the application of immunosuppressive agents can aid in evaluating immune status (4). For example, the proportion of regulatory T cells (Tregs) in the peripheral blood of immune-tolerant KTRs was found to be increased (6, 7). When comparing KTRs with stable renal function and KTRs with chronic rejection, the numbers of CD19+CD24highCD27+ B10 (Breg) cells and CD19+ CD24highCD38high transitional B cells producing IL-10 in the peripheral blood were significantly increased in the tolerant KTRs (8). Therefore, exploring immune cell profiles in the peripheral blood of KTRs before and after receipt of immunosuppressive therapy is helpful to assess their immune status and guide clinical diagnosis and treatment.

As a representative application of single-cell analysis, CyTOF uses metal isotope-labeled antibodies to overcome the limitations of emission spectrum signal overlaps among traditional flow channels and can simultaneously detect as many as 40 parameters in a single cell to achieve accurate analysis of cell subpopulations (9). CyTOF has played an important role in the immune profiling of various diseases, such as ischemic stroke (10) and lacrimal glands (11). Therefore, this study used CyTOF to explore differences in the immunological profiles before and after immunosuppressive treatment in KTRs to further provide accurate assessment and treatment strategies.



Methods


Clinical Samples

We collected KTRs at Zhujiang Hospital of Southern Medical University between July 2020 and August 2020 and collected matched peripheral blood samples before and after immunosuppressive therapy after kidney transplantation. In total, 5 patients were included in this study, and the clinical data are included in Table S1. The immunosuppressive protocols of the recipients were described in a previous study and are detailed in the supplementary methods (12). These patients were followed up for one month after receiving immunosuppressive therapy, and none of them showed any progress. This study was approved by the Ethics Committee of Zhujiang Hospital of Southern Medical University, and all patients provided informed consent.



CyTOF Analysis

CyTOF analysis was performed according to a previously described protocol (13). CyTOF analysis was used to detect immune cells in peripheral blood samples, and 40 immune cell-related markers were included in this analysis (Table S2).



Raw Data Preprocessing and Cluster Analysis

MATLAB was used to normalize the preprocessing of.fcs files (14), remove the influence of noise from batches, and obtain the effective data of live single immune cells for the next analysis. Cytobank (15) (https://www.cytobank.org/) was used to analyze.fcs file data. vi-SNE plots were generated by the t-distribution random neighborhood embedding (t-SNE) algorithm, and CD45+ cells were clustered to analyze the differences in phenotype and relative content of different cell subpopulations. In addition, the SPADE algorithm (16) was used to analyze the expression patterns of immune cells in different groups and classify these cells by hierarchical clustering.



Statistical Method

According to the characteristics of the data distribution, a paired Mann–Whitney U test was applied to compare differences between various immune cell subgroups in the peripheral blood of KTRs before and after immunosuppressive treatment, and the data were analyzed using R software. A two-sided P <0.05 was considered statistically significant.




Results


Immune Cells in the Peripheral Blood of KTRs

According to the immune cell markers, CD45+ cells were divided using the manual gated circle function of the Cytobank platform (Figure S1). vi-SNE is a bioinformatic analysis method based on t-SNE. This method can convert multidimensional data into single-cell two-dimensional visualization data and is widely used in mass spectrometry flow data analysis. vi-SNE analysis of CD45+ cells was performed with various markers, such as those for CD4+ T cells (marker: CD4), CD8+ T cells (marker: CD8a), B cells (marker: CD19), NK cells/γδ T cells (markers: CD56 and gdTCR), monocytes/macrophages (markers: CD33 and CD14), granulocytes (marker: CD66b), and dendritic cells (DCs; markers: CD11c and CD123) (Figure 1A). We visualized the expression of the above markers in the pretreatment and posttreatment groups (Figure 1B). The proportions of the 7 immune cell types in each sample were different (Figure 1C). Next, we compared the relative abundances of immune cells in the peripheral blood of KTRs between the pretreatment and posttreatment groups (Figure 1D) and found that, compared with the pretreatment group, the relative abundance of CD4+ T cells in the posttreatment group was significantly downregulated (P <0.05). In contrast, the relative content of monocytes/macrophages in the posttreatment group was significantly higher than that in the pretreatment group (P <0.05). Additionally, the expression of immune cell markers in the peripheral blood of patients was different between the pretreatment and posttreatment groups (Figure 1E and Table S1). ROC analysis showed that the application of CD4+ T cells, monocytes/macrophages or NK cells/γδ T cells was the strongest for predicting the efficacy of immunosuppressive agents in the pretreatment and posttreatment groups (AUC = 0.96, 1 and 1, respectively; Figure 1F).




Figure 1 | The immune landscape of the kidney. (A) t-SNE plots of CD4+ T cells, CD8+ T cells, B cells, NK cells/γδ T cells, monocytes/macrophages, granulocytes, and dendritic cells. (B) t-SNE plots of CD19, CD3, CD4, CD8a, CD56, gdTCR, CD33, CD14, CD66b, CD11c, and CD123 expression in the pre- and posttreatment groups. (C) The proportions of main cell types in all samples. (D) Comparison of the proportions of main cell types between the pre- and posttreatment groups. (E) Heatmap of the marker expression for all samples. (F) ROC curve of the main cell types predicting the pre- and posttreatment groups. *P<0.05; ns, not significant.





Differences in CD4+ T Cells Between Pretreatment and Posttreatment

To explore the differences in CD4+ T cells between pretreatment and posttreatment in the KTRs, we further reclustered the CD4+ T cells. Based on previous studies and the differences in the expression of markers on CD4+ T cells (17–20), we used vi-SNE to recluster CD4+ T cells and further divided them cells into 8 immune cell subgroups (Figure 2A), including central memory CD4+ T cells (marker: CD38), follicular helper CD4+ T cells (Tfh cells; marker: CD185), naive CD4+ T cells (marker: CD45RA), CD4+ Tregs (marker: CD25), Th1 CD4+ T cells (marker: CD183), Th17 CD4+ T cells (marker: CD161), memory CD4+ T cells (marker: CD45RO) and other CD4+ T cells. We used the SPADE algorithm to perform hierarchical clustering of CD4+ T cells based on marker expression (Figure 2B). Next, we visualized the expression levels of the above markers in the pretreatment and posttreatment groups (Figure 2C). The relative content of CD4+ T cell subsets in each sample was diverse (Figure 2D). Next, we compared the difference in the content of CD4+ T cell subsets in the peripheral blood of patients between the pretreatment and posttreatment groups (Figure 2E) and found that, compared with the pretreatment group, the central memory CD4+ T cell and follicular helper CD4+ T cell levels in the posttreatment group were significantly downregulated (P <0.05). In addition, we found that the expression patterns of CD4+ T cell subsets in the peripheral blood of patients greatly differed between pretreatment and posttreatment (Figure 2F and Table S2). ROC analysis indicated that central memory CD4+ T cells best predicted the pretreatment and posttreatment groups (AUC = 0.96; Figure 2G).




Figure 2 | CD4+ T cell subclusters in the kidney. (A) t-SNE plots of central memory CD4+ T cells, follicular helper CD4+ T cells, naive CD4+ Tregs, Th1 cells and Th17 cells. (B) In SPADE trees, node color is scaled to the fold change in CD38 content, and node size is scaled to the number of cells. (C) t-SNE plots of CD38, CD185, CD45RA, CD25, CD183 and CD161 expression in the pre- and posttreatment groups. (D) The proportions of CD4+ T cell subclusters in all samples. (E) Comparison of the proportions of CD4+ T cell subclusters between the pre- and posttreatment groups. (F) Heatmap of the marker expression of CD4+ T cells for all samples. (G) ROC curve of CD4+ T cell subclusters predicting the pre- and posttreatment groups. *P < 0.05; ns, not significant.





Differences in CD8+ T Cells Between Pretreatment and Posttreatment

To illustrate the differences in CD8+ T cells before and after treatment with immunosuppressive agents in the KTRs, we further re-clustered CD8+ T cells. CD8+ T cells were further divided into 7 immune cell subgroups (Figure 3A), including CD8+ γδ T cells (marker: gdTCR), central memory CD8+ T cells 1 (markers: CD27high and CCR7low), central memory CD8+ T cells 2 (marker: CD28), naive CD8+ T cells (markers: CCR7high and CD45RA), effector CD8+ T cells (markers: CCR7low, CD27low, and CD45RA), effector memory CD8+ T cells (marker: CD45RO) and other CD8+ T cells. The SPADE algorithm was used to perform hierarchical clustering of CD8+ T cells according to the expression of each marker (Figure 3B). Figure 3C shows the expression of markers in the pretreatment and posttreatment groups. The proportion of CD8+ T cell subsets between KTRs was different (Figure 3D). Additionally, we found that, compared with those in the pretreatment group, the level of effector CD8+ T cells and the relative abundances of effector memory CD8+ T cells and naive CD8+ T cells in the posttreatment group were significantly downregulated (P <0.05; Figure 3E). We discovered that the expression patterns of CD8+ T cell subsets in the peripheral blood of patients before and after treatment were significantly different, including PD-L1, CTLA-4, CCR7, CCR6, CXCR5, IL-7Ra and IL-2R (Figure 3F and Table S3). ROC analysis showed that central memory CD8+ T cells 1 and effector memory CD8+ T cells were best able to predict the immunosuppressive agents before and after treatment (AUC = 0.96 and 0.8, respectively; Figure 3G).




Figure 3 | CD8+ T cell subclusters in the kidney. (A) t-SNE plots of CD8+ γδ T cells, central memory CD8+ T cells 1, central memory CD8+ T cells 2, naive CD8+ T cells, effector CD8+ T cells, effector memory CD8+ T cells and other CD8+ T cells. (B) In SPADE trees, node color is scaled to the fold change in CD197 (CCR7) content, and node size is scaled to the number of cells. (C) t-SNE plots of gdTCR, CD27, CCR7, CD28, CD45RA and CD45RO expression in the pre- and posttreatment groups. (D) The proportions of CD8+ T cell subclusters in all samples. (E) Comparison of the proportions of CD8+ T cell subclusters between the pre- and posttreatment groups. (F) Heatmap of the marker expression of CD8+ T cells for all samples. (G) ROC curve of CD8+ T cell subclusters predicting the pre- and posttreatment groups. *P < 0.05; ns, not significant.





Differences in NK Cells/γδ T Cells Between Pretreatment and Posttreatment

vi-SNE analysis showed that NK cells/γδ T cells were divided into CD38+ NK cells (markers: CD38bright and CD56dim), CD57+ NK cells (marker: CD57), cytotoxic NK cells (markers: CD11bbright and CD56dim), tolerant NK cells (marker: CD56bright) and γδ T cells (marker: gdTCR) according to specific markers (Figure 4A) (21–25). Figure 4B shows the hierarchical clustering of NK cells/γδ T cells according to the expression of each marker using the SPADE algorithm. We visualized the expression levels of the above unique markers in the pretreatment and posttreatment groups (Figure 4C). The relative content of NK cells/γδ T subsets in each sample was different (Figure 4D). We found that CD57+ NK cells were significantly downregulated in the posttreatment group compared with the pretreatment group (P <0.05). In contrast, the content of tolerant NK cells was significantly increased after treatment (P <0.05; Figure 4E). In addition, the heat map shows that the expression patterns of NK cell/γδ T cell subsets in the peripheral blood of patients before and after treatment were different, such as CCR6, CXCR5, CCR7, CXCR3, CCR4, IL-2R and IL-4R (Figure 4F; Table S4). ROC analysis showed that CD57+ NK cells best predicted the efficacy of immunosuppressive agents before and after treatment (AUC = 0.88, Figure 4G).




Figure 4 | NK cell/γδ T cell subclusters in the kidney. (A) t-SNE plots of CD38+ NK cells, CD57+ NK cells, cytotoxic NK cells, tolerant NK cells and γδ T cells. (B) In SPADE trees, node color is scaled to the fold change in gdTCR content, and node size is scaled to the number of cells. (C) t-SNE plots of gdTCR, CD38, CD57, CD56 and CD11b expression in the pre- and posttreatment groups. (D) The proportions of NK cell/γδ T cell subclusters in all samples. (E) Comparison of the proportion of NK cell/γδ T cell subclusters between the pre- and posttreatment groups. (F) Heatmap of the marker expression of NK cells/γδ T cells for all samples. (G) ROC curve of NK cell/γδ T cell subclusters predicting the pre- and posttreatment groups. *P < 0.05; ns, not significant.





Differences in DCs Between Pretreatment and Posttreatment

To analyze the differences in DCs before and after treatment with immunosuppressive agents in the KTRs, DCs were re-clustered into 2 cell subgroups (Figure 5A), including conventional dendritic cells (cDCs; marker: CD11c) and plasmacytoid dendritic cells (pDCs; marker: CD123) using vi-SNE (Figure 5B). The content of DC subpopulations in each sample was different (Figure 5C). Next, we compared the relative abundances of DC subgroups in the peripheral blood of patients before and after treatment (Figure 5D) and found that there were no significant changes in DC subgroups in the peripheral blood of patients before and after treatment. The expression patterns of DC subgroups in the peripheral blood of patients before and after treatment were also different (Figure 5E; Table S5). ROC analysis showed that pDCs strongly predicted the efficacy of immunosuppressive agents before and after treatment (AUC = 0.72, Figure 5F).




Figure 5 | Dendritic cell (DC) subclusters in the kidney. (A) t-SNE plots of conventional dendritic cells (cDCs) and plasmacytoid dendritic cells (pDCs). (B) t-SNE plots of CD11c and CD123 expression in the pre- and posttreatment groups. (C) The proportions of DC subclusters in all samples. (D) Comparison of the proportion of DC subclusters between the pre- and posttreatment groups. (E) Heatmap of the marker expression of DCs for all samples. (F) ROC curve of DC subclusters predicting the pre- and posttreatment groups. ns, not significant.





Differences in B Cells Between Pretreatment and Posttreatment

According to differences in the expression of B cell markers, we used vi-SNE to recluster B cells and further manually divided them into 5 cell subgroups (Figure 6A), including follicular B cells (markers: CD20 and HLA-DR), memory B cells (marker: CD27), naive B cells (marker: CD185), plasma B cells (markers: CD38) and regulatory B cells (marker: CD24) according to specific markers. The SPADE algorithm was applied to perform hierarchical clustering of B cells based on the expression of markers (Figure 6B). Then, we visualized the expression of the above immune cell markers in the pretreatment and posttreatment groups (Figure 6C). The bar plot shows that KTRs harbored relatively different proportions of B cell subgroups (Figure 6D). Next, we compared the relative abundances of B cell subpopulations in the peripheral blood of patients between the pretreatment and posttreatment groups (Figure 6E) and found that, compared with the posttreatment group, the peripheral blood of the pretreatment group had an increased level of memory B cells (P <0.05). The expression patterns of B cell subsets in the peripheral blood of patients before and after treatment are shown in Figure 6F (Table S6). ROC analysis showed that memory B cells and regulatory B cells best predicted the efficacy of immunosuppressive agents before and after treatment (AUC = 0.783 and 0.721, Figure 6G).




Figure 6 | B cells subclusters in the kidney. (A) t-SNE plots of follicular B cells, memory B cells, naive B cells, plasma B cells and regulatory B cells. (B) In SPADE trees, node color is scaled to the fold change in CD185 (CCR5) content, and node size is scaled to the number of cells. (C) t-SNE plots of CD20, CD27, CD185 and CD38 expression in the pre- and posttreatment groups. (D) The proportions of B cell subclusters in all samples. (E) Comparison of the proportion of B cell subclusters between the pre- and posttreatment groups. (F) Heatmap of the marker expression of B cells for all samples. (G) ROC curve of B cell subclusters predicting the pre- and posttreatment groups. *P < 0.05; ns, not significant.






Discussion

Related to the long-term functional and stable survival of grafts after kidney transplantation, reducing or removing immunosuppressive agents as much as possible and inducing transplant tolerance are research hotspots in the field of kidney transplantation, and they are also the goals of transplant doctors. Although the short-term survival rate after kidney transplantation has improved significantly in recent years, long-term survival remains a problem in the transplant community. Studies have reported that one of the main factors of kidney graft loss is the body’s chronic rejection of allogeneic antigens (26, 27). However, although the use of immunosuppressive agents has largely suppressed the occurrence of rejection, immunosuppressants may also contribute to subsequent renal rejection (28, 29). Additionally, some recipients in solid organ transplantation (non-kidney) experience renal failure due to the toxicity of immunosuppressive agents (30). Therefore, evaluating the immune status of recipients after renal transplantation before and after receipt of immunosuppressive therapy is of guiding significance for evaluating whether a KTR needs to tolerate or completely discontinue the immunosuppressive agent or in determining if there is rejection that requires further clinical treatment. In this study, CyTOF analysis was used to further explore the immune atlas before and after immunotherapy after kidney transplantation at single-cell resolution.

T cells can be divided into CD4+ T cells, CD8+ T cells and Treg cells according to their function (2, 31). Th cells and cytotoxic T lymphocytes (CTLs) play important roles in the immune responses involved in human infection, inflammation, elimination of pathogens, and rejection of transplanted organs. Increasing evidence indicates that multiple effector CD4+ T cell subsets play roles in xenograft rejection (2, 32). In addition to directly reducing activity through CTLs, xenograft rejection can be achieved through T cell-mediated mechanisms, including the production of cytokines, the aggregation and activation of cytotoxic cells, and the production of xenograft antibodies from B cells (2, 33). Follicular helper T cells (Tfh) are a recently discovered CD4+ helper T lymphocyte subset that is different from previously defined Th cell subsets, such as Th1/Th2, Th17, Treg and Th9 cells (31). These cells express the chemokine receptor CXCR5, PD1 and inducible costimulatory molecules (ICOS); are mainly active in secondary lymphoid organs; and can also be present in tertiary lymphatic structures of the transplanted kidney (34). A study found that the number of Tfhs in KTRs remained stable after transplantation, while the ability to express IL-21 decreased under immunosuppression (35). Other studies in renal transplant recipients have demonstrated increased Tfh cell numbers before the development of donor-specific antibodies (DSA), in association with antibody-mediated rejection (ABMR) or with the development of anti-HLA antibodies (36–38). Furthermore, anti-rejection therapy with alemtuzumab significantly lowers the number of Tfh cells in kidney transplant recipients and contributes to the stable status of the kidney transplant (39). A study compared the proportion and function of follicular helper T cells in the blood between patients with operative tolerance and patients with stable graft function. It was found that the proportion of follicular helper T cells in patients with tolerance was decreased, and their function was impaired upon coculture with B cells (36). CD8+ T lymphocytes can directly attack inhibitors and eliminate target cells through cytotoxicity. In this study, the proportion of CD4+ T cells in the peripheral blood of the posttreatment group was significantly lower than that of the pretreatment group. Subgroup analysis showed that the proportions of central memory CD4+ T cells and follicular helper CD4+ T cells in the peripheral blood of the posttreatment group were reduced compared with those in the pretreatment group.

CD8+ T lymphocytes can specifically recognize the transplanted kidney. They can pass through the basement membrane of the renal tubules, proliferate and induce apoptosis in renal tubular cells (2). We found that patients receiving immunosuppressive therapy after kidney transplantation had relatively few effector CD8+ T cells and effector memory CD8+ T cells in their peripheral blood. Therefore, the relative proportions of some CD8+ T cell subgroups (such as effector CD8+ T cells and effector memory CD8+ T cells) decreased after receipt of immunosuppressive agents, maintaining the recipient’s immune tolerance. Additionally, NK cells have antitumor, antiviral, and anti-transplanted organ activities and participate in the regulation of T and B lymphocytes and their immunoregulatory functions. NK cells maintain balance and exert killing effects through their receptors (40–42). Vacher-Coponat et al. (43) reported that the combined application of multiple immunosuppressants had a significant inhibitory effect on NK cells and that the main effect of tacrolimus on the immune system is to inhibit the activation and proliferation of T cells. Studies have shown that tacrolimus can also affect the proliferation and function of NK and NKT cells (44). Recently, many studies have shown that tolerant NK cell populations (45) are related to graft immune tolerance (42, 46, 47). We found that the proportion of tolerant NK cells in the peripheral blood in the posttreatment group was significantly higher than that in the pretreatment group, while the content of CD57+ NK cells in the peripheral blood in the posttreatment group was higher than that in the pretreatment group.

B cells are important immune cells in the human immune response. In addition to secreting specific antibodies, B cells can participate in immune responses through antigen presentation, costimulation, and cytokine secretion (48). Additionally, there is a class of B cells that has immunosuppressive effects, called Bregs (49). Bregs can secrete inhibitory cytokines, such as IL-35 and IL-10, and express membrane surface molecules, such as FasL and CD1d, to exert immunosuppressive effects. They can also inhibit Th cells, CTLs, DCs, macrophages and other immune cells involved in the development of various immune conditions, such as autoimmune diseases and responses to infection, tumors, and organ transplantation (50–52). Additionally, MHC molecules from the donor can activate Bregs, further inhibit T cell-mediated rejection, and exert an immunosuppressive effect in the MHC mismatch area, thereby prolonging the survival time of MHC mismatched cells during the allogeneic suppression of the immune response to promote Treg expansion (53, 54). Several studies have shown that, compared with those in the peripheral blood of chronic rejection recipients, Breg levels in the peripheral blood of tolerant KTRs are significantly increased (55, 56). Given the immunosuppressive function of Bregs, studies have shown that targeting Bregs may become a new immunosuppressive treatment in the field of transplantation (57, 58). Coquet reported that the adoptive transfer of Bregs to chronic collagen arthritis mice inhibited Th1 differentiation, reduced the severity of arthritis, and promoted the resolution of the disease (59). In the transplant tolerance model, splenic B cells of long-term survival animals after transplantation were purified and then adoptively transferred to the recipient animal. It was found that the Tregs in the recipient’s spleen rapidly expanded; at the same time, the CD4+CD25-T cells in the body interacted with the Bregs (60). This study found that the abundance of Bregs in the peripheral blood in the posttreatment group was higher than that in the pretreatment group. However, due to the limited sample size, this difference was not statistically significant.

This study had the following limitations: 1) The sample size was small, and a larger independent cohort could enable future analysis of more cell subpopulations in KTRs to clarify the immune status and treatment strategies after kidney transplantation; 2) This study lacked immunohistochemical verification of kidney tissue samples from KTRs; 3) There was strong heterogeneity in the immune status of the peripheral blood among different KTRs. We hope that more peripheral blood samples collected from KTRs before and after immunosuppressive therapy can be included in the future to explore the effect of heterogeneity among individuals on immune status.



Conclusions

In this study, CyTOF was used to classify immune cells in the peripheral blood of KTRs before and after receipt of immunosuppressive agents, and differences in the proportions of the main immune cells and immune cell subgroups were further compared between pretreatment and posttreatment groups. We found that the abundances of activated immune cell subsets (such as central memory CD4+ T cells, follicular helper CD4+ T cells, effector CD8+ T cells and effector memory CD8+ T cells) in the peripheral blood of patients after receipt of immunosuppressive therapy and the proportion of tolerant immune cells (such as tolerant NK cells) were increased in the posttreatment group. We hope that we can analyze more immune cell subsets in KTRs through analysis of a larger independent cohort in the future and that the data from these additional KTRs can help produce more accurate assessment and treatment strategies.
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Changes in decidual macrophage polarization affect local inflammatory microenvironment and lead to adverse pregnancy outcomes. However, the regulatory mechanism of macrophage polarization in preeclampsia (PE) remains unclear. In this study, we found that α7nAChR expression was significantly down-regulated in decidual macrophages in PE patients compared to normal pregnant women, accompanied by a reduced proportion of M2 phenotype and an increased proportion of M1 phenotype; these results suggested that the reduced α7nAChR activity might contribute to changes in the polarization of decidual macrophages. Then, we further investigated the regulatory role of α7nAChR activation by nicotine on decidual macrophage polarization and placental remodeling in the PE-like mouse model. The PE mice were obtained by i.p. injection of 10 µg/kg lipopolysaccharide (LPS) gestational day (GD) 13, and 40 µg/kg LPS daily until GD16. Subcutaneous injection of 1.0 mg/kg nicotine was administrated from GD14 to GD18. Nicotine treatment increased the decreased M2 phenotype and inhibited the increased M1 phenotype in decidua of pregnant mice induced by LPS. The levels of pro-inflammatory cytokines in decidua were higher but the levels of anti-inflammatory cytokines were lower in PE mice compared to the controls, nicotine reversed these changes. The level of choline acetyltransferase (CHAT) was reduced in the LPS-treated group, it was increased following nicotine treatment. Damage of spiral artery remodeling and down-regulation of markers related to trophoblast invasion in placentas were found in PE mice; nicotine improved these pathological structures of placentas. α-bungarotoxin (α-BGT) which is specific antagonist for α7nAChR could abolish the effects of nicotine on decidual macrophage polarization, trophoblast arrangement and vascular structure in placental tissue in PE mice. These results suggest that α7nAChR plays an important regulatory role in maternal-fetal inflammation and placental remodeling in preeclampsia and may provide a theoretical basis for the discovery of new strategies for preeclampsia.
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Introduction

Preeclampsia (PE) is a specific disorder of pregnancy that is characterized by hypertension, proteinuria and other symptoms including headache, vomiting, kidney and liver dysfunction (1, 2). PE is the major cause of maternal and perinatal death; its pathogenesis has not been revealed clearly. Abnormal maternal-fetal immune response plays an important role in the occurrence and development of preeclampsia (3). In PE patients, the number of circulating leukocytes, neutrophils, and serum levels of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), C-reactive protein (CRP) were significantly increased compared to normal pregnancy (4). In lipopolysaccharide (LPS)-induced PE-like animal model, the higher levels of TNF-α, IL-6 and monocyte chemokine-1 (MCP-1) correlated with insufficiency of placental spiral artery remodeling (5, 6). LPS also could increase the secretion of IL-6 and IL-8 from extravillous trophoblast (EVT) but decrease the invasion of EVT (7). Elevated concentrations of TNF-α directly impaired trophoblast invasion in first-trimester villous explant cultures (8). These findings suggest that excessive inflammatory state at maternal-fetal interface inhibits trophoblast invasion and contributes to the development of PE. However, the specific mechanisms mediating this process are still under investigation.

Decidual macrophages (dMφ) are the second abundant immune cells in pregnancy (9), the imbalance of dMφ polarization is involved in complications of pregnancy such as PE (10), miscarriage (11), and fetal growth restriction (12, 13). In PE patients, the levels of IL-10 in decidua and CD163 in CD14+ dMφ was remarkably lower compared with normal pregnancies (10). It was found that activated peripheral blood macrophages induced by LPS decreased the invasiveness of HTR8 trophoblast (7). Thus, dMφ dysfunction affected trophoblast invasion. The mechanisms regulating dMφ polarization in PE have not been fully revealed.

Epithelial mesenchymal transition (EMT) plays a key role in tumor invasion and metastasis. During EMT, the E-cadherin (the epithelial marker) expression is decreased, and vimentin (the mesenchymal protein) expression is increased (14). It has been shown that α7 nicotinic acetylcholine receptor (α7nAChR) regulates EMT and affects tumor invasion. Feng et al. found that α7nAChR was highly expressed in human cholangiocarcinoma tissue; knockdown of α7nAChR in vitro inhibited the EMT process and reduced the migration and invasion of cholangiocarcinoma cells (15). Trophoblasts have the similar invasiveness ability to tumor cells; their invasion process is regulated precisely in the establishment and maintenance of pregnancy (16). Studies from Brown et al. showed that the expression levels of E-cadherin in trophoblasts of placental tissue were significantly increased in preeclamptic women than that in normal pregnant women, suggesting that the EMT process of trophoblasts was damaged in PE, which led to the decrease of their invasive ability (17). However, whether α7nAChR participates in regulating trophoblast invasion in PE is unknown.

Our previous studies found that nicotine (agonist for α7nAChR) could decrease the inflammatory cytokines levels in serum and placenta in LPS-induced PE-like murine model; and improve the clinical symptoms of PE (18). The results suggested that α7nAChR activation might be protective in PE. As the main receptor of cholinergic anti-inflammatory pathway, α7nAChR is widely expressed on macrophages. We hypothesized that α7nAChR might improve the inflammatory response at the maternal-fetal interface in PE by regulating the polarization state of dMφ.



Materials and Methods


Study Population

15 normotensive pregnant women served as controls; and 20 preeclamptic women were included in the study. The diagnostic criteria of preeclampsia were as following: >2.0 g proteinuria in 24 h urine collection, systolic/diastolic blood pressure >140/90 mmHg (19–21). Pregnant women with pre-existing renal diseases, diabetes, chronic hypertension infectious, cardiovascular disease, prior preeclampsia, illicit drug use, multiple gestations were excluded. Demographic data of the study population are shown in Table 1. The Ethics Committee of the Guangzhou women and children’s medical center approved the study (No. 2018041701 and No. 201922200). Informed consent was obtained from all women. The time of collecting population was from 2018.08 to 2019.12.


Table 1 | Demographic and biophysical characteristics of the clinical study groups.





Sample Collection

All placental tissues were obtained within 10 min of delivery by cutting a vertical plane spanned from the fetal membranes to the decidua. Then tissues were quickly rinsed in 0.9% saline and decidual samples were dissected out under an anatomical microscope using a 20 cm ruler; 5x5 mm2 decidual tissues were fixed in 4% paraformaldehyde (at 4°C for 2-3 days) (20, 22) and embedded with paraffin, and made into 4 µm-thick sections for immunohistochemistry.



Animals and Mouse Model of PE

All procedures were approved by the Guangzhou Medical University Animal Ethics Committee (Permit Number: 2012–50) and strictly performed in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. 10-12 weeks old of adult C57BL/6 mice were purchased from the Medical Experimental Animal Centre of Guangdong, China. After a week of acclimatization, all female mice were mated with healthy males at a 2:1 ratio, and a positive vaginal smear for sperm defined gestational day (GD) 0. Pregnant mice were randomly divided into four groups (10 mice each): pregnant control group (P), LPS-treated group (LPS), LPS and nicotine-treated group (LPS+N), LPS, nicotine and α-BGT-treated group (LPS+N+A). The experimental PE mice were induced by intraperitoneal injection of LPS (10µg/kg body weight, dissolved in 0.5 mL saline) on GD 13, followed by 40µg/kg daily until GD16 (6, 23). Subcutaneous injection of 1 mg/kg nicotine per day at 9:00 a.m. and 3:00 p.m. from GD 14 to 18 was carried out in two sessions; the administration of nicotine was 30 min before LPS injection. 1µg/kg α-BGT was administrated subcutaneously in two sessions and each session was 30 min prior to nicotine (24).



Histology and Immunofluorescent Staining

On GD18, the pregnant mice were anesthetized with 10% chloral hydrate (3 ml/kg, intraperitoneal injection), the mouse placental tissues and decidual tissues were fixed in 4% paraformaldehyde (at 4°C for 2-3 days) and embedded with paraffin; and made into 4 µm-thick sections. For hematoxylin and eosin (H&E) staining, 6-8 random areas were captured in each section at the same magnifications (6 sections for each sample, n=5) under a Leica DM4B microscope (Wetzlar, Germany). The number of cytotrophoblasts (CTBs) and syncytiotrophoblasts (STBs) were separately counted in a trophoblastic layer unit (floating villi, FV) containing vascular lumen using Image J (National Institutes of Health, NIH), values from 6 sections of each sample were averaged; and such mean number were used to be compared between two groups. The length of vascular lumen in a trophoblastic layer was measured using Image J with a unit of 0.487μm/pixel, the measurement was carried out in three equal intervals along the long axis of the vascular lumen, and the 3 values were averaged, and the statistical analysis followed that of the number of CTBs and STBs.

Both the human and mouse decidual slices were preheated at 60°C for 1 h. Following deparaffinization and rehydration with ethanol, sections were immersed in 1% H2O2 to block the nonspecific antigens and endogenous peroxidase activity. After washed in 0.01M PBS, sections were incubated at room temperature for 2 h with 5% normal goat serum diluted in 0.3% triton in PBS. Primary antibodies incubation was processed at 4°C for 20 hrs, the information for single immunofluorescent staining was as following: anti-MMP-9 (rabbit, 1:100, cat#AF5228, Affinity Biosciences, Cincinnati, OH, USA), anti-α-SMA (rabbit, 1:100, cat#bs-10196R, Bioss Biotechnology, Beijing, China); the information for double immunofluorescent staining was as following: α7nAChR (rabbit, 1:50, cat# ab10096, Abcam, Cambridge, MA, USA), CD68 (mouse,1:50, cat# ab955), CD86 (rabbit, 1:50, cat# bs1035R, Bioss Biotechnology), CD163(rabbit, 1:50, cat# ab182422), anti-E-cadherin (mouse, 1:40, cat#sc-8426, Santa Cruz Biotechnology, Dallas, TX, U.S.A.), anti-cytokeratin 7 (CK7, rabbit, 1:20, cat# bs-1744R, Bioss Biotechnology).Sections were then rinsed in PBS and incubated with a secondary antibody for 3 hrs at room temperature. Secondary antibodies were goat anti-rabbit (1:500, cat# ab150081, Alexa Fluor 488), goat anti-mouse (1:500, cat# ab150117, Alexa Fluor 488), goat anti-rabbit (1:500, cat# ab150088, Alexa Fluor 594). After washing with 0.01M PBS, sections were stained with DAPI to identify the nucleus. Images were acquired using the same light intensity under a fluorescence microscope (DM4B, Leica, Wetzlar, Germany).

For analyzing of immunostaining results of MMP-9, α-SMA and E-cadherin, 18 sections from each group (3 sections for each animal, n=6) were used. The fluorescence intensity was measured using Image J (NIH) and figures were processed with threshold adjustment. The results were expressed relative to the data from the control group. For the immunolocalization analysis in human and mouse decidua, all intracellular puncta within each figure were selected and analyzed using the JACoP plugin of ImageJ software (NIH) (25, 26). 15 sections from each group (3 sections for each sample, n=5) were used. The results were expressed relative to the data from the control group.



Preparation of Mouse Cells and Flow Cytometry (FCM)

On GD18, decidual tissues from anesthetized pregnant mice were dissected out from the fetal and placental tissues, then quickly washed in ice-cold PBS and minced and digested in RPMI 1640 (HyClone, U.S.A.) supplemented with collagenase type IV (1.0mg/ml, cat# 9001-12-1, Gibico, Thermofisher scientific) and DNase I (150U/ml, cat# 1121MG010, Biofroxx, Germany) for 2 h at 37°C with gentle agitation (27). The digestion process was terminated by double volume ice-cold of RPMI 1640, and the cell suspensions were filtered through a 100 μm cell strainer and centrifuged at 1500 rpm for 5 min at 4°C, then red blood cells in the enriched cells were removed by red blood cell lysis. Cell suspension was washed in PBS twice and resuspended in staining buffer for FCM. The isolated cells were stained with Alexa Fluor 647 anti-mouse F4/80, PE anti-mouse TNF-α, FITC anti-mouse CD206, PE anti-mouse CD86, PE anti-mouse CD163, FITC anti-mouse IL-10, PE-Cy7 anti mouse IL-1β at 4°C in the dark for 30 min and washed in PBS twice. FACScanto™ II instrument (BD Biosciences) was used for analysis; gating was set to a minimum of 10,000 viable cells and analyzed by forward and side scattering.

For analysis of the intracellular cytokines iNOS and Arg-1, firstly isolated cells were stained with Alexa Fluor 647 anti-mouse F4/80 at 4°C in the dark for 30 min. After washing with staining buffer twice, cells were fixed and permeabilized using a Fixation/Permeabilization Solution Kit (BD Biosciences, United States) for 1h at 4°C in the dark. After washing twice, cells were incubated with PE anti-mouse Arg-1, PE anti-mouse iNOS at 4°C in the dark for 45 min and then washed twice.

For analysis the expressions of CHAT on macrophages, after being incubated with Alexa Fluor 647 anti-mouse F4/80 mAbs at 4°C in the dark for 30 min, cells was washed twice. Then cells were stained with anti-CHAT (rabbit, 1:100, cat# ab181023) antibody at 4°C in the dark for 30 min and washed twice. The cells were staining with Alexa Fluor 488 goat anti-rabbit (1:200, cat# ab150081) at 4°C in the dark for 35 min and then washed twice. Data are presented as means ± SD.



Statistical Analysis

Data are presented as mean ± SEM. Differences between groups were analyzed by student’s t-test. Differences among multiple groups were analyzed using one-way ANOVA. Statistical analyses were conducted with SPSS v17.0 (SPSS, Chicago, IL, USA). P < 0.05 was used to determine statistical significance.




Results


PE Is Associated With a Striking Down-Regulation of α7nAChR on (dMφ) and the Imbalance of dMφ Polarization

The immunofluorescent staining of CD68 (pan-macrophage marker), CD86 (M1 marker), CD163 (M2 marker) was performed in the decidua of PE patients and normal pregnant women. The dMφ phenotype in patients presented an M1 predominance (Figure 1A), but the M2 dMφ decreased significantly (Figure 1B); which demonstrated the disturbance of maternal–fetal immunoregulation in PE. In addition, compared with normal pregnancy (P), α7nAChR expression on dMφ in PE patients was remarkably decreased (Figure 2). The cholinergic anti-inflammatory pathway is mainly mediated by α7nAChR on macrophage (28). Thus, the imbalance of dMφ polarization in PE might be caused by inhibition of α7nAChR-mediated cholinergic anti-inflammatory pathway, finally induced excessive inflammation and contributed to the pathology of PE.




Figure 1 | A higher expression of CD86 on decidual macrophages (dMφ) with a lower expression of CD163 on dMφ was found in PE patients. (A) Representative immunofluorescence images of CD86 (M1 biomarkers) on dMφ in PE patients and normal controls; the relative CD86 positive CD68 immunoreactivity was quantified as shown in the graph. CD68 was stained as pan-macrophage biomarker. White arrows indicated positive stained signals. (B) Representative immunofluorescence images of CD163 (M2 biomarkers) on dMφ in PE patients and normal controls; quantification for the relative CD163 positive dMφ immunoreactivity was shown in the graph. White arrows indicated positive stained signals. Scale bar=30 μm.*P < 0.05.






Figure 2 | PE is associated with a striking down-regulation of a7nAChR on decidual macrophages (dMj). (A) Representative immunofluorescence images of a7nAChR on dMj in PE patients and normal controls. White arrows indicated positive  stained signals.  (B) The relative a7nAChR positive dMj immunoreactivity was quantified as shown in the graph. Scale bar=30 mm. *P < 0.05.





α7nAChR Stimulation by Nicotine Greatly Improved Placental Injury in Pregnant Mice Induced by LPS

To investigate whether regulating α7nAChR activity can alter placental injury in PE, H&E staining was used to detect the morphological changes in the placenta in all animal groups. In normal pregnant mice, the trophoblasts seemed normal in shape and arranged in order. In the LPS-treated mice, the number of STBs and CTBs became less and loose, their shapes became irregular; the vascular lumen became narrower than that in the P group (Figure 3A). Following nicotine administration, the shape, number and arrangement of trophoblast and the shape of vascular lumen were restored to some extent. The α7nAChR antagonist reversed the effects of nicotine. The number of CTBs and STBs in each floating villi unit were counted using Image J (Figures 3B, C); the length of vascular lumen was also measured (Figure 3D). Quantitative analysis showed a similar changing tendency in all groups to that observed from the HE staining images. These data suggest that activating α7nAChR-mediated cholinergic anti-inflammatory pathway can reduce LPS-induced placental injury in pregnant mice.




Figure 3 | H&E staining showed morphological changes of trophoblasts and vascular lumen in placentas from all experimental groups. (A) White arrows indicated syncytiotrophoblasts (STBs), black arrows indicated cytotrophoblasts (CTBs). The number of STBs and CTBs seemed decreased in LPS group, their shape seemed being deformed; vascular lumen also became narrow. The α7nAChR agonist (nicotine) alleviated pathological changes of placenta to some extent. Histograms showed changes in the number of STBs (B) and CTBs (C) and the length of vascular lumen (D) in the placentas in all animal groups. Scale bar=30 μm. *P < 0.05 and **P < 0.01.





α7nAChR Stimulation by Nicotine Played an Effective Role in Ameliorating the Abnormality of Placenta Implantation and Spiral Artery Remodeling in LPS-Induced PE-Like Model

It has been reported that the MMP-9 level decreased significantly in the placenta of PE patients compared with normotensive pregnant women (29, 30). And such lower MMP-9 level closely correlated with insufficient invasion of trophoblasts. Thus, we detected changes in the MMP-9 expression in the placenta in all animal groups by immunofluorescent staining to investigate whether nicotine can restore placental dysfunction. In the normal pregnancy group, strong MMP-9 staining was detected on CTBs column according to the cell arrangement shown by dapi; less MMP-9 immunoreactivity in the trophoblasts was observed in the LPS-treated group than in the P group (Figure 4). Such decreased immunoreactivity was enhanced following nicotine treatment, which was reversed by α-BGT. At the same time, the alpha-smooth muscle actin (α-SMA) immunoreactivity was increased significantly around the area of disorganized trophoblasts in the LPS-treated group compared to the P group (Figure 5), which suggested abnormal spiral artery remodeling. In the nicotine and LPS-treated group (LPS+N), such immunoreactivity was suppressed, and the arrangement of trophoblasts was relatively regular in the region where the α-SMA expression decreased. In addition, we further detected the E-cadherin expression in the placenta and the trophoblasts were labeled by the CK7 antibody. The CK7 staining was strong in CTB columns in the normal pregnancy group, the CK7-positive trophoblasts were unable to react with anti-E-cadherin; E-cadherin was barely expressed on the placental cells which surrounded the trophoblast layer. Higher E-cadherin was present in trophoblasts of PE patients (17). We also found that LPS induced an increase in E-cadherin immunoreactivity which was adjacent to the degenerated trophoblasts in the placenta in pregnant mice (Figure 6). Such increased E-cadherin expression was dramatically inhibited by nicotine, the up-regulation of CK7 expression on CTBs column was also found in the LPS and nicotine-treated group. The effects of nicotine could be largely abolished by α-BGT. Therefore, α7nAChR stimulation by nicotine could ameliorate placental dysfunction.




Figure 4 | Nicotine up-regulated the decreased MMP-9 expression in placentas from LPS-induced PE-like mice. Representative immunofluorescent images (A) and graph bar (B) showed changes in levels of MMP-9 immunoreactivity (green) in the trophoblast layer of placentas from all animal groups. Scale bar=50 μm. *P < 0.05 and **P < 0.01.






Figure 5 | Nicotine reduced the elevated expression of α-SMA and improved the impairment of spiral artery in placentas from the PE-like mice treated by LPS. (A) Representative immunofluorescent images for α-SMA in placentas from all experimental groups. Scale bar=30 μm. (B) Quantitative analysis showed changes in the relative immunoreactivity of placental α-SMA in all groups. **P < 0.01.






Figure 6 | The higher E-cadherin expression in placentas from PE-like mice which indicated invasive abnormity of the trophoblast was inhibited by nicotine. Representative immunofluorescent images (A) and quantitative analysis (B) showed changes in the relative immunoreactivity of placental E-cadherin in all groups. The dotted frame represented the trophoblast layer stained by CK7 in the P and LPS+N group; the solid frame represented the degenerated trophoblast layer weakly stained by CK7. Scale bar=50 μm. **P < 0.01.





Nicotine Activated Downregulation of α7nAChR-Mediated Cholinergic Anti-Inflammatory Pathway Induced by LPS in Pregnant Mice

Consistent with the findings in PE patients in this study (the α7nAChR positive dMφ immunoreactivity was lower than that in the P group), the percentage of CHAT+ dMφ was also inhibited in LPS-induced PE-like mice. LPS-induced inhibition of CHAT expression on dMφ could partially restored by nicotine (Figure 7). The effects of nicotine could be largely abolished by α-BGT. As CHAT was synthetase for α7nAChR agonist (Ach) (31), the suppressed expression of CHAT and α7nAChR on dMφ in the LPS-treated mice were both enhanced after nicotine treatment, which indicated activation of α7nAChR-mediated cholinergic anti-inflammatory pathway on dMφ in the LPS and nicotine-treated group.




Figure 7 | Nicotine upregulated the decreased α7nAChR activity (CHAT expression) on dMφ from LPS-induced PE-like mice. (A, B) Percentages of CHAT+ dMφ in all experimental groups were calculated by flow cytometric analysis. Total leukocytes were gated using FSC vs. SSC and then gated for identifying CD68+ macrophages. Representative data were derived from separate mice in each group. Data are presented as means ± SEM of 10 pregnant mice per group. *P < 0.05.





Nicotine Suppressed Pro-Inflammatory Macrophage M1 Polarization and Enhanced Macrophage M2 Polarization in Decidual Tissues From LPS-Induced PE-Like Mice

To determine the in vivo effects of nicotine on macrophage polarization, we examined the expression of the typical biomarkers for macrophage polarization by immunostaining (Figure 8) and FCM (Figure 9). CD86, TNF-α, IL-1β and iNOS served as M1 markers, CD163, CD206, IL-10 and Arg-1 served as M2 markers. LPS increased the immunoreactivity of CD86 (M1 marker) and decreased that of CD163 (M2 marker) on dMφ in pregnant mice, while nicotine selectively reduced the expression of CD86 and enhanced the expression of CD163 on dMφ (Figure 8). To further examine the effects of nicotine on macrophage M1/M2 polarization in decidual tissues, we determined the expression levels of the typical macrophage biomarkers by FCM. As shown in Figure 9, LPS significantly elevated the percentage of CD86 +, TNF-α+, IL-1β+ and iNOS+ dMφ (M1 subtype) but diminished the percentage of CD206 +, CD 163+, IL-10+ and Arg-1+ dMφ (M2 subtype) in pregnant mice. Nicotine treatment decreased the elevation in expression of CD86, TNF-α, IL-1β and iNOS on dMφ induced by LPS, and increased the expression of CD206, CD 163, IL-10 and Arg-1 on dMφ. α-BGT could largely blocked the effects of nicotine. Our study suggests that α7nAChR can regulating the excessive inflammation at the maternal-fetal interface possibly by polarizeM1 dMφ toward M2 dMφ.




Figure 8 | Immunofluorescent staining results showed that nicotine differentially affected the expression of decidual macrophage M1 and M2 biomarkers in PE-like mice. (A) Immunostaining of CD86 and CD68 in the decidua from all animal groups and bar graph showed quantitative analysis results on CD86-positive immunoreactivity in dMφ. White arrow heads showed colocalization of dMφ with CD86. Scale bar=30 μm. **P < 0.01. (B) Immunostaining of CD163 and CD68 in the decidua from all animal groups and bar graph showed quantitative analysis results on CD163-positive immunoreactivity in dMφ. White arrow heads showed colocalization of dMφ with CD163. Scale bar=30 μm. *P < 0.05 and **P < 0.01.






Figure 9 | FCM analysis results showed that nicotine prompted the polarization of M1 dMφ to M2 dMφ from LPS-induced PE-like mice. (A) FCM analysis of the percentage of CD86 +, TNF-α+, IL-1β+ and iNOS+ dMφ from different animal groups (n=10 each). Total leukocytes were gated using FSC vs. SSC and then gated for identifying CD68+ macrophages. Gating strategy was the same to that used to identify CD68+ CHAT+ cells. (B) FCM analysis of the percentage of CD206 +, CD 163+, IL-10+ and Arg-1+ dMφ from different animal groups (n=10 each). *P < 0.05 and **P < 0.01.






Discussion

Epidemiological studies have shown that smoking can reduce the risk of preeclampsia (32, 33). Cigarette extract (mainly nicotine, often used as α7nAChR agonist) could promote the proliferation and migration of HTR-8/svneo trophoblast (34). Nicotine also alleviated maternal hypertension and proteinuria in LPS-induced PE-like model (18), here we further observed placental pathology including disorder of trophoblast arrangement, narrowed and deformed vessel lumens and more vascular smooth muscle in the LPS-treated group. Nicotine restored the suppressed angiogenic activity of endothelial cells induced by soluble fms-like tyrosine kinase 1(sFlt1) which was closely related to preclamptic outcomes (35). Based on our results and others, pharmacologic intervention of nicotine or its analogues provide new strategies in prevention and treatment of PE.

α7nAChR dysfunction contributes to hypertension disorders associated with inflammation. More severe heart and kidney damage, and higher serum levels of proinflammatory cytokines were observed in α7nAChR−/− mice rendered hypertensive through 2-kidney-1-clip surgery than in wild-type mice (36). The decreased α7nAChR mRNA expression in peripheral blood monocytes (PBM) from PE women was associated with exaggerated inflammation (37). Yoshikawa et al. found that pretreatment with nicotine suppressed the production of the proinflammatory mediators such as TNF-α, COX-2 and macrophage inflammatory protein (MIP)-1α in LPS-activated human PBM (38). α7nAChR activation by nicotine reduced the release of TNF-α in LPS-treated microglial cells (39). In addition, results from Teng et al. found that nicotine inhibited the MMP-9 expression in murine primary bone marrow derived macrophages; the effects of nicotine were abolished by the selective α7nAChR blocker, methyllycaconitine (40). In the present study, we found that the α7nAChR activity on dMφ was reduced both in PE patients and PE-like mice, which was accompanied by elevated inflammation at the decidua; nicotine treatment attenuated decidual inflammation, which was reversed the specific α7nAChR antagonist α-BGT. All the above findings supports the existence of a decidual cholinergic anti-inflammatory pathway mediated by α7nAChR that could be potentially exploited for novel treatments of PE in which local inflammation in decidua, sustained by over activated macrophages, plays a crucial role.

α7nAChR is the major receptor on macrophages in the cholinergic anti-inflammatory pathway, its anti-inflammatory mechanisms are varied under different pathological conditions. α7nAChR stimulation by nicotine could induce prostaglandin E2 (PGE2) expression to increase the protein kinase A (PKA) activity to inhibit IL-12 and TNF-α production in human peripheral blood mononuclear cells (41). Other downstream signaling pathways or proteins from α7nAChR such as JAK2/STAT3 (42) and PI3K/Akt (40) and interleukin-1 receptor-associated kinase M (IRAK-M) played an important role in the anti-inflammatory effect of nicotine on LPS-treated macrophages (43). Up-regulation of TIPE2 (a new member of tumor necrosis factor-α-induced protein-8 family) induced by nicotine through α7nAChR activation also contributed to cholinergic anti-inflammatory effect (44). These studies provide cues in investigating the mechanisms of α7nAChR regulating decidual macrophage polarization in PE, more studies will be needed to clarify the downstream signaling molecules from α7nAChR in PE in the future.

A decreased frequency of dMφ with an M2 phenotype and an increase in the M1 phenotype existed in miscarriage patients (11). In pregnancy-induced hypertension (PIH), higher mRNA levels of TNF-α and IL-1β, lower mRNA levels of IL-4, IL-10, and IL-13 were observed in macrophages differentiated from isolated peripheral blood mononuclear cells than that in normotensive pregnancies (45); the percentage of CD86-positive macrophages (M1) was higher and percentage of CD163-positive macrophages (M2) was lower in PIH group than that in control group (45). In PE patients, by using immunohistochemistry method, Schonkeren et al. found a significant lower number of M2 dMφ (CD163+CD14+ ratio) from preterm preeclamptic pregnancies compared with preterm control pregnancies (10); consistent with this study, we found that both the PE patients and PE-like animals induced by LPS presented a significant higher proportion of M1 dMφ and a lower proportion of M2 dMφ by using double immunofluorescence method and FCM analysis. Furthermore, nicotine treatment inhibited a shift to the M1 dMφ in the LPS-induced PE model and lowered the excessive inflammation at the maternal-fetal interface. Such effects of nicotine could be largely abolished by α7nAChR antagonist (α-BGT). The potential protective role of nicotine in PE is related to α7nAChR mediating the polarization of M1 macrophages to M2 macrophages in decidua. Indeed, LPS could induce BV-2 microglia (a type of macrophage) into M1 subtype, while α7nAChR agonist (acetylcholine, Ach) could suppress the release of pro-inflammatory factors and promote the release of anti-inflammatory factors; α7nAChR knockdown block the effects of Ach (46). However, further investigations are needed to reveal the detailed mechanisms underlying α7nAChR-medited the polarization of M2 dMφ in PE.

Several studies proposed other signaling pathways were involved in the imbalance of dMφ polarization. T cell immunoglobulin mucin 3 (Tim-3) interacts with its ligand Galectin-9 (Gal-9) to induce immune tolerance (47). PE-like impairment in pregnant rats was alleviated by Tim-3/Gal-9 through prompting dMφ polarization to M2 phenotypes (48). Macrophage colony-stimulating factor (M-CSF) is a differentiating factor, M-CSF secreted by cultured leukocyte-free first-trimester decidual cells could induce M2 macrophage polarization after proinflammatory stimuli (49). Results observed in samples from PE patients in combination with that found in samples from PE-like model in this study showed that stimulation of α7nAChR by nicotine suppressed decidual M1 macrophage polarization against excessive inflammation in PE. However, further in vitro research is needed to elucidate such findings.

In conclusion, abnormal low α7nAChR activity on dMφ along with a decrease in M2 dMφ and an increase in M1 dMφ existed in human PE and the mouse model of PE induced by LPS, which indicated that the suppression of α7nAChR might result in preeclampsia possibly through the M1 dMφ-triggered excessive maternal–fetal inflammatory response. In addition, stimulation of α7nAChR on dMφ by nicotine attenuated LPS-induced pathological structures of placenta and decidual inflammation. This protective effect of nicotine can be associated with the enhancement of the polarization of M1 dMφ to M2 dMφ. This study provides novel evidence supporting the future development of therapeutic target for PE.
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Pregnant women are generally more susceptible to viral infection. Although the impact of SARS-CoV-2 on pregnant women remains to be determined, evidence indicates that risks of adverse clinical outcomes are similar in pregnancy to the general population. Here we analyzed clinical symptoms and outcomes of 20 pregnant and 299 reproductive-aged non-pregnant female COVID-19 patients who were hospitalized during the same period. Laboratory measurements were compared among mild cases and healthy pregnant women. Our study found that pregnant patients showed enhanced innate immune response evident by higher neutrophils and C-reactive protein. Cytokines, chemokines, and growth factors (CCGFs) profiles from 11 pregnant and 4 non-pregnant COVID-19 patients and 10 healthy pregnant female patients, and lymphocyte subsets analysis of 7 pregnant patients and 19 non-pregnant patients, indicate suppressed cytokine storm and potential enhanced CD8+ T cell and NK cell activity in pregnant patients with COVID-19, which may be essential in contributing to the unique anti-SARS-CoV-2 response in pregnancy.
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Introduction

Since December 2019, coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has been spreading rapidly worldwide. As of March 3, 2021, a total of 115,302,067 COVID-19 cases had been diagnosed globally, with a cumulative death toll of 2,560,638 (1).

SARS-CoV-2 enters the cell via the angiotensin-converting enzyme type 2 (ACE-2) receptors, which mainly expressed on pulmonary epithelial cells, but also on lymphocytes and other cell types. The spread of the virus among cells triggers both innate and adaptive immune responses, which then causes the production of large amounts of pro-inflammatory cytokines and chemokines (2, 3). In some patients, the activation is massive and develops into a “cytokine storm,” which induces severe inflammatory responses and causing tissue damage or even death (4, 5). Although all age groups are generally susceptible, the susceptibility and clinical outcomes under SARS-CoV-2 are highly heterogeneous due to differences in immune responses of the hosts.

During the COVID-19 pandemic, there was additional concern surrounding pregnant women due to their unique immunological status, which requires adaptions to ensure tolerance to the fetus while preserving immunoprotective functions. Immune states during pregnancy are often characterized by alterations in the cellular composition and the functions of immune cells. T cell-mediated immunity and humoral responses are suppressed in normal pregnancy particularly during the third trimester (6–8). Elevated IL-4, IL-10 and reduced IL-2, IFN-γ production in peripheral blood mononuclear cells (PBMCs) (9, 10) are also observed in pregnancy. It was reported that influenza A virus infection during pregnancy exaggerated the inflammatory response with high levels of pro-inflammatory and anti-inflammatory cytokines (11, 12). Therefore, immune characteristics and clinical outcomes of pregnant women are expected to be different to non-pregnant women with COVID-19 infections.

This heterogeneity has been reported in previous studies indicating that pregnant women are at increased risk of morbidity and mortality from respiratory viral infections, including influenza A virus, severe acute respiratory syndrome associated coronavirus 1 (SARS-CoV-1), and Middle East respiratory syndrome associated coronavirus (MERS-CoV) (13, 14). However, regarding the SARS-CoV-2 infection, studies have shown that pregnant women do not have a greater risk of death than non-pregnant COVID-19 patients (15–17). The largest dataset available so far was published by the Centers for Disease Control and Prevention (CDC), which included 8,207 pregnant women with COVID-19 and indicated that they were more likely to be hospitalized and had increased rates of ICU and mechanical ventilation admissions compared with non-pregnant women with COVID-19, but their risk for death is similar (18). The relatively low risk of death has been attributed to immunological and hormonal factors (19, 20). However, the protective effects are mainly based on speculation, as few studies have investigated the immunological features and underling mechanisms of pregnant patients suffering from COVID-19.

Therefore, we designed this study to compare the clinical and immunological features between pregnant and non-pregnant COVID-19 patients. These findings may help expand our understanding of the immune system’s response to SARS-CoV-2 infection and explore its potential protective mechanisms in pregnant COVID-19 patients, and propose reasonable options of care and treatment.



Materials and Methods


Participants and Data Collection

In this retrospective single-center study, 20 pregnant women and 299 non-pregnant women of reproductive age with confirmed COVID-19 infection (according to the 7th edition of China’s Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia) were recruited from January 19 to April 20, 2020 from Tongji Hospital in Wuhan, China. The participants’ demographic data, medical history, chronic disease history, laboratory findings, chest computed tomography (CT) scan findings, and outcomes were reviewed from the patient database. Ten healthy pregnant women hospitalized during the same period were also included as a control group. The flowchart of study design and data analysis was shown in Figure 1.




Figure 1 | Flowchart of patient recruitment and data analysis procedure. A total of 3,331 COVID-19 patients from Tongji Hospital were screened and a total of 319 reproductive-aged female patients with complete medical recording were enrolled. Patients were grouped as pregnant (n = 20) and non-pregnant (n = 299), and compared by clinical characteristics, laboratory findings, and cytokines. Ten healthy pregnant women were included as control.





Definitions

All of the enrolled patients had confirmed COVID-19 according to the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (7th edition). In brief, a patient is diagnosed with COVID-19 if the results of the SARS-CoV-2 RNA or specific antibody test is positive. During their hospital stay, patients are categorized as (1) mild cases if they have mild clinical symptoms with or without typical CT imaging of viral pneumonia; (2) severe cases if their oxygen saturation is ≤93% at rest, they have respiratory distress with a respiration rate (RR) <30 times/min, or their arterial partial pressure of oxygen (PaO2)/oxygen absorption concentration (FiO2) is ≤300 mmHg; or (3) critical cases if the patient suffers from respiratory failure requiring mechanical ventilation, shock, or organ failure requiring intensive care.

Abnormal hepatic function was defined as the alanine aminotransferase level >66 U/L. Abnormal renal function was defined as having a blood creatinine level >84 µmol/L or a blood urea nitrogen concentration >7.5 mmol/L.

Lymphopenia was defined as peripheral blood lymphocyte count <1 × 109/L.

Patients can be discharged if they meet the following conditions specified in the 7th edition of the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia: 1. Body temperature has returned to normal and remained normal for more than 3 days; 2. Respiratory symptoms have improved significantly; 3. CT scan shows significant improvement in acute exudative lesions; and 4. Two consecutive sputum and nasopharyngeal swabs, and other respiratory tract specimens have tested negative for nucleic acid (sampling time interval of at least 24 h). Discharge time was defined as the first day the patient met the discharge criteria.



Blood Specimen Collection and Cytokine Assessment

For the cytokine assays, plasma samples from pregnant patients and non-pregnant patients were collected from the specimen bank at Tongji Hospital. The concentrations of 48 cytokines were measured using the 152 Bio-Plex Pro Human Cytokine Screening Panel (Bio-Rad) as reported previously (21). Samples, standards, blank, and controls were added and followed by detection antibodies. Raw data were generated using the Bio-Plex Manager software. Concentrations below the detection range were considered as zero. Concentrations above the detection range were converted to the highest value of the standard curve. All cytokines were expressed as pg/ml and extrapolated from the standard curves (individual for each cytokine).



Statistical Analysis

We performed statistical analyses using SPSS version 26.0 (IBM) and R version 3.6.0. Continuous variables were described as median (interquartile range, IQR), and categorical variables were described as number (percentage). For comparison of continuous variables, we used the Mann-Whitney U test for two groups and the Kruskal-Wallis H test for three groups. Pairwise comparison of the Kruskal-Wallis H test was further used to detect the statistic difference between every two groups. The Chi-squared test and Fisher’s exact test (when the theoretical frequency was less than 5 or the sample size is less than 40) were used to compare the categorical variables. This study was approved by the Ethical Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (ID: TJ-IRB2020401). The participants provided their written informed consent to participate in this study.




Results


Demographic and Clinical Characteristics of Pregnant Patients and Non-Pregnant Female Patients

Between January 19 to April 20, 2020, 20 pregnant and 299 non-pregnant female COVID-19 patients (from 15 to 45 years old) were admitted to Tongji Hospital. The clinical symptoms were listed in Table 1. No significant difference was found in comorbidities, onset symptoms, and complications between pregnant patients and non-pregnant counterparts (Table 1). In our cohort, none of pregnant patients developed severe COVID-19 symptoms, which was significantly lower than non-pregnant group (Table 1). Therefore, we performed subsequent analysis between the pregnant patients (COVID-19 pregnant, n = 20) and female patients with mild cases (COVID-19 non-pregnant, n = 80) to illustrate the effects of pregnancy on SARS-CoV-2 infection. As clinical and immunological features may be different in normal pregnancy, we included a group of healthy pregnant women as control (Healthy pregnant, n = 10) (Table 2). Generally, the number and percentage of white blood cells and neutrophils were higher in pregnant women, while the number and percentage of myeloid cells including monocyte, basophil, eosinophil were significantly lower. And pregnant women were more anemic than their non-pregnant counterparts with less red blood cell count, lower hemoglobin level, and lower hematocrit. Laboratory tests also indicated lower levels of creatinine and higher levels of alkaline phosphatase and D-Dimer in pregnancy. The analysis of laboratory findings indicated unique physiological condition of pregnant women, which also explained the difference of clinical features between pregnant and non-pregnant women on SARS-CoV-2 infection. Notably, pregnant patients with COVID-19 had significantly higher levels of C-reactive protein (CRP) compared to the non-pregnant Covid-19 patients and healthy pregnant patients, reflecting an enhanced immune vigilance against infection during pregnancy.


Table 1 | Comparison of clinical characteristics between pregnant and non-pregnant COVID-19 patients.




Table 2 | Laboratory findings between pregnant and non-pregnant COVID-19 patients and healthy pregnant women.





Cytokines, Chemokines, and Growth Factors of Pregnant and Non-Pregnant COVID-19 Patients

To investigate the immune response of pregnant women with COVID-19 infections, a total of 11 pregnant patients and four non-pregnant patients with mild cases were compared for cytokines, chemokines, and growth factors (CCGFs). Healthy pregnant women were included as control (n = 10). Clinical characteristics were shown in Table 3, and no differences were observed in age, comorbidities, and complications. Healthy pregnant women showed high levels of interleukins including IL-2, IL-5, IL-10, and IL-12, as well as high levels of growth factors such as b-NGF and VEGF, which were largely decreased in COVID-19 pregnant and non-pregnant patients. The non-pregnant COVID-19 patients exhibited high levels of IL-4 and IL-9, and several inflammatory chemokines and growth factors including MIP-1β/CCL4, CATCK/CCL27, RANTES/CCL5, Eotaxin/CCL11, GRO-α/CXCL1, LIF, FGF, PDGF-BB, SDF-1α, and tumor necrosis factors (TNFs) were also highly expressed in non-pregnant COVID-19 group. However, the levels of these CCGFs in pregnant women with COVID-19 were not as high as non-pregnant COVID-19 patients, which may be attributed to the initial low levels of them as exhibited in healthy pregnant women (Figure 2). Our results indicated that the state of immunomodulation during pregnancy may protect pregnant COVID-19 patients from suffering from cytokine storm and progressing to acute respiratory distress syndrome.


Table 3 | Comparison of clinical characteristics between pregnant and non-pregnant patients tested for cytokines, chemokines, and growth factors.






Figure 2 | Comparison of plasma levels of 48 cytokines, chemokines, and growths factors between pregnant (n = 11) and non-pregnant groups (n = 4) COVID-19 patients and healthy pregnant patients (n = 10). Red lines and * above the columns indicated significant differences between the two columns.





Lymphocyte Subsets in the Peripheral Blood of Pregnant and Non-Pregnant COVID-19 Patients

Given that lymphocyte subsets were reported to be associated with COVID-19 severity and progression, we next analyzed lymphocyte composition in the peripheral blood of the pregnant group (n = 7) and non-pregnant group (n = 19) in COVID-19 patients (Figure 3). Albeit no statistical difference was found in clinical characteristics (Table 4) and lymphocyte subsets, higher counts of CD3+CD8+ T suppresser (TS) cells were observed in pregnant patients. Correspondingly, pregnant patients exhibited a lower CD4+/CD8+ ratio. In addition, NK cell showed slight high levels among pregnant group. Pregnant patients also exhibited trends of low CD19+ B cell counts, which was consistent with previous reports (22).




Figure 3 | Comparison of peripheral lymphocyte subsets between pregnant and non-pregnant patients with COVID-19. Pregnant COVID-19 group (n = 7); non-pregnant COVID-19 group (n = 19). n.s., no significance.




Table 4 | Comparison of clinical characteristics between pregnant and non-pregnant COVID-19 patients tested for lymphocyte subsets.






Discussion

To investigate the immunological response of COVID-19 on patients during pregnancy, we performed a clinical analysis as well as CCGFs and lymphocyte subsets analysis of pregnant patients and non-pregnant patients. Our study showed deceased levels of inflammatory cytokines and chemokines of pregnant patients which may contribute to the mild symptoms experienced by these patients.

In our study, pregnant patients with COVID-19 displayed neutrophilia, lymphopenia, and high levels of CRP as well as D-dimer compared with non-pregnant COVID-19 patients, which is in consistent with previous evidence indicating high CRP and D-Dimer, leukocytosis, and elevated neutrophil ratio are more common in the COVID-19 infected pregnant women (23). However, our results also revealed that these physiological findings are typical of normal pregnancy due to adaptations to gestation (24), which may influence the clinical outcomes of pregnant women suffering from SARS-CoV-2 infection.

To investigate the immune status of pregnant patients with COVID-19, we further compared the cytokines, chemokines, and growth factors levels among pregnant COVID-19 group, non-COVID-19 group, and healthy pregnant group. Unlike increased levels of TNFα, IL-6, IL-8, IL-10, CXCL8, and IP-10 observed in H1N1 infected pregnant patients (25), COVID-19 pregnant patients showed relatively lower expressions of pro-inflammatory and anti-inflammatory cytokines. Specifically, macrophage chemokines, which are always referred to as major components of “cytokine storm” during coronaviruses infection (26, 27), including MIP-1α, CTACK, RANTES, Eotaxin, GRO-α, and TNF, showed significant low levels in pregnant patients. Meanwhile, growth factors, such as basic FGF, LIF, granulocyte colony stimulating factor (G-CSF), and PDGF-BB also showed significant low expression in pregnant group. By comparing with healthy pregnant women, we postulated that the immune adaptations during pregnancy may serve as the unique immune response to SARS-CoV-2. It was reported that the immunological response during pregnancy has a shift from a pro-inflammatory state in early stages to an anti-inflammatory state throughout the rest of pregnancy (28). Therefore, in pregnant women who already have dominant anti-inflammatory immunity, the parallel activation of pro-inflammatory and anti-inflammatory immunity in SARS-CoV-2 infection may not lead to pro-inflammatory cytokine storm (19, 29). The high levels of IL-5 and IL-10 (anti-inflammatory) and the low levels of pro-inflammatory cytokines, chemokines, and growth factors observed in our study have validated this conclusion to some extent. Taken together, cytokines response was suppressively regulated in pregnant women following SARS-CoV-2 infection, which may differentiate pregnant COVID-19 patients from patients who suffered from cytokine storm and progressed to acute respiratory distress syndrome (30).

SARS-CoV-2 infection is known to induce a decrease in CD4+ and CD8+ T cell and NK cell levels, more evidently in critically ill patients (31, 32). Therefore, we made comparison of lymphocyte subset counts in pregnant and non-pregnant COVID-19 patients. Compared with non-pregnant patients, pregnant patients showed no significant change of lymphocyte subsets in response to SARS-CoV-2 infection. However, we observed slightly increase number of CD8+ T cells and NK cells in pregnant patients with COVID-19. It is well known that both NK cells (the innate immunity) and CD8+ cytolytic T cells (the adaptive immunity) can destroy the virus-infected cells (33). And numerous clinical reports have shown that the decreased frequency of lymphocytes in the peripheral blood, including CD4+ and CD8+ T cells and NK cells, is closely related to disease severity of COVID-19 (34, 35). In addition, there is a negative relationship between high levels of cytokines and lower T cells in severe COVID-19 patients (4). Enhanced NK and CD8+ T cells response and low levels of CCGFs may protect pregnant patients from progressing to severe cases.

Our study has several limitations. First, the sample size was small because hospitalized pregnant patients accounted only for a small fraction of the sample. Second, cytokine levels may change over time, and because of the limitation of blood samples, our results may only represent a snapshot of these changes. Finally, because this was a retrospective study, the detection time of cytokines was not exactly matched.

In conclusion, our study revealed different immune responses between pregnant and non-pregnant COVID-19 patients. Pregnant patients showed intricately regulated immune response after SARS-CoV-2 infection characterized by a low expression of inflammatory cytokines and a slight increase of NK cell counts. Our study sheds light on the immunological response of pregnant COVID-19 patients, and it has significant implications for immunotherapy for COVID-19. Limited by the retrospective nature of our study, more laboratory evidence is expected to analyze the mechanisms underlying immunoregulation of SARS-CoV-2 to help improve the prognosis of severe cases and reduce mortality.
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Background: Immunological failure during pregnancy is considered one of the etiologies of recurrent miscarriage (RM). The decreased production of mixed lymphocyte reaction-blocking factors (MLR-Bf) may play a major role in this condition. Lymphocyte immunotherapy (LIT), which induces the production of MLR-Bf, has been used in treating RM patients since 1984. However, the effectiveness of LIT is currently being heatedly debated. In addition to that, possible changes to the maternal immune system upon induced MLR-Bf production by LIT remains unclear.

Objectives: To explore the possible impacts that MLR-Bf may have on the expression of immune biomarkers and pregnancy outcomes, and deduce whether the prevention of miscarriages is possible with LIT or MLR-Bf in RM patients.

Materials and Methods: Women with previous early RM (eRM) were enrolled in this retrospective study after they got pregnant again. LIT was implemented before pregnancy and during the first trimester. MLR-Bf and immune biomarkers were checked as the clinical routine. Patients were followed up until 12 gestational weeks. Levels of immune biomarkers and successful pregnancy rates were compared between MLR-Bf− group and MLR-Bf+ group stratified by LIT. Independent associations between LIT, or MLR-Bf, and miscarriage were estimated. All data management and analysis were conducted using SPSS 20.0.

Results: A total of 1,038 patients, 497 MLR-Bf− (49 cases accepted LIT), and 541 MLR-Bf+(463 cases induced by LIT) were included in the study. Percentage of lymphocytes, the ratio of CD4+ T cells/lymphocytes, and levels of some rheumatoid biomarkers (anti-U1-nRNP, anti-SAA-52kd, and anti-CENOP B) were statistically higher in MLR-Bf+ group than in MLR-Bf− group among women without LIT. With LIT treatment the successful pregnancy rate was statistically higher in MLR-Bf+ group than in MLR-Bf− group (66.7% vs. 51.0%, P = 0.028) among women with LIT. Meanwhile, LIT was estimated to have an independent negative association with miscarriage.

Conclusion: Upon LIT treament levels of immune biomarkers were different in women with and without MLR-Bf when stratified by whether they received LIT. Not MLR-Bf, but LIT, has an independent protective effect on miscarriage.

Keywords: unexplained recurrent miscarriage, MLB-Rf, rheumatoid biomarkers, successful pregnancy, maternal immunity


INTRODUCTION

Recurrent miscarriage (RM) is one of the reproductive disorders. In China, it is defined as two or more consecutive pregnancy losses before 28 weeks of gestation. Early recurrent miscarriage (eRM) refers to RM that happens within 12 weeks into pregnancy. There are many causes of miscarriage (1–3). Unexplained RM (uRM) is a condition of RM when the etiology of miscarriage is unknown, and it is observed in 50%–75% of RM cases (4). It is broadly accepted that uRM, especially eRM is mainly caused by a defective maternal immune reaction to the fetus (5), with one of the etiologies believed to be decreased production of mixed lymphocyte reaction-blocking factors (MLR-Bf) (6, 7). MLR-Bf is reported as an immunoglobulin G-3 with protective effects for RM patients (8–10). Various mechanisms have been proposed to explain the effectiveness of MLR-Bf in preventing miscarriage. Some of the examples include inhibition of matrix cytotoxic T lymphocytes and blocking cell-mediated immunity(CMI) against fetal antigens (11, 12). Although MLR-Bf can be produced naturally, the prevalence of naturally produced MLR-Bf in Chinese women with RM is <10% (13). Immune lymphocyte therapy (LIT) is an effective treatment for uRM, as it leads to the production of MLR-Bf (14–16). However, its protective effect on women with RM has been controversial in recent years. Even though the effectiveness of LIT on patients experiencing uRM has been reported by several studies (17, 18), the definition for uRM was not standardized, and the sample sizes for these studies were small (19). So far, there is no consistent conclusion for the indications for LIT. Besides, most patients with RM struggles with more than one pathogenic factors (13). The maternal immune system in the maternofetal interface deviates the immune system toward a protective and tolerogenic response (20). Since now, it is not clear whether MLR-Bf affects other aspects of the maternal immune system as a circulative immune protective antibody, or will it guide the maternal body to an even more tolerant status toward the paternal antigen, which may exacerbate underlying autoimmune diseases? For example, the antinuclear antibody(ANA) causes damages to the embryo and leads to adverse pregnancy outcomes, such as miscarriage. This study is therefore designed to elucidate the possible effects of MLR-Bf on the expression of immune biomarkers and pregnancy outcomes and deduce whether LIT or positive MLR-Bf can prevent miscarriages in patients with RM.



PATIENTS AND METHODS


Patients

Women with previous early RM (eRM) were enrolled from June 30, 2018 to June 30, 2020, in this retrospective study after they got pregnant again. Those women were divided into two groups according to whether they had MLR-Bf or not. The inclusion criteria were (1) pregnant with eRM history; (2) gestational age ≤ 12 weeks, and (3) being tested for MLR-Bf. The exclusion criteria were (1) previous experience of sporadic early miscarriage; (2) abnormal embryo chromosomes of the current pregnancy; (3) highest human chorionic gonadotropin (HCG) level of <50 U/L; and (4) lost to follow-up after hospital discharge. A successful pregnancy is defined by one reaching at least 12 weeks of gestation. All patients signed an informed consent form. For patients with eRM history, it is a protocol in our department for all their immune biomarkers to be tested 3 months before pregnancy and once pregnancy is determined. This study was approved by the institutional review board of Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University (No. SYSEC-KY-KS-2021-026).



Data Classification
 
Maternal Clinical Features
 
Demographic and Maternal Factors

For each pregnancy, the maternal age, weight, and height of the women were recorded. These women were then classified into three groups based on their body mass index (BMI) that was calculated according to their weight and height at the time of hospital admission (<18.5 kg/m2, 18.5–24 kg/m2, and ≥24 kg/m2). Regular menstruation was defined as a regular menstrual cycle that ranges between 21 and 35 days, with the menstruation period lasting from 3 to 7 days, and no dysmenorrhea or irregular menstrual bleeding. Assisted reproduction (including artificial insemination, in vitro fertilization, and embryo transfer), multiple pregnancies, and LIT were recorded as yes or no.



Reproductive History

The women were categorized into three groups based on previous incidences of early miscarriages: 2, 3, and ≥4; while previous late miscarriage and previous preterm delivery were classified into two categories: 0 and ≥1.



Medical History

Detailed medical histories of all patients were obtained, and they were grouped into eight different categories based on past conditions. (1) None: No disease was recorded. Those patients were called women with uRM; (2) Endocrine disorders: polycystic ovary syndrome, diabetes, insulin resistance, thyroid dysfunction, hyperprolactinemia, hyperandrogenemia, adrenal hyperplasia, and other endocrine diseases. (3) Autoimmune disease: systemic lupus erythematosus, scleroderma, rheumatoid arthritis, systemic vasculitis, dermatomyositis, and mixed connective tissue disease. Antiphospholipid syndrome was also classified in this category. (4) Female reproductive tract infections: bacterial vaginosis, mycoplasma infection, chlamydia infection, Candida vaginitis Trichomonas vaginitis, and gonococcal vaginitis. (5) Uterine malformation: congenital uterine dysplasia, uterine fibroids, endometrial adenomyosis, endometriosis, endometrial polyps, and intrauterine adhesions. (6) Chromosomal abnormalities in either spouse (not including polymorphism). (7) Other diseases: diseases associated with other systems or organs not mentioned above. (8) Multiple diseases: More than one disease that was mentioned above.





Immune Biomarker Measurements

Abbreviations are used to describe the biomarkers, and their reference values and categories are shown in Supplementary Table 1.

MLR-Bf testing was performed with a Sysmex XN9000 and a Lambda Antigen Tray (ELISA). IgA, IgG, IgM, C3, C4, kapp, lamb, IgE, CRP, ASO, RF, ADNaseB, and SAA testings were performed on a SIEMENS BN II automatic protein analyzer using the original matching kit (Nephelometry). White blood cells, lymphocytes, B cells (CD3−CD19+), NK cells (CD3−CD16+CD56+), CD4+ T cells/lymphocytes (CD3+CD4+), CD8+T cells/lymphocytes (CD3+CD8+), CD3+CD4+/CD3+CD8+, and CIK cells (CD3+CD56+) were tested using the BD FACSCanto II and BD Multitest 6-color TBNK kit (flow cytometry). Anti-U1-nRNP, anti-Sm, anti-SSA-60kd, anti-Ro-52-52kd, anti-SSB, anti-Scl-70, anti-PM-Scl, anti-JO-1, anti-CENOP B, anti-PCNA, ANuA, AHA, anti-RIB-P, and AMA-M2 testings were performed using a AESKU HELIOS and AESKUSLIDES ANA Hep-2 kit (IIFA). Tests for ANA, anti-dsDNA IgG, and Anti_C1q were performed by a EUROBLOT Master and the original matching kit (Euroline).



Lymphocyte Immunotherapy

The LIT protocol used in this study was published in a previous study (15). Briefly, 50 ml of peripheral blood was collected from partners of the participants by venipuncture directly into heparinized vials. Immediately after blood collection, peripheral mononuclear white blood cells (WBCs) were aseptically separated in the laminar flow by Ficoll–Hypaque gradient centrifugation. WBCs were subsequently washed in saline and resuspended in 1.0 ml of saline solution. Next, 80–100 million WBCs were intradermally injected into the forearm of the pregnant women (1.0 ml divided into five injections, side by side). Injection will be administered every 2–4 weeks, with four injections as a full course of treatment. After that, MLR-Bf was checked to determine the level of production. All the women with eRM who received LIT in this study were treated before pregnancy, and conception will be suggested after one course if MLR-Bf was confirmed positive, or after two courses regardless of MLR-Bf results. Once pregnancy was confirmed, MLR-Bf was checked for the patients, and LIT will be done every 1–2 months up until 12 weeks into pregnancy as a routine in our department.



Statistical Analysis

Successful pregnancy rates were compared between the MLR-Bf− group and the MLR-Bf+ group stratified by clinical features. Levels of immune biomarkers were compared between the MLR-Bf− group and the MLR-Bf+ group stratified by LIT. Continuous variables were presented as mean ± standard deviation, or median with range (minimum, maximum). Categorical variables were presented as numbers and percentages. Continuous data were compared by Student's t-test, Wilcoxon test, or Mann–Whitney U-test, as appropriate, whereas categorical variables were compared using the Chi-square test or Fisher exact test. The predictive contributions of maternal clinical features, immune biomarkers, MLR-Bf, and LIT on miscarriage were analyzed based on an estimation of the crude and the adjusted odds ratios (ORs) from univariate logistic regression and multivariate logistic regression. Variables with a P < 0.10 in the univariate regression analysis were considered in the multivariate model using forward stepwise. The possible effect on miscarriage due to interactions between MLR-Bf and LIT was also analyzed and considered in the multivariate logistic regression.

All statistical analyses were performed using the SPSS version 24.0 software (IBM Corp.). Values of P < 0.05 were considered to be statistically significant.




RESULTS



Cohort Population

During the period fixed for this study, a total of 2,286 women with eRM had been admitted to our hospital, and 1,038 of them were included in this retrospective cohort study based on the inclusion and exclusion criteria described (Figure 1). Of the 1,038 patients that were chosen, 497 women were without MLR-Bf, 49 women did not have induced MLR-Bf after LIT, 541 women had MLR-Bf, and 78 women were with naturally produced MLR-Bf.


[image: Figure 1]
FIGURE 1. Flowchart of the cohort study.




Maternal Clinical Features of Participating Patients With and Without Mixed Lymphocyte Reaction-Blocking Factors

The demographic, reproductive history, and medical history of participating patients are shown in Table 1. There were no differences in clinical features between women from MLR-Bf− and MLR-Bf+ groups other than age and regularity of menstruation period. The average age of women from MLR-Bf− group was higher than that of MLR-Bf+ group, and fewer from MLR-Bf− group had regular menstruation when compared.


Table 1. Clinical features of recurrent miscarriage in women with and without MLB-Rf (variables are presented as mean ± SD or number/percentage).
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Differences in the Immune Biomarker Levels of Participating Patients With and Without Mixed Lymphocyte Reaction-Blocking Factors: Stratified by Lymphocyte Immunotherapy

The percentage of lymphocytes, the ratio of CD4+ T cells/lymphocytes, and levels of some rheumatoid biomarkers (anti-U1-nRNP, anti-SAA-52kd, and anti-CENOP B) were statistically higher in MLR-Bf+ group than in MLR-Bf− group among women without LIT. The only percentage of CD3+CD56+ cells was statistically lower in patients with MLR-Bf than in without MLR-Bf. No significant statistical differences were identified among the other immune biomarkers when comparisons were made between patients with and without MLR-Bf when stratified by LIT (Table 2).


Table 2. Comparison of immune biomarker levels between patients with (N = 541) or without (N = 497) MLR-Bf (biomarker levels are presented as mean ± SD or medians with lowest and highest values).
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Differences in the Successful Pregnancy Rates of Participating Patients With and Without Mixed Lymphocyte Reaction-Blocking Factors: Stratified by Maternal Clinical Features and Lymphocyte Immunotherapy

As shown in Table 3, the overall rate for successful pregnancy was higher in the MLR-Bf+ group (51.7 vs. 65.2%, P < 0.001). When stratified by clinical features, it was noticed that for women aged below 35, had a regular period, and undergoing singleton pregnancy, with no medical history, and after LIT, they achieve a higher successful pregnancy rate in MLR-Bf+ group than in MLR-Bf− group. In addition to that, higher successful pregnancy rates were also observed in MLR-Bf+ group for all BMI categories. Although showing no statistical significance, women in MLR-Bf+ group yielded higher successful pregnancy rates in other categories as well.


Table 3. Comparison of successful pregnancy rates between patients with and without MLR-Bf stratified by clinical features.
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Variables Related to Miscarriage in Participating Patients: Univariate Logistic Regression Analysis

The crude associations between maternal clinical features/immune biomarkers and miscarriage were presented as percentages/levels or crude ORs in Table 4. Crude ORs for age, weight, BMI, multiple pregnancies, medical history, previous late miscarriage, MLR-Bf, and LIT were statistically significant, while NK cells (P = 0.062) and ds-DNA (P = 0.097) had a borderline statistical significance.


Table 4. Comparison of clinical features, Levels of immune biomarkers, MLR-Bf, and LIT between miscarriage women and successful pregnant women.
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Variables Related to Miscarriage in Participating Patients: Multivariate Logistic Regression Analysis

There were interactions between MLR-Bf and LIT on miscarriage. All variables with significant crude predictive contributions (P < 0.10) were investigated as independent predictive contributors in multivariate logistic regression models (Table 5). It was discovered that only age, BMI, and LIT contribute as independent predictors of miscarriage. Age as a risk factor had an adjusted OR of 1.079 per year (95% CI: 1.026–1.135). BMI was a protective factor with an adjusted OR of 0.867 (95% CI: 0.816–0.922). LIT was estimated as an independent protective factor, with an adjusted OR of 0.039 (95% CI: 0.243–0.633) (Cox & Snell R2 = 0.130).


Table 5. Risk factors related to miscarriage in RM patients: multivariate analysis.
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DISCUSSION

In this study, the possible effects of MLR-Bf on the expression of immune biomarkers and pregnancy outcomes in women with eRM were investigated along with the independent association between LIT, or MLR-Bf, and successful pregnancy. It was discovered that levels of immune biomarkers such as percentage of lymphocytes, the ratio of CD4+ T cells/lymphocytes, Anti-SSA-60kd, and anti-CENOP B were higher in women with naturally produced MLR-Bf, and the percentage of CIK (CD3+CD56+) cells was lower in women with LIT-induced MLR-Bf. Successful pregnancy rates were higher in women with MLR-Bf as well. Besides being higher, successful pregnancy rates were discovered under certain specific maternal clinical features, such as younger age, higher BMI, spontaneous conception, singleton, and in those uRM women and in those who accepted LIT. The percentage of NK(CD3−CD16+CD56+) cells was the only immune biomarker, which found to be different between women who had experienced miscarriage and women with successful pregnancy. However, no independent association was found between NK cells and miscarriage. Age was identified as a risk factor for miscarriage, whereas BMI and LIT were protective factors for the same.

During this study, some rheumatoid immune biomarkers were noticed to be different in patients with and without MLR-Bf when stratified by LIT. This is a field that is rarely investigated. It is well-known that a pregnancy complicated with rheumatologic diseases may influence the fetus and/or neonate (21). Anti-SSA-60kd is one of the biomarkers for Sjögren syndrome. Patients with Sjögren syndrome (82% with anti-SSA) were reported to suffer a higher rate of recurrent miscarriage (30% vs. 3% of controls) (22). Anti-U1-nRNP and Anti-CENOP B are the biomarkers for systemic sclerosis. Nevertheless, we failed to acquire any published article that discusses the relationship between these two antibodies and miscarriage, much less the relationships between them and MLR-Bf. Anti-dsDNA is the biomarker that is used in screening for the flare of systemic lupus erythematosus (SLE). It has been demonstrated throughout the past decades that women with anti-dsDNA face a higher risk of adverse pregnancy outcomes, including miscarriage (23–26). One retrospective study of 100 women with undifferentiated connective tissue disease (UCTD) demonstrated that there was a significant link between disease flare and both anti-dsDNA-positive antibodies at baseline (P < 0.01) and disease activity at the beginning of pregnancy (P < 0.01) (27). Besides, a subgroup of CD4+ T cells (CD4+CD25-Foxp+) seems to have a significantly positive correlation with SLE activity or anti-dsDNA titer (28). In our study, we found that among women without accepted LIT, both lymphocytes and the ratio of CD4+ T cells/lymphocytes were higher in MLR-Bf+ group than in MLR-Bf− group. We did not test CD4+CD25-Foxp+ cells, however, combined with other rheumatoid biomarkers. We advised that more attention should be paid for RM patients with diagnosed SLE or UCTD. It is interesting to find that among women who accepted LIT, CIK (CD3+CD56+) cells were lower in the LIT-induced MLR-Bf+ group than in MLR-Bf− group. CIK (CD3+CD56+) cells are a subgroup of natural killer T cells (NKT). An abnormally high level of NKT was reported to have associations with RM (29). Marianne found that a decline in the number of elevated blood CD3+CD56+ NKT cells in response to intravenous immunoglobulin treatment correlates with successful pregnancy (30). Our findings of decreased CIK maybe one of the explanations for the higher successful pregnancy rate in women without MLR-Bf group who received LIT, as no difference was discovered between women with and without MLR-Bf among those who did not receive LIT.

Although the effect of LIT and MLR-Bf remains controversial with the mechanisms yet to be elucidated, the overall successful pregnancy rates were found to be higher in MLR-Bf + group and in women who had received LIT. In this present study, both MLR-Bf and LIT were included to explore their independent associations with miscarriage. This is something rarely demonstrated before (31–33). With that, LIT was identified as the sole contributor to the differences in successful pregnancy rates. Women with eRM were stratified according to various clinical features to explore the differences in successful pregnancy rates between MLR-Bf− group and MLR-Bf+ group. These differences serve as indicators of LIT. Due to the small subgroup sample size, no independent association was made between medical history and miscarriage. However, we found that the successful pregnancy rate of women without medical history, which is considered uRM was higher in MLR-Bf+ group than in MLR-Bf− group. This was consistent with other researchers. One study of 140 women with uRM reported that the successful pregnancy rate was 75.8% in women with MLR-Bf, and 30.0% in women without MLR-Bf (P < 0.000001) (18). Furthermore, in our study, we found that women with abnormal reproductive tract anatomy who were MLR-Bf+ had a higher successful pregnancy rate as well, with a borderline statistical significance (P = 0.056). A larger sample size may yield a significant P-value. Some immune biomarkers were identified to be differently expressed in MLR-Bf− group and MLR-Bf+ group too, but no independent associations were discovered between those biomarkers and miscarriage. To the best of our knowledge, the patients who were involved in this study were all under comprehensive treatments, so it was hypothesized for pregnancy outcomes to be improved.

Non-serological indicators, such as infection factors for their important roles in causing miscarriage and other adverse pregnancy outcomes, were not included in this study (34). Besides, some subsets yielded small sample sizes that reduce the reliability of the statistical analysis. These problems need to be addressed for further studies.

In conclusion, LIT is an effective method to improve pregnancy outcomes for women with eRM. However, patients should be carefully selected. MLR-Bf+ is linked to increased levels of some rheumatoid biomarkers, which highlight the necessity for those biomarkers and rheumatic diseases to be screened before and after pregnancy for patients with eRM.
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Decidual natural killer (dNK) cells are the tissue-resident and major subpopulation of NK cells at the maternal-fetal interface. It has been demonstrated that dNK cells play pivotal roles in pregnancy, including keeping maternal-fetal immune tolerance, promoting extravillous trophoblast (EVT) cell invasion, and driving uterine spiral artery remodeling. However, the molecular mechanisms haven’t been elucidated until recent years. In this review, we systemically introduce the generation, subsets, and surface or soluble molecules of dNK cells, which are critical for maintaining the functions of dNK cells. Further, new functions of dNK cells including well-controlled cytotoxicity, immunosurveillance and immunotrophism supporting via the cell-cell interaction between dNK cells and EVT cells are mainly focused. The molecular mechanisms involved in these functions are also illustrated. Moreover, pregnancy-associated diseases caused by the dNK cells abnormalities are discussed. It will be important for future investigations about the mechanism of maintenance of pregnancy and parturition and potential clinical applications of dNK cells.
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Introduction

The maternal-fetal interface, between the endometrium and extraembryonic tissue, plays pivotal roles in nutrient transportation, gas exchange, immune tolerance and protection for maintenance of pregnancy. The dynamic process of formation of the functional maternal-fetal interface mainly includes extravillous trophoblast (EVT) cell invasion, spiral arteriole remodeling, and establishment of the tolerant immune microenvironment (1–3). EVT cells migrate to the decidua tissue, invade the spiral artery wall and replace the spiral arteriole endothelial cells. Finally, the extensive physiological remodeling of the uterine spiral artery forms the vasculature with high-flow and low-resistance. The particular immune microenvironment at the maternal-fetal interface not only protects the fetus from the attack of maternal immune system, but also safeguards the mother from pathogens.

The maternal-fetal interface mainly constitutes trophoblast cells, decidual stromal cells (DSCs), different immune cells, such as decidual natural killer (dNK) cells, macrophages (Mφ), dendritic cells (DCs), T cells, B cells and NKT cells, and soluble factors derived from these cells (4). DNK cells are the most abundant immune cells population at the maternal-fetal interface. The ratio of dNK cells mostly reached 70% after 9-12 weeks of pregnancy in human beings. However, the percentages of macrophages and T lymphocytes are 10%-20% respectively (5). Traditionally, circulating NK cells not only play an important role in immunosurveillance but also maintain tolerance to self-tissues, which is called education (6). Self-major histocompatibility complex (MHC) class I molecules and specific MHC-I inhibitory receptors such as killer cell lectin-like receptor C1 (NKG2A) and killer cell lectin-like receptor subfamily A (Ly49) are responsible for NK education (7, 8). Interestingly, rather than immunosurveillance, dNK cells are specifically modified and mainly responsible for immune tolerance to the fetus, EVT cell invasion, and uterine spiral artery remodeling by interacting with EVT cells at the maternal-fetal interface (2). The molecular mechanisms have attracted much attention. However, they haven’t been fully elucidated for the dynamic complexity of multi-cell interactions. So far, the increasing evidence has truly lifted the veil of mystery of dNK cells. In this review, we focus on the frontier discoveries about the functions of dNK cells, including well-controlled cytotoxicity, immunosurveillance and immunotrophism from the interactions between dNK cells and EVT cells. The elucidated molecular mechanisms would help us understand pregnancy progress and provide new strategies for precision treatment of pregnancy-related diseases.



Origin of Human dNK Cells

Unlike conventional circulating NK cells (CD16+CD56dim), most dNK cells are generally with CD56brightCD16−KIR+CD9+CD49a+ phenotype, lower cytotoxicity and higher cytokine secretion. The increasing evidence has revealed the origin of dNK cells and their homing mechanism. It has been demonstrated that decidual and peripheral CD16- NK cells express high intensity of C-X-C chemokine receptor 4 (CXCR4) and are recruited to the decidua via CXC chemokine ligand 12 (CXCL12) (9, 10). Subsequently, CXCL12 was confirmed to be expressed only by EVT cells in decidua (10, 11). At decidua, the local microenvironment such as Galectin 9 (Gal-9)/T-cell immunoglobulin and mucin domain 3 (Tim-3) signaling induces the transformation of peripheral NK (pNK) cells into a dNK-like phenotype (12). However, another study showed that CD34+CD122+CD127+ hematopoietic precursors, present in decidua, were differentiated into dNK cells when co-cultured with DSCs in vitro. It has been demonstrated that IL-15 promotes the upregulation of Tsc1 and restricts exhaustive proliferation of immature NK cells, which is indispensable for the development and homeostasis of pNK cells (13–15). It has also been revealed that IL-15 is involved in the dNK cells differentiation process (16). DSCs express high levels of IL-15 and IL-15 receptor subunit α (IL-15Rα) complex, which pairs with its receptor consisting of IL-2Rγ and IL-2Rβ (expressed by dNK cells) (17). However, the molecular mechanism of the differentiation of CD34+ hematopoietic precursors into dNK cells driven by IL-15 has not been illustrated yet. The third possible differentiation route is that CD16+ pNK cells may migrate into uterine tissue and acquire the dNK phenotype under the influence of TGF-β and/or other factors (18). Taken together, it may have three origins of dNK cells: ① CD16- NK cells are attracted by chemokines and immigrate from peripheral blood into decidua directly, where they differentiate into dNK cells under decidual microenvironment. ② dNK cells are differentiated from hematopoietic progenitor cells in the uterus. ③ dNK cells are directly converted from the CD16+ pNK cells.



The Characteristics and Subsets of Human dNK Cells During Early Pregnancy


Phenotypic and Functional Differences Between dNK and pNK Cells

The phenotype and function of dNK cells are different from pNK cells. Most dNK cells are generally with CD56brightCD16−KIR+CD9+CD49a+ phenotype, lower cytotoxicity and higher cytokine secretion (19–21). CD9 and CD49a are major markers of decidual tissue residency (22). PNK cells include the predominant subset of CD56dim NK cells and the minor subset of CD56bright NK cells (23). DNK cells resemble CD56bright NK cells in terms of their CD56brightCD16− phenotype and low cytotoxicity (24). On the other hand, similar with CD56dim pNK cells, dNK cells are granulated and express killer immunoglobulin-like receptors (KIRs) (25). A comprehensive comparison of gene expression profiles in human dNK and pNK cells further illustrates the unique properties of dNK cells. Many surface receptor proteins such as killer cell lectin-like receptor C2 (NKG2C), killer cell lectin-like receptor C3 (NKG2E), Ly-49L, KIRs, Tim-3 and granzyme A are overexpressed in dNK cells (26, 27). Granulysin (GNLY), a novel cytolytic protein lytic against a variety of tumor cells and microbes, is also with a higher expression in dNK cells (28).



dNK Cell Receptors

According to the functions, the NK cells receptors include two types receptors: activatory killer receptors (AKRs) and inhibitory killer receptors (IKRs). These receptors regulate the functions of dNK cells. However, based on the structure, the receptors can be divided into five families, such as killer cell immunoglobulin-like receptors (KIRs), leukocyte immunoglobulin-like receptors (LILRs), killer cell lectin-like receptors (KLRs), nature cytotoxicity receptors (NCRs) and T cell immunoglobulin and mucin domain (Tim). Binding with HLA-C and HLA-G, KIRs serve as critical regulators of dNK cells function (29–31) (Figure 1). The name of KIR is based upon the number of extracellular immunoglobulin-like domains (2D or 3D) and the length of the cytoplasmic domain (L for long and S for short). Killer cell immunoglobulin-like receptor, two Ig domains and long cytoplasmic tail 1 (KIR2DL1), 2DL2 and 2DL3 are IKRs, which bind with HLA-C to restrict cytotoxicity of dNK cells (Figure 1). These IKRs contain one or two immunoreceptor tyrosine-based inhibitory motifs (ITIMs), providing an inhibitory function (29). However, killer cell immunoglobulin-like receptor, two Ig domains and short cytoplasmic tail 1 (KIR2DS1) also interacts with HLA-C and activates downstream by combining with adaptor protein DAP12 (Figure 1) (32). Immunoreceptor tyrosine-based activator (ITAM) within DAP12 triggers the Ras-RAF-MEK-ERK cascade and allows for activating function and cytokine production (29, 33). Different from 2DL1, L2 and L3, KIR2DL4 exhibits structural characteristics of both activating and inhibitory KIR by possessing both a charged transmembrane arginine residue and a single cytoplasmic ITIM (Figure 1) (34). Instead of coupling with DAP12, the transmembrane arginine binds with the adaptor protein FcϵR1 and induces the Ras-RAF-MEK-ERK cascade by ITAM to transduce activating signals (33). In contrast, when the ITIM domain recruits the Src homology domain containing tyrosine phosphatase 2 (SHP-2), it has the potential to mediate negative signals (29). KIR2DL4 is located in endosomes, activated and transferred to the surface of dNK cells when cultured with IL-2 in vitro (Figure 1) (35–37). Following the introduction above, we can summarize that there are two types of KIRs: KIR A has seven KIR genes, encoding six inhibitory receptors and an activating KIR2DS4. In contrast, the KIR B contains many additional KIRs, most of which encode activating receptors (38). LILRB1, a member of the LILRs family, is also the HLA-G receptors containing four ITIMs in their cytoplasmic domains (Figure 1) (39). It has been revealed that dNK cells is one of source of  LILRB1 in placenta (17, 20). KLRs family are composed of NKG2 members with CD94 and form a heterodimer and recognize HLA-E. NKG2A/CD94 is an IKR owning ITIM in their cytoplasmic (Figure 1). While, NKG2C and NKG2E are AKRs associated with an ITAM-bearing adaptor molecule DAP12 (Figure 1) (17, 40, 41). NKG2D is an AKR and a unique member of the NKG2 family that does not bind to CD94. NKG2D forms the homodimer and recognizes the MHC class I chain-related molecules A/B (MIC A/B) (42). For the short of intracellular portion and lack of ITM, NKG2D transduces the activated signal via the intracellular homodimer of DAP-10 (mice) and/or DAP-12 (human and mice) containing ITAM, and initiates NK and T cell-mediated cytotoxicity (43). NCRs family consists of three type I transmembrane receptors, termed NKp46, NKp44 and NKp30, also known as NCR1, NCR2 and NCR3 (44). While, there is a unique NCR termed NKp80 expressed on human NK cells (45). There are all compose of C2-type Ig-like domain (NKp46 has two, but NKp30 and NKp44 have only one) and followed by a stalk region. NCRs are AKRs type receptor and lack the ITAM in the intracellular, transducing the signal via CD3ζ and/or FcγR (NKp46 and NKp30), or DAP12 (NKp44), respectively. However, NKp44 contains an ITIM sequence in cytoplasm and transduces inhibitory signaling in some situations (44). The ligands of NCRs are not MHC molecules such as viral hemagglutinins, B7-H6, human cytomegalovirus pp65, heparan sulphates and proliferating cell nuclear antigen (PCNA), etc. (46), but have not been fully revealed. NCRs bind to their ligands and regulate the functions such as cytotoxic effect and cytokine derived from NK cells. Tim-3, the main member of Tim family expressed by dNK cells, has been implicated both in activation and inhibition of immune responses upon stimulation by its ligand Gal-9 (Figure 1) (47).




Figure 1 | Overview of the ligand-receptor pairs between dNK cells and EVT cells. KIR2DL1, 2DL2 and 2DL3 are inhibitory receptors containing ITIMs, which bind with HLA-C on EVT cells. KIR2DS1 also interacts with HLA-C on EVT cells and activates downstream by combining with an ITAM–bearing adaptor DAP12. KIR2DL4, recognizing the HLA-G on EVT cells or sG from EVT cells, exhibits structural characteristics of both activating and inhibitory KIR by possessing a transmembrane R residue and a cytoplasmic ITIM. The transmembrane R binds with the adaptor protein FcϵR1 to transduce activating signals. KIR2DL4 is located in endosomes, and transferred to the surface of dNK cells when cultured with IL-2 in vitro. LILRB1 is also the HLA-G receptors containing four ITIMs in their cytoplasmic domains. NKG2 members form a heterodimer with CD94 and recognize HLA-E. NKG2A/CD94 is an inhibitory receptor owning ITIM in their cytoplasmic. While, NKG2C/E is activating receptors associated with the DAP12. Tim-3 interacts with its ligand Gal-9 on EVT cells. R, arginine; sG, soluble HLA-G; DAP12, DNAX-activating protein of 12; ITAM, Immunoreceptor tyrosine-based activation motif. ITIM, Immunoreceptor tyrosine-based inhibitory motif.





The Subsets of dNK Cells

Recently, three main dNK cell subsets (dNK1, dNK2 and dNK3) were identified by single-cell RNA-sequencing (17). Heat map of gene expression in decidua significantly distinguished these three dNK cell subsets. The dNK1 cells express higher levels of IKRs (KIR2DL1, KIR2DL2 and KIR2DL3) and AKRs (KIR2DS1 and KIR2DS4) (17). LILRB1 is expressed only by the dNK1 subset (48). Both dNK1 and dNK2, but not dNK3, express NKG2C, NKG2E as well as NKG2A (Table 1) (17). DNK1 contains more cytoplasmic granules (perforin, GNLY, granzyme A and granzyme B) than dNK2 and dNK3 (17). Tim-3 is expressed with a high level on dNK1 but low on dNK2 (Table 1) (17). dNK3 expresses a high level of KLRB1 and without KIRs (Table 1) (17). Other defining surface markers on the three dNK cell subsets are also shown in Table 1.


Table 1 | The surface markers and KIR receptors of the three dNK cells subsets.



In addition to the surface molecules, there are many soluble molecules secreted by dNK cell subsets, such as chemokines, granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon γ (IFN-γ), vascular endothelial-derived growth factor (VEGF), angiopoietin (Ang), placental growth factor (PLGF), soluble Fas ligand (sFasL), matrix metalloproteinase (MMP-2), MMP-9 and transforming growth factor-beta (TGF-β) (17, 49, 50). The surface or soluble molecules, derived from dNK cell subsets, bind to specific receptors or ligands on EVT cells and perform their functions. The functional differences between dNK cell subsets are listed in Table 2.


Table 2 | The surface or soluble molecules from dNK cells subsets and their receptors/ligands on EVT.





EVT Cells

The cytotrophoblasts (CTBs) differentiate into either invasive EVT cells or syncytiotrophoblast (STB) depending on the signals they receive (51). EVT cells are the invasive cells that migrate deeply into decidua and contact with maternal dNK. Unlike most cells, EVT cells are devoid of HLA-A and HLA-B expression, while expressing HLA-C, HLA-G and a low level of HLA-E (52)(Figure 1). HLA-C is classified into HLA-C1 and HLA-C2 based on natural amino acid at position 80 of the HLA-C heavy chain, where HLA-C1 has an asparagine and HLA-C2 has a lysine (53). HLA-C1 is recognized by KIR2DL2 and KIR2DL3, while HLA-C2 is a ligand for KIR2DL1 and KIR2DS1 (Figure 1). In comparison with HLA-C1, HLA-C2 combines more closely with homologous KIR (54). Membrane-bound HLA-G and soluble HLA-G are both synthesized by EVT cells. HLA-G, firstly discovered in 1982 by Orr, is only expressed by EVT cells (55, 56). It has a lower level of polymorphism since there are only 51 alleles encoding 16 different proteins (57). With trophoblast-specific expression and a lower degree of polymorphism, HLA-G might play an important role at the maternal-fetal interface. Soluble HLA-G derived from early embryos is pivotal for successful implantation and might be a predictor of increased pregnancy rate following in-vitro-fertilization (IVF) (58). After embryo implantation, both membrane-bound HLA-G and soluble HLA-G induced immune tolerance, promotes spiral artery remodeling and fetal growth (59). Other surface and soluble molecules, such as Gal-9, chemokines and pro-angiogenic factors, are also expressed by EVT cells. The interactions of some molecules with dNK cells subsets are listed in Table 2. Pro-angiogenic factors secreted by EVT cells involved in the epithelial-mesenchymal transition (EMT), invasion and spiral arterioles remodeling are also identified (Table 3) (32).


Table 3 | Cytokines involved in the EMT, invasion and spiral arterioles remodeling.






The Functional Dialogue Between dNK Cells and EVT Cells at Maternal-Fetal Interface


HLA-G Cycle and Gal-9/Tim-3 Signal Control the Cytotoxicity of dNK Cells

Although there are abundant cytolytic granules (similar RNA levels of granzyme B and perforin in dNK and CD56dim pbNK, and higher level of granzyme A and GLNY in dNK) (26), dNK cells have a low cytotoxic effect on K562 cells, which are the typical sensitive target cells (MHC Class I negative cells) of pbNK (24). Early literature had reported that interaction between CD94/NKG2A receptor and its HLA-E prevented dNK cell cytotoxicity in a healthy pregnancy (60). In recent years, other mechanisms controlling cytotoxicity of dNK cells have been discovered.

Tilburgs et al. found an interesting HLA-G cycle phenomenon: upon interaction with EVT cells, dNK cells display trogocytosis, endocytosis, degradation, and finally reacquisition of HLA-G, endowing a transient acquisition of cytolytic capacity (61) (Figure 2). The dNK cells are cytotoxic in the absence of HLA-G, while non-cytotoxic in the presence of HLA-G (61). IL-15, IL-2 and IL-12 could interrupt the HLA-G cycle and increase the cytotoxicity of dNK cells (32, 61). KIR2DS1 may contribute to the uptake of HLA-G by dNK cells (61). Thus, the HLA-G cycle may provide a direct inhibition of cytotoxicity (Figure 2).




Figure 2 | The functional dialogue between dNK cells and EVT cells at the maternal-fetal interface. HLA-G Cycle and Gal-9/Tim-3 signal inhibit/impair degranulation process and control the cytotoxicity of dNK Cells. Human dNK cells selectively transfer GNLY but not granzymes via nanotubes to EVT cells. Transferred GNLY kills intracellular bacteria without killing the EVT cells. Sialylated protein on the target cell promotes nanotube formation, while its receptor on dNK cells need further research. KIR/HLA allorecognition system (KIR2DS1-HLA-C2 and KIR2DL4-HLA-G) drives EVT cells invasion and uterine artery remodeling via synthesizing a series of soluble factors. HLA-G-LILRB1 signal activates the PI3K-AKT pathway and drives the expression of transcription factor PBX1. Furthermore, PBX1 upregulates the transcription of the GPF including PTN and OGN and promotes fetal development.



Tim-3 is expressed on more than 60% of human dNK cells and significantly higher than pNK cells (12). Gal-9 is present in DSC (17) and approximately 75% of trophoblast cells (12). TGF-β1 promotes the conversion of pNK cells to dNK cells and upregulates Tim-3 expression (18, 27). Contradictory with recent finding that Tim-3+ dNK1 cells expressed higher level perforin (17), previous research reported that Tim-3+ dNK cells were with immune tolerance characterized by expressing higher Th2-type cytokine IL-4 and lower level perforin (12). It is known that Gal-9/Tim-3 signal modulates the Th1/Th2 balance (62), while abnormal expression of Tim-3 in NK cells is related to many diseases (63). Recently, it has been evidenced that Gal-9/Tim-3 signal pathway inhibits the cytotoxicity of human dNK cells via impairing NK degranulation process (Figure 2) (17, 27). A decreased percentage of Tim-3+ dNK cells with increased Th1-type cytokines was observed in human and mice miscarriages (12). While, the excessive activation of Tim-3/Gal-9 is related to recurrent spontaneous abortion and preeclampsia (64, 65). Therefore, the significance of Gal-9/Tim-3 signal for dNK cells has remained mostly unknown.



Granulysin in dNK Cells Provide Immunity to Infected EVT Cells

Infections have been reported to be a major cause of spontaneous abortions. Many investigations on controlling the cytotoxicity of dNK cells have been performed. However, it has been ignored how dNK cells protect the placenta from viral and bacterial infections. Traditionally, perforin, granzymes and GNLY are the cytotoxic effectors in NK cells, which cooperatively kill the infected cells (66). DNK cells have been reported to clear human cytomegalovirus (HCMV)-infected DSCs via perforin, granzymes and GNLY (61, 67). The mechanism shows that IL-15 inhibits the HLA-G cycle and promotes degranulation, and serves to ensure the NK control of virus infection at the interface (61). It has been revealed that the percentage of KIR2DS1+ dNK cells positively correlated with degranulation level. They produce more IFN-γ, TNF-α, and GM-CSF than KIR2DS1− dNK on the response to HCMV-infected DSC (67). However, HCMV-infected EVT cells, cannot be cleared in this way, would result in virus-induced placental pathology and development of complications later in pregnancy. Recently great progress has been made in how dNK cells protect placental from infection while maintaining fetal tolerance. It has been elucidated that dNK cells are dependent on direct contact to kill Listeria monocytogenes (Lm) within EVTs and not on perforin, granzymes, or degranulation. Human dNK cells selectively transfer GNLY but not granzymes via nanotubes to EVT cells. Transferred GNLY kills intracellular Lm without killing the EVT cells. Sialylated protein on the target cell promotes nanotube formation, while its receptor on dNK cells need further research (68) (Figure 2).



KIR/HLA Allorecognition System Drives EVT Cells Invasion and Uterine Artery Remodeling

The spiral artery remodeling (SAR), essential for promoting blood flow to the placenta and fetal development, is mainly accomplished by dNK cells and EVT cells. DNK cells accumulate around the spiral artery (SA) and initiate the SAR before EVT invasion. Subsequently, EVT cells invade the SA, induce the apoptosis of vascular smooth muscle cells (VSMC) and endothelial cells, and replace the endothelium. These processes have been summarized into “trophoblast-independent” and “trophoblast-dependent” stages (69–71). During the trophoblast-independent stage of uterine arterial remodeling, dNK cells surround SA and synthesize a series of soluble factors to induce EVT invasion and initiate destabilization of vascular structures including IL-8, IFN-γ-induced protein 10 (IP-10, is also known as CXCL10), GM-CSF, PLGF, IFN-γ, TNF-a, VEGF, Ang-1/2 and MMP-2/9.

IL-8 and CXCL10 are both members of the CXC subfamily of chemokines. After purifying human dNK cells and EVT cells, the microarray analyses were performed and found that IL-8 and CXCL10 were released by dNK cells, while C-X-C chemokine receptor 1 (CXCR1) and CXCR3 were produced by EVT cells (72). Subsequently, it was demonstrated that the CXCR1-IL-8 and CXCR3-CXCL10 pathways were responsible for the invasion of EVT cells (72). GM-CSF has been proved to regulate pre-implantation embryo, placental trophoblast cells invading and the maternal immune tolerance in mice and human pregnancy (73). PLGF promotes invasion of primary CTBs, while TNF-α and IFN-γ inhibit trophoblast migration and invasion, which cooperatively controls the depth of EVT invasion (49). IFN-γ, Ang-1/2, VEGF and MMP-2/9 are capable of stimulating VSMC destabilization (74, 75). KIR2DS1-HLA-C2 and KIR2DL4-HLA-G are the two main allorecognition systems responsible for the production of these soluble factors (Figure 2).



KIR2DS1-HLA-C2

Interaction between KIR2DL1 with HLA-C2 is associated with the risk of pregnancy disorder, whereas KIR2DS1 protects from pregnancy disorders via interacting with HLA-C2. Robust evidence, although not consistent, has demonstrated that loss of activating KIR combined with fetal HLA-C2 increases the risk of preeclampsia (38, 76). The presence of activating KIR correlates with an increased birth weight (77). However, the molecular mechanism explaining this protective function is not fully revealed. To clarify the roles of KIR2DS1-HLA-C2 interaction in the cytokines releasing, KIR2DS1 single positive dNK cells were isolated and co-cultured with HLA-C2+ cells, and the microarrays assay was performed. It was found that KIR2DS1-HLA-C2 significantly promoted the secretion of IFN-γ, GM-CSF, chemokines XCL2 and CCL3L3 from dNK cells (78) (Figure 1). These findings provide a molecular mechanism explaining how the KIR2DS1-HLA-C2 are beneficial for placentation. However, in another study, KIR2DS1+ dNK cells stimulated by HLA-C were not found to generate GM-CSF (79). Therefore, the molecular mechanism of KIR2DS1 protection remains to be further explored.



KIR2DL4-HLA-G

KIR2DL4 is located in endosomes and expressed on the surface of NK cells when stimulated with IL-2. Earlier studies have indicated that KIR2DL4 induced unique cytokine/chemokine, including pro-inflammatory/pro-angiogenic cytokines, such as IFN-γ, TNF-α, IL-1β, IL-6, IL-8, CXCL10, PLGF and VEGF (80). However, little was known about the signal transduction pathways triggered by surface and endosome KIR2DL4. It has been clarified that for surface KIR2DL4, cytokine and chemokine responses are regulated by different pathways (80). Weak cytolytic activity, calcium responses and secretion of IFN-γ or IL-8 mainly rely on transmembrane arginine residue by binding with transmembrane FcϵR1, which are largely abrogated by mutation of the transmembrane arginine. In addition, KIR2DL4 can activate MAPKs and NF-κB signaling pathways and facilitate the expression of MIP1α (also known as CCL3) through an unknown domain, which is not affected by transmembrane arginine region. HLA-G combined with the surface KIR2DL4 on dNK cells induces upregulation of CXCL10, PLGF and VEGF (81). While in the endosome, HLA-G, up-taken by dNK cells, combines with KIR2DL4, which initiates the production of IFN-γ, TNF-α, IL-1β, IL-6 and IL-8 via PKCs-Akt-NF-κB signaling pathway (Figure 2) (35). In addition to cytokines mentioned above, related studies  found that dNK cells also produced Ang-1/2, VEGF, FasL and MMP2/9 to promote vascular remodeling (49).



LILRB1-HLA-G Signal Takes Part in Immunotrophism

LILRB1 has a higher affinity to dimeric HLA-G than that of monomeric forms (82). Recent research found that HLA-G-LILRB1 signal served as a stimulus for growth-promoting factors (GPF)-secreting function of dNK cells, which was critical for the development of blood vessels, bone, cartilage, neurite, and cardiac tissue in the fetus (20). The lack of GPF-secreting NK cells impairs fetal development and results in fetal growth restriction in humans and mice (20). The transcription factor nuclear factor interleukin-3-regulated (Nfil3) controls the number of GPF-secreting NK cells (20). It has revealed that intracellular HLA-G-LILRB1 signal activates the PI3K-AKT pathway and drives the expression of transcription factor pre-B-cell leukemia homeobox 1 (PBX1). Furthermore, PBX1 upregulates the transcription of the GPF including pleiotrophin (PTN) and osteoglycin (OGN) and promotes fetal development (83) (Figure 2). Interestingly, a subpopulation of dNK cells with highly NKG2C and LILRB1-expressing was identified in repeated pregnancies and termed as pregnancy-trained decidual natural killer cells (PTdNK cells) (84). Compared with dNK from women with first pregnancy, HLAG-LILRB1 in PTdNK cells  promotes greater levels of IFN-γ and VEGFα, which is essential for angiogenesis and appropriate placental bed formation. The epigenome of PTdNKs were found to have a unique chromatin modification, allowing for active transcription (84). These results suggested the role of HLA-G-LILRB1 in promoting placentation in repeated pregnancies.




dNK Cells and Pathological Pregnancy


Preeclampsia

During normal pregnancy, the spiral arteries in the endometrium and decidua are reconstructed into low-pressure blood vessels by EVT cells and dNK cells. During the second trimester, pregnancy complications occur when uterine spiral artery remodeling is limited, such as preeclampsia (85, 86). Preeclampsia is a systemic disease involving multiple organs with high blood pressure and proteinuria and accurses following the 20-week period of pregnancy and threaten the life of both the mother and the fetus (87). Many factors have been reported to be correlated with preeclampsia, including environment, genes and immune (88–90). The increasing evidence demonstrated that soluble endoglin (sENG) and soluble fms-like tyrosine kinase-1 (sFlt-1) are anti-angiogenic factors that act against VEGF and TGF-β and contribute to preeclampsia in the placenta (91, 92). However, molecular mechanisms leading to the upregulation of sENG and sFlt-1 have not been fully understood.

The mismatch between dNK cells and EVT cells at the maternal-fetal interface is another risk closely related to the development of preeclampsia. The combination of two maternal KIR A haplotypes (KIR AA) and fetal HLA-C2 has been demonstrated more common in preeclampsia by comparing 200 cases of preeclampsia patients with 201 cases with a normal pregnancy in British women (38). The preeclampsia patients from China also show a higher frequency of KIR AA (93, 94). For Mexico preeclampsia patients, KIR AA is even predominated (95). Activating KIR is capable of stimulating dNK cells and promoting the angiogenesis and immune response, contributing to a healthy pregnancy. Whereas inhibiting KIR is likely to lower the secretion of cytokines, thereby causing preeclampsia. However, some contradictory findings were observed as well. In one study including 324 couples consisting of Japanese women (with the highest frequency of KIR AA alleles and lowest frequency of HLA-C2 alleles) and caucasian men(with a moderate frequency of KIR AA and HLA-C2 alleles), the incidence of preeclampsia was similar to that in couples consisting of Japanese women and Japanese men (96). In another study, 518 Danish pregnant women were grouped into severe preeclampsia and normal control, and no correlation existed between maternal KIR AA and fetal HLA-C2 (97).



Recurrent Spontaneous Abortion

The American Society for Reproductive Medicine (ASRM) defines recurrent spontaneous abortion (RSA) as two or more pregnancy losses (98). RSA is one of the major challenges in reproductive medicine and affect 1%-2% of reproductive women (99). Chromosomal anomalies account for 50% of RSA (100). The remaining factors include immunity, environment, thrombosis and uterus. A consistent conclusion on the relationship between the number of NK cell and RSA has not been achieved currently. Compared to the normal pregnancy, women with RSA are characterized by a decreased amount of inhibitory NKG2A+ dNK cells and an increase in the number of decidual CD56+ cells with CD161, granzyme B and IFN-γ (101). In contrast, another study revealed that dNK cells showed no difference in women with RSA compared with controls (102). The abnormal function of dNK cells at the maternal-fetal interface has been confirmed to be involved in RSA. Guo et al. revealed that secretion function of human dNK cells, involved with VEGF, IL-8 and CXCL10, was impaired in RSA, which led to the inhibited pro-invasion and pro-angiogenesis functions of dNK cells. A high level of miR-133a in RSA villi downregulated HLA-G expression in EVT cells, which downregulated KIR2DL4-HLA-G signaling and suppressed the secretion function of human dNK cells (81). Molecular mechanism regulating the expression of HLA-G on dNK cells need further research.




Conclusions

Currently, reproductive health problems have gradually become a hot issue. A variety of major diseases, including preeclampsia and RSA, cause family members to suffer from childlessness. At present, the understanding of the mechanisms of these pregnancy diseases is still quite limited, leading to a lack of scientific and effective early prediction and intervention strategies for the diseases.

In this review, we introduced new functions of dNK cells including well-controlled cytotoxicity, immunosurveillance, and immunotrophism from the interactions between dNK cells and EVT cells. Molecular mechanisms underlying multifunctional dNK cells involve HLA-G cycle, Gal-9/Tim-3, KIR-HLA and LILRB1-HLA-G signals. The interactions among these molecules finally promote successful pregnancy via inhibiting degranulation, transferring GLNY and inducing cytokines, such as IFN-γ, GM-CSF, VEGF, IL-8, CXCL10, PLGF, PGF and PTN. In summary, this review proposes suggestions on the possibility of dNK cells and related molecules as the targets of investigation and therapy for pregnancy complications.
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Introduction

In pregnancy, the mother and fetus differ in HLA antigens, and yet the maternal immune system generally tolerates the fetus. KIR receptors expressed by maternal uterine NK cells at the maternal-fetal interface directly interact with HLA-C on extravillous trophoblast cells for optimal placental development. In this study, we aimed to determine whether there is a preferential selection for HLA compatibility and specific KIR/HLA-C combinations in uncomplicated and preeclamptic naturally conceived pregnancies compared to what would be expected by chance.



Methods

Genotyping for maternal and fetal HLA-A, -B, -C, -DR, and -DQ, and maternal KIR was performed for 451 uncomplicated pregnancies and 77 pregnancies complicated with preeclampsia. The number of HLA antigen (mis)matches between mother and fetus was calculated and compared to expected values obtained by randomization of the HLA haplotype, inherited from the father, over the existing maternal haplotype of the fetuses. A similar methodology was executed for analysis of the KIR/HLA-C data (n=309).



Results

In uncomplicated pregnancies, the degree of maternal-fetal HLA matching was not different than expected-by-chance values. In preeclamptic pregnancies, the degree of maternal-fetal HLA matching was different in observed compared to expected-by-chance values (p=0.012). More specifically, the degree of maternal-fetal matching of HLA-C was higher in the actual preeclamptic pregnancies than was expected-by-chance (p=0.007). Preeclamptic pregnancies showed an overall tendency towards higher maternal-fetal HLA compatibility, for total HLA matches (p=0.021), HLA class I (p=0.038) and HLA-C (p=0.025) compared to uncomplicated pregnancies.



Conclusion

The data suggest that there is no preferential selection of maternal-fetal HLA compatibility in uncomplicated pregnancies. In contrast, increased total HLA, HLA class I and, especially, HLA-C compatibility is associated with preeclampsia, suggestive for a role of HLA mismatches in immune regulation leading to uncomplicated pregnancy.





Keywords: human leukocyte antigen, HLA compatibility, pregnancy, preeclampsia, killer-cell Immunoglobin-like receptor, reproductive immunology



Introduction

In pregnancy, a successful development of the semi-allogeneic placenta and fetus within the womb requires modulation of the maternal immune system. Encounter of cells and immunogenic molecules from the fetus mainly occurs at the fetal-maternal interface (1–3). The trophoblast expresses a specific HLA profile that constitutes classical polymorphic HLA-C as well as non-classical oligomorphic HLA-E, -F, and -G, while lacking the other HLA molecules (4). The expressed HLA molecules play a crucial role in placentation and pregnancy outcome, as these mediate contact between the extravillous trophoblast (EVT) and maternal decidual leukocytes (1).

Especially the interaction of maternal uterine NK (uNK) cells with the invading EVT is essential for implantation, placentation and spiral artery remodeling (5, 6). The killer-cell immunoglobin-like receptor (KIR) on uNK cells can directly interact with HLA-C molecules expressed on the surface of EVTs to enhance these processes, mainly through the release of cytokines. The interaction of maternal KIR with fetal HLA-C is crucial for the success of the pregnancy, as specific combinations are associated with enhancement or disruption of placentation. Specifically, Hiby et al. found that the KIR B haplotype has a protective effect in reproduction (7). Data from the same research group indicates that the combination of the KIR AA genotype with the paternally inherited fetal HLA-C2 genotype causes inhibition of uNK cells and subsequent disturbance of placentation (8). In addition, the lack of uNK activation is associated with the risk of severe pregnancy complications such as preeclampsia (8).

Although studied to a much lesser extent, it has been shown that decidual T cells can also express NK-associated KIR receptors, suggesting a similar interaction of such T cells with invading EVTs (9). While direct CD4+ T cell recognition seems impossible due to lack of HLA class II expression by trophoblasts, maternal-fetal HLA-C mismatching during pregnancy is associated with increased numbers of CD4+CD25dim activated T cells and functional CD4+CD25bright regulatory T cells at the maternal-fetal interface (10). These findings are suggestive for a role of indirect allorecognition in the local immune regulation.

Even though the trophoblast has a limited profile of HLA expression, the degree of complete HLA and HLA subclasses I and II compatibility between mother and child has been associated with pregnancy outcome and risk of complications. A high level of HLA compatibility has been linked to preeclampsia and to recurrent pregnancy losses, although both relationships seem to be based on biased studies or inconsistent results (11, 12).

In oocyte donation pregnancies, the significance of a certain degree of maternal-fetal HLA compatibility for immune modulation and pregnancy outcome has been suggested. Oocyte donation pregnancies are characterized by an increased level of HLA mismatching and consequently a greater immunogenic dissimilarity compared to naturally conceived pregnancies. Previous research showed that there is a selective advantage of HLA compatibility, to a similar degree as the one observed in naturally conceived pregnancies, in successful oocyte donation pregnancies (13). In addition, we found a strong relationship between the number of HLA class II mismatches and the occurrence of preeclampsia in oocyte donation pregnancies (14). Furthermore, we recently demonstrated that the total amount of HLA mismatches and that of HLA class I mismatches is associated with expression of immune modulatory molecules CD200 in uncomplicated oocyte donation pregnancies, suggestive of a higher compensatory need (15). Thus, a certain degree of maternal-fetal HLA compatibility seems to translate in a successful outcome of pregnancy in oocyte donation pregnancies.

As the implications of the extent of maternal-fetal HLA compatibility are not yet established in naturally conceived pregnancies, we aimed to determine whether there is a preferential selection for HLA compatibility and specific KIR/HLA-C combinations in naturally conceived pregnancies compared to what would be expected by chance. Furthermore, we compared observed and expected HLA compatibility in a cohort of women with a pregnancy complicated with preeclampsia.



Material and Methods


Subjects

451 uncomplicated naturally conceived pregnancies and 77 naturally conceived pregnancies complicated with preeclampsia were included in this retrospective observational study. Within 24h of delivery, maternal peripheral blood samples and fetal umbilical cord blood samples were collected. All samples were collected at the Leiden University Medical Center (LUMC) from June 1993 up until October 2019.

Exclusion criteria consisted of pregnancies conceived after artificial technologies, multiplet pregnancies, pre-existing high diastolic blood pressure, maternal autoimmune diseases, pregnancies with fetal chromosomal abnormalities, receipt of blood transfusions, organ transplantation in the medical history, and infection during pregnancy.

Clinical information on maternal age, gestational age, fetal gender, birth weight, gravidity, parity and highest gestational diastolic blood pressure was collected from the medical records. Subjects were included as uncomplicated cases if the pregnancy had no preeclampsia, HELLP, preterm birth, decreased birth weight, fetal growth restriction or infection.

Preeclampsia was defined according to the definition by the International Society for the study of Hypertension in Pregnancy (ISSHP) (16, 17). All selected cases (also those selected before the ISSHP definition of 2001) had co-existing proteinuria (≥0.3 g/l/24 h) and gestational hypertension (systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg detected after 20 weeks of gestation) or worsening of pre-existing hypertension.

Informed consent was obtained from every mother. The study protocol was approved by the ethics committee of the LUMC with protocol number P16.048.



HLA and KIR Typing

HLA genotyping was performed using the collected maternal peripheral blood and umbilical cord blood of all included cases. The Reverse Sequence Specific Oligonucleotides PCR technique was used to type the extracted DNA samples for HLA -A, -B, -C, -DR, and -DQ loci. The number of fetal-maternal HLA (mis)matches was calculated at the Dutch National Reference Laboratory for Histocompatibility Testing (LUMC). Compatibility for HLA class I and class II was determined at the second field level. The total number of antigen matches in these observed naturally conceived pregnancies ranges from 5 to 10. HLA loci showing homozygosity in both mother and child were counted as respectively 1 match and 0 mismatch.

For the KIR/HLA-C analysis, the HLA-C alleles were arranged into C1 and C2 groups. The C1 group consists of the following alleles: C*01, C*03, C*07, C*08, C*12, C*14, and C*1601. The C2 group consists of C*02, C*04, C*05, C*06, C*15, C*1602, C*17, and C*18.

Genotyping of maternal KIR was performed for 309 women using the real-time PCR technique with sequence specific primers. DNA was amplified and labeled with SYBRgreen (BioRad). Eleven KIR genes were typed: 2DL1, 2DL2, 2DL3, 2DL5, 2DS1, 2DS2, 2DS3, 2DS4, 2DS5, 3DL1, and 3DS1. The KIR B haplotype was assigned based on the presence of one or more of the following genes: 2DL2, 2DL5, 2DS1, 2DS2, 2DS3, 2DS5, 3DS1. The KIR AA haplotype was assigned when these specific genes were absent.



Statistical Analysis

Maternal and fetal HLA genetic frequencies were examined for Hardy-Weinberg equilibrium (Hardy, 1908; Weinberg, 1963) with Pypop Software 0.7.0, to test whether the cohort was a reliable representation of the general population. For the analysis through the Hardy-Weinberg equilibrium, the following principle was applied: the allele frequencies in a population will remain constant under specific circumstances; in the presence of random mating and in the absence of migration and mutation.

The expected number of HLA (mis)matches for each pregnancy was determined by randomization of the paternal HLA genotype. For this, it was first determined if a fetal allele was of maternal or paternal inheritance by deducing the fetal and maternal HLA genotype of the HLA-A, -B, -C, -DR, and -DQ loci. If the mother and child had identical heterozygous HLA genotypes, the classification between the maternally or paternally inherited gene was randomized. Consecutively, the paternally inherited genes of one combination were randomly divided in triplicate over the rest of the group. The expected values of the number of HLA (mis)matches of the three complete artificial fetal HLA genotypes, in relation to the maternal genotype, were calculated by direct counting. Eventually, the expected number of (mis)matches was determined as the average of the (mis)matches of the three artificial genotypes. The data of observed and expected HLA compatibility was analyzed per locus separately, as well as for HLA class I loci or for HLA class II loci combined, and for the total genotype of HLA alleles. The analysis described was repeated for the KIR/HLA-C combinations; maternally and paternally inherited HLA-C genotypes were randomly divided in triplicate over the cases and combined with the fixed KIR genotypes. Expected values were calculated for all possible KIR/HLA-C combinations and for paternally inherited HLA-C genotypes only.

The Chi-squared test was used to examine the differences between the expected and observed degree of HLA (in)compatibility and KIR/HLA-C combinations. The Bonferroni method was applied to correct p-values for multiple testing. Statistical analyses were performed using SPSS Statistics 25 (IBM SPSS Software) and GraphPad Prism 8. A p-value of <0.05 was considered statistically significant.




Summary of Results


Patient Characteristics

We studied 451 women with an uncomplicated pregnancy and 77 women who developed preeclampsia. The baseline characteristics of all included pregnancies are shown in Table 1. The gestational age, mode of delivery, highest diastole, birth weight and birth weight percentile were different in the group of pregnancies complicated with preeclampsia compared to the uncomplicated pregnancies, inherent to the clinical course of preeclampsia. The average maternal age and the median gravidity, parity and number of spontaneous miscarriages were higher in the uncomplicated pregnancies compared to pregnancies complicated by preeclampsia.


Table 1 | Baseline Characteristics.





Genetic Frequencies

Of the uncomplicated pregnancies, the genotypic frequencies of the HLA alleles of mothers and children were tested for Hardy-Weinberg equilibrium (Supplementary Table 1). The maternal analysis of the HLA-A and -B locus showed significant deviation from the equilibrium with more A*02/A*11 and B*35/B*40 genotypes and less B*15 and B*35 genotypic combinations than expected-by-chance. For the fetal analysis of the uncomplicated pregnancies, all HLA loci were in Hardy-Weinberg equilibrium.

The samples size of the pregnancies complicated with preeclampsia was too small for the analysis of Hardy-Weinberg equilibrium. Thus, a conclusion of the random appearance of the genotypic frequencies of the HLA alleles cannot be drawn. The homozygous and heterozygous frequencies were, however, in balance as there were no significant differences.



Maternal-Fetal HLA (Mis)Match Analysis

The amount of observed HLA (mis)matches was compared to the amount of expected HLA (mis)matches in both uncomplicated pregnancies and pregnancies complicated with preeclampsia.

In uncomplicated pregnancies, the distribution of the amounts of total HLA matches between mother and child was comparable to the amount expected-by-chance (Table 2). Likewise, there was no difference between the observed and expected-by-chance amount of maternal-fetal matches for individual HLA loci, HLA class I and HLA class II.


Table 2 | Observed and expected-by-chance amount of HLA matches in uncomplicated pregnancies and pregnancies complicated with preeclampsia.



In pregnancies complicated with preeclampsia, the total amount of HLA matches was differently distributed in observed pregnancies compared to values expected-by-chance (p= 0.012, Table 2), with an observed increase in the amount of >6 HLA matches. More specifically, the degree of maternal-fetal matching of HLA-C was higher in observed pregnancies than was expected-by-chance (p=0.007, Table 2).

When comparing observed number of HLA matches between uncomplicated and preeclamptic pregnancies, maternal-fetal compatibility of HLA-C (p=0.025), HLA class I (p=0.038) and total HLA matches (p=0.021) was differently distributed (Table 2, last column), with an overall tendency towards higher compatibility for the preeclamptic pregnancies.

A slight but significant difference was found in the distribution of the degree of maternal-fetal HLA class II mismatches in uncomplicated pregnancies (p=0.048, Supplementary Table 2), with an increase in both zero and two HLA class II mismatches. No differences were found between observed and expected-by-chance values of preeclamptic pregnancies in the analysis of the degree of HLA mismatches (Supplementary Table 2).



Genotype and Allele Frequencies in Maternal-Fetal KIR/HLA-C Combinations

We investigated in both pregnancy cohorts whether certain combinations of maternal KIR and fetal HLA-C genotype were observed more frequently than what would be expected-by-chance. Overall analysis of KIR/HLA-C genotype combinations, including paternally inherited HLA-C alleles only, showed no differences in observed and expected-by-chance frequencies for both uncomplicated pregnancies and pregnancies complicated with preeclampsia (Table 3).


Table 3 | Observed and expected-by-chance KIR/HLA-C combinations.



Comparing the two cohorts, the distribution of the KIR/HLA-C genotype combinations with paternally inherited HLA-C only was different in preeclamptic pregnancies compared to uncomplicated pregnancies (p=0.045, Table 3). There is an observed tendency towards increased HLA-C2 presence in preeclampsia (Table 3), which is reflected in the allele and genotype frequencies of HLA-C as well (Supplementary Table 3). There were no significant differences in frequencies of HLA-C alleles or genotypes between uncomplicated and preeclamptic cases. The maternal KIR genotype frequencies in uncomplicated pregnancies were similar compared to preeclamptic pregnancies.




Discussion

To investigate whether there is a preferential selection for HLA compatibility and specific KIR/HLA-C combinations in pregnancy, the present study analyzed observed and expected frequencies in cohorts of uncomplicated and preeclamptic pregnancies. As no significant differences were found in the amount of total maternal-fetal and locus-specific HLA matches compared to expected-by-chance, we conclude there is no selection for increased maternal-fetal HLA compatibility in uncomplicated naturally conceived pregnancies. We found a similar observation for KIR/HLA-C combinations in uncomplicated pregnancies. In comparison to uncomplicated pregnancies, pregnancies complicated with preeclampsia showed a different distribution of maternal-fetal HLA-C, HLA class I and total HLA matching, with an overall tendency towards higher compatibility. Furthermore, the distribution of the genotype-combinations with maternal KIR and paternally inherited HLA-C was different in preeclamptic pregnancies, with an overall tendency towards more HLA-C2, compared to uncomplicated pregnancies.

These findings suggest that a successful uncomplicated pregnancy does not require a deviation from the Hardy-Weinberg equilibrium for maternal-fetal HLA compatibility. Although we observed a slight significant difference in distribution of the observed amount of total HLA mismatching compared to expected-by-chance values, the percentages per degree of HLA mismatch did not show a trend towards more or less maternal-fetal compatibility. Research on the degree of optimal maternal-paternal HLA compatibility is limited and even more scarce for the maternal-fetal associations in uncomplicated naturally conceived pregnancies (18). Likewise, associations of maternal-fetal HLA compatibility with pregnancy complications such as recurrent pregnancy losses and preeclampsia were explored without definite conclusions (11, 12). Our results suggest there is no (need for) selection of an increased extent of total HLA matching between mother and child in uncomplicated naturally conceived pregnancies as it there is no difference than what would be expected according to the Hardy-Weinberg principle. To confirm this hypothesis, one could repeat the present study in a population with more closely genetically related individuals. In general, these populations might contribute to a better understanding in the way HLA compatibility and selection is involved in human reproduction.  (19)

In preeclamptic pregnancies, we found an increase in maternal-fetal total HLA, HLA class I, and HLA-C compatibility. A systematic review from Saftlas et al. on HLA sharing in pregnancy as a determinant of preeclampsia showed a lack of studies investigating maternal-fetal compatibility instead of maternal-paternal sharing (12). The three studies that included maternal-fetal analysis only considered HLA-A, -B, and -DR (12). A similar methodology was seen in subsequent studies (20). Overall, there was a reoccurring result of an association of maternal HLA-DR allogenicity with preeclampsia. This was confirmed by Creaenmehr et al., showing that maternal-fetal reciprocal allogenicity of HLA-DR is associated with the best pregnancy outcomes (21). These results point towards the occurrence of an optimal degree of compatibility in a successful pregnancy, which is consistent with our results. The largest cohort study to date on specific HLA alleles and the risk on preeclampsia did not include the analysis of HLA-C and fully split up the analysis of the amount of total maternal-fetal HLA matches (22). A study by Triche et al. did examine total HLA matching between mother and fetus and found an association between preeclampsia and a higher degree of compatibility for total HLA, HLA class I and HLA-A (23). The findings of total HLA and HLA class I matching are consistent with the current study, while we also show more specifically a higher amount of HLA-C matching in preeclamptic cases compared to expected-by-chance values and to uncomplicated pregnancies. In comparison to the study methodology followed by Triche et al., we included the analysis of intra-cohort randomization (as displayed in Supplementary Table 1), eliminating influence of cohort characteristics and thus inter-cohort differences.

The increase in maternal-fetal total HLA and HLA class I compatibility in preeclamptic cases seems to be mainly due to the difference in observed and expected-by-chance values of HLA-C matching. The percentage of two HLA-C matches was more than doubled compared to expected-by-chance, suggesting HLA-C compatibility between mother and child is associated with immunological processes that lead to preeclampsia. We consider two main types of maternal allorecognition to be involved, namely T cell responses to paternally-derived antigens and uNK cell interaction with fetal HLA-C through KIR receptors (1).

Firstly, HLA-C matched pregnancies have previously been linked to less maternal lymphocyte proliferation and absence of functional CD4+CD25bright regulatory T cells at the maternal-fetal interface (10). The study, by Tilburgs and colleagues, suggested an indirect allorecognition of fetal HLA-C antigens by maternal CD4+ T cells (10). Disproportional populations of regulatory and effector T cells are a well-recognized features of preeclampsia (24).

Interestingly, the observed pattern of increased compatibility in preeclamptic pregnancies seems to be coherent with the HLA expression profile of the trophoblast. HLA-C is the only classical HLA class I molecule expressed by the EVT, while it completely lacks expression of HLA class II molecules (4). Interaction of HLA-C with KIR receptors on uNK cells inhibits their cytotoxic activity and modulates cytokine production and growth factors by uNK cells in favor of EVT invasion and placental vascular remodeling (8). Although the exact etiology is still unknown, principal characteristics of preeclampsia include disturbed spiral artery remodeling and poor placental development (25). Therefore, we expect our finding of an increased degree of maternal-fetal HLA-C compatibility in preeclamptic cases to be related to more self-HLA-C recognition by uNK cells and thus decreased activation of these cells.

The importance of uNK cell and trophoblast interactions is further underlined by the association of paternal HLA-C2 with the risk of preeclampsia (7). These findings were suggested to be based on the binding of HLA-C epitopes with KIR2DL1 on the A haplotype and KIR2DS1 on the B haplotype (7). Remarkably, the first suppresses and the second induces uNK cell responses involving placentation (26). The KIR A haplotype has a greater number of inhibitory KIR and lacks activating KIR, which might explain the association of preeclampsia and fetal growth restriction with the combination of KIR AA and C2 (8, 27). In our cohort, we observed a different distribution of the KIR/HLA-C genotype combinations with paternally inherited HLA-C in preeclamptic pregnancies compared to uncomplicated pregnancies. Similar to previous studies, our results show a tendency of increased presence of paternally inherited HLA-C2 (in combination with both KIR AA and KIR B) in preeclamptic cases when compared to uncomplicated pregnancies. A similar tendency for preeclamptic pregnancies was observed in HLA-C2 allele frequency in comparison to uncomplicated pregnancies.

In comparison to expected-by-chance values, no differences in observed combinations of maternal KIR and fetal HLA-C genotypes were found in either uncomplicated or preeclamptic pregnancies. These findings indicate that there is no preferential selection for particular KIR/HLA-C haplotype combinations in uncomplicated pregnancies. In oocyte donation pregnancies, similar conclusions were drawn as no favorable combination was found with respect to maternal KIR and fetal HLA-C (13). We expect that the association of preeclampsia with certain KIR/HLA-C combinations is based on specific (paternally inherited) genes instead of general haplotypes.

The biological mechanisms behind an optimal degree of maternal-fetal HLA (in)compatibility with associated successful pregnancy outcomes remains speculative. One possibility may be that a too high degree of compatibility may root a lack of involvement of maternal immune cells in the uterus, as discussed for both T cells and uNK cells. Interaction of uterine leukocytes with fetal trophoblasts is required for proper placentation and thus fetal growth. Furthermore, it is speculated that a prior and prolonged exposure to paternal antigens in seminal fluid stimulates a maternal immunological protective response to the semi-allogeneic fetus (23, 28). Induction of such immune response may be reduced if there is a high degree of HLA sharing between mother and father. Moreover, a significantly higher extent of total HLA compatibility in preeclampsia suggests a broader contribution than HLA-C or HLA class I alone. In uncomplicated pregnancies, HLA class II expression is epigenetically repressed (29). A recent study suggested expression of HLA-DR by syncytiotrophoblasts in placentae from pregnancies complicated with preeclampsia, potentially forming an immunogenic trigger towards the maternal immune system (30). Another (indirect) effect of immune recognition may be caused by microchimerism, leading to an interaction between paternally inherited fetal antigens and maternal leukocytes that involves incompatible HLA class II molecules as well. Interestingly, a higher degree of trafficking of fetal cells into the maternal periphery was observed in a study of preeclamptic cases, possibly contributing to a higher level of microchimerism (31). Thereby, the pathophysiological characteristic of the imbalance in effector and regulatory T cells in preeclampsia reinforces these findings (32).

Relevance of testing for Hardy-Weinberg equilibrium has been shown in multiple genetic association studies as well as in mendelian randomization research, as aberration from the equilibrium potentially points at inbreeding, population stratification or issues in typing (33–35). In our study, the Hardy-Weinberg analysis of the maternal HLA-typing resulted in a significant deviation from the equilibrium with more A*02/A*11 and B*35/B*40 genotypes and less B*15 and B*35 genotypic combinations than expected. As the population is compared to itself by randomization, the deviation from Hardy-Weinberg equilibrium can be explained by the distribution of ethnicity within the population or related families from the area. The abundance of the A*02/A*11 allele is as expected, as our population is predominantly Caucasian, the ethnic group with the most homogenous prevalence of the allele (36). The frequency of the B*35/B*40 genotype cannot be attributed to ethnicity as it is hardly investigated among different populations (37). The lack of B*15 and B*35 alleles can be explained by the fact that these haplotypes mostly occur in East-Asian populations (37).

In conclusion, this study is the first to show there is no need for the selection of increased maternal-fetal HLA compatibility in uncomplicated pregnancies. In contrast, preeclamptic pregnancies show a tendency of higher maternal-fetal HLA-C, HLA class I, and total HLA matching, as significantly different distributions of matching were observed compared to uncomplicated pregnancies. We further confirmed previous literature on the importance of maternal KIR and paternally inherited fetal HLA-C combinations in the occurrence of preeclampsia. These findings help to understand the immunological basis for a successful pregnancy and the pathophysiological mechanism of the highly occurring complication of preeclampsia, to eventually contribute to maternal and fetal risk assessment and therapy.
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Background

Hormones and immune imbalance are critical factors in polycystic ovary syndrome (PCOS). The alternation of immune microenvironment of oocytes may play a significant role in infertility of PCOS patients.



Objective

This study explores the role of follicular fluid microenvironment change in inflammatory pathways activation of granulosa cells (GCs) in PCOS women infertility.



Methods

We enrolled 27 PCOS patients and 30 controls aged 22 to 38 years who underwent IVF and collected their luteinized granulosa cells (LGCs). Meanwhile, a granulosa-like tumor cell line (KGN) as a cell-model assisted this study. Key inflammatory markers in human ovarian GCs and follicular fluid were detected by RT-qPCR, Western blotting, or ELISA. The KGN cells were treated with follicle supernatant mixed with normal medium to simulate the microenvironment of GCs in PCOS patients, and the inflammation indicators were observed. The assembly of NLRP3 inflammasomes was detected by immunofluorescence techniques. Dihydroethidium assay and EdU proliferation assay were used to detect ROS and cell proliferation by flow cytometry.



Results

Compared with normal controls (n = 19), IL-1β (P = 0.0005) and IL-18 (P = 0.021) in the follicular fluid of PCOS patients (n = 20) were significantly increased. The NF-κB pathway was activated, and NLRP3 inflammasome was formatted in ovarian GCs of PCOS patients. We also found that inflammation of KGN cells was activated with LPS irritation or stimulated by follicular fluid from PCOS patients. Finally, we found that intracellular inflammation process damaged mitochondrial structure and function, which induced oxidative stress, affected cellular metabolism, and impaired cell proliferation.



Conclusion

Inflammatory microenvironment alteration in the follicular fluid of PCOS patients leads to activated inflammatory pathway in GCs, serving as a crucial factor that causes adverse symptoms in patients. This study provides a novel mechanism in the inflammatory process of PCOS.
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Introduction

Polycystic ovary syndrome (PCOS) causes essential public health problems, including reproductive, metabolic, and psychological disorders in women. It is one of the most common diseases among women of childbearing age, and the general prevalence in population is about 5-12% (1, 2). The cause of this syndrome remains unclear, but increasing evidence shows that PCOS may be a complex hereditary disease, and vulnerable to environmental impact, including diet and lifestyle changes (2). Moreover, the current diagnostic criteria for PCOS remain incompletely unified, and Rotterdam criteria are still generally accepted (3). The investigation for mechanisms of PCOS progression will be beneficial to diagnosis and therapies for PCOS.

Increasing shreds of evidence have shown that hormones and immune cells play a crucial role in PCOS progression. PCOS also has cross-talks in the role of these immune factors (4). Studies have confirmed that peripheral blood of PCOS patients has elevated C-Reactive Protein (CRP) levels and a significantly increased number of white blood cells. These phenomena suggested that PCOS may be a chronic low-grade inflammatory disease (5). The low-grade chronic inflammation in PCOS patients is mainly attributed to accumulated visceral fat (2, 4), in which adipocytes undergo necrosis after hypoxia and gather many inflammatory cells to produce numerous inflammatory cytokines (6, 7). Therefore, chronic low-grade inflammation plays an irreplaceable role in PCOS progression.

The follicle is the basic functional unit of oocyte generation and development, it induces human germ cell maturation and ovulation (7, 8). GCs control meiosis in mammalian follicles before ovulation (9, 10). The cytokines secreted by GCs were identified as the main component of follicular microenvironment (11). In physiological conditions, adequate inflammatory stress is necessary for normal follicular development and ovulation and contributes to growth and development of oocytes (12, 13). Before ovulation, GCs have a certain inflammatory and immune-like phenotype that produces prostaglandins, inflammatory cytokines, and chemokines, which promote ovulation and fertilization (14). However, in pathological conditions, the development of oocytes may be restricted, and follicles appear early atresia, resulting in ovulatory dysfunction (15). The further development of chronic inflammation induces mitochondrial dysfunction and affects energy supply to oocytes, leading to ovum quality impairment and especially affected ovulation (16). The inflammatory stress in follicular microenvironment may be the underlying mechanism in PCOS progression that we need to investigate further.

Toll-like receptors (TLRs) recognize different pathogen-related molecular patterns (PAMPs) and play an indispensable role in innate immune response (17). They are the first line of defense against pathogen invasion and play a key role in inflammation and regulation, survival, and proliferation in the immune (18). The pro-inflammatory cytokines, including interleukin-1β (IL-1β), IL-18, PAMPs, and lipopolysaccharide (LPS), are activated and released nuclear factor NF-κB complex through IL-1 receptor type 1(IL-1R) and TLR4, respectively. Subsequently, NF-κB is further activated by phosphorylation transported into the nucleus, and promotes the expression of immune response genes (17–19). NF-κB p65 phosphorylation plays a crucial role in NF-κB activation, which seems to be the optimal selection for its activation (20). NLRP3 (encoding protein 3 containing NOD, LRR, and Pyrin domain) is an intracellular sensor that can recognize endogenous damage-associated molecular patterns (DAMPs), and finally form a cytoplasmic complex called NLRP3 inflammasome with ASC and pro-Caspase-1 (21–23), which regulates the maturation and secretion of IL-1β and IL-18 (21–24). The inflammasome formation includes two stages: the first stage is the priming stage, and the second stage is the activation stage (21). Inflammatory cytokines activate NF-κB to participate in inflammation, cause cascade signal amplification (25), and induce NLRP3 inflammasome formation. This signaling pathway regulates cellular physiological processes, including cell cycle arrest, proliferation, cell death, metabolism, stress response, and aging (26).

Given the critical role of IL-1 in regulating human follicular function (15), NLRP3 inflammasome activation in human ovaries is intimately associated with GCs disorder. Investigating the clear inflammatory pathway is obligatory to avoid low-grade inflammation stress in human ovarian GCs. This study aimed to understand whether inflammatory cascade amplification is launched under follicular microenvironment alteration in GCs from PCOS patients and its outcomes. Meanwhile, we also try to systematically elucidate the possible inflammatory pathways and provide novel ideas for PCOS etiology and disease evolution.



Materials and Methods


Clinical Patient Data

This study was approved by Institutional Review Committee of Guangdong Women and Children Health Hospital of Guangzhou Medical University. We collected samples according to ethics committee’s approval from Guangdong Women and Children Hospital of Guangzhou Medical University (number: 202001040) and also obtained informed consent of all patients before starting the study. We collected and separated human follicular fluid from oocytes of women receiving IVF. These patients come from Reproductive Center of Guangdong Women and Children Hospital of Guangzhou Medical University. All PCOS patients included in the case group were diagnosed according to revised Rotterdam inclusion/exclusion criteria.



Follicular Fluid Acquisition and Separation

Under the same GnRH antagonist protocol, ovarian stimulation and oocyte recovery were performed on non-PCOS and PCOS groups. Before aspiration, we measured individual follicles by two-dimensional ultrasound. When the diameter of one follicle was ≥ 18 mm, we provide 10,000 IU of human chorionic gonadotropin (HCG) to induce ovulation. After 36 h, the contents of follicles induced by patient’s stimulation were aspirated through vagina. This process was carried out under general anesthesia. We aspirated the follicles with a 16-gauge single-cavity needle, and completely absorbed and processed each one. After separating oocytes, follicular fluid (FF) is collected in a sterile test tube.



Extraction and Culture of Human Ovarian LGCs

The collected FF was transferred into 50 mL sterile centrifuge tubes and centrifuged at 1800 rpm for 10 min at room temperature. The above steps were repeated until the supernatant becomes clear, followed by collection. The precipitation is then resuspended in phosphate-buffered saline (PBS) and transferred to a 15 mL centrifuge tube, centrifuged at 3000 rpm for 10 min at room temperature, and repeated once. A new 15 mL centrifuge tube was prepared, and a 5 mL lymphocyte separation solution (Ficoll) (Biosharp, BL 590, China) was added. The precipitation was resuspended with PBS, and a suspension was made with the same volume as Ficoll, spreading the cell suspension evenly on Ficoll, followed by centrifugation by density gradient at room temperature for 30 min. The cells in the middle layer of separation solution were collected and suspended with PBS, then centrifuged at 1800 rpm for 10 min at room temperature. After washing twice with PBS, the cells were resuspended by complete DMEM/F 12 medium (containing DMEM/F 12, 10% fetal bovine serum, and 1% penicillin/streptomycin). After spreading in a 6-well plate, the cells were cultured in a 37°C CO2 incubator.



KGN Cell Line Culture

Human ovarian cancer granulosa cell line KGN cells (Procell CL-0603) (27) were provided by Procell Life Science&Technology Co., Ltd (Wuhan, China). The KGN cell line was cultured in DMEM/F 12 culture (Gibco) (the medium contains 10% FBS (TransSerum® FQ Fetal Bovine Serum) and 1% penicillin/streptomycin. The cells were planted in a 6-well plate and incubated in a 37°C CO2 incubator.



RNA Extraction Technology

The cells were planted in a 6-well plate and mixed with Trizol for 5 min for cell lysis. 0.2 mL chloroform was added to each 1 mL TRIZOL, shaken for 15 s, and place at room temperature for 2 to 3 min. After centrifuging at 12,000 rpm for 15 min at 4°C, the upper aqueous phase was taken to another Ep tube, and 0.5 mL isopropanol was added to mix well, leaving it at room temperature for 10 min. After centrifuging at 12,000 rpm at 4°C for 10 min, we added 1 mL of 75% ethanol to the mix. Before air drying for 5-10 min, we centrifuge the Ep tube at 7500 rpm at 4°C for 5 min. Finally, 40 μL diethylpyrocarbonate water (DEPC) was added to resuspend RNA.



RT-qPCR Technology

HiScript® II Reverse Transcriptase master mixing system (Vazyme) was used to convert RNA to cDNA. The PCR reaction mixture includes 18 μL qPCR Master Mix premix ChamQ SYBR (Vazyme, Nanjing, China), 2 μL cDNA sample, 0.4 μL forward primer, and 0.4 μL reverse primer. Then running on the machine, the method follows the instructions on the kit. The threshold period value (Ct) was used to determine the expression level of NLRP3, NF-κB, IL-1β, IL-6, and TLR4; then, β-actin was used as a unified parameter to calculate with the equation 2-△△Ct. The sequences of all primers used in this study are listed as followed:

	NF-κB (forward: 5’-TGAACCGAAACTCTGGCAGCTG-3’,

	reverse: 5’-CATCAGCTTGCGAAAAGGAGCC-3’);

	NLRP3 (forward: 5’-GATCTTCGCTGCGATCAACAG-3’,

	reverse: 5’-CGTGCATTATCTGAACCCCAC-3’);

	IL-1β (forward: 5’-TTACAGTGGCAATGAGGATGAC-3’,

	reverse: 5’-GTGGTGGTCGGAGATTCGTA-3’);

	IL-6 (forward: 5’-AGACAGCCACTCACCTCTTCAG-3’,

	reverse: 5’-TTCTGCCAGTGCCTCTTTGCTG-3’);

	TLR4 (forward: 5’-CCCTGAGGCATTTAGGCAGCTA-3’,

	reverse: 5’-AGGTAGAGAGGTGGCTTAGGCT-3’);

	β-actin (forward: 5’-GTTGTCGACGACGAGCG-3’,

	reverse: ‘5’-GCACAGAGCCTCGCCTT-3’).





Western-Blotting Technology

The protein extraction process was processed on ice. The cell samples in the 6-well plate were gently washed three times with PBS, and RIPA buffer (Beyotime, Shanghai, China) mixed with 1mM protease inhibitor phenylmethanesulfonyl fluoride (PMSF) (Beyotime, Shanghai, China) and 100X Roche protease inhibitor (cocktail) (Beyotime, Shanghai, China) was added to each dish for 30 min. The cells were transferred to a centrifuge tube, centrifuged at 15000 rpm for 15 min, and the supernatant was saved. BCA kit (Beyotime, China) was used to determine protein concentration). Every 1 μL 6X loading buffer was added in 5 μL protein and heated in a 100°C water bath for 10 min. The gel electrophoresis was performed using a 15% strength performed gel to separate proteins and then transferred to PVDF membrane. A pre-prepared blocking solution (5% BSA) was used to seal the membrane for 1 h, followed by placing them in an anti- 4°C refrigerator overnight. Washing with Tris-buffered saline Tween (TBST) was done three times on the next day, 10 min each time. After washing, a secondary antibody was added and incubated at room temperature for 1 h. The PVDF membrane was successfully contacted with an enhanced chemiluminescence reagent (Biosharp) and exposed to an enhanced chemiluminescence detection system (Amersham, Piscataway, NJ, China). Image J (National Institutes of Health, Bethesda, Maryland, USA) software processing system was employed for optical density analysis.



Immunofluorescence Staining

The cells were seeded in a 12-well plate in advance, and a cell sheet was spread in each well. When the cell density is 80% - 90%, the culture medium was discarded, the cells were fixed with 4% paraformaldehyde for 25 min, and washed three times with PBS. Then, infiltration was done using 0.5% TritonX-100 (Beyotime, Shanghai, China) for 10 min. After blocking with fluorescent staining blocking solution (Beyotime, Shanghai, China) for 15 min, the cells were washed with PBS three times. The specific antibody was incubated with primary antibody diluent (1:200 Beyotime, Shanghai, China) overnight in an anti- 4°C refrigerator. After washing with PBS on next day, a secondary antibody (1:200) was added to the cells at room temperature for 1 h (in a dark box to avoid light). Then, the cells were washed with PBS and were covered with a mounting medium with DAPI. The cells were observed under a confocal microscope after the mounting tablets were dried (Zeiss LSM 800).



Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA analysis detects IL-1β and IL-18 levels in the supernatant of isolated follicles. The test was carried out by manufacturer’s agreement by ELISA kit (Solarbio, Beijing, China), and the test was repeated three times for one sample.



Measurement of ROS by Flow Cytometry Analysis (FCM)

The sample preparation was carried out according to manufacturer’s instructions. The cells were digested with 25% pancreatin and were collected in a 15 mL centrifuge tube. After centrifugation, the supernatants were removed, and cell suspensions were prepared by adding PBS 1 mL of cells suspension mixed with 1μL of DHE or mixed with 2 μL of EdU. The assay reagent and samples were incubated for 30 min (DHE) or 2 h (EdU) at room temperature in dark. All fluorescence signals of labeled cells were analyzed by the flow cytometer CytoFLEX S (Beckman Coulter). A minimum of 10,000 cells were examined for each assay at a 100-150 cells/second flow rate. PI red fluorescence (590–610 nm) or FITC green fluorescence (488-519 nm) was analyzed in FL-2 channel. The percentage of PI-positive or FITC-positive cells were analyzed using flow cytometer software CytExpert, version 2.3.0.84 (Beckman Couter, Inc).



5-Ethynyl-2’- Deoxyuridine (EdU) Method to Detect Cell Proliferation

We use BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 488 to assess cell proliferation. The test was carried out following the manufacturer’s agreement by this kit (Beyotime, Shanghai, China). After staining a part of cells, the number of stained cells was counted under a confocal microscope and was compared with the count of all cells in the field of view to calculate the proportion of proliferating cells. Three fields of view were counted for each group. The fluorescence intensity of the other part of cells was observed under the flow cytometer to further judge cell enhancement, and the method is explained above. This test was repeated three times for one sample.



Data Analysis

Statistical analysis was performed using IBM SPSS Statistics 25.0 (SPSS Inc, Chicago, IL, USA), and we used Graphpad Prism 8.3.0 software (Graphpad Software Inc., San Diego, CA, USA) to generate graphs. Qualitative data were expressed as means ± standard error of the mean (SEM) and P-values were analyzed by two independent sample t-tests. It was considered that p < 0.05 is significantly different.




Results


Clinical Cases

Before IVF procedure, the patients should perform a general clinical examination. Indicators, including anti-Müllerian hormone (AMH; ng/mL), follicle-stimulating hormone (FSH; IU/L), luteinizing hormone (LH; IU/L), estradiol (E2; ng/mL), progesterone (P; ng/mL), and testosterone (T; ng/mL) were calculated. Besides, the ratio of LH to FSH was also calculated to make a diagnosis. The study results showed no significant difference in age and FSH, E2, and P levels between PCOS infertile patients and controls (Table 1, P > 0.05). However, hormone levels such as AMH, T, LH, and LH/FSH ratio in PCOS serum increased significantly compared with controls (P < 0.01). Fasting blood glucose, fasting insulin, triglycerides, cholesterol, and low-density lipoprotein (LDL) were higher than controls and were statistically significant (P < 0.05). We also found that peripheral white blood cell content of PCOS patients was higher than that of normal control group (P = 0.013).


Table 1 | The clinical characteristics of PCOS patients and controls.





The Levels of IL-1β and IL-18 Increased in the Follicular Fluid of PCOS Patients

To clarify that inflammatory cytokines in the peripheral circulation may accumulate in the follicular fluid through ovarian microcirculation. We collected the follicular fluid of patients undergoing IVF. The primary GCs were isolated for culture, and the supernatant was retained for ELISA detection of IL-1β and IL-18. The results showed that the content of IL-1β (Figure 1A) and IL-18 (Figure 1C) in the follicular supernatant was higher in PCOS patients compared with controls (IL-1β: P = 0.0005, IL-18: P = 0.021). Simultaneously, we used ROC analysis for the regression between levels of IL-1β and PCOS diagnosis, and we obtained AUC (Area Under Curve) of 0.800 (Figure 1B). IL-18 was analyzed in the same way, and we obtained AUC of 0.711 (Figure 1D). These data indicate that the content of IL-1β and IL-18 in the follicular fluid of PCOS patients is abnormally increased, which may underpin the pathogenesis of this disorder.




Figure 1 | The levels of IL-1β and IL-18 increased in the follicular fluid of the PCOS patients. (A) The content of IL-1β in follicular fluid in PCOS patients and controls were measured by ELISA (P = 0.0005). (B) ROC analysis for the regression between levels of IL-1β and PCOS diagnosis, AUC = 0.800. (C) The content of IL-18 in follicular fluid in PCOS patients and controls were measured by ELISA (P = 0.021). (D) ROC analysis for the regression between levels of IL-18 and PCOS diagnosis, AUC = 0.711. *P < 0.05 and ***P < 0.001. *P < 0.05 was considered statistically significant.





NF-κB Pathway Activation and NLRP3 Inflammasome Formation Were Promoted in Ovarian GCs From PCOS Patients

To further identify whether follicular microenvironment affects the inflammatory conditions of GCs, we experimented with primary cells extracted from ovaries of PCOS patients and controls. Follicle-stimulating hormone receptor (FSHR) immunocytochemical staining is the specific staining of ovarian GCs (27). We used this method to ensure that we isolated GCs correctly. The FSHR (red) positive staining is localized in cell membrane, suggesting that the method is successful (Figure 2A). After confirming that GCs can be successfully separated, we conducted a series of experiments on them. As shown in Figures 2B, C, mRNA levels of TLR4 and p65 in GCs of PCOS patients were increased compared with controls (TLR4: P = 0.0184, p65: P = 0.0292). We further confirmed that increased phosphorylation of p65 protein was significant (Figure 2D), suggesting that NF-κB inflammatory pathway was activated through TLR4. In addition, we also found that mRNA level of IL-6 in CGs of PCOS patients were increased (P=0.0071) (Figure S1A). In PCOS patients, mRNA levels of NLRP3 (P = 0.0096) are higher than that in normal individuals (Figure 2E), and the amount of NLRP3 increased equally (Figure 2F). To further verify that NLRP3 inflammatory pathway was activated, we found that mRNA expression of IL-1β in PCOS patients was significantly increased (P = 0.0005) (Figure 2G). We used WB to detect levels of NLRP3 inflammasome-related protein ASC, pro-Caspase-1, and Caspase-1, and the increase of self-cleavage into a mature form of Caspase-1 was observed (Figure 2H).




Figure 2 | NF-κB pathway activation and NLRP3 inflammasomes formation were promoted in ovarian granulosa cells from PCOS patients. (A) Identification of GCs in primary cells extracted from ovaries of PCOS patients and controls by immunofluorescence assays. (FSHR, red; DAPI, blue; scale bar, 20 μm). (B) The mRNA levels of TLR4 between PCOS patients and controls in GCs were measured by RT-qPCR assays (P = 0.0184). (C) The mRNA levels of p65 between PCOS patients and controls in GCs were measured by RT-qPCR assays (P = 0.0292). (D) The phosphorylation levels of p65 were measured by western blotting assays. (E) The mRNA levels of NLRP3 in GCs in PCOS patients and controls were measured by RT-qPCR assays (P = 0.0096). (F) NLRP3 protein levels in GCs in PCOS patients and controls by western blotting assays. (G) The mRNA levels of IL-1β from PCOS patients and controls by RT-qPCR assays (P = 0.0005). (H) The levels of NLRP3 inflammasome-related proteins (ASC, pro-caspase-1, and caspase-1) were measured by western blotting assays. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. *P < 0.05 was considered statistically significant.





NF-κB and NLRP3 Inflammasome of Human Ovarian Granulosa Cells Were Activated After LPS Stimulation

To clarify that GCs can indeed activate NF-κB signaling pathway and promote the activation of NLRP3 inflammasomes under positive stimulation, we used LPS (200 ng/mL) and ATP (4 mM) as activators to induce inflammation in KGN cells (28). The results suggested that after incubation with LPS (200 ng/mL) for 4 h and 6 h, mRNA levels of p65 were significantly up-regulated in KGN cells (4 h: P = 0.0257, 6 h: P = 0.0074) (Figure 3A). The phosphorylation of p65 protein increased after treatment with LPS (200 ng/mL) for 6 h and ATP (4 mM) for 50 min (Figure 3B). We found that mRNA levels of TLR4 in KGN cells after treatment with LPS (200 ng/mL) for 4 h and 6 h were up-regulated (4 h: P = 0.0096, 6 h: P = 0.0086) (Figure 3C). We also observed that NF-κB was in an inactive state in cytoplasm at first and then entered into nucleus after being activated (Figure 3D). These data show that NF-κB pathway is activated in KGN cells stimulated by LPS. At the same time, we also found that mRNA level of IL-6 increased after LPS treatment (4 h: P = 0.0073, 6 h: P = 0.0374) (Figure S1B).




Figure 3 | NF-κB pathway was activated with treatment of LPS in the KGN cells. (A) After treatment with LPS (200 ng/mL) for 4 h or 6 h, the relative expression of p65 was measured by RT-qPCR (4 h: P = 0.0257, 6 h: P = 0.0074). (B) The phosphorylation levels of p65 in KGN cells with the treatment of LPS (200 ng/mL) for 6 h and ATP (4 mM) for 50 min. (C) After treatment with LPS (200 ng/mL) for 4 h or 6 h, the relative expression of TLR4 was measured by RT-qPCR (4 h: P = 0.0096, 6 h: P = 0.0086). (D) The localization of p65 in KGN cells with LPS (200 ng/mL) stimulation for 3 h by immunofluorescent assays (p65, red; DAPI, blue; scale bar, 20 μm). *P < 0.05, **P < 0.01 and ***P < 0.001. *P < 0.05 was considered statistically significant.



Next, we conducted experiments to explore the activation of NLRP3 inflammasomes. After treating with LPS (200 ng/mL) for 4 h, the levels of IL-1β in primary GCs were significantly increased (P < 0.0001) (Figure 4A). Similarly, when we use LPS(200 ng/mL) to stimulate KGN cells, an increasing trend emerged in the expression of IL-1β (4 h: P = 0.0004, 6 h: P = 0.0271) (Figure 4B). Equally, we detect mRNA level of NLRP3 after its treatment with LPS (200 ng/mL) and found its up-regulation (4 h: P = 0.0024, 6 h: P = 0.0131) (Figure 4C). Further evidence indicated that expression of NLRP3 protein increased with prolonged stimulation time and had a remarkable trend with 12 h treatment (Figure 4D). So we stimulated the cells with LPS (200 ng/mL) for 12 h to induce inflammation. The expressions of NLRP3, ASC, pro-Caspase-1, and Caspase-1 were up-regulated in KGN cells treated with LPS (200 ng/mL) for 12 h and ATP (4 mM) for 50 min (Figure 4E). To investigate whether inflammasomes have been assembled, we observed the co-localization of NLRP3 and ASC in KGN cells under a confocal microscope. We found that with LPS treatment (200 ng/mL) for 3 h and ATP (4 mM) for 50 min, co-localization was observed (Figure 4F). Interestingly, we also observed that NLRP3 protein was located on mitochondria and accumulated around the nucleus, which further confirmed the formation of inflammasomes (29) (Figure 4G).




Figure 4 | NLRP3 inflammasomes were activated in KGN cells with LPS stimulation. (A) The mRNA level of IL-1β in primary human GCs treated with LPS (200 ng/mL) for 4 h was measured by RT-qPCR assays (P < 0.0001). (B) With LPS stimulation (200 ng/mL) in KGN cells, IL-1β mRNA levels were detected by RT-qPCR assays (4 h: P = 0.0004, 6 h: P = 0.0271). (C) The mRNA level of NLRP3 in KGN cells stimulated with LPS (200 ng/mL) (4 h: P = 0.0024, 6 h: P = 0.0131). (D) NLRP3 protein levels in KGN cells with LPS treatment (200 ng/mL) for 2, 4, 6, 12, and 24 h. (E) The protein levels of NLRP3, ASC, pro-Caspase-1, and Caspase-1 in KGN cells were treated with LPS (200 ng/mL) for 12 h and ATP (4 mM) for 50 min. (F) Immunofluorescent staining for co-localization of NLRP3 with ASC in KGN cells with LPS treatment (200 ng/mL) for 3 h and ATP (4 mM) for 50 min. (NLRP3, green; ASC, red; DAPI, blue; scale bar, 20μm). (G) Immunofluorescent staining for co-localization of NLRP3 with mitochondria in the KGN cells with LPS stimulation (200 ng/mL) for 3 h and ATP (4 mM) for 50 min (NLRP3, green; MitoTracker indicated mitochondria, red; DAPI, blue; scale bar, 100μm). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. *P < 0.05 was considered statistically significant.





The NF-κB Pathway and NLRP3 Inflammasomes Were Activated in KGN Cells Stimulated With Follicular Fluid From PCOS Patients

To further explore that changes in follicular fluid microenvironment may promote an inflammatory cascade in GCs from PCOS patients, we mix the follicular fluid isolated from patients with a culture medium in a certain ratio of 1:2 (FF: DMEM/F 12) to cultivate KGN cells. We observed that the level of phosphorylated p65 protein in KGN cells increased after 6 h of culture with follicular fluid of PCOS patients (Figure 5A). To further clarify our conjecture, we performed NF-κB staining. It revealed that NF-κB protein entered the nucleus and was located in the nucleus after incubating the follicular fluid of PCOS patients (Figure 5B). All suggest that NF-κB pathway was activated. To further explore whether NLRP3 inflammasomes were activated, we cultured KGN cells in the same way on the above. After culturing KGN cells with patient’s follicular fluid for 3 h, mRNA level in IL-1β (P = 0.0097) (Figure 5C) and NLRP3 (P = 0.0011) (Figure 5D) was increased. Besides, NLRP3 inflammasome-related proteins such as NLRP3, ASC, pro-Caspase-1, and Caspase-1 were also significantly increased (Figure 5E). Furthermore, under the immunofluorescence confocal microscope, the expression of NLRP3 protein increased (Figure 5F). Overall, these data show that activated NF-κB pathway and NLRP3 inflammasomes in KGN cells were stimulated with follicular fluid from PCOS patients.




Figure 5 | NF-κB pathway and NLRP3 inflammasomes in KGN cells were activated by stimulation of with follicular fluid from PCOS patients. (A) With treatment of follicular fluid in KGN cells of PCOS patients and controls for 3 h, the phosphorylation levels of p65 were measured by western blotting assays. (B) The localization of p65 in KGN cells with follicular fluid treatment of PCOS patients and controls for 3 h by immunofluorescent assays. (p65, red; DAPI, blue; scale bar, 50 μm). (C) The KGN cells were treated with follicular fluid of PCOS patients and controls for 3 h, and IL-1β mRNA levels were measured by RT-qPCR (P = 0.0097). (D) The mRNA level of NLRP3 was detected in KGN cells with treatment of follicular fluid of PCOS patients and controls for 3 h (P = 0.0011). (E) NLRP3 inflammasome-related proteins (NLRP3, ASC, pro-Caspase-1, and Caspase-1) were measured by western blotting assays. (F) With treatment of follicular fluid of PCOS patients and controls for 3 h, the localization of NLRP3 in KGN cells is measured by immunofluorescent assays (NLRP3, green; DAPI, blue; scale bar, 50 μm). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. *P < 0.05 was considered statistically significant.





Follicular Fluid From PCOS Patients and LPS Impaired Mitochondria Structure and Function, Caused Oxidative Stress, and Arrested Cellular Proliferation

To further judge the influence of inflammation on cells, we observe the mitochondrial morphology under a confocal microscope. We found that mitochondrial morphology of GCs was fragmented in PCOS patients (Figure 6A). Then we stimulated KGN cells with LPS or follicular fluid respectively and observed fragmented mitochondria (Figures 6B, C). An article pointed out that fragmented mitochondria produce more ROS (30), so our next experiment tested ROS levels in KGN cells with LPS or follicular fluid treatments. After using DHE to detect ROS and measure it by FCM, we observed an increase in generating ROS after LPS treatment, and the stimulate was more obvious after ATP addition (Figure 6D). Follicular fluid in controls seems to have a protective mechanism to inhibit ROS generation, so ROS levels were decreased. Conversely, the anti-oxidation ability of follicular fluid of PCOS patients on the cells is weakened, so ROS decrease is not obvious or even increased (Figure 6E). To investigate whether cell growth is impaired, we used EdU proliferation assay to measure cell proliferation. We observed that cell proliferation rate was slowed down after LPS treatment under immunofluorescent assays (Figure 6F). The same phenomenon was observed in KGN cells co-cultured with a follicular fluid of PCOS patients (Figure 6G). Using flow cytometry to detect cell proliferation also verified the above results (Figures 6H, I).




Figure 6 | Follicular fluid from PCOS patients and LPS impaired mitochondria structure and function, caused oxidative stress, and arrested cellular proliferation. (A) Immunofluorescence imaging of mitochondria in GCs from PCOS patients and controls (MitoTracker, red; DAPI, blue; scale bar, 20 μm). (B) Immunofluorescence imaging of mitochondrial morphology in KGN cells with LPS stimulation (200 ng/mL) for 3 h and ATP (4 mM) for 50 min (MitoTracker indicated mitochondria, red; DAPI, blue; scale bar, 20 μm). (C) Immunofluorescence imaging of mitochondrial morphology in KGN cells incubated with follicular fluid for 3 h (MitoTracker indicated mitochondria, red; DAPI, blue; scale bar, 20 μm). (D) After DHE staining, flow cytometry assays were used to detect ROS levels in KGN cells with LPS (200 ng/mL) treatment for 3 h and ATP (4 mM) for 50 min. (E) After DHE staining, flow cytometry assays were used to detect ROS levels in KGN cells with follicular fluid stimulation for 3 h. (F) Immunofluorescence imaging of EdU to indicate the KGN cells proliferation with LPS (200 ng/mL) treatment for 3 h and ATP (4 mM) for 50 min (EdU, green; DAPI, blue; scale bar, 50 μm). (G) Immunofluorescence imaging of EdU to indicate the KGN cells proliferation with follicular fluid treatment for 3 h (EdU, green; DAPI, blue; scale bar, 50 μm). (H) With EdU staining, flow cytometry assays were used to detect fluorescence in KGN cells with LPS (200 ng/mL) stimulation for 3 h and ATP (4 mM) for 50 min treatment. (I) After EdU staining, flow cytometry assays were used to detect fluorescence in KGN cells with treatment of follicular fluid for 3 h. **P < 0.01. *P < 0.05 was considered statistically significant.






Discussion

PCOS is generally identified as a metabolic disorder. Abnormal metabolic products, including oxidative stress products caused by breakdown and destruction of fat cells, induce the accumulation of inflammatory cytokines (4). Subsequently, these inflammatory cytokines may accumulate and promote chronic low-grade inflammation. This abnormal accumulation of inflammation seems to impair ovarian function and may aggravate PCOS development.

Early studies have further confirmed that in PCOS patients, peripheral blood circulating CRP and inflammatory cytokines such as IL-6 are increased (31). There have been a significant number of studies on estimating IL-6 levels in association with PCOS, no matter in a vast number of murine models or human subjects (32). This chronic low-grade inflammation promotes the onset of PCOS disease (31). According to our clinical dates collected from PCOS patients and controls, we found an increase in white blood cells in the serum. These immune cells produce large amounts of inflammatory cytokines and result in systemically chronic inflammation (33). Adams et al. found elevated levels of inflammatory cytokines IL-6 and TNF in follicular fluid (34). Our results also revealed that the mRNA level of IL-6 were increased in GCs of PCOS patients. Thus, we conjecture that inflammatory cytokines enter the ovary from blood circulation, and accumulate in follicular fluid from ovarian microcirculation (34).

The latest majority of results demonstrate that levels of typical pro-inflammatory cytokines (including IL-1β and IL-18) in the serum, ovarian and follicular fluid of PCOS were increased significantly (6, 15). Our results also showed that levels of IL-1β and IL-18 in follicular fluid of PCOS patients were increased. However, some research seems to hold the opposite opinion (35). To investigate whether inflammatory cytokines in follicles are predictive factors for PCOS diagnosis, we demonstrated the regression between levels of IL-1β and IL-18 and PCOS diagnosis with ROC curves. We found that the expression of related genes was indeed up-regulated. This is a possible cause of GCs inflammatory initiation in PCOS patients, and may even be the root of PCOS disease progression, but its mechanism remains to be further explored.

PCOS patients are more prone to intestinal flora imbalance and microbiota abnormalities caused by enteral malnutrition, which can producing metabolic endotoxin (LPS) that invades the intestinal wall and aggravates systemic inflammation (36). Therefore, we used LPS as a classic inducer to activate NF-κB pathway to simulate the similar inflammatory status of PCOS patients (19). Thus, we stimulated KGN cells with LPS to promote the expression of inflammasome components (signal 1) and ATP to activate the further assembly of these components (signal 2) (21). As stimulated by LPS, TLR4 was profoundly enhanced in both GCs and KGN cells. Ultimately, we pleasantly found that NF-κB pathway was activated and NLRP3 inflammasome assembled in GCs. Therefore, exogenous LPS may also enter follicular fluid from periphery to further induce inflammatory activation.

A suitable microenvironment is required for oocyte growth and maturation, and the signal transduction between somatic cells and oocytes in follicles constructs a dynamic homeostasis internal environment (37). The microenvironments stability would be controlled by internal and external environments simultaneously (38). To explore whether altered follicular microenvironment provides inflammatory stress to GCs, we incubated KGN cells with follicular fluid in PCOS patients and detected intracellular inflammatory indicators. We found that with treating follicular fluid in PCOS patients, KGN cells showed consistent phenotypes with GCs in PCOS patients. By treating LPS and ATP, NF-κB inflammatory pathways were activated, and NLRP3 inflammasomes were formed in KGN cells. It suggested that internal microenvironment of follicles undergoes adaptive alteration, which induces innate inflammatory responses in GCs.

The physiological conditions of energy metabolism in GCs play an integral role in maintaining oocyte growth (39, 40). Physiologically, pro-inflammatory cytokines produce during follicular development and participate in inducting ovulation, while continuous chronic inflammation can impair follicular growth and affect subsequent reproductive potential (11, 34). Under stimulation of several inflammatory cytokines, GCs make specific physiological responses and adapt to the damage of external factors by altering follicle microenvironment. Excessive and sustained inflammatory stress impacts the function of GCs and inevitably disturbs the quality of oocytes, resulting in subsequent infertility (41). Studies have shown that NF-κB can inhibit the telomerase activity of GCs (42), thereby shortening the lifespan of GCs and preventing oocytes from sufficient nutrients. By producing NLRP3 inflammasomes, this inflammatory response promotes GC pyroptosis and ovarian fibrosis, and disrupts follicular formation (43). While the inflammatory factor IL-1 can inhibit FSHR and LHR, thereby inhibiting follicular maturation and inhibiting ovulation (15). As our study results revealed, inflammation harmed the proliferation of GCs.

However, inflammatory and metabolic diseases are associated with perturbed mitoROS production (44). In this study, we found that with LPS treatment, the mitochondrial morphology of cells was changed significantly, which may be the direct cause of inflammation-induced mitochondrial damage to destroy energy generation of GCs (45). As our results show, the intracellular ROS content also increases significantly after inflammation is induced. Excessive abnormal ROS production would cause redox imbalance in the body, causing mitochondrial structure and function damage (30, 46). Mitochondrial dysfunction may affect follicle growth and development, leading to early follicle atresia (47–49). All the above factors may cause a follicular development disorder in PCOS patients and serve as a key reason for anovulation and sparse ovulation (Figure 7).




Figure 7 | A proposed model for inflammatory cascade in ovarian granulosa cells with PCOS. The inflammatory cytokines derived from the peripheral circulation enter into the follicles through the ovarian circulation system. Subsequently, by the IL-1R and TLR4 on the GCs, the inflammatory cytokines in follicular fluid alternate follicular microenvironment, resulting in the activation of nuclear factors NF-κB and its transfer into the nucleus. Activated NF-κB promotes the gene expression of key components of the NLRP3 inflammasome. Under the stress of mitochondrial ROS, these key components including NLRP3, ASC, caspase-1 assemble, promote the cleavage of IL-1β and amplify the inflammatory cascade. The inflammatory cascade further damage mitochondria, which aggravates the generation of mitoROS and forms a vicious circle. Thereby, the alternation of the follicular microenvironment affects the function of GCs and leads to slowing down of cell proliferation, ultimately affecting the growth and development of oocytes.



Because PCOS pathogenesis is unclear and etiology is complicated, it is a technical problem that needs to be overcome urgently. Some scholars believed that inflammation-related signaling pathways are not the main contributors to PCOS (50, 51). Most studies suggested that inflammatory conditions in PCOS are caused by associated obesity or insulin resistance rather than an independent feature of the syndrome (50). Some scholars have pointed out the expression of IL-1β gene in PCOS and non-PCOS was non-significantly different, but overweight PCOS patients had higher levels of IL-1β in serum (35). So whether IL-1β is the cause of PCOS disease remains controversial. According to our study, chronic low-grade inflammation plays an indelible role in its occurrence and development. If this chronic inflammation can be attenuated, it will likely have important significance for improving fertility of PCOS patients. Yang et al., in their work silenced UCA1 and inhibited most pathological progression in PCOS, such as preventing pro-inflammation production and promoting GC proliferation (52). So the target for inflammatory is crucial in PCOS therapy. At present, we have found that alternating follicular microenvironment activated inflammatory pathway, influenced the ability of GCs to proliferation, exacerbates oocyte maturation arrest. Therefore, improving follicular microenvironment can provide a novel direction for treating PCOS patients and remains to be further studied.
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A unique immunotolerant microenvironment with Th2 bias in the decidua provides an essential security for successful pregnancy. The disorganized maternal-fetal immune tolerance contributes to more than 50% of unexplained recurrent spontaneous abortion (RSA). How the Th2 bias is developed at the maternal-fetal interface remains undefined. NR2F2, a member of steroid/thyroid nuclear receptor superfamily, is endowed with diverse importance in cell-fate specification, organogenesis, angiogenesis, and metabolism. Here, we showed that NR2F2 was absolutely highly expressed in decidual CD4+T(dCD4+T) cells, but not in peripheral circulating CD4+T cells during early pregnancy. Decidual NR2F2-expressing CD4+T cells dominantly produced Th2 cytokines. In unexplained RSA patients, NR2F2 expression in dCD4+T cells was significantly decreased, accompanied with disordered phenotype of dCD4+T cells. Furthermore, overexpression of NR2F2 promoted the Th2 differentiation of naive CD4+T cells. Immunoprecipitation experiment confirmed the binding relationship between GATA-3 and NR2F2, which implied GATA-3 may be an important interactive element involved in the immunoregulatory process of NR2F2. This study is the first to reveal a previously unappreciated role for NR2F2-mediated dCD4+T cells in maternal-fetal immune tolerance and maintenance of normal pregnancy, in the hope of providing a potential biomarker for prediction and prevention of clinical unexplained RSA.
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Introduction

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

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

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



Materials and Methods


Reagents and Human Samples

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


Table 1 | Demographic and obstetrical characteristics of enrolled participants.





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

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



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

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



mRNA-Seq Data Analysis

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



Th1 and Th2 Cell Differentiation

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



Flow Cytometry

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



Plasmid Overexpression and Lentivirus Infection

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



Exogenous and Endogenous Co-Immunoprecipitation

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



Western Blotting Analysis

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



Statistical Analysis

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




Results


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

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

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




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





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

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




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





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

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




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





NR2F2 Promotes Th2 Cell Differentiation and Attenuates Th1 Bias

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




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





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

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




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






Discussion

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

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

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

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

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

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




Figure 6 | The role of NR2F2 in mediating decidual Th2 bias and pregnancy maintenance. The transcription factor NR2F2 is dominantly expressed in decidual CD4+T cells during early pregnancy. The upregulated expression of NR2F2 promotes Th2 differentiation with the inhibition of Th1 skewing via binding GATA-3. The population of decidual NR2F2+CD4+T cells displays Th2-like phenotype, producing higher level of Th2 cytokines with lower level of Th1 cytokines. In RSA patients, the expression of NR2F2 in decidual CD4+T cells is decreased, failing to induce Th2 differentiation via binding GATA3.
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Obesity is prevalent among women of reproductive age and is associated with increased risk of developing multiple pregnancy disorders. Pregnancy must induce immune tolerance to avoid fetal rejection, while obesity can cause chronic inflammation through activating the immune system. Impaired maternal immuno-tolerance leads to pregnancy failure, such as recurrent spontaneous abortion (RSA), one of the most common complications during early pregnancy. How does maternal immune response change under obesity stress in normal pregnancy and RSA? In turn, is obesity affected by different gestational statuses? Limited information is presently available now. Our study investigated pregnancy outcomes and maternal immune responses in two murine models (normal pregnancy and spontaneous abortion models) after obesity challenge with a high-fat diet (HFD). Abortion-prone mice fed HFD had significantly higher weight gains during pregnancy than normal pregnant mice with HFD feeding. Nonetheless, the embryo implantation and resorption rates were comparable between HFD and normal chow diet (NCD)-fed mice in each model. Evaluation of immune cell subsets showed HFD-induced obesity drove the upregulation of activated NK cell-activating receptor (NKp46)+ NK cells and pro-inflammatory macrophages (MHCIIhigh Mφ) as well as CD4+ and CD8+ T cells in the normal pregnancy group. However, in the abortion-prone group, relative more immature NK cells with decreased activity phenotypes were found in obese mice. Moreover, there were increased DCreg (CD11bhigh DC) cells and decreased CD4+ and CD8+ T cells detected in the HFD abortion-prone mice relative to those fed the NCD diet. Our findings reveal how pregnancy obesity and maternal immune regulation are mutually influenced. It is worth noting that the abortion-prone model where active maternal immune status was intensified by obesity, in turn stimulated an overcompensation response, leading to an over-tolerized immune status, and predisposing to potential risks of perinatal complications.
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Introduction

Obesity is recognized as a public health concern due to imbalanced energy metabolism and immune homeostasis attributable to overfeeding and sedentary lifestyles in modern society. Its prevalence is dramatically increasing worldwide, reaching pandemic standards in 2016 with 13% of adults being obese and 39% being overweight (1). Concomitant with the alarming incidence in both sexes, the growing obesity rates in women of child-bearing age deserve more attention given the associated high morbidity and mortality for both mother and offspring (2, 3). Indeed, obese women are nearly three times more likely to develop obstetric and perinatal complications during pregnancy (4), and emerging evidence has linked maternal obesity to multiple pregnancy-related disorders such as miscarriage, preeclampsia, preterm birth, and gestational diabetes (5–7). However, the mechanisms linking obesity and adverse pregnancy outcomes are poorly understood.

Among the underlying processes in maternal obesity thought to drive obstetric and perinatal complications, obesity-induced low-grade chronic inflammation has gained increasing attention (8–10). Excessive fat accumulation in obesity results from the overloading of adipocytes with triglycerides together with ectopic lipid deposition, resulting in the production of lipotoxic intermediates (11). In turn, immune cells infiltrate into adipose tissue, potentiating pro-inflammatory polarization and promoting the secretion of pro-inflammatory cytokines by leukocytes (12, 13). Supporting this notion, the peripheral blood of obese pregnant women contains elevated levels of tumor necrosis factor alpha (TNF-α), C-reactive protein (CRP), and interleukin 6 (IL-6) (14–16). The long-term presence of these pro-inflammatory factors not only induces systemic inflammation but also gives a rise to immune cell alterations at distal organ sites, leading to multi-organ dysfunction (17). Therefore, it is unsurprising that obesity-related stress alters the immune environment at the maternal–fetal interface, disrupting normal placental function which can lead to pregnancy failure (18). Several reported studies appear to verify this hypothesis. Perdu et al. showed that maternal obesity adversely affected vessel-to-lumen ratios in placental arteries which was associated with reduced numbers of uterine NK cells, shown to be indispensable for uterine artery remodeling and placental development (19). Similarly, Jennet et al. reported that the overall activity as well as the natural cytotoxicity receptor 1 (NCR1) expression level in uterine NK cells was increased in obese women, and these changes were tightly linked with dampened artery remodeling (20). Challier et al. found that obesity augmented the accumulation of pro-inflammatory macrophages in the placenta and induced inflammatory milieu at the maternal–fetal interface (21). Accordingly, maternal obesity influences the biology of diverse subsets of uterine immune cells, altering the immune cell landscape of the decidua.

As we know, the fetus, whose half antigens are inherited from the father, is immunologically recognized as a semi-allograft to the mother. Thus the maternal immune system is obligated to make active adaptations to tolerate the embryo for successful pregnancy maintenance (22). Unfortunately, once the maternal immune system fails to turn into immunosuppressive, the fetus would be attacked and here come diverse gestational complications, in which spontaneous abortion is the most common one of early pregnancy (23). Recurrent spontaneous abortion (RSA), defined as two or more consecutive spontaneous abortions before 20 weeks of gestation, is considered as a severer disease entity compared with sporadic miscarriage (23). Though genetic, structural, infective, and endocrine anomalies have been related to the incidence of RSA, the etiology of approximately 40% RSA is still unexplained and up to half of RSA with unknown causes are attributed to dysregulated maternal–fetal immunotolerance (24–26). Actually, the immune responses in RSA patients are transformed from an anti-inflammatory status towards an activated and pro-inflammatory direction. As stated above, obesity-associated inflammation has been reported to impair the pregnancy immunotolerance, increasing the risks of pregnancy loss (27, 28). Since inflammation per se is evidenced to be an important factor to cause and promote obesity, it is interesting to explore whether obesity and RSA would interact reciprocally in which maternal immune system may serve as a connecting bridge. And how would the maternal immunity respond to the combined challenges of immune-activated obesity and pro-inflammatory RSA? Answering these questions would help to ascertain the effects of two inflammation-driven events within an immunosuppression-required background, hoping to offer some clues for the explorations of novel mechanisms and therapies in obese pregnant women with a history of RSA.

To address these questions, we applied normal pregnancy (NP) and abortion-prone (AP) mice to investigate the pregnancy outcomes along with maternal immune responses under obesity stress. The abortion-prone mouse model (29), DBA/2-mated female CBA/J mice, is widely accepted as an immune-based model of human RSA not only for its guaranteed high rate of pregnancy loss (30), but also on account of plentiful inflammatory leukocytes extensively infiltrating into the maternal–fetal interface, which mimics human miscarriages with immune causes (31). This study helps to better understand the relationships and interactions among maternal immune status, maternal obesity, and embryo tolerance, hoping to generate logical and testable ideas for the management and treatment of overweight mothers with a history of RStA.



Materials and Methods


Animal Experiments

Female CBA/J and male and DBA/2 mice (8–10 weeks old) were purchased from Shanghai JieSiJie Laboratory Animal Co. Ltd. Male Balb/c mice (8–10 weeks old) were purchased from the Department of Laboratory Animal Science, Fudan University (Shanghai, China). Normal pregnancy models and the well-known abortion-prone models were established by CBA/J × Balb/c mating and CBA/J × DBA/2 mating (30, 31), respectively. Ten weeks before mating, female CBA/J mice were randomly divided into two groups and fed either with a regular chow diet or a highly palatable obesogenic diet consisting of high-fat pellets (HF; 99 40 kcal%; Research Diets, New Brunswick, NJ, USA). NCD-fed female CBA/J mice were randomly divided into two groups (n = 25/group) and mated in natural cycling with male Balb/c mice or DBA/2 mice, respectively, with the presence of a vaginal plug chosen to indicate day 0.5 of gestation. HFD-fed female CBA/J mice were subjected to the same protocol (n = 25/group). Dams were weighed weekly before and during gestation and on GD12.5, female CBA/J mice along with the unborn fetuses were sacrificed to examine the fetal resorption rate and placenta weight. Blood plasma sampling, uteri, spleens, and inguinal lymph nodes were collected for immune cell isolation. All experimental procedures involving animals were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (China), with approval from the Human Research Ethics Committee of Obstetrics and Gynecology Hospital of Fudan University.



Isolation of Decidual Immune Cells and Peripheral Blood Mononuclear Cells

Uteri from pregnant mice were carefully dissected free from the mesometrium and separated from the ovaries and cervix. The dissected uteri were washed twice in ice-cold PBS and cut into 1 mm3 pieces before enzymatic digestion in DMEM F12 medium supplemented with 1 mg/ml type IV collagenase and 0.2 mg/ml DNase I (Sigma-Aldrich Corp., St. Louis, MO, USA) for 40 min at 37°C with gentle agitation. The suspension was filtered through a 70-μm cell strainer and enriched by discontinuous Percoll gradient centrifugation (GE Healthcare Life Sciences, Little Chalfont, UK). The decidual immune cells obtained from the 40%/60% Percoll interface and peripheral blood mononuclear cells (PBMCs) isolated using Ficoll density gradient centrifugation at 800×g for 20 min were washed twice in PBS before analysis.



Preparation of Spleen Cells and Lymph Node Cells

Isolated murine spleen tissues and inguinal lymph nodes were aseptically stored in RPMI 1640 medium before processing. To produce single-cell suspensions, spleen tissue was passed through a 70-μm mesh strainer using a 10 ml syringe plunger while the inguinal lymph nodes were pushed through a 40-μm cell strainer. Cells were then washed with PBS and cultured in RPMI 1640 medium 10% containing fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml amphotericin B at 37°C in 5% CO2.



Flow Cytometry

Cell surface staining was conducted with the appropriate fluorochrome-conjugated Abs for 30 min at 4°C. The following specific monoclonal antibodies (mAbs) were used: antigen-presenting cells (APC)-cy7-conjugated anti-mouse CD45, FITC-conjugated anti-mouse CD3, Percy5.5-conjugated anti-mouse CD4, FITC-conjugated anti-mouse CD8, PEcy7-conjugated anti-mouse NK1.1, BV421-conjugated anti-mouse Nkp46, BV421-conjugated anti-mouse major histocompatibility complex II (MHC-II), APC-conjugated anti-mouse F4/80, PE-conjugated anti-mouse CD11c, PE-CF594-conjugated anti-mouse CD11b and APC-conjugated anti-mouse CD27 (all purchased from BD Bioscience). Flow cytometric (FCM) analyses were performed on a CyAn ADP analyzer (Beckman Coulter, Inc., Kraemer Boulevard Brea, CA, USA), with data analyzed using FlowJo Version 6.1 software (TreeStar, Asland, OR, USA).



Statistical Analysis

Prism 6 software (GraphPad) was used for data analysis. Statistical significance was determined using Student’s t-test for two-group or one-way ANOVA for multiple group comparisons. The data are presented as mean ± SEM. Statistical significance was defined as P < 0.05.




Results


Effects of HFD on Weight Gain and Pregnancy Outcomes in Normal and Abortion-Prone Mouse Models

To investigate maternal obesity and pregnancy outcomes, we established an obese mouse model by feeding female CBA/J mice with high-fat pellet diets for 10 weeks before mating, while control mice were fed a regular chow diet (Figure 1A). Mice fed the HFD gained approximately three-fold more weight than the control diet group, indicative that the feeding regimen induced an obese state (Figure 1B). To explore the influence of maternal obesity as well as immune responses on pregnancy outcomes, the obese and control mice were randomly divided into two groups, respectively, and mated with Balb/c or DBA/2 male mice to construct normal (NP) and abortion models (AP). As expected, the pregnant dams from all four groups displayed weight gains during gestation (Figure 1C). Among the groups, the AP-HFD group had the greatest weight gain, reaching a significant difference at GD12.5 compared with the AP-NCD group (Figure 1D). However, the weight gains during gestation in NP-NCD and NP-HFD groups were comparable.




Figure 1 | Effects of HFD on weight gain and pregnancy outcomes in normal and abortion-prone mouse models. (A) Schematic diagram showing the experimental design of the mouse models involving the establishment, gestational termination at GD12.5, pregnancy outcomes observation, immune cell isolation and analysis. Mouse weights during normal pregnancy (NP, dark and light blue) or spontaneous abortion (AP, dark and light purple) were measured from start of the experimental diet, on either a high-fat diet (HFD, dotted line) or a normal chow diet (NCD, solid line) before mating (B) and during gestation (C). (D) Maternal weight increments during gestation on GD12.5. All dams were killed on GD12.5, and the implantation numbers (E), resorption rates (F), fetal weights (G) as well as placental weights (H) were presented. Data are presented as mean ± SEM. NS, not significant; *p < 0.05, **p < 0.01, ****p < 0.0001, #p < 0.05, ##p < 0.01.



Pregnant mice were then sacrificed on GD12.5 to observe pregnancy outcomes. There were no significances observed in the embryo implantation numbers in NP and AP models fed either HFD or NCD (Figure 1E). However, consistent with previous reports (32, 33), resorption rates for the NP model were about 10% which increased to about 30% in the AP model, which was not obviously influenced by HFD or NCD (Figure 1F). Moreover, comparable fetal and placental weights were observed in both NP and AP mice irrespective of the feeding regimen (Figures 1G, H). Thus, the pregnancy outcomes showed no obvious difference between HFD- and NCD-fed mice in NP and AP models, but the AP model treated with HFD had greater weight gain during gestation.



Maternal Obesity Differentially Alters NK Cells in Mice With Normal Pregnancy or Spontaneous Abortion

To characterize the influence of maternal obesity on NK cells, we analyzed the frequencies and phenotypes of NK cells isolated from maternal decidua, inguinal lymph nodes, spleens, and peripheral blood by flow cytometry. Compared to the AP-NCD group, except for splenic NK cells, local (including decidua and inguinal lymph nodes) and circulatory NK cells (peripheral blood) in the AP-HFD group were significantly increased. Nonetheless, there were no obvious differences in the proportion of NK cells in the NP groups between HFD- and NCD-fed mice (Figure 2A).




Figure 2 | Maternal obesity exerts differential effects on NK cells in NP and AP mice. On gestational day 12.5 (GD12.5), cells from deciduas, lymph nodes (LN), spleens and blood were collected and analyzed by flow cytometry. (A) Representative and quantitative results for NK cells in the indicated tissues derived from NP and AP models with NCD or HFD fed. (B) Representative and quantitative results for NKp46 expression in NK cells. (C) Representative flow cytometry results for CD27 and CD11b expression in decidual NK cells. (D) Proportions of CD11b−CD27−, CD11b−CD27+, CD11b+CD27+ and CD11b+CD27− NK cell subsets in the deciduas. Data are presented as mean ± SEM. NS, not significant; *p < 0.05, **p < 0.01, ****p < 0.0001.



NKp46 is a marker of NK cell activation and participates in the modulation of NK cell cytotoxicity as well as cytokine production. Several reports have associated NKp46 with decidual angiogenesis and uterine vascular remodeling during pregnancy (34–36). Therefore, to determine whether maternal obesity affected NK cell activity, we examined NKp46 expression. Notably, the HFD upregulated the percentage of NKp46+ NK cells in the decidua of the NP group and peripheral blood of the AP group, but had no influence on other sample comparisons (Figure 2B).

Alternatively, to evaluate the effect of maternal obesity on NK cell maturation, we used staining of the surface markers CD11b and CD27 to subdivide NK cells into four subsets coinciding with four stages of the NK cell maturation process, namely CD11b−CD27− → CD11b−CD27+ → CD11b+CD27+ → CD11b+CD27− (37–39). Analysis of decidual NK (dNK) cells showed the AP-HFD group displayed lower proportions of CD11b−CD27− cells (although not significant) and the CD11b−CD27+ and CD11b+CD27− subsets, but a prominently higher proportion of the CD11b+CD27+ subset compared with AP-NCD group (Figures 2C, D). These changes were not observed in the NP groups either fed with NCD or HFD, nor in NK cells isolated from lymph nodes, spleen, or blood (Supplementary Figure 1). This indicates there is a specific inhibitory effect on dNK cell maturation in the HFD mice in the AP but not in NP models. Furthermore, this implies that maternal obesity drives dNK cell differentiation toward relatively mature CD11b+CD27+ subset but prevents its further maturation from CD11b+CD27+ to CD11b+CD27− subset at the maternal–fetal interface in spontaneous abortion mice.

Collectively, these data demonstrate that NK cells from the NP and AP models have different responses to obesity challenge. Specifically, a high-fat diet leads to increased NK cell activity, but the number of NK cells remains unchanged in normal pregnancy. In contrast, the HFD augments NK cells with a less mature phenotype in abortion prone mice.



Distinct Responses of Myeloid Cells in Normal Pregnancy and Abortion-Prone Mouse Models to Maternal Obesity

To further investigate the impact of maternal obesity on decidual myeloid cells, the frequencies of decidual macrophages and DCs along with their specific subsets were analyzed. The number of macrophages identified by F4/80 and MCH-II markers showed no significant differences between HFD and NCD groups both for the NP and AP mouse models (Figures 3A, B). Nevertheless, as expected, the abundance of total macrophages in the AP group was markedly higher than in the NP group (Figures 3A, B). Next, we compared the percentages of pro-inflammatory macrophage subsets (MHC-IIhigh Mφ) in the decidua among the four groups. Instructively, HFD-induced obesity upregulated the ratio of MHC-IIhigh Mφ to MHC-IIlow Mφ in the NP group, whereas the pro-inflammatory and anti-inflammatory macrophages were comparable between HFD and NCD groups in AP mice (Figure 3C).




Figure 3 | Different responses of myeloid cells to maternal obesity challenge in NP and AP models. (A) Representative flow cytometric analysis of macrophages isolated from deciduas stained with MHC-II and F4/80 fluorochrome-conjugated antibodies. (B) Total numbers of decidual macrophages. (C) Ratios of MHC-IIhigh versus MHC-IIlow macrophage subsets in deciduas. (D) Representative flow cytometry analysis of DCs within pregnant uteri marked with CD80 and CD11b fluorochrome-conjugated antibodies. (E) Total numbers of decidual DCs. (F) Ratios of CD11bhigh versus CD11blow DC subsets in deciduas. (G) Summary of fold changes in decidual myeloid immune cell numbers under obesity challenge in NP and AP models. Data are presented as mean ± SEM. NS, not significant; *p < 0.05, ***p < 0.001, ****p < 0.0001.



With respect to total decidual DCs, there were no significances between NP and AP models fed with NCD or HFD (Figures 3D, E). However, we also analyzed CD11b expressing DCs which represent a specialized subset called regulatory DCs (DCregs) that function to inhibit immune responses similar to Tregs (40, 41). To investigate whether immunosuppressive DCs were altered following maternal obesity or the abortion-prone state, we subdivided decidual DCs using CD11b to calculate the ratio of CD11bhigh DCs to CD11blow DCs. Indeed, we observed this ratio was dramatically increased in the AP-HFD group compared to the other groups (Figures 3D–F), indicative that immunosuppressive DCs are only altered in mice where the effects of maternal obesity and spontaneous abortion are superimposed.

The different responses of myeloid cells derived from NP or AP models to maternal obesity are summarized in Figure 3G. As depicted, the HFD has no influence on the total amount of decidual macrophages but increases the proportion of the MHC-IIhigh Mφ subset, while the inverse effects occur in the AP models. Regarding DCs, comparable DC numbers together with the proportions of DCs subsets were observed in NP mice with or without HFD. In contrast, although the total DC numbers are unchanged in AP mice fed the HFD, there is an increased proportion of DCregs. Thus, the myeloid cells in NP exhibit an enhanced inflammatory response under the pressure of maternal obesity, while the myeloid cells in AP unexpectedly exhibited a state of immunosuppression.



Maternal Obesity Augments T Cells in Mice With Normal Pregnancy but Suppresses T Cells in Spontaneous Abortion Mice

To evaluate the potential effect of high-fat intake on maternal adaptive immune cells during pregnancy, we examined the proportions of CD4+ and CD8+ T cells collected from the maternal decidua, uterine-draining lymph nodes, spleens, and peripheral blood. For NP mice there were increased decidual CD4+ and CD8+ T cells in the HFD group compared to the NCD group. Conversely, the numbers of decidual CD4+ and CD8+ T cells were comparatively decreased in AP mice fed the HFD (Figures 4A–C). Similar findings were evident in CD4+ and CD8+ T cells derived from lymph nodes (Figures 4D, E). However, no significant differences involving T lymphocytes were observed in the spleen or peripheral blood between the HFD and NFD groups in either pregnancy model, except for increased blood CD4+ T cells in NP-HFD mice compared with NP-NCD mice (Figures 4F–I).




Figure 4 | Maternal obesity mediates opposite effects on CD4+ and CD8+ T lymphocytes in NP and AP models. (A, B) Representative and quantitative flow cytometry results for CD4+ and CD8+ T cells in deciduas derived from NP and AP models fed with NCD or HFD. (C) Fold changes of decidual T cell numbers in NP and AP mice under obesity challenge. (D, E) Frequencies of CD4+ and CD8+ T cells in lymph nodes. (F, G) Frequencies of CD4+ and CD8+ T cells in spleens. (H, I) Frequencies of CD4+ and CD8+ T cells in blood. Data are presented as mean ± SEM. NS, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



These data suggest that with the stimulation of high-fat diet, maternal adaptive immune cells were augmented in NP models but were unexpectedly diminished in AP models.



Pre-Gravid Obesity Changes Affect the Maternal Immune System Differently in Normal Pregnancy and Spontaneous Abortion States

We constructed a model to illustrate the changes in immune cell landscapes resulting from diet-induced obesity and different gestational status (Figure 5). Pregnancy is immunologically defined by the active adaptation of the maternal immune system towards immunosuppression to prevent fetal rejection, especially at the maternal–fetal interface (42, 43). Here we defined a phenotypic and numerical switch of overall immune cells from suppression towards activation following high-fat intake in NP mice, supported by the upregulation of decidual NKp46+ NK, MHC-IIhigh Mφ, CD4+ T and CD8+ T cells. Conversely, the maternal immune system is generally acknowledged as severely immune-activated in cases of spontaneous abortion (23, 44). Surprisingly, our study demonstrates that pre-gravid obesity drove the deepening of immunosuppression instead of exacerbating the pre-existing inflammation in AP mice. We recorded decreased proportions of mature cytotoxic NK cells, CD4+ T cells as well as CD8+ T cells in the decidua, although there was local and systemic augmentation of total NK cells along with uterine DCregs observed in obese abortion-prone mice. The immune system changes driven by maternal obesity in NP and AP mice are therefore very distinct.




Figure 5 | Schema of how the maternal immune system changes driven by diet-induced obesity in normal pregnancy or spontaneous abortion. Immune-suppression and immune-activation changes are illustrated by red and green, respectively, with darker color changes reflecting more drastic changes.






Discussion

Using murine models of normal and abortion-prone pregnancy, our study investigated the relationships among maternal obesity, pregnancy outcomes, and maternal immune responses by examining the frequencies along with phenotypes of innate and adaptive immune cells both locally within the uterus and systemically. We found that spontaneous abortion aggravated obesity in gestational obese mice compared with normal pregnancy, but nevertheless pre-gravid obesity did not pose serious consequences for reproductive health either in the NP or AP groups. Among the key alterations observed in immune cells, HFD-induced obesity upregulated decidual NKp46+ NK cells, decidual MHC-IIhigh pro-inflammatory macrophages and T lymphocytes derived from deciduas, lymph nodes as well as peripheral blood in NP mice. While in the AP mouse model, maternal obesity drove overall increases in dNK cells along with functional changes represented by the intensification of the CD11b+CD27+ subset. Suppressive DCregs were also amplified in the decidua, accompanied by decreased CD4+ and CD8+ T cell numbers within the uterus. Together these observations provide new insights into how gestational status and maternal obesity are mutually influenced and delineate how low-grade systemic inflammation induced by obesity is superimposed onto the pregnant immune state during normal or under spontaneous abortion conditions. To our knowledge, this is the first research involving abortion-prone mouse models in the investigation of interactions between pre-pregnancy obesity and maternal immune responses.

Many previous studies have evaluated the reciprocal connections between maternal obesity and pregnancy outcomes. Although obesity-induced mal remodeling of decidual spiral arteries has been substantiated (19, 20), pregnancy outcomes such as modes of delivery, gestational ages, implantation sites, placental weights, and litter sizes remain unchanged (11, 15, 20, 45), which is in line with our findings. However, studies investigating the effects of pregnancy on maternal obesity are scarce, especially when it comes to pathological states such as miscarriage. Ingvorsen et al. reported that an obesogenic diet increased macrophage counts in mouse adipose tissues and livers, but gestation reversed macrophage infiltration in lipometabolic-related organs, thus attenuated the impact of obesity-induced inflammation (11). Nonetheless, we did not detect any weight gain differences during normal pregnancy, while interestingly there were significantly increased weight gains observed in the obese AP mice. These results indicate that the inflammatory environment caused by spontaneous abortion may in turn affect the systemic fat metabolism, thus sharpening the influence of adipose tissues under obesity challenge.

Among immune cell subsets at the maternal–fetal interface, NK cells are the most abundant, accounting for ~70% in humans and ~35% in mice (46, 47). NK cells are indispensable in maintaining normal pregnancy and play an innate sentinel role in peripheral tissues during pregnancy (48). The results of our analysis of NK cells were partly concurrent with previous studies (15, 20, 49). We found obesogenic diets did not alter the frequencies of NK cells either locally or systemically in NP mice, although a significant reduction in uterine NK cell numbers as well as decreased proportions in the uterus-draining lymph nodes were reported by others (19, 45). However, the results from AP mice were different from NP mice where obesity increased the percentages of NK cells both in the decidua and in circulation. To our knowledge, the uterine and peripheral NK cells show a tendency to increase in RSA (50, 51), while the reports of obesity-driven alterations in NK cell abundance are often conflicting (1). This highlights the intricacy of immunoregulation in obesity, which is further complicated by the maternal immune response. With respect to our findings in the AP mice, we propose that pre-gravid mice may undergo global low-grade chronic inflammation resulting in the maternal immune system becoming pre-activated, whereas in NP, NK cells remain unaltered because of effective compensatory mechanisms to prevent changes. Nevertheless, the double challenges of obesity and miscarriage stimulate the over-proliferation of NK cells during AP gestation. However, whether the expansion of dNK cells comes from infiltrating peripheral NK cells or the proliferation of tissue resident NK cells at the maternal–fetal interface needs further exploration.

To examine NK cell function, we utilized biomarker analysis of NKp46 and CD11b combined with CD27 to interpret NK activity and maturation, respectively. Prior research has confirmed the effects of pregnancy and obesity on the expression of NKp46, that is, normal pregnancy upregulates while spontaneous abortion and obesity downregulates the frequencies (49, 52–55). Research investigating the combined impacts of these two events is lacking, although recently, Jennet et al. reported that pregnancy increased the proportion of decidual NKp46+ NK cells in obese pregnant mice (20). Consistently we found that the high-fat diet induced the expression of NKp46+ dNK cells in NP mice without affecting peripheral NK cells. However, opposing findings were made in AP mice where there were increased NKp46+ NK cells in the periphery but unaltered numbers in the decidua. The possible explanation may involve the degree of balance between the processes involved: normal pregnancy upregulates circulating NKp46+ NK cells which is counteracted by the effects of maternal obesity whereas in spontaneous miscarriage, the maternal immune system overcompensates under the merged threats of abortion with obesity to maintain successive gestations. This in turn, augments NKp46+ NK cells which create a pregnancy-protective environment (34, 35). Furthermore, the NK cell maturation state was also changed between AP and NP mice, with obesity combined with AP driving the dNK cell differentiation from immature CD11b−CD27− or CD11b−CD27+ to relatively mature CD11b+CD27+ phenotypes and prevented further maturation into the CD11b+CD27− subset. Changes in the expression profiles of CD11b and CD27 can also be used a proxy measures of NK cell function in terms of cytokine secretion and cytolytic activity, respectively. Prior functional analyses have shown the CD27−CD11b− subset displays immune tolerance behavior; CD11b−CD27+ as well as CD11b+CD27+ subsets exhibit more efficient cytokine production and the CD11b+CD27− subset demonstrates the highest cytolytic function (37). In light of this, the alterations we observed in dNK cell maturity can be extrapolated such that the NK cell subsets in AP-HFD mice display enhanced cytokine secretion but weakened cytotoxicity compared to their NCD counterparts, which would benefit the maintenance of pregnancy. Based on this interpretation, we propose an “overcompensation hypothesis” to explain our findings which involve the overcompensation of the maternal immune system to the combined effects of obesity and abortion.

The second most abundant leukocytes at the maternal–fetal interface are decidual myeloid cells including macrophages and DCs (56). DCs are potent antigen presenting cells which function to bridge the innate and adaptive immune systems (57, 58). To further investigate the maternal immune response alterations, we quantified uterine macrophages as well as DCs. At least partially consistent with the findings of previous studies (11, 45), we found that the frequencies of either macrophages or DCs did not vary regardless of whether the gestational mouse models were obese or lean. However, other research showed increases in pro-inflammatory macrophages along with the decreased abundance of plasmacytoid DCs in pregnant obese subjects (12, 15, 21), indicating that delicate changes may occur in myeloid cell subsets rather than gross changes in total numbers. Therefore, we refined our analysis to include assessment of pro-inflammatory and anti-inflammatory profiles of decidual macrophages as well as DCs. Surprisingly, the percentages of MHC-IIhigh pro-inflammatory macrophages in NP and CD11bhigh immunosuppressive DCs in AP were upregulated dramatically in mice fed with obesogenic diets, while MHC-IIhigh macrophages isolated from AP mice were not increased. Together these data provide the conclusion that maternal obesity promotes the local inflammation in the decidua of normal pregnancy but polarizes the immune environment of abortive mice into a condition of immunological depression, consistent with the “overcompensation hypothesis”.

Regarding the adaptive immune system, there is no general consensus about the impact of maternal obesity on CD4+ or CD8+ T cell numbers in pregnant females in prior literature (15, 45, 59–61). Nonetheless, multiple studies have demonstrated that obesity affects T cell phenotype and behavior, leading to increased ratios of central memory and effector memory T cells (15, 62), reduced proportions of naïve T cells and enhanced polarization of T cells towards Th1/Th17 subsets (10, 15). More importantly, one remarkable characteristic of obese stimulation is persistence, with long-term obesity resulting in T cell exhaustion and thymus aging (63). In this study, we showed that pre-gravid obesity upregulated CD4+ or CD8+ T cell frequencies in NP while downregulated T lymphocyte abundance in AP mouse models. This proposes that maternal obesity induces T cell proliferation in NP but inhibits the activation of adaptive immune cells in AP mice, indicative of overcompensation mechanisms in the obese abortive subjects. However, tempering this interpretation, our study did not measure T cell function, and it remains unclear whether decreases in CD4+ and CD8+ T cell numbers truly result from “overcompensation” or whether T cell exhaustion following chronic inflammation resulting from pre-pregnancy obesity may have caused these changes.

It is worth noting that our experimental samples were collected from GD12.5 mice, corresponding to the second trimester in which the maternal immune system becomes optimally tolerized (42), thus the model was well placed to study the effects of obesity on immune tolerance during pregnancy. Nevertheless, Jennet et al. demonstrated that maternal obesity disrupted placental vascular remodeling in early–mid gestation, but proper artery remodeling was observed by mid–late gestation (20). This indicates the maternal immune response is dynamic in nature, and gestational day effects must be considered when determining the effects of obesity on immune responses.

Finally, looking at our findings from the translational perspective, clinical research has tightly linked obesity in women with the increased incidence of genital tract infections, urinary tract infections, and wound infection along with a high prevalence of spontaneous miscarriage (64–66). However, the underlying connections between these phenomena are undefined. Our study provides a possible explanation that women with obesity suffer from the systemic low-grade chronic inflammation and are liable to abort, thus the maternal immune system switches to an immunosuppressive state according to the “overcompensation hypothesis”, leading to decreased resistance to foreign pathogens and increased risk of infections as observed.

In conclusion, our study determined the interactions between maternal obesity and pregnancy outcomes and reported the global immune cell landscape alterations under the challenge of obesity with normal pregnancy or spontaneous abortion. To explain the results, we propose a new “overcompensation hypothesis” in which the maternal immune response was inhibited, leaving potential risks of perinatal infection, suggesting that much attention should be paid to prevent infectious diseases during pregnancy and the perinatal period in overweight mothers with a history of RSA. Moving forward, investigations into the precise mechanisms of the mutual effects of maternal obesity and embryo tolerance as well as studies to address the “overcompensation hypothesis” will be of great importance.
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The outcome of organ transplantation is largely dictated by selection of a well-matched donor, which results in less chance of graft rejection. An allogeneic immune response is the main immunological barrier for successful organ transplantation. Donor and recipient human leukocyte antigen (HLA) mismatching diminishes outcomes after solid organ transplantation. The current evaluation of HLA incompatibility does not provide information on the immunogenicity of individual HLA mismatches and impact of non-HLA-related alloantigens, especially in vivo. Here we demonstrate a new method for analysis of alloimmune responsiveness between donor and recipient in vivo by introducing a humanized mouse model. Using molecular, cellular, and genomic analyses, we demonstrated that a recipient’s personalized humanized mouse provided the most sensitive assessment of allogeneic responsiveness to potential donors. In our study, HLA typing provided a better recipient-donor match for one donor among two related donors. In contrast, assessment of an allogeneic response by mixed lymphocyte reaction (MLR) was indistinguishable between these donors. We determined that, in the recipient’s humanized mouse model, the donor selected by HLA typing induced the strongest allogeneic response with markedly increased allograft rejection markers, including activated cytotoxic Granzyme B-expressing CD8+ T cells. Moreover, the same donor induced stronger upregulation of genes involved in the allograft rejection pathway as determined by transcriptome analysis of isolated human CD45+cells. Thus, the humanized mouse model determined the lowest degree of recipient-donor alloimmune response, allowing for better selection of donor and minimized immunological risk of allograft rejection in organ transplantation. In addition, this approach could be used to evaluate the level of alloresponse in allogeneic cell-based therapies that include cell products derived from pluripotent embryonic stem cells or adult stem cells, both undifferentiated and differentiated, all of which will produce allogeneic immune responses.
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Introduction

Solid organ transplantation has emerged as a lifesaving operation for patients with end-stage organ failure. New advancements in immunosuppressive regimens, HLA typing, and surgery have allowed transplantation of a variety of solid organs, e.g., liver, kidney, lungs, with minimal complication and decreased ischemic injury (1, 2). However, to date solid organ transplantation has not achieved its full clinical potential due to the over reliance on lifelong immunosuppressive regimens to prevent rejection of the graft tissues by the host immune system (3, 4). An efficient transplant depends on balancing the probability of transplant rejection and the side-effects of immunosuppressants that include long-term risk of infection and malignancy (5, 6). One of the main factors to successful organ transplantation is recipient and donor human leukocyte antigen (HLA) compatibility. HLA matching in solid organ transplantation has well-known benefits, including better graft function, longer graft and patient survival, and the possibility to reduce immunosuppressive therapy (7, 8). HLA mismatches are linked to more rejection episodes that require increased immunosuppressive therapies, which affect the function of the transplanted organ and increase the risk of infection and malignancy (7, 9). The identification of HLA mismatches by current methods does not provide information on the immunogenicity of mismatching HLA antigens and, most importantly, their potential to activate immune cells in individual recipient-donor combinations (10). Strategies to optimize organ transplantation, especially for patients with living-related donors, should take into account the assessment of HLA immunogenicity to identify the immunologically best-matched donor when multiple donors available (11, 12). Additionally, HLA typing does not take into account the impact of non-HLA-related alloantigens such as HY, MICA, and PIRCHE II, which have an integral role in initiating allogeneic immune response post-transplant (13–15). We have developed a novel approach to evaluate the level of recipient-donor allogeneic responsiveness in vivo using a personalized humanized mouse. Humanized mouse model systems have emerged as an integral research tool for the study of pathological conditions in a stimulated human immune system in the mouse. The humanized mouse system was developed by the systemic progression of genetic modifications on immunodeficient mice. One of the most common immunodeficient strains for research is the NOD (non-obese-diabetic) scid (severe-combined immunodeficient) gamma (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) (NSG) mouse (16, 17). An NSG mouse is a non-obese-diabetic mouse model having the Prkdcscid mutation along with a homozygous target mutation at the IL-2R gamma chain locus. These mutations significantly expand the mouse life span while other immunodeficient mice tend to die prematurely due to thymic lymphomas (18). NSG mice demonstrated the highest rate of engraftment, supporting survival and proliferation of human B and T cells (19–21). NSG mice lack innate mature T cells and B cells, have defective NK cell activity, and altered antigenic expression, and thus have the best engraftment rates in comparison to other strains (22–24). This in vivo humanized mouse model approach provides the opportunity to determine the lowest degree of recipient-donor alloimmune response, leading to a better selection of the donor and diminishes the HLA-related immunological risk of allograft rejection in organ and bone marrow transplantation. In addition, this approach could be used to evaluate the level of alloimmune responsiveness in allogeneic cell-based therapies that include cell products derived from pluripotent embryonic stem cells or adult stem cells, both undifferentiated and differentiated, all of which will produce allogeneic immune responses.



Materials and Methods


Studies Involving Human Subjects

Human subjects were enrolled for the study as per protocol 1598406, approved by the Augusta University Institutional Review Board. Written informed consent was obtained from all subjects participating in the study.



Inclusion of Identifiable Human Data

No human images or potentially identifiable data are presented in this study.



HLA Typing

Genomic DNA was isolated from blood samples collected in acid citrate dextrose from volunteer participants in this study. Typing was performed using LinkSēq HLA Typing Real-Time PCR Kit (1580R, One Lambda), following the manufacturer’s protocol. The tray requires a minimum DNA input of 3.7 µg of DNA. In brief, LinkSēq 384-well trays included a variety of sequence-specific primers (SSPs) distributed in each well combined with a fluorescent, double‐stranded DNA‐binding dye (SYBR Green) to identify the presence or absence of amplification products. A real‐time PCR instrument was used to detect these products. Raw fluorescence first derivative (dF) and temperature data are exported from the real‐time PCR instrument for analysis by proprietary SureTyper software (STTPGRX, One Lambda). SureTyper plots dF against temperature to generate a melt‐curve for each reaction well. The melt-curves from each well are examined, and positive and negative peaks are identified. SureTyper compares the pattern of positive and negative reactions against known patterns of amplification for HLA alleles included in the IMGT/HLA database and assigns the most probable alleles. Some infrequent (rare) alleles could not be excluded. The proprietary primers used by LinkSēq cover both intron and exon regions from exons 1 through 7. The array of primers included those necessary to rule out frequent null alleles that are required to be resolved.



Mice and Generation of Personalized Humanized Mice

All mice were maintained under specific pathogen-free conditions at Augusta University with Institutional Animal Care and Use Committee (IACUC) approval (protocol 2008-0051). Animal studies were performed in strict accordance with recommendations in the NIH Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011). For the development of a humanized mouse model, we used NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice from The Jackson Laboratory (005557). NSG mice (5 to 12 weeks old) were given a single intravenous lateral tail injection of different amounts (5.0 x 106, 8.0 x 106, or 10.0 x 106) of human peripheral blood mononuclear cells (PBMCs) from healthy volunteers (recipients). PBMCs were collected in EDTA and purified by Histopaque 1077 (10771, MilliporeSigma) density gradient. To assess the rate of human cell engraftment in the humanized mice, flow cytometry analysis was conducted using blood samples from the humanized mice and control non-engrafted mice. Red blood cells were lysed using ACK lysis buffer (A1049201, Thermo Fisher Scientific) followed by staining of PBMCs with anti-human CD45 (368531, 1:400) and anti-mouse CD45 (109823, 1:400) monoclonal antibodies (mAbs) (all from Biolegend). For studies on human allogeneic responses in vivo, a humanized mouse received 5.0 x 105 PBMCs from related or unrelated donors pretreated with Mitomycin C (BP25312, Fisher Scientific) at 50μg/ml, and 25 U/ml recombinant human IL-2 (rhIL-2) (202-IL-010, R&D Systems). On day 5, mice were sacrificed, and human cells were analyzed for the activation of T cells and intracellular expression of Granzyme B, Perforin, IL-2, and IFN-γ. All animals were monitored triweekly for development of graft versus host disease (GVHD) and no significant symptoms were observed.



Antibodies and Flow Cytometry Analysis

For each experimental condition, cells from human PBMCs, mouse peripheral blood, and mouse splenocytes were isolated and labeled with antibodies at 4°C for 45 min in the dark as follows. Anti-human antibodies: CD3 (300412, clone UCHT1, 1:300), CD4 (17-0049-73, clone RPA-T4, 1:300), CD8 (301008, clone RPA-T8, 1:300), CD25 (302606, clone BC96, 1:200), IL-2 (500306, clone MQ1-17H12, 1:300), IFN-γ (502523, clone 4S.B3, 1:300), CD62L (304813, clone DREG-56, 1:300) CD45RA (304110, clone HI100, 1:300); Anti-human/mouse antibody Granzyme B (515403, clone GB11, 1:300); Anti-mouse antibodies: CD3 (100321, clone 145-2C11, 1:300), CD4 (100407, clone GK1.5, 1:200), CD8 (100713, clone 53-6.7, 1:300), and CD25 (10211, clone PC61, 1:200). All antibodies were from Biolegend. All samples were pre-incubated with TruStain fcX (101320, clone 93, 1:100, Biolegend) to block the Fc receptors. Intracellular staining was carried out per the manufacturer’s instruction described in the True Nuclear Transcription Factor Kit (424401, Biolegend). Samples were acquired on the FACS Canto (BD Biosciences) and analyzed using FlowJo version 10.1 (Becton, Dickinson & Company). Dead cells were excluded from the analysis based on the forward and side scatter characteristics.



Human Transplant Rejection PCR Arrays and Real-Time Quantitative PCR

Spleens from all challenged groups of the humanized mice were harvested, and the hCD8+ T cells were isolated using the EasySep Human CD8+ T cell isolation kit (17913, Stemcell Technologies). Total RNA was extracted using TRIzol reagent (15-596-026, Thermo Fisher Scientific) followed by purification using RNEasy mini kit (74104, Qiagen). A total of 1 µg high-quality total RNA was then reverse transcribed using the first strand synthesis kit (330404, Qiagen) and subsequently analyzed by the Human Transplant Rejection RT² Profiler PCR Array (PAHS-166Z, Qiagen) in accordance with the manufacturer’s instructions. Qiagen’s online web analysis tool was used to formulate the comparative heat maps, while fold change was determined by calculating the ratio of mRNA levels to control values using the Δ threshold cycle (Ct) method (2- ΔΔCt). All data were normalized based on the average of three housekeeping genes, ACTB, GAPDH, and HPRT1. PCR conditions used for the Applied Biosystems Step One plus Real-time PCR system (Applied Biosystems) involved holding for 10 min at 95°C followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. For real-time quantitative PCR (RT-qPCR) analysis, a total of 1 µg of total RNA was isolated and then reverse transcribed using the first strand synthesis kit (330401, Qiagen). 1ng cDNA was then amplified by real-time PCR using primers. Specific primer sequences and expected product size are listed in Table 1. Quantification was performed by normalizing the Ct values of each sample to rRNA, ACTB, GAPDH, and HPRT1. Values are expressed as fold induction in comparison to the analyzed group. RT-qPCR was performed for 40 cycles of 20 s at 95°C and 30 s at different temperatures for an annealing/extension step using an ABI StepOnePlus™ detection system (Applied Biosystems).


Table 1 | Primer sequences used for Real-Time qPCR and the expected product size.





Human Transcriptome and Data Analysis

Human cells were isolated from splenocytes of humanized mice by density centrifugation, followed by MACS magnetic bead separation of human CD45+ cells (130-045-801, Miltenyi Biotec). Total RNA was isolated as described above. RNA purity and concentration were evaluated by spectrophotometry using NanoDrop ND-1000 (Thermo Fisher Scientific). RNA quality was assessed by the Agilent 2200 TapeStation (Agilent Technologies) and assured of an RNA Integrity Number (RIN) ≥ 7. The Human Gene 2.0 ST array 4 (Applied Biosystems), which covers 24,838 genes, was used for gene expression profiling. Total RNA samples were processed using the GeneChip WT PLUS Reagent Kit (Applied Biosystems). Briefly, the WT PLUS Reagent Kit was used to generate sense strand cDNAs using 250 ng of starting RNA material. The synthesized sense strand cDNAs (5.5 µg) were fragmented, biotin-labeled, and hybridized onto the arrays according to the manufacturer’s protocol. After 16 hours of hybridization, the arrays were washed and stained using the Affymetrix GeneChip Fluidics Station 450 system. The stained arrays were scanned on an Affymetrix GeneChip Scanner 3000. Data were obtained in the form of CEL files, which were imported into Partek Genomic Suites version 6.6 (Partek) using the standard import tool with a Robust Multi-array Average (RMA) normalization. Differential expression was calculated using ANOVA of Partek Package and filtered with a p-value cutoff of 0.05 and fold-change cutoff to screen out the differentially expressed genes in each comparison. The significant gene list was used to generate a hierarchical clustering plot by the standardized expression values. Further analysis for the Venn diagram and signaling pathway was carried out using the Transcriptome Analysis Console 4.0 (TAC 4.0) (Applied Biosystems). Additional RT-qPCR was performed as described above.



Immunohistochemistry

The groups of humanized mice were sacrificed 5 days post-challenge and their spleens harvested. Immunohistochemistry was performed as previously described (25). Briefly, spleen tissues were fixed in 4% paraformaldehyde and embedded with paraffin. 7μm sections were boiled in citrate buffer antigen retrieval solution containing 10mM sodium citrate and 0.05% Tween 20 (Thermo Fisher Scientific) for 30 minutes and washed twice with PBS. Spleen sections were blocked with 3% bovine serum albumin (Thermo Fisher Scientific) in PBST for 1 hour before incubation with primary antibodies. Incubation was carried out in the presence of FITC-conjugated anti-human CD8 (344703, Biolegend) and PE-conjugated anti-human Granzyme B (396405, Biolegend) for 1 hour at room temperature in a dark humid chamber. Sections were washed twice with PBS, and nuclei were visualized by mounting in medium containing DAPI (H-1500, Vector Laboratories). All images were taken on a Keyence BZ-X800 microscope and analyzed with the BZ-X800 image viewer (Keyence).



Mixed Lymphocyte Reaction (MLR)

The recipient PBMCs acting as responders were labeled with CFSE (65-0850-84, eBioscience) at 2μM. PBMCs prepared from related and unrelated donors and autologous cells serving as stimulator cells were treated with Mitomycin C (BP25312, Fisher Scientific) at 50μg/ml for 35 minutes. Both responder and stimulator cells at a ratio of 1:1 were co-cultured in complete RPMI (Gibco) at 37°C in the dark for 3 days. Thereafter, proliferation of the CFSE-labeled responder cells was analyzed by flow cytometry, and cells were stained with anti-CD8, -CD4, -CD25, -Granzyme B, -IL-2, and -IFN-γ antibodies (Biolegend). Pro-inflammatory cytokine profiles of the CD8+CD25+GranzymeB+ cytotoxic cells were analyzed using FlowJo version 10.1 (Becton, Dickinson & Company). All experiments were run in triplicate and acquired on the Attune NxT Flow Cytometer (Thermo Fisher Scientific).



Statistical Analysis

All data are expressed as mean ± SD. Comparisons of 2 groups were analyzed using an unpaired, 2-tailed Student’s t-test using GraphPad Prism (GraphPad Software). One-way ANOVA was used for comparing multiple groups. For pathway analysis of transcriptome array significance was calculated using 2-sided Fisher’s exact test. A p-value of less than 0.05 was considered statistically significant.




Results


Assessment of Immunocompatibility Between Recipient and Donors by Conventional HLA Typing

Conventional HLA typing was carried out to assess the immunocompatibility between a recipient (R) and two related donors (RD1 and RD2) and an unrelated donor (UD). In this case, the R was male, with no history of blood transfusions. RD1 and UD were males and RD2 was female. The HLA typing was performed by the Tissue Typing Services of Medical College of Georgia (MCG) following the protocols mandated for typical solid organ transplantation. As shown in Table 2, R and RD1 shared a haplotype in one HLA-A, one HLA-B, one HLA-C, two HLA-DRB1, two HLA-DQA1, two HLA-DQB1, one HLA-DPA1, and one HLA-DPB1 antigen match as well as one HLA-DRB4, one HLA-DPA1, and one HLA-DPB1 antigen mismatch. We determined that R shares the other haplotype with RD2, which are one HLA-A, one HLA-B, one HLA-C, two HLA-DRB1, one HLA-DRB4, one HLA-DRB5, two HLA-DQA1, two HLA-DQB1, two HLA-DPA1, and two HLA-DPB1 antigen matches. In contrast to RD1 and RD2, UD has less immunocompatibility with R, showing mismatch with almost all typed HLA antigens, except matches with one HLA-DRB5, one HLA-DQA1, one HLA-DPA1, and one HLA-DPB1 antigens. Based on the HLA typing results, the most compatible and preferential donor for organ transplantation for recipient R would be RD2, with RD1 being a close match and UD being incompatible.


Table 2 | HLA-typing results of recipient, related donors, and unrelated donor.





Assessment of the Recipient Alloimmune Response to Related and Unrelated Donor Alloantigens by MLR

MLR is one of the in vitro methods to determine the allogeneic responsiveness that is caused by the recognition of HLA-related and non-HLA-related alloantigens provoking a T-cell-mediated immune response. Proliferative responses of recipient cells to alloantigens were measured by flow cytometry with CFSE-labeled responder cells. The stimulator cells from all donors and in autologous combinations were Mitomycin C-treated cells to provide one-way recognition of alloresponse only. As shown in Figure 1A, proliferation of CFSE-labeled recipient responder cells was least in an autologous combination (5.3 ± 2.0%, p<0.01). However, the recipient responder cells demonstrated a robust proliferation (42.3 ± 7.4%, p<0.001) to the allogeneic UD cells. In contrast, the proliferation of recipient cells to the RD1 (15.0 ± 4.2%) and RD2 (19.0 ± 5.1%) allogeneic cells was moderate and there was no significant difference (p=0.20) between the groups (Figure 1A). The total number of CD8+ T cells was increased in both RD1 and RD2 allogeneic responses with a marked increase in the allogeneic UD response (Figure 1B, left panels). In addition, an elevated number of activated, Granzyme B-expressing CD8+ T cells was determined in allogeneic RD1 (17.1 ± 3.6%), RD2 (20.3 ± 3.2%), and UD (29.0 ± 2.7%) responses. However, no statistical difference (p=0.07) was determined between RD1 and RD2 allogeneic immune responses (Figures 1B, C). The analysis of IL-2 (77.0 ± 7.0%, p<0.001) and IFN-γ (65.0 ± 12.0%, p<0.001) production in activated Granzyme B-positive CD8+ T cells revealed robust expression of these cytokines in the allogeneic UD response, with a moderate increase in RD1 and RD2 responses, and only IFN- γ was augmented in the RD2 (25.0 ± 6.0%, p<0.05) compared to the RD1 (17.7 ± 4.6%) response (Figures 1B, C). These data suggested that allogeneic responses in MLRs demonstrated a recipient’s strong alloresponse to the UD donor cells. However, the recipient’s allogeneic response to cells from two related donors was moderate and was insufficient to determine differences in immunogenicity between the two donors.




Figure 1 | Recipient’s allogeneic response generated in MLR was indistinguishable between RD1 and RD2 donors. (A) Representative flow cytometry histogram depicts CFSE-based proliferation of recipient cells in response to alloantigens from related (RD1, RD2) and unrelated (UD) donor stimulator cells. Filled histograms show CFSE-stained non-proliferating control, and green histograms show CFSE-stained proliferating cells. Graphical summary illustrates frequency (%) of proliferating recipient cells with each stimulator group. Data are representative of 5 separate experiments. Data presented as mean ± SD. **p < 0.01, ***p < 0.001, NS., not significant. (B) Representative flow cytometry color plots depict gating strategy for the identification of CD25+ Granzyme B-expressing CD8+ T cells amongst the responding recipient cells in each stimulator group. Histogram illustrates expression of pro-inflammatory cytokines IL-2 (red line) and IFN-γ (blue line) in the cytotoxic CD8+CD25+Granzyme B+ cells. Filled histogram shows isotype control. (C) Graphical summary depicts frequency (%) of CD8+CD25+Granzyme B+ cells. The IL-2 and IFN-γ profile of CD8+CD25+Granzyme B+ in each stimulator group is depicted. Data presented as mean ± SD from 5 experiments. *p < 0.05, **p < 0.01, ****p < 0.0001, NS., not significant.





Generation and Optimization of Humanized Mouse for Assessment of Allogeneic Response In Vivo

The assessment of an allogeneic response in MLR is limited due to several factors that include an artificial in vitro environment and manipulations with stimulator cells. Therefore, we have developed an in vivo humanized mouse model that is similar to the allogeneic response induced during human organ transplantation or allogeneic cell-based therapies. We used the NOD-scid IL2Rgamma null (NSG) mouse that has been represented as the gold standard for studies involving human hematopoietic cells. First, we investigated the NSG mouse engraftment potential for human PBMCs, which is an essential factor for the humanization phase. We optimized the number of cells required to obtain efficient engraftment of human PBMCs. Flow cytometry analysis of human CD45+ cells from the spleen of humanized mice demonstrated that injections of 8 x 106 and 10 x 106 cells have the strongest engraftment of human PBMCs compared to 5 x 106 cells. Moreover, no statistical differences were determined between groups of mice injected with 8 x 106 or 10 x 106 cells (Figure 2A, p>0.5). Therefore, the optimal number of 8 x 106 PBMCs from the recipient was used in further studies. We observed that, post humanization at the 3rd week, almost 71.2% of engrafted hCD45+ cells were CD3+ T cells with a CD4:CD8 ratio of 1:2 (Figure 2B). This predisposition towards amplified CD8+ T cell expansion has been previously reported and is commonly observed in the NOD background due to greater selective interaction between murine MHC Class I molecules and human CD8+ T cells (26–28). However, despite their selective proliferation, a significant majority of the engrafted CD8+ T cells (49.2 ± 6.3%) showed a naïve T cell (TN) phenotype (CD62L+CD45RA+) while only 30.0 ± 3.1% showed an effector memory (T EM) phenotype with a CD62L-CD45RA- expression profile (Figure 2B). A similar pattern was observed amongst CD4+ T cells as well, where the majority of 45.1 ± 8.0% cells maintained a naïve phenotype (Figure 2B). However, on the 4th week there is a dynamic transition in the TN and T EM populations with decreasing naïve cells making the 3 weeks of PBMC reconstitution optimal for the study (Supplementary Figure 1). These results showed that the NSG mouse allowed efficient engraftment of human PBMCs while maintaining lymphocytes in a naïve state prime for activation in response to suitable stimuli. These observations make our humanized-NSG-PBMC model an efficient novel method for investigating allogeneic immune responses between recipient and donors.




Figure 2 | Analyses and optimization of humanization phase in the Hu-NSG-PBMC mouse model. (A) Representative flow cytometry dot plots depict engraftment of hCD45+ cells in the humanized mouse 3 weeks after initial dose of 5, 8, or 10 x 106 recipient PBMCs. Graphical summary illustrates frequency (%) of recipient hCD45+ cells in the spleen of the humanized mouse (n=5 mice per group). Data presented as mean ± SD. NS., not significant. (B) Flow cytometry dot plots depict phenotype of the engrafted hCD45+ cells in the humanized mouse with gating for hCD3+, hCD4+, and hCD8+ T cell populations. Characterization of hCD4 and hCD8+ T cells was expanded showing their respective CD62L and CD45RA expression. Graphical summary depicts frequency (%) of hCD4+ and hCD8+ T cells as well as percent of TN (CD62L+CD45RA+) and T EM (CD62L-CD45RA-) populations. n=5 mice per group. Data presented as mean ± SD. **p < 0.01, ***p < 0.001.





Humanized Mouse Model Provides a More Sensitive Assessment of Allogeneic Response


Hu-NSG-PBMC Mice Exhibit Robust CD8+ T Cell-Driven Allogeneic Response

Post humanization and engraftment validation, the Hu-NSG-PBMC mice were subjected to an allogeneic challenge either by PBMCs from an unrelated donor (UD) or donors (RD1 and RD2) that were closely related to the recipient. This challenge was induced by tail vein injection of 5 x 105 PBMCs to test the efficiency of the newly engrafted human immune cells to induce an appropriate allogeneic response. An autologous challenge with the volunteer’s own PBMCs served as the control (Figure 3A). In the allogeneic challenge, the UD PBMCs induced significant splenomegaly with massive cell infiltration at 5 days of the challenge. The unchallenged control NSG mice and the autologous challenged mice showed minimal or no splenomegaly while the RD1 and RD2 mice presented enlarged spleens (Figure 3B). Additional flow cytometry analysis of the spleen showed a significant activation of the infiltrated hCD8+ T cells, with 15% showing CD25 expression in the UD group while RD1 induced 3% and RD2 induced 9.2% activation. However, 21.5 ± 2.8% of the activated hCD8+CD25+ T cells in the UD group showed a cytotoxic phenotype with positive expression for Perforin and Granzyme B as well as expression of pro-inflammatory cytokines IL-2 and IFN-γ (Figures 3C, D). Amongst the related donors RD2 challenge elicited a significantly higher cytotoxic phenotype (13.2 ± 2.4%, p<0.01) from the infiltrated hCD8+ T cells in comparison to RD1 (6.2 ± 2.1%) (Figure 3D). The autologously challenged mice induced negligible hCD8+ T cell activation and a very minimal cytotoxic phenotype (4 ± 1.7%). These observations were confirmed with immunofluorescence microscopy of spleen sections of the corresponding challenge groups. As shown, we observed maximal infiltration of Granzyme B-expressing hCD8+ T cells within the UD (25.2 ± 4.0%, p<0.001), minimal infiltration with RD2, and negligible infiltration with RD1 and the autologous control (Figure 3E). The Hu-NSG-PBMC mouse model showed a selective cytotoxic hCD8+ T cell-mediated allogeneic response to the RD2 stimuli, while at the same time it exhibited a tempered and controlled reaction to the RD1 challenge. These observations establish that our Hu-NSG-PBMC humanized mouse model is immunologically sensitive and specific to resolve the allogeneic stimulus exhibited between related donors and is more reflective of the actual immunocompatibilty with the recipient.




Figure 3 | Hu-NSG-PBMC mouse model exhibits strong CD8+ T cell-mediated allogeneic immune response. (A) Experimental design schematic illustrates humanization of the NSG mouse with PBMCs from the recipient followed by challenge phase with autologous control, allogeneic related donors (RD1, RD2), or allogeneic unrelated donor (UD) PBMCs. (B) Representative spleens isolated from the different challenge groups are shown. (C) Representative flow cytometry color plots depict gating strategy for CD25+ Granzyme B and Perforin expressing activated cytotoxic hCD8+ T cells in spleen of the humanized mouse for the challenge groups. Histogram shows expression of pro-inflammatory cytokines IL-2 (red line) and IFN-γ (blue line) amongst these cytotoxic hCD8+T cells. (D) Graphical summary depicts the frequency (%) of hCD8+CD25+Granzyme B+Perforin+ cells. The IL-2 and IFN-γ profile of CD8+CD25+Granzyme B+ Perforin+ cells in each challenge group is depicted (n=5 mice per group). Data presented as mean ± SD. *p < 0.05, ***p < 0.001, ****p < 0.0001. NS., not significant. (E) Representative immunofluorescent microscopy of spleen sections of the humanized mouse stained with FITC-conjugated hCD8, PE-conjugated hGranzyme B and nuclear staining shown by DAPI (scale bar 5μm). Graphical summary shows mean fluorescence intensity (MFI) for hGranzyme B expression amongst the challenge groups. n=5 mice per group. Data presented as mean ± SD of at least 3 sections from each mouse. **p < 0.01, ***p < 0.001.





Differential Expression of Transplant Rejection Genes in CD8+ T Cells Between Two Related Donors

We established that the engrafted human immune cells of the Hu-NSG-PBMC mice were able to induce a robust immune response to the various allogeneic challenges. In order to delineate the differences in allogeneic responses mediated specifically by hCD8+ T cells between the RD1 and RD2 challenges, we performed transcriptional analysis using the RT2 Human Transplantation Rejection array. We compared the expression profile of 84 key genes involved in transplant rejection specifically for hCD8+ T cells between the RD2 vs RD1 allogeneic challenges (Figure 4A). The main aim of this study was to pinpoint selective markers being up-regulated during related donor graft rejections. Our heat map data showed a greater than > 1.5-fold up-regulation of specific genes including GZMB, PRF1, and TIMP1 within the RD2 challenge mice in comparison to RD1 (Figure 4B). The GZMB and PRF1 transcript increases were statistically confirmed in the RD2 group by additional real-time qPCR analyses using custom primers (Figure 4C). These transcriptional results corroborate our earlier observations in which activated hCD8+ T cells in the UD allogeneic challenge show similar expression patterns. These observations suggest that the Hu-NSG-PBMC model is capable of mounting an effective immune-activated, cytotoxic response to allogeneic stimuli derived from related donors.




Figure 4 | Transplantation rejection genes are significantly upregulated in recipient’s CD8+ T cell’s allogeneic response to RD2. (A) Experimental design schematic illustrates allogeneic challenge of the humanized mouse with cells from RD1 and RD2 followed by spleen extraction, isolation of infiltrating hCD8+ T cells, and transcript analysis using RT2 Transplant Rejection PCR array. The gene expression was normalized to the average of three housekeeping genes (ACTB, GAPDH, HPRT), and expression of each gene relative to RD1 is depicted. (B) Heat map illustrates fold change of transplant rejection-specific genes in hCD8+ T cells of the allogeneic RD2 group in comparison to the RD1 challenge. Red indicates increased and green indicates decreased expression. (C) The specific gene expression patterns were confirmed by custom real-time PCR. Gene expression was normalized to GAPDH levels, and fold change in mRNA levels of each gene in the RD2 group compared to RD1 is shown. n= 5 mice per group. Data presented as mean ± SD.*p < 0.05, **p < 0.01. NS., not significant.





Comparison of Transcription Profile of Allogeneic Immune Response Generated in MLR and Hu-NSG-PBMC Mouse Model

To demonstrate the efficacy of our novel humanized mouse model for identifying the best potential donor for the recipient, we carried out a transcriptome analysis comparing the allogeneic immune response in MLR and the Hu-NSG-PBMC mouse model (29). Using the GeneChip Human Gene 2.0 ST array, we compared the expression of up to 24,838 genes between the responder hCD3+ T cells in the MLR and the infiltrating hCD3+ T cells of the Hu-NSG-PBMC mouse model. In the MLR, CD3+ T responder cells to RD1 and RD2 challenge showed an identical transcriptional expression profile, clearly demonstrating the inefficiency of MLR in distinguishing the immunogenicity of closely related donors (RD1, RD2) (Figure 5A). In contrast, the Hu-NSG-PBMC model showed a significant difference in the transcription expression profile of allogeneic RD2 challenge compared to RD1. We further enriched this set of differentially expressed genes using pathway analysis and observed that allograft rejection was one of the significantly upregulated pathways in the RD2 immune response (Figure 5A). Moreover, several clinically relevant markers of graft rejection, such as GZMB, PRF1, and IL2, were significantly up-regulated in RD2 in comparison to RD1 (30, 31). In addition, increased CTLA4 and CD80 expression amongst the RD2-induced immune cells point towards an exhausted T cell subpopulation arising after the initial allogeneic immune response (Figure 5C) as reported previously (32). Overall, the humanized mouse model of allogeneic response represents a more clinical relevance for donor selection than MLR.




Figure 5 | Transcriptome analyses of recipient’s allogeneic responses generated in humanized mice demonstrate differences between related donors, which are indistinguishable in the MLR. (A) Human Gene 2.0 ST array was used to plot a heat map representing differential gene expression in hCD3+ T cells of the allogeneic RD1 and RD2 challenges for the MLR and the humanized mouse models. Hierarchical clustering was used to segregate individual gene expression in each group into reduced expression (blue) and over-expression (red) conditions. (B) Transcriptome Analysis Console was used to carry out pathway analysis on the differentially expressing genes in RD2 challenges of the humanized mouse model. The allograft rejection pathway had 12 significantly upregulated and 7 significantly downregulated genes depicted in the scatter plot. Significance was calculated using 2-sided Fisher’s exact test. (C) Custom RT-qPCR was carried out to confirm fold change of target genes integral for allograft rejection comparing the RD2 vs RD1 allogeneic challenges. n = 5 mice per group. Data presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.







Discussion

Immunological graft rejection originates from alloimmune T cells derived from the host immune system. The host alloimmune T cell response against donor-derived antigens such as HLA are much stronger in comparison to classical immune responses against pathogen or self (33, 34). This is due to the highly polymorphic nature of HLAs combined with the presence of multiple HLA loci (HLA-A, B-class I antigens; HLA-DR, DQ, DP- class II antigens) (35–37). A diverse mismatch across the HLA alloantigens between the recipient and donor can elicit a robust allogeneic immune response (38, 39). These allospecific T cells of the host immune system can form activated cytotoxic Granzyme B-expressing CD8+ T cells that are primarily responsible for graft tissue destruction and transplant failure (40, 41). Therefore, selection of the most immunocompatible donor for the recipient with the least amount of HLA mismatches can maximize graft survival and reduce dependency on immunosuppressive treatments (42, 43). In this scenario, a well-matched related donor is the perfect candidate, allowing adequate time for investigating the level of histocompatibility with the recipient. HLA typing and MLR are the long-time clinical standards for the assessment of donor-recipient immunocompatibility in organ transplantation (44–47). Various studies have established that an increased number of matched antigens and decreased number of mismatched antigens lead to improved graft survival (48–50). However, HLA typing results are often confounded by the varying immunogenicity of the different HLA loci. HLA-DR mismatches are known to contribute heavily to graft rejection, and HLA-A and B matches are also crucial for graft acceptance (7). Meanwhile, HLA-DQ mismatch has no clinical significance unless it is compounded by the presence of a DR mismatch; DP mismatches only become relevant during regraft scenarios (51). Current donor organ allocation strategies consider mismatches at HLA-A, B, and DR to be equally important. However, mounting evidence suggests that each HLA mismatch contributes differently to graft survival; some HLA mismatches look more permissible than others (9, 38, 52). Benefits of dependence on HLA matching are further diluted by other factors such as age; a younger donor age can compensate for the impact of HLA mismatches (53, 54). However, HLA typing does not consider the impact of non-HLA-related alloantigens (55). Growing evidence suggests that as much as 38% of kidney allograft rejections are due to these non-HLA-related alloantigens in comparison to 18% caused by HLA mismatches (14, 56). Thus, there is a need for additional methods to assess immunocompatibility between recipient and donor. The most common and routinely used solution is MLR (57). CFSE-based MLR assays enabled the phenotypic characterization of alloimmune T cells developed by the recipient on stimulation by donor immune cells. However, the correlation between clinical outcomes and in vitro functional MLR assays has been low due to the inherent inability of in vitro assays to replicate the in vivo physiological environment. For example, unresponsive donor reactive cells commonly seen in MLR may arise due to deletion or anergy, a phenomenon that is indistinguishable in an in vitro setting (45). Although classical MLR has helped in histocompatibility assessment and pre-transplant risk evaluation, its fundamental disadvantage as an in vitro model prevents its translation into distinguishable clinical outcomes (58, 59). Thus, to overcome the limitations of HLA typing and MLR, we have developed a novel in vivo humanized mouse model. This model takes into account the varying immunogenicity of HLA antigens as well as the impact of non-HLA-related alloantigens that are ignored during HLA typing. In addition, being an in vivo model, we avoided artificial culture conditions and growth factors essential for in vitro assays, allowing for a more dynamic and natural background for an allogeneic immune response. The NSG mouse used in this model has defective VDJ recombination and a mutation in the IL-2R gamma chain, allowing for maximal engraftment of human immune cells and making it the most amenable strain for studying allogeneic immune responses (20, 60–63). Advantageously, there is a natural predisposition for the NOD background strains to encourage higher hCD8+ T cell engraftment, thus making NSG mice perfect for studying graft rejection (64). In this study, we concentrated mainly on CD8+ T cells that are primarily responsible for Granzyme B release and subsequent graft destruction. The future analysis of other immune cells involved in allogeneic response, such as antigen presenting cells (APCs) and CD4+ T cells, could be envisaged. For humanization, we utilized the recipient’s PBMCs since they are mature cells capable of providing a fast and robust model for allogeneic immune responses (23, 24, 65). The disadvantage of this model is the GVHD symptoms that can arise during humanization and engraftment of the recipient PBMCs, with maximum development at 6-8 weeks (16, 22, 66, 67). Though, our entire experiment including the humanization and the challenge phase was completed within 26 days. This swift approach in our study allows us a small window of opportunity to assay allogeneic responses while avoiding the significant symptoms of GVHD. As such, this protocol was established after rigorous preliminary studies titrating both the required PBMCs for humanization and the number of donor cells needed for the challenge. Furthermore, in the challenge phase of the experiment, all groups (including autologous, related donor 1, related donor 2, and unrelated donor) were subjected to similar levels of initial GVHD due to the recipient PBMC humanization phase, and hence we have minimized the influence of such background noise in our overall interpretation of the data. As our model makes use of recipient PBMCs prior to transplantation they would not be under any immunosuppressive drug regimens that might affect the reconstitution rates during the humanization phase. As such reconstitution rates for recipients in NSG mice are consistent and, by utilizing 5 mice per group in the challenge phase of our study, we have minimized some of the variations caused by mouse health factors. In the Hu-NSG-PBMC model, the main pathway for allogeneic immune response would be direct allorecognition wherein intact alloantigens presented by donor APCs activate recipient T cells. However, we do not exclude the indirect recognition pathway because recipient APCs are part of the PBMC-NSG mouse system during reconstitution phases and may contribute to the immune response during the challenge phase.

In our histocompatibility study, we showed the most compatible and preferential donor to be RD2, with RD1 being a close match. Predictably, unrelated donor (UD) was the most incompatible. The determining factor was that RD1 had only 8 HLA matches with the recipient while RD2 had 9 HLA matches. As both donors were of relatively similar young ages, in a standard clinical scenario, the preferential donor for organ transplantation could be RD2. The MLR studies showed indistinguishable responses from the recipient immune cells between RD1 and RD2. CFSE proliferation rates were minimal, and cytotoxic CD8+ T cell activation and pro-inflammatory cytokine profiles, including IL-2 and IFN-γ, were similar between RD1 and RD2 allogeneic responses. However, the validity of MLR was confirmed by observations with the UD challenge. To overcome the limitations of MLR and HLA typing, we generated the personalized humanized mouse model. Three weeks after the PBMC injection, we determined efficient engraftment of hCD45+ cells in the humanized mouse. The NSG mouse showed minimal signs of GVHD with the majority of cells retaining a naïve phenotype with a CD62L+CD45RA+ expression profile (68). These observations confirmed the presence of a sizeable majority of naïve CD8+ T cells unaffected by GVHD that are capable of mounting an allogeneic immune response. Our allogeneic challenges, specifically RD2 and UD, elicited a robust immune response from the humanized mouse. There was increased splenomegaly with RD2 by infiltration of cytotoxic CD8+ T cells expressing Perforin and Granzyme B. These alloimmune T cells showed a pro-inflammatory IL-2 and IFN-γ expression profile as well. In comparison, RD1 had minimal splenomegaly and only 2 – 5% infiltration of cytotoxic CD8+ T cells. However, this response was still higher than the autologous challenge. In concordance, our Transplant Rejection PCR array analysis on these infiltrating hCD8+ T cells identified PRF1 and GZMB as potential identifiers for distinguishing related donor immune responses. The two markers were significantly higher in RD2, in comparison to RD1, both transcriptionally and on flow cytometry analysis. Additionally, our transcriptome array analysis demonstrated a significantly higher allograft rejection-based transcription expression profile of human immune cells in the RD2 challenge by using the Hu-NSG-PBMC model, which was not distinguished in MLR. Thus, our model provides a more sensitive assessment of allogeneic immunogenicity, making RD1 the preferred donor with the additional possibility of reducing the immunosuppressive dosage. Using molecular, cellular, and genomic analyses, we demonstrated that the recipient’s personalized humanized mice provided the most sensitive assessment of allogeneic responsiveness to the potential donors. In addition, this approach could be used to evaluate the level of alloimmune responsiveness in bone marrow transplantation and allogeneic cell-based therapies that include cell products derived from pluripotent embryonic stem cells or adult stem cells, both undifferentiated and differentiated, all of which will produce allogeneic immune responses.
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Clinically, immune cell function is correlated with pathogenesis of endometrial polyp (EP) and infertility of women of reproductive-age. However, the underlying immune cell hallmark in EP patients remains unclear. Here, we focused on analyzing circulating immune cells, and attempted to reveal the correlation between peripheral immune cell functional phenotypes and fertility in EP patients. Through comparison of circulating CD4+/CD8+ T cells, NK cells, and γδ T cells between 64 EP patients and 68 healthy females, we found that γδ T cells, but not CD4+/CD8+ T cells and NK cells, were immunologically correlated with conception rate and conception interval time. Specifically, total γδ T cells and the Vδ1+PD1+ γδ T subpopulation decreased whereas the Vδ1/Vδ2 ratio increased in EP patients compared to healthy controls. Moreover, the patients with the higher Vδ1/Vδ2 ratio (median value equals 1.04) had a poorer fertility and longer interval time of conception (210 days versus 158 days for control). Meanwhile, higher Vδ1+PD1+ γδ T cell proportion (median equals 15.7) was positively correlative with both higher conception rate and shortened median conception interval time (130 days for Vδ1+PD1high group versus 194 days for Vδ1+PD1low group). Notably, in healthy controls, both Vδ1/Vδ2 ratio and Vδ1+PD1+ γδ T cell proportion correlated with pregnancy rate oppositely, comparing to EP patients. Together, our results suggested that imbalanced γδ T cell population occurred in EP patients, and that Vδ1/Vδ2 ratio and PD-1 expression of Vδ1+ γδ T cells could be potentially developed into valuable predictors for fertility in EP patients.




Keywords: endometrial polyp, fertility, biomarker, γδ T cells, PD-1



Introduction

The dynamic equilibrium is one type of fundamental features of human endometrium, for example, rebalancing between periodical proliferation and apoptosis, tissue breakdown, and repairment, which serves the major and basic function of regulating embryo implantation (1). Therefore, the excessive proliferation of endometrium would occur in certain condition of inductions, and this could adversely induce diseases if it keeps getting worse. Endometrial polyp (EP) is one consequence of excessive proliferation of endometrium commonly occurring in women of reproductive-age. Clinically, EP is a type of benign lesion in women with focal growth of the endometrial glands and stroma (2). EP affects approximately 7.8–34.9% of reproductive women and usually impairs fertility (3, 4). Previous reports showed that assisted reproductive technology such as in vitro fertilization is required for 11–45% EP patients (5, 6). In addition to fertility impairment, abnormal uterine bleeding (AUB) is another common symptom of EP, which relates to aberrant tissue damage and repair in endometrium. Currently, it generally recognized that EP can negatively affect the quality of life, such as physical, emotional, sexual, and professional aspects of the lives of women (7).

As for EP diagnosis, transvaginal ultrasonography (TVUS) is a reliable approach, and the Color-flow or Power Doppler technology can further improve the diagnostic accuracy of TVUS (1). Blind dilation and curettage or biopsy is only used to exclude the malignant polyps (1). For small or asymptomatic polyps, conservative management rather than medical treatments (GnRHa or hormonal therapy) is generally adopted clinically (2). For AUB or infertility patients, however, surgeries including blind dilation and curettage, hysteroscopic polypectomy, and even hysterectomy could be applied to remove polyps (1). Published clinical data showed that polypectomy could effectively relieve symptoms of EP (3, 4). Nevertheless, infertility is a common issue in EP patients of reproductive-age (5). Currently, the underlying mechanism of EP occurrence or development remains to be fully illustrated. Moreover, the biomarkers associating with fertility in EP patients are urgently needed clinically, which could particularly help the EP patient who is planning pregnancy.

Although the precise pathogenesis of EP remains largely unclear, high risk factors such as aging, hypertension, obesity, and drug (e.g. tamoxifen) usage were reported to contribute to development of EP (1). Increasingly, immunological imbalance or dysfunction has been recognized as one of important factors causing EP (6–8). Black et al. (2013) reported that inflammatory lesion associated with infiltrated mast cells in EP tissue plays important roles in inducing local immune disturbances (8). Moreover, the circulating monocytes of EP patients can secrete high levels of TNF, IL-1β, IL-6, and IL-23, which could impair fertility (9). In addition, endometrial inflammation (10, 11) or infection of chlamydia trachomatis (12) are also prone to induce AUB and subfertility (10). Altogether, local inflammation and dysfunctional cellular immune environment are believed to play important roles in etiology, pathophysiology, and infertility or poor pregnancy outcomes in EP patients.

In the present study, we focused on functional phenotype alterations of circulating immune cells (CD4+/CD8+ T cells, NK, and γδ T cells) in EP patients, and aimed to discover immune cell related biomarkers associating with pregnancy ability. We used our previously established methodology (13) to globally evaluate phenotypes of peripheral immune cells, and compare alterations between healthy populations and EP patients of reproductive age. Then we analyzed the immunological relevance between the immune cell phenotypes and pregnancy outcome, indicating that circulating PD1+Vδ1+γδ T cell and the Vδ1/Vδ2 ratio could be developed into the prediction biomarkers for pregnancy ability in endometrial polyp patients of reproductive-age. This proof-of-concept work not only will benefit further investigation of the underlying pathogenesis of EP, but also could promote development of immune cell phenotype biomarkers predicting pregnancy ability in EP of reproductive age.



Materials and Methods


Enrollment and Follow-Up of Research Cohorts

The research cohort of this study was shown in Figure 1. Briefly, 64 EP patients with 20~40 years old routinely diagnosed by hysteroscopy (1), ultrasonic imaging, and pathological examinations were enrolled at Shenzhen Baoan Women’s and Children’s Hospital of Jinan University between June and December 2018. Clinically, the common treatment of EP patients is to apply hysteroscopic polypectomy. Therefore, to evaluate peripheral immune cell phenotypes, 2 ml of heparin anticoagulant blood was collected before operation of polypectomy. At the same time, 68 healthy females of reproductive age who were going to receive pre-pregnancy medical examinations were enrolled in this study as well. The excluding criteria of the healthy cohort included endometrial polyps, ovary morbidities, infertility, leiomyoma, and other tumors. Similarly, 2 ml of peripheral blood was collected for subsequent analyses.




Figure 1 | The flow chart showing how this study was designed. In our work, 64 EP patients and 68 healthy population (control group) were enrolled to collect samples and perform subsequent analyses.



As for follow-up, all enrolled people were scheduled to come back for routine examinations every 3 months. The pregnancy status was verified by serum human chorionic gonadotropin (HCG) and ultrasound, and the first day of the last menstrual period (LMP) was recorded. The pregnancy status of two cohorts was followed up until 2019 December. Then the association between peripheral immune cell functional phenotypes and pregnancy rate was analyzed.

This study was approved by the Ethics Committee of Shenzhen Baoan Women’s and Children’s Hospital, Jinan University (IRB No: LLSC-2018-08-01).



Immune Cell Phenotype Analyzing by Flow Cytometry

Collected peripheral blood samples were analyzed using flow cytometry. Briefly, peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Paque centrifugation, then stained by the following antibodies: PerCP-CY5.5-conjugated anti-CD3; APC-conjugated anti-CD4; FITC-conjugated anti-CD45RA; PE-conjugated anti-CD25 and anti-Vδ2; PE-CY7-conjugated anti-CD28 and anti-NKG2D; BV421-conjugated anti-56, anti-127, anti-CD194, and anti-TCRγδ; BV510-conjugated anti-CD8 and anti-NKP46; Alexa Fluor 647-conjugated anti-CCR7 and anti-CXCR5; Alexa Fluor 484-conjugated anti-CD183, and BB515-conjugated anti-PD-1. The antibodies were bought from BD biosciences. Samples were then analyzed using BD LSR Fortessa (BD Biosciences) at Shuangzhi Purui Medical Laboratory Co., Ltd. (China), and data was analyzed using FlowJo 10.1 software (Tree Star Inc., Ashland, OR, USA).



Statistical Analysis

SPSS 25.0 (IBM) was used to process and analyze the data. For analyzing the difference in immune cells and its subsets between patients and controls, Mann-Whitney U tests were performed. The pregnancy rate and median pregnancy time (MPT) between different groups were analyzed by Kaplan-Meier Survival Curve, log-rank test, and Cox regression analysis by adjusting for age, history of infertility, and the number and diameter of endometrial polyp in EP patients. All tests were two sided, and the level of significance was set at 0.05. Statistical figures were produced by GraphPad Prism7.0 (GraphPad Software, USA).




Results


Overall Immune Function Profiles of γδ T, αβ, and NK Cells in EP Patients

In our work, 64 EP patients were enrolled, and 68 healthy women were included as control group, and the cohort diagram is shown in Figure 1. The clinical and demographic characteristics of these EP patients and healthy controls were described as Table 1. Given the unique immune function of γδ T cells, it’s of significant importance to detect how γδ T cells were proportionally altered in patients. We thus compared cell proportion of γδ T cells (Figures 2 and 3) between control and EP groups using flow cytometry. It showed that, compared with healthy populations, EP patients have statistically lower amount of γδ T cells (Figure 2B). We further analyzed statistical alterations of γδ T subsets. It showed that EP has higher Vδ1 cell proportion (57.47± 3.62, n = 64) comparing with the control population (42.72± 2.71, n = 68), but the lower Vδ2 cell proportion (42.32± 3.63) comparing with the control (57.2± 2.72). This thus led to a significant elevation of the Vδ1/Vδ2 ratio, from 1.49± 0.41 for the control to 7.16± 1.77 for the EP patients (Figure 2C). Further flow analyses on Vδ1+γδ T cells indicated that Vδ1+NKP30+ γδ T cells increased while Vδ1+PD-1+ γδ T cells decreased in patients (Figure 3A), and representative flow gating graphs are shown in Supplementary Figure 1. As for Vδ2+γδ T cells, we observed that Vδ2+NKG2D+ γδ T cells decreased while Vδ2+NKP30+ γδ T cells increased in EP patients (Figure 3B).


Table 1 | Clinical and demographic characteristics of endometrial polyp patients and healthy controls.






Figure 2 | Representative flow graphs (A, B) and statistical analysis results (C). (C) Statistical comparison of γδ T cell proportions in CD3+ T cells, Vδ1 and Vδ2 subsets in γδ T cells, and the Vδ1+/Vδ2+ ratio between the healthy group and the patient group. **P < 0.01. ***P < 0.001.






Figure 3 | Expressions of crucial receptors of Vδ1+ and Vδ2+ γδ T cells in healthy and EP populations. (A) Comparison analyses of expressions of NKG2D, PD-1, NKP30, and NKP46 receptors of Vδ1 γδ T cells acquired by flow cytometry. (B) Expressions of NKG2D, PD-1, NKP30, and NKP46 receptors expressed in Vδ2 cell subset. ns, no significance; **P < 0.01; ***P < 0.001.



Here, we also compared changes of αβ T and NK cells between control and EP groups (Supplementary Figures 2, 3) by checking expressions of function-related surface marker receptors. Here, CCR7 and CD45RA were used to determine CD4+ and CD8+ T cell differentiation, it indicated that naïve (CD4+CCR7+CD45RA+) and central memory (CM, CD4+CCR7+CD45RA−) populations statistically increased in EP patients, and terminal differentiated effector memory (EMRA, CD4+CCR7−CD45RA+) populations statistically decreased in patients (Supplementary Figure 2A). As for CD8+ T cells, we found that CM subset significantly increased while EMRA subset decreased in patients compared with control group (Supplementary Figure 2B).

Given helper T (Th, CD3+CD4+CXCR5−) and follicular helper T (Tfh, CD3+CD4+CXCR5+) cells are all differentiated from the naïve CD4+ T cells, we also compared the proportional alterations of these cells between patients and healthy controls. We found that, compared to the control group, the ratios of Th1/Th2, (Th1+Th17)/Th2, and Tfh1/Tfh2 were significantly higher in patients (Supplementary Figures 2C, D). Additionally, we also analyzed double negative T cells (CD3+CD4−CD8−) and CD56+NKP30+ NK cells, it revealed that the double negative T cells were statistically increased in patients compared with the healthy population, and meanwhile CD56+NKP30+ NK cells were statistically lowered (Supplementary Figure 3).



Vδ1+PD1+ γδ T Cells Associate With Pregnancy Rate of EP Patients

To uncover which immune cell subset was the most important factor associating with pregnancy rate of EP patients, we further analyzed correlation between pregnancy rate and immune cell subsets in 49 EP patients, as shown in Figure 4 and Supplementary Figure 3. We could clearly see that, among 15 immune cell subsets/parameters, only Vδ1+PD1+ γδ T cell and the Vδ1/Vδ2 ratio were closely relevant with pregnancy rate of EP patients (Table 2, Figure 4A). Specifically, in peripheral blood of EP patients, Vδ1+ subset is reversely correlated with pregnancy rate. Herein, the median value 1.04 could be used as the threshold value of Vδ1/Vδ2 ratio to predict the pregnancy rate of EP patients (adjusted relative risk (RR) = 0.330, 95% CI = 0.137–0.791). It showed that the median pregnancy time (MPT) prolonged from 158 days (median value <1.04) up to 210 days (median value ≥1.04). As for the proportion of PD-1+ cells in Vδ1+γδ T cells, we found that 15.7 (median value) could be used as threshold value of Vδ1+PD1+ γδ T cell to evaluate the pregnancy rate of EP patients (adjusted RR = 0.293, 95% CI = 0.125–0.685), and we found that 130 days for median value of Vδ1+PD1+ ratio ≥15.7 and 194 days for <15.7. Such results indicated higher Vδ1/Vδ2 ratio and lower Vδ1+PD-1+ γδ cell levels were associated with a poor post-operative pregnancy rate in EP patients. Then we used markers CCR7 and CD45RA to determine whether CD4+ T cell differentiation were different between patients and healthy population. Results were exhibited in Supplementary Figure 4B, showing increases of naïve (CD4+CCR7+CD45RA+), central memory (CM, CD4+CCR7+CD45RA−), and terminal differentiated effector memory (EMRA, CD4+CCR7−CD45RA+) populations in patients (all P values <0.05).




Figure 4 | The Kaplan-Meier Curve plotted based on the median values of Vδ1+/Vδ2+ ratio or Vδ1+PD-1+ γδ T cells of EP patients. (A) Comparison of pregnancy rate (MPT) between two groups with above or below Vδ1/Vδ2 ratio (1.04), or PD-1 expression (15.7%). (B) Comparison pregnancy rate (MPT) between healthy populations.




Table 2 | Analysis of Vδ1/Vδ2, Vδ1+PD1+ γδ T cells and pregnancy rate.



As for healthy controls (Figure 4B, Table 2), however, we found that, higher Vδ1/Vδ2 ratio (≥1.04) was linked with better pregnancy rate (69 days of MPT for ≥1.04, but 155 days for <1.04; adjusted RR = 0.521, 95% CI = 0.263–1.034), but higher Vδ1+PD1+ γδ T cell proportion (≥15.7) associated with attenuated pregnancy ability (113 days of MPT for ≥15.7, but 59 days for <15.7; adjusted RR = 0.399, 95% CI = 0.204–0.780). Additionally, we also checked CD3+CD4−CD8−T cells, CD56+NKP30+ NK cells, the differentiated subsets of CD4+ and CD8+ T cells, the ratios of Th1/Th2 and Tfh1/Tfh2, and other parameters of EP patients, it turned out that there was no statistical difference between groups of respective statistical median values (Supplementary Figure 4).




Discussion

Although reproductive immunology has achieved great progresses over past decades (14–16), and the view “immune suppression” during pregnancy has been widely accepted as one of important conceptions in the field of reproductive immunology (15, 16), further insights into immunity features of women of reproductive-age still remains to be fully illuminated. Although previous study showed that various immune cells, including natural killer (NK) cells (17), macrophages (9), and CD4+ T cells (18), play key roles in maintaining normal pregnancy at term, however, how peripheral immunity affects pregnancy ability is yet to be fully understood. Therefore, in this prospective study, we focused on characterizing immune profiles/phenotypes of circulating immune cells, such as CD4+ T cells, CD8+ T cells, NK cells, and γδ T cells. As for CD4+ and CD8+ T cells, we checked 22 parameters, including CD3+, CD3+CD4+, CD3+CD8+, CD3+CD4+CD8+, CD3+CD4−CD8−, CD3+CD4+/CD3+CD8+, CD3+CD4+CD45RA+CCR7+, CD3+CD4+CD45RA+CCR7−, CD3+CD4+CD45RA−CCR7+, CD3+CD4+CD45RA−CCR7−, CD3+CD4+CD28−, CD3+CD4+CD28+, CD3+CD4+CD25+CD127−, CD3+CD8+CCR7+CD45RA+, CD3+CD8+CCR7−CD45RA+, CD3+CD8+CCR7+CD45RA−, CD3+CD8+CCR7−CD45RA−, CD3+CD8+CD28−, CD3+CD8+CCR7−CD45RA−CD127+, CD3+CD8+CCR7−CD45RA+CD127+, CD3+CD8+CCR7−CD45RA−CD127−, and CD3+CD8+CCR7−CD45RA+CD127− T cells. Meanwhile, we checked 10 parameters for NK cells, including CD3+CD56+ (TNK), CD3−CD56+, CD3−CD56high, CD3−CD56low, (CD3−CD56high)/(CD3−CD56low), CD3−CD56+CD94+KIR−, CD3−CD56+CD94−KIR+, CD3−CD56+NKG2D+, CD3−CD56+NKP30+, and CD3−CD56+NKP46+. Moreover, we further analyzed phenotypes of circulating γδ T cells, the 12 parameters contained CD3+γδ+, CD3+γδ+Vδ1+, CD3+γδ+Vδ2+, Vδ1+/Vδ2+ ratio, CD3+γδ+Vδ2+NKG2D+, CD3+γδ+Vδ2+PD1+, CD3+γδ+Vδ2+NKP30+, CD3+γδ+Vδ2+NKP46+, CD3+γδ+Vδ1+NKG2D+, CD3+γδ+Vδ1+PD1+, CD3+γδ+Vδ1+NKP30+, and CD3+γδ+Vδ1+NKP46+. Among these 44 immune parameters, we only observed 16 parameters had statistical difference (refers to Figures 2, 3 and Supplementary Figures 2, 3). Such results suggested that only partial immune parameters of peripheral immune cells (CD4+, CD8+ T cells, NK cells, and γδ T cells) would be relevant to pregnancy of reproductive-age of women in the context of endometrial polyp (EP). Given this context, we further conducted correlation analyses between immune parameters with statistical difference and pregnancy rate, and the results surprisingly showed that only two parameters Vδ1+/Vδ2+ ratio and CD3+γδ+Vδ1+PD1+ T cell proportion, rather than all other parameters, were immunologically correlated with pregnancy rate.

It should be mentioned here that, γδ T cell along with αβ T cell are two major subsets of T lymphocytes. Different from αβ T cell, γδ T cell only constitutes 1–10% of peripheral blood T lymphocytes in human, and majority of cells locates in tissue mucosa (19), such as uterine endometrium (20). Unlike αβ T cells, the activation of γδ T cells is MHC-independent (21). Importantly, increasing evidences suggested that γδ T cells can exert strong direct or indirect influences on network of both innate and adaptive immunity (22), for instance, activation of antigen-presenting cells and/or direct stimulation of other mucosal leukocytes, such as αβ T cells and neutrophils (19, 21). Additionally, different γδ T cell subset could has opposite effector functions, for example, Vδ1+ γδ T cells that are more prone to immune depression, as a contrast, Vδ2+ γδ T cells belongs to cytotoxic subset (23).

According to relevance analyses, we found the Vδ1+/Vδ2+ ratio and Vδ1+PD-1+ γδ T cells increased in EP patients, and these two parameters of γδ T cells were associated with pregnancy rate (time) in reproductive EP patients. Specifically, when the Vδ1+/Vδ2+ ratio is greater than 1.04, the pregnancy time could be delayed for 52 days, from 158 days to 210 days (median pregnancy time, MPT). As for Vδ1+PD-1+ γδ T cells, however, higher expression of PD-1 molecules in Vδ1+ γδ T cells implicates with better pregnancy rate, significantly reduced MPT from 194 days to 130 days, and the threshold valve for Vδ1+PD-1+ γδ T cells in Vδ1+ γδ T cells was set at 15.7 according to statistical median. It’s surprising to note that, in healthy populations without EP, however, the statistical calculation indicated that the pregnancy outcomes associating with Vδ1+/Vδ2+ ratio and Vδ1+PD-1+ γδ T cells were opposite comparing to EP. Such opposite γδ T cell phenotype between the EP group and the control group suggested that the balance between Vδ1+ γδ T cell and Vδ2+ γδ T cell is quite important for pregnancy of women of reproductive age. However, whether functional difference of γδ T cell between two groups led to such opposite phenotype remained to be further verified.

Commonly, majority (>50%) of peripheral γδ T cells carries Vδ2 TCR in human (24), therefore, the Vδ1+/Vδ2+ ratio is less than 1 in healthy population. According to our unpublished data, however, the Vδ1+/Vδ2+ ratio is commonly and greatly higher than 1 in cancer patients, implicating with immune suppression effects exerted by Vδ1+ γδ T cells. As for suppression aspect of Vδ1+ γδ T cell, it possesses regulatory function just like conventional Treg cell. Previous works had also described that this subset can secrete higher amounts of TGF-β than conventional Treg, and can potently suppress naïve and effector T cells responses and meanwhile inhibit maturation of dendritic cells in tumor (24–26). In addition, since γδ T cells at the maternal-fetal during pregnancy are mainly recruited from peripheral blood, it’s logical to hypothesize that circulating γδ T cells would be new markers for postoperative fertility in EP.

Therefore, in healthy population of reproductive age, higher proportion of Vδ1+ γδ T cell subset, which can produce immune suppressive effects and thus balance cytotoxic effect of Vδ2+ γδ T cell subset, could facilitate fertilization and subsequent embryo implantation. This is consistent with previous observation on circulating Vδ1+ γδ T cell in healthy pregnant women (27). In this context, we further found that ≥15.7% of PD-1 expression in Vδ1+ γδ T cells adversely affected MPT, and delayed the MPT from 59 days (<15.7 of PD-1 expression) to 113 days. Such results revealed that, in healthy population of reproductive age, PD-1lowVδ1+ γδ T cells could be potentially developed into a biomarker for predicting the required duration of pregnancy. As a contrast, because of existence of immune disturbance in EP patients, the clinical relevance between pregnancy rate and the Vδ1+/Vδ2+ ratio as well as PD-1+Vδ1+ γδ T cell showed to be the opposite when comparing with the healthy populations. We believe that systematical immune cell function suppression contributed crucially to the developed endometrial polyp in women of reproductive age, especially the imbalanced Vδ1+ γδ T cell versus Vδ2+ γδ T cell in peripheral blood. Moreover, compared to healthy controls, higher proportion of Vδ1+ γδ T cell and significantly reduced expression of PD-1 in Vδ1+ γδ T cell suggested a more potent immune suppression in EP patients, which thus affects pregnancy adversely (lower conception rate and longer interval time). Therefore, among EP patients, those have either lower Vδ1+/Vδ2+ ratio or higher proportion of PD-1+ Vδ1 γδ T cell, which suggests less immune suppressive features of γδ T cells, can lead to better outcome on successive pregnancy. Different from healthy controls, PD-1highVδ1+ γδ T cells could be potentially developed into a biomarker for predicting the required duration of post-operative pregnancy for those EP patients who received hysteroscopic polypectomy. It should be mentioned that further large scale of EP patients will be recruited to validate such findings, particularly the clinical relevance of PD-1+Vδ1+ γδ T cells in predicting fertility in EP population of reproductive age. Notably, we only examined circulating immune cells of EP patients, it’s worthy to unveil whether the infiltrated immune cells including γδ T cells (Vδ1+/Vδ2+ ratio and PD-1+ Vδ1 T) in the endometrium have similar change pattern to the circulating γδ T cell, and the underlying functional features of both circulating and infiltrated γδ T cells are of worthy to be further investigated as well.

In conclusion, the present work suggests the mild imbalance of immune phenotype between Vδ2 and Vδ1 γδ T cells is crucial for successful pregnancy of healthy women of reproductive age. More importantly, the Vδ1/Vδ2 ratio could be a common indicator in both healthy and EP populations of reproductive age to predict the required duration of pregnancy; ≥1.04 of the Vδ1/Vδ2 ratio in healthy women implies shorter MPT, however, <1.04 in EP patients means shorter required time of pregnancy. Furthermore, expression of PD-1 in Vδ1+ γδ T cells could be the second prediction biomarker. PD-1<15.7% Vδ1+ γδ T cells correlate with shorter pregnancy time (MPT) in healthy populations. As a contrast, PD-1≥15.7% Vδ1+ γδ T cells mean shorter MPT in EP patients. Altogether, the Vδ1+/Vδ2+ ratio and PD-1+ Vδ1 T cell could be potentially developed into new immune indicators for predicting the pregnancy rate of EP patients. These indicators could supplement routine clinical examinations including hormone testing and ultrasound imaging, thus provide more comprehensive and precise clinical diagnoses, and eventually benefit EP patients. Finally, the present work revealed hallmarks of peripheral γδ T cell in reproductive females with and without EP, and provided a proof-of-concept for discovering immunological biomarker for predicting fertility clinically.
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Background

It is highly desirable to develop new strategies based on secretomics to more accurately selection of embryos with the highest developmental potential for transfer. Granulocyte-macrophage colony-stimulating factor (GM-CSF) has been reported to promote embryo development and pregnancy establishment. However, the predictive value of GM-CSF in single blastocyst selection remains unclear. This study is to determine the concentration of GM-CSF in human single-blastocyst conditioned medium (SBCM) and to evaluate its association with embryo quality and pregnancy outcome.



Methods

The patients with ≤38 years of age receiving the first cycle of assisted reproductive therapy were included in this study. The patients who had <4 top-quality embryos formed by the fertilized two pronuclear zygotes on day 3 were excluded. A total of 126 SBCM samples (SBCMs) were included, of which blastocysts from 77 SBCMs were later transferred in subsequent frozen-thawed embryo transfer. The concentrations of GM-CSF were detected by single-molecule array (SIMOA) and analyzed for their possible association with embryo quality and pregnancy outcomes. The top-quality embryo (TQ), positive HCG (HP), clinical pregnancy (CP), and ongoing pregnancy (OP) rates were determined and compared between groups divided based on GM-CSF concentrations.



Results

The detection rate of GM-CSF was found to be 50% in all SBCMs. There were significant differences in TQ rate, HP rate, CP rate and OP rate among high concentration group, medium concentration group and low concentration group. Both GM-CSF alone or GM-CSF combined with the morphological score (MS) had a greater AUC of ROC curve than that of MS alone to predict the pregnancy outcome, and GM-CSF combined with MS had the highest AUC.



Conclusions

The concentration of GM-CSF in SBCM was detected at fg/ml levels, which was associated with embryo quality and pregnancy outcome. Collectively, GM-CSF may be used as a biomarker for prediction of pregnancy outcome and selection of embryos with high developmental potential for transfer in assisted reproductive technology (ART).





Keywords: embryo quality, granulocyte-macrophage colony-stimulating factor, pregnancy outcome, single-blastocyst conditioned medium, trace protein detection 



Introduction

The primary goals of assisted reproductive technology (ART) are to perform the single-embryo transfer to achieve high live-birth rates, to minimize the chances of multiple pregnancies, and to attain higher overall successful pregnancy rates. Thus, the selection of the most viable embryos with the best developmental potential for transfer represents a vital integral part of ART (1). Conventionally, embryos are selected for transfer based on the noninvasive morphological evaluation; however, these methods are relatively subjective, and there are limitations to the predictive power of this method (2, 3). To compensate for these limitations, multiple embryos are transferred to obtain a high successful pregnancy rate, however, this leads to an increased rate of multiple pregnancies (4). Therefore, it is highly desirable to develop new strategies to accurately select embryos with the highest developmental potential for transfer.

Accumulating studies have suggested that cross-talk between embryo and endometrium, which is mediated by soluble protein and corresponding receptors, is important for embryo growth and implantation (5). Thus, new methods based on determining the proteins secreted by embryo in the culture medium have emerged to assess embryo viability and improve successful pregnancy rate (6). Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a hematopoietic cytokine with multiple effects such as proliferation, differentiation and adhesion induction (7). GM-CSF in the female reproductive tract (8, 9) promotes embryo implantation and pregnancy by regulating the uterine leukocyte population (10). It was reported that preimplantation embryo could secrete GM-CSF (11). In addition, GM-CSF concentration in the culture medium was demonstrated to be associated with pregnancy outcome (12). However, due to the limited sensitivity of available testing methods, a mixture of several culture media from single-blastocyst was used to determine the concentration of GM-CSF and its relationship with pregnancy outcome. The quantitative detection of GM-CSF in human single-blastocyst conditioned medium (SBCM) has not been established. Furthermore, the association between GM-CSF concentration in SBCM with the quality of embryo and pregnancy outcome remains to be elucidated.

Single-molecule array (SIMOA) is a protein detection method based on digital enzyme-linked immunity (digital ELISA), by isolating and detecting single immunocomplexes in arrays of femtoliter-volume wells. SIMOA enables clinically important proteins to be measured at femtogram (fg/ml) concentrations (13). It has been applied in several therapeutic areas, including oncology, neurology, and immunology (14, 15). In the present study, using SIMOA, we measured GM-CSF concentration in SBCM and evaluated the association of GM-CSF with the embryo quality and pregnancy outcome.



Materials and Methods


Study Design

Infertile couples, who underwent IVF or ICSI cycles at the Fertility Center, Shenzhen Zhongshan Urology Hospital between March 2019 and March 2020, were retrospectively enrolled into this study. The inclusion criteria include: 1). females age less than 38 years; 2). undergoing the first cycle of assisted reproductive therapy; 3). the number of top-quality embryos, formed by the fertilized two pronuclear zygotes (2PN), was no less than four on day 3. The exclusion criteria include: 1) abnormal ultrasonography and hysterosalpingogram/hysteroscopy result. The SBCMs of the patients enrolled in this study was collected to do GM-CSF concentration assay. At last, a total of 126 SBCMs from 100 infertile couples were collected, and then all these blastocysts were frozen. Of which, 77 were subjected to embryo transfer operation and the pregnancy outcomes were followed up. For the freeze-thaw single embryo transplantation cycles, endometrium was prepared by either natural protocols or artificial protocols. For natural protocols, embryo transfer carried out on day 5 after ovulation if the endometrial thickness exceeded 7 mm. For artificial protocols, patients received 4, 6 and 8 mg oral oestradiol per day successively. When the thickness of endometrium reached 7–8 mm, progesterone was started and embryo transfer was performed on day 6 after progesterone injection. Luteal phase support was achieved until a pregnancy test was positive and was continued until 3 months of gestation. Maternal serum HCG was measured on 11 days after the embryo transfer and the HCG level higher than 5 IU/L indicated HCG positive (HP). Intrauterine gestational sac detected by transvaginal ultrasound on 30 days after the embryo transfer was considered as a clinical pregnancy (CP). Pregnancy that proceeded beyond 3 months was defined as ongoing pregnancy (OP). This study was approved by the Research Ethics Committee of Shenzhen Zhongshan Urology Hospital (Approval number: SZZSECHU-20180021).



Human Embryo Culture

Oocytes were retrieved by an ultrasound-guided method at 36 h after administering human chorionic gonadotropin, and then IVF or ICSI was performed. Fertilization was assessed at 17 ± 1 h after insemination. The fertilized zygotes were cultured in Quinn’s Advantage Cleavage Medium (SAGE BioPharma, Bedminster, NJ, USA) supplemented with 10% (v/v) serum protein substitute (SAGE BioPharma). The cleaving embryos were evaluated on D3 according to the following criteria: the number of blastomeres, the degree of fragmentation, and the symmetry of the blastomere. In our center, a cleavage stage embryo was defined as a top-quality embryo if it meets one of the following two criteria: 1. the number of blastomeres ≥7 and ≤10 with the degree of fragmentation of <20%; 2. embryos with six symmetrical blastomeres and a degree of fragmentation of <10%. The cleaving embryo was subsequently transferred to the Quinn’s Advantage Blastocyst Medium (SAGE BioPharma) containing 10% (v/v) serum protein substitute and independently cultured until embryos reached the blastocyst stage. The morphological assessment of blastocyst was assessed on D5. The morphological assessment criteria of blastocysts were based on the Gardner system, as described previously (16). Briefly, the scores evaluate the degree of blastocyst expansion (1–6; as the embryo expands, the degree of expansion increases), the consistency of the inner cell mass (A–C; A being the highest), and the cohesiveness of the trophectoderm (A–C; A being the highest). In this study, blastocysts were divided into 4 grades based on their morphological score: grade 1, the blastocyst score was 4AA; grade 2, the blastocyst score was 4AB or 4BA; grade 3, the blastocyst score was 4BB; and grade 4, the blastocyst score was 4BC. In addition, blastocyst with score from grade 1 to 3 was defined as top-quality (TQ) blastocyst.



SBCM Sample Collection

After blastocysts were frozen, 30 μl SBCM were collected and stored at −80°C until further analysis. Only the SBCMs from the blastocysts which developed on D5 and from top-quality cleavage embryos formed by the fertilized zygote of 2PN were collected. The SBCM without blastocysts under the same condition were collected as negative control (NC) samples (NCs) (n = 6). Furthermore, samples of Quinn’s Advantage Blastocyst Medium without serum protein substitute were also collected (n = 6).



GM-CSF Detection by SIMOA Platform

The concentration of GM-CSF in SBCMs was measured using a GM-CSF assay kit (Cat No: 102329) following the manufacturer’s protocol (Quanterix, Billerica, MA, USA) on an HD-1 platform. SBCMs were diluted at 1:4 ratio and were performed in singlicate. The limit of detection (LOD) of GM-CSF is 0.50 fg/ml. SBCMs with GM-CSF concentration lower than LOD were assigned 0.50 fg/ml.



Statistical Analysis

Statistical analysis was performed using SPSS version 23 (IBM company, Chicago, IL, USA). Data were expressed as mean ± standard deviation (SD) for variables with a normal distribution. Data were presented as median (25th and 75th percentile) for variables with a non-normal distribution. Categorical variables were expressed in ratios and quantities. Statistical differences between groups were determined using the ANOVA test for quantitative data, chi-square test for comparing frequencies. The correlation values between the qualitative datas were calculated by Spearman’s rank correlation coefficient test. To determine the predictive value of GM-CSF for pregnancy outcome, receiver operating characteristic (ROC) curve analyses were performed. The predicted probability of logistic regression model being diagnosed with pregnancy outcome was used as a surrogate marker to construct ROC curve (17). The area under the curve (AUC) was used as an accuracy index for evaluating the predictive values of GM-CSF for predicting pregnancy outcomes. A p-value of <0.05 was considered statistically significant.




Results


GM-CSF Concentration in SBCM as Detected by SIMOA

A total of 126 SBCMs were tested, and GM-CSF was detected in 63 SBCMs of them, and the detection rate was 50%. The concentration of GM-CSF in the detected SBCMs was 5.60 (1.95, 14.74) fg/ml. GM-CSF was detected in all the NCs and not in the Quinn’s Advantage Blastocyst Medium samples without serum protein substitute. The concentration of GM-CSF in NCs was 3.72 (3.58, 4.05) fg/ml (Table 1).


Table 1 | GM-CSF concentration in SBCM detected by SIMOA.





Relationship Between Levels of GM-CSF in SBCM and Embryo Quality

To investigate the relationship of GM-CSF and embryo quality, the rate of TQ blastocyst was compared among the groups with different concentration of GM-CSF. Based on the median concentration of GM-CSF in NCs (3.72 fg/ml) and the LOD (0.50 fg/ml), all the 126 blastocysts were divided into three groups: high concentration group (HIGH, >3.72 fg/ml), mid concentration group (MID, ≤3.72 & >0.50 fg/ml), and low concentration group (LOW, ≤0.50 fg/ml). As presented in Table 2, there was no significant difference in the age of the patients, body mass index (BMI), infertility duration, primary infertility rate, and the number of retrieved oocytes among the three groups. The TQ blastocyst rate in the HIGH group, MID group, and the LOW group was 80.00% (28/35), 53.57% (15/28), and 49.21% (31/63). There was significant difference in the TQ blastocyst rate among the three groups (p = 0.010). The correlation values between GM-CSF concentration group and morphological score (MS) was 0.245 (p = 0.006).


Table 2 | Relationship of GM-CSF concentration in SBCM with embryo quality.





Relationship Between Levels of GM-CSF in SBCM and Pregnancy Outcome

To further investigate the relationship of GM-CSF and embryo developmental potential, the rates of HP, CP and OP were compared among the groups with different concentration of GM-CSF, respectively. All the 77 blastocysts, which were transferred into maternal uterus, were also divided into three groups based on GM-CSF concentration. As presented in Table 3, there was no significant difference in the age of patients, BMI, infertility duration, primary infertility rate, number of retrieved oocytes, and endometrial thickness on the day of hCG administration among the three groups. The HP rate in the HIGH group was significantly higher (86.67%) than that in the MID (66.67%) and LOW (55.17%) group (p = 0.029). The CP rate in the HIGH group was significantly higher (80.00%) than that in the MID (50.00%) and LOW (34.48%) group (p = 0.002). The OP rate in the HIGH group was also significantly higher (73.33%) than that in the MID (38.89%) and LOW (20.69%) group (p <0.001). The correlation values between GM-CSF concentration group and HP, CP and OP was 0.302 (p=0.008), 0.402 (p <0.001), and 0.464 (p <0.001), respectively.


Table 3 | Association of GM-CSF concentration in FET-SBCM with the pregnancy outcome.





The Predictive Value of GM-CSF for Pregnancy Outcome

To further analyze the power of GM-CSF in predicting pregnancy outcomes, ROC curve analyses of MS, GM-CSF, and combined indicator with MS and GM-CSF (Combination) for predicting HP, CP, and OP were performed, respectively (Figure 1). The logit model used to draw the ROC curve is presented in Table 4. For HP prediction (Figure 1A and Table 4), the AUC of three indicators (MS, GM-CSF, and Combination) were 0.609 (95% CI: 0.472–0.746; Cutoff = 0.704; Sensitivity = 0.556; Specificity = 0.652), 0.666 (95% CI: 0.540–0.792; Cutoff = 0.687; Sensitivity = 0.481; Specificity = 0.826) and 0.703 (95% CI: 0.583–0.823; Cutoff = 0.682; Sensitivity = 0.685; Specificity = 0.739), respectively. For CP prediction (Figure 1B and Table 4), the AUC of three indicators were 0.675 (95% CI: 0.555–0.796; Cutoff = 0.455; Sensitivity = 0.814; Specificity = 0.674), 0.720 (95% CI: 0.608–0.833; Cutoff = 0.529; Sensitivity = 0.558; Specificity = 0.824) and 0.776 (95% CI: 0.674–0.878; Cutoff = 0.666; Sensitivity = 0.535; Specificity = 0.912), respectively. For OP prediction (Figure 1C and Table 4), the AUC of three indicators were 0.676 (95% CI: 0.556–0.796; Cutoff = 0.359; Sensitivity = 0.857; Specificity = 0.429), 0.759 (95% CI: 0.650–0.869; Cutoff = 0.529; Sensitivity = 0.543; Specificity = 0.905) and 0.791 (95% CI: 0.691–0.892; Cutoff = 0.456; Sensitivity = 0.686; Specificity = 0.786), respectively. To predict different pregnancy outcomes, the ROC curve analyses revealed that Combination panels had the highest AUC, while the AUC of GM-CSF panels was larger than that of MS groups.




Figure 1 | Receiver operating characteristic curve analyses of GM-CSF alone (Blue line), morphological score (MS) alone (green line), and morphological score combined with GM-CSF (yellow line) for predicting pregnancy outcomes at different gestation periods including HCG positive (A); clinical pregnancy (B); ongoing pregnancy (C). AUCa and Pa for GM-CSF, AUCb and Pb for MS, and AUCc and Pc for combined indicator. *p < 0.05; **p < 0.010; ***p < 0.001.




Table 4 | Receiver operating characteristic curve analyses among different groups.






Discussion

The selection of embryos with the highest implantation potential for transfer is the key to successful pregnancy (18). To the best of our knowledge, the present study for the first time quantitatively detected the concentration of GM-CSF in SBCM and revealed that the concentration of GM-CSF in SBCM was positively associated with the embryo quality and pregnancy outcome. More importantly, results from the ROC analysis revealed that GM-CSF concentration exhibited a good predictive value for pregnancy outcomes. Taken together, these results indicated that GM-CSF could be used as a biomarker for the noninvasive selection of embryos with the highest developmental potential for transfer in ART.

Although the expression and secretion of GM-CSF in preimplantation embryos have been well-recognized (5, 10), the association of concentration of GM-CSF with the embryo quality and pregnancy outcome remains to be elucidated. Recently, two research groups have tried to detect GM-CSF in ECM using Luminex with LOD of 1.2 pg/ml as the detection method (19, 20). However, they could not detect the concentration of GM-CSF in the ECM, suggesting that the concentration of GM-CSF in the ECM may be in the fg/ml range, and therefore, too low to be measurable with Luminex. Previously, we found that SIMOA, a new ultrasensitive protein detection technology, can be used to determine proteins in SBCM at femtomolar concentrations (21). In the present study, the detection rate of GM-CSF in SBCMs was identified to be 50% (63/126), and the concentration of GM-CSF in the detected SBCM samples was 5.60 (1.95, 14.74) fg/ml. GM-CSF was also detected in all NCs at a concentration of 3.72 (3.58, 4.05) fg/ml. However, GM-CSF was not detected in medium without serum protein substitute, indicating that GM-CSF in NCs was derived from serum protein substitute.

An increasing number of studies have suggested that the addition of GM-CSF into the culture medium improves embryo quality in both human and mouse embryos (22, 23). It was demonstrated that GM-CSF receptors are expressed on the surface of embryo in humans (5), which could support the finding that GM-CSF can enhance cell survival and prevent apoptosis in freeze-thawed embryos (24). In the present study, in 35 of the 126 SBCMs tested, the concentration of GM-CSF was higher than that in NCs, indicating that the embryos cultured in vitro could secrete GM-CSF during development, besides, the concentration of GM-CSF in SBCM was positively correlated with the embryo quality. Therefore, we hypothesized that preimplantation embryos could promote their development through GM-CSF in an autocrine manner. Mechanistically, GM-CSF may function as a survival factor in embryos by promoting glucose uptake in embryos and providing protection from the stress response pathway and apoptosis through up-regulation of the expression of anti-apoptotic factor Bcl-2 (25). In addition, the concentration of GM-CSF in 91 of the 126 SBCMs was lower than that in the NCs. The potential reason for this result is that there might be a balance of secretion and consumption of GM-CSM. If the ability of GM-CSF secretion by the embryo was higher than that of its consumed during the embryonic development, the presence of GM-CSF was detectable in SBCMs, and vice versa. The ability of GM-CSF secretion and consumption seemed different in each individual embryo, which may indicate differences in embryo quality and its developmental potential.

The present study indicated that GM-CSF concentration was positively associated with the rate of HP, CP, and OP. Conversely, Dominguez et al. found that the concentration of GM-CSF in ECM of the implant group was lower than that of the non-implant group (12). The inconsistent findings between these two studies may be attributed to different experimental designs. Study conducted by Dominguez et al. was based on comparative quantitative detection of GM-CSF in multiple condition mediums mixtures, whereas this study was based on quantitative detection of GM-CSF in SBCMs. Moreover, our study revealed a wide range of GM-CSF concentration in different SBCMs, suggesting heterogeneity in the ability of embryos to secrete and consume GM-CSF. GM-CSF concentration in SBCM may better reflect the developmental potential of individual blastocysts.

To verify whether GM-CSF in SBCMs could be used as a biomarker for the selection of embryos for transplantation, we analyzed the predictive value of GM-CSF concentration in predicting pregnancy outcomes based on the ROC curve analyses. The AUC of GM-CSF in predicting pregnancy outcome was higher than MS. In addition, the predictive power of combination indicator with GM-CSF and MS in predicting pregnancy outcome was higher than single GM-CSF or MS. These findings indicated that GM-CSF exhibit a high predictive value for pregnancy outcome. Combined with the concentration of GM-CSF in SBCM, the accuracy of conventional MS in predicting pregnancy outcomes can be significantly improved. Taken together, these findings suggested that GM-CSF can be used as a promising biomarker for the selection of embryos with high developmental potential for transplantation.

Physiologically, GM-CSF is involved in at least two crucial processes during pregnancy, including the establishment and maintenance of an immune environment during pregnancy (26) and regulation of placental morphogenesis and function (27). Furthermore, Robertson et al. suggested that GM-CSF-deficiency leads to reduced fertility of mice (28). All these shreds of evidence suggested that the above-mentioned results are rational. Moreover, the study by Robertson et al. revealed that GM-CSF-deficient mice had a normal number of implantation sites in early pregnancy and the effect of GM-CSF-deficiency on pregnancy occurred mainly after implantation (28).

This study presents some limitations. First, the sample size in this study is relatively small. Thus, further studies with multicenter larger sample size are warranted to obtain a more accurate prediction model for clinical application. Second, it has been reported that embryo-secreted proteins, such as HCG (6, 29), soluble form of HLA-G (sHLA-G) (30, 31), and IL-6 (19, 21) also could be used to predict embryo quality or pregnancy outcome. The predictive model based on multiple proteins in SBCMs may improve the sensitivity and specificity of the prediction model in the further study. Nevertheless, this study provides a basis for further research.

In conclusion, GM-CSF concentration in SBCM was determined for the first time by a quantitative assay in this study. Furthermore, we also identified that GM-CSF concentration in SBCM was positively associated with embryo quality and pregnancy outcome. In addition, single GM-CSF or combined with MS exhibited good predictive value for pregnancy outcome. All these data indicated that GM-CSF might serve as a biomarker to select embryos with high developmental potential to achieve successful pregnancy.
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Renal tubular epithelial cells (TECs) are the primary targets of ischemia–reperfusion injury (IRI) and rejection by the recipient’s immune response in kidney transplantation (KTx). However, the molecular mechanism of rejection and IRI remains to be identified. Our previous study demonstrated that kynurenine 3-monooxygenase (KMO) and kynureninase were reduced in ischemia–reperfusion procedure and further decreased in rejection allografts among mismatched pig KTx. Herein, we reveal that TEC injury in acutely rejection allografts is associated with alterations of Bcl2 family proteins, reduction of tight junction protein 1 (TJP1), and TEC-specific KMO. Three cytokines, IFNγ, TNFα, and IL1β, reported in our previous investigation were identified as triggers of TEC injury by altering the expression of Bcl2, BID, and TJP1. Allograft rejection and TEC injury were always associated with a dramatic reduction of KMO. 3HK and 3HAA, as direct and downstream products of KMO, effectively protected TEC from injury via increasing expression of Bcl-xL and TJP1. Both 3HK and 3HAA further prevented allograft rejection by inhibiting T cell proliferation and up-regulating aryl hydrocarbon receptor expression. Pig KTx with the administration of DNA nanoparticles (DNP) that induce expression of indoleamine 2,3-dioxygenase (IDO) and KMO to increase 3HK/3HAA showed an improvement of allograft rejection as well as murine skin transplant in IDO knockout mice with the injection of 3HK indicated a dramatic reduction of allograft rejection. Taken together, our data provide strong evidence that reduction of KMO in the graft is a key mediator of allograft rejection and loss. KMO can effectively improve allograft outcome by attenuating allograft rejection and maintaining graft barrier function.
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Highlights

Immunosuppressants reduce allograft rejection to prolong allograft survival in kidney transplantation. However, the long-term use of these medications often results in complications that can lead to diseases or even allograft loss. Thus, endogenous immunosuppressive metabolites may represent more ideal medical therapies. Indoleamine 2,3-dioxygenase (IDO) has been reported to prevent allogeneic fetal rejection. To date, neither the molecular mechanism of tolerance induced by IDO nor its downstream enzymes have been clearly defined. This paper demonstrates that kynurenine 3-monooxygenase (KMO), a downstream enzyme of IDO, is the main player in tolerance induced by the kynurenine metabolites, as its direct and downstream products, 3HK and 3HAA, can prevent T cell-induced allograft rejection and protect the tubular epithelial cell from injury caused by the cytokine storm formed in ischemia–reperfusion and early allograft rejection procedure.



Introduction

Kidney transplantation (KTx) is the best treatment for patients with renal failure. Current KTx requires overcoming two major obstacles, including the shortage of available organs for transplant and significant side effects of antirejection medications. Scientists are developing novel organ resources for clinical transplantation. Among all, swine are the most ideal organ donor for clinical transplants due to: (i) the similar size of kidneys and ease of transplantation; (ii) similar renal metabolic function for unrestricted food intake and metabolism; (iii) a variety of swine leukocyte antigens that offer biological diversity and antigen-driven rejection mechanisms similar to humans. Additionally, researchers are also using blastocyst complementation combined with gene editing to increase organs favorable for human transplant (1–3). Although pigs can provide enough organs for transplantation, there is still some distance from the laboratory bench to clinical application. The major barrier is the transmission of infectious microorganisms from pigs to humans (4–9). Although many studies have reported that there are no transmissions of virus in xenotransplantation (10–13), inactivation of endogenous porcine retroviruses using CRISPR-Cas9 technology makes xenotransplantation safer and potentially possible in the future (14, 15).

Rejection of the recipient’s immune system to imported allografts forms the main barrier for successful clinical transplantation and future xenotransplantation (16, 17). Currently, the combination of immunosuppressants to deactivate the recipient’s immune response is used to prevent rejection. These immunosuppressants can temporarily inhibit acute rejection to prolong an allograft’s survival but have less impact on long-term allograft outcomes. The toxicity of immunosuppressants causes complications leading to new diseases that can ultimately lead to graft loss. Endogenous metabolites with antirejection properties may make ideal drugs owing to less toxicity and higher specificity.

Indoleamine 2, 3-dioxygenase (IDO) is the first enzyme in the metabolic pathway from which tryptophan is metabolized to kynurenines. IDO has been shown to prevent allogeneic fetal rejection (18). This antirejection specifically relies on tryptophan depletion and the production of kynurenines (19, 20). IDO downstream enzymes, kynurenine 3-monooxygenase (KMO) and kynureninase produce kynurenine derivatives 3HK (hydroxyl-3 kynurenine) and 3HAA (hydroxyl-3 anthranilic acid), which have been shown to effectively inhibit T cell proliferation (21), thus improving tolerance (22–26). Although induced IDO can increase tolerance in some rodent transplantation models (18, 26–35), our recent study and other scientists’ observations have indicated that IDO, itself, only predicts allograft rejection (36–40). Using our own porcine kidney transplant model, we showed that rejection allografts was associated with down-regulation of KMO and kynureninase and up-regulation of IDO (40).

Tubular epithelial cell (TEC) injury, not glomerular injury, is the primary target of the recipient’s immune system during acute rejection (41, 42). Ischemia–reperfusion, an unavoidable part of the KTx procedure, can also cause ischemia–reperfusion injury (IRI) to TEC. This has been identified through three key signaling pathways (43). Furthermore, a 1-h extension of cold ischemia time increases the risk of rejection by 4% post-transplant (44, 45). Our previous study revealed that alterations of cytokine expression in early allograft rejection were associated with an increase in IDO and a decrease in KMO and other kynurenine metabolic enzymes (40). In the present study, we investigate the influence of cytokine exposure on the gene expression of kynurenine metabolites and cell injury proteins in human primary TEC and allograft rejection. A crucial role of KMO and kynureninase in preventing TEC injury and attenuating allograft rejection will be demonstrated.



Materials and Methods


Animal Study

Studies were performed on 30–40 kg outbred female Yorkshire piglets (Palmetto Research Swine, Reevelville, South Carolina) as we have described previously (40). Briefly, one pair of pigs was operated simultaneously such that the left kidneys were exchanged (allotransplants) or retransplanted (autotransplants). All transplants were ex vivo perfused at 4°C and orthotopically transplanted, followed by right nephrectomy and closure (40). No immunosuppressants were used. All auto- and allotransplanted kidneys and other physiological samples were collected 72 h post-transplantation from the live animals before euthanasia. These studies were approved by Augusta University Institutional Animal Care and Use Committee. Tissues from collected organs were processed for future examination of histology, enzymatic assay, protein expression, and mRNA alterations.



Murine Skin Transplantation

Murine skin transplantation was performed with a modification of the previous protocol (46). Briefly, mouse-ear skin was utilized as a graft onto the back of a recipient mouse. Balbc and C57/B6 mice between 10 and 13 weeks old were used in syngeneic and allogeneic transplants. Rather than suturing, the graft was held in place with a four layer flexible bandage which remained in place in a standard length of time until dressing removal (Fang X, unpublished).



Human Primary Cell Culture

Human cortical renal TEC (HREC, #CC-2554, Lonza) was cultured with a specific medium (#CC-3190, Lonza). TEC expansion, passage, and stocking were performed by following vendor protocols (#CC-5034, Lonza). Cells were seeded in a 1:3 split in six-well plates and grown to 85% confluency with media changes every other day. Then cells were replaced with fresh media and pretreated in the presence or absence of 5–100 μM 3HK (Sigma) or 10–40 μM 3HAA (Sigma) for 16 h. Then cells were challenged with or without cytokine cocktail (15 nM of IFNγ + 6 nM of TNFα + 3 nM of IL1β) for 24 h prior to harvesting. Trizol was utilized for RNA isolation and assays. RIPA buffer was used to lyse cells for Western blot.



Human Peripheral Blood Pan-T Cell Proliferation

Human peripheral blood Pan-T cells (hPBTs, Stemcell Technologies, Canada) were grown in ImmunoCult™-XF T cell expansion medium plus ImmunoCult™-human CD3/CD28/CD2 (25 µl/ml, StemCell Technologies, Canada) and IL-2 (10 ng/ml, StemCell Technologies, Canada) for 4 days. Following this period of expansion/activation, the activated hPBTs were labeled with CellTrace™ Cell Proliferation Kits (#C34557, Invitrogen). Labeled or unlabeled activated hPBTs were grown in proliferation assay medium [PAM, ImmunoCult™-XF T cell expansion medium plus ImmunoCult™-Human CD3/CD28/CD2 (25 µl/ml)] and IL2 (2 ng/ml) in the presence of 3HK. The cells were collected and washed with PBS, and then the cells were fixed with 1% paraformaldehyde in PBS for 20 min at room temperature. The proliferation of T cells was determined with flow cytometry.



Histology and Immunostaining

Freshly dissected kidneys were fixed overnight with 4% paraformaldehyde in PBS (pH 7.2) at 4°C, and kidneys were cut into 4-μm sections. The immunostaining procedure was performed as described previously (40). Immunochemistry was completed using a KMO antibody (Novus Biologicals, Cat.NBP1-86335) and Cyclophilin A (Abcam. Cat. Ab154388) with 1:400 dilutions in 5% donkey serum in standard TBS buffer. The staining was viewed with color developed from horseradish peroxidase complex (Vector Laboratories) and counterstained with hematoxylin.



Quantitative RT-PCR

Quantitative RT-PCR was carried out as previously described (40, 47). Total RNA was isolated from renal tissue and cultured cells with TRIZOL. The RNA was converted to cDNA using SuperScript III First-Strand Synthesis System (Invitrogen). PCR primers producing 100–130 bp amplicon were designed using Primer 3 Input software, the primers for candidate genes were shown in Table 1, and quantitative PCR was performed with SsoAdvanced Universal SYBR Green Kit (Bio-Rad Lab) on a CFX Connect real-time PCR detection system (Bio-Rad Lab). β-actin mRNA was used for normalization.



Table 1 | Primers used for qPCR.





TUNEL Staining

TUNEL staining was performed with the ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (Millipore S7101) according to the manufacturer’s protocol. TUNEL-positive cells were randomly counted from five different 20× microscopic vision fields for each pig. Total TUNEL-positive cells were quantified from the tissues of four to eight pigs per group.



LDH Assay

3HK toxicity to TEC, tubular endothelial cells (TEndo), and hPBT were assessed with lactate dehydrogenase (LDH) assays using Pierce LDH Cytotoxicity Assay Kit and the chemical compound-mediated cytotoxicity assay protocol (Thermo Scientific). Briefly, TEC, TEndo, and hPBT were grown in their growth media to 85% confluency, while hPBT was grown in the mixture of TEC media and hPBT media in a 2:1 ratio to reduce hPBT medium background in the LDH assay. TEC, TEndo, and hPBT were then treated with different doses of 3HK. LDH assay was performed by following the manufacturer’s instructions.



Western Blot

Renal tissue and cells were lysed in RIPA buffer containing the cocktail of proteinase inhibitors (Roche) and phosphatase inhibitors. Protein concentrations were determined using a bicinchoninic acid protein assay reagent kit (Pierce). Proteins were separated by SDS-PAGE, and Western blotting was carried out as previously described (40). The following antibodies were used as probes for Western blotting: β-actin (Sigma, A5316); KMO (NBP1-86335), kynureninase (AF4887-SP), alpha-smooth muscle actin (NB300-978SS), snail (NBP2-27184SS), E-cadherin (NBP2-19051SS), tight junction protein 1 (NBP1-85047) were from Novus Biologicals; Bax (sc-7480), Bcl-xL (sc-8392), BID (sc-373939), caspase 3 (sc-7272), caspase 8 (sc-56070), VDR (sc-1008), AhR (sc-133088), pNFκB65-S536 (sc-136548), NFκB65 (sc-8008), ERK-Th202/Ty204 (sc-136521), MHCI (sc-55582), ERK (sc-514302) were from Santa Cruz Biotechnology. Akt-S473 (9271S), Akt (9272S), pPTEN-S380 (9551), and PTEN (9552), MHCII (LGII-612.14), and Bcl2 (4223T) were from Cell Signaling; IDO1 (M256) was obtained from CalBioreagents. Secondary antibodies were horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG (Pierce Biotechnology), and signals were detected using SuperSignal West Pico or Dura Extended Duration Substrate (Pierce). β-actin was used for loading normalization. The relative amount of each protein was quantified using NIH ImageJ software.



DNA Nanoparticles

DNA nanoparticles (DNP) were prepared as previously described (48). Briefly, 21 µg of pCpG free–Lacz DNA (InvivoGen, CA) was mixed with 200 µl of 10% of D-(+)-glucose solution at room temperature. Then 7 µl of 150 mM polyethylenimine (PEI, Polysciences Inc, PA) was mixed with another 200 µl of 10% of D-(+)-glucose solution in room temperature. The DNA–glucose solution was then added to PEI–glucose solution under gentle vortex. The mixture of PEI–DNA was kept at room temperature for 10–15 min to form DNA complex. Twenty-one micrograms of DNA in 0.4 ml 10% glucose solution was intravenously injected into 20 g mice or ex vivo perfused into 20 g of pig kidney. For the kidneys larger than 20 g, the ratio of DNA micrograms per PEI in microliters was maintained at 3:1. Thus the amount of DNA, PEI, and 10% glucose solution increased proportionately in accordance with the increase in kidney weight.



Statistical Analyses

Data were presented as means ± SEM. Statistical comparisons were carried out using unpaired t-test or one-way ANOVA as appropriate, with p <0.05 considered as statistically significant




Results


Pathology and Gene Expression of Grafts in Pig Kidney Transplantation

Many factors influence the outcome of allografts in KTx. These factors include the results of ischemia–reperfusion which accompanies the surgical procedure and rejection by the recipient’s immune system. Allograft injury is always the first phenomenon in early stage post-transplant before allograft failure and loss. A number of observations have indicated that tubular epithelial cells are the primary targets of IRI and rejection (41–43, 49). Therefore, the alterations of TEC gene profile and cell phenotype as well as TEC death change cell structure and physiological function leading to allograft failure. We first explored cell death patterns in autograft and allograft in pig kidney transplantation. A huge number of cells with positive staining for necrotic biomarker cyclophilin A are seen in allograft rejection within infiltrated recipient circulatory cells and graft’s interstitial structural and tubular cells. No necrotic cells were found in autograft (Figure 1A). Interestingly, both H&E staining and TUNEL staining for apoptotic cells indicated specific tubular injury and increasing apoptotic cells in allograft tubules. Apoptotic cells are increased four-fold in autografts and increased 16-fold in allografts (Figures 1A, C).




Figure 1 | Histology, pathology, and gene expression of kidney tissues. (A): (a) Histology of a representative control right kidney (CTR), an autotransplant kidney (auto), and 2 Banff level III rejection allografts (allo). N-18 for the CTR group, n = 5 for the auto group, and n = 18 for the allo group. (b) Apoptotic cells of TUNEL positive staining on representative CTR, auto, and allograft. (c) Necrotic cells of cyclophilin A (CypA) positive staining on representative CTR, auto, and allograft. (B): Gene expression of anti-apoptotic protein Bcl2 and caspase 3 in representative CTR, auto, and allograft. (C) The quantitative average number of apoptotic cells on the 20× microscope view field from random five pictures on each animal tissue. n = 4 for the CTR group, n = 5 for the autotransplant group, n = 7 for the allotransplant group. (D) Quantitative analysis of Bcl2 protein expression in representative graft. (E) Quantitative PCR of Bcl-xL, tight junction proteins 1 and 2, and N-cadherin mRNA in grafts. ***P < 0.001, ****P < 0.0001, one-way ANOVA, auto versus CTR, allo versus auto. The scale bar is 50 µm.



Transplantation procedures were performed on 52 pigs. Among them, 20 pigs underwent allotransplant without any drug treatment. Five of the twenty pigs (two of which were twins) experienced allograft rejection rated IIA on the Banff scale, while six pigs experienced allograft rejection below IIA on the Banff scale. Pigs with allograft rejection rated IIA and lower had normal physiological parameters (40, 50). Nine of the twenty pigs had allograft rejection rated above Banff scale IIA and abnormal physiological function (Figure 1A). We picked one pig allograft with Banff scale IIA to group with allografts rated higher on the Banff scale to investigate the expression of apoptotic markers Bcl2 and caspase 3 (Casp 3).

Bcl2 family proteins play an important role in cell apoptosis. Western blot showed that anti-apoptotic Bcl2 is moderately reduced in the autograft and dramatically decreased in allograft. Bcl2 reduction is further associated with the activation of Casp 3 (Figures 1B, D). Allografts with Banff II had normal physiological function which was only shown on reduction of Bcl2 but no activation of Casp 3 (Figure 1B). Bcl-xL is another anti-apoptotic protein in the Bcl2 family (51). Quantitative real-time PCR indicated that Bcl-xL was greatly decreased in allograft rejection (Figure 1E). In addition to cell death, epithelial–mesenchymal transition (EMT) is another phenotype of epithelial cell injury which results in changes in epithelial cell physiological function. Western blot indicated that the biomarker of EMT, N-cadherin (N-cad), was reduced in allograft rejection and was associated with the reduction of tight junction protein 1 (TJP1) and tight junction protein 2 (TJP2) expression (Figure 1E).



Rejection and Biological Function of Allograft Were Associated With Expression of KMO and Its Downstream Genes in Kynurenine Metabolism

Our recent article in pig KTx demonstrated the dramatic increase of IDO and a decrease of KMO in allograft rejection (40). KMO is a mitochondrial outer membrane protein. Immunohistochemistry (IHC) of KMO on human kidney tissues from antibody providers indicated that KMO was specifically located in tubular epithelial cells. We further confirmed that high expression of KMO was observed in pig kidney tubular cells. However, KMO expression was reduced in autografts and was almost silenced in allograft rejection (Figure 2A). Recipient cells that infiltrate the allograft also have a high expression of KMO (arrows in Figure 2A). The ratio of KMO mRNA in allograft rejection to average KMO mRNA from 19 normal grafts was positively associated with allograft biological function measured by creatinine (Figure 2B) and was negatively associated with the grade of allograft rejection on the Banff scale (Figure 2C). However, the ratio of KMO mRNA in allograft rejection to average KMO mRNA from normal grafts was not associated with the BUN level (Figure 2D). The expression of more genes in the kynurenine metabolic pathway was analyzed with quantitative PCR. The results indicated that 3-hydroxyanthranilic 3,4 dioxygenase (HAAO), aminocarboxymuconate-semialdehyde decarboxylase (ACMSD), and dopa decarboxylase (DDC) were dramatically reduced in autografts and further decreased in allograft rejection (Figures 2E–G).




Figure 2 | The expression of KMO and other kynurenine metabolic enzymes in grafts. KMO mRNA in grafts were determined by real-time PCR via using three pairs of PCR primers which amplify the 5 terminal (161–265 bp), middle (493–600 bp), and 3 terminal (1,239–1,349 bp) specific sequence of KMO gene; the real-time PCR from three pairs of primers showed almost the same result. β-actin mRNA for normalization, an average of KMO mRNA was calculated from the results of real-time PCR from 19 normal pig kidneys. The ratio of KMO mRNA in allograft rejection to the average of KMO mRNA in normal kidneys is KMO mRNA fold alterations. (A) IHC of KMO on graft tissue section. (B–D) Correlation of KMO mRNA ratio in allograft rejection with serum creatinine, allograft Banff scale, and BUN in recipients. (E–G) Quantitative analysis of HAAQ, DDC, and ACMSD in grafts. ****P < 0.0001, one-way ANOVA, Auto versus CTR, Allo versus Auto. The scale bar is 500 µm.





Cytokine Storm From IRI and Rejection Induced Gene Expression and Signaling Alterations on TEC

Our previous study showed that many cytokines were over-produced in autografts and allografts (40). IL17 is associated with rejection (52–55). IL17 and IL6 are associated with rejection injury (56–58), while IL18 induces local cytokines and chemokine expression in the allograft (59, 60). Quantitative PCR analysis showed that IL17 expression did not change in autografts but is increased 3.03-fold in the allografts. IL18 increased 1.38-fold in autografts and increased 2.34-fold in the allografts. IL6 increased 2.11-fold in the autografts, but decreased a little in allograft rejection (data not shown). Furthermore, allograft rejection in pig KTx had increased expression of IFNγ, TNFα, and IL1β (40). Therefore, allografts are exposed to many altered cytokines or chemokines from ischemia–reperfusion and early rejection procedure.

Next, we used TEC to investigate their injury caused by cytokine storm using a cytokine cocktail consisting of IFNγ, TNFα and IL1β. Western blot indicated TEC challenged with cytokine cocktail showed increased IDO, KY, and MHC I & II. We also found both E-cadherin (E-cad) and α-smooth muscle actin (SMA) increased. KMO, AhR, and TJP1 were greatly decreased. Snail expression was reduced (Figure 3). We also found the expression of Bax was unchanged while BID was greatly induced, and Bcl2 and Bcl-xL were dramatically reduced. Both total Casp 3 and caspase 8 (Casp 8) were increased (Figure 4). Alterations of Bcl2 family members’ expression and activation of caspases causing epithelial cell apoptosis in allograft rejection confirmed cell apoptosis in allograft rejection in vivo (Figure 1B).




Figure 3 | Western blot analysis of function protein expression on primary human renal cortical epithelial cells challenged with cytokines. Primary human renal tubular epithelial cells are challenged with cytokine cocktail (15nM IFNγ, 6nM TNFα, and 3nM IL1β). (A, B) Expression of Snail, E-Cad, TJP1, SMA. AhR, IDO, KMO, KY, MHCI & II. (C, D) Densitometric quantitation of protein in (A, B). All Western blots are representative of at least three independent experiments. *P < 0.05, ***P < 0.0001 versus to cells without treatment, analysis is multiple t-tests, pairwise comparison of individual time-point to control indicated same p-value.






Figure 4 | Western blot analysis of apoptotic protein expression on primary human renal cortical epithelial cells challenged with cytokines. (A) The expression of Bcl2, Bcl-xL, BID; Bax caspase 3 and 8 (Casp 3 and 8), activated caspase 8 (Act Casp 8) in cells treated with cytokine cocktail. (B) Densitometric quantitation of proteins in (A). All Western blots are representative of three independent experiments. NS, no significant, *P < 0.05, ***P < 0.0001, ****P < 0.00001 versus cells without treatment; analysis is multiple unpaired t-tests. Pairwise comparison of individual time-point to control indicated the same p-value.



Western blot also indicated that multiple signaling pathways including AktS473, pNFκB65, ErkTh202/Ty204, and PTenS38 in TEC challenged with cytokine cocktail were activated in different time-points (Figure 5). These activated pathways showed the complex biological responses in allograft rejection. Indeed, three signaling pathways can be activated in TEC just from ischemia–reperfusion injury only (43). It is expected that allograft rejection in KTx will activate much more complex biological procedures.




Figure 5 | Activation of multiple signaling pathways in TEC challenged by cytokines. Primary human renal TECs were treated with the cytokine cocktail. (A, B) Western blot of PI3K–Akt pathway, NFkb pathway, and Erk signaling pathway in cells treated with cytokine cocktail. (C) Densitometric quantitation of AktS473, pNFkB65, ErkTh202/Ty204, and pTenS380. All Western blots are representative of two independent experiments.





The 3HK and 3HAA From KMO and Its Downstream Partners in Kynurenine Metabolism Effectively Protected TEC From Cytokines-Induced Injury and Inhibited T Cell Proliferation

KMO was down-regulated in autografts and was almost completely silenced in allograft rejection (40). KY was also decreased in autografts and further reduced in allograft rejection, negatively affecting the production of 3HK and 3HAA. This contrasts with greatly increased IDO expression in allograft rejection. Upon exposing TEC to the cytokine cocktail in the presence of 3HK and 3HAA, Western blot showed that both 3HK and 3HAA caused up-regulation of Bcl-xL and TJP1 expression (Figures 6A–C). 3HAA, but not 3HK, reversed cell tolerance protein AhR expression (Figure 6A). These findings suggest that both compounds have a different specific function, and both play crucial roles in protecting TEC from injury.




Figure 6 | Protective role of 3HK and 3HAA in TEC stimulated with cytokines. Primary human renal TEC pre-incubated with different doses of 3HK or 3HAA overnight; the cells are challenged with the cytokine cocktail (15 nM IFNγ, 6 nM TNFα, and 3 nM IL1β) for 24 h; protein expression was assayed with Western blot: (A, B) 3HK and 3HAA cannot reverse IDO, MHC I, BID expression induced by cytokines. 3HK and 3HAA effectively restore Bcl-xL and Tjp1 expression. 3HAA shows its different function in up-regulation of AhR expression in TEC in inflammatory conditions. (C) Qualification of protein expression in TEC challenged with cytokine cocktail in the presence of 3HK. ***P < 0.0001 versus cell treated with Cyto. (D) Qualification of protein expression in TEC challenged with cytokine cocktail in the presence of 3HAA. ***P < 0.0001, ****P < 0.00001 versus cell treated with Cyto. Pairwise comparison of individual dose to control indicated same p-value. All Western blots are representative of three independent experiments; analysis is multiple one-way ANOVA.



Flow cytometry analysis shown that cytokine cocktail dramatically increased T cell proliferation (Figures 7A, B), whereas 3HK and 3HAA effectively inhibited T cell proliferation at 100 and 10uM (Figures 7C–F), which confirmed previous observations (24, 25, 61). 3HK is toxic to neurons and pancreatic tissue in high doses (62–64). We performed an LDH assay to address the toxicity of 3HK on TEC, TEndo, and hPBT. We found that 3HK had a protective role on TEC and TEndo at the concentration below 100 µM and is toxic to hPBT even at the concentration of 10 µM (Figure 7G).




Figure 7 | Effects of 3HK and 3HAA on hPBT proliferation and 3HK toxicity on TEndo, TEC, and hPBT. hPBT cell proliferation in (A) normal medium, (B) cytokine cocktail; (C) cytokine cocktail plus 3HK (50 µg/ml); (D) cytokine cocktail plus 3HK (100 µg/ml); (E) cytokine cocktail plus 3HAA (10 µg/ml) and (F) cytokine cocktail plus 3HAA (20 µg/ml); the data of flow cytometry is representative of four independent experiments. (G) Cytotoxicity of 3HK on Endo, TEC, and hPBT. The assay is representative of four independent experiments. ***P < 0.001 versus cells without treatment; analysis is the unpaired t-tests.





DNP-Induced KMO Expression or Increasing 3HK Specifically Reduced Allograft Rejection and Saved Graft Biological Function

Induced or transgene IDO has been reported to attenuate allograft rejection in rodent transplantation model (27, 30, 31, 33, 34, 65), while tolerance was found to be dependent on kynurenines (36–38). However, IDO was greatly induced in allograft rejection in pig kidney transplantation (40). Thus, we subjected the skin transplant from the ear of mice with balb/c background to the trunk of mice and IDO knockout mice with C57black/6 background. Free CpG-Lacz DNA nanoparticles (DNPs) were reported to induce IDO and mediate Treg-relevant tolerance (48, 66). We performed DNP injection to skin transplanted mice for 13 days post-transplant. DNP effectively attenuated skin allograft rejection in wild-type C57black/6 mice but did not reduce skin allograft rejection on IDO knockout C57Black/6 mice (Figure 8). Meanwhile 3HK injection effectively reduced allograft rejection on IDO knockout C57Black/6 mice (Figure 8) and wild-type C57black/6 mice (data not shown).




Figure 8 | Tolerance effect of kynurenine and its metabolic derivatives in skin graft rejection. (A) Eight-week-old B6 or IDO knockout (B6IDO−/−, IDO-KO) recipients were transplanted with skin from donor Balb/c (Balbc) mice and treated with DNP or 3HK (i.p. injection) on day 0 (the day before operation). Each panel shows the appearance of donor ear skin tissues immediately following grafting onto the recipient on day 1 (operation day). (B) Skin grafts on day 14 from the same mice as (A). (C) Graft remaining area in percent on day 14 compared to day 1 from different treatments. *P < 0.05, ***P < 0.001, ****P < 0.0001 versus Balb/B6; analysis is multiple one-way ANOVA.



We further investigated whether DNP treatment attenuated allograft rejection in a pig kidney transplantation model. Ex vivo perfusion of allografts with DNP pretransplantation resulted in a 2.4-fold increase in IDO mRNA (Figure 9A), a 2.7-fold increase in IDO protein, and a 2.45-fold increase in IDO activity (data not shown). In association with increased IDO, KMO mRNA was also increased 2.5-fold (Figure 9B). The allograft treated with DNP showed less rejection (Figure 9C). IHC of KMO also indicated that allografts pretreated with DNP had less cell infiltration, and TEC retained high expression of KMO in graft tubules (Figure 9D).




Figure 9 | Reduction of allograft rejection by DNP-induced KMO upregulation. Grafts were ex vivo perfused with DNP, transplanted, and harvested at 72hours post-transplantation. (A) DNP-induced IDO expression (B) DNP-induced KMO expression, (C) Effect of DNP treatment on renal function (serum creatinine) from mismatched transplants. (D) Representative KMO IHC expression from normal graft right kidney as control (CTR), and autograft (Auto), mismatched allograft (Allo), and mismatched allograft treated with DNP (Allo+DNP). ****p < 0.0001, analysis is multiple unpaired t-tests. The scale bar is 500mm.






Discussion

Rejection of renal allograft and acquired complications of long-term immunosuppressant medication aimed at attenuating rejection by the recipient’s immune system are the major causes of subsequent allograft loss. Therefore, investigation of the molecular mechanism of rejection and treatment of rejection has been the foremost subject of interest since the establishment of allogeneic transplantation. Targeted improvements in immunosuppressive therapy could have a substantial impact on patients’ long-term survival. Although immunosuppressants have already improved in terms of specificity and lower toxicity secondary to a better understanding of molecular mechanism and pathology of rejection, the renal complex structure and complicated cell biological function in glomeruli and tubules, especially the cells in different tubular segments, have a different biological function, which restricts the dose and usage of antirejection drugs. In multiple organs or many types of cells in one organ, the drugs may favor some specific cells but injure other cells. Therefore, the overdose or long-term usage of antirejection medication results in a series of complications. Indeed, current clinical use of antirejection drugs in KTx including glucocorticoids, cyclophosphamide, chlorambucil, azathioprine, mycophenolate salts, cyclosporine, and tacrolimus can cause toxicity to allograft and other organs (67–73). Thus immunosuppressants with low toxicity and high efficiency are in high demand. The ideal drugs are metabolites preventing rejection of the transplanted organ while also providing normal physiological function, effectively optimizing the recipient’s immune response with diminished toxicity.

IDO has been reported to prevent allogeneic fetal rejection by depletion of tryptophan or increase the ratio of kynurenine to tryptophan (18). Studies have indicated that induced or transgene IDO can attenuate allograft rejection in rodent transplant models (18, 26–35). Given these findings, we planned to improve the outcome of allograft rejection in pig mismatch kidney transplantation via inducing IDO expression. We found that IDO activity increased from 10 to 100-fold without a clear correlation with allograft function. Some allografts with high IDO activity had normal physiological function, while some allografts with high IDO activity had an abnormal function other allografts with low IDO activity lost function. Interestingly, allografts with normal function had low IDO activity and relatively high KMO expression. KMO expression had an inverse association with creatinine concentration in the serum of the recipient holding allograft rejection. This led us to hypothesize that KMO may be the main mediator preventing rejection in IDO-initiating tryptophan to kynurenine metabolites. Indeed, a 2.5 to 5.2-fold kynurenine increase and a 6.6 to 58.3-fold 3HAA increase have been found in cord blood (74). As the intermediate between kynurenine and 3HAA in the kynurenine metabolic pathway, 3HK should play an important role in preventing fetus rejection.

TECs are the primary targets in IRI and acute allograft rejection (43, 75), and they exist in recipient urine as a biomarker of acute rejection in the early stage of KTx (76). However, the molecular mechanism of TEC injury and allograft rejection has not been fully described. We and other scientists found that many increased cytokines in the early allograft rejection stage were associated with TEC injury (40, 77–82). These secreted cytokines should play the important role in inducing TEC injury, which leads to graft failure from epithelial to mesenchymal transition (EMT) (83) or cell death including necrosis and apoptosis (76, 84, 85).

Since a number of cytokines have been found to induce TEC injury, and TEC injury is relevant to rejection (86–88), scientists investigate their relationship in order to provide effective prevention and treatment of allograft rejection. Altered gene expression in the ischemia–reperfusion process may induce reversible injury for allograft organ and tissues or may cause an irreversible chain of injuries which lead to rejection. In this study, three cytokines in low-dose induced TEC injury via activation of many signaling pathways; injured cells had an abnormal physiological function, altered cell phenotype, and finally resulting in cell death. These cytokines possibly induced dramatic accumulation of MHC I & II on TEC cell surface to trigger direct and indirect immune response by recipient’s immune response. Additionally, the three cytokines almost silenced KMO expression resulting in the reduction of 3HK, which also inevitably affected the tandem enzymatic reaction of kynureninase together with KMO to produce 3HAA. Although 3HAA can also be produced by the combination of kynureninase and anthranilic acid 3-hydroxylase to biologically avoid KMO involvement in producing 3HAA, a previous study revealed 3HK is a stronger inhibitor of T cell proliferation than 3HAA in physiological condition (21). In addition, 3HK has other important biological functions as the metabolic precursor of kynurenine aminotransferase to produce important biological product xanthurenic acid and downstream metabolites. Our current study also revealed that 3HK is a stronger protector of the epithelial cell barrier (Figure 6A). Thus, KMO showed its importance in kynurenine metabolism and kynurenines’ immune regulation.

The novel findings here indicated 3HK and 3HAA prevented TEC from injury via increasing Bcl-xL to prevent TEC apoptosis and increasing the expression of tight junction protein 1 to maintain the epithelial cell barrier intact. These findings suggest that reduction of KMO in the ischemia–reperfusion process is responsible for TEC and allograft injury in the early stage of KTx.

Half a century ago, experimental observation on murine skin transplant indicated that graft perfusion with allogeneic RNA attenuated allograft rejection to prolong allograft survival (89). It was further discovered that allograft perfused with any RNA and DNA had a better outcome (90). DNA-nanoparticles (DNPs) increase tolerance by IDO-induced Tregs (48). The free-CpG LacZ DNP administration through blood circulation can improve allograft survival in an IDO dependent manner (48, 66). 3HK and 3HAA effectively reduced rejection through inhibition of T cell proliferation, which suggested that kynurenine derivatives are the real players in preventing rejection. IDO initiates the production of kynurenine, which is further metabolized by downstream enzymes KMO and kynureninase to produce 3HK and 3HAA respectively; both kynurenine derivatives strongly prevent allograft rejection.

Ex vivo perfusion of graft pre-transplant with DNP induced IDO and KMO in grafts in a concerted regulation action similar to the molecular regulation of IDO and KMO in the brain (91). KMO was dramatically down-regulated in allograft rejection and TEC in cytokine pool (40); the administration of DNP with ex vivo perfusion increased KMO expression associated with reduction of allograft rejection. A previous study revealed increasing KMO may be unfavorable in the brain and pancreas (62–64, 91), but the real risk of pancreatitis from KMO requires further investigation. KMO likely has dual functions that may or may not favor some specific cells (92). Although the reduction of KMO has recently been reported to induce abnormal kidney function (93), the beneficial functions of KMO on other tissues or organs may have been overlooked. The administration of 3HK to the recipient of skin transplant can effectively improve the outcome of allograft on the IDO knockout model; this clearly defines the tolerogenic role of KMO.

When pig grafts were ex vivo perfused with DNP, we found that pig grafts are very sensitive to lipid toxicity; the ratio of lipid to DNA is very crucial for attenuation of allograft rejection and improvement of allograft function. Some liposomes and nanomedicine can induce complement activation-related pseudoallergy on pig models (94). The ideal nano-therapeutic should be carefully tested to remove lipid toxicity on drug treatment.

The combination of IFNγ–TNFα–IL1β causing TEC injury with increased MHC I and II provides the potential molecular mechanism of rejection on TEC and allograft during transplantation. The expression and regulation as well as location of MHC I and II induced by cytokines should be further investigated in the future, which may decipher the molecular mechanism of allograft rejection from ischemia–reperfusion and early stage of rejection procedure in organ transplantation. In current study, KMO served as a crucial mediator in linking ischemia procedure to rejection as evidenced by its dramatic down-regulation in ischemia–reperfusion resulting in low 3HK and 3HAA production and ultimately leading to loss of TEC self-protection. This allowed disruption of endogenous metabolites in TEC in preventing T cell proliferation with the final consequence of rejection.

The formation, prevention, and outcome of allograft rejection in KTx is a very complex subject, which relies on many factors such as ischemia–reperfusion procedure and operation procedure, instinctive genetic match, and side effect of long-term medication. The early disruption of gene expression will trigger a reaction chain to result in graft rejection and loss. The current study demonstrated that down-regulation of KMO caused by ischemia and early stage of rejection is a key mediator to cause allograft rejection due to reduction of 3HK and 3HAA production. 3HK and 3HAA strongly prevent allogeneic T cell proliferation and effectively protect graft barrier function via increasing Bcl-xl and TJP1 expression. In addition, an effective elimination of cytokine storm caused in IRI procedure or blocking cytokine-induced reduction of KMO, and moderate supplementation of 3HK and 3HAA after transplantation can provide graft better outcome.
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Cancer-associated fibroblasts (CAFs) are important, highly heterogeneous components of the tumor extracellular matrix that have different origins and express a diverse set of biomarkers. Different subtypes of CAFs participate in the immune regulation of the tumor microenvironment (TME). In addition to their role in supporting stromal cells, CAFs have multiple immunosuppressive functions, via membrane and secretory patterns, against anti-tumor immunity. The inhibition of CAFs function and anti-TME therapy targeting CAFs provides new adjuvant means for immunotherapy. In this review, we outline the emerging understanding of CAFs with a particular emphasis on their origin and heterogeneity, different mechanisms of their regulation, as well as their direct or indirect effect on immune cells that leads to immunosuppression.
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Introduction

The tumor microenvironment (TME) plays critical roles in tumor initiation, proliferation, and metastasis, and consists of cellular and extracellular matrix (ECM). Multiple cell types comprise the cellular compartment of the TME, including tumor cells, immune cells, endothelial cells, and cancer-associated fibroblasts (CAFs) (1). CAFs are activated in the tumor stroma, and formulate a highly heterogeneous group of cells with rich morphological characteristics and biological functions, which contributes to tumorigenesis by secreting growth factors, modifying the ECM, supporting angiogenesis, and suppressing anti-tumor immune responses (2–4). In this review, we summarize the various mechanisms concerning the immunosuppressive capabilities of activated fibroblasts in the TME, as well as their potential application for therapeutic intervention, especially in the field of tumor immunotherapy (5).



Origin and Heterogeneity of CAFs


Diversity of CAF Origin

CAFs constitute a unique cell population that significantly infiltrates the TME and contributes to the malignant phenotype and tumorigenesis. Emerging evidence suggests that CAFs have high heterogeneity. This could mainly be attributed to the numerous potential cellular sources of CAFs. It could be suggested that CAF heterogeneity may be partially explained by the fact that fibroblasts within one tumor can originate from different cellular precursors and from distinct cellular locations (6). CAFs can be derived from normal resident tissue fibroblasts that are activated by adjacent tumor cells. A majority of stromal activated fibroblasts initially originate from local resident fibroblasts, which respond to TGFβ and undergo myofibroblastic differentiation during tissue wound healing and cancer progression (7–9). Bone marrow-derived mesenchymal stem cells (MSCs) are a source of CAFs via recruitment by tumor cell secreted factors. BM-MSCs are upregulated Calponin 1, α-SMA and collagens by MRTF transcription factors to CAFs differentiation (10–13). Adipocyte conversion into CAFs has also been reported by several groups. Mature adipocytes activated Wnt/b-catenin pathway, leading to adipocyte “dedifferentiation” to acquire a fibroblast-like morphology (14–17). Endothelial cells are the potential source of CAFs which transfer by endothelial-to-mesenchymal transition (EndMT) in cancer. It has been shown that TGF-β2 induces the mesenchymal transdifferentiation of human microvascular endothelial cells to CAFs (18, 19). Evidence of pericytes converting into CAFs is relatively sparse, with tumorigenesis studies that specifically targeted pericytes not revealing large scale differences in the TME (20–22) (Table 1).


Table 1 | The heterogeneity of CAF’s origins.





Phenotypic Heterogeneity of CAFs

The heterogeneity of CAFs is not only reflected in their origin, but can also be identified by diversity in biomarkers, subtypes, and functions. Several markers have been used to confirm the presence of CAFs. These include α-smooth muscle actin (α-SMA) (23), tenascin-C (24), neuron glial antigen 2, platelet-derived growth factor receptor-alpha/beta (PDGFR-α or β), fibroblast activation protein (FAP) (25), CD90, matrix metalloproteinase 2 (26), and podoplanin (27–29). In addition, CAFs are also positive for mesenchymal markers such as vimentin, type I collagen, fibronectin, FSP-1/S100A4 (30), and prolyl-4-hydroxylase. Nevertheless, none of these markers are specific to CAFs and can be expressed by other cell types; for instance, podoplanin is a well-known marker of lymphatic endothelial cells (31), α-SMA can be found in vascular muscular cells, and neuron glial antigen 2/PDGFRβ in normal pericytes. Furthermore, some types of normal stromal cells also express vimentin, fibronectin, type I collagen, prolyl-4-hydroxylase, and FSP-1/S100A4. The lack of specific markers is one of the most serious challenges in studying CAFs and manipulating them in their host tissues.

Although the extent of CAF heterogeneity remains undefined, CAFs are known to comprise a diverse cell population consisting of several subtypes. In other words, the lack of congruency in the marker expression raises the possibility that CAFs comprise a diverse group of cells made up of several subsets (32). Support for this notion comes from recent studies on a variety of cancers, such as pancreatic ductal adenocarcinoma (PDAC), breast cancer, colon carcinoma (33), oral carcinoma (34) and lung cancer (35), in which functionally distinct subclasses of CAFs were identified by various means based on the expression of a limited set of markers (20).

Research on the CAFs of PDAC has uncovered three CAF subsets. In the TME of PDAC, two distinct CAF subtypes characterized by either myofibroblastic or inflammatory phenotypes through transforming growth factor (TGF)-β and IL-1/JAK-STAT signaling as the major pathways have been identified (36). The myofibroblasts constitute a CAF subpopulation with an elevated expression of α-SMA located immediately adjacent to neoplastic cells in mouse and human PDAC tissues. They also described another subpopulation of CAFs as inflammatory fibroblasts, located more distantly from neoplastic cells, which lacked elevated α-SMA expression and instead secreted IL-6 and additional inflammatory mediators (37). Moreover, a new population of CAFs was termed as “antigen-presenting CAFs,” which express MHC-II and CD74, but do not express classic co-stimulatory molecules. They activate CD4+ T cells in an antigen-specific fashion in a model system, confirming their putative immunomodulatory capacity (38, 39).

According to different methods to mark CAFs in breast cancer research, various cell populations are birthed to diverse subtypes. A recent study demonstrated that a CD10+ G-protein-coupled receptor 77 positive subtype of CAFs promotes tumor formation and chemoresistance by providing a survival niche for cancer stem cells (35, 40, 41). Metastatic breast cancer axillary lymph nodes (LNs) exhibit four CAF subsets (CAF-S1 to -S4). In particular, CAF-S1 and CAF-S4 are the most abundant subsets in metastatic LNs, which correlate with cancer cell invasion. While CAF-S1 stimulates cancer cell migration and initiates an epithelial-to-mesenchymal transition through the CXCL12 and TGF-β pathways, the highly contractile CAF-S4 induces cancer cell invasion in three dimensions via Notch signaling (42–45). Another study showed that three distinct subpopulations of CAFs, defined as vCAFs, mCAFs, and dCAFs, apparently originate from a perivascular location, resident fibroblasts, and malignant cells, respectively (20) (Table 2). Furthermore, a fibroblast subset, expressed as a PDGFR, was identified as a marker for high-risk ductal breast carcinoma in situ (46).


Table 2 | Heterogeneity of CAFs and therapeutic approaches.





Diversity of CAF Functions

The activation state, stress response, and source of CAFs cause functional heterogeneity. CAFs promote tumor angiogenesis, ECM remodeling, and regulate the immune response, which is conducive to the exogenous process of tumor progression, and then indirectly play a pro-tumorigenic role. CAFs can effectively promote angiogenesis in tumor tissues by secreting a variety of pro-angiogenic factors such as vascular endothelial growth factor, fibroblast growth factor, and IL-6, and can also recruit endothelial progenitor cells into tumor tissues through stromal-derived factor-1 (SDF-1) to promote angiogenesis (47). CAFs degrade the extracellular stroma by releasing some matrix remodeling enzymes, such as matrix metalloproteinases, and promote the invasion and metastasis of tumor cells. By modifying the cytoskeleton, CAFs increase the hardness of the extracellular stroma and promote tumor progression to a certain extent (48).

In addition, CAFs may regulate drug resistance of tumor cells. For example, CAFs activate the JAK-STAT3 and PI3K-Akt pathways in breast cancer cells by secreting IL-6, inducing the upregulation of epithelial−mesenchymal transition and E3 ubiquitin ligase complex function, and targeting the degradation of estrogen receptor alpha through the ubiquitin proteasome pathway, thereby leading to tamoxifen resistance in breast cancer cells (49). Moreover, CAFs alter the structure and hardness of the ECM in a variety of ways to reshape the ECM, thereby preventing chemotherapies from reaching tumor cells.

Despite the powerful tumor-promoting effects of CAFs, some CAF subsets have been reported to have tumor suppressive functions, which further supports the concept of CAF heterogeneity in the TME. Rhim et al. reported that some components of the tumor stroma act to restrain tumor growth, and the reduction of stromal content by sonic hedgehog gene deletion led to the emergence of more aggressive tumors that exhibited undifferentiated histology, increased vascularity, and heightened proliferation (50). In addition, Liot et al. also demonstrated that the TME contains anti-tumor components (51). Although it is well known that the Wnt signaling pathway promotes tumor progression (52, 53), Green et al. proved that Wnt3a derived from CAFs can both promote and inhibit the growth of breast tumors (54). Another study reported that deletion of CAFs such as αSMA+ myofibroblasts in mice with PDAC increased the frequency of FOXP3+ regulatory T (Treg) cells, attenuated the extent of immune surveillance of the tumor, promoted the epithelial−to-mesenchymal transition and increased cancer cell invasion. In addition, CAF deletion failed to increase the efficacy of gemcitabine in PDAC and decreased mouse survival rate, indicating that α-SMA+ CAFs had an inhibitory effect on the tumor (55). The influence of CAF on tumorigenesis and development may be related to the tumor development stage and CAF phenotype induced in the TME. Brechbuhl et al. identified two subtypes of CAFs based on their CD146 expression. CD146− CAFs conferred tamoxifen resistance to breast adenocarcinoma, whereas CD146+ CAFs reversed this phenotype and improve drug sensitivity (56).

In last few years, the diversity of CAFs origin, their phenotypic markers, and the function in the TME have gained a preliminary understanding. In conclusion, CAFs have diverse origins, including: tissue-resident fibroblasts, bone marrow-derived MSCs, adipocyte, endothelial cells, pericytes. Markers, like α-SMA, FAP, PDGFR-α or β, tenascin-C, FSP-1/S100A4, Podoplanin, vimentin, type I collagen, used to confirm the presence of CAFs. What is more, some CAF subsets were reported in succession: (a) vCAFs, mCAFs, dCAFs, (b) myofibroblasts, inflammatory fibroblasts, antigen-presenting CAFs, (c) CD10+/GPR77+ CAFs, (d) CAF-S1 to -S4. Concerning the functions of CAFs, on one hand, CAFs are capable of pro-tumor through ECM remodeling, proliferation, angiogenesis, immunosuppression, migration, invasion, metastasis, chemoresistance. On another hand, some specific subtypes may play an anti-tumor role. Therefore, clarifying the functions of different subpopulations may provide a basis for targeted therapies related to CAFs.




Role of CAFs in Tumor Immunity

There are complex interactions between fibroblasts and immune cells in the tissue microenvironment. Since 1863, when Virchow first hypothesized that cancer develops as a product of unresolved inflammation (57), tumor-associated inflammation has been considered as a critical hallmark that shapes our modern understanding of cancer progression. It is now well established that inflammatory cells are indispensable participants in the neoplastic process, because they foster proliferation, survival, and metastasis (58). In the early stage of tumor development, both non-specific and specific immune mechanisms of the body can effectively prevent cells from transforming, proliferating, and eliminating abnormal cells. Despite the presence of a large number of immune cells in tumor tissues, with tumor progression, effective anti-tumor immune responses cannot be generated. In contrast, some immune cells are induced to play immunosuppressive roles (59). The tumor immune tolerance mechanism is involved in a variety of cells in the TME, among which CAFs can have direct and indirect effects on immune cells to participate in the TME immune response.


CAFs Immunomodulate Antitumor Immunity

The immune system can recognize and destroy tumor cells based on tumor-specific antigens or stress-induced molecular expression. Immune cells play an important role in the immune system, which performs the immune response and function in the body; these include the T cells, which produce a specific immune response, and dendritic cells (DCs), which play a role in antigen presentation. However, CAFs affect the function of T cells and inhibit DCs through a variety of mechanisms, thereby directly suppressing the immune system and promoting tumor progression.


CAFs and Cytotoxic T Lymphocytes

A specific immune response is one of the most important means for the body to recognize and kill cancer cells, among which T cells, especially cytotoxic T lymphocytes (CTLs), have a direct killing effect on tumor cells as the main force of specific immunity (60). The human leukocyte antigen I and β2 microglobulin expressed on the surface of malignant tumor cells form a complex with specific antigen peptides. CD8+ T lymphocytes mainly bind to the complex through the surface T cell receptor to execute the killing function (61). The T cell receptors and associated signaling molecules aggregate at the center of the T cell/tumor cell contact region, forming so-called immune synapses and initiating a cascade that leads to the implementation of CTL effector function. CTLs destroy cancer cells directly through synaptic exocytosis of cytotoxic granules containing perforin and granzymes, or indirectly, through the secretion of cytokines, including interferon γ and tumor necrosis factor (60, 62).

It has been shown that CAFs participate in tumor immunosuppression by inhibiting T cell migration and infiltration. Chen et al. found that blocking the CXCL12/CXCR4 signaling pathway in CAFs reduced the fibrosis level in a mouse model of metastatic breast cancer, improved the infiltration of CTLs, and reduced the immunosuppressive effect, thus improving the effect of immunotherapy (63). TGF-β signal transduction in CAFs weakens the effect of anti-PD-L1 drugs by controlling T cell migration. TGF-β blockers combined with anti-PD-L1 antibodies inhibit TGF-β signal transduction in CAFs, which facilitates the infiltration of T cells into cancer nests and stimulates effective anti-tumor immunity (64–66).

Furthermore, CAFs secrete a variety of cytokines to directly affect T cell function. Chen et al. demonstrated that CAFs with high FAP expression promote immunosuppression in the colorectal cancer TME by upregulating CCL2 secretion, recruiting myeloid cells, and decreasing T cell activity (67) (Figure 1). Takahashi et al. showed that stromal βig-h3 protein, which is a 68 kDa ECM protein, also known as TGF-βi, is highly expressed by CAFs in pancreatic cancer and acts directly on tumor-specific CD8+ T cells by reducing their proliferation and activation (68). Cheng et al. reported that CAF-derived IL-6 induces PD-L1+ neutrophils via the JAK-STAT3 pathway, which impairs T cell function through PD-1/PD-L1 signaling, and then creates optimal conditions for human hepatocellular carcinoma progression (69) (Figure 1). As was mentioned above, MHC-II expressed by antigen-presenting CAFs acts as a decoy receptor to deactivate CD4+ T cells by inducing either anergy or differentiation into Treg cells (38).




Figure 1 | CAFs have a positive or negative interaction with immune cells via regulating various cytokines and chemokines. DC, dendritic cell; Treg cell, regulatory T cell; MDSC, myeloid‐derived suppressor cell; TGF‐β, transforming growth factor‐β; SDF-1, stromal-derived growth factor-1.



Furthermore, CAFs induce T cell death through the modulation of antigen presentation and expression of co-inhibitory receptors. Gorchs et al. found that human pancreatic CAFs promote the expression of co-inhibitory markers in CD4+ and CD8+ T cells. Functional assays showed that proliferating T cells expressing co-inhibitory receptors produced less interferon-gamma, tumor necrosis factor-alpha, and CD107a after re-stimulation when CAFs were present. This indicates that CAFs induce the expression of co-inhibitory receptors on CD4+ and CD8+ T cells, which contributes to the diminished immune function (70). CAFs sample, process, and cross-present antigens, killing CD8+ T cells in an antigen-specific manner via PD-L1 and FASL. The coincident antigen-specific upregulation of FAS/FASL and PD-1/PD-L2 on T cells and CAFs, respectively, drives the death and dysfunction of tumor-specific T cells, resulting in enhanced tumor viability (71). Additionally, Takahashi et al. showed that CAFs expressed the co-regulatory molecules B7H1 and B7DC whereas normal fibroblasts did not. B7 protein family members B7H1 and B7DC, expressed on the CAF surface, bind to PD-1 to activate T cells; these proteins are putative negative regulators of immune function and preferentially induce T cell apoptosis (72).



CAFs and Dendritic Cells

DCs are important antigen-presenting cells in the body and are responsible for the activation of T cells against foreign antigens, as well as regulating the immune response against self-molecules. Conditioning DCs with fibroblasts triggers them to express higher levels of co-inhibitory molecules and anti-inflammatory cytokines and lower levels of pro-inflammatory cytokines. Fibroblast conditioning arrests the ability of DCs to induce T cell proliferation via both direct and indirect pathways (73).

Cheng et al. showed that CAF-derived indoleamine 2, 3-dioxygenase and vascular endothelial growth factor inhibited the maturation and antigen uptake activity of DCs, thus inducing a tolerogenic phenotype in T cells (74). Weber et al. reported that TGF-β secreted by CAFs can influence biological properties of DCs and inhibit their ability to migrate, thereby hindering the process of antigen transport and presentation (75). In addition, thymic stromal lymphopoietin, which favors Th2 cell polarization through myeloid DC conditioning, is released by activated CAFs, inducing the activation and maturation of tumor antigen-loaded resident DCs. Activated DCs migrate to the draining LNs where they activate tumor antigen-specific CD4+ Th2 cells to exert tumor-promoting effector functions (76) (Figure 1).




CAFs Facilitate Immunosuppressive Cells

In the TME, there is a large number of immunosuppressive cells, which have negative immunomodulatory functions, and play important roles in the invasion and metastasis of tumors, including Treg cells, myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs). CAFs not only promote the differentiation and formation of these inhibitory cells, but also secrete a variety of chemokines to immunosuppressive cells to aggregate in tumor tissues and indirectly exert an inhibitory effect on the immune system.


CAFs and Regulatory T Cells

Treg cells, which suppress aberrant immune responses against self-antigens, also suppress the anti-tumor immune response. The infiltration of a large number of Treg cells into tumor tissues is often associated with poor prognosis (77). CAFs can play an immunosuppressive role by affecting Treg cell function. Human ovarian fibroblasts treated with boromycin, hydrogen peroxide, or radiation have been reported by Shen et al. to secrete WNT16B, which promotes the secretion of IL-10 and TGF-β by DCs, thus leading to the proliferation of Treg cells (78). In high-grade serous ovarian cancers, researchers uncovered four different CAF subpopulations, including CAF-S1 and CAF-S4, which express high levels of polymerized SMA. In particular, the CAF-S1 subset expressing high levels of CXCL12β, through a miR-141/200a dependent mechanism, increases the attraction, survival, and differentiation of CD25+ FOXP3+ T cells to exert immunosuppressive functions (79). In breast cancer, Costa et al. reported that CAF-S1 cells enhance regulatory T cell capacity through high expression levels of B7H3, DPP4, and CD73 (45) (Figure 1).



CAFs and Myeloid-Derived Suppressor Cells

CAFs have an ability to recruit MDSCs, of which the main feature is their potent immune suppressive activity. Yang et al. showed that CAF STAT3-CCL2 signaling in this setting promoted human intrahepatic cholangiocarcinoma growth by enhancing recruitment of MDSCs (80). CAF-derived cytokines, such as IL-6 and SDF-1α, can induce MDSC generation and activation and impair human anti-tumor immune responses to promote hepatocellular carcinoma progression (81). In liver cancer in particular, CAF-derived IL-6 can recruit myelinated inhibitory cells and upregulate the expression of PD-L1, thus reducing the immunotherapeutic effect of anti-PD-L1. When anti-PD-L1 is combined with anti-IL-6, the response of tumor cells to the PD-L1 treatment can be improved (82). CAFs secreting SDF-1α, which can recruit MDSCs to the TME to exert tumor-promoting effects in estrogen receptor-positive breast cancer, has also been reported (83). CAFs with high FAP expression recruit myeloid cells by upregulating CCL2 secretion to promote immunosuppression in the colorectal cancer tumor immune microenvironment (67) (Figure 1).



CAFs and Macrophages

Macrophages are widespread immune cells in the body, and they represent an important part of innate immunity. They play an important role in maintaining tissue stability, promoting tissue repair and regeneration, and participate in various pathophysiological processes, such as wound healing, inflammation, and tumor emergence and development (84). Takahashi et al. found that CAFs promote the induction and accumulation of pro-tumoral macrophages through the upregulation of CD80 and CD86 (85). In addition, CAFs not only recruit monocytes, but can also induce these recruited monocytes to differentiate into PD-1 expressing anti-inflammatory macrophages, rather than into pro-inflammatory macrophages. In other words, the PD-1 axis might be crucial in CAF-induced immune suppression in vivo in several types of cancers, including breast and colorectal tumors (86). Additionally, CAFs are also able to induce the macrophages to play the function of immunosuppression by producing anti-inflammatory cytokines IL-10 and IL-33 and decreasing the production of the pro-inflammatory cytokine IL-12 (87, 88). Recent data showed that CAFs, through SDF-1 secretion, promote anti-inflammatory macrophage expression and prostate cancer progression (89) (Figure 1).





Therapeutic Targeting of CAFs

Traditional cancer treatments, including chemotherapy and radiation, target cancer cells, especially those that are growing actively. However, efficacy of these therapies varies greatly, so drug resistance, recurrence and metastasis of tumors remain a great challenge in clinical practice, suggesting the complexity of the mechanisms behind tumor evolution and heterogeneity. TME is a key factor affecting the evolution and heterogeneity of tumors. Targeting TME may provide a new strategy for the treatment of tumors. CAFs exert tumor immunosuppression in the TME during cancer progression, which makes them promising therapeutic targets for cancer intervention. Over the last several years, as understanding of CAF biology in cancer progression has steadily increased, there has been considerable interest in CAF-targeted therapies, and a number of preclinical studies have been carried out.

FAP, the main marker of CAFs, also plays an important role in tumor immunosuppression. Recently, adjuvant therapies targeting CAFs that express FAP molecules on their surface have been implemented in some animal models. Fang et al. significantly inhibited the growth of breast cancer tumors in mice by a combination of FAP+ CAF abrogation and treatment with paclitaxel. In the future, anti-CAF strategy may be combined with chemotherapy or other treatments to weaken the therapeutic resistance caused by the TME remodeling to achieve better efficacy (90). Zhen et al. reported that a nanoparticle-based photoimmunotherapy approach can be used to selectively kill CAFs without causing systemic toxicity. Specifically, they exploited ferritin, a compact nanoparticle protein cage, as a photosensitizer carrier and conjugated the FAP-specific single chain variable fragment to the ferritin surface. The administration of the nanoparticles suppressed CXCL12 secretion and ECM deposition upon photoirradiation, leading to significantly reduced the immunosuppression, enhanced T cell infiltration, followed by efficient tumor suppression (91). The modified synthetic consensus FAP DNA vaccine synergized with other tumor antigen-specific vaccine therapies in tumor-bearing mice (92). Moreover, adoptive transfer of FAP-specific chimeric antigen receptor to T cells proved to be effective in restraining tumor growth in preclinical models (93). In addition, FAP-targeting oncolytic adenovirus in tumor-bearing mice enhanced anti-tumor immunity by activating endogenous T cells to attack FAP+ stromal cells. Sostoa et al. used FAP-targeting bispecific T-cell engager (FBiTE) inserted in the ICOVIR15K oncolytic adenovirus under the control of a major late promoter to direct tumor infiltrated lymphocytes against CAFs. FBiTE-mediated binding of CD3+ effector T cells and FAP+ target cells led to the activation and proliferation of T-cells as well as their cytotoxicity toward FAP-positive cells in vitro. In vivo, FBiTE expression increased intratumoral accumulation of T cells and decreased the level of FAP in tumors. Combination of viral oncolysis of cancer cells and FBiTE-mediated cytotoxicity toward FAP-expressing CAFs might be an effective strategy to overcome the barrier of the tumor-associated stroma, a key obstacle to oncolytic virotherapy (94).

Although anti-CAF therapies have been primarily focused on FAP, reverting the CAF “state” of the resident fibroblasts, blocking CAF biochemical signaling, and ECM-targeted therapy are other examples of promising CAF-targeted therapies. CAFs are often described as a set of continuously active fibroblast cells that support tumor progression (or in some cases inhibit tumors), so one of the ways to counteract their pathological function is to return CAFs to a dormant or tumor-suppressive state. Deficiencies in fat-soluble vitamins, such as vitamins A and D, are often found in patients with PDAC. In a mouse model of PDAC, CAFs isolated from this tumor model were reduced to an inactivated state after all-trans retinoic acid was used to restore retinol levels and inhibit tumor growth (95). Investigators are also targeting CAF-derived cytokines and chemokines in combination with immunotherapies to inhibit tumor progression. A phase I clinical study (96) demonstrated that a combination of a humanized monoclonal antibody targeting IL-6 with interferon, carboplatin, or doxorubicin is safe and effective for the treatment of ovarian cancer. Tenascin C is a CAF-derived ECM protein that regulates cell adhesion and metastatic activity. Researchers have used tenascin C inhibitor (131I-m81C6) in combination with immunotherapies and standard chemotherapies in order to ameliorate ECM stiffness to facilitate drug delivery (97) (Figure 2 and Table 2).




Figure 2 | Therapeutic targeting of CAFs. Four general approaches that target cancer-associated fibroblasts (CAFs) for cancer immunotherapy. DC, dendritic cell; Treg cell, regulatory T cell; MDSC, myeloid‐derived suppressor cell; ECM, extracellular matrix; CAR, chimeric antigen receptor.



Although fibroblasts are abundant in tumor stroma, they have been neglected in the past few decades. Nowadays, the vital role of CAFs is receiving widespread attention in the field of cancer biology. The therapy of targeted CAFs is an effective way to inhibit cancer progression and metastasis by reducing immunosuppression and remodeling TME (98). However, its mechanism of action in the microenvironment of different tumors is not the same, which needs to be further studied. The further elucidation of the mechanism of action of CAF, the discovery of more specific targets, the development of more stable drugs and the selection of patients are all the difficulties to realize the clinical application of targeted CAF.



Conclusion and Perspective

By participating in the complex regulation of the TME, CAFs not only promote the proliferation of tumor cells and improve the immunosuppression in the TME, but also contribute to LN metastasis (99), and ultimately cause the occurrence and development of tumors. In recent years, there has been a preliminary understanding of CAF origin, specific markers, interactions with various components in the TME, and mechanisms involved in therapeutic resistance. With the in-depth study of the interaction mechanism between CAFs and immune cells in tumors and the TME, an increasing amount of evidence indicates that CAFs are expected to be targets of anticancer therapy. Researchers are targeting CAF-derived cytokines and chemokines in combination with immunotherapies in an attempt to improve anticancer efficiency (5, 98, 100). Although CAF-targeted therapies have received special attention, their mechanism of action in the microenvironment of different tumors is not the same; therefore, further research is required.
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Since December 2019, Wuhan, China, has experienced an outbreak of coronavirus disease (COVID-19), which is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Pregnant women are deductively considered to be in immunosuppressive condition for the safety of semi-allograft fetuses, which increases the risk of being infected by the virus. In this review, we analyzed the unique immunological characteristics of pregnant women and reviewed their known outcomes at different trimesters from the perspective of underlying mechanisms that have been studied and speculated so far.
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Introduction

Since December 2019, the world has experienced a new disease termed COVID-19 (1), which is caused by SARS-CoV-2 according to its taxonomy proposed by The International Committee on Taxonomy of Viruses (2). Until March 23, 2021, over 122 million cases worldwide have been confirmed; the death toll has reached over 2.7 million (3). SARS-CoV-2 is the third coronavirus that has led to a fulminant outbreak, the others being SARS-CoV and MERS-CoV. The diameter of SARS-CoV-2 ranges from 60 to 140 nm. The genomic sequence of SARS-CoV-2 is 96.2% homologous with Rhinolophus affinis termed RaTG13 (4), which originated from bats. The high similarity between SARS-CoV-2 and RaTG13, together with their close cluster in phylogenetic analysis makes bats a deduced host of SARS-CoV-2. The role of intermediate host in the outbreak of a pandemic also matters, as palm civets do in SARS-CoV and dromedary camels in MERS-CoV. Pangolins are suggested to play such a role in SARS-CoV-2 transmission, with receptor binding domain of Pangolin-CoV being 91.02% identical to that of SARS-CoV-2 (5). However, this is an insufficient conclusion, as virus strains carried by civets and camels are over 99% identical in sequence to SARS-COV and MERS-CoV. To recapitulate, the knowledge of animal origin of SARS-CoV-2 is incomplete. The genome of the CoV family contains six open reading frames. The first ORF (ORF1a/b) encodes two non-structural polyproteins pp1a and pp1ab, the others being spike (S) glycoprotein, small envelope (E) protein, membrane (M) protein, and nucleocapsid (N) protein (6). People with COVID-19 manifest pneumonia with or without multi-organ diseases. The most common symptoms are fever, dry cough, and shortness of breath (7). The endpoint events vary, ranging from asymptomatic to multi-organ failure, even death (7). People of all groups are susceptible to COVID-19. According to a large observational study in China (8), 81% of patients had mild manifestations; 14% severe; 5% critical, which is defined as respiratory failure, septic shock, and multiple organ dysfunction.



Physiological Changes During Pregnancy

Pregnant women undergo drastic changes both physiologically and immunologically. The uterus expands to meet the spatial demand of the ever-growing fetus. This is dominant in the late-mid and third trimesters, when the diaphragm is elevated and lungs are compressed, leaving compromised functional residual capacity, end-expiratory volumes, and residual volumes. Pregnant women also undergo significant changes in the coagulation system, where hypercoagulability prevents the failure of clotting as placenta flow is up to 700 ml min−1. As concluded from various reports, people with severe COVID-19 manifest coagulopathy, significantly elevated level of D-dimer (9) as well as decreased level of platelet count (9) and prolonged prothrombin time (10). Taken together, these findings coincide with what are considered physiological adaptations to pregnancy. Thus, it is believed that pregnant women are more susceptible to COVID-19 or are more likely to complicate the disease course of COVID-19. According to a large observational study based on the national surveillance system in the US (11), the admission rate of pregnant women was higher than that of the general population. Nevertheless, confounding factors, such as low admitting threshold from the perspective of healthcare givers, high chance of receiving tests and purpose of laboring, may account for this situation. Whether pregnancy is a risk factor for hospitalization or progression remains to be elucidated.



Underlying Pathogenesis of SARS-CoV-2 Infection

SARS-CoV-2, like SARS-CoV, binds to the angiotensin-converting enzyme 2 (ACE2) receptor via S protein on its surface. ACE2 is widely distributed on the surface of nasal and bronchial epithelial cells and pneumocytes, making lung tissue an essential target to coronavirus. The affinity of S protein to ACE2 is 10 to 20 times that of SARS coronavirus, which partly explains why SARS-CoV-2 has stronger infectivity (12). The type 2 transmembrane serine protease (TMPRSS2), located near ACE2, is for S protein priming and aids viral entrance (13). After SARS-CoV-2, entrance through various pathways, the combination of pattern recognition receptor (PRR) to viral RNA signal synthesis of Interferon-α and β, which binds to its receptors on the uninfected cells in the vicinity to establish a cordon and leads to antiviral effects like degradation of both viral and host mRNA. This results in the overall reduction of protein synthesis, especially the expression of MHC proteins, making infected cells more susceptible to natural killer (NK) cells. However, recent studies have found that the infected epithelial cells upregulate ACE2, the entry for SARS-CoV-2, through interferon signals, which counteract the interferon’s antiviral effect at first (14). By recognizing “missing self” signals, NK cells kill virally infected cells and release IFN-γ, a vital cytokine responsible for enhancing phagocytosis of macrophages and antigen presentation of dendritic cells to T cells. Both of the latter secret cytokines responsible for the recruitment of T and B cells. The innate immune cells secrete pro-inflammatory cytokines and chemokines to augment inflammatory responses. Although the innate immune response plays an important role in initiating the antiviral response and the adaptive immune response, the adaptive immune system acts as the ultimate barrier that prevents virus replication and aids virus clearance (15). To be more specific, the steps mentioned above result in the formation of CD8+ T cells and CD4+ helper T cell, antigen-specific B cells. The th1-type immune response plays a leading role in the face of viral infection. The cytokine microenvironment produced by APC determines the direction of T cell responses. Helper T cells coordinate the overall adaptive response, and cytotoxic T cells are the key to killing virus-infected cells. The humoral immune response, especially the production of neutralizing antibodies, plays a protective role by limiting infection later to prevent future infections. Bost and colleagues (16) applied cRNA-seq and Viral-Track analysis to COVID-19 patient-derived samples to compare discrepant immune responses between mild and severe cases. They found that CD4+ helper T cell exhibited a relatively naïve phenotype in severe patients, and CD8+ T cells express a high profile of effector molecules in mild patients. Furthermore, genes of inflammatory cytokine and chemokines, genes associated with hypoxia and oxidative stress were upregulated, whereas MHC class II molecules and type I IFN genes were downregulated as it deteriorated.

Some clinically remarkable changes have been noticed between mild and severe cases, the first being neutrophil-to-lymphocyte ratio (NLR). High NLR is a marker predicting systemic inflammation and infection (17). Critical cases of COVID-19 were observed to exhibit a significant reduction in the quantity of peripheral CD8+ T cells with abnormal lymphopenia (18), which is consistent with what was found to be characteristic of severe sepsis and multiple organ failure (19). However, the underlying mechanism is still unclear. Higher expression levels of NKG2A on NK cells and CD8+ T cells were observed in severe cases of COVID-19 than that in mild cases, which means part of their functions were compromised in the face of viral infection; meanwhile, decreased secretion levels of IFN-γ, IL-2 and TNF-α were also noticed on NK cells and CD8+ T cells (20).

Cytokine release syndrome (CRS), also known as cytokine storm, manifests in the short term that the body secretes many cytokines, triggering systemic inflammatory response syndrome. High levels of pro-inflammatory cytokines may cause pulmonary edema, where there is infiltration of massive neutrophils, macrophages, and cytokines with alveolar damage. Clinical manifestations of CRS are high fever, hypotension, hypoxia and respiratory distress; organ dysfunction can also occur in severe cases, which requires intensive care and invasive ventilation. Studies have shown that compared with that of mild cases, plasma levels of IL2, IL6, IL7, IL10, G-SCF, IP10, MCP1, ferritin, and TNFα in severe cases of COVID-19 were elevated, indicating that the participation of these cytokines contributes to the pathogenesis of deterioration (21). Among them, IL-6 is mainly focused. IL-6 is produced by almost all stromal cells and immune cells. IL-6R, typically mIL-6R, is expressed on hepatocytes and immune cells; sIL-6R is secreted by activated T cells or cleaved from mIL-6R. The combination of IL-6 to IL-6R (whichever type) along with gp130 that transduces signals and is expressed on almost all cell types leads to activation of janus kinases-signal transducers and activators of transcription (JAK–STAT) pathway (22). JAKs are members of tyrosine kinases related receptors. It can transmit extracellular signals from upstream pro-inflammatory cytokines to activate STATs. The high affinity between extracellular signaling cytokines and their cognate receptors leads to receptor-related phosphorylation of JAK and STAT. Phosphorylated STATs form dimers, translocate into the nucleus, bind to DNA, and then transmit extracellular cytokine signals to transcription factor responses. IL-6 activates the JAK–STAT signaling pathway and confers various biological functions, including immune regulation, lymphocyte growth and differentiation, oxidative stress, etc. It is vital and somewhat protective in the acute and chronic phase of infection; however, the excessive level of IL-6 is associated with disease progression. Thus, IL-6 is considered a pleiotropic cytokine centered in CRS. Tocilizumab and sarilumab are IL-6 receptor antagonists that are used to treat rheumatoid arthritis. For COVID-19 patients who exhibit cytokine storms or secondary hemophagocytic lymphohistiocytosis (sHLH) accompanied by significantly increased levels of IL-6, ferritin, and D-dimer, these may be potential therapy (23). According to reports (24–27), the use of tocilizumab in patients with severe COVID-19 has reached favorable outcomes, including rapid but sustained improvement of clinical symptoms (28) in patients with acute respiratory failure, as well as decreased risk of non-invasive ventilation or mechanical ventilation (24). Tocilizumab can interfere with soluble and membrane-bound forms of IL-6 receptor, thereby blocking downstream activities. The sarilumab trial has just started in the United States, but data are yet to be published (29, 30). Therefore, IL-6 receptor antagonists are up-and-coming candidates in the treatment of severe COVID-19 patients. JAK inhibitors are also suggested as a promising approach (31).

Ferritin is another indicator elevated in severe cases. They are produced intracellularly and are secreted into serum within a physiological range of concentration. Ferritin loses most of its iron after secretion to serum. It is abnormally high in some inflammatory responses, which mainly results from the leakage of damaged cells. Circulating ferritin levels were found to be positively correlated with the degree of viral infection (32). It is noteworthy that ferritin per se is harmless, but the unliganded iron it loses is hydroxy radicals and can damage tissue. It is substantiated that during the acute phase of COVID-19 infection, massively produced pro-inflammatory cytokine including IL-6, TNF-α, and IL-12 stimulate hepatocytes and macrophages to secrete ferritin, which in turn contributes to the disease course (33). High ferritin levels are correlated with severe acute liver injury, intensive supportive care, and mechanical ventilation (34).

The immune status is shifted towards pro-inflammatory paradigm upon infection in healthy adults. On the contrary, pregnant women are deduced to be in immunosuppressive condition for the safety of semi-allograft fetuses, which increases the risk of being infected by the virus. However, such a classic host-graft model is challenged by some substantiation that maternal immunization of inactivated influenza vaccine can result in elevated antibody titers against influenza and predominant protection to infants (35). With the fact that mothers tolerate fetal-expressed paternal antigens, it is postulated that pregnancy gives an inert response to fetal-specific components, but acts at least usually, if not intensively, to other non-self ones, both locally and systemically (36, 37). The reasons for the immunological paradox of tolerance to a fetus with paternal antigens may incorporate many facets like a physical barrier of the placenta, decreased immunogenicity of fetal antigens, and unique immunological profile of maternal–fetal interface (37).

Since COVID-19 is a relatively new-onset pandemic that threatens millions of lives, its exact role on different trimesters of pregnancies is yet to be known. Here, we updated and summarized the effects of COVID-19 on pregnancy from the perspective of immunology.



Immune Characteristics at Different Trimesters of Pregnancy

Pregnancy should be regarded as a developmental process with changing immunological profiles. Embryo implantation, placentation, fetal growth, parturition initiation, and so on, are associated with different immunological microenvironments. The first trimester is manifested as the pro-inflammatory process when the blastocyst recognizes the receptive endometrium and breaches the barrier. Fetus grows distinctly during the second trimester, favoring an anti-inflammatory profile, with Type 2 helper T cell (Th2) at its core. Labor initiation often comes after fetus maturation, which occurs in the third trimester. A switch back to pro-inflammatory status helps with this process.

The innate immunity in a pregnant woman is responsible for the maternal-to-fetal interface. Gaynor et al. (38) found that peripheral NK cells account for 5–30% of total circulating lymphocytes; decidual NK cells ≥70% in the first trimester. Both pNK and dNK decline with the advancement of gestation age. dNK is characteristic of low cytotoxicity because of their unique receptor expression profile that recognizes non-classical HLA on the extra-villous trophoblast and leads to subsequent immunotolerance. Macrophages are in immunomodulatory M2 phenotype throughout the maintenance of pregnancy and responsible for the phagocytotic activity of clearing apoptotic cells. They also secret proangiogenic factors like vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) and remodeling factors such as MMP-3 and MMP-9 to help with extra-villous trophoblast invasion and spiral artery remodeling (39). DCs are downregulated in number and maturity with the advancement of normal pregnancy. Immature DCs are characterized by low secretion levels of pro-inflammatory cytokines like IFN-γ and IL-12, and low expression levels of classic HLA-DR phenotype, which are T cell co-activation signals. However, some studies disclosed that innate immune cells like NK, monocyte, and plasmacytoid dendritic cells elicit efficient cytokine responses in the face of the virus (40). TLRs 3, 7, 8, and 9 are mainly expressed at the syncytial trophoblast and amniotic layer at the maternal-to-fetal interface (41). T and B cells decline in frequency; naïve T cells’ ability to differentiate into mature T helper cells is compromised (42). All the evidences above pointed out that pregnancy is exquisite coordination of immune regulation.



Pregnancy Outcomes at Different Trimesters


First Trimester

Due to the limited time since the onset of the pandemic, there are still insufficient outcome data on neonates born to mothers infected by SARS-CoV-2 at the first trimester. However, it is proved that the stress-related atmosphere of the pandemic has increased recurrent pregnancy loss rates, though not significantly, indicating its potential psychological influence on fertility which requires special attention (43). Stefano Cosmaet al. (44) recruited 138 consecutive pregnant women attending first-trimester ultrasound screening and found cumulative incidence in the first trimester was about 10.1%. It is suggested that pregnancies at the first trimester are susceptible to COVID-19 with a high prevalence that is no different from other groups; a surveillance program should also be tailored to manage this cohort. However, generalization cannot be reached due to the limited sample size. The long-term adverse outcomes relating to early trimester infection and well-designed follow-up cohorts are needed for further evaluation and interpretation.



Second Trimester

To date, data interpreting the causal relationship between mid-term SARS-CoV-2 infection and possible outcomes is lacking. It is found that neonates born to mothers with infection identified more than 14 days are less likely to yield positive nucleic acid tests (45).



Third Trimester

Both COVID-NET (11) and SET-NET (45) found higher preterm birth rates in pregnancy with COVID-19 than that of the overall population, but causal linkage cannot be made due to not ruling out high iatrogenic rates. Except for preterm, vertical transmission is another issue that haunts obstetricians. Bioinformatics analysis (46) based on single-cell transcriptomic datasets of trophectoderm and placenta of all three trimesters revealed positive ACE2 and TMPRSS2 expression on both human trophectoderm and placenta, suggestive of possible intrauterine infection pathway. However, its interpretation should be taken with caution, for the presence of ACE2 and TMPRSS2 on the placenta does not necessarily mean an infection of the fetus. Though reports demonstrate a direct linkage between pregnancy with COVID-19 and neonatal infection, the rate is meager (47). Apart from intrauterine pathway, intrapartum infection, postpartum skin-to-skin touch, and breastfeeding are other ways that may result in neonatal infection. There is one case (48) demonstrating positive detection of SARS-CoV-2 in human breast milk. Still, conclusions cannot be made on the inability of mothers with COVID-19 to breastfeed. The threshold of SARS-CoV-2 mRNA quantification to infect a neonate is yet to be known; giving up breastfeeding does not always outweigh the risk of infection. Thus, a ban on breastfeeding is not recommended according to guidelines (49).




Pregnant Women Are Excluded From Trials of Vaccination Against SARS-CoV-2

Before that, herd immunity is achieved by vaccines; facial masks, social distancing, and contact tracing are still main approaches to contain the pandemic. However, in some low-to-middle income areas, these are poorly managed and executed. As is mentioned above, pregnant women groups are at the same risks of getting infected. Trials testing the efficacy and safety of vaccines against SARS-CoV-2 exclude pregnant women groups (50). To recapitulate, though being at the same risk of exposure to SARS-CoV-2, pregnant women are less protected than other cohorts. Considerations regarding excluding pregnant women are as follows: 1) rising opportunity to gain vertical transmission pathways; 2) sparse data on following-up of neonates born to mothers infected with SARS-CoV-2 at different trimesters; 3) unforeseen adverse reactions related to vaccinations. An online survey of pregnant women and mothers of children under 18 conducted by Skjefte and colleagues (51) revealed that vaccine acceptance was geographically variated, being generally highest in India, the Philippines, and Latin America, but lowest in Russia, the United States, and Australia. Though knowing its importance, their primary concern is confidence in vaccine safety or effectiveness. Thus, countries should get underway to collaborate on data regarding concerning issues of this unique cohort. Until now, there is one study recruiting healthy pregnant women that are willing to get vaccinated against COVID-19 (52), which is about to yield data of vital preciousness and importance.



Discussion

Pregnancy is an exquisite coordination of immune response at different stages. Instead of presuming it to be an immunosuppressive status, accumulating evidence suggests that pregnant women have a robust immune response to non-fetal-specific antigens. Obstetric outcomes of pregnancy with COVID-19 include spontaneous and iatrogenic preterm birth, vertical transmission with low probability, pregnancy loss, and increased cesarean section rate (11, 45). Though being at the same risk of infection, pregnant women are excluded cohorts from participating in the trial of vaccination against SARS-CoV-2, due to ethical and lack of evidence. Thus, future follow-up studies focusing on maternal and neonatal outcomes are desperately needed to provide evidence for including pregnant women.
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Pregnancy is an immunological paradox whereby maternal immunity accepts a genetically unique fetus (or fetuses), while maintaining protective innate and adaptive responses to infectious pathogens. This close contact between the genetically diverse mother and fetus requires numerous mechanisms of immune tolerance initiated by trophoblast cell signals. However, in a placental condition known as villitis of unknown etiology (VUE), there appears to be a breakdown in this tolerance allowing maternal cytotoxic T-cells to traffic into the placenta to destroy fetal villi. VUE is associated with several gestational complications and an increased risk of recurrence in a subsequent pregnancy, making it a significant obstetrical diagnosis. The cause of VUE remains unclear, but dysfunctional signaling through immune checkpoint pathways, which have a critical role in blunting immune responses, may play an important role. Therefore, using placental tissue from normal pregnancy (n=8), VUE (n=8) and cytomegalovirus (CMV) infected placentae (n=4), we aimed to identify differences in programmed cell death 1 (PD-1), programmed death ligand-1 (PD-L1), LAG3 and CTLA4 expression between these etiologies by immunohistochemistry (IHC). Results demonstrated significantly lower expression of PD-L1 on trophoblast cells from VUE placentae compared to control and CMV infection. Additionally, we observed significantly higher counts of PD-1+ (>100 cells/image) and LAG3+ (0-120 cells/image) cells infiltrating into the villi during VUE compared to infection and control. Minimal CTLA4 staining was observed in all placentae, with only a few Hofbauer cells staining positive. Together, this suggests that a loss of tolerance through immune checkpoint signaling may be an important mechanism leading to the activation and trafficking of maternal cells into fetal villi during VUE. Further mechanistic studies are warranted to understand possible allograft rejection more clearly and in developing effective strategies to prevent this condition from occurring in utero.
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Introduction

Chronic villitis is a placental condition characterized by inflammation and lymphohistiocytic infiltration into the chorionic villi with or without necrosis, and is categorized into either infectious villitis or non-infectious villitis, also known as villitis of unknown etiology (VUE) (1). While villitis due to infectious etiologies are rare (1-4/1000 pregnancies), 6.6-33.8% of pregnancies are diagnosed with VUE following a term delivery (2–4). Infectious villitis is secondary to transplacental dissemination of microorganisms such as cytomegalovirus (CMV), Treponema pallidum, Toxoplasma gondii and Herpes simplex viruses (HSV) (5). On the other hand, the diagnosis of VUE requires exclusion of infectious etiologies and is therefore hypothesized to be an anti-fetal allograft response (6, 7). The cellular composition of VUE predominantly includes T-cells and macrophages with minor B-cell involvement (8, 9). Immunohistochemical staining and in situ hybridization demonstrate maternal origin of T-cells and both maternal and fetal origin of macrophages, further supporting a breakdown in maternal-fetal tolerance (10, 11).

Pregnancy can be likened to an allograft transplant where the fetus contains a mixture of maternal and paternal genetic material; yet maternal immune responses to the haploidentical fetus during gestation are well-regulated to support the growth and development of offspring. Therefore, the diagnosis of VUE may represent a failure of tolerance and a resulting allograft rejection response to the genetically unique fetus. This hypothesis is supported clinically in that VUE is increased in patients with autoimmune diseases such as systematic lupus erythematosus and thyroid-related disease (12, 13). Neonatal alloimmune thrombocytopenia is also associated with a VUE diagnosis (14). In addition, a higher rate of VUE has been observed in donor oocyte in vitro fertilization (IVF) pregnancies, compared to native oocyte IVF, suggesting a higher propensity of immunologic adverse effects in an entirely foreign embryo (15, 16). More recently, pregnancies resulting from IVF had a higher prevalence of VUE diagnoses compared to spontaneously conceived pregnancies (16.2% vs. 8.3%) (17). Lastly, VUE recurrence in a subsequent pregnancy is between 10-37%, which suggests that this etiology may lead to the development of a maternal anamnestic memory response, reactivated when re-exposed to the same fetal antigens (5, 18).

The instigator(s) of VUE still remain unknown. A unique feature of the placenta is the expression of non-classical major histocompatibility class I (MHCI) surface receptors, like human leukocyte antigen (HLA)-G, which is uniquely expressed on trophoblasts. These cells come in direct contact with maternal blood, and yet do not elicit immune recognition as antibodies directed at HLA-G are not detected in multigravid women (19, 20). Instead, high expression of HLA-G leads to short term tolerance by binding ILT2 and KIR receptors on numerous immune cells, and the release of soluble isoforms into the plasma throughout pregnancy (21, 22). We note that MHC I/II molecules are not expressed in normal term placentae (with the exception of HLA-C), but can be detected at high levels in placentae diagnosed with VUE (23, 24). Upregulation of MHC I/II on the trophoblast surface of placentae with VUE could promote fetal antigen presentation facilitated by activated macrophages and maternal T-cells (13). Cytokines and chemokines also play a critical role in maternal-fetal tolerance and could have an important role in maintenance of tolerance or establishment of placental inflammation. Chemokines CXCL9, CXCL10 and CXCL11 have been detected in maternal blood and placentae of cases diagnosed with VUE (23, 25). Other mechanisms to maintain tolerance include clonal deletion, FAS/FAS L interactions, indoleamine2,3-dioxygenase (IDO) expression and the presence of T-regulatory cells (26, 27).

Other mechanisms of immune tolerance, such as checkpoint inhibitors, have not been investigated in the setting of VUE. Immune checkpoint inhibitors on T-cells bind to their respective ligands on antigen presenting cells and abrogate immune responses, thereby preventing over-activation of immunity and the development of autoimmune disease. In the past 10 years, the critical role of the PD-1/PD-L1 interaction in tumor immune tolerance has been established, and effective treatments targeted at disrupting this interaction to reactivate an exhausted immune system against the tumor have been developed. PD-1/PD-L1 promotes immune evasion by tumor cells and may be pivotal in maternal-fetal tolerance (28, 29). PD-L1 is expressed by trophoblast cells and circulates in maternal blood during pregnancy (30, 31). Other immune checkpoint molecules include the lymphocyte activation gene protein 3 (LAG3) and cytotoxic T lymphocyte antigen-4 (CTLA4). LAG3 has been described to synergistically act with PD-1/PD-L1 to dampen immune responses by suppressing cytotoxic T-cell signaling (32). Similarly, CTLA4 competes with immune stimulating CD28 on T-cells to bind CD80 and CD86 on antigen presenting cells, inhibiting the proliferation of T-cells and the release of pro-inflammatory IL-2 (33). These semi-redundant pathways have evolved to provide multiple levels of protection against unwarranted immune responses and may have an important role in the loss of fetal-maternal tolerance that likely occurs during VUE.

Therefore, the goal of this study was to evaluate the expression of PD-1, PD-L1, LAG3 and CTLA4 in placentae diagnosed with VUE and compare it to expression in infectious villitis and normal controls. We hypothesized that the expression and abundance of these targets will significantly differ from infectious villitis and controls because of dysregulation of immune tolerance during VUE. To test this hypothesis, tissues from paraffin blocks were cut and immunohistochemistry completed to identity differences in these immune checkpoint molecules.



Methods


Case Selection

The Mayo Clinic Institutional Review Board approved this study (#16-006099). The aim of the study was to compare differences in checkpoint inhibitor expression in placentae with VUE, cytomegalovirus (CMV) infection, and controls by immunohistochemistry (IHC). Lymphocytes were identified by H&E and hemotoxylin-counterstained IHC slides based on their cytomorphologic features, including round small nuclei with dense chromatin pattern, inconspicuous nucleoli, and small amount of cytoplasm. Following histologic review by a pathologist, residual formalin fixed paraffin embedded placental tissues were identified. We chose 8 placentae with a diagnosis of high grade VUE per definition by Khong et al. (34) (presence of multiple foci of villitis, on more than one section, at least one of which shows inflammation affecting more than 10 contiguous villi), 4 placentae diagnosed with placental infection by cytomegalovirus (CMV) and 8 gestational age-matched controls to the VUE cases. The control cases had no identifiable pathology.



Immunohistochemistry (IHC)

Five-micron sections were cut, and tissues underwent deparaffinization by xylene followed by antigen retrieval using citrate buffer. Tissues were then stained with the following primary antibodies overnight at 4°C: PD1 (clone NAT105, 1:200), PDL1 (clone SP142, 1:400), CTLA-4 (clone F-8, 1:50) and LAG3 (clone 11-E3, 1:200). Following secondary antibody incubation for 1 hour at room temp, slides were treated with 3,3′-Diaminobenzidine (DAB, Sigma-Aldrich) for 15 minutes followed by hemoxylin. Images were captured using a CellSens Standard (Olympus Corporation Tokyo, Japan) on a BX51 Olympus microscope (Olympus Corporation Tokyo, Japan).



IHC Quantification

Measurements of PDL-1 membrane thickness and DAB intensity were made using ImageJ Fiji, following the protocol described by Crowe et al. (35). Ten representative images from each case were gathered, blindly analyzed and compared. For PD-L1 thickness, five separate measurements of villi from each representative image were collected and averaged. Thus, for every case, the mean membrane PDL-1 deposition was obtained by fifty distinct measurements. To calculate DAB intensity, five images from each case measured at a threshold set at 131 for each case. To quantify PD-1, CTLA-4 and LAG3, the slides were reviewed by a pathologist. In scanning power (10X), the hotspot areas were identified and positive cells in 20 villi were counted in high power (400X). If ≤20 villi in the entire section had positive cells, all the positive cells in that sections were counted.



Data Analysis

Patient demographics are reported as medians with ranges. Results from our three groups were analyzed using Kruskal-Wallis testing controlling for the false discovery rate (FDR) with the method of Benjamini, Krieger and Yekutieli. Significance was defined as a p-value ≤ 0.05. All statistical analyses and graphing were performed using GraphPad Prism software version 9.1 (GraphPad Software, San Diego, CA).




Results


Patient Characteristics

Twenty placental specimens were included in this study, 8 with a VUE diagnosis, 4 with a CMV diagnosis and 8 identified to be normal following pathological review. Demographics can be seen in Table 1, displayed as medians and ranges. There were no significant differences in our groups based on maternal age (average maternal age of 31 years in our cohort). The number of prior pregnancies was 2.5, which was similar between groups. There was a significant difference in gestational age at birth, with the CMV infected cohort having earlier births compared to controls and VUE cases. The median gestational age at birth in the VUE and control groups was also the similar. All mothers had an uncomplicated postpartum course and the infant APGARS at 1 and 5 minutes were equivalent (p=0.20 and p=0.59, respectively).


Table 1 | Basic cohort demographics.





PD-L1 Is Decreased in Non-Infectious Chronic Villitis

To address the potential role of PD-L1 expression during infectious and non-infectious etiologies, we ran IHC and took 10 representative images from each case for analysis using ImageJ. There were observable differences between the groups by microscopy (Figure 1A). As others have reported (36), PD-L1 staining was mainly localized to syncytiotrophoblasts, with moderate staining on intermediate trophoblasts and minimal expression on cytotrophoblast cells. We therefore quantified the DAB signal and found that the VUE cases had significantly lower PD-L1 staining intensity compared to control (p=0.009) and CMV placentae (p=0.0008; Figure 1B). Although we saw some evidence of increased PD-L1 expression in the CMV group compared to controls, differences between groups did not meet statistical significance (p=0.052). We then measured the thickness of staining across the membrane and note that CMV infection led to the most profuse villous staining of PD-L1 compared to controls (p=0.034) while the thickness was significantly decreased in placentae diagnosed with VUE compared to both control (p=0.004) and CMV (p=0.0001; Figure 1C). These data indicate that PD-L1 expression is decreased in placentae with a VUE diagnosis and increased during infection with CMV.




Figure 1 | PD-L1 expression in placentae with infectious and non-infectious diagnoses. (A) Representative PD-L1 staining in all three groups (200X). (B) Average intensity of DAB staining between control, VUE and CMV groups. (C) Mean PD-L1 membrane thickness between groups. Graphs show median with interquartile ranges. Data was compared by Kruskal-Wallis testing with post hoc analysis using the false discovery rate method of Benjamini, Krieger and Yekutieli (n=4-8/group). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.0001.





PD-1+ Cells Are Increased in Villous Tissue During VUE and CMV Infection

We then quantified PD-1, the receptor to PD-L1, which is expressed on immune cells. Following IHC staining, 10 representative images from each case were captured and counted. Unsurprisingly, there were almost no PD-1+ cells that could be identified in the control placentae (Figure 2A). We then counted the number of PD-1+ cells in VUE and CMV. VUE placentae showed the highest number of PD-1+ cells (average 93 cells/image) compared to CMV (73.5 cells/image), which was not a significant difference (p=0.26; Figure 2B). Compared to control, non-infectious chronic villitis (p=0.0004) and CMV (p=0.005) had significantly more PD-1+ cells in each image. Thus, PD-1+ cells are most abundant in VUE and CMV infection compared to in normal control tissue.




Figure 2 | PD-1+ cells in placentae with CMV, VUE and controls. (A) Representative PD-1 staining in all three groups (200X). (B) Average count of PD-1+ cells per 20 villi in control, VUE and CMV placentae. Graphs show median with interquartile ranges and significance was determined by Kruskal-Wallis testing with false discovery rate correction by Benjamini, Krieger and Yekutieli (n=4-8/group). ***p ≤ 0.0001.





Variable Expression of Other Checkpoint Receptors in Placentae

Lastly, we stained for LAG3 and CTLA4, other known checkpoint molecules, in our three groups. Positive cells were counted and averaged from a total of 10 images taken from each case. Figure 3A staining demonstrated significant infiltration of LAG3+ cells in VUE compared to controls (49 vs. 0.2 cells/image; p=0.05). However, there was a high level of variability noted across the VUE cases (0-116 cells/image; Figure 3B). We did not see evidence of a difference in LAG3+ cells between VUE and CMV infection (49 vs. 7 cells/image; p=0.399), and CMV infection and control cases (7 vs. 0.2 cell/image; p=0.40). In contrast, overall expression of CTLA4+ cells in the placental villi was negative in all three groups, with only a few fetal macrophages staining positive (Figure 4). Together, VUE appears to be associated with greater infiltration of LAG3+ cells compared to infection and controls, but cells expressing CTLA4 are generally absent in the placenta from our three groups.




Figure 3 | Placental abundance of LAG3+ cells during CMV, VUE and in controls. (A) Representative LAG3 staining in all three groups (200X). (B) Average count of LAG3+ cells image in each group. Median with interquartile ranges are represented in the graph. Significance was determined by Kruskal-Wallis with false discovery rate correction by Benjamini, Krieger and Yekutieli (n=4-8/group). *p ≤ 0.05.






Figure 4 | CTLA4 is weakly expressed in the placenta but is found on a few Hofbauer cells. Representative CTLA4 staining in all three groups (200X).






Discussion

VUE, a diagnosis characterized by the infiltration of maternal CD8+ T-cells into villous tissue of the placenta without infectious cause, is hypothesized to be the result of an immune rejection response targeted against the haploidentical fetus during pregnancy. While the cause remains unknown, we hypothesized that this could be reflect dysregulation of checkpoint molecules which play a critical role in maintaining maternal-fetal tolerance. Our results demonstrate that VUE leads to downregulation of PD-L1 and upregulation of receptors PD-1 and LAG3 on infiltrating cells. This expression pattern is unique from placentae infected with CMV, and the changes in these checkpoint interactions, which ultimately dampen immune responses, may have a significant role in initiation of VUE pathogenesis.

The discovery of proteins that turn off activated lymphocytes, termed checkpoint receptors, has revolutionized the field of tumor immunology through the development of therapeutic strategies that block these interactions, thereby maintaining immune cell activation and tumor cell killing. The first was CTLA4, which binds CD80/CD86 to negatively regulate T-cell activation and blockade leads to anti-tumor immune responses (37, 38). Next, the interaction between PD-1 and PD-L1 was also found to cause cell death in activated T-cells, which tumors expressing high levels of PD-L1 use to evade the immune system (39, 40). Recent focus has turned to disrupting LAG3 signaling through MHC class II to promote immune activation against tumors (41, 42). Like the tumor microenvironment, trophoblasts interact with decidual immune cells at the maternal-fetal interface through checkpoint receptors, which are critical for pregnancy success. Guleria et al. reported increased allogeneic, but not syngeneic, fetal loss in murine models treated with PD-L1 blockade, which also increased proinflammatory cytokine signaling (28). However, other groups have shown that deletion of PD-1 or PD-L1 has no impact on pregnancy outcomes (7). T regulatory cells (T regs) in the normal decidua have been observed to express high levels of CTLA4 and, in specimens from spontaneous abortion cases, the proportion of CTLA4+ T reg cells were found to be significantly lower (43, 44). More recently, upregulation of PD-1 and LAG3 has been found on CD8+ maternal T-cells that recognize fetal antigen from a first pregnancy and are subsequently exposed to the same fetal antigens during a second pregnancy (45). This data proposes a priming mechanism occurs between pregnancies which promotes fetal antigen-specific immune tolerance responses in the mother. Together, these studies indicate a critical role for immune checkpoint receptors in mediating maternal immune tolerance to the allogenic fetus.

Expression of checkpoint receptors in VUE have not been examined, but as this etiology has been hypothesized to be an allograft rejection response, presence or absence of these suppressive regulatory signals are pertinent. In tissue transplant, allograft rejection is a common complication, and occurs when lymphocytes from the recipient infiltrate into donor tissue leading to organ failure (46). Antibody-mediated organ failure, as measured by C4d expression, is used clinically to assess transplant rejection (47). Placentae diagnosed with VUE have been found to have increased staining for C4d in the syncytiotrophoblast layer (48). ICAM-1, a surface glycoprotein that is upregulated upon cytokine stimulation resulting in the migration of immune cells into tissue, is upregulated on trophoblast cells and leukocytes in chronic villitis (49). Interestingly, anti-ICAM-1 antibodies showed preclinical promise for improving allograft survival, randomized clinical trials demonstrated no benefit (50, 51). Demise of a fetus after 20 weeks gestation could be considered an extreme rejection response. In a cohort of 40 fetal demise cases, placental examination showed that approximately 58% had a chronic inflammatory lesion defined as chorioamnionitis, VUE or chronic deciduitis (52). Importantly, chronic inflammation did not correlate with the detection of microorganisms.

Despite the recent advancements in our understanding of VUE as a fetal rejection response, it is not yet possible to rule out the presence of a subclinical infectious etiology. At least in a subset of VUE cases, undiagnosed pathogens were later detected (5, 53). While a bacterial etiology could not be confirmed by PCR for universal bacterial 16S rRNA, at least one herpesvirus strain has been detected in half of the VUE cases tested (54, 55). However, differences in histological and clinical manifestations of VUE from the known infectious etiologies suggest distinct inflammatory processes. Morphologically, VUE tends to involve the placental parenchyma in a patchy pattern with a higher rate of distal villi distribution, whereas in infectious villitis, the distribution is more diffuse with concurrent involvement of umbilical cord, chorionic plate, and membranes (5). While the presence of plasma cells does not exclude a VUE diagnosis, marked plasmacytic infiltration is more often associated with an infectious processes like CMV or other viruses (56).

The results of our study show increased expression of PD-L1 in CMV infectious villitis. CMV infected dendritic cells have been reported to express higher levels of PDL-1 (57). Thus, PD-L1 overexpression by CMV-infected cells could be a mechanism to support viral replication. Having only studied CMV related infectious villitis, we cannot infer that other agents induce similar PD-L1 expression. While much of the focus is on T-cells, immunologic activation in the Hofbauer cells during VUE has also been observed, and studies have demonstrated that CMV has a tropism for Hofbauer cells of the placenta (58, 59). Therefore, Hofbauer cells have an important role in the pathophysiology of both conditions, which requires further characterization. In VUE, our results show increased PD-1 expression in infiltrating lymphocytes and decreased PD-L1 expression in trophoblasts, implying a possible loss suppressive signals leading to the propagation of T-cell activation signals and resulting inflammation. This has been observed in autoimmune disease, where depleting PD-1+ autoreactive T cells in mice with type I diabetes or autoimmune encephalomyelitis led to delayed disease onset and improvement of symptoms (60). Though our small sample size is small, the data demonstrates differences in immune checkpoint receptor expression in infectious versus non-infectious villitis which should be explored further.

To conclude, differential expression of PD-L1 and abundance of PD-1 and LAG3 is seen in placentae diagnosed with VUE compared to CMV infection. These data suggest that disruption of maternal-fetal tolerance through checkpoint receptor signaling may be an important mechanism in the development of VUE. Further understanding of the precise etiology and pathophysiology of VUE will require a multidisciplinary and systems biology approach to effectively address this sometimes-devastating placental condition.
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The immune system recognizes and attacks non-self antigens, making up the cornerstone of immunity activity against infection. However, during organ transplantation, the immune system also attacks transplanted organs and leads to immune rejection and transplantation failure. Interestingly, although the embryo and placenta are semi-allografts, like transplanted organs, they can induce maternal tolerance and be free of a vigorous immune response. Also, embryo or placenta-related antibodies might adversely affect subsequent organ transplantation despite the immune tolerance during pregnancy. Therefore, the balance between the immune tolerance in maternal-fetal interface and normal infection defense provides a possible desensitization and tolerance strategy to improve transplantation outcomes. A few studies on mechanisms and clinical applications have been performed to explore the relationship between maternal-fetal immune tolerance and organ transplantation. However, up to now, the mechanisms underlying maternal-fetal immune tolerance remain vague. In this review, we provide an overview on the current understanding of immune tolerance mechanisms underlying the maternal-fetal interface, summarize the interconnection between immune tolerance and organ transplantation, and describe the adverse effect of pregnancy alloimmunization on organ transplantation.




Keywords: placental immune tolerance, organ transplantation, immune rejection, clinical implication, maternal-fetal interface



Introduction

The immune system recognizes, targets, and attacks non-self antigens, which makes up the fundamental of immunity activity against infection (1). However, the immune system also attacks transplanted organs, leading to immune rejection and transplant failure (2). The developing embryo and placenta could be considered semi-allografts (3), while it can induce maternal tolerance and be free of a vigorous immune response (4). The balance between the immune tolerance in the maternal-fetal interface and normal infection defense plays a fundamental role in pregnancy (5), which inspires further research in the immune tolerance of maternal-fetal interface. Accumulating studies suggest that the tolerogenic mechanisms in the maternal-fetal interface are associated with and might be applied in organ transplantations. This review provides an overview of the current understanding of immune tolerance mechanisms underlying the maternal-fetal interface. Then, we summarize the interconnection between immune tolerance and organ transplantation. Finally, we describe the adverse effect of pregnancy alloimmunization on organ transplantation and discuss the current challenges.



Immune Tolerance Mechanisms Underlying the Maternal-Fetal Interface

During pregnancy, the non-functional state of the primary immune cells (including decidual natural killer [dNK] cells, decidual T cells, and decidual macrophages) induces placental immune tolerance, and the dNK cells are probably the most important in the many immune cells (6). Besides, immune tolerance synergistic molecules are another significant players in the maternal-fetal interface, such as HLA molecule and co-signaling molecules. HLA molecule is usually involved with host versus graft reaction, while the non-classic major histocompatibility complex (MHC) class I molecule, HLA-G, was revealed to induce immune tolerance in the maternal-fetal interface. Co-signaling molecules enhance the biological function of trophoblasts, decidual stromal cells, and decidual immune cells, while recent studies also revealed their roles in regulating placental immune tolerance.


The Role of dNK Cells in Placental Immune Tolerance

CD56brightCD16− NK cells are prominent NK cells (about 70%-80% of lymphocytes), which make up more than half of the maternal immune cells in human early pregnancy decidua (6). The origin of NK cells in the endometrium remains unclear. The C-X-C chemokine ligand 12 (CXCL12)/C-X-C chemokine receptor type 4 (CXCR4) axis is necessary to recruit dNK cells at the maternal-fetal interface. Tao et al. (7) obtained the decidual tissues from normal pregnancies (5-10 weeks) and revealed that CXCL12/CXCR4 axis could facilitate the migration of dNK cells concentration-dependent manner. CXCL12 could increase the migration of dNK cells by 1.2-, 1.4-, and 1.9-fold at a concentration of 1, 10, and 100 ng/ml, respectively (7). When trophoblast culture media were treated with anti-CXCR4, the chemotactic activity of dNK cells was significantly inhibited (P < 0.01) (7).

DNK cells were reported to play a central regulating role in decidual tolerance to embryos. During the first trimester, dNK cells participate in trophoblast invasion by producing chemokines (such as IL-8 and IL-10) without attacking placental cells (8, 9) since they would not polarize granules to the target cells (10). Co et al. (11) first revealed that the inhibited killing of dNK cells in invasive cytotrophoblasts was induced by maternal decidual macrophages cell, which provided a possible reason for the anergic dNK cells in placental immune. Placental (5-22 weeks) and decidual tissues (5-13 weeks) were achieved from patients undergoing elective terminations of pregnancy, and the dNK cells were cultured in vitro. The results showed that dNK cells could kill K562 target cells (leukemia cell lines) after removing macrophages, while the cytotoxicity of dNK cells was inhibited again when macrophages were added back. Furthermore, the addition of soluble TGF-β1 to cytotoxicity assays had a significant inhibitory effect on purified dNK-induced cytotoxicity at a lower dNK: K562 ratio (5:1 vs. 20:1), and more primary cytotrophoblast targets (such as NK92 and K562) were attacked after removal of TGF-β1, which suggested that the immune tolerance of dNK cells could be induced by TGF-β1 (12). Wang et al. (13) obtained villi from healthy women receiving pregnancy termination (7-9 weeks) and extracted primary culture of first-trimester trophoblast cells. They reported that CXCL16 induced the polarization of M2 macrophages via inducing high IL-10 expression. Moreover, when dNK cells were co-cultured with M2 macrophage pretreated with rhCXCL16, the decreased expression of IL-15 facilitated the inactivation of dNK cells. These studies indicate the promoting role of macrophages in the dNK cell-induced immune tolerance at the maternal-fetal interface (Figure 1).




Figure 1 | Inhibitory effect of macrophages on dNK cells in the maternal-fetal interface. Macrophages induce the immune tolerance of dNK cells and decrease the chemokines (such as IL-8, and IL-10) in the maternal-fetal interface, thus stabilizing the embryo.



Recently, Huang et al. (14) recruited recurrent spontaneous abortion women (n=49) and normal pregnant women (n=52) and measured the expression of miR-30e in the decidua tissues via a quantitative polymerase chain reaction. They revealed that the expressions of miR-30e in individuals with recurrent spontaneous abortion were significantly decreased compared with the control group, and the cytotoxicity of dNK cells was reduced by upregulating miR-30e. Additionally, Tirado-Gonzalez et al. (15) reported that dNK cells induced apoptosis in decidua dendritic cells during pregnancy (40.2 ± 7.2% of DC-SIGN+ cells in decidual sections and 34.4 ± 15.2% in leukocyte suspensions), which induced the immune tolerance environment for the maternal-fetal interface.

Besides maintaining fetal tolerance, dNK cells might also contribute to the placental infection defense (16). Crespo et al. collected placental and decidual samples (6-12 weeks) and revealed that the antimicrobial peptide granulysin was highly expressed in human dNK cells. Antimicrobial peptide granulysin was selectively transferred via nanotubes to extravillous trophoblasts (EVTs) to kill intracellular Listeria monocytogenes without killing the trophoblasts (17, 18). Also, when pregnant women were infected with human cytomegalovirus (HCMV), the expression of killer cell immunoglobulin-like receptor 2DS1 (KIR2DS1) by dNK cells increased the ability to prevent placental HCMV infection. Similarly, the interaction between KIR2DS1 and HLA-C2 could enhance the activation of KIR2DS1 single-positive dNK and improve the response to placental HCMV infection (6-12 weeks human placental and decidual material) (19).



The Role of Human Leukocyte Antigen in Placental Immune Tolerance

Recently, accumulating studies are focused on the role of HLA in maternal-fetal immunity, especially HLA-G. EVT expresses a unique type of MHC molecules to induce immune tolerance. The tripartite interactions of human leukocyte antigen (HLA)-peptide-T cell receptors are fundamental in enabling the adaptive immune system, and MHC class I and II molecules could distinguish the self from the non‐self antigen (Figure 2).




Figure 2 | The classification of major histocompatibility complex (MHC) molecules and main molecules in maternal-fetal immunity. MHC includes MHC class I and II molecules. Classic MHC class I molecules include human leukocyte antigen (HLA)-A, HLA-B, and HLA-C. The non-classic MHC class I molecules include HLA-E, HLA-F, and HLA-G. MHC class II molecules include HLA-DR, HLA -DP, HLA -DQ. HLA-C, HLA-E, and HLA-G play a significant role in immune tolerance in the maternal-fetal interface.



Regulation of HLA expression patterns is another potential strategy to inhibit organ transplantation rejection (20). Unlike most cells, EVTs do not express ubiquitous classical MHC class I molecules (i.e., HLA-A and HLA-B) (21). Instead, HLA-C and the nonclassical MHC class I molecules (i.e., HLA-E and HLA-G) are expressed in EVTs. HLA‐G shows great immunosuppressive features and a limited expression outside the trophoblasts (1). In the term pregnancy, HLA-G+ EVTs have a weakened capacity to induce Treg via isolating three types of HLA-G+ EVTs from human placental tissues (HLA-G+ EVTs, 6 to 12 weeks, n = 2; HLA-G+ EVTs, >37 weeks, n = 3; HLA-G+ chorionic EVTs, >37 weeks, n = 3), suggesting the distinct ability of HLA-G to enhance placental immune tolerance via directly inducing Treg cells (22). Meanwhile, the HLA-G could interact with decidual T cells, NK cells, macrophages, and dendritic cells and induce immune tolerance (23–25). Interestingly, Bortolotti et al. (26) isolated mesenchymal stromal/stem cells (MSCs) in endometrial decidual tissue (EDT) from menstrual blood collected from 5 healthy women during the first few days of the menstrual cycle. They reported that EDT-MSC could inhibit lymphocytes proliferation (70% for low culture passage EDT-MSC, 40% for high culture passages EDT-MSC, P < 0.002). Interestingly, when human EDT-MSCs were infected by the human herpesvirus (HSV)-1, the expression of HLA-G and its immunosuppressive function will be significantly reduced in a dose-dependent manner.

Meanwhile, HLA-G is closely related to dNK cells in the maternal-fetal interface. Tilburgs et al. (27) collected human placental and decidual material (6-12 weeks), and the results showed that co-culture of activated dNK with EVTs could lead to the reacquisition of surface HLA-G. Meanwhile, co-culture of HLA-G-expressing melanoma M8 cells with dNK cells could restore the killer cell immunoglobulin-like receptor 2DL4 or immunoglobulin-like transcript 2 expression on dNK cells, which increased the expression levels of surface HLA-G. Therefore, the activation of dNK could decrease the internalized HLA-G and restore the cytotoxicity, and the HLA-G could induce tolerance of dNK in turn.



The Role of Co-Signaling Molecules in Placental Immune Tolerance

Generally, immune cells can be fully activated after a second signal (co-signal) derived from the interaction between receptors on immune cells and the corresponding co-stimulating ligands on antigen-presenting cells. This classic ‘two-signal model’ is originated from the model of lymphocyte activation, which functions to optimize the immune response (28, 29). The potential co-signaling molecules mediating maternal-fetal immune tolerance are summarized in Table 1, including programmed death 1 (PD-1)/programmed death-ligand 1 (PD-L1) (30–34), T cell immunoglobulin and mucin domain 3 (TIM-3) (35–40), cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) (36, 37, 41), inducible co-stimulator (ICOS)/inducible co-stimulator ligand (ICOS-L) (42), carcinoembryonic Ag cell adhesion molecule 1 (CEACAM1) (43), and leukocyte-associated immunoglobulin like receptor-1 (LAIR-1) (44).


Table 1 | Co-signaling molecules and their mechanism to induce the maternal-fetal immune tolerance.



To the best of our acknowledge, PD-1/PD-L1 is probably the most studied among the many co-signaling molecules in maternal-fetal immunity (45). Meggyes et al. (35) used flow cytometry to measure PD-1 expression by peripheral and decidual immune cells from pregnant BALB-c mice on day 14.5 of pregnancy. The expression of PD-1 significantly increased in dNK cells (P = 0.001), γ/δ T cells (P = 0.002), and NKT cells (P = 0.024), thus reducing cytotoxic potential compared with the periphery. Interestingly, the upregulation of PD-1 was consistent with the increase in maternal T cells in the decidua, which indicated a potential role for the PD-1/PD-L1 axis in silencing maternal immune responses to fetal antigens (46). In the following study by Costa et al. (47), the term (37-40 weeks), uncomplicated gestation placentas were obtained, and the results revealed that the PD-1/PD-L1 axis might limit T cell expansion and induce tolerance to the fetal allotransplant. Wang et al. (32) obtained the villous and decidual tissues from normal (n = 78) and miscarriages (n = 36) pregnancy. They reported that the co-culture of CD8+ T cells and trophoblasts could upregulate PD-1+ immune cells (P < 0.001). Blockade of Tim-3 and PD-1 decreased CD8+ T cell proliferation, enhanced trophoblast killing, and increased IFN-γ production by CD8+ T cells. Then, they established a mouse pregnancy model by mating BALB/c males with CBA/J females and reached the same conclusion in vivo. Sayama et al. (48) reported that production of IFN-γ was suppressed in peripheral T cells when T cell-expressed PD-1 and macrophage-expressed PD-L1 interacted (Human first-trimester decidual samples, n = 10), while the suppressive property was not observed in the monocytes lacking PD-L1. These studies demonstrated that PD-1/PD-L1 mediated immune tolerance as the co-signaling molecules. Besides, PD-L1 was reported to directly foster Treg differentiation and induce immune tolerance (49).




The Relationship Between Placental Immune Tolerance and Organ Transplantation

Since HLA-G can maintain placental immune tolerance during pregnancy, it has been well explored as the promising diagnostic and even therapeutic target of organ transplantation. Ajith et al. (50) compared the expression of soluble HLA (sHLA)-G in patients with the immune rejection of the renal allograft (n=40) and those with a functioning renal allograft (n=90). The results showed that HLA-G could inhibit the activation and cytotoxic capabilities of human CD8+ T cells, one of the important mechanisms in organ transplantation rejection. Furthermore, Janssen et al. (51) genotyped 41 kidney recipients with acute rejection and 134 without rejection, and the results suggested that HLA-G polymorphisms were higher in recipients without acute rejection. Similarly, Durmanova et al. (52) reported that HLA-G polymorphisms were closely associated with graft acceptance. The sHLA-G level can predict the renal allograft outcome for high expression in patients with renal allograft (31.6 ± 20.2 vs. 17.7 ± 8.5, P=0.003). These studies suggest that HLA-G and its polymorphisms might play a potential protective role in organ transplantation (53). However, another study did not support the protective effect of HLA-G in liver transplantation since sHLA-G levels were higher in recipients with acute rejection than nonrejectors (54). The authors claimed that it might be negative feedback to protect the liver against immunological damage (54).

Apart from the acute rejection, HLA-G can also predict the long-term prognosis of organ transplantation. Lazarte et al. (55) reported that sHLA-G increased in patients with chronic lung allograft dysfunction, and HLA-G single nucleotide polymorphism +3142 was associated with increased mortality (hazard ratio [HR] = 1.78, P = 0.015). Consistently, Brugiere et al. (56) and Ezeakile et al. (57) demonstrated that the HLA-G level and expression of the membrane-bound form of HLA-G on monocytes were related to the postoperative lifetime of kidney transplantation. Additionally, Adamson et al. (58) also found that HLA-G was a risk factor for cell-mediated rejection (CMR) following heart transplant in humans with a P-value of 0.03 (n = 123). Compared with the minor HLA-G +3196/GG genotype, the CG genotype had a 47.2% reduction in CMR risk (HR = 0.528, 95% CI, 0.235-1.184), while CC genotype had a 66.9% reduction (HR = 0.331, 95% CI, 0.144-0.761). The authors indicated that HLA-G might be considered a diagnostic strategy and a potential therapeutic target for transplant rejection. In the following research, Von et al. (59) firstly reported the therapeutic recombinant HLA-G5 in the intestinal transplantation model. Allogenic intestinal transplantation was performed in rats (Brown Norway to Lewis) with and without HLA-G treatment. The rats with HLA-G treatment showed significantly decreased postoperative acute rejection in 4 and 7 days after the operation, and acute rejection-related gene expression was higher in rats with HLA-G treatment (TNFα, P < 0.05; IL-10, P < 0.05).

Moreover, NK cells and co-signaling molecules also induce immune tolerance in organ transplantation. For example, NK cells can induce both immune rejection and tolerance in liver transplantation (60). The recipient-derived NK cells tend to promote immune rejection, while the donor-derived NK cells tend to induce immune tolerance. Yazdani et al. (61) reported that the differential expression genes, which were identified in antibody-mediated rejection through bioinformatics pipeline (microarray transcriptomic data from a case-control study, n=95), were enriched in NK cell pathways. Also, in multivariate cox analysis, NK cell infiltration could predict graft failure (P < 0.001) and diagnosis of rejection (P = 0.039) with the highest accuracy compared with other immune cell subtypes (e.g., CD8+ T cells, CD4+ T cells, macrophages, and so forth) according to the Banff classification.

Furthermore, the PD-1/PD-L1 axis induces placental immune tolerance and improves organ transplantation. In brief, the PD‐1/PD‐L1 axis can induce tolerance in organ transplantation through PD‐1 and CD28 gates and influence the effector T cells. Xu et al. (62) reported that cellular exosome-like nanovesicles could inhibit the proliferation of mononuclear cells in peripheral blood (76% vs. 2%, P < 0.001) through the interaction of PD-1/PD-L1 and CTLA-4/CD80, which would subsequently decrease the density and activation of CD8+ T cells, downregulate cytokine production (HEK293T cells), and prolonged the survival of mouse skin and heart grafts. The blocked PD-1/PD-L1 axis could lead to a high rejection rate [37% to 80% (63)] for transplanted organs. A recent meta-analysis (64) reviewed the VigiBase database to explore the association of rejection events with drugs and revealed that anti-PD-1 and anti-PD-L1 drugs were more involved compared with anti-CTLA-4 drugs in rejection events (93.0% vs. 7.0%) due to the blockade of the specific pathway.



The Adverse Effect of Pregnancy Alloimmunization on Organ Transplantation

Despite the immune tolerance during pregnancy, alloimmunization also exists, which might induce an increased risk for future organ transplantation rejection (65). Studies (66–71) regarding the adverse effect of pregnancy on subsequent organ transplantation are summarized in Table 2.


Table 2 | Adverse effect of pregnancy on subsequent organ transplantation.



A study including 69 participants based on the Luminex screening test showed that about 24% to 49% of parous transplant candidates have the detectable anti‐HLA antibody, which composed a barrier to transplant success due to pregnancy alloimmunization (72). Redfield et al. (68) reported that retransplants (53%), pregnancy (20%), and transfusion (5%) were the three main reasons for high sensitivity to kidney transplantation (patients with a panel reactive antibody ≥ 98%). The rate of organ transplantation rejection increased in highly sensitized patients within one year compared with those non-sensitized (10.6% vs. 8.3%, P < 0.001). The 10-year survival rate of highly sensitized patients was also significantly worse (43.9% vs. 52.4%, P < 0.001). A study of 2,587 kidney transplant candidates suggested that the rate of living donor kidney transplantation for women decreased by 30% due to histocompatibility (67). Retransplants, pregnancy, and transfusion all contribute to the high sensitivity to transplantation, and retransplants have a more significant immunologic impact, followed by pregnancy and transfusion (73). However, in practice, spouses are often the primary transplant source, and pregnancy is the unique cause of sex disparity in organ transplantation (67).

Meanwhile, Van et al. (74) reported that the incidence of kidney graft loss was 9.4% within two years, 9.2% within 2-5 years, and 22.3% within 5-10 years after pregnancy, respectively. They pointed that pregnancy affected the graft loss significantly within two years. Furthermore, when comparing male and female recipients with 0% panel reactive antibody, there was no significant difference in all‐cause graft failure (66), which indirectly indicated that pregnancy alloimmunization might negatively impact the subsequent transplantation process after pregnancy.



Conclusion

Currently, the survival of patients receiving organ transplantation remains unsatisfactory, with a five-year survival of 89.6% (75), 86.6% (76), and 77% (77) in the liver, kidney, and heart transplantation, respectively. Although immunosuppression has been widely used to inhibit acute graft-vs-host disease after organ transplantation (78), many complications (like heart failure or acute kidney injury) increase morbidity and mortality (79). Long-term immunosuppression treatment is likely to cause many graft- or host-related adverse events, such as bone mass loss (80), infection (81), and malignancies (82). Patients with organ transplants have an approximately 2-fold increased cancer risk than the general population (83, 84). The interconnection between placental immunity and transplantation immunity has recently become a hot topic since it might provide a potential strategy to regulate the immune balance between the hosts and transplanted organs. This article provides an overview on the current understanding of immune tolerance mechanisms underlying the maternal-fetal interface. We review the immune tolerance mechanisms of dNK cells and immune tolerance synergistic molecules (such as HLA molecule and co-signaling molecules), and we summarize current evidence on the relationship between immune tolerance and organ transplantation. Finally, we describe the adverse effect of pregnancy alloimmunization on organ transplantation.

Still, it should be highlighted that the total view of the mechanisms underlying placental immunity remains vague. The immune tolerance in the maternal-fetal interface is a complex balance associated with both the immune tolerance molecules and immune microenvironment. However, most studies were performed on a cellular level, and there lacks enough validation in mature animal models. Only a few immune tolerance molecules in the maternal-fetal interface have been studied. Besides, the studies regarding the application of placental immunity on organ transplantation are limited (Figure 3). Accordingly, further in vivo experiments using animal models are necessary, and more immune pathways and immune networks should be explored.




Figure 3 | Trends of the research in placental immunity and organ transplantation. The search strategy is ((((((fetal) OR (placenta*)) OR (maternal-fetal interface)) AND (immune)) AND (organ)) AND (transplantation)) AND ((“1980”[Date - Publication]: “2021”[Date - Publication])). (A) The annual scientific production shows an increasing trend from 1980 to 2021. (B) The most relevant sources of these published studies. The top three relevant sources are Journal of immunology, Blood, and Transplantation. (C) Country scientific production. The color indicates the number of the related studies in each country. (D) Word cloud is based on the keywords from the published studies.
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Identifying the mechanisms underlying unexplained recurrent spontaneous abortion (URSA) can help develop effective treatments. This study provides novel insights into the biological characteristics and related pathways of differentially expressed genes (DEGs) in URSA. Nineteen patients with URSA and three healthy fertile women with regular menstruation (control group) were recruited. RNA was extracted from the two groups to determine the differential expression of immunoregulatory gene sequences. Gene ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGG) enrichment analyses were used to identify the biological functions and pathways of the identified DEGs. A protein-protein interaction (PPI) network was constructed using the STRING database. Furthermore, qRT-PCR and ELISA were performed to validate the differential expression of the hub genes. We also explored the regulatory mechanism of Th1/Th2 imbalance. A total of 99 DEGs were identified, comprising 94 upregulated and five downregulated genes. Through GO analysis, nine immune cell function-related clusters were selected, and genes with significant differential expression were primarily enriched in eight immune regulatory functions related to the KEGG signalling pathway. Subsequently, five hub genes (TLR2, CXCL8, IFNG, IL2RA, and ITGAX) were identified using Cytoscape software; qRT-PCR confirmed the differential expression among the hub genes, whereas ELISA revealed a significant difference in extracellular IFN-γ and IL-8 levels. The levels of Th1 (IFN-γ) and the Th1/Th2 ratio were higher in the peripheral blood of URSA patients than in control group patients. These findings suggest that the occurrence of URSA may be associated with the abnormal expression of some specific immunoregulatory genes involved in T-cell activation and differentiation. Among the identified DEGs, IFNG may play a key role in regulating maternal immune response. Although further validation is required, our data provide an important theoretical basis for elucidating the pathogenesis of recurrent spontaneous abortion.
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Introduction

Recurrent spontaneous abortion (RSA), one of the most common complications of pregnancy, refers to two or more consecutive spontaneous abortions with the same partner (1). It occurs in up to 5% of women of reproductive age (2). RSA has a complex aetiology which includes genetic factors, endocrine disorders, anatomical and structural abnormalities, thyroid dysfunction, infectious diseases, coagulation mechanism disorders, and immune factors (3–7). Embryonic chromosomal abnormalities are a major cause of spontaneous abortion during the first trimester; multiple studies have shown that at least 50% of first trimester miscarriages are associated with embryonic chromosomal abnormalities (8–10). However, there remain 40% to 50% of patients with unexplainable miscarriage, referred to as unexplained recurrent spontaneous abortion (URSA) (11). Previous studies have suggested that RSA may be associated with uncharacteristic chromosomal microstructure, gene expression, and noncoding RNA expression variation (12–14).

Mammalian fertilisation as well as embryo implantation and developmental processes are regulated by hundreds of genes (15–17). Several genes involved in the immune response (IFNG, IL10, KIR2DS2, KIR2DS3, KIR2DS4, MBL, and TNF), coagulation (F2, F5, PAI-1, and PROZ), metabolism (GSTT1 and MTHFR), and angiogenesis (NOS3 and VEGFA) have been shown to be pathogenetically associated with RSA (18). Most of these genes are associated with overactive immune and inflammatory responses, hypercoagulability, and disturbed metabolic regulation that may contribute to the pathogenesis of RSA. Previous studies have shown that multiple factors involved in immune regulation play a key role in maintaining balance in immune maternal foetal tolerance (19). Indeed, a balance in the immune system influences successful pregnancies, and cytokines secreted by immune cells play important roles in that balance at different stages of implantation. Therefore, in this study, we investigate the potential factors associated with miscarriage in patients with URSA, such as abnormal expression of certain genes that are associated with immune dysfunction. We applied a targeted RNA sequencing chip to screen differentially expressed genes (DEGs) in the peripheral blood of URSA patients, connected to the clinical characteristics, trace the action pathways of the DEGs, and elucidate the underlying immunological mechanisms of URSA at the gene expression level.



Materials and Methods


Subjects


URSA Group

In total, 19 patients with URSA attending the Guangdong Family Planning Hospital from March 2020 to September 2020 were enrolled in the study. The inclusion and exclusion criteria for the URSA group were as follows: (1) two or more consecutive pregnancy losses before 12 weeks of gestation; (2) the examination of tissues from aborted embryos suggested a normal karyotype; (3) both biological parents had normal chromosomal karyotypes; (4) no genital tract malformations; (5) no reproductive tract infections; (6) menstrual cycle, basic sex hormones, thyroid function, and fasting blood sugar were normal; (7) autoantibodies (antinuclear antibodies, anti-thyroid autoantibodies, anti-phospholipid antibodies) were negative; (8) routine semen examination of the father was normal, excluding those with anatomical, microbial, viral, hormonal, or genetic disease in both couples.



Control Group

Throughout the same period, three women who visited the hospital for routine physical examination were selected as the control group. The inclusion and exclusion criteria for these individuals were: (1) given birth at least once; (2) no history of adverse pregnancy events such as spontaneous abortion, stillbirth, or premature delivery; (3) no pregnancy complications such as gestational diabetes or preeclampsia; (4) normal menstrual cycle; (5) no personal or family history of autoimmune system diseases or metabolic diseases.

In this study, peripheral blood samples (10 ml) were collected in the morning during nonpregnancy and nonmenstrual periods after at least 8 h of fasting from all subjects, and 5 ml blood was added to anticoagulant tubes containing 2% ethylenediaminetetraacetic acid (EDTA), which were subsequently stored at −80°C. Another 5 ml blood was centrifuged at 1,760g for 10 to 15 min, and the separated serum was stored in tubes at −80°C.



Preparation and Hybridisation of Immunomodulatory Gene Chips

Total RNA was extracted with an QIAamp RNA Blood Mini Kit (Qiagen, Cat. No. 52304) following the manufacturer’s protocol and its quality was first examined using an Agilent Bioanalyzer 2100 (Agilent, USA). The purified RNA was used as a template to synthesise cDNA using oligo (dT) as a primer. The experimental procedure was carried out in accordance with the instructions of the reverse transcription kit (Takara, Cat. No. RR036A). After the determination of nucleic acid concentration by using Qubit 3.0 fluorometer (ABI, USA), the targeted gene region transcriptome RNA expression sequencing hybridisation chip was used for RNA capture and target enrichment to the formation of sequence libraries, sequencing was performed on Ion PGM platform (ABI, USA). Further, 212 target genes (detailed in supplementary table) that were mainly related to biological processes—including proliferation, apoptosis, migration, and differentiation of T and B cells and natural killer cells (NK cells), as well as apoptosis and migration of macrophages—were custom designed on a hybridisation chip by Agilent. The entire process was performed in the Guangzhou Ardent Clinical Laboratory.




DEG Screening

Raw data were trimmed of adapter and primer sequences in reads hereafter low-quality bases using fastp software (version 0.19.7) (20) to obtain clean reads. Subsequently, aligned the clean reads to the reference human genome hg38 using HISAT software (version 2.1.0) (21). Genes expression was calculated using SringTie software (version 1.3.5) (21) based on the alignment. The expression levels of different samples were then normalised using DESeq2 (version 1.22.2) (22) and subjected to differential analysis; DEGs were screened using the “limma” package (23), and a volcano map of DEGs was drawn using the “ggplot2” package (24) to show the differential expression of DEGs; genes with a p-value ≤ 0.05, and an absolute value of log2 fold-change greater than 1 were screened as DEGs.



GO and KEGG Enrichment Analysis

To explain the biological process and molecular mechanism of DEGs, the biological functions and pathway enrichment were analysed using Gene Ontology (GO) and KEGG enrichment analyses. The enrichment and a series of functional annotation were performed on an online bioinformatics resource website with the name of the Database for Annotation, Visualization, and Integrated Discovery (DAVID, http://david.ncifcrf.gov; version 6.8). The functions of genes and proteins related to three main categories, biological process (BP), cytological component (CC), and molecular function (MF), are defined as described among a standard semantic vocabulary as a GO database, whereas biological interpretation of genome sequences and other high throughput data were contained in the KEGG integrated database (25). Cluster Profiler (version 3.10.1) (26) was used to perform GO and KEGG enrichment analyses and unsupervised hierarchical clustering of DEGs. Heat maps were used to show the expression patterns of DEGs between the case and control groups. A p-value < 0.05 was considered statistically significant in the enrichment in characteristic biological functions in GO annotation and among specific potential pathways in KEGG annotation.



PPI Network Analysis

Protein-Protein interaction (PPI) regulates several cellular processes including replication, transcription, translation, splicing, secretion, cell cycle, signal transduction, and intermediate metabolism. In this study, the PPI network of DEGs was constructed using the Search Tool for the Retrieval of Interacting Genes (STRING, http://string-db.org; version 11.0b) (27) with an interaction score ≥ 0.4.



Hub Gene Selection and Analysis

The top five DEGs were defined as hub genes based on the ranking of nodes’ score calculated with the maximum correlation criteria with the topological analysis method of maximal clique centrality algorithm via the CytoHubba plugin of Cytoscape (28, 29).



Real-Time Quantitative PCR

Total RNA was extracted using a QIAamp RNA Blood Mini Kit (Qiagen, Cat. No. 52304) following the manufacturer’s protocol. The purified RNA was used as a template to synthesise cDNA by using oligo (dT) as a primer. The experimental procedure was carried out in accordance with the instructions of the reverse transcription kit (Takara, Cat. No. RR036A). To validate the expression differences of hub genes between the URSA case and normal control groups, according to the results of the previous transcriptome expression sequencing of targeted genes, qRT-PCR was conducted using TB Green Premix Ex Taq™ (Takara, Cat. No. RR820A) to detect the hub genes in a StepOnePlus™ Real-Time PCR System with Tower (ABI, USA). Three assays were carried out for each sample. Data were analysed with the 2−ΔΔCt method using ACTB as the internal control. The primers used in qRT‐PCR are listed in Table 1.


Table 1 | Primers for hub genes validated using reverse transcription polymerase chain reaction.





Enzyme Linked Immunosorbent Assay

All peripheral blood samples were collected with suited EDTA anticoagulant tube, stewing at 37°C for 30 min and centrifuged for 15 min at the 1,760g to remove supernatant.

ELISA kits were used to detect the concentrations cytometric factors (IL-8, IFN-γ, IL2Rα and TLR2) via double antibody sandwich method. Purified capture antibodies of the cytometric factor were coated on a microtiter plate and formed a solid-phase antibody. The revealed cytometric factors in the plasma were captured using HRP-labelled (horseradish peroxidase-labelled) solid-phase antibody to form the antibody-antigen-enzyme labelling-antibody complex and coloured by adding substrate of TMB (3,3′,5,5′-Tetramethylbenzidine) after thorough washing. TMB was transformed into the colour blue under the catalysis of HRP enzyme, and yellow under the effect of acid.

The destination intensity of the colour is positively correlated with the concentration of the cytometric factors in the plasma. We detected the absorbance (OD value) using enzyme-labelled instrument of Infinite M Plex microplate reader (Tecan, Männedorf, Switzerland) at wavelength of 450 nm to calculate the concentration through standard curve.

ELISA kits (MLBio, China) used in this study provided the R value of the correlation coefficient between the linear regression of the sample and the expected concentration above 0.95, whereas the intra-assay and inter-assay coefficient of the variation is less than 10% and 15% respectively.



Retrospective Cytokine Data Analysis

Th1 (IFN-γ), Th2 (IL-4), and Th1/Th2 ratio data were retrospectively analysed from 227 URSA patients and 18 healthy fertile women attending the Guangdong Family Planning Hospital from January 2014 to December 2018, using the same inclusion and exclusion criteria listed in 2.1.

The levels of Th1 (IFN-γ),Th2 (IL-4), and Th1/Th2 cytokines were detected in fresh peripheral blood within 8 h using BD FACSCalibur flow cytometry (BD Biosciences, San Jose, CA, USA). Briefly, 150 μl of fresh peripheral blood sample within 8 h was placed in a flow tube and 150 μl of RPMI1640 (without calf serum FBS), 10 μl of 1 μg/ml PMA, 10 μl of 50 μg/ml ionomycin, and 10 μl of 0.5 mg/ml BFA were added to the working solution. The plates were incubated at 37°C in 5% CO2 for 3 to 6 h. After addition of 10.0 μl CD3percp and 2 μl CD8apc, the mixture was incubated for 15 min in the dark at room temperature, followed by membrane disruption and the addition of IFN-γ/IL-4 antibody. After incubation in the dark at room temperature for 20 min, and the supernatant was discarded after centrifugation and used for detection.



Statistical Analysis

SPSS 26 software was used for data analysis. The data of general characteristics and laboratory measurement results were tested for normality, and data with a normal distribution were tested for homogeneity of variance. Comparison of data between two groups was conducted using Student’s t-test, and those that did not conform to normal distribution were tested with the rank test. Statistical significance was set at p < 0.05. GraphPad Prism6 software was used to generate histograms depicting the Th1 (IFN-γ), Th2(IL-4), and Th1/Th2 ratios.




Results


General Characteristics and Laboratory Measurements

A comparison of the basic clinical characteristics of the two groups is shown in Table 2. The ages of the subjects ranged from 27 to 35 years, with no significant differences in the mean age, weight, and various hormonal contrasts between the two groups (p > 0.05).


Table 2 | Comparison of basic clinical characteristics between case and control group.





Identification of DEGs

The differential expression of immune regulated genes was selected by calculating the p value and fold-change value of the chip probes between the case and control groups. A total of 99 DEGs, including 94 upregulated (log2 fold-change > 1, p < 0.05), and five downregulated (log2 fold-change < -1, p-value < 0.05) DEGs were filtered, and the results are illustrated in Figure 1 as volcano plots.




Figure 1 | Differential gene volcano map between the case and the control group. The dotted line indicates p = 0.05.





GO and KEGG Enrichment Analyses of DEGs

GO analysis indicated that the 99 DEGs were mainly enriched in processes involved in the T cell activation and proliferation and regulation of leukocyte differentiation (Table 3). The results of KEGG pathway enrichment analysis demonstrated that the DEGs were significantly enriched in RSA and immune regulated-associated signalling pathways of NK cell-mediated cytotoxicity and cytokine-cytokine receptor interaction (Table 4).


Table 3 | Immune cell function GO clustering of significantly differentially expressed gene.




Table 4 | KEGG enrichment analysis results of significant gene DEGs between the case group and the control group.





PPI Network and Hub Gene Analysis

PPI network was analysed using the STRING database; 81 nodes and 205 edges with an average node degree of 5.06 were established (Figure 2). Five hub genes (TLR2, CXCL8, IFNG, IL2RA and ITGAX) out of the 99 included were identified using CytoHubba according to the nodes’ score ranking using the maximum correlation criteria and the topological analysis method of maximal clique centrality algorithm via the CytoHubba plugin of Cytoscape. The PPI network was analysed using the STRING database; the abridged version with the hub gene indicated is shown in Figure 3.




Figure 2 | Protein–protein interaction (PPI) network of the dysregulated genes.






Figure 3 | Identified the hub gene by Cytohubba. In the network, TLR2,CXCL8, IFNG, IL2RA, and ITGAX were calculated as the top 5 hub genes.





qRT-PCR Validation

Based on the results of the previous targeted transcriptome expression sequencing, RT-PCR was used to validate the high/low expression of hub genes and housekeeping genes differentially expressed in the peripheral blood samples of cases versus controls. Differences in TLR2, CXCL8, IFNG, IL2RA, and ITGAX genes between the URSA and control groups were statistically significant (p < 0.05), which were consistent with the RNA sequencing results (Figure 4).




Figure 4 | Different expression of the top 5 hub genes in cases and controls verified using qRT-PCR. ***p < 0.05.





ELISA Validation

ELISA validation experiment was performed on revealing cytokines and receptors including IFN-γ, IL-2Rα, IL-8, and TLR2 among the results of hub genes analysis to validate the revealing protein concentration in serum between control and case groups. The analytical measurement range of each ELISA assay was as follows: 6.25-200 pg/ml for IL-8 (cat. no. ml077386-2, MLBio, China); 25-800 pg/ml for IFN-γ (Cat. No. ml077386-2, MLBio, China); n25-800 pg/ml for IL2Rα (cat. no. ml367803-2, MLBio, China); 0.75-24 ng/ml for TLR2 (cat. no. ml057760-2, MLBio, China).

As shown in Figure 5, IFN-γ and IL-8 were significantly different between the control and case groups (295.36 ± 62.69 versus 389.05 ± 77.82 pg/ml, p = 0.040 in IFN-γ and 17.95 ± 5.29 versus 34.97 ± 13.59 pg/ml, p = 0.005 in IL-8, respectively), whereas IL-2Rα and TLR2 were not significantly different (176.56 ± 31.49 versus 270.93 ± 87.17 pg/ml, p = 0.086 in IL-2Rα, and 5.74 ± 0.91 versus 8.20 ± 2.50 ng/ml, p = 0.113 in TLR2, respectively) using the rank test.




Figure 5 | The relative expression of cytokine and chemokine receptors in case and control groups. ***p < 0.05.





Retrospective Analysis of Cytokines

Th1 (IFN-γ), Th2(IL-4), and Th1/Th2 cell ratio data from 227 URSA patients who attended the Guangdong Family Planning Hospital from January 2014 to December 2018 and 18 healthy female controls showed that the Th1 (IFN-γ) and Th1/Th2 ratios were significantly higher in the case group (p < 0.05), whereas the Th2 (IL-4) ratios were not significantly different (Table 5 and Figure 6).


Table 5 | Comparison of Th1, Th2, Th1/Th2 between the case group and the control group.






Figure 6 | Histogram of Th1 (IFN-γ), Th2 (IL-4), and Th1/Th2 ratio. ***p < 0.05.






Discussion

Among all RSA causes, the well-defined causes include genetic factors, endocrine factors, thrombosis, immune factors, and genital malformations, whereas at least 50% of RSA remain unexplained and categorised as URSA. It has been suggested that aberrant gene expression is a major cause of URSA and an important indicator of pregnancy disorders (30, 31). The regulation of genes in the embryo includes the self-regulation of genes critical for embryonic development and the biparental genetic influence on embryonic development (32). During early pregnancy, the expression of maternal genes plays a crucial role in embryonic development. The involvement of genetic clusters in the occurrence of miscarriage warrants further investigations to improve our understanding of this complicated condition. It has been shown that immune factor dysfunction plays an important role in the pathogenesis of URSA (33). Utilising gene variation and expression to determine the differences in the expression of immune regulatory genes in the pathogenesis of URSA may help to accurately identify the potential risk and associated factors of URSA to ameliorate pregnancy outcomes.

In this study, 99 DEGs between the URSA and control groups were significantly enriched in T-cell activation and proliferation, and regulation of leukocyte differentiation. Meanwhile, most genes in the relevant clusters were significantly upregulated in differentially expression states, suggesting that significant upregulation of genes in relevant immunoregulatory clusters may induce immune dysfunction in URSA patients. According to PPI analysis, TLR2, CXCL8, IFNG, IL2RA, and ITGAX were among the top five immunoregulatory hub genes of DEGs. KEGG pathway analysis revealed that the main DEGs in URSA patients, compared with normal pregnant women, were enriched in several signalling pathways associated with immune regulatory functions, including natural killer cell-mediated cytotoxicity, cytokine receptor interaction, and other signalling pathways. NK cells are present in the endometrium and synergise with T lymphocytes to generate immune tolerance at the maternal foetal interface, which is important for a successful pregnancy (34, 35). Abnormal gene expression of cytokines and cytokine receptor signalling pathway suggest immune cell dysregulation in women with recurrent pregnancy loss.

The protein encoded by TLR2 is a member of the TLR family, which plays an important role in pathogen recognition and innate immune activation and is widely expressed during the maternal foetal interface, including immune cells, trophoblasts, and decidual cells. Multiple studies have shown that TLRs play a crucial role in the pathogenesis of autoimmune diseases, since TLR stimulation has been reported to induce foetal resorption during early pregnancy loss (36, 37). TLR2, an initiation factor of the TLR signalling pathway, can increase the release of IL-8 through signalling factors such as MyD88 and is critical in recognising microbial infections and mediating innate immune responses (38).

IL-8, encoded by the CXCL8 gene, is an important mediator in the acute immune response, stimulation of chemoattraction, and promotion of angiogenesis, that may play an important role in URSA by regulating the maternal immune response (39). IL8 recruits neutrophils to the surrounding tissues thereby promoting the spread of acute inflammation and influences the levels of IL6 and IL1 expressed in the foetal membranes of women with chorionicity. Furthermore, IL-8 may control the chemotaxis and migration of immune cells at the site of inflammation and plays a significant role in embryo implantation and the establishment of pregnancy through a network cooperating with other cytokines (40). Antagonising CXCL8 and its receptor could reduce the inflammatory response and improve the symptoms of inflammation-related diseases (41). However, the role of IL-8 and other cytokines in pregnancy and their prognostic value for pregnancy outcome remains to be fully elucidated.

The IFNG gene is located on 12q15 and encodes IFN-γ, which is a Th1 proinflammatory cytokine with multifaceted regulatory effects on immune responses in the body (42). Nakagawa et al. showed that Th1 and Th2 cells play important roles in the immune response, especially in immune rejection and tolerance, and the imbalance of Th1/Th2 ratio is not conducive to maintaining normal pregnancy (43). Tangri et al. (44) demonstrated that Th1 type cytokines, such as IFN-γ and TNF-α, are highly expressed in the placentas of pregnant mice with propensity to miscarriage, but not in normal pregnant mice. The immune response is biased toward a Th2 type during normal pregnancy, which protects the embryo from rejection by the maternal immune system, favouring the implantation of fertilised eggs and the development of the foetus (45). If a Th1/Th2 imbalance occurs during pregnancy, a Th1 type bias with increased secretion of Th1 type cytokines and enhanced cellular immunity may damage the placental trophoblasts and foetus, thereby inducing URSA (46). Animal studies have shown that the key genes in the regulation of maternal immune responses and the maintenance of normal pregnancy is important, since IFNG can affect the immune response by regulating the expression of several immune-related genes, including CIITA, KYNU, IDO1, WARS, and MHC (47). Previous studies have reported the imbalance of Th1/Th2 in URSA females, besides, IFN-γ, an indicator of Th1 bias, encoding genes have been previously screened in animal transcriptome studies. Conversely, in this study, we considered combining the imbalance of Th1/Th2 in URSA and the key genes in the regulation of maternal immune responses identified in previous animal studies to illustrate the significance of the potential indicators in the peripheral blood among the Th1/Th2 differentiation and other signalling pathways.

In this study, TLR2, CXCL8, IFNG, IL2RA, and ITGAX genes were upregulated. To further verify the results of the RNA expression, we confirmed the high/low expression of the above genes using qRT-PCT which was consistent with the RNA sequencing results. We also detect these gene-regulated cytokines using ELISA. The levels of IFN-γ and IL-8 were significantly higher in the URSA group than in control. The levels of IL-2R and IL2Rα in the URSA group were higher than in control, but not significantly. Using flow cytometry, we showed that IFN-γ was significantly increased in the peripheral blood of URSA patients. Our results also showed that the high expression of IFNG can promote the secretion of IFN-γ both inside and outside of the cell. IFN-γ, which is an important Th1 cytokine and an initiator of Th17 cell differentiation and the Th1/Th2 cell differentiation signalling pathway, regulates T cell activation through IFNG/STAT1/T-bet signalling as shown in Figure 7 (48). Meanwhile, T-bet factors within the nuclear envelope act through RUNX1-RORγt, which can inhibit the RUNX1 factor, a positive regulator of Th17 cell differentiation (49, 50), by blocking Th17 cell differentiation and resulting in a Th17/Treg imbalance. Thus, the IFNG gene may cause maternal foetal Th1/Th2/Th17/Treg imbalance by regulating the release of IFN-γ, thereby increasing the risk of miscarriage. To further confirm the contribution of the IFNG gene to the release of IFN-γ and modulation of the Th1/Th2 balance, we investigated the expression of Th1 (IFN-γ), Th2 (IL-4), and Th1/Th2 ratio in the peripheral blood of 227 URSA patients and 18 normal controls. The results show that the Th1 (IFN-γ) and Th1/Th2 ratios were significantly higher in the URSA group, which suggests that the main cause of the Th1/Th2 imbalance is an increase in Th1 (IFN-γ), possibly associated with the regulation of the IFNG gene. Our results suggest that IFNG may play an important role in regulating the maternal immune function.




Figure 7 | Diagram of IFN-γ involved in Th1/Th2 cell differentiation signalling pathway. Figure obtained from https://www.rndsystems.com/pathways.



Qiu et al. have reported that the imbalance of GATA-3/T-bet transcription factors may interfere with type 1 helper T cell (Th1)/type 2 helper T cell (Th2) differentiation at the foetal-maternal interface and possibly cause URSA via situ hybridisation (51). Furthermore, Wu et al. observed a Th1/Th2 imbalance and an increase in sTim-3 and Galectin-9 expression in the patients with URSA, which may be involved in the regulation of immunity during pregnancy (52). Recently, Chen et al. screened out ATP6V1G3, a key gene in RSA patients, via RNA-seq and qRT-PCR validation (25). Therefore, we have performed target region RNA-seq to analyse the expression pattern of the specific immunoregulatory related genes in the peripheral blood of URSA patients, and verified the results of RNA-seq by qRT-PCR. Based on the output of analysis, we summarised the clinical features of immunological disorders in URSA patients for comparison. The data from analysis of bioinformatics and clinical immunology showed that the CXCL8 and IFNG gene we screened out have been confirmed to play an important role in immune imbalance, supporting the reliability of our research. Furthermore, we used ELISA to evaluate the cytokines and their associated receptors from the results of the hub genes analysis to confirm the serum protein concentration between the control and case groups, which provided further evidence of indicators and sensors present in the peripheral blood among the Th1/Th2 differentiation and other signalling pathways. Our results identified a significant indicator, i.e., IFN-γ and IL-8, and additional indicators that are not significant, i.e., IL-2Rα and TLR2 as a reference for future research.



Conclusions

In this study, several immune-related genes involved in T cell activation and proliferation and cytokine-cytokine receptor interaction were screened from URSA patients. However, gene expression was controlled by multiple factors, such as RNA splicing, regulation of transcription factors, ethylation of the promoter region, and histone modification. Therefore, determining the underlying mechanism of DEGs may contribute to the development of therapeutic strategies against URSA. Another possible limitation of our study is the relatively small sample size, and hence the conclusions cannot be generalised.

In summary, we explored the pathogenesis of URSA at the genetic level and screened the DEGs enriched in immune-related gene clusters while mapping specific immune-associated signalling pathways. The key genes and functional pathways identified in this study provide new insights into the molecular mechanisms involved in URSA pathogenesis and provide potential diagnostic and therapeutic targets. In vivo and in vitro validation of our findings and elucidation of the specific mechanisms of this cluster in URSA are warranted.
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Chronic lung allograft dysfunction (CLAD) is the main cause of poor survival and low quality of life of lung transplanted patients. Several studies have addressed the role of dendritic cells, macrophages, T cells, donor specific as well as anti-HLA antibodies, and interleukins in CLAD, but the expression and function of immune checkpoint molecules has not yet been analyzed, especially in the two CLAD subtypes: BOS (bronchiolitis obliterans syndrome) and RAS (restrictive allograft syndrome). To shed light on this topic, we conducted an observational study on eight consecutive grafts explanted from patients who received lung re-transplantation for CLAD. The expression of a panel of immune molecules (PD1/CD279, PDL1/CD274, CTLA4/CD152, CD4, CD8, hFoxp3, TIGIT, TOX, B-Cell-Specific Activator Protein) was analyzed by immunohistochemistry in these grafts and in six control lungs. Results showed that RAS compared to BOS grafts were characterized by 1) the inversion of the CD4/CD8 ratio; 2) a higher percentage of T lymphocytes expressing the PD-1, PD-L1, and CTLA4 checkpoint molecules; and 3) a significant reduction of exhausted PD-1-expressing T lymphocytes (PD-1pos/TOXpos) and of exhausted Treg (PD-1pos/FOXP3pos) T lymphocytes. Results herein, although being based on a limited number of cases, suggest a role for checkpoint molecules in the development of graft rejection and offer a possible immunological explanation for the worst prognosis of RAS. Our data, which will need to be validated in ampler cohorts of patients, raise the possibility that the evaluation of immune checkpoints during follow-up offers a prognostic advantage in monitoring the onset of rejection, and suggest that the use of compounds that modulate the function of checkpoint molecules could be evaluated in the management of chronic rejection in LTx patients.




Keywords: lung transplant, chronic rejection, immunology, Treg lymphocytes, PD-1 and PD-L1, FoxP3



Introduction

Lung transplantation (LTx) is a valuable therapeutic choice for selected patients with end-stage respiratory failure. Unfortunately, LTx has a relatively poor long-term prognosis, considering that 6.7 years is the median survival of patients transplanted between 2010 and 2017 (1). The most common cause of this high mortality is chronic lung allograft dysfunction (CLAD), a clinical condition characterized by progressive and irreversible decline in lung function, which leads to retransplantation or, more often, death. CLAD includes at least two well described clinical entities: bronchiolitis obliterans syndrome (BOS) and restrictive allograft syndrome (RAS), the latter being associated with the worst prognosis. BOS and RAS have different functional pictures, pathological figures, and radiological findings (2); their pathogenesis is poorly understood and a specific therapy is not available yet. Although the mechanisms leading to BOS or RAS are unknown, similar pathways involving innate immunity, antibody-mediated rejection, and cellular rejection are likely to be responsible for their pathogenesis.

In solid organ transplantation, lungs are the only grafts that are open to external environment: air pollution, bacteria, and viruses can directly damage the recipient alveolar cells and bronchial epithelium, and activate dendritic cells. Therefore, activation of the innate and the adaptive immune responses makes the lung graft a peculiar local environment (3, 4). Several studies have addressed the role of dendritic cells, macrophages, T cells, donor specific antibody, anti-HLA antibodies, and interleukins in chronic rejection and CLAD (5–7), but the possible role of immune checkpoint molecules expression and function in this phenomenon has not yet been analyzed. Sporadic experiences with immune checkpoint inhibitor treatments of kidney and heart transplanted patients suffering from neoplastic diseases have shown that the use of these molecules results in the rapid development of severe rejection (8). These observations underline the need to better understand the possible role of immune checkpoint molecules in transplantation, and in particular in LTx. Takahashi and co-workers demonstrated in a LTx animal model the specific behavior of CD8pos T lymphocytes in inducing tolerance. The absence of PD-1 on such lymphocytes was observed to favor the creation of prolonged interactions between CD8pos T cells and CD11cpos graft-infiltrating dendritic cells. This favored the differentiation of CD8pos T lymphocytes into effector memory phenotype, resulting in acute graft rejection (9). We conducted the present retrospective pilot observational study on lungs explanted during re-transplantation (re-LTx) in patients with BOS or RAS to gain new insights into the possible role of immune checkpoint in lung allograft tolerance.



Materials and Methods

We conducted an observational pilot retrospective study on lung grafts explanted during re-LTx for CLAD in our institution (Foundation IRCCS Ca’ Granda-Ospedale Maggiore Policlinico of Milan) in eight consecutive recipients between 2014 and 2019 (Table 1). As controls, we used six normal lung parenchyma from patients surgically resected for lung cancer.


Table 1 | Clinical characteristics of lung re-transplant recipients1.



The pathologists (SF, GC, and VV) were blinded to the clinical course of patients. The Hospital Institutional Review Board approved the study (ref. 1693/2018), and all patients signed a written consent for biobanking of blood and tissues samples. At the enrollment in the present study, all the clinical cases were carefully reviewed by checking functional parameters, medical history, and pathological reports: two different clinicians, blinded to each other and to the patients’ identity, confirmed the diagnosis of RAS in four patients and grade 3–4 BOS in the remaining four according to pulmonary function and ISHLT radiological criteria (10, 11). The patients’ clinical history included treatment with pulse steroid and/or steroid taper on whenever any grade of acute rejection was found on transbronchial biopsy at CLAD onset; subsequently, they all underwent antiproliferative switch (i.e., from azathioprine to mycophenolate), and all but one started extracorporeal photo-pheresis (ECP; the only exception was a patient who was too fatigued to be treated with ECP). Finally, these patients were considered for re-LTx when gas exchange deteriorated both on exertion and at rest; one patient was bridged with extracorporeal membrane oxygenation support and two patients were prioritized due to respiratory failure with high oxygen flow at rest and non-invasive ventilation dependency.

Representative 4-μm-thick sections were cut from each block from explanted lungs (two blocks per case) and stained as previously described (12). Positive and negative controls were included in each experiment. Single staining was revealed using DAB as chromogen, whereas for double immunohistochemistry the antibodies were colored as previously described (13). All slides were counterstained with hematoxylin and digitalized using Aperio scanner at 40x magnification (Leica Microsystems). Presence of staining for all antibodies was evaluated only in the lymphocytic infiltrates. Forkhead box P3 (Foxp3), programmed cell death protein 1 (PD1), and CD4-, CD8-, or Pax5-expressing cells were quantified using a nuclear (Foxp3) or a cytoplasmic specific algorithm (Genie Histology Pattern Recognition software; Leica Microsystems). Programmed death-ligand 1 (PDL1), cytotoxic T-lymphocyte antigen 4 (CTLA4), and T-cell immunoglobulin and ITIM domain (TIGIT) scoring was performed manually. Positivity for thymocyte selection-associated, high-mobility group box (TOX) was only scored in conjunction with CD4, CD8, Pax5, or PD1 in double immunohistochemical (IHC) staining. Detail of the antibodies is provided in Supplementary Table 1.

Briefly, three pathologists (VV, GC, and SF) independently analyzed the slides from all patients and selected the two most representative per case. Then, four regions per slide were analyzed for markers presence. The mean number of counted cells per each marker is indicated in Supplementary Table 2.

The digital algorithms used to score the immunophenotypic markers (CD3, CD4, CD8, and Pax5) as well as FOXP3 and PD1 were previously validated (12). For the remaining antibodies for which a digital scoring was not possible because of high background/weak signal, the three pathologists (VV, GC, and SF) independently reviewed the slides and agreed on a dichotomous score (positive or negative) using as threshold at least 5% of positive lymphocytes.

For double IHC, the two signals were split using the Aperio ePathology Image Quality (IQ) color processing; cells stained with the first antibody were identified (circled) and analyzed for the presence of the second marker. Data are expressed as percentage of double-positive cells/percentage of cells that expressed the first protein. For each section, at least 1,000 lymphocytes were analyzed.

Clinical data were summarized as absolute and percentage or median and range or 95% confidence interval, as appropriate. IHC data are presented as percentages of positive cells and summarized using individual value plots with median and interquartile range (IQR), unless otherwise specified. Samples were compared using the two-sided non-parametric Mann-Whitney U test. For categorical analyses, the number of patients in each category is shown, and data were analyzed using Chi-square or Fisher exact test as appropriate. Analyses were performed using MedCalc (MedCalc Software Ltd, Ostend, Belgium) or R studio (version 3.2.2), and charts were generated with GraphPad Prism software (San Diego, CA, USA).



Results

Table 1 summarizes the clinical parameters of re-LTx recipients included in the current case series. Briefly, six of the patients were female, median age was 31.5 years (95% C.I. from 24.6 to 36.4 years), and the median free-from-CLAD time was 18.5 months (95% C.I. from 12.4 to 35.5 months).

Data obtained upon analyzing lymphocyte subpopulations were compared using non-parametric Mann-Whitney U tests. Results showed that, as compared to BOS grafts, RAS grafts were characterized by a reduced CD4 pos T lymphocytic infiltrate (BOS vs. Ras: p = 0.02; Figures 1A, B) and a predominant presence of CD8pos T lymphocytes (BOS vs. Ras: p = 0.02; Figures 1C, D) that resulted in the inversion of the CD4/CD8 ratio (BOS vs. Ras: p = 0.003; Figure 1E). These quantifications of the lymphocytic infiltrates were similar in the stromal or alveolar compartments of BOS and RAS lungs (Supplementary Figure 1). These differences were not related to a different number of lymphoid follicles present in the lung parenchyma of BOS and RAS lungs, since neither the number nor the area of the lymphoid follicles was different in the two CLAD types (Supplementary Figure 2).




Figure 1 | Immunophenotype of lungs explanted for re-transplantation (re-LTx). Lymphocyte subsets were analyzed in BOS and RAS re-LTx (n = 4 cases per condition). (A–D) CD4pos (A, B) and CD8pos (C, D) T lymphocytes were identified and scored as the percentage of positive cells in that area using Aperio algorithm (digital score mask). Each dot is a case, and lines indicate median with IQR. *p = 0.02 by Mann-Whitney U test. (E) The CD4/CD8 ratio was calculated for RAS and BOS re-LTx. Data are expressed as box-plot with whiskers indicating min to max values. **p = 0.003 by two-sided Mann-Whitney U test. (F–I) Foxp3-positive (F, G) or Pax5-positive (B cells; H, I) lymphocytes were identified and scored in RAS or BOS lungs. Each dot is a case, and lines indicate median with IQR. *p = 0.03 by Mann-Whitney U test. Scale bars, 100 μm. Green lines within graphs indicate the mean value of the marker measured in normal lungs (see also Supplementary Figure 3 for details).



RAS grafts were also characterized by a higher percentage of Foxp3pos lymphocytes (BOS vs. Ras: p = 0.03; Figures 1F, G) and by increased amounts of B-cells (Pax5pos-cells; Figures 1H, I), even if this difference approached but did not reach statistical significance. On the contrary, CD57-expresssing NK cells were not detected in the lymphocytic infiltrates of either BOS or RAS lungs (data not shown). Analysis of these markers in normal lungs showed that, in physiologic conditions, these factors are poorly present within the lung parenchyma (Supplementary Figure 3).

Co-expression analyses of cell lineages markers showed that RAS grafts were enriched in exhausted CD8pos T cells (BOS vs. Ras: p = 0.008), whereas a higher amount of exhausted CD4pos T cells and B cells (Pax5pos/TOX pos) was seen in BOS grafts (BOS vs. Ras: p = 0.008; Figures 2A, B and Supplementary Figure 1). In contrast with these results, the percentage of Tregs (CD4 pos/Foxp3 pos) lymphocytes was comparable in the two CLAD phenotypes (Figures 2A, B and Supplementary Figure 4)




Figure 2 | Co-expression analysis of lymphocytic lineage markers. (A) Double IHC was performed with the lineage-specific transcription factor (TF) Foxp3 or TOX and the membrane antigens CD4, CD8, or Pax5. Representative images of the indicated staining are shown for RAS and BOS lung explants. Scale bars, 100 μm. See also Supplementary Figure 1. (B) The percentage of lymphocytes positive for the indicated membrane antigen was calculated from the total number of cells expressing Foxp3 or TOX. Bars represent median ± IQR. **p = 0.008 by two-sided Mann-Whitney U test.



Notably, the lymphocytic infiltrate of RAS grafts was characterized by higher presence of PD1-positive cells (Figures 3A, B) compared to BOS grafts (BOS vs. Ras: p = 0.02). A more frequent expression of the other immune checkpoint molecules PDL1 and CTLA4 (Supplementary Figures 5A–D) was seen in the same RAS grafts. In control lung parenchyma, no PD1 expression could be detected except for histiocytes (Supplementary Figure 6).




Figure 3 | RAS lungs have fewer exhausted PD1-positive T cells than BOS lungs. (A, B) PD1-positive lymphocytes were analyzed in BOS and RAS re-LTx and scored as the percentage of positive cells in that area using Aperio algorithm (digital score mask). Each dot is a case, and lines indicate median with IQR. §, p = 0.02 by two-sided Mann-Whitney U test. (C–E) Double IHC staining was performed in RAS and BOS re-LTx with PD1 and either CD4 or CD8, the transcription factor Foxp3, or TOX. The percentage of lymphocytes positive for the membrane antigens (CD4, CD8; D) or the nuclear antigens (E) was calculated from PD1-positive cells. See also Supplementary Figure 3. Bars represent median ± IQR. *p = 0.01; **p = 0.0007 in (D) and **p = 0.003; ***p = 0.0005 in (E); #p = 0.006 by two-sided Mann-Whitney U test. Scale bars, 100 μm.



Double IHC staining with PD-1 and CD4 or CD8 showed that PD-1pos/CD8pos T lymphocytes were more abundant in RAS than in BOS lungs (BOS vs. Ras: p = 0.01; Figures 3C, D and Supplementary Figure 7). Further, co-expression analysis of PD1 with the transcription factors Foxp3 or TOX indicated that PD-1pos lymphocytes (i.e., exhausted T cells) were reduced in RAS compared to BOS grafts (BOS vs. Ras: p = 0.003; Figures 3C, E and Supplementary Figure 7). This observation was further supported by analysis of TIGIT; indeed, TIGIT expression was predominantly detected in RAS grafts infiltrates, and TIGIT-positive cells were in the same area of CD8- and TOX-expressing lymphocytes (Supplementary Figures 5E, F). These data indicate that RAS grafts are characterized by a significantly reduced population of exhausted (PD-1pos/TOXpos), in particular, of exhausted Treg (PD-1pos/FOXP3 pos) T lymphocytes.

Taken together, these data suggest that the RAS form of CLAD is characterized by a higher cytotoxic T-cell response (PD-1pos/CD8pos) and by a reduced presence of Treg lymphocytes. Conversely, a predominant CD4pos T-cell infiltrate and increased amounts of exhausted and exhausted Treg cells are seen in BOS lungs.



Discussion

Since 1992, researchers have analyzed the effects of programmed death 1 receptor and its ligands in balancing T-cell activation and tolerance (14). The current observational study reports the first results obtained by analyzing immune checkpoints expression in chronic lung rejection.

Main result herein is that the immune cell infiltrates of BOS and RAS are different. Thus, PD-1-, PD-L1-, and CTLA4-expressing T lymphocytes were significantly increased in explanted lungs of patients who developed the RAS type of CLAD. Notably, PD-1pos/TOXpos (exhausted) and PD-1pos/FOXP3pos (exhausted regulatory) T lymphocytes were significantly reduced as well in RAS compared to BOS grafts. Taken together, these results allow the speculation that tolerance-inducing mechanisms are particularly defective in RAS, offering a possible immunological explanation that justifies the severity of this CLAD phenotype.

Moreover, we found a pathological inversion of the CD4/CD8 ratio in the lymphocytic infiltrate of RAS grafts. The inversion of the CD4/CD8 T lymphocyte ratio was shown to be associated with higher rejection grade and shorter survival in the setting of kidney and cardiac allograft, but has never been described in LTx (15, 16).

Recent results obtained by reviewing the outcome of 608 LTx recipients who were transplanted between 2001 and 2015 showed that, out of 268 patients who developed CLAD, 47 had RAS, whereas 215 had BOS. Median survival for RAS and BOS cohort was 1.2 and 7.2 years, respectively (17). Our data indicate that the immune scenario that characterizes these two CLAD phenotypes is clearly different and could offer an explanation for the diverse outcomes associated with RAS and BOS CLAD. Thus, we suggest that the peculiar reduction of exhausted T lymphocytes, together with the increased presence of checkpoint-expressing cells, justifies the worst prognosis that characterizes the RAS phenotype of CLAD.

T-cell exhaustion is the result of chronic, prolonged antigenic stimulation and is characterized by the loss of cytokine production and by apoptotic T-cell death. This phenomenon plays a deleterious role in chronic infections and cancer, where disease progression is associated with the waning of immune responses (18, 19). On the other hand, T-cell exhaustion results in self-tolerance and such T-cell condition is associated with transplant tolerance (20–22). The observation that exhausted Treg (PD-1pos/Foxp3pos) lymphocytes were greatly reduced in RAS lungs could thus provide a preliminary immunological explanation for the clinical observation that RAS is the worst CLAD phenotype. On the other hand, PD-1 is a membrane protein involved in the induction of cell death and in the inhibition of cell proliferation and cell cycle progression. By controlling the magnitude of T-cell responses, PD-1 protects against self-reactivity, leading to induction of tolerance (23–26). PD-1 binds to PDL1, and the PD1/PDL1 pathway was shown to be involved in the regulation of immune responses in pathological and physiological scenarios (27–32); CTLA-4 has a similar dampening effect on immune responses upon binding CD80 and CD86. We observed that PD-1 as well as PD-L1- and CTLA-4-expressing T lymphocytes were increased in RAS lung. This could be explained as a futile attempt, possibly rendered even more helpless by the simultaneous reduction of Treg lymphocytes and the increase of cytotoxic T-lymphocytes, to prevent organ rejection via the inhibition of cell-mediated immune responses in RAS CLAD. Notably, our preliminary results offer support to recent data showing that the presence of PD-L1-expressing T lymphocytes in heart transplanted biopsies is predictive of organ rejection (33), and raise the possibility that modulation of PD-1 activity could be useful in preventing graft rejection. It is worth noting that an indirect confirmation of this possibility comes from heart-transplanted recipients who developed malignancies: in these patients, immune checkpoint inhibitor-based therapies resulted in rejection (8).

Generalization of our results is limited by the single center nature of our study and by the limited sample size: this limitation is nevertheless difficult to overcome because re-transplantation is a scarcely practiced procedure (less than 5% of total LTx worldwide). These considerations notwithstanding, we underline that all the consecutive patients that received re-LTx for CLAD in a 6-year period were analyzed to avoid any selection bias. More analyses on ampler cohorts of patients, as well as analyses performed on lung biopsies and fresh specimens, will be needed to lend support to our preliminary results. As far as the diagnosis of rejection is concerned, it would be extremely useful to analyze whether the immune proteins related to CLAD could be early markers of rejection in lung graft biopsies. Further, in the future, the potential of analyzing PD1-positive lymphocytes in the BAL fluids may represent an additional tool for the clinical follow-up of LTx patients.

Cancer therapy has been revolutionized by the use of checkpoint antagonists; the clarification of the role of these molecules in organ transplantation could lead to the design of novel therapeutic options to improve the prognosis of solid organ transplantation. Result herein could offer initial support to the hypothesis that the modulation of immune checkpoint molecules might be useful to reach such objective.
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Previous studies have reported the involvement of γδ T cells in recurrent spontaneous abortion (RSA); however, both pathogenic and protective effects were suggested. To interrogate the role of γδ T cells in RSA, peripheral blood from RSA patients and healthy women with or without pregnancy were analyzed for γδ T cells by flow cytometry (n = 9–11 for each group). Moreover, the decidua from pregnant RSA patients and healthy controls (RSA-P and HC-P group, respectively) was simultaneously stained for γδ T cells by immunohistochemistry (IHC) and bulk sequenced for gene expression. Our results demonstrated that the frequencies of peripheral γδ T cells and their subpopulations in RSA patients were comparable to that in healthy subjects, but the PD1 expression on Vδ2+ cells was increased in pregnant patients. Furthermore, peripheral Vδ2+ cells in RSA-P patients demonstrated significantly increased expression of CD107a, as compared to that in pregnant healthy controls. In addition, RSA-P patients had higher proportion of IL-17A-secreting but not IL-4-secreting Vδ2+ cells compared to the control groups. In decidua, an inflammatory microenvironment was also evident in RSA-P patients, in which CCL8 expression and the infiltration of certain immune cells were higher than that in the HC-P group, as revealed by transcriptional analysis. Finally, although the presence of γδ T cells in decidua could be detected during pregnancy in both RSA patients and healthy subjects by multicolor IHC analysis, the expression of CD107a on γδ T cells was markedly higher in the RSA-P group. Collectively, our results indicated that the increased activation, cytotoxicity, and inflammatory potential of peripheral and/or local γδ T cells might be responsible for the pathogenesis of RSA. These findings could provide a better understanding of the role of γδ T cells in RSA and shed light on novel treatment strategies by targeting γδ T cells for RSA patients.
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Introduction


With an incidence of 1%–3% worldwide (1, 2), RSA was defined as two or more consecutive pregnancy losses prior to the 20th week of gestation. Although many causes have been implicated in the occurrence of RSA, such as abnormal chromosome, endocrine dyscrasia, reproductive malformation, and infection, the etiology of RSA is still elusive; approximately 50% of RSA is diagnosed without specifically defined cause of abortion (3) and is therefore called unexplained RSA (URSA). Nonetheless, increasing evidence has suggested that URSA likely results from local (i.e., maternal–fetal interface) or systemic immune disorder.


Pregnancy is an immunological enigma wherein semi-allogenic fetal antigens are present at the feto-maternal interface. Therefore, maternal immune system was originally hypothesized to be “inert” or “suppressive” during gestation to secure the success of pregnancy, as proposed by Sir Peter Medawar in 1953 (4). However, current data suggest that the successful pregnancy requires an active, robust, dynamic, and tightly regulated immune system across the three stages of pregnancy (5). In the first trimester, maternal immune system is better pro-inflammatory to allow the successful implantation and placentation, and it must be subsequently switched to be anti-inflammatory to support fetal growth during the second trimester. Finally, in the third trimester, a second inflammatory response is necessary for the initiation of parturition. In this scenario, multiple immune cells have to coordinate to create an optimal immune milieu both at the maternal–fetal interface and in periphery for the success of pregnancy. On the contrary, the dysregulation of peripheral or local immune system might lead to the occurrence of RSA. To date, changes of NK cells, macrophages, neutrophils, and αβ T cells during heathy pregnancy and RSA have been extensively investigated (6); however, the role of γδ T cells remains less characterized.


As one of the three lymphocyte populations that express clonally distributed antigen receptors, γδ T cells, unlike αβ T cells and B cells of adaptive immune system, often possess a pre-activated phenotype in the steady state (7). In contrast to αβ T cells that recognize peptide antigens presented by MHC molecules (pMHC complex), γδ T cells are instead capable of reacting to a variety of antigens ranging from free peptides, lipids, phosphoantigens, and intact proteins such as MHC-I-like molecules, to pMHC complex (8, 9). Upon antigen recognition and stimulation, γδ T cells can be further activated and exert multiple functionalities, including cytotoxicity, interaction with other immune cells, and antigen presentation to αβ T cells (10, 11). Therefore, γδ T cells are considered to be the bridge between innate and adaptive immunity and have an important role in health and diseases. The role of γδ T cells in pregnancy has been suggested since 1992, when Born and colleagues found that reproductive tract γδ T cells are increased nearly 100-fold in pregnant animals compared with nonpregnant animals (12). Simultaneously, Mincheva-Nilsson et al. identified a high number of γδ T cells in the human decidua during early pregnancy (13), which was confirmed by subsequent studies (14, 15), implying the important role of γδ T cells in pregnancy. To date, both pathogenic and protective effects of γδ T cells on pregnancy have been reported. Psarra et al. found that a significantly higher number of RSA patients harbored an increased population of γδ T cells in peripheral blood (16), Talukdar et al. found that IFNγ- and IL-17-producing γδ T cells were increased in RSA patients (17), and both groups suggested that these γδ T cells are pathogenic. On the other hand, human decidual γδ T cells showed a dominantly TGF-β- and IL-10-expressing profile during early pregnancy (18), and later investigation reported that these decidual γδ T cells could upregulate the biological functions of trophoblasts via IL-10 secretion in early human pregnancy (19) and thus ensure the success of pregnancy.


Human γδ T cells are a heterogeneous population that can be divided into subpopulations according to their TCR usage (e.g., Vδ1, Vδ2, and Vδ3). Vδ2+ cells are the predominant γδ T-cell subsets in the peripheral blood, and these cells are often regarded as an innate-like cells by carrying a semi-invariant Vγ9(JP)Vδ2 TCR. Most Vδ2- γδ T cells are Vδ1+ cells that distribute in tissues and exhibit adaptive-like features (7). Each subpopulation is further subject to the regulation of local microenvironment and antigen stimuli and then differentiates into diverse functional populations, which is similar to Th1, Th2, Th17, and Treg cells, or expresses a different array of molecules related to cytotoxicity (e.g., perforin, granzyme B, Fas ligand, and CD107a) (20) and activation/exhaustion (e.g., CD25, PD1 and TIM-3) (21). Therefore, the distinct results described above could be due to the functional heterogeneity of γδ T-cell subsets. To reconcile this discrepancy, this study was designed to characterize the subpopulations and functional profiles of peripheral γδ T cells from RSA patients and healthy women with or without pregnancy by flow cytometry. In addition, the decidua from pregnant women with or without RSA was stained for γδ T cells by immunohistochemistry (IHC) and bulk sequenced for gene expression to compare the functional properties of local γδ T cells.





Method




Study Participants


Twenty-one RSA patients, namely, 10 pregnant (RSA-P) women and 11 un-pregnant (RSA-UP) women, were included for this study. RSA patients were defined as women with a history of two or more consecutively miscarriage without genetic, endocrine, uterine, or autoimmune abnormalities as well as other infections. Twenty-one age-matched healthy women with no history of miscarriage and without other complications or infections, namely, 11 healthy pregnant (H-P) and 10 healthy un-pregnant (H-UP) women, were recruited as controls for comparison. Of note, subjects who had a positive test result for hepatitis B surface antigen (HBsAg), anti-cardiolipin antibody (ACL), Beta-2 glycoprotein 1 antibodies (β2GP1 Ab), lupus anticoagulant (LAC), or thyroglobulin (Tg) were also excluded from this study to make the comparison results interpretable. Clinical characteristics of the participants are presented in 
Table 1
. This study was approved by the institute ethics committee of Tongji Hospital (Ref. No. TJ-C20180201), and the informed consents were obtained from all participants.



Table 1
| 
Clinical characteristics of the participants in this study.









PBMC Isolation


Peripheral blood samples from the four groups were collected in heparin anti-coagulated vacutainer tubes (BD Pharmingen, CA, USA). After diluted twice by PBS, the blood was added carefully onto the Ficoll layer (Blood: PBS: Ficoll = 1:1:1) and centrifuged at 800 × g for 30 min with brake off. Mononuclear layer was obtained and washed twice by PBS. The PBMC aliquots were used immediately for Flow Cytometry Staining or stocked frozen in fetal calf serum containing 10% DMSO and 5% Dextran at −80°C until further test.





Cell Labeling and Flow Cytometric Analysis


For surface staining, freshly collected blood was aliquoted (100 μl) and stained by fluorochrome-conjugated monoclonal antibodies against CD3, γδ TCR, Vδ1, Vδ2, and PD1. After incubating with the mAbs for 30 min at 4°C in the dark, the blood sample was lysed by 2 ml of lysis buffer (BD Pharmingen) for 8 min, washed twice by 2 ml of ice-cold FACS buffer (PBS containing 2% FCS and 0.1% azide), and then fixed in 300 μl of 1% paraformaldehyde for flow cytometric analysis.


For intracellular staining of cytotoxicity-related molecules, 3 × 105 fresh isolated PBMCs were stained by fluorochrome-conjugated monoclonal antibodies against Vδ1, Vδ2, and CD107a for 30 min at 4°C in the dark and then stained for intracellular perforin and granzyme B after fixation and permeabilization by the Cytofix/Cytoperm Kit (BD Pharmingen). The cells were washed twice before resuspended in 300 μl of 1% paraformaldehyde for flow cytometric analysis.


While for intracellular cytokine staining, 1 × 106 fresh PBMCs were stimulated by a cocktail containing phorbol myristate acetate (PMA), ionomycin, and brefeldin a (BD Pharmingen) for 5 h in 24-well flat-bottom plates, thereafter, the cells were harvested and washed once by PBS for immunolabeling. The cells were stained by the abovementioned fluorochrome-conjugated monoclonal antibodies against Vδ1 and Vδ2 for 30 min at 4°C in the dark and then divided into two parts and stained for IFNγ and IL-4, or TNFα and IL-17A, respectively, after fixation and permeabilization. Finally, the cells were washed twice and resuspended in 300 μl of 1% paraformaldehyde for flow cytometric analysis.


All the fluorochrome-conjugated monoclonal antibodies were listed in 
Supplementary Table S1
. The flow cytometric analysis was performed on an BD LSR Fortessa instrument (BD Bioscience) and data were analyzed by FlowJo V10 (BD Bioscience).





Tissue Preparation


Decidua tissues were all collected from pregnant participants (the RSA-P and H-P subjects). After washing twice by PBS, the tissues were cryopreserved immediately for further RNA sequencing and qRT-PCR, or fixed with 4% paraformaldehyde for 48 h, and then embedded in paraffin wax and sectioned at 3 µm. The paraffin sections were proceeded and stained with hematoxylin/eosin for histological investigation; selected slides were used for IHC (2.7) and multicolor IHC (mIHC, 2.8).





RNA Sequencing and Data Analysis


The sample information for bulk sequencing is listed in 
Table 2
. Total RNAs of decidua tissues were extracted using Trizol (Invitrogen, CA, USA) according to the manufacturer’s instruction. Oligo(dT)-attached magnetic beads were used to purify mRNA, which then was fragmented into small pieces with fragment buffer at the appropriate temperature to generate the final library. The final library was amplified with phi29 to make DNA nanoball (DNB), which has more than 300 copies of one molecule; DNBs were loaded into the patterned nanoarray, and single-end 50-base reads were generated on the BGIseq500 platform (BGI-Shenzhen, China).



Table 2
| 
Clinical characteristics of the participants recruited for RNA-seq.






For differentially expressed gene (DEG) analysis, RNA-seq data were mapped to human genome (GRCh38) using HISAT2 (v2.2.0). FeatureCounts integrated into Subread (v2.0.0) was used for counting reads with GENECODE gene annotation (v34). Then, the analysis of DEGs was performed using DESeq2 R package (v1.30.0). DEGs were selected as follows: adjusted p-value < 0.05 and |log2FoldChange| > 1. Gene counts were normalized by DESeq2 and converted to log2(normalized counts +1) format. With DESeq2, the Wald test is the default used for hypothesis testing of DEG analysis. The Benjamini and Hochberg method was used to adjust p-value. Log2FoldChange was calculated as follows: log2(normalized counts group 1/normalized counts group 2). Z-score of normalized gene expression by genes (each gene with six samples has a zero mean and standard deviation is 1) was shown by hierarchical clustering heatmap.


For GO and KEGG enrichment analysis, all DEGs found above were used for enrichment analysis. ClusterProfiler R package (v3.18.0) was used to perform GO (including Biological Process, Cellular Component and Molecular Function) and KEGG enrichment analysis. p-value was calculated based on hypergeometric test. The Benjamini and Hochberg method was used to adjust p-value. Significantly enriched GO term and KEGG pathway were selected under the following criteria: adjusted p-value < 0.05.


The abundances of immune cells were estimated by CIBERSORTx web server and the LM22 signature matrix, which contains 547 genes distinguishing 22 human hematopoietic cell phenotypes. TPM was used for normalizing gene expression levels. B-mode batch correction was enabled and quantile normalization was disabled.


BCR and TCR clonotypes were recovered from RNA-seq data using Mixcr (v.3.0.12). “Analyze Shotgun”, a single command integrating a complicated execution pipelines for RNA-seq data, was used with parameters “impute-germline-on-export” and “only-productive”. Unique clonotype was defined as BCR/TCR with specific CDR3 nucleotide sequence, V/J segments, and hypermutations.





qRT-PCR


Total RNAs of decidua tissues were extracted using Trizol (Invitrogen) according to manual instructions. Quantitative RT-PCR (qRT-PCR) was performed using the HiScriptII Supermix (Vazyme, Nanjing, China) following the manufacturer’s instructions. Briefly, RNA was quantified using a Nanodrop One instrument (Thermo, MA, USA) and 1 μg was used for reverse transcription using random primers. For qRT-PCR, SYBR Green master mix and primers (final concentration at 200 nM) were used and results were analyzed in CFX Connect PCR detection system (Bio-Rad, CA, USA). Primers were designed according to a previous publication (22) for CCL8 and GAPDH, or using an open resource (www.ncbi.nlm.nih.gov/tools/primer-blast) for TRDV1, TRDV2, and TRDV3, whose sequences are listed in 
Supplementary Table S2
. Expression levels were normalized to GAPDH and represented as fold change compared to the control (2−ΔΔCt).





Immunohistochemistry


Paraffin sections were dewaxed by dimethylbenzene and rehydrated by gradually reduced concentration of ethanol. Then, the slides were boiled in AR6 (antigen retrieval solution) for 15 s and incubated for 15 min, followed by cooling in ice water for 20 min. Endogenous peroxidase activity was blocked with 4% hydrogen peroxide for 15 min at room temperature, and non-specific binding was blocked with 1% bovine serum albumin/PBS (1% BSA) solution for 1 h; 1:150 diluted primary mouse anti-human TCRγδ mAb (H-41, Abcam) in 1% BSA was used for overnight incubation at 4°C; 1:200 diluted HRP-conjugated goat anti-mouse IgG mAb (Akoya Biosciences) in 1% BSA was used as secondary antibody for 1 h incubation at 37°C. The HRP activity was revealed with ready-to-use 3,3-diaminobenzidine tetrahydrochloride (DAB) for 3 min, and nuclei was slightly counterstained with hematoxylin. The slides were always washed three times between each step with 1‰ Tween20 and 0.3‰ Triton X-100 in PBS. After staining, samples were dehydrated by gradually increased concentration of ethanol. Finally, the slides were mounted with resinene for microscope observation. The images were obtained by DSY2000X (UOP, Chongqing, China).





Multicolor IHC (mIHC)


mIHC was performed using Opal 7-Color Manual IHC Kit (Akoya Biosciences, DE, USA) following the manufacturer’s instructions. Briefly, dewaxed and rehydrated sections were antigen retrieved and blocked for endogenous peroxidase and Fc receptor using the same procedure as described in the Immunohistochemistry section. The samples were incubated in mouse anti-human TCRγδ mAb (H-41, Abcam, 1:150 diluted) for 1 hour at 37°C, HRP-conjugated goat anti-mouse IgG mAb (1:200 diluted) for 30 min at 37°C, Opal520 fluorescein (1:100 diluted in amplification buffer) for 10 min at 37°C, successively. The nonspecific staining was removed by repeating the procedure of antigen-repair through AR6. The samples were then incubated with mouse anti-human CD107a mAb (H4A3, BD, 1:100 diluted) for 1 h at 37°C, HRP-conjugated goat anti-mouse IgG mAb (1:200 diluted) for 30 min at 37°C, and Opal620 fluorescein (1:100 diluted in amplification buffer) for 10 min at 37°C, successively. The slides were always washed three times between each step with 1‰ Tween20 and 0.3‰ Triton X-100 in PBS. After staining, samples were stained for cellular DNA with DAPI and mounted with Fluoromount-G (SouthernBiotech, AL, USA). The images were obtained by DSY2000X (UOP, Chongqing, China). The cells with green fluorescence were counted, in which red fluorescence was checked for each cell, and finally the frequency of CD107a-expressing cells in decidual γδ T cells was assessed in a blinded manner by two independent pathologists.





Statistical Analysis


Statistical analyses were performed with GraphPad Prism software (Version 6.0, GraphPad Software Inc.). Throughout the study, n refers to the number of subjects where every subject is one data point. Unpaired two-group comparisons were done with Mann–Whitney U-test. Paired two-group comparisons were done with Wilcoxon matched-pairs signed rank test. In figures, ***p < 0.001, **p < 0.01, and *p < 0.05. In tables, continuous variables were described as mean ± SD and compared using two-tailed Student’s t-test or Mann–Whitney U-test for two groups depending on distribution.






Results




Unchanged Frequency of γδ T Cells but Increased PD1 Expression on γδ T Cells in Pregnant RSA Patients


Previous reports have shown that the frequency of γδ T cells changed during pregnancy in the peripheral blood of RSA patients (16, 17, 23–27), while other studies did not support this notion (28, 29). We therefore sought to examine this issue in our cohort (see Study Participants section). Peripheral blood samples were stained for γδ T cells by flow cytometry, and the gating strategy was shown (
Supplementary Figure S1A
). The frequencies of αβ T and γδ T cells in all T cells were comparable between all four groups (
Figure 1A
), so were the frequencies of γδ T subsets (i.e., Vδ1+ and Vδ2+ cells) in all T cells (
Figure 1B
) or in γδ T cells (
Supplementary Figure S1B
). When the ratios of different γδ T-cell subsets were compared, the ratio of Vδ2+ to Vδ1+ cells tended to decrease in RSA patients, which did not reach significant difference (
Supplementary Figures S1C, D
). These results indicated the unchanged frequency of γδ T cells among different groups in our cohort.





Figure 1
| 
The frequencies of T-cell subsets and their PD1 expression in the peripheral blood of RSA patients and healthy controls with or without pregnancy. Peripheral blood samples from four groups were stained for T-cell subsets and PD1 expression. (A) The frequencies of αβ T cells and γδ T cells in all T cells. (B) The frequencies of Vδ1+ cells and Vδ2+ cells in total T cells. (C) PD1 expression on αβ T cells and γδ T cells. (D) PD1 expression on Vδ1+ cells and Vδ2+ cells gated from total T cells. Left, representative flow cytometry plots; right, statistical data show mean ± s.e.m. Statistical analyses using Mann–Whitney U-test for the same cells among different groups. Differences are indicated: **p < 0.01 and *p < 0.05. RSA-P, RSA pregnant, n = 10; HC-P, healthy pregnant, n = 11; RSA-UP, RSA unpregnant, n = 11; HC-UP, healthy unpregnant, n = 10.






We further examined T cells and their subsets for the expression of PD1, a molecule mainly expressed on activated T cells and was frequently used as an activation and exhaustion marker for immune cells (30). We found an increased PD1 expression on αβ T cells in the RSA-P group compared to the RSA-UP group, whereas PD1 expression on γδ T cells were not significantly different between these two groups, despite the fact that we did notice an increased tendency (p = 0.109, 
Figure 1C
). We went on to determine the expression of PD1 on γδ T-cell subsets and found that the frequency of PD1+Vδ2+ cells was increased in the RSA-P group compared to the RSA-UP group (
Figure 1D
 and 
Supplementary Figure S1E
).


Taken together, our results indicated that the frequency of γδ T cells was unchanged in RSA patients compared to healthy controls and was relatively stable during physiological and pathological pregnancy. However, PD1 expression on Vδ2+ cells and αβ T cells was significantly increased in RSA patients during pregnancy (RSA-P vs. RSA-UP). Thus, the delicate control of PD1 expression on these two cell populations may be required for successful pregnancy.





Increased Cytotoxicity of γδ T Cells in the RSA-P Group


It was reported that decidual γδ T cells in early pregnancy expressed cytotoxic molecules such as perforin, granzyme A (GZMA), granzyme B (GZMB), FasL, and Granulysin (20), which were potentially detrimental to the fetus; we therefore explored cytotoxicity-related phenotypes of γδ T cells to reveal the functional state of γδ T cells during spontaneous abortion. For this purpose, PBMCs were obtained from the blood and stained for the expression of GZMB, perforin, and CD107a on γδ T cells/subsets. The gating strategy is shown in 
Supplementary Figure S2A
. There was no significant difference between four groups in terms of the frequencies of GZMB+ (
Figure 2A
), perforin+ (
Figure 2A
), and GZMB+perforin+ double-positive cells (
Supplementary Figure S2B
) in both Vδ1 and Vδ2 cells.





Figure 2
| 
The frequencies of perforin+, GZMB+, and CD107a+ cells in peripheral γδ T cells in RSA patients and healthy controls with or without pregnancy. PBMCs were obtained from peripheral blood of each subject and directly stained for membrane CD107a as well as intracellular perforin and GZMB. (A) The frequencies of GZMB+ and perforin+ cells in Vδ1+ cells and Vδ2+ cells from four groups. (B) The frequencies of CD107a+ cells in Vδ1+ cells and Vδ2+ cells from four groups. Left, representative flow cytometry plots; right, statistical data show mean ± s.e.m. Statistical analyses using Mann–Whitney U-test among different groups. Differences are indicated: **p < 0.01. RSA-P, RSA pregnant, n = 10; HC-P, healthy pregnant, n = 11; RSA-UP, RSA unpregnant, n = 11; HC-UP, healthy unpregnant, n = 10.






Interestingly, we observed an increased tendency regarding the frequency of CD107a+ cells in Vδ2 cells in un-pregnant RSA patients compared to un-pregnant controls (RSA-UP vs. H-UP, p = 0.0565, 
Figure 2B
), and the difference was more evident in the RSA-P vs. H-P comparison (p < 0.01, 
Figure 2B
). CD107a is a molecule exported to the surface of cytotoxic cells upon cell degranulation (31); therefore, increased expression of CD107a can reflect the elevated killing capability of γδ T cells. Together, our results indicated that even without the increased expression of GZMB and perforin, γδ T cells in RSA patients might still have elevated cytotoxicity by increasing their CD107a expression and contribute to the recurrent spontaneous abortion.





Increased IL-17A-Secreting Vδ2+ Cells but Not IL-4-Secreting Vδ2+ Cells in Peripheral Blood From RSA Patients During Pregnancy


Both decidual and peripheral γδ T cells have been reported to exhibit Th1-, Th2-, and Th17-like phenotypes, the balance of which during gestation has been suggested to be related to the outcome of pregnancy (18, 26, 32, 33). Therefore, we next set out to examine the balance of these cytokine-defined γδ T-cell subsets in RSA patients and healthy controls. PBMCs were obtained from the blood and stimulated with PMA/Ionomycin/Brefeldin A for 5 h before being stained with antibodies against IFNγ and IL-4 or TNFα and IL-17A, and the gating strategy is shown in 
Supplementary Figure S3A
 using a representative sample. There was no significant difference regarding the frequency of IFNγ+ and TNFα+ cells in Vδ1+ and Vδ2+ γδ T cells among four different groups (
Supplementary Figures S3B, C
). However, the IL-4-secreting Vδ2+ cells were significantly increased in pregnant healthy controls compared to un-pregnant controls (HC-P vs. HC-UP), whereas the same cells were not different in the comparison between the RSA-P and RSA-UP groups (
Figure 3A
). On the contrary, increased IL-17A-secreting Vδ2+ cells were only evident in the RSA-P vs. RSA-UP comparison, but not in the HC-P vs. HC-UP comparison (
Figure 3B
). Interestingly, the IL-17A-secreting Vδ2+ cells also tended to be increased in the RSA-P group compared to the HC-P group (
Figure 3B
). Together, our results suggested that the upregulation of IL-4-secreting Vδ2+ cells and the relatively stable frequency of IL-17A-secreting Vδ2+ cells may be required for maintaining healthy pregnancy, whereas the dysregulation of these cells could contribute to the occurrence of RSA.





Figure 3
| 
The cytokine profiles of Vδ1+ and Vδ2+ γδ T cells in the peripheral blood of RSA patients and healthy controls with or without pregnancy. PBMCs were obtained from peripheral blood of each subject and stimulated with PMA/Ionomycin/Brefeldin A for 5 h before being stained for intracellular cytokines. (A) The frequencies of IL-4-secreting cells in Vδ1+ cells and Vδ2+ cells from four groups. (B) The frequencies of IL-17A-secreting cells in Vδ1+ cells and Vδ2+ cells from four groups. Left, representative flow cytometry plots; right, statistical data show mean ± s.e.m. Statistical analyses using Mann–Whitney U-test among different groups. Differences are indicated: **p < 0.01, and *p < 0.05. RSA-P, RSA pregnant, n = 10; HC-P, healthy pregnant, n = 11; RSA-UP, RSA unpregnant, n = 11; HC-UP, healthy unpregnant, n = 10.









Inflammatory Microenvironment in the Decidua of RSA Patients


To explore the changes of local microenvironment in the feto-maternal interface during early pregnancy in RSA, we next examined the transcriptional profiles of the decidua tissue by RNA sequencing using samples from three RSA patients and three healthy controls (
Table 2
). Principal component analysis was used to reveal the overall gene expression pattern for each sample (
Supplementary Figure S4A
). Differential gene expression analysis for the RSA-P and HC-P groups found that 44 genes were differentially expressed (
Figures 4A, B
), of which the CCL8 gene was upregulated in the RSA-P group. The increased CCL8 expression in the RSA-P group was further confirmed by qRT-PCR using more samples (
Figure 4C
), suggesting the potential proinflammatory role of CCL8 molecule in the feto-maternal interface during pathological pregnancy by recruiting immune cells. Of note, the differently expressed genes were mainly enriched into the glycolysis pathway (
Figure 4D
 and 
Supplementary Figure S4B
), which might be caused by the majority of stroma cells in the decidua, as determined by hematoxylin–eosin staining (data not shown). Since the upregulated CCL8 could result in the increased recruitment of multiple types of immune cells to exaggerate the inflammatory conditions, the distribution of immune cells was further analyzed by the CIBERSORT algorithm. This analysis demonstrated that CD8+ T cells and M2 macrophages were increasingly distributed in the RSA-P group (
Figure 4E
 and 
Supplementary Figure S4C
).





Figure 4
| 
Transcriptomic analysis of decidual samples from RSA-P patients and HC-P subjects. Bulk RNA-seq was performed with decidual samples from RSA-P patients (n = 3) and HC-P subjects (n = 3). (A) Volcano plots illustrating differentially expressed genes (DEGs) between RSA-P patients and HC-P controls. (B) Heatmap showing DEGs between RSA-P and HC-P patients. (C) qRT-PCR analysis for CCL8 expression in RSA-P and HC-P decidua with 14 samples in each group. (D) GO analysis for the DEGs. (E) CIBERSORT analysis for the immune cells. Statistical data show mean ± s.e.m. Statistical analyses using Mann–Whitney U-test among different groups. Differences are indicated: *p < 0.05.






In sum, our transcriptomic analysis indicated that the upregulated expression of CCL8 increased infiltration of CD8+ T cells and M2 macrophages, and more vigorous glycolysis may orchestrate to promote an inflammatory microenvironment in the feto-maternal interface in RSA patients.





Higher CD107a Expression on Decidual γδ T Cells in RSA Patients


Since γδ T cells could either secrete CCL8 (34, 35) or respond to CCL8 by expressing its receptors such as CCR1 (36), CCR2 (36–38), CCR3 (39), and CCR5 (40), we therefore examined the decidual presence of γδ T cells in the RSA-P and HC-P groups by IHC. γδ T cells can be found in the decidua of both RSA-P and HC-P women, but there was no significant difference regarding the proportion of γδ T cells between these two groups, and the infiltration of this cell was relatively low when using tumor samples as positive control (
Figure 5A
). We also recovered the sequence information of BCR and TCR chains from our RNA-seq data; no difference was found in terms of the numbers of recovered TRD and TRG chains, which reflect the diversity of TCR-γ and -δ chains, respectively (
Figure S5A
). TRD was further analyzed by qRT-PCR using more samples, and no difference was found as well (
Figure S5B
). Next, to determine if the expression of the cytotoxic molecule CD107a is also upregulated in the decidua of RSA-P patients, especially on γδ T cells, as indicated by our previous finding in peripheral blood, we stained for the expression of CD107a and γδ T cells simultaneously using multicolor IHC. Our result showed a higher expression of CD107a in RSA-P patients compared to HC-P controls (
Figure 5B
 and 
Supplementary Figure S5C
), and the co-localization of CD107a and γδ T cells can be found in RSA-P patients but rarely in healthy controls. Together, although decidual γδ T cells had similar diversity in RSA-P and HC-P women, these cells may increase their CD107a expression during RSA and thus contribute to spontaneous abortion.





Figure 5
| 
The presence of CD107a+γδ T cells in the decidua of pregnant RSA patients. (A) Representative IHC staining results for γδ T cells in decidua samples from an RSA-P patient and a H-P control (right); tumor samples were used as negative and positive control. Positive staining was indicated by the red arrow. (B) Representative mIHC staining results of γδ TCR, CD107a, and DAPI with decidua samples from an RSA-P patient and a H-P control. γδ TCR was labeled with Opal 520 (green), CD107a was labeled with Opal 620 (red), and the nuclei were stained with DAPI (blue).










Discussion


Previous studies have reported the increased γδ T cells in the peripheral blood during normal pregnancy (17, 23, 24, 27), suggesting that these cells are important for successful pregnancy (24, 25). However, no consistent conclusion has been reached regarding the alteration of γδ T cells in RSA patients compared to healthy controls, with some investigations showing the increase of these cells in RSA (16, 41), whereas others provide data that do not support this notion (28, 42). This discrepancy disappeared when examining γδ T cell subsets, since the increased frequency of Vδ2+ cells, which is the predominant subsets in peripheral γδ T cells, was unanimously observed in RSA patients (43). Therefore, we examined these issues in our cohort, which included 42 RSA patients and healthy controls with or without pregnancy (see Study Participants section). We found that the frequency of γδ T cells and the Vδ1/Vδ2 ratio were comparable among the four different groups. Thus, our results do not support the notion that the frequencies of peripheral γδ T cells and their subsets are significantly changed during early pregnancy in either RSA patients and healthy controls. However, further investigations including more subjects are required to confirm these results. One interpretation for this discrepancy might be the dynamic distribution of γδ T cells during pregnancy (43, 44). Alternatively, it could be the phenotype but not the number of γδ T cells/subsets that is actually altered in RSA.


To investigate the phenotypic changes of peripheral γδ T cells and their subsets in RSA, we next examined the PD1 expression on maternal circulating γδ T cells/subsets and other T cells and found that elevated PD1 expression was evident on Vδ2+ cells and αβ T cells in the RSA-P group compared to that in the RSA-UP group. However, the increased PD1 expression on these cells was not observed in the HC-P vs. HC-UP comparison or in the RSA-P vs. HC-P comparison like others (42), suggesting that Vδ2+ cells and αβ T cells might upregulate their PD1 expression during pathological pregnancy. PD1 is a molecule expressed upon T-cell activation, which then acts as a checkpoint to prevent exaggerated T-cell activation through interacting with its ligand, PD-L1 or PD-L2 (45). In the past few decades, PD1-expressing T cells have been well-established as an exhausted T-cell population with defective function generated during chronic viral infection and tumor development (46, 47). Accordingly, targeting these cells by PD1 blockade has resulted in great clinical success in cancer immunotherapy for a variety of cancer types (48). Not surprisingly, PD1+ αβ T cells and γδ T cells were also identified during pregnancy and were often suggested as exhausted T cells that are protective for normal pregnancy (49). However, PD1+ T cells may contain not only exhausted T cells, but also non-exhausted T cells that are activated. An early study reported that upon stimulation with viral antigen, PD1+ T cells exhibited polyfunctionality, as indicated by their capacity to produce TNFα and IFNγ and express CD107a (50). PD1 expression was also frequently used as an activation marker for T cells in other investigations (50–52). Therefore, PD1+ Vδ2+ cells and αβ T cells could simply be activated T cells with proinflammatory function, and their increase in RSA may suggest the pathogenicity of these cells in RSA. Nevertheless, further studies are warranted for examining the functionality of these PD1+ T cells, not only in the periphery blood but also in the decidua, to offer a precise understanding of the role of these cells in physiological and pathological pregnancy.


Vδ2+ cells are the major subpopulation of γδ T cells in the periphery. It has been reported that these γδ T cells are able to utilize perforin-GZMB, Fas-FasL, and TRAIL pathways to kill target cells upon activation (53). The upregulation of PD1 on these cells in RSA prompted us to test whether they also have altered cytotoxicity. For this purpose, we compared the expression of cytotoxicity-related molecules (i.e., perforin, GZMB, and CD107a) on periphery Vδ2+ cells from RSA patients and health controls with or without pregnancy. We found that increased CD107a expression was evident on Vδ2+ cells in RSA-P patients in comparison to that in H-P subjects. Interestingly, the frequency of the same cell also showed an increased tendency in un-pregnant RSA patients compared to un-pregnant controls. Together, these results suggest that cytotoxic CD107a+Vδ2+ cells could be pathogenic in RSA, and further increased frequency of these cells may lead to the failure of pregnancy. However, we failed to find any difference in all four groups compared in terms of the expression of perforin and GZMB on Vδ2+ cells and Vδ1+ cells. The differential expression patterns of the above two molecules and CD107a could be due to the different detection methods used. For perforin and GZMB, the two main cytotoxic molecules that are stored in the intracellular granules of cytotoxic cells (54) and are released upon stimulation (55), intracellular staining was used in this study according to the protocol used by numerous investigations (54), the result of which can only reflect the cytotoxic potential of cytotoxic cells. However, for CD107a, a protein constitutively expressed on the lysosomal membrane and exported to the cell membrane upon stimulation, we used direct surface staining for ex vivo cells without any in vitro stimulation (56–58); thus, our ex vivo measurement can faithfully recapitulate the in vivo expression pattern of CD107a. Of note, we did not find any change of CD107a expression on peripheral γδ T cells during normal pregnancy (i.e., HP vs. H-UP, 
Figure 2B
), which is different from a recent study by Norenberg et al. (59). Using an in vitro stimulation protocol with ionomycin and PMA, they found that CD107a expression on peripheral γδ T cells was increased on CD56- γδ T cells in the first trimester and decreased slowly in the second as well as the third trimester. Given the low proportion of CD56+ γδ T cells and the high frequency of Vδ2+ cells among peripheral γδ T cells, the CD107a expression on total Vδ2+ cells was very likely increased as well during healthy pregnancy in their study. The distinct results by this investigation and ours could again be attributed to the aforementioned different methods used for detecting the surface expression of CD107a. Interestingly, Norenberg et al. also determined the co-expression of CD107a and PD1 on γδ T cells and argued that PD1 expression could represent a negative feedback mechanism used by cytotoxic CD107a+ γδ T cells to downregulate their cytotoxicity and secure the success of pregnancy. Nevertheless, the co-expression of CD107a and PD1 on γδ T cells should be measured in the future investigation to test this hypothesis.


Distinct from peripheral blood, the feto-maternal interface (i.e., the decidua) harbors a very unique immune milieu (60). Furthermore, CD107a expression was reported to be lower in decidua γδ T cells than that in circulating γδ T cells (61); therefore, we then interrogate if CD107a is similarly overexpressed on decidua γδ T cells as on peripheral γδ T cells in RSA. As revealed by IHC, γδ T cells can be found in the decidua of both RSA-P patients and H-P controls at similar frequency (
Figure 5A
). However, when γδ T cells and CD107a were simultaneously stained by mIHC, CD107a-expressing γδ T cells could be readily detected in RSA-P patients but rarely in H-P controls (
Figure 5B
). Of note, CD107a-expressing non-γδ T cells were also more frequently observed in RSA-P patients than in H-P controls (
Figure 5B
). Collectively, our results indicated that CD107a-expressing γδ T cells in both periphery and decidua might be pathogenic in RSA, and other cytotoxic cells may also contribute.


Historically, Th1/Th2 imbalance has been frequently used to explain the immune puzzle of pregnancy, during which maternal immune system is inevitably aware of semi-allogenic fetal antigens without rejecting the conceptus (62). According to this paradigm, maternal immune system should be adapted to be Th2 biased to prevent allorejection of the conceptus. In parallel to αβ T cells, γδ T cells can also be classified into Th1-, Th2-, Th17-, and Treg-like subsets according to their distinct cytokine profiles (63–66). Therefore, it is not totally surprising that the same paradigm was also applied in interpreting the role of γδ T-cell subsets in physiological and pathological pregnancy. For example, various studies have reported the Th2 bias in the decidual γδ T cells characterized by secreting TGFβ and IL-10 (18), suggestive of their importance in maintaining successful pregnancy. On the contrary, Th1- and Th17-like γδ T cells were found to be higher in RSA patients than that in healthy controls (17, 67, 68), and so was the Th1/Th2 ratio (69), indicating the pathogenic role of Th1- and Th17-like γδ T cells in RSA. In the present study, higher frequency of IL-4-secreting Vδ2 cells was only found in the HC-P vs. H-UP comparison, but not the RSA-P vs. RSA-UP comparison. This difference in IL-4-secreting Vδ2 cells was in stark contrast to that in IL-17A-secreting Vδ2 cells, the upregulation of which was only observed in the RSA-P vs. RSA-UP comparison, but not in the HC-P vs. H-UP comparison. Thus, our results are in agreement with previous publications in suggesting the pathogenic role of IL-17A-secreting γδ T cells and the protective role of IL-4-secreting γδ T cells during pregnancy (70–72), and further specify that these cells belong to the Vδ2 compartment. Of note, we did not find any difference between groups regarding the frequencies of TNFα- and IFNγ-secreting Vδ2 cells, which were reported as Th1-like and suggested to be pathogenic in RSA (69). The reason could be that the frequencies of these cells are already very high (with the median of 89.31% and 94.72% for TNFα- and IFNγ-secreting Vδ2 cells, respectively) (
Supplementary Figures S3B, C
) in un-pregnant healthy controls from our cohort; thus, further increase is very difficult to be observed in RSA patients. Therefore, further studies with more patients and controls are required to confirm this result.


The median frequency of Vδ2 cells in peripheral γδ T cells is 74.6% (range 4.5%–90.6%), 84.3% (range 20.0%–96.4%), 82.4% (range 42.9%–90.5%), and 79.7% (range 50.0%–94.0%) in the RSA-P, HC-P, RSA-UP, and HC-UP groups, respectively (
Figure 1B
), which is in accordance with previous publications that Vδ2 cells are the predominant subset of peripheral γδ T cells. We failed to find any difference between the four groups. However, we did find that the differentially expressed markers (i.e., PD1, CD107a, IL-4, and IL-17A) were only observed on Vδ2 cells but not on Vδ1 cells. Previous measurements of these markers were mostly limited to total γδ T cells, and given the high frequency of Vδ2 cells in peripheral γδ T cells, our results are therefore not surprising and are in agreement with previous findings in examining total γδ T cells. Of note, we failed to find any differential expression of aforementioned markers among four groups on Vδ1 cells, the minor population of peripheral γδ T cells. These cells generally exhibited higher expression of PD1, perforin, and IL-17A, as well as lower IFNγ and TNFα expression than Vδ2 cells in our measurement (
Supplementary Figures S6A–E
). Interestingly, the differential capability in producing cytokines (i.e., IL-17A, IFNγ, and TNFα) between Vδ1 cells and Vδ2 cells in RSA-UP, HC-P, and HC-UP groups disappeared in the RSA-P group, indicating that except for Vδ2 cells, the role of Vδ1 cells in pregnancy should be further studied in future investigations.


The presence of γδ T cells at the feto-maternal interface is not new. It was reported that the γδ T cells are present in the endometrium of all mammals throughout pregnancy (14) and in the decidua of human (13), mouse (67), and sheep (73). Decidual γδ T cells were found to be dividing (74) and undergoing TCR recombination (73, 75, 76). Moreover, the number of γδ T cells was growing with an activated phenotype (15, 73, 77, 78) during pregnancy, suggesting a protective role of decidual γδ T cells in pregnancy. However, the abundance of γδ T cells in decidua was not clear, with one study showing that there are numerous γδ T cells making up 60% of all T cells (13), and the other one indicating the rare presence of these cells (79). We used the same method as the latter report (i.e., IHC) and found that there were only a few γδ T cells in both RSA patients and healthy subjects with pregnancy. The discordance could be partially explained by the high sensitivity of the TCR chain to fixation and freezing (74), which also prevented us from detecting Vδ1 cells and Vδ2 cells. Alternatively, RNA sequencing and qRT-PCR were used to detect γδ T cells and TCRδ-defined subsets, and no difference was found between the RSA-P and HC-P groups in terms of the frequencies of TCR-γ, -δ, -δ1, -δ2, and -δ3 chains detected. However, we found that CCL8, a gene coding a chemokine with the capacity to recruit an array of inflammatory cells including T cells and macrophages, was upregulated in RSA-P patients compared to HC-P subjects. In addition, CIBERSORT analysis also revealed the increased infiltration of CD8+ T cells and M2 macrophages in RSA-P patients. Taken together, these results suggest an inflammatory environment in the feto-maternal interface during early pregnancy in RSA patients. The involvement of γδ T cells in this scenario is currently not clear, although it was reported that γδ T cells could secrete high amount of CCL8 (34, 35) and also can be recruited by CCL8 through expressing corresponding receptors such as CCR1, CCR2, CCR3, and CCR5 (36–40). Therefore, the increased number of CD107a+ γδ T cells may also be implicated in CCL8-mediated inflammatory response in RSA either as secreting cells or as responder cells. Further studies utilizing mIHC and/or multicolor flow cytometry and an in vitro functional study are required to address this speculation.


In conclusion, through examining peripheral γδ T cells/subsets and their phenotype, we found the increased expression of PD1 and CD107a, as well as higher frequency of IL-17A-secreting cells and lower frequency of IL-4-secreting cells in the compartment of Vδ2 cells in RSA patients during pregnancy, suggesting that the activated phenotype, increased cytotoxicity, and imbalanced cytokine profiles of peripheral Vδ2 cells may lead to the occurrence of RSA. Furthermore, increased CD107a+ γδ T cells could be detected in the decidua of RSA-P patients compared to that in the HC-P subjects, accompanied by upregulated CCL8 expression, as well as increased CD8+ T cells and M2 macrophages infiltration, suggestive of the contribution of decidual γδ T cells to the local inflammatory response in RSA. Thus, dysregulated γδ T cells in the periphery and decidua might be a hallmark of RSA; future investigations along this line will provide insight into the role of these cells in the pathogenesis of RSA, and will eventually lead to the successful management of RSA patients by manipulating these cells.
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An appropriate development of the placenta consisting of trophoblast cell migration, invasion, proliferation, and apoptosis, is essential to establishing and maintaining a successful pregnancy. Ubiquitin‐specific protease 2a (USP2a) regulates the processes of metastasis in multiple tumor cells. Yet, no known research has focused on exploring the effect of USP2a on trophoblasts and its possible mechanism in the pathogenies of recurrent miscarriage (RM). In this study, we first detected the decreased mRNA levels and the protein levels of USP2a in placental villous tissue samples from the RM patients. In vitro assays verified that overexpression of USP2a promoted human trophoblast proliferation, migration, invasion, whereas knockdown of USP2a inhibited these processes. Mechanistically, USP2a activated PI3K/Akt/GSK3β signaling pathway to promote nuclear translocation of β‐catenin and further activated epithelial-mesenchymal transition (EMT) in the trophoblasts. Moreover, transforming growth factor-beta (TGF-β) up-regulated USP2a expression in trophoblasts. Interestingly, M2 macrophage secreted TGF-β induced trophoblast migration and invasion, and an anti-TGF-β antibody alleviated this effect. Collectively, this study indicated that USP2a regulated trophoblast invasion and that abnormal USP2a expression might lead to aberrant trophoblast invasion, thus contributing to RM.




Keywords: USP2a, trophoblast invasion, recurrent miscarriage, decidual macrophage, TGF-β



Introduction

RM is defined by the consecutive loss of two or more clinical pregnancies (1) and affects approximately 2-5% of couples at reproductive age (2). RM as a severe global health issue, carries a heavy psychological and financial burden for affected couples. As one of the prerequisites for a successful pregnancy, adequate placentation relies on a delicate chorus between fetal trophoblasts and maternal cells, including proper maternal-fetal crosstalk and trophoblasts development (3). Deep invasion of placental trophoblast cells into the maternal decidua and myometrium is essential for placental embedment and fetal development. Epithelial-mesenchymal transition (EMT), characterized by loss of adhesive epithelial phenotype and acquisition of motile mesenchymal phenotype, has been proven to significantly promote the migration and invasion of extravillous trophoblast cells (EVTs) (4–6). Reduced trophoblast proliferation, excessive trophoblast cell apoptosis, along with insufficient trophoblast invasion have all been tightly linked to the development of RM (7). Thus, exploring trophoblast development is crucial to further understanding RM pathogenesis.

Trophoblast invasion is an intricate process involving interactions with stromal cells, glands, arteries, and immune cells, including decidual natural killer cells, macrophages, dendritic cells, T cells, and a range of cytokines and chemokines (8). During the establishment and maintenance of pregnancy, the well-orchestrated crosstalk between fetal trophoblasts and maternal immune cells facilitates the formation of a functional placenta (9). Thereby, successful pregnancy requires a robust and highly dynamic immune system. Post-implantation decidua is rich in immune infiltrates (10). Macrophages are the second-largest immune cell group and comprise 20–25% of all immune cells at the maternal-fetal interface (11, 12). Accumulating evidence indicates that decidual macrophages are skewed toward an M2-like phenotype involving tissue remodeling, cell proliferation, and generation of immunosuppressive microenvironments in the early pregnancy uterus (12). Previous studies have shown that macrophages can establish “crosstalk” with trophoblasts in the maternal-fetal interface microenvironment via a complex cytokine-based connection. In addition, macrophages can secrete amounts of soluble mediators to regulate the biological behaviors of trophoblasts, including IL-10, TGF-β, IL-4, and VEGF (13–15). Also, macrophages can respond to various factors produced by trophoblasts to regulate polarization status, thereby exerting different biological functions. Previously, our group has demonstrated that IL-6 secreted by trophoblasts could induce macrophages polarization to M2 phenotype, thereby modulating the process of early pregnancy (16). However, understanding the abnormal interactions between trophoblasts and decidua macrophages at the maternal-fetal interface and its contribution to RM remains limited.

Ubiquitination, as one of the important post-translational modifications, can selectively attach ubiquitin to its substrate to regulate protein degradation, activity, and protein-protein interaction as well (17). The ubiquitin system is highly dynamic and tightly controlled by the family of deubiquitinating enzymes specifically involved in removing ubiquitin molecules on target proteins (18). The deubiquitinating enzyme USP2a inhibits the ubiquitination of FAS, MDM2, cyclin, MYC, Aurora A and regulates their stability and function, thereby participating in the regulation of the metabolism, development, apoptosis, cell proliferation, and differentiation of tumor cells (19–22). Recent studies have shown that USP2a removes the K33-linked ubiquitin chain at Lys502 of TGFBR1 to promote the recruitment and phosphorylation of SMAD2/3, promoting the transcription of EMT-related genes induced by TGF-β (23). In addition, USP2a promotes the nuclear accumulation of β-catenin and enhances its transcriptional activity by deubiquitinating β-catenin, and activates the Wnt/β-catenin signaling pathway (24). Given the similar regulatory mechanism and biological characteristics of EVTs and tumor cells, we propose whether USP2a participates in the occurrence of RM by regulating the invasive ability of EVTs at the maternal-fetal interface.

Here in the current study, we firstly reported that USP2a facilitated the proliferation, invasion, and migration of trophoblasts by activating the PI3K/Akt/GSK3β/β-catenin signaling pathway. Furthermore, USP2a expression is regulated positively by TGF-β derived from M2 macrophages. In addition, USP2a expression was down-regulated in chorionic villi of RM patients. Thus, our results suggest that USP2a is a trophoblast proliferation and invasion-associated enzyme that might participate in RM’s pathogenesis.



Materials and Methods


Patients and Tissue Samples

In this study, women with normal pregnancies who chose to undergo an artificial abortion due to their voluntary willingness were selected as the healthy control group (NC). Patients with unexplained recurrent spontaneous abortions two or more times were regarded as the RM group (RM). This study enrolled a total of 24 RM patients treated in Renmin Hospital of Wuhan University and 28 normal pregnant women. All patients denied having a history of chronic diseases such as hypertension and diabetes. RM patients with the following characteristics were excluded: abnormal anatomical structure of the reproductive tract; infection of the reproductive tract; reproductive endocrine disease; prethrombotic state; fetal chromosomal abnormality. The patients in the control group had a history of more than one live birth, and there was no history of adverse pregnancy, such as spontaneous abortion, eclampsia, and preterm birth. These patients received an abortion between 7 and 9 weeks of gestation to terminate the unintended pregnancy. During the operation, samples of placental chorionic and decidual tissues were collected or fixed with 4% paraformaldehyde and embedded in paraffin in blocks or frozen and stored in liquid nitrogen. The procedure was carried out under the approval of the internal review and ethics committee of the Renmin Hospital of Wuhan University, and the informed consent of all patients was obtained.



Cell Culture and Reagents

The HTR-8/SVneo cell line and BeWo cell line were obtained from China Center for Type Culture Collection. HTR-8 and BeWo were respectively cultivated in Dulbecco’s modified Eagle’s minimal essential medium (DMEM)/F12 (Gibco, USA) and Minimum Essential Medium Eagle medium (MEM) (Gibco, USA) with 10% fetal bovine serum (FBS) (Gibco, USA) and 1% antibiotic, at 37°C in the presence of 5% CO2.

For macrophage generation, the human monocyte cell line THP-1 was cultured and grown in RPMI-1640 medium (Gibco, USA) with 10% FBS. THP-1 cells were treated with 100 ng/ml Phorbol1 2-myristate 13-acetate (PMA; Sigma, USA) for 24 h. Macrophages were polarized in M1 macrophages by incubation with 20 ng/ml of IFN-γ (Peprotech, USA) and 100 ng/ml of LPS (Peprotech, USA). Macrophage M2 polarization was obtained by incubation with 20 ng/ml of IL-4 (Peprotech, USA) and 20 ng/ml of IL-13 (Peprotech, USA). Macrophages and trophoblasts co-cultivation was conducted using the non-contact co-culture transwell system (Corning, USA) for 72h, in which macrophages were seeded in 0.4 μm-sized pores inserts and the trophoblast cells were seeded in the 6-well plate.

Recombinant human TGF-β1 (Peprotech, USA) was dissolved in ddH2O and used at a final concentration of 25ng/mL. LY294002 (PI3K inhibitors) was purchased from Med Chem Express, China. The anti-human neutralizing TGF-β antibody was acquired from R&D Systems, USA.



Overexpression of USP2a

To generate the USP2a-overexpressing construct, we cloned the coding region sequence of human USP2a into the pLVX-IRES-ZsGreen vector (Vigene) using the following primers: 5’-CGCAAATGGGCGGTAGGCGTG-3’ (forward) and 5’-CCTCTACAAATGTGGTATGGC-3’ (reverse). All constructs were verified by sequencing and transfected into the cells using Lipofectamine 3000 (Invitrogen). Forty-eight hours after transfection, cells were collected for RT-PCR, western blot, migration, and invasion assays.



Knockdown of USP2a

shRNA was designed explicitly targeting the USP2a, and the sequence was as follows: 5’-GCATGAGGCTCTTTTCACCAA-3’. Empty vector or lentivirus packaging shRNA was transfected in HEK293T cells. After 8 hours of transfection, the cell culture medium was changed to a complete medium. After 48 hours, the virus-containing supernatant was collected and filtered with a 0.22um filter to infect the trophoblast cell line mentioned above. After 24h, Puromycin was added for screening to construct a stably transfected cell line.



Cell Proliferation Assay

Cell proliferation was assessed using a Cell Counting Kit-8 (CCK-8, Beyotime, Shanghai, China) and EdU assay (Abcam, USA). Trophoblast cells were plated at 2×103 cells/well in 96-well plates. Cell proliferation ability was determined at 24, 48, 72, or 96 hours using the CCK-8. At the above time point, the supernatant was removed, 10% CCK-8 solution was added to each well, and the cells were cultured for two more hours. The enzyme labeling instrument measured the absorbance at 450 nm wavelength. EdU experiments were carried out to analyze the proliferation of HTR-8 and BeWo cells according to the manufacturer’s instructions. The percentage of EdU positive cells (EdU positive/DAPI positive) was labeled as EdU positive cells. Five technical replicates were done per experiment, and three independent experiments were performed. Colony formation assay was performed as described. After transfection, cells were seeded to six-well plates at densities ranging from 100 to 40,000 cells per well and were put in an incubator for 10–14 days. After incubation at 37°C, cells were fixed with glutaraldehyde and stained with crystal violet. Colony formation for each condition was compared with that of untreated control cells. Results were obtained from five replicate wells, and each experiment was repeated three times.



Wound-Healing Assay

The wound-healing assay was used to evaluate the migration ability of trophoblasts. Cells in the fresh medium were placed into a 6-well plate chamber (5×105 cells/well) and incubated for 24 h. When the cells reached 80%-90% confluence, a scratch across the cell surface was made by the plastic pipette tip scraped across the cell surface. Phosphate-buffered saline (PBS) was used to remove floating debris, and the wound was photographed immediately (0 h). The cells were then cultured in the serum-free medium. The wounds were photographed at 24 h and 48 h to measure the extent of wound healing. The sizes of the gaps were measured with Image-Pro Plus software.



Transwell Invasion Assay

Trypsin Solution (Biosharp, China) was used to collect the transfected trophoblast cells. 5×104 cells in 100 µl FBS-free medium were seeded into the upper chamber of the transwell insert with 8 µm pores (Corning Costar Corp, Corning, NY, USA) which was precoated with matrix Matrigel (BD Biosciences, CA, USA) to evaluate the invasion ability of the trophoblast cells. The transwell chambers without matrix Matrigel were performed to assess the migration ability. The lower chamber was filled by medium supplemented with 10% FBS (600 µl), and the apparatus was incubated at 37°C. After two days, the cells in the insert were fixed using 4% paraformaldehyde for thirty minutes and stained using 0.5% crystal violet. Five random fields under the microscope were used to calculate the number of invaded cells.



Apoptosis Detection Using Annexin V-PE/7-AAD Double Staining

Plasma membrane permeability and phosphatidylserine cell translocation were measured by flow cytometry to define the percentage of apoptotic cells. To this aim, dual staining was performed with PE or APC-conjugated Annexin-V and 7-amino-actinomycin D (7AAD) using the Annexin-V/7AAD apoptosis detection kit (BD Biosciences). The adherent cells were collected. After washed two times with cold PBS, the cells were resuspended in 100 µl PBS. The Cell suspension was co-stained with 10 µl 7-AAD and 5 µl Annexin V-PE in the dark for 15 minutes at room temperature before analysis using flow cytometry. Early apoptotic cells were defined as Annexin-V+/7AAD− cells and Annexin-V+/7AAD+ as late apoptotic cells. Results were analyzed by flow cytometry (FACS Calibur, BD).



RNA Isolation and RT–PCR

Total RNA was extracted using the TRIzol RNA purification kit, and NanoDrop 2000 spectrophotometer was used to evaluate RNA purity and quantification. One μg of the total RNA was used to synthesize cDNA using the Takara PrimeScript RT reagent kit according to the manufacturer’s instructions. Gene expression was determined by RT–PCR using SYBR Green Supermix (Takara, Dalian, China). A cycle threshold (CT) value was obtained for each sample, and duplicate sample values were averaged. The 2-ΔΔCT method was used to calculate relative expression of each target gene (25) Briefly, mean CT value of target genes in each sample was normalized to its averaged housekeeping gene CT value to give a ΔCT value. This was then normalized to control samples (ΔΔCT), and the 2-ΔΔCT value was obtained. The mRNA expression level under a given condition was quantified following normalization to the internal control GAPDH (mean±SEM).



Immunohistochemical and Immunofluorescence Staining

Immunohistochemical staining of human villi or placenta tissue was performed as previously described using rabbit anti-USP2 (dilution 1:200; Abgent, UK), rabbit anti-Cytokeratin 7 (CK7) (dilution 1:200; proteintech), rabbit anti-HLA-G (dilution 1:200; proteintech). Cells were fixed in 4% paraformaldehyde, permeabilized using 1% Triton X-100 for 30 min, and blocked with 5% BSA for one hour at room temperature. Indirect immunofluorescence was performed using primary antibodies, rabbit anti–β-catenin (1:1,000; Cell Signaling), and secondary antibodies, goat anti-rabbit (1:1,000; proteintech). Nuclear were counterstained with 4′,6-diamindino-2-phenylindole (DAPI; Molecular Probes). Images were acquired using an Olympus microscope. The confocal images were acquired by Laser Scanning Biological Microscope (Olympus). Immunohistochemical staining quantifications were assessed using ImageJ software.



Western Blotting and Co-IP Assay

Western blotting was used to determine protein levels. Protein concentrations were determined using a BCA Protein Assay Kit (Beyotime), according to the manufactures’ instructions. SDS-PAGE was used to separate the proteins, which were then electrotransferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, USA). After blocking the membranes using 5% non-fat dry milk in TBST for 1.5 h, the blots were incubated at 4°C overnight with various primary rabbit antibodies. The membranes were washed with TBST four times (5 minutes each time) and then incubated with secondary antibodies at room temperature for one hour. The membranes were then washed with TBST four times. Finally, the blots were developed using ChemiDoc™ Imager from Bio‐Rad. The level of GAPDH was used as a loading control to normalize the specific protein levels.

For co-IP, cell extracts were prepared by brief sonication in IP buffer (50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.5% NP‐40, 5% glycerol). The samples were incubated with1–2 μg of antibodies overnight, and 30 μl of a 25% protein A+G agarose (ThermoFisher, USA) was added. Three-four hours later, beads were washed with IP buffer three times, and bound proteins were detected by Western blot.

The following primary antibodies were used: anti-USP2 (C-term L523) (Abgent, UK), anti‐E‐cadherin (Proteintech, Chicago), vimentin (Proteintech, Chicago), Snail (Proteintech, Chicago), and anti‐N‐cadherin (Proteintech, Chicago). In addition, rabbit polyclonal antibodies, including those recognizing PI3K, phosphorylated (p)- PI3K, AKT, p-AKT, GSK3β, β-catenin, BAX, BCL2, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), were obtained from Cell Signaling Technology (Danvers, MA, USA). The antibodies were used at a working concentration of 1:1000 and were stored at 4°C. The secondary antibodies were purchased from LI-COR (Lincoln, NE, USA) and used at a dilution ratio of 1:10,000.



Statistical Analysis

Statistical analyses were performed using SPSS 20 (IBM Corp, USA) and GraphPad Prism 8.0 (GraphPad Software Inc, USA) for Windows. Statistical significance was accepted at a value of P < 0.05. All experiments were repeated three times. In vitro experiments were analyzed using unpaired Student’s t-test and ordinary one-way ANOVA test for multiple comparisons.




Results


The Expression and Localization of USP2a in Placental Villous Tissues

RT-PCR and Western blot analysis of first-trimester chorionic villous tissue was performed to explore whether USP2a is involved in the pathogenesis of RM. USP2a expression was down-regulated significantly in the villous tissue of patients with RM (Figures 1A, B). Furthermore, immunohistochemical analysis of paraffin-embedded tissue was performed to investigate USP2a localization in the first-trimester villous further. Stronger expression of USP2a was observed in tissue of the NC group, with the positive cells mainly being cytotrophoblasts and EVTs (Figure 1C). To verify the above result, we respectively used immunofluorescence staining with antibodies of CK7 as a marker of cytotrophoblasts, and HLA-G, as a marker of EVTs on human villous tissue, as shown in Figure 1D. Immunofluorescence shows resemblant results. The above results demonstrated the aberrant expression of USP2a might be involved in the pathogenesis of RM.




Figure 1 | USP2a is down-regulated in placental in patients with recurrent miscarriage (RM). (A, B) Comparison of relative mRNA and protein expression levels of USP2a in placental villous tissues between RM patients (n = 18) and normal women (n = 22) by RT‐PCR and western blot. (C) Representative immunohistochemical images of villous expression and localization of USP2a in RM patients (n = 22) and normal women (n = 25). The staining intensity was quantified using the ImageJ software. Graphs show the means ± SD. Magnification, 100× and 400×. (D) Representative immunofluorescence images: (a) double immune-staining of CK7 (red) and USP2a (green). Magnification, 400×; (b) double immune-staining of HLA-G (red) and USP2a (green) Magnification, 400×. *P < 0.05. Scale bar = 100 μm (100×); Scale bar = 20 μm (400×). mRNA, messenger RNA; RT‐PCR, quantitative real‐time polymerase chain reaction; RM, recurrent miscarriage; USP2a, ubiquitin‐specific protease 2a; CK7, cytokeratin 7; HLA-G, human leukocyte antigen G.





The Influences of USP2a on the Proliferation and Apoptosis Ability of Trophoblast Cells

To gain a deeper insight into the molecular function of USP2a, we first detected the mRNA expression of USP2a in the trophoblast cell lines, including HTR-8/SVneo, BeWo, JEG-3, and JAR. As shown in Figure 2A, we found that the relative level of USP2a in BeWo and HTR-8 cell lines was relatively higher and lower than those in the other two cell lines. Thereby, we chose these two cell lines for subsequent exploration. sh‐USP2a significantly decreased the expression of USP2a in BeWo, while p‐USP2a had the opposite effect in HTR8 (Figure 2B). Following this, EdU labeling, CCK-8 analysis, and colony formation were performed to investigate the role of USP2a in trophoblasts proliferation. EdU assay revealed that knockdown of USP2a reduces the percentage of EdU-positive cells. Meanwhile, EdU positive cells increased due to USP2a overexpression (Figure 2C). Comparable results of that higher USP2a level could induce trophoblasts proliferation were obtained from the CCK-8 assay (Figure 2D) and the colony formation assay (Figure 2E). Apoptosis experiments indicated that knockdown of USP2a promotes apoptosis (Figure 2F). We also observed decreased level of anti-apoptotic protein BCL2 in trophoblast cells when USP2a was knockdown, whereas the abundance of the pro-apoptotic protein BAX increased obviously. Opposite results were obtained in the USP2a overexpression cell line (Figure 3D).




Figure 2 | USP2a promoted human trophoblast‐derived cell lines proliferation and inhibited cell apoptosis in vitro. (A) Relative USP2a mRNA and protein expression levels in four human trophoblast‐derived cell lines were measured by RT‐PCR and western blot, respectively. GAPDH was used as the loading control. (B) Knockdown of USP2a by shRNA (sh‐USP2a) and upregulation of USP2a by plasmid expression were conducted in the BeWo and HTR8 cell lines. The mRNA expression and protein level of USP2a were confirmed by RT‐PCR and western blot. (C) Representative images of EdU labeling assay in p-USP2a/HTR8 and sh-USP2a/BeWo. DAPI staining blue; EdU staining red. Scale bar = 10 μm (D) Cell proliferation was measured 48 hours after transfection using the CCK8 assay. (E) Knocking down USP2a inhibits cell clone formation significantly in BeWo cells. Overexpression of USP2a promotes cell clone formation in HTR8 cells. (F) Quantitative flow cytometry measurements of apoptosis in trophoblast cell lines after transfection of either p-USP2a or shRNA. The percentage of live (7AAD−/Annexin V−), early apoptotic (7AAD−/Annexin V+), and dead (7AAD+/Annexin V+) cells was determined. *P < 0.05.






Figure 3 | Effects of USP2a on the invasion and migration of trophoblast cells using the Transwell invasion assay and the wound-healing assay. (A) Wound healing scratches were imaged immediately and 24 h after initial scratch time to quantify relative migration. (B) After transfection, BeWo or HTR8 cells (in serum‐free medium) were seeded into inserts and incubated for 48 h for invasion assay. Cells at the lower surface of the membrane were counted and analyzed under a light microscope in five random fields. The staining intensity was quantified using the ImageJ software. Graphs show the means ± SD. (C) Western blot Graphs show the mean ± SD. Quantitative analysis of the average invasive cell numbers in each group. (D) The levels of E-cadherin, N-cadherin, Vimentin, Snail, β-catenin, Bax, and Bcl2 were measured using western blotting and quantitative analysis of the proteins was performed. *P < 0.05 vs. sh-Ctrl #P < 0.05 vs control vector, original magnification: ×100 (A) ×200 (B).





USP2a Regulates the Invasion and Migration Ability of Trophoblast Cells

Next, the invasion and migration capacities of BeWo and HTR8 were estimated. Knockdown of USP2a inhibits trophoblast cell migration in imaging assay after the scratch test. In contrast, overexpression of USP2a exhibited a faster closure of the wound when compared to the control group (Figure 3A). When USP2a was knocked down, the numbers of invading cells were significantly decreased, whereas the numbers of invading cells were considerably raised when USP2a was overexpressed (Figures 3B, C). The results showed that knockdown of USP2a significantly inhibited trophoblasts migration and invasion compared with the control group, whereas overexpression of USP2a had an opposite effect. Considering the previous evidence, it seems that trophoblasts with increased migration and invasion capacity usually experience EMT (26). We analyzed several EMT markers by western blot (Figure 3D). As expected, the overexpression of USP2a in trophoblasts induced an increase in the EMT phenotype. The knockdown of USP2a significantly inhibited EMT, as shown by the decreased expression of mesenchymal marker N-cadherin, Snail, and Vimentin and increased expression of epithelial marker E-cadherin, where overexpression of USP2a resulted in the opposite effects. Besides, we also observed an enhanced expression of β-catenin in USP2a-overexpression trophoblasts. Altogether, these results demonstrated that USP2a could regulate the invasion and migration ability of trophoblasts.



Reduced USP2a Expression Impairs Nucleocytoplasmic Translocation of β-Catenin and Decreases Trophoblasts Invasion

β-catenin combines with the intracellular segment of E-cadherin to form a cadherin-catenin complex so that E-cadherin is located at the junction between cells maintaining cell adhesion (27, 28). If β-catenin accumulates in the cytoplasm, it will enter the nucleus from the cytoplasm and undergo nuclear translocation if the concentration reaches a certain level. In that case, β-catenin into the nucleus can activate the expression of downstream target genes, thereby promoting EMT (27). We used IF to detect the location and expression of β-catenin in HTR8 cells overexpressing USP2a and BeWo cells with USP2a knockdown. The results showed that the overexpression of USP2a significantly increased the expression level of β-catenin, especially the nuclear localization of β-catenin, while the knockdown of USP2a showed the opposite result (Figure 4A). Then we further detected the expression of β-catenin in the cytoplasm and nucleus by Western blot, and the results were consistent with the IF results (Figure 4B). we also detected the cooperation of USP2a and β-catenin in trophoblast cells by co-IP (Figure 4C). Since the degradation of β-catenin is regulated by glycogen synthase kinase-3β (GSK-3β), and GSK-3β is a downstream molecule of the PI3K/Akt signaling pathway (29). Therefore, we suspect that USP2a may regulate EMT through the PI3K/Akt/GSK-3β signaling pathway. We detected the expression of the pathway proteins mentioned above when USP2a is overexpressed or downregulated (Figure 5A). This confirmed our suspicions. p-USP2a/HTR8cells were treated with PI3K inhibitor LY294002, and then the changes of EMT-related indicators were detected by Western blot. We found that after LY294002 treatment, E-cadherin expression increased considerably, while the expression of N-cadherin, Vimentin, and Snail decreased significantly (Figure 5B). Likewise, the invasion and migration ability were reduced to a degree in the p-USP2a/HTR8 cells (Figure 5C).




Figure 4 | Reduced USP2a Expression impairs nucleocytoplasmic translocation of β-catenin. Knockdown of USP2a attenuates nuclear translocation of β-catenin in BeWo cells. Overexpression of USP2a induces nuclear translocation of β-catenin in HTR8 cells BeWo cells were transfected with sh-Ctrl or sh-USP2a, and HTR8 cells were transfected with p-USP2a or vector. Both cells were cultured for 48 hours. (A) The cells were seeded to immunofluorescent staining for β-catenin (red) and counterstained with DAPI (blue) to assess the subcellular localization of β-catenin and (B) western blot was performed to compare the levels of β-catenin in the nucleus and cytoplasm. GAPDH and lamin B were used as the loading control. (C) Co-IP assays of the interaction between USP2a and β-catenin in HTR8. Scale bar = 10μm.






Figure 5 | USP2a promotes EMT, migration and invasion of trophoblasts via activating PI3K/Akt/GSK3β pathway. (A) Western blot analyzes relative protein level of sh-Ctrl/BeWo, sh-USP2a/BeWo, Vector/HTR8, p-USP2a/HTR8. (B) Western blot analysis of sh-Ctrl/BeWo, sh-USP2a/BeWo, Vector/HTR-8, p-USP2a/HTR8 in the presence or absence of LY29004 (20 μM). (C) Migration and invasion capacity in sh-Ctrl/BeWo, sh-USP2a/BeWo, Vector/HTR8, p-USP2a/HTR8 in the presence or absence of LY294002 (20 μM) was determined by transwell system. Representative photographs of migratory and invasive cells (magnification, ×200) are shown. *P < 0.05, vs. sh-Ctrl #P < 0.05 vs vector. &P < 0.05 vs p-USP2a/HTR8.





M2 Macrophage-Secreted TGF-β Cooperates With USP2a in Trophoblasts to Promote Invasion

Previous studies reported that abnormal levels of various cytokines, including IL-4, IL-6, and IFN-γ regulated trophoblast growth and invasion in patients with RM (30). We wondered whether these factors also are involved in the regulation of USP2a expression in trophoblasts and work in concert to play a role in the pathology of RM. We stimulated HTR8 cells with different cytokines (IFN-γ, IL-13, IL-4, IL-6, LPS, or TGF-β) and then detected the relative expression levels of USP2a mRNA and protein by RT-PCR and Western blot. The results showed that the expression of USP2a increased significantly after IL-6 and TGF-β stimulation, but there was no significant change after IFN-γ, IL-13, IL-4, and LPS stimulation (Figure 6A). Since our group and others have confirmed the effect of IL-6 on trophoblasts in the early stage of pregnancy (16, 30), we will mainly explore the effect of TGF-β. We also detected TGF-β expression in trophoblast cell lines that were transfected with a USP2a-overexpressing plasmid or control vector. No significant change was observed in TGF-β expression in USP2a-expressing cells in RT-PCR analysis. Next, we detected the TGF-β receptor (TGFBR1) on trophoblasts in the placental villous tissues and found the colocalization of TGFBR1 and USP2a by co-immunofluorescence staining (Figure 6B). Therefore, we postulated that USP2a affects trophoblasts invasion by interacting with TGFBR1. To test this assumption, we conducted co-IP experiments. Co-IP experiments further corroborated the interaction between USP2a and TGFBR1 (Figure 6C). We check the invasion of p-USP2a/HTR8 treated with exogenous rhTGF-β. At a concentration of 25ng/ml of TGF-β, p-USP2a/HTR8 exhibited the most invasion ability (Figure 6D). TGF-β is one of the important cytokines produced by M2 phenotype macrophages in the fetal-maternal interface (13). p-USP2a/HTR8 were co-cultivated with M0, M1, and M2 macrophages separately. Compared with co-cultivation with M0 macrophages, co-cultivation with M2 macrophages significantly increased trophoblast invasion (Figure 6E). This effect is more evident in the USP2a-upregulating HTR8 cells. Intriguingly, when neutralizing antibody for TGF-β was added, the invasion ability of trophoblasts promoted by M2 was alleviated. A similar effect was confirmed in USP2a-downregulated BeWo cells (Figure 6F). The relative expression evaluated by western blotting showed similar effects (Figure 6G). These results strongly suggested that M2 macrophage-secreted TGF-β may work together with USP2a as one of the regulators of the biological functions of trophoblasts in patients with RM.




Figure 6 | M2 Macrophage-secreted TGF-β cooperate with USP2a in trophoblasts to promote invasion. (A) Western blot and quantitative RT-PCR analysis of USP2a expression in HTR8 treated with IFN-γ, IL-13, IL-4, IL-6, LPS, or TGF-β for 24 hours. (B) Immunostaining for TGFBR1 and USP2a in villous from normal pregnancy woman (Scale bar = 20 μm). (C) co-IP assays of the interaction between USP2a and TGFBR1 in p-USP2a/HTR8. (D) Cell invasion capacity in HTR8 alone, HTR8 with 10ng/ml, 25ng/ml, or 100ng/ml rhTGF-β by transwell system. (E) Cell invasion capacity in p-USP2a/HTR8 alone, p-USP2a/HTR8 co-cultured with M0 macrophage, co-cultured with M1 macrophage, and co-cultured with M2 macrophage by transwell system. (F) Cell invasion capacity in sh-Ctrl/BeWo, sh-USP2a/BeWo, Vector/HTR8, p-USP2a/HTR8 co-cultured with M2 macrophage or above cells co-cultured with TGF-β depleted M2 macrophage were determined by transwell system, respectively. (G) Western blot assay of EMT proteins in sh-Ctrl/BeWo, sh-USP2a/BeWo, Vector/HTR8, p-USP2a/HTR8 co-cultured with M2 macrophage or above cells co-cultured with TGF-β depleted M2 macrophage were determined by transwell system, respectively. *P < 0.05, vs. HTR8. DAPI staining blue; TGFBR1 staining red; USP2a staining green. Representative photographs of invasive cells (magnification, ×200) are shown.






Discussion

It is generally recognized that placental insufficiency is one of the main culprits in RM arising from shallow trophoblast invasion at the initial stages of pregnancy (31, 32). The present study illustrated that USP2a is low‐expressed in the placental villous samples of RM women, and aberrant expression of USP2a can impact trophoblast invasion by regulating the EMT process. Further research showed that USP2a regulates β-catenin translocating into the nucleus through PI3K/AKT/GSK3β pathway, thereby inducing trophoblasts migration and invasion. Moreover, TGF-β secreted by M2 macrophages could interact with USP2a in trophoblasts to regulate placentation.

Ubiquitination describes the process during which the 76-residue protein termed ubiquitin is covalently conjugated to intercellular proteins (17). Ubiquitination is reversible and precisely regulated due to the activity of deubiquitinating enzymes (18). Together these two systems collaborate as control of cell signaling networks by regulation of protein interactions and activities. USP2a, a cysteine protease, as a member of the ubiquitination specific protease family, is extensively expressed in many human cancers and often correlates with tumor progression and poor prognosis. Previous studies suggest USP2a interacts with FAS which often overexpresses in biologically aggressive human tumors.

Further, functional inactivation of USP2a results in decreased FAS protein with reinforced apoptosis of prostate cancer cells (33). Also, Priolo et al. report that USP2a overexpression in prostate cancer contributes to tumorigenesis by repressing p53 (34). Allende-Vega further illustrated this mechanism that ectopic expression of USP2a causes accumulation of Mdm2 and promotes Mdm2-mediated p53 degradation (35). USP2a could promote hepatocellular carcinoma invasion via deubiquitinating RAB1A (36). These studies indicated USP2a presented oncogenic properties (34, 37, 38). Since the processes of trophoblast proliferation, migration, invasion, and apoptosis at the implantation site share similar biochemical mediators of malignant tumor metastasis (39). Therefore, we examined the role of USP2a in placentation during early pregnancy. The results of our study indicate USP2a could promote trophoblast invasion, migration, and proliferation as well as reduce apoptosis. Thus, we illustrate the critical role of USP2a in the pathogenesis of RM by affecting the invasion and migration of trophoblasts.

We also observed that overexpression of USP2a resulted in upregulation of β-catenin and downregulation in E-cadherin. E-cadherin/β-catenin complex located in cell-cell adherent junctions in the cell membrane creates tight cell-cell interactions, thus restraining cell mobility and maintaining epithelial integrity (27, 28). However, decreased E-cadherin expression results in degradation of the E‐cadherin/β‐catenin conjunction. Therefore, β-catenin is released into the cytoplasm of trophoblasts, and next translocated from the cytosol into the nucleus and induces EMT genes transcription (40–42). Accordingly, we evaluated the level of β-catenin nuclear translocation. The overexpression of USP2a promoted the nuclear transfer of β-catenin in trophoblast cells. Instead, the knockdown of USP2a suppressed this process. Unsurprisingly the trophoblasts acquired mesenchymal-cell markers prone to migration and invasion, such as N-cadherin, vimentin, and Snail. This is consistent with previous literature that the moderate β-catenin signaling pathway promotes the invasion of EVTs and provides the basis for successful embryo implantation (43). Our results also suggest that USP2a interreact with β-catenin. As USP2a has been reported to deubiquitinate and stabilize to promote β-catenin nuclear accumulation and transcriptional activity of β-catenin (24). We believe USP2a could enhance trophoblast invasion by both PI3K/Akt/GSK3β/β-catenin pathways and deubiquitinating β-catenin.

The regulation of the immune system during pregnancy is a fascinating and complex mechanism. Interactions between the maternal stromal components and fetal-derived trophoblasts of the uterus and placenta are not an isolated occurrence but rather are under a superimposition layer of regulation by the maternal immune cells that populate the decidua (12). On the one hand, embryo implantation requires a local inflammatory environment that promotes cell clearance, angiogenesis, and cell growth (9). On the other hand, the fetus as a semi-allograft that carries paternal antigen would be rejected if there were no tolerance environment of the maternal immune system during pregnancy (44). Macrophages represent the second most leukocyte subsets in the human maternal-fetal interface. The polarization of decidual macrophages is biased to the M1 phenotype during the pre-implantation period. Then they begin to transition to a mixed M1/M2 profile when the trophoblasts establish attachment into the endometrium and invade the uterine stroma. In general, decidual macrophages are characterized by an immunosuppressive phenotype as M2 polarization secreting IL-10, TGF-β, and G-CSF, supporting fetal-maternal immune tolerance during implantation (45, 46). Abnormal macrophage polarization is related to many pregnancy complications, such as PE, premature birth, and RM (47). The previous study has shown that TGF-β can increase the invasiveness of placental cells in rats (48). In our study, TGF-β promoted trophoblast invasion in a dose-dependent manner. At a concentration of 25ng/ml of TGF-β, trophoblast cells exhibited the most invasion ability, while 100ng/ml of TGF-β shows little pro-invasive function in trophoblast. A previous study revealed the expression of TGF-β in pregnant rats is increased following implantation (days 5.5 to 6.5) and is maximal during regression of the decidual basil (day 14) (49). These results corroborate the findings of previous work that shows TGF-β can also restrict trophoblasts invasion in late pregnancy to prevent preeclampsia (50). We assume that the regulation of TGF-β on trophoblast is under complicated mechanisms through the whole pregnancy period. Here we illustrated USP2a collaborates with TGF-β to promote trophoblast cell invasion to help maintain normal pregnancy. Our results also demonstrate USP2a could interreact with TGFBR1. Therefore, we speculated that during normal pregnancy, decidua macrophages present an M2 phenotype and secrete TGF-β as crosstalk between decidua macrophages and the trophoblast cells. Meanwhile, TGF-β could promote the USP2a expression of trophoblast cells. USP2a could further interreact with TGFBR1, thus improving trophoblast invasion ability (Figure 7). However, the exact mechanism remains unclear and needs further research.




Figure 7 | Schematic diagram of the interaction between trophoblasts and macrophages at the maternal-fetal interface. Our study illustrated USP2a facilitates the EMT programme to enhance migration and invasion of trophoblasts secreted by phosphorylating PI3K/Akt/GSK3β/β-catenin signaling pathways. In the meantime, USP2a could interreact with β-catenin as a “shortcut” to promote nuclear β-catenin accumulation. TGF-β secreted by M2 macrophage could work together with USP2a to promote trophoblast invasion. Thereby, USP2a participates in regulating the establishment and maintenance of normal pregnancy.



Chaiworapongsa reported a case that a 38-year-old RM patient who took the histopathological examination of the placenta from a previous pregnancy showed fibrinoid deposition in the intervillous space surrounding more than 50% of the villi in some full-thickness sections. After receiving statin therapy, the patient delivered a neonate without major complications vaginally at 34 weeks of gestation (51). An array-based kinase assay spanning the entire human kinome indicated statins induce upregulation of PTEN activity leading to downregulation of the PI3K/Akt signaling (52). The PI3K/Akt signaling pathway is one of the major driving forces in a range of cellular functions and dysregulation of PI3K/Akt has been implicated in many human diseases including RM (53). Interestingly, we also detected USP2a expression in the glandular epithelium and stromal cells of human endometrial tissue and decidua tissue. When human endometrial stromal cells were cultured and stimulated by progesterone and cAMP, levels of USP2a were increased. In comparison, decidualization was suppressed markedly silencing USP2a. This suggests that progesterone and cAMP may modulate USP2a production and that USP2a may contribute to regulating decidualization. Together we can assume that USP2a plays an essential role in early pregnancy.

Several limitations need to be pointed out regarding the current study. First, whether USP2a has an impact on regulating macrophage polarization still requires further research. Second, in this study, we exclusively focused attention on the effects of macrophages but ignored other immune cells. Numerous immune cells, cytokines, chemokines, and signal molecules from the maternal-fetal interface microenvironment work synergistically to establish and maintain pregnancy. Finally, the findings from this study came from the clinical tissue and in vitro verification, which needs further identification on in vivo models. These limitations refer that these findings of the present study need to be interpreted cautiously.

In summary, this study provides new insights into the distinctive trophoblast proliferation and invasion events during the early stage of human pregnancy. Furthermore, the evidence from this study suggests transplacental regulation of cellular immunity and a possible regulating mechanism of TGF-β secreted by macrophages in regulating trophoblast invasion. These novel findings have important implications for the role of trophoblast invasion in maintaining a successful pregnancy.
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Endometriosis is an oestrogen-dependent chronic inflammatory process with primary symptoms including dysmenorrhea, chronic pelvic pain, and infertility. The immune environment of the endometrium is essential for successful embryo implantation and ongoing pregnancy. In this study, we assessed the composition, density, and distribution of infiltrating immune cells in the endometria of women with endometriosis. Gene expression profiles of endometrial samples were downloaded from the Gene Expression Omnibus (GEO) database. We found that the TNF signalling pathway, the IL-17 signalling pathway, and the MAPK signalling pathway were significantly enriched in the eutopic endometria of women with endometriosis. The fractions and proportion of infiltrating immune cells were estimated by the CIBERSORT, MCP-counter, and ImmuCellAI methods. We found that the proportions of CD8+ T cells, activated NK cells, and follicular helper T cells were significantly higher in the endometria of women with endometriosis than in the endometria of normal controls, while the proportions of M2 macrophages and resting mast cells were significantly lower in the eutopic endometria. In GSE120103 (n = 36), we found that elevated CD8+ T cells in endometriosis increased the risk of infertility (P = 0.0019). The area under the receiver operating characteristic (ROC) curve (AUC) of CD8+ T cells to distinguish fertile and infertile endometriosis was 0.914. In clinical samples (n = 40), we found that the proportions of CD8+ T cells and CD56+ NK cells were significantly higher in the eutopic endometria of women with endometriosis than in the endometria of normal controls, while the proportion of CD163+ macrophages were lower in the eutopic endometria. The AUCs of CD8+ T cells and CD163+ macrophages were 0.727 and 0.833, respectively, which indicated that CD8 and CD163 were potential diagnostic markers for endometriosis. In conclusion, our results demonstrated that increased CD8+ T cells and CD56+ NK cells and decreased CD163+ macrophages within the eutopic endometria of women with endometriosis reveal a proinflammatory feature in the endometrial immune environment and that elevated CD8+ T cells increase the risk of infertility in women with the disease.
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Introduction

Endometriosis, a condition in which endometrial-like tissue aberrantly grows outside the uterus, is characterized by an oestrogen-dependent chronic inflammatory process and symptoms including dysmenorrhea, chronic pelvic pain, and infertility (1). Endometriosis affects nearly 10–15% of women of reproductive age (2), and 30–50% of women with endometriosis have infertility (3). Therefore, it is important to investigate the mechanism of endometriosis-associated infertility. Endometriosis affects the quality of embryos, the function of fallopian tubes and embryo transportation, and the endometrial receptivity and embryo implantation (4); these abnormalities likely all impact fertility, which leads to infertility or pregnancy loss. The immune environment of the endometrium is a key factor for endometrial receptivity and is essential for successful embryo implantation and ongoing pregnancy. The eutopic endometria of women with endometriosis manifest progesterone resistance and oestrogen dominance, resulting in disturbed decidualization and aberrant inflammation (5, 6).

Previous studies have indicated that the immune environment within the eutopic endometria of women with endometriosis is different from that within normal endometria, such as the components of immune cells (7–9) and the activation of immune-inflammation signalling pathways (10, 11). However, the proportion and distribution of different subtypes of immune cells within the eutopic endometria of women with endometriosis remain controversial. For example, four groups have reported a greater abundance of macrophages (Møs) in the endometria of women with endometriosis in the proliferative phase (12) or independent of the hormonal milieu (7, 9, 13) compared with normal controls, a finding that was not confirmed by another group (14). Most previous studies have adopted an immunohistochemistry or flow cytometry method to evaluate the landscape of infiltrating immune cell subtypes. Because of the limited number of biomarkers in one experiment, to date, there are no data providing a complete phenotyping of immune cells within the eutopic endometria of women with endometriosis. Recently, a transcriptome meta-analysis by the xCell algorithm revealed the differences in the immune profile between eutopic endometria and stage I–II and III–IV endometriosis independent of the hormonal milieu (9). However, the study lacks validation in clinical specimens.

With the boom in high-throughput technologies over the last decade, including microarrays and RNA sequencing, large‐scale transcriptome data was produced, which provides opportunities for estimating the abundance of immune cells using gene expression profiles. To date, several methods, including CIBERSORT, xCell, EPIC, TIMER, MCP-counter, and ImmuCellAI, have been developed for estimating immune cells from bulk transcriptome data of different diseases, including cancer and benign disease (15–17). CIBERSORT is a bioinformatics tool that uses the deconvolution method to characterize cell subsets of interest in high-dimensional genomic data derived from bulk tissue samples (4, 15). The Microenvironment Cell Populations-counter (MCP-counter) method and Immune Cell Abundance Identifier (ImmuCellAI) are both gene set signature‐based methods for estimating the abundance of tissue-infiltrating immune cell populations from transcriptomic data (18, 19). Compared with CIBERSORT and the MCP-counter method, ImmuCellAI can be used to estimate the abundance of 18 T‐cell subsets, such as iTreg, Tc, and exhausted T cells (Tex) (19). Gene Expression Omnibus (GEO) provides a large amount of transcriptome data of different diseases, including eutopic endometria and normal controls.

In this study, we assessed the composition, density, and distribution of infiltrating immune cells in the endometria of women with endometriosis by CIBERSORT, MCP-counter, and ImmuCellAI methods. Considering the features of infiltrating immune cells throughout the menstrual cycle, all samples enrolled in this study were in proliferation and early secretory phases so that the data between the two groups were comparable. Then, GSE120103 was used to analyse the relationship between infiltrating immune cells and infertility in women with endometriosis. Next, the results of transcriptomic analysis were validated by immunochemistry and immunofluorescence in clinical paraffin-embedded endometrial specimens. We believe that immune infiltration analysis based on transcriptome data by multiple methods is inexpensive and easily available and is of greater reference value because it is based on clinical specimen validation.



Materials and Methods


Data Collection and Processing

Gene expression profiles of endometria with or without endometriosis were downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). Eligibility criteria included samples of eutopic endometria from women with endometriosis and from healthy controls without any pathological condition, samples within the proliferation and early secretory phases of the menstrual cycle, and samples containing both glandular and stromal components. GSE25628, GSE6364, and GSE51981, containing 67 samples of eutopic endometria and 40 normal controls, were included in this study (Table 1). The datasets were combined and processed by the sva package to remove batch effects because the datasets came from multiple cohorts and array platforms (20) and then were normalized by the limma package before further analysis (21). GSE120103 contains 36 endometrial samples of fertile or infertile women with or without endometriosis (22), which were downloaded and processed by the GEOquery package. The raw data are available in NCBI-GEO, from which they can be downloaded and analysed.


Table 1 | Gene expression datasets used in this study.





Estimation of Infiltrating Immune Cells

The infiltrating immune cells in the endometrium were estimated by the CIBERSORT, MCP-counter, and ImmuCellAI algorithms. CIBERSORT method was performed by its package within R as previously described (15). The number of permutations of the default signature matrix was set to 1,000. Only samples with a CIBERSORT P<0.05 were deemed qualified for further analysis. Only types of infiltrating immune cells that could be detected in most of the samples (a 75% cut-off) were included for further analysis. The MCP-counter was performed within R as previously described (18), and a normalized gene matrix was loaded and further analysed. The normalized gene matrix was also analysed by ImmuCellAI online (http://bioinfo.life.hust.edu.cn/ImmuCellAI#!/) (19), immune cell abundance in all samples was estimated, and the results were visualized by pheatmap and ggplot2 packages within R. The infiltrating immune cells in the infertile cohort (GSE120103) were estimated by MCP-counter method because its normalized matrix contains negative values.



Clinical Samples

Between January 2018 and December 2019, 40 archival formalin-fixed paraffin-embedded endometrial specimens were obtained from the First Affiliated Hospital of Guangzhou Medical University. This study was approved by the Institutional Research Ethics Committee and is compliant with the principles set forth by the Declaration of Helsinki principles. Informed consent was obtained from each patient before using the samples. The specimens included 20 cases of eutopic endometria with endometriosis and 20 normal controls. All enrolled patients were in the proliferation and early secretory phases of the menstrual cycle, which were confirmed by the patient’s menstrual cycle and pathological examination. Two experienced pathologists who had no prior knowledge of the patient data reviewed the slides for all cases to confirm the previous diagnosis independently. Serial sections were prepared for haematoxylin and eosin (HE) staining, immunohistochemistry (IHC) staining, and immunofluorescence staining.



Immunohistochemistry Staining and Analysis

IHC was performed as previously described (23, 24). Briefly, the paraffin-embedded samples were sectioned at 4 μm thickness. Antigen retrieval was performed using target retrieval solution Tris-EDTA buffer pH 9.0 (for CD56 and CD117) and pH 8.0 (for CD45) or citrate buffer pH 6.0 (for CD8 and CD163) with a pressure cooker for 3–5 min. Endogenous peroxidase activity was blocked by incubating for 30 min in 3% H2O2 at room temperature. Non-specific binding was blocked with 5% BSA for 30 min at room temperature. The tissues were incubated with antibodies against CD45 (1:200, ZM-0183, Zsgb-Bio), CD8 (1:200, ab237709, Abcam), CD56 (1:100, ZM-0057, Zsgb-Bio), CD117 (1:200, ab32363, Abcam), and CD163 (1:200, ab156769, Abcam) overnight at 4°C, and immune detection was performed using DAB kits (PV-9001 and PV-9002, Zsgb-Bio) according to the manufacturer’s instructions. Each specimen was first screened at low magnification (×100), and the five fields with the greatest number of positively stained cells were selected for further analysis. The mean cell counts in these five fields for each case were estimated at high-power (×200) magnification and determined by two independent pathologists who were blinded to the patients’ pathological and clinical status. To confirm the reproducibility, 25% of the slides were chosen randomly and scored twice. All duplicates were evaluated in a similar manner. CD45 (lymphocyte common antigen, LCA) is a receptor-linked protein tyrosine phosphatase that is expressed on all leukocytes (25). Therefore, the counts of CD45 in every sample were used to calculate the fraction and proportion of immune cell subsets. The mean ± SD are shown.



Immunofluorescence Staining

Clinical paraffin-embedded samples were used for immunofluorescence staining. Briefly, 4-μm-thick paraffin sections were deparaffinized and rehydrated. Antigen retrieval was performed using target retrieval solution Tris-EDTA buffer (pH 9.0) and citrate buffer (pH 6.0) with a pressure cooker for 10–15 min. The non-specific binding was blocked with 5% BSA for 30 min at room temperature. Subsequently, the sections were simultaneously incubated with rabbit monoclonal anti-CD8 antibodies (1:200, ab237709, Abcam) and mouse monoclonal anti-CD163 (1:200, ab156769, Abcam) in a humidified chamber overnight at 4°C. Alexa Fluor® 647 conjugated donkey anti-rabbit antibodies (1:200, ab150075, Abcam) and CY3 conjugated donkey anti-mouse antibodies (1:200, GB21401, Servicebio) were used as secondary antibodies. DAPI was then used to counterstain the nuclei, and images were obtained by fluorescence microscopy (Leica DM6).



Differentially Expressed Gene Analysis and Pathway Enrichment Analysis

Differentially expressed genes (DEGs) between the eutopic endometria and normal controls were identified by the limma package in R. DEGs were identified based on a 5% adjusted p value and a 1.261 log fold change (logFC) cut-off. LogFC cut-off was defined as the mean of the sums of the absolute value of logFC and its two standard deviations in the whole expression matrix. Volcano plots and heatmaps are used to display the meaningful DEGs. KEGG pathway and GO term enrichment analyses for DEGs are displayed by the clusterProfiler package as previously published (26).



Statistical Analysis

All data were statistically analysed using SPSS 24.0 software (IBM Corporation, Armonk, NY, USA) and are expressed as the mean ± standard deviation. Student’s t-test and the Wilcoxon rank-sum test were used to evaluate differences between two groups. Differences were considered significant at bilateral P values < 0.05.




Results


Gene Expression Signatures of the Eutopic Endometria of Women With Endometriosis

A flowchart of the analysis procedures, including transcriptomic analysis and experimental validation, for this study is shown in Figure 1A. A total of 107 endometrial samples (67 eutopic endometria and 40 normal controls) and 12,402 filtered and normalized genes were included in this study (Table 1). The batch effects of the three GEO series (GSE25628, GSE6364, and GSE51981) were processed by the Combat function in the sva package and normalized by limma packages. Boxplots and PCA scatter plots show the normalized gene expression data before and after batch effect removal (Figures 1B–G). Ninety-eight upregulated and 218 downregulated genes were identified in the eutopic endometria of women with endometriosis compared with the endometria of normal controls (Supplemental Figure 1A). According to KEGG pathway and Gene Ontology (GO) term enrichment analyses of the DEGs, the TNF signalling pathway, IL-17 signalling pathway, and MAPK signalling pathway were significantly enriched (Supplemental Figures 1C–F), which indicated that the eutopic endometria of women with endometriosis have prominent inflammatory features.




Figure 1 | The study flowchart and gene expression after combining data from the datasets and identifying and removing the batch effect. (A) The study flowchart. (B, C) Boxplots show the intensity of the log2-transformed gene expression before (B) and after (C) batch effect removal. (D–G) Scatter plots show the principal component analysis (PCA) analysis of normalized gene expression data before (D, E) and after (F, G) batch effect removal by Combat. Ellipses underlying assumptions about the distribution of the data were drawn considering a multivariate t-distribution and a confidence level of 0.95. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes. IHC, immunohistochemistry; IF, immunofluorescence.





The Signatures of Infiltrating Immune Cells in the Eutopic Endometria of Women With Endometriosis

First, we estimated the composition of infiltrating immune cells in the endometria using the normalized gene matrix of 107 samples by the CIBERSORT algorithm. The 22 types of infiltrating immune cells inferred by CIBERSORT include B cells, T cells, natural killer cells, macrophages, dendritic cells, eosinophils, and neutrophils and are shown in a stacked bar plot in Figure 2A. After filtering by the CIBERSORT p value and the cut-off, we obtained 10 major immune cell subsets (plasma cells, CD8+ T cells, follicular T helper cells, regulatory T cells, activated NK cells, monocytes, M0 macrophages, M2 macrophages, resting dendritic cells, and resting mast cells) in the endometria (Figure 2B). Six of 10 types of immune cells were significantly changed between the eutopic endometria of women with endometriosis and the endometria of normal controls (Table 2). Compared to the results for the normal controls, the proportions of CD8+ T cells, activated NK cells, follicular helper T cells, and monocytes were significantly higher in the eutopic endometria of women with endometriosis (P = 0.0033; P = 0.0029; P = 0.0086; and P = 0.0054), while the proportions of M2 macrophages and resting mast cells were significantly lower in the eutopic endometria of women with endometriosis (P = 0.0336; P = 5.9e-05; Figures 2C, D).




Figure 2 | The estimation of infiltrating immune cells in the endometria with or without endometriosis in the GEO cohort by CIBERSORT. (A) The stacked bar plot figure shows the inferred composition of 22 immune cell subsets in the endometria. (B) The heatmap shows the estimated proportions of 10 major immune cell subsets (plasma cells, CD8 T cells, follicular helper T cells, regulatory T cells, activated NK cells, monocytes, M0 macrophages, M2 macrophages, resting dendritic cells, and resting mast cells) in the endometria. (C) Comparisons of immune cells more in endometriosis or more in normal samples. (D) Boxplots comparing the proportions of 10 major immune cell subsets between normal and endometriosis samples. Data were assessed by the Wilcoxon rank-sum test. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, no significance.




Table 2 | The proportions of 10 major infiltrating immune cell subsets in the endometrium with or without endometriosis estimated by CIBERSORT.



Then, the infiltrating immune cells within the 107 samples were also estimated by MCP-counter and ImmuCellAI methods. For the MCP-counter method, we found that T cells (P = 1.6e-6), CD8+ T cells (P = 0.00018), cytotoxic lymphocytes (P = 0.0038), and NK cells (P = 0.00016) were elevated in the eutopic endometria of patients with endometriosis compared to the endometria of healthy controls (Figures 3A, B), while monocytic lineage was decreased in the eutopic endometrium samples (P = 0.04699). For ImmuCellAI, the infiltration score of the eutopic endometria was higher than that of the controls (P = 0.01058). In the eutopic endometrium, NK cells (P = 0.039), CD4+ T cells (P = 0.001), and CD8+ T cells (P = 7.2e-8) were also higher than those in healthy controls (Figures 3C, E). Moreover, the subsets of CD4+ T cells and CD8+ T cells were further compared between the two groups, and we found that follicular helper T cells (Tfhs) were significantly higher in the eutopic endometrium samples compared to those of healthy controls (P = 1.39e-9), while naive CD4+ T cells (P = 0.00013), naive CD8+ T cells (P = 7.6e-5), nTreg (P = 4.6e-5), Th1 (P = 6.9e-6) and Th2 (P = 0.00014), central memory (P = 0.00076), and effector memory T cells (P = 1.1e-6) were lower in the eutopic endometrium samples compared to those of healthy controls (Figures 3D, F).




Figure 3 | Estimation of infiltrating immune cells by the MCP-counter and immuCellAI methods. (A, B) The results of the MCP-counter method: the heatmap shows the absolute abundances of eight immune cell subsets (A) and boxplots comparing the abundances of eight immune cell subsets between normal and endometriosis samples. (C–F) The immuCellAI results: the heatmap shows the proportions of 10 major types of immune cells and the infiltration scores (C) and boxplots comparing the proportions of 10 immune cell subsets between normal and endometriosis samples. The subsets of CD4+ T cells and CD8+ T cells are also shown by the heatmap (D) and boxplots (F). Data were assessed by the Wilcoxon rank-sum test. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, no significance.





The Relationship Between Infiltrating Immune Cells and Infertility in Patients With Endometriosis

The infiltrating immune cells in the 36 endometrial tissue samples of fertile or infertile women with or without endometriosis (GSE120103) were estimated by the MCP-counter method. We found that CD8+ T cells were higher in infertile women (n = 18) than in fertile women (n = 18) (P = 0.0224), while cytotoxic lymphocytes were lower in the infertile group (P = 0.0005, Figures 4A, B). The area under the ROC curve (AUC) of CD8+ T cells to distinguish fertile and infertile women was 0.722 (Figure 4C). In patients with endometriosis, CD8+ T cells were also higher in infertile women (n = 9) than in fertile women (n = 9) (P = 0.0019), and the AUC of CD8+ T cells was 0.914 (Figure 4E). In both the endometriosis and healthy cohorts, cytotoxic lymphocytes were lower in infertile patients (P = 0.0078; P = 0.02443, Figures 4D, H). B lineage cells were higher in the eutopic endometria of patients with endometriosis (n = 18) than in the endometria of healthy controls (n = 18) (P = 0.0071, Figure 4F). In patients with endometriosis, B lineage cells were higher in the infertile group than in the fertile group (P = 0.0106, Figure 4D). NK cells were higher in the group with eutopic endometria than in the healthy controls (P = 0.0064, Figure 4F). The AUC of NK cells to distinguish endometriosis and healthy women was 0.764 (Figure 4G). In healthy women, NK cells were higher in fertile women than in infertile women (P = 0.00016, Figure 4H). The AUC of NK cells to distinguish between fertile and infertile women in healthy women was 0.975 (Figure 4I).




Figure 4 | Estimation of infiltrating immune cells in the endometria of fertile and infertile cohorts (GSE120103) by the MCP-counter method. (A) The heatmap shows the absolute abundance of eight immune cell subsets. (B) Boxplots show differential infiltrating immune cells (CD8 T cells and cytotoxic lymphocytes) between fertile (n = 18) and infertile (n = 18) groups. (C) The ROC curve of CD8+ T cells in fertile and infertile cohorts (n = 36). (D) Boxplots show differential infiltrating immune cells (CD8 T cells, cytotoxic lymphocytes, and B lineage) between fertile (n = 9) and infertile (n = 9) groups in patients with endometriosis. (E) The ROC curve of CD8+ T cells in patients with endometriosis (n = 18). (F) Boxplots showing differentially infiltrating immune cells (NK cells and B lineage) in women with (n = 18) or without (n = 18) endometriosis. (G) The ROC curve of NK cells in women with or without endometriosis (n = 36). (H) Boxplots show differential immune cells (cytotoxic lymphocytes, B lineage, NK cells, and myeloid dendritic cells) between fertile (n = 9) and infertile (n = 9) groups in healthy women. (I) The ROC curve of NK cells in a cohort of healthy women (n = 18). Data were assessed by the Wilcoxon rank-sum test. *P < 0.05, **P < 0.01, and ***P < 0.001. AUC, the area under the ROC curve.





Validation of the Density and Distribution of Endometrial Immune Cells in Clinical Samples

To confirm further the density and distribution of immune cells in the endometrium, the differentially infiltrating immune cells were validated by immune cell biomarkers in clinical paraffin-embedded endometrial specimens (n = 40) by immunohistochemistry using serial sections. CD8 is for CD8+ T cells, CD56 is for NK cells, CD117 is for mast cells, and CD163 is for M2 macrophages. CD45 was also stained and used to calculate the proportion of each immune cell subset. We found that the proportions of CD8+ T cells and CD56+ NK cells were significantly higher in the eutopic endometria of women with endometriosis than in women with normal endometria (0.2292 ± 0.0591 vs 0.1790 ± 0.0562, P = 0.0132; 0.1686 ± 0.0745 vs 0.1163 ± 0.056, P = 0.0227; Figures 5A, B and Table 3), while CD163+ macrophages were lower in the eutopic endometria of women with endometriosis compared to their counterparts (0.1774 ± 0.0685 vs 0.2555 ± 0.0588, P = 0.0003; Figures 5A, B and Table 3). These results verified in clinical samples were consistent with those estimated by the CIBERSORT, MCP-counter, and ImmuCellAI algorithms. However, CD117+ mast cells were not significantly different between the groups in the clinical samples (Figures 5A, B). The areas under the ROC curves (AUCs) of CD8+ T cells and CD163+ macrophages were 0.727 and 0.833, respectively, which indicated that CD8 and CD163 were potential diagnostic markers for endometriosis (Figures 5C, D). Then, CD8 and CD163 were simultaneously stained by immunofluorescence in the endometrium samples, which again confirmed the distribution of CD8+ T cells and CD163+ macrophages in the endometria, as shown in Figure 5E.




Figure 5 | Experimental validation of infiltrating immune cells in clinical endometrial samples. (A) Representative photographs of haematoxylin-eosin (HE) staining and immunohistochemistry (CD45, CD8, CD56, CD117, and CD163). Magnifications at 100× and 400× are shown. (B) Boxplots comparing the proportions of four immune cell subsets between normal and endometriosis tissues. Data were assessed by the Wilcoxon rank-sum test, and P values are labelled. ns, no significance. (C, D) The ROC curve of CD8+ T cells and CD163+ macrophages in clinical samples. AUC, the area under the ROC curve. (E) Representative photographs of immunofluorescence (CD8, CD163, and DAPI). Magnification was 400×. *P < 0.05, ***P < 0.001, ns, no significance.




Table 3 | The proportions of infiltrating immune cells in the endometrium between normal and endometriosis.






Discussion

Although a number of studies and great efforts have been made in the past few decades, to date, the pathogenesis of endometriosis is poorly understood. Genetics and environmental factors are key drivers, and the immune system is believed to play a major role in its pathophysiology and symptomatology (2, 27). The inflammatory features of endometriosis manifest not only in the pelvic cavity and ectopic lesions but also in the eutopic endometrium (28). Previous studies have reported that changes in endometrial immune status directly or indirectly contribute to disease establishment and the inhospitable environment for embryo implantation, which can lead to an increased risk of infertility and adverse pregnancy outcomes in women with endometriosis (8). Here, in combination with bioinformatics analysis and clinical sample validation, we provided a clear understanding of the composition, density, and distributions of infiltrating immune cells within the eutopic endometria of patients with endometriosis. We found that CD8+ T cells and CD56+ NK cells were higher in the eutopic endometria of women with endometriosis than in the endometria of normal controls, while CD163+ macrophages were lower in the eutopic endometria. Elevated CD8+ T cells and NK cells increase the risk of infertility. According to the results of differentially expressed gene analysis and KEGG pathway and GO term enrichment analyses, the TNF signalling pathway, IL-17 signalling pathway, and MAPK signalling pathway were significantly enriched in the eutopic endometria of women with endometriosis, which indicated a proinflammatory immune status in the eutopic endometria of women with endometriosis.

In general, T cells are effector cells of the adaptive immune system (29). According to the results of the CIBERSORT, MCP-counter, and ImmuCellAI methods, we found that the abundances of T cells, CD4+ T cells, follicular helper T (Tfh) cells, and CD8+ T cells in the eutopic endometria of women with endometriosis were higher than those in the endometria of normal controls. Tfh cells are a specialized subset of CD4+ T cells that play an important role in the adaptive immune response (30). There are few reports about the functions of Tfh cells in endometriosis. Luan et al. reported that memory Tfh cells with the CD4+ CXCR5+ PD1+ CCR7− and CD4+ CXCR5+ PD-1+ ICOS+ phenotypes showed a significant increase in recurrent spontaneous abortion (RSA) patients compared to women with a normal pregnancy who had chosen termination (31). Whether elevated Tfh cells in the eutopic endometria of women with endometriosis increase the risk of infertility warrants further research. The main function of CD8+ T cells is to monitor all the cells of the body, ready to destroy those that may threaten the homeostasis of the host (32). A previous study has reported that CD8+ T cells in ectopic lesions are higher in number than those in the eutopic endometria of women with endometriosis (33) and do not vary with the hormonal milieu (34). However, whether the numbers of endometrial CD8+ T cells differ between women with and without endometriosis remains to be determined. Herein, we found that CD8+ T cells were higher in the eutopic endometria of patients with endometriosis than in the endometria of normal controls and that elevated CD8+ T cells increased the risk of infertility in patients with endometriosis. In clinical samples, we validated the density and distribution of elevated CD8+ T cells in the eutopic endometria of women with endometriosis. The AUC of CD8+ T cells was 0.727, which indicated that CD8 is a potential diagnostic marker to distinguish endometriosis and normal controls.

Previous studies reported that uterine natural killer (uNK) cells are the predominant leukocyte population in the human endometrium (35), comprising 30–40% of total leukocytes in the proliferative phase and up to 70% in the secretory phase (36, 37). We found that the total proportion of NK cells (resting and activated subtypes) in 22 immune cell types was approximately 29.0%. As most of the samples enrolled were in the proliferation phase, the content of NK cells was consistent with that reported in the literature. The proportion of activated NK cells was significantly higher in the eutopic endometria of women with endometriosis than in the endometria of normal controls, while resting NK cells were not significantly different between the groups. In GSE120103, we also found that the abundance of NK cells in the eutopic endometria of women with endometriosis was higher than in the endometria of healthy controls. NK cells act as the first line of defence against viral infections and tumour growth and are important for normal tissue homeostasis (38). Previous studies have reported that uNK cells are CD9+CD3−CD56HighCD16Low, whereas peripheral blood NK cells are CD9+CD3−CD56LowCD16High (39, 40). Therefore, we selected anti-CD56 antibodies to detect NK cells in clinical endometrium samples, and we confirmed that CD56+ NK cells were significantly elevated in the endometria of patients with endometriosis compared with those of normal controls. Moreover, uNK cells are key players in embryo implantation because they produce and secrete angiogenic factors, including vascular VEGF and angiotensin 2 (ANG2) that promote the maturation of endometrial blood vessels, which is important for successful implantation and pregnancy establishment (41, 42). It is likely that defects in NK cell activity that contribute to the pathogenesis of endometriosis will significantly impact fertility. In healthy women, we found that NK cells were higher in fertile women than in infertile women, and the AUC of the ROC curve was 0.975. However, this finding was not significant in women with endometriosis, which may be due to the limited sample size of GSE120103. A previous study reported that more immature uNK cells (stage I–II) were found in the eutopic endometria of women with endometriosis than in the endometria of normal controls, which is associated with infertility or recurrent pregnancy loss (43). CD56High NK cells were first considered “immunoregulatory” by Cooper et al. because of the increased production of cytokines and reduced cytotoxicity compared to CD56Low NK cells (44). Although the absolute numbers of uNK cells are elevated in endometriosis eutopic endometrium, they are likely dysfunctional, and their cytotoxicity is diminished, consistent with their CD56HighCD16Low phenotype and lack of activating NKp30 and NKp44 receptors (45).

Macrophages have been widely studied in endometriosis ectopic lesions, but little is known about them in the eutopic endometrium and how they (and other immune cells) contribute to disease establishment and the inhospitable environment for embryo implantation, which leads to an increased risk of infertility and adverse pregnancy outcomes in women with disease (8). Macrophages are classified as “classically activated” M1 macrophages or “alternatively activated” M2 macrophages depending on the activation state and surface markers (46). We found that the number of M2 macrophages was lower in the endometria of patients with endometriosis than in normal controls. A previous study found that M1 macrophages were higher in stage I–II endometriosis than in healthy controls, whereas M2 macrophages were elevated in the eutopic endometria of women with stage III–IV endometriosis (9). However, we found that the abundance of M1 or M2 macrophages between stage I–II and stage III–IV endometriosis was not significantly different. In GSE130435, we found that the differentially expressed genes of M2 macrophages between endometriosis and normal controls were mainly enriched in immune system processes and defence responses to other organisms (Supplemental Figure 3). A previous study has also reported that M2 macrophages are the predominant phenotype in healthy endometria (47), while the endometrial macrophage M2 population in women with endometriosis was lower in all cycle phases than in controls (7). In addition, M1 macrophages have proinflammatory properties, and M2 macrophages have anti-inflammatory properties. Therefore, more M2 macrophages in the endometria of healthy women maintain an anti-inflammatory environment, which allows embryo implantation. In contrast, levels of IL-1, IL-6, and IL-8 and hepatocyte growth factor (HGF) are increased in the endometria of women with endometriosis compared with the endometria of normal controls (48), and elevated levels of monocyte/macrophage-activating chemoattractant protein-1 (MCP-1) (49) and macrophage inhibitory factor (50) further promote a proinflammatory environment in the endometria of women with disease.

Overall, it is a practicable strategy to profile the signatures of infiltrating immune cells in the endometria between women with or without endometriosis by integrating the transcriptome matrix, using the CIBERSORT, MCP-counter, and ImmuCellAI methods and validating them in clinical samples. Our data revealed an altered proinflammatory immune environment in the endometria of women with endometriosis compared to those without endometriosis, along with other abnormalities in non-immune cells in this tissue, which are believed to contribute to endometriosis establishment, pathophysiology, and known adverse reproductive outcomes. We first demonstrated the abundance of CD8+ T cells in the eutopic endometria of women with endometriosis, and we found a relationship between CD8+ T cells and infertility in women with endometriosis. This study helps us to understand the mechanism of infertility in endometriosis and provides potential applications for the diagnosis and treatment of this disease. The results of this study highlight the important roles of the endometrial immune environment in endometriosis and potential therapeutic targets in treating this disease, providing opportunities for future research.

In conclusion, we profiled the signatures of infiltrating immune cells in the eutopic endometria of women with endometriosis. Our results demonstrated that increased CD8+ T cells and CD56+ NK cells and decreased CD163+ macrophages within the eutopic endometria of women with endometriosis reveal a proinflammatory feature in the endometrial immune environment and that elevated CD8+ T cells increase the risk of infertility in women with the disease.
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Supplementary Figure 1 | Differential expression gene analysis of the endometrium between normal and endometriosis tissues and KEGG pathway and GO term enrichment analyses. (A) Volcano plot analysis of differentially expressed genes (DEGs) in the endometrium between normal and endometriosis tissues. (B) The heatmap of Top100 DEGs. (C) Bar plots of KEGG pathway enrichment analysis. (D–F) Dotplots of GO term enrichment analyses, including biological process (D), cellular component (E), and molecular function (F).

Supplementary Figure 2 | Estimation of infiltrating immune cells in the endometria of ASRM clinical stages of endometriosis (GSE51981) by CIBERSORT. (A) The heatmap showing the estimated proportions of 12 major immune cell subsets in the endometria. (B) Boxplots comparing the proportions of 12 major immune cell subsets between minimal/mild (n = 18) and moderate/severe (n = 29) stages of endometriosis. Data were assessed by the Wilcoxon rank-sum test. *P < 0.05. ns, no significance.

Supplementary Figure 3 | Differential expression gene analysis of macrophage M2 and KEGG pathways and GO term enrichment analyses. (A) Volcano plot analysis of differentially expressed genes (DEGs) in M2 macrophages in the endometrium between normal and endometriosis tissues. (B) The heatmap of DEGs. (C) Dotplots of KEGG pathway enrichment analysis. (D–F) Dotplots of GO term enrichment analyses, including biological process (D), cellular component (E), and molecular function (F).
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Immunity and metabolism are interdependent and coordinated, which are the core mechanisms for the body to maintain homeostasis. In tumor immunology research, immunometabolism has been a research hotspot and has achieved groundbreaking changes in recent years. However, in the field of maternal-fetal medicine, research on immunometabolism is still lagging. Reports directly investigating the roles of immunometabolism in the endometrial microenvironment and regulation of maternal-fetal immune tolerance are relatively few. This review highlights the leading techniques used to study immunometabolism and their development, the immune cells at the maternal-fetal interface and their metabolic features required for the implementation of their functions, explores the interaction between immunometabolism and pregnancy regulation based on little evidence and clues, and attempts to propose some new research directions and perspectives.
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Introduction

Classical reproductive immunology considers that pregnancy can be understood as a model for “allograft transplantation.” The establishment of a normal pregnancy depends on maternal immune recognition and tolerance to the embryonic alloantigens (1). The interaction between immune cells and cytokines at the maternal-fetal interface creates an immune tolerance microenvironment, preventing the fetus from the maternal immune system attacks and maintaining a certain degree of immunity to protect the mother from harmful pathogens (2, 3). The immune microenvironment at the maternal-fetal interface is mainly composed of decidual stromal cells (DSC), decidual epithelial cells (DEC), trophoblast cells, decidua immune cells (DIC), and the soluble factors. The establishment of pregnancy induces a series of maternal immune-inflammatory responses and adaptive changes in material and energy metabolism (4). With the progress of pregnancy, the maternal-fetal interface immune microenvironment shows a dynamic equilibrium: during early pregnancy, the maternal-fetal interface changes from an inflammatory microenvironment that is conducive to embryo implantation and pregnancy establishment to an immune tolerance microenvironment that is conducive to pregnancy maintenance and fetal growth and development. Until late pregnancy, it gradually tends to inflammatory transition, and is endogenously prepared for delivery. When the regulation of maternal-fetal immune tolerance is disturbed, the result can be an excessive immune response to the fetus and the development of immune rejection, leading to pathological pregnancy or even pregnancy loss.

Immune cell metabolic reprogramming is a general term for the response of immune cells to crucial changes in the environment, involving changes in critical metabolic enzymes, metabolites, and metabolic pathways. Various cytokines and antigens can regulate the metabolism of immune cells. Then, metabolic reprogramming occurs and affects the outcome of the immune response. The metabolic level of the cell itself is also closely related to its function (5–7). Many immune cells are infiltrated in the uterus, and the success of pregnancy immunity depends to a certain extent on their crosstalk with trophoblast cells (8). Immune cells, such as natural killer (NK) cells, macrophages (Mφ), T cells and dendritic cells (DC), exhibit specific phenotypes and functions through a series of cell differentiation and participate in the regulation of reproductive processes (9). In addition to meeting the material basis required for the growth and development of the fetus, metabolic reprogramming also plays a role in regulating the immune state. Finally, it establishes an “immune tolerance” microenvironment in the uterus, achieving “peaceful coexistence” between mother and fetus (10). However, the differentiation and regulatory mechanism of endometrial immune cells remain to be elucidated. Whether immunometabolism regulates the phenotype and function of immune cells and regulates the physiological processes of reproduction remains further revealed. This review focuses on the leading techniques used to study immunometabolism and their development, summarizes the functions of immune cells at the maternal-fetal interface, and explores the potential role of immune cell metabolic reprogramming in the maternal-fetal interface to provide new ideas for the diagnosis and treatment of clinical pregnancy-related diseases.



Leading Techniques for Detection of Immune Cell Metabolism

Metabolism is a crucial physiological activity in cells. There are six main metabolic pathways in immune cells, including glycolysis, tricarboxylic acid (TCA) cycle, pentose phosphate pathway (PPP), fatty acid oxidation (FAO), fatty acid synthesis (FAS), and amino acid metabolism (10). Their interaction provides energy and nutrients for the maintenance of cell life activities (Figure 1). Cell metabolism is more than just a process of adenosine triphosphate (ATP) production, biosynthesis, and catabolism. Metabolites and metabolic fluxes can regulate cellular signaling pathways and post-translational modifications (PTM) (11), leading to changes in gene expression and even in the epigenome. For example, post-translational histone modification can be affected by changing local concentrations of key metabolites, thereby regulating transcription and other DNA-templated functions (12). Metabolic activity can regulate cell apoptosis and autophagy (13, 14), and metabolic enzymes can also act as cellular RNA binding proteins to participate in the post-transcriptional control of specific mRNAs (15, 16). Finally, metabolites can be directly used as signal molecules to affect pro- and anti-inflammatory results (17, 18).




Figure 1 | The Core Metabolic Pathways of Immune Cells. Glucose is the primary energy supply substance. It can produce ATP through glycolysis, or tricarboxylic acid cycle, and oxidative phosphorylation. In addition, glucose 6-phosphate, the product of the first step of glycolysis, can participate in the production of pentose phosphate and NADPH by PPP, and participate in nucleotide metabolism and glutathione reduction, respectively (not shown in the figure). The TCA cycle is the hub of sugar, fat, and amino acid metabolism, and the three major nutrients can be transformed into each other through this cycle. Citrate can be used as a carrier to transport acetyl-CoA to the cytoplasm. Acetyl-CoA is the raw material for the synthesis of fatty acids and cholesterol. Many amino acids can be synthesized from intermediate products of the TCA cycle, and amino acids and fatty acids can also be used as alternative substrates for the process. For example, acetyl-CoA produced by β-oxidation of fatty acids and α-ketoglutarate produced by the deamination of glutamate, can enter the TCA cycle and drive OXPHOS. Glu, glucose; G6P, glucose 6-phosphate; OXPHOS, oxidative phosphorylation; ATP, adenosine triphosphate; GTP, guanosine triphosphate; PPP, pentose phosphate pathway; AAs, amino acid synthesis; FA, fatty acids; R-5-P, ribose 5-phosphate; NADPH, reduced form of nicotinamide adenine dinucleotide phosphate; NADH, nicotinamide adenine dinucleotide FADH2, reduced flavine adenine dinucleotide.



In the past few decades, people have been developing tools to detect changes in cellular metabolism. Traditional bulk metabolism research methods include extracellular flux analysis (EFA), steady-state metabolomics, etc. With the advent of single-cell applications, researchers can now estimate the metabolic status of individual immune cells in clinical samples. Technological advancements in measuring metabolites and metabolic activity have provided researchers with more tools than ever to understand and test the complexity of immunometabolism. Here is a brief introduction to the leading techniques used to study immunometabolism and its developmental history.

The EFA technique was initially used to study the effects of drugs in vitro by measuring cellular respiration and acidification. Researchers have developed various tools for its development, but the efficiency is still low, and the application is relatively limited (19). Since introducing the Seahorse Bioscience XFe Extracellular Flux Analyzer in 2009, it has brought innovation to this technology. It is the first in the world to use 24-well or 96-well microwell plates as a platform, which can record the extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) in real-time as key metabolic readings and provide indirect measurements of glycolysis and mitochondria respiration (20). It dramatically expands the research horizon of cell metabolism and extends it to the field of immune cells. It provides tools for exploring the upstream biology and cellular and molecular mechanisms that control immune cell responses through real-time metabolic analysis of live cells. Since 2012, there have been studies using this method to study the metabolic changes of dendritic cells (21), T cells (22), monocytes (23), and macrophages (24). However, it cannot provide detailed information about the metabolic pathways other than glycolysis and the TCA cycle in the mitochondrial activity. It also cannot capture a single cell’s metabolism information.

Flow cytometry (FCM) is one of the most straightforward and informative single-cell methods for analyzing metabolic characteristics. In 1969, Van Dilla Fulwyler et al. invented the first fluorescence detection cytometer to quickly count human white blood cells (25). With the monoclonal antibody technology proposed by Kochler and Milstein in 1975 (26), the combination of cytometer and immunity and continuous development have gradually formed the current flow cytometer. It is no longer only used for cell counting but quantifies proteins, nucleic acids, and metabolites. Since this technique has been developed for many years, commercially metabolite fluorescent dyes and analogs are abundant and easy to use. Immune cells incubated with a fluorescently labeled substrate will occupy the substrate with an endogenous transporter. After washing the exogenous matrix, flow cytometry can quantify the uptake of metabolites from the matrix by the cells. The additional advantage of these techniques is that they required only a small number of cells, making flow cytometry a popular choice for rapidly verifying differences in metabolic activity (27, 28).

Cytometry + time of flight (CyTOF) is a flow cytometry technique based on heavy metal isotope-labeled antibodies. The key feature is that it no longer needs to use fluorescein-labeled antibodies like traditional flow cytometry. Since the sample will enter the mass spectrometer for analysis, it is also called mass spectrometry flow cytometry (29, 30). The application of this technique, on the one hand, has dramatically increased the number of flow detection channels to hundreds, increasing the amount of information obtained from a single sample. On the other hand, because the detection overlaps and the background are very low in cell analysis (since heavy metals will not naturally appear in the cell), avoiding signal interference between channels and improving data reliability. CyTOF is an excellent tool for tumor immunology. It can be used to phenotype tumor infiltrating immune cells and understand the metabolic spectrum of immune cells in the tumor microenvironment (31). CyTOF is also used to analyze histone acetylation markers and cell lineage markers simultaneously, thereby enabling the detection of histone acetylation changes in samples (32). Therefore, CyTOF that combines acetylation markers, metabolic signals, and lineage markers can finally reveal many new connections between metabolism and epigenetic regulation in complex immunocytes.

Although combined with mass spectrometry, the label’s quantity of detectable metabolites is limited because CyTOF is an antibody labeling-based technique. Moreover, the three metabolic detection techniques mentioned above are all indirect, which cannot directly measure the metabolites’ content in cells. So, is there a way to directly measure the level of metabolites? The answer is metabolomics.

Metabolomics is a new emerging omics after genomics, proteomics, and transcriptomics. Since 1998, related research has increased rapidly, but it still lags far behind genomics and proteomics (33). For a given time point, metabolomics analysis can measure the steady-state levels of a series of metabolites through a liquid or gas chromatography-mass spectrometry (LC-MS or GC-MS) and nuclear magnetic resonance (NMR) (34–36). Most MS-based methods still require high levels of input flux (approximately 100,000 s of cells). With technology development, single-cell metabolomics tools have been gradually developed and applied (37). Representative single-cell metabolism mass spectrometry tools include Matrix-Assisted Laser Desorption Ionization Time of Flight (MALDI-TOF) (38, 39), Secondary Ion Mass Spectrometry (SIMS) (40), Direct Infusion Mass Spectrometry (DI-MS) (41), Capillary Electrophoresis Mass Spectrometry (CE-MS) (42), etc. Metabolomics analysis of single-cell expands its applications. Metabolomics can detect metabolite content in all metabolic pathways, identify changed metabolite levels, and provide information for studying the role of metabolites in regulating cell function (43). Metabolomics analysis can be divided into untargeted and targeted metabolomics. Untargeted metabolomics analysis can detect as many metabolites as possible, but it requires expertise in metabolite identification, and its sensitivity may also be limited. In other words, although thousands of signals can be detected, only a few substances can be identified. However, this can lead to discoveries and is very suitable for the development of biomarkers. Targeted metabolomics evaluates pre-selected metabolites, generates data with higher sensitivity, and allows precise absolute quantification of metabolite concentrations, facilitating the analysis of known changes in metabolite levels (44, 45).

Nowadays, we can use various metabolic detection techniques to observe the processes of metabolic remodeling in different immune cell subsets. These techniques have their advantages and disadvantages (Table 1). However, the raw data obtained by these techniques are either indirect or covered limited. In order to promote the progress of these techniques and the next generation of immunometabolism research, there are two main directions: 1) Improve the depth and quality of data analysis of single-cell level analysis; 2) Improve ability to analyze the temporal and spatial distribution of metabolism.


Table 1 | Leading techniques for detection of immune cell metabolism and their advantages and disadvantages.



Based on the above detection techniques, researchers have promoted the understanding of immunometabolic reprogramming. Next, this review discusses the function of immune cells at the maternal-fetal interface and their metabolic preferences required to perform this function explores the potential role of immune cell metabolic reprogramming in the maternal-fetal immune interface.



The Metabolic Reprogramming of the NK Cells in the Endometrium and Decidua

NK cells are the most abundant immune cells in the endometrium during embryo implantation and placenta formation. In early pregnancy, decidual NK cells (dNK cells) account for about 50% to 90% of decidual lymphocytes, and it gradually decreases during the middle and late pregnancy (51). They play a crucial role in the uterine immunity to promote blood vessel remodeling at the maternal-fetal interface, maintain the stability of the immune microenvironment, enable the healthy growth of the fetus, and protect the mother from harmful pathogens through appropriate inflammation (52, 53).

Decidual NK cells are mainly CD56brightCD16- NK cell subgroups. Unlike the cytotoxic CD56dimCD16+ NK cells in peripheral blood, it is a highly immunomodulatory cell (54) that can secrete cytokines such as interferon-γ (IFN- γ) promotes angiogenesis and tissue remodeling (55). The function of dNK cells in early pregnancy is regulated by the expression of trophoblast human leucocyte antigen-I (HLA-I) (such as HLA-C/G/E) and the interaction of inhibitory or activating receptors (such as KIR, CD94/NKG2, ILT family) with trophoblast (56). A large amount of evidence indicates that the specific combination of highly polymorphic killer cell immunoglobulin-like receptors (KIR) on dNK cells and HLA-C on invasive trophoblasts affect decidual vascular recasting and thus affects the success of pregnancy (57).

The metabolic regulation of NK cells is driven by complex molecular mechanisms, among which the mammalian target of rapamycin (mTOR) signaling pathway is the most important and the most widely studied in metabolic regulation (Figure 2). During NK cell activation, glycolysis and mitochondrial function are enhanced via the activation of mTOR. The pharmacological inhibition of mTOR by rapamycin reduces the up-regulation of IL-2/IL-12-stimulated glycolysis in mouse NK cells and decreases IL-2-stimulated levels of human NK cell glycolysis (58, 59). Compared with CD56dim NK cells, CD56bright NK cells show a more robust metabolic response to IL-2 or IL-12/IL-15 stimulation and have higher mTOR activity. It preferentially upregulates the nutrient receptors CD71 and CD98 in an mTOR-dependent manner, expressing higher levels of glucose transporter 1 (GLUT1) to absorb glucose quickly (60). However, excessive activation of mTOR may cause mitochondrial fragmentation, thereby impairing mitochondrial function (61).




Figure 2 | The mTOR-centered Metabolic Regulatory Signaling Pathway. mTOR is a crucial eukaryotic cell regulator, which affects the expression of cytokines in cells, participates in immunosuppression, and regulates cell growth. mTOR contains two complexes. mTORC1 promotes cell growth by promoting glucose metabolism. It can enhance the translation of the transcription factor HIF-1α, thereby promoting glucose metabolism. It can also activate the transcription factor SREBP to promote lipid synthesis and meet the formation of membranes during cell growth. mTORC1 also promotes the synthesis of nucleotides required for DNA replication and ribosome synthesis during cell growth and proliferation. mTORC1 promotes the expression of ATF4, further increases the expression of MTHFD2, and provides carbon units for purine synthesis. Phosphorylation of S6K1 can activate the CAD enzyme and promote pyrimidine synthesis. mTORC1 is mainly regulated by upstream AMPK. AMPKa is activated by phosphorylation by LKB1, TAK1, or CaMKKb kinase. LKB1 promotes the enhancement of AMPK phosphorylation under a high AMP/ATP ratio. Activated AMPK can cause AMPK-dependent phosphorylation of Ser 1387 of TSC2 and reduce mTORC1 activation. AMPK can also directly phosphorylate Raptor to reduce the activity of mTORC1. The TSC1–TSC2 complex also integrates the PI3K–Akt pathway, which regulates the activity of mTORC1 through the AKT-dependent phosphorylation of Thr1462. In addition, amino acids can activate mTORC1 through the RAG family of small GTPases. The most important role of mTORC2 may be the phosphorylation and activation of Akt. Akt is a key effector of insulin/PI3K signaling. Once activated, Akt promotes cell survival, proliferation and growth through phosphorylation and inhibition of several key substrates, including FoxO1/3a transcription factor and TSC2. Finally, mTORC2 also phosphorylates and activates SGK1 and PKC, and regulates ion transport and cell migration. PI3K can directly activate mTORC2 through phosphorylation. mTOR, mammalian target of rapamycin; HIF-1α, hypoxia-inducible factor-1α; SREBP, Sterol regulatory element binding proteins; ATF4, activating transcription factor 4; MTHFD2, methylenetetrahydrofolate dehydrogenase 2; S6K1, ribosomal protein S6 kinase 1, CAD, carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase, dihydroorotase; AMPK, adenosine 5’-monophosphate-activated protein kinase; LKB1, liver kinase B1; TAK1, transforming growth factor beta-activated kinase 1; CaMKKb, Ca2+/calmodulin-dependent protein kinase kinase beta; TSC, tuberous sclerosis complex; PI3K, phosphoinositide 3-kinase; Akt, serine-threonine kinase; PDK1, phosphoinositide dependent kinase-1; RAG GTPases, ras-related guanosine 5´-triphosphate-binding protein; FoxO1/3a, forkhead box protein O1/3a; SGK1, serum/glucocorticoid-regulated kinase 1; PKC, protein kinase C; Thr1462, threonine 1462; Ser 1387, serine 1387.



Although lipid synthesis is essential for the metabolic reprogramming of T cells, inhibition of the lipid synthesis pathway has the most negligible impact on NK cell effector function and proliferation (62, 63). It is still unknown whether fatty acids (FA) can provide energy for NK cells as an essential nutrient. FA administration, and peroxisome proliferator-activated receptor (PPAR) agonists, inhibited mTOR-mediated glycolysis and inhibited NK cell effector function and metabolism (64). Metabolic activation is essential for NK cells to produce effector proteins (including IFN-γ and Granzyme B) and to form correct immune synapses with target cells (59, 64).

Glutamine (Gln) is another crucial substrate for cell metabolism; it enters the TCA cycle but does not sustain oxidative phosphorylation (OXPHOS) in activated NK cells. It plays an essential role for amino acid-controlled c-Myc for NK cell metabolism and function (65). Gln helps absorb the amino acids necessary for the high rate of c-Myc protein synthesis through the L-type amino acid transporter SLC7A5, counteracting the continuous degradation of c-Myc, while Gln withdrawal results in the loss of c-Myc protein. c-Myc controls the expression of metabolic mechanisms, including glucose transporters and glycolytic enzymes, which are necessary to support increased metabolism during NK cell activation (65).

However, the current research mainly focuses on peripheral blood NK cells, and the research on dNK cell metabolism is relatively limited. Since dNK cells are the most abundant immune cells in the maternal-fetal interface, studying their metabolic reprogramming is likely to yield breakthrough achievements.



Metabolic Reprogramming of Macrophages Affects Polarization and Plays a Role in the Maternal-Fetal Interface

Macrophages are the second largest immune cells population in the endometrium and decidua after NK cells, accounting for 20-30% of lymphocytes (66). Generally, macrophages are classified into pro-inflammatory M1 macrophages and anti-inflammatory M2 macrophages based on their activation status (67). The “plasticity” of macrophages allows them to respond rapidly to the immune response triggered by embryonic implantation, which plays a pivotal role in immune regulation and promotes angiogenesis (4). During pregnancy, the number and ratio of M1/M2 macrophages at the maternal-fetal interface change dynamically: In the early stage of embryo implantation, decidual macrophages are dominated by M1 macrophages, and then, metabolic reprogramming occurs, more macrophages are polarized into M2 macrophages, which prevents rejection of the fetus. Until late pregnancy, the polarization of macrophages gradually tends to change to inflammation, which is endogenously prepared for delivery (68, 69). The dynamic balance between M1 and M2 macrophages is essential for the whole process of normal pregnancy (70). Inappropriate macrophage polarization, whenever it occurs, is usually associated with abnormal pregnancy, such as spontaneous abortion (71), preterm delivery (PTL) (72), preeclampsia (PE) (73), fetal growth restriction (FGR) (74).

Macrophages with different polarization states have apparent differences in glycometabolism pathways. Pro-inflammatory M1 macrophages are mainly powered by anaerobic glycolysis, providing instantaneous and rapid energy to eliminate microorganisms that invade the body, while mitochondrial OXPHOS continuous generates energy for anti-inflammatory M2 macrophages (75). Studies have shown that a normal mitochondrial function is required for the polarization/repolarization of macrophages to M2 macrophages (76). When lipopolysaccharide (LPS) and IFN-γ are stimulated, the mitochondrial function of macrophages is impaired or inhibited, the level of OXPHOS is reduced, and anaerobic glycolysis has increased the polarization of macrophages to M1 type. Decreased OXPHOS leads to the accumulation of TCA cycle metabolites such as succinate, and upregulates hypoxia-inducible factor-1α (HIF-1α) (49). HIF-1α can induce the transcription of related transcription factors, such as nuclear factor κB (NF-κB), and positively regulate related key enzymes (such as hexokinase) and transporters (such as GLUT1) to promote metabolic reprogramming of anaerobic glycolysis and PPP, thereby affecting the polarization and biological functions of macrophages (5).

In recent years, many researchers have tried to use glycometabolism reprogramming to regulate the polarization of macrophages and change their functions as a means of disease prevention and treatment. Wenes M et al. have reported that blocking the regulation in development and DNA damage responses 1 (REDD1) of macrophages can change their metabolism and stimulate their glycolysis. Promote macrophages and tumor cells to start “glucose competition”, so that a common and robust blood vessel barrier is formed around the tumor, blocking the metastasis of cancer cells (77). This suggests that glycometabolism reprogramming can change the polarization state of macrophages and affect their related biological functions. Van den Bossche J et al. have also found that restoring mitochondrial function through inducible nitric oxide synthase (iNOS) inhibition may help improve the reprogramming of M1 to M2, thereby controlling inflammation (76). Herein, glycometabolism reprogramming to change the function of macrophages may be used as a therapeutic target for diseases.

About lipid metabolism, researchers have observed different levels of arachidonic acid mobilization and other FA changes in different differentiated types of macrophages, which indicates that the lipidome can reflect the process of cell membrane remodeling and macrophage polarization (78). In the polarization of M2 macrophages stimulated by IL-4, FAs absorption and FAO levels increased significantly. This is mainly due to the activation of the transcription factor recombinant signal transducer and activator of transcription 6 (STAT6) by IL-4, which in turn induces the synthesis of peroxisome proliferative actives receptor-γ coactivator-1β (PGC-1β) (79). At the transcriptional level, peroxisome proliferator-activated receptor γ (PPARγ) is a key transcriptional regulator of macrophage mitochondrial function and FAO, and can enhance alternative activation (49, 80). Lipids can also regulate protein functions by acting as remote signaling molecules. For example, the enhanced esterification of cholesterol acyl transferase 1 (ACAT1) induces more free cholesterol accumulation, and causes the up-regulation of inflammatory signals like toll-like receptors (TLR) and NF-κB signals through lipid rafts (5). This signal is also a key factor in the phosphatidylinositol 3-kinase (PI3K)/serine-threonine kinase (Akt) signal pathway. Its activation can lead to increased polarization and migration of M1 macrophages and promote the secretion of inflammatory cytokines (81).

OXPHOS and amino acid metabolism are also closely related to M2 polarization and anti-inflammatory properties. Inhibiting the level of OXPHOS can reduce the expression level of arginase 1, which is harmful to tissue repair and remodeling (82). Gln deprivation also reduces the polarization of M2 (83). Gln, like glucose, is considered an important energy source for immune cells. Xiao W et al. have reported that Gln supplementation in the diet of rats can reverse the impaired function of macrophages to some extent (84). On the contrary, inhibition of glutamine synthetase can promote the metabolic reprogramming of M2 macrophages to polarize to M1 and promote inflammation.

In conclusion, the dynamic homeostasis and function of macrophages during pregnancy are influenced by various metabolites in the body, and in turn, their metabolic reprogramming plays a crucial regulatory role in maintaining the microenvironment at the maternal-fetal interface.



The Influence of T Cell Metabolism Reprogramming on the Establishment of the Maternal-Fetal Interface

There are many subsets of T cells, which play different roles in establishing and maintaining pregnancy. Decidual T cells account for about 10% to 20% of decidual lymphocytes (85). Compared with peripheral blood, the proportion of CD4+ and CD8+ T cells in decidua is inverted, with CD8+ T cells predominantly (45%~75%) (86). As the pregnancy progresses, the number of T cells in the maternal-fetal interface gradually increases. T cells become the dominant lymphocyte in late pregnancy, accounting for about 60% of the decidual lymphocytes (87). CD4+ T cell subsets include helper T cells (Th) and regulatory T cells (Treg), and Th cells can be divided into Th1, Th2 and Th17 (88, 89). They regulate immunity by secreting different cytokines.

Th1/Th2 cell-mediated immune balance is one of the primary mechanisms for maintaining maternal-fetal immune tolerance. Under normal pregnancy conditions, the Th1/Th2 balance is biased towards Th2, because Th2-type cytokines (IL-4, IL-5, IL-9 and IL-13) can inhibit inflammation, reduce tissue damage, and stimulate growth and invasion of trophoblast cells, and increase uterine receptivity (86). Once this Th2-type immunodominance is broken, the incidence of spontaneous abortion increases significantly (90).

Th17/Treg is another independent cytokine network following Th1/Th2. It has been reported that both Th17 and Treg are differentiated from initial CD4+ T cells in a transforming growth factor-β (TGF-β) concentration-dependent manner, driven by high concentrations of TGF-β initial CD4+ T cells differentiate into Tregs, and at low concentrations differentiate into Th17 (91). It has also been reported that decidual Treg cells are selectively recruited from the peripheral blood to the maternal-fetal interface through the action of chemokines CCL2 (92), CCL19 (93), CXCL12 (94), and chemokine receptors CCR5 (95), CCR7 (96) and CXCR4 (94). Treg cells in the maternal-fetal interface of normal pregnancy are significantly higher than those in the peripheral blood and the decidua of patients with spontaneous abortion (97). The Th17 cells and IL-17 secreted by Treg cells jointly promote the proliferation of trophoblast cells and invade the decidual tissue, which plays a positive role in the immune microenvironment of the maternal-fetal interface (98). The abundant Treg at the maternal-fetal interface in the early pregnancy also inhibits the hyperproliferation of Th17 and reduces the production of IL-17 through paracrine or direct contact. Once the number of Treg cells is reduced, or the function is impaired, the excessive enrichment of Th17 will cause excessive inflammation, which will cause a variety of adverse pregnancy outcomes, such as unexplained recurrent spontaneous abortion (URSA) and PE (99, 100).

Decidual CD8+ T cells also play an essential role in establishing the maternal-fetal interface (87). The function of CD8+ T cells in the endometrium of ordinary non-pregnant women is similar to that of peripheral blood CD8+ T cells. It has potent cytotoxicity and exerts immune protection function by releasing cytotoxic particles. During pregnancy, decidual CD8+ T cells exhibit temporary dysfunction, with high expression of IFN-γ, low expression of perforin and granzyme B (101, 102). Trophoblasts can promote the expression of CTLA-4 and Tim-3 molecules on decidual CD8+ T cells in an HLA-C/G-dependent manner. Decidual CD8+ T cells co-expressing Tim-3, CTLA-4, or PD-1 are highly proliferative, can secrete large amounts of Th2 cytokines and play an active role in maintaining maternal-fetal tolerance (102–104).

T cells display different metabolic profiles according to their activation status. Naive T cells mainly rely on OXPHOS to maintain a resting state, while activated T cells maintain their growth by switching to glucose and lipid metabolism. The traditional view is that the aerobic glycolysis rate of proliferating cells is very high, even if there is enough oxygen to support OXPHOS. This phenomenon is called the Warburg effect (105). Substrate-level phosphorylation produces ATP during glycolysis, pyruvate is converted to lactate, and biological macromolecules are synthesized for cell growth and division (106). These metabolic changes can be directly triggered by T cell receptors (TCR). In naive T cells, costimulatory molecules CD28 cooperate with the TCR of antigen-presenting cells (APC) to upregulate the membrane expression of the GLUT1 through the mTOR pathway to promote glucose absorption (107, 108). These effects can be offset by immunosuppressive molecules, including CTLA4 and PD-1, which prevent the immune response by inhibiting glucose uptake and promoting endogenous fatty acid oxidation (109).

Th1, Th2 and Th17 show strong glycolysis preferences in mitochondrial metabolism, while Treg cells exhibit mixed metabolism involving glycolysis, lipid oxidation, and OXPHOS (110). In particular, Th17 cells have an increased dependence on glycolysis. HIF-1α, as an oxygen-sensitive transcription factor, can regulate the expression of glycolysis genes in Th17 cells (111, 112). Blocking glycolysis will reduce the differentiation of TH17 cells, which facilitates the formation of Tregs (111). In addition, studies have shown that extracellular salts (like NaCl) (113, 114) and short-chain FA (115) affect the homeostasis of Th17 and Treg. This suggests that the metabolic microenvironment (i.e., nutrient and oxygen availability) may affect T cell polarization.

The differentiation of Th2 cells depends on the mTOR-mediated metabolic transition from OXPHOS to aerobic glycolysis, but the complete role of metabolism in Th2 polarization is not fully understood. Reprogramming of glycolysis and OXPHOS in Th2 cells depends on the activity of the small GTPase RhoA (46, 116). mTORC2 regulates RhoA activity and is essential for the production of Th2 cells (117). For the Th1 cell phenotype, mTORC1 may be essential (117). The transcription factor interferon regulatory factor 4 (IRF4) is also essential in the glycolytic reprogramming and differentiation of Th1 cells and can prevent the expression of glycolytic enzymes by regulating the transcription suppressor B-cell lymphoma 6 (BCL-6) (118).

The oxidation of free fatty acids (FFA) produces acetyl-CoA, which can be further metabolized in the TCA cycle, and FADH2 and NADH, which can be directly used by the electron transport chain (ETC) to produce ATP. Metformin is a metabolic stress factor that can activate the adenosine monophosphate-activated protein kinase (AMPK) energy sensor. It can enhance the production of CD8+ T cells (119). After AMPK is activated, it inhibits mTORC1 activity in response to energy stress (120). Consistent with this, rapamycin also inhibits mTORC1 and can enhance the production of CD8+ T cells (121, 122). On the other hand, mTORC2 is involved in FAO and stabilizes forkhead box protein O1 (FoxO1) through the Akt pathway to regulate the memory differentiation of CD8+ T cells (123, 124).

Treg cells depend on glycolysis for their differentiation and migration (125, 126). Glutamine or arginine can regulate the proliferation and activation of T cells and the expression level of Treg cell-specific transcription factor FoxP3 (107, 127).

These together reveal that a broad understanding of metabolic processes is emerging, which may help explain how metabolism determines the differentiation and function of Th1, Th2, Th17, Treg, and CD8+ T cells.



The Influence of Other Immune Cells Metabolism Reprogramming on the Establishment of the Maternal-Fetal Interface

In addition to the above three types of immune cells, other immune cells with a smaller number also play an essential role in forming the maternal-fetal interface, such as dendritic cells (DC) and mast cells (MC).

DCs interact closely with other immune components and the endocrine system to maintain a pregnancy-friendly environment (128). As the most effective antigen-presenting cells in the immune system, DCs can regulate the differentiation of T cells (129, 130). In addition, they can inhibit the proliferation of NK cells (131) and may affect the polarization of macrophages (132). Abnormal DC activity is related to various pregnancy-related diseases, such as RIF (133), preterm birth (PTB) (134), PE (135), and perinatal cardiomyopathy (PPCM) (136), etc.

DCs are mainly divided into four subgroups, including conventional DCs (cDCs), plasmacytoid DCs (pDCs), Langerhans cells (LCs), and inflammatory monocyte-derived DCs (infDCs) (137). However, studies on immune changes in pregnancy mainly focus on cDC and pDC. Most current studies have shown that the cDC/pDC ratio of pregnant women is higher than that of non-pregnant women (134, 138), indicating that cDC may play an important role in the process of maternal-fetal tolerance. According to its maturity, DC can be divided into immature DC (imDC) and mature DC (mDC).

Decidual dendritic cells (dDCs) are a tolerant, immunomodulatory, and heterogeneous population, different from pDCs. dDCs are mainly immature DCs that express a combination of CD11c, HLA-G, CD14 and DC-SIGN (dendritic cell-specific ICAM-grabbing non integrin, CD209) (139). Observational studies have found that a higher level of mature peripheral or decidual DC is positively correlated with the development of adverse pregnancy (such as PE and abortion) (140, 141). This means that a delicate balance needs to be achieved between mature and immature dDC to ensure a successful pregnancy.

Metabolic processes have precise effects on DC functions, and manipulating these pathways can significantly change DC functions in specific ways. Due to the scarcity of DCs in vivo, in vitro experimental models are mainly used to study DC metabolism microenvironment.

A common phenomenon in immune cell activation, including DC, is the transition from catabolism, which is characterized by fatty acid oxidation and mitochondrial respiration, to anabolism. After immune cell activation, glycolysis is increased, and oxidative phosphorylation is decreased (142).

Under the stimulation of LPS, DCs can regulate mTOR signal, stabilize HIF1α and increase iNOS expression, induce the synthesis of endogenous NO. This process induces the synthesis of endogenous NO and inhibits the electron transport chain, thereby inhibiting mitochondrial oxidative phosphorylation, which increases cellular glycolysis to maintain intracellular ATP levels (143, 144). In fact, in addition to glucose, several amino acids also affect the mTORC1/HIF1α/iNOS signal, including leucine and glutamine, which are essential for mTORC1 activity, and arginine, which is the fuel for NO production on which iNOS relies (145). However, there are signs that once cells interact with T cells, the role of glucose in DCs initiating T cell responses will change. Activated T cells significantly increase the glucose and amino acid uptake rate, and the immediate microenvironment surrounding DC in the T cell cluster becomes deficient in nutrients. This competition for glucose or amino acids results in a prolonged T cell response (143).

The imDCs mainly rely on FAO for energy, which makes them have a longer lifespan (144). ω3 polyunsaturated fatty acids can inhibit the expression of the immune phenotype of DCs and the release of cytokines in vitro, and reduce their ability to stimulate T cell proliferation. The unsaturated fatty acid metabolite prostaglandin can regulate mDCs, upregulating the expression of costimulatory molecules and pro-inflammatory cytokines at low concentrations while inhibiting the expression at higher concentrations (5). However, most of these data come from In vitro studies, the metabolic environment in which DC competes with nearby cells for nutrition is difficult to imitate in vitro, and it is also difficult to measure in vivo. However, it is undeniable that the metabolic reprogramming of DC is of vital importance to its function.

Mast cells also have a positive effect on embryo implantation (146). It can secrete hemcryptin-1 (a glycan-binding protein) to support the survival of trophoblasts, placenta and fetal growth. Mice lacking mast cells (including uterine mast cells) have impaired implantation (147). Uterine NKs and MCs can also balance their influence at the fetal-maternal interface and jointly promote SA remodeling and fetal position (148). However, no researchers have conducted metabolic reprogramming studies on MCs, so this review will not describe it a lot.



Summary and Outlook

Immune homeostasis relies on immune cells to acquire appropriate functions by adaptively regulating their metabolic preferences to rebalance their immune microenvironment. This review summarized the metabolic phenotypes of the main immune cells in the context of maternal-fetal interface (Figure 3). Investigation on the metabolic reprogramming of immune cells at the maternal-fetal interface can help us understand the mechanisms of pregnancy and provide insights into developing diagnostic and therapeutic approaches for pregnancy-related diseases. However, research on immunometabolism in pregnancy is still lagging due to clinical ethics and technological developments.




Figure 3 | An interactive network of immune cells and underlying metabolic phenotypes at the maternal-fetal interface. This figure proposes a unique immune microenvironment at the maternal-fetal interface and potential metabolic mechanisms that support phenotypic adaptation during pregnancy. In human maternal-fetal interface, trained NK cells promote inflammatory and pro-angiogenic cytokines that regulate angiogenesis and trophoblast invasion and migration. The release of IFN-γ also upregulates IDO expression in antigen-presenting cells (APCs, such as macrophages and DCs), which influences T cell activation and facilitates Treg cell induction. In addition, APCs play a role in vascular remodeling in early pregnancy. dNK, decidual NK cells; M1, M1 macrophages; M2, M2 macrophages; Th1, T-helper 1 cells; Th2, T-helper 2 cells; Th17, T-helper 17 cells; Treg, regulatory T cells; DC, dendritic cell; ANG, angiotensin; VEGF, vascular endothelial growth factor; MMP, matrix metalloprotein; IDO, indoleamine2,3-dioxygenase; PGE2, prostaglandin E2.



First of all, in most cases, researchers only focus on the most abundant cell groups found in the blood or bone marrow rather than tissue residents or recruited cells that actively participate in host defense and tissue homeostasis. Secondly, the current research does not consider the observed diversity of immune cell lineages or tissue-specific functions. They only consider the metabolic reprogramming of a single or a group of immune cells, ignored interactions between various immune cells in the tissue that may cause metabolic reprogramming again. Thirdly, although many inducers and sensors have been identified for activating immune cells, we lack an understanding of how these signals are integrated into cohesive metabolic programs that support cell effector functions. Last but not the least, it is technically challenging to identify the relative quantity of “all metabolites” in metabolomics. For example, GC-MS effectively quantifies organic acids (such as TCA cycle intermediates), but it is not practical for most glycolysis intermediates. Some volatile or unstable substances may not be detected by the LC-MS method, while GC-MS may be a better choice. Thus, multiple platforms need to be used to generate a complete metabolic data set.

As the cost of applying these new techniques decreases and the application becomes more comprehensive, more valuable, original breakthroughs can be made in this field. There are many questions urgently requiring in-depth investigation and deliberation regarding reproductive immunology. Such as which side plays the dominant role in establishing the maternal-fetal immune interface during gestation establishment? How does the maternal-fetal immune system initiate immune tolerance to the exemption of the embryo from invasive behavior? What methods can be used to detect the temporal and spatial tipping points at which immune tolerance occurs to determine where and when to take the appropriate clinical decisions to prevent the risk? Therefore, the development of new tools and experimental models is imperative. We can be confident that researchers will make considerable progress in understanding reproductive, immune metabolism shortly.
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Recurrent spontaneous abortion (RSA) affects 5% of childbearing-age women worldwide. Inadequate trophoblast invasion is one of the main reasons for the development of RSA; however, the underlying molecular mechanisms for RSA have not been fully understood, and further explanation is urgently needed. C-X-C motif chemokine ligand 5 (CXCL5) is reported to contribute to the invasion of cancer cells, and its aberrant expression is associated with the cellular process of tumor pathology. Considering the high behavioral similarity between trophoblast cells and cancer cells, we hypothesized that CXCL5 may influence trophoblast invasion, and its expression levels in villous tissue may be correlated with RSA. In this study, we firstly investigated the CXCL5 expression in placental villous tissues of 15 RSA patients and 13 control patients, and the results showed that CXCL5 levels were significantly lower in villous tissue from RSA patients than those of the controls. Further in vitro experiments presented that recombinant human CXCL5 can enhance trophoblast migration, invasion, and epithelial-to-mesenchymal transition (EMT) process. We also demonstrated that CXCL5 exerted these effects on trophoblast cells through PI3K/AKT/ERK1/2 signaling pathway. In conclusion, these data indicate that CXCL5 downregulation in human villous tissue is correlated with RSA. Additionally, we found that estrogen, progesterone, human chorionic gonadotropin, and decidual stromal cells can regulate CXCL5 and chemokine receptor 2 (CXCR2) expression of trophoblast in a cell manner.
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Introduction

Recurrent spontaneous abortion (RSA) is defined as two or more times of consecutive miscarriages before 20 weeks of gestation and impacts approximately 5% of childbearing-age women throughout the world (1–3). There is no unified theory in the pathogenesis of RSA. Several known factors for RSA include endocrine diseases, genetic abnormalities, immune diseases, and anatomical abnormalities, and approximately 50% of RSA cases are unexplained (4). The underlying molecular and cytological mechanisms for RSA also remain largely enigmatic. As the most common pregnancy-associated complication, RSA seriously disturbs the physical and mental health of the female population and is also frustrating for the physician. Trophoblast invasion is a key event during pregnancy and plays a vital role in the process of embryo implantation and placentation (5). In the early stage of pregnancy, trophoblast cells from the trophectoderm differentiate into two main lineages, villous cytotrophoblasts (VCTs) and extravillous trophoblasts (EVTs). Subsequently, EVTs undergo migration and invasion into the maternal decidua and myometrium, during which process embryos are anchored to the uterine wall and the uterine vessels are remodeled to form the low-resistance spiral arteries (6, 7). Proper trophoblast invasion is necessary for a successful pregnancy. Studies show that poor trophoblast invasion is related to a series of pregnancy complications, including RSA, preeclampsia, and fetal growth restriction (8, 9). Inadequate invasion of the trophoblast is even reported to be one of the main reasons for RSA (10–12). Therefore, exploring the factors that affect trophoblast invasion is of great significance for improving our understanding of the pathogenesis of RSA. Many molecules including hormones, chemokines, and growth factors, are associated with trophoblast invasion within the maternal–fetal microenvironment. Of these, chemokines are a large family of small-molecular-weight peptides that are initially involved in the pro-inflammatory process (13). Recently, studies have demonstrated that a wide range of chemokines are expressed at the maternal–fetal interface, and these chemokines can directly participate in the regulation of trophoblast invasion and the establishment of maternal–fetal tolerance (14, 15).

C-X-C motif chemokine ligand 5 (CXCL5), also known as epithelial neutrophil-activating peptide 78 (ENA-78), is a member of the CXC chemokine subfamily and is originally identified in neutrophils (16). It has been demonstrated that CXCL5 is a potent mediator of neoangiogenesis and is mainly expressed in epithelial cancer cells and immune cells (17). Chorionic trophoblast and amniotic epithelium membranes have also been confirmed to express CXCL5 (18). Abnormal expression of CXCL5 is found to be correlated with a large number of diseases, such as autoinflammation, cancer, obesity, and diabetes (19–21). CXCL5 exerts its action by binding to its G-protein-coupled receptors chemokine receptor 2 (CXCR2), and the CXCL5/CXCR2 axis has been widely investigated in various types of cancers. Numerous studies have confirmed that CXCL5 can induce the epithelial-to-mesenchymal transition (EMT) process in cancer cells and thus promotes cancer cells invasion and metastasis (22, 23). Trophoblast cells and cancer cells share striking behavioral similarities in invasion, migration, and proliferation capacities (24). Whether CXCL5 can affect trophoblast invasion has not been reported. A previous study identified that human villi expressed CXCR2 (25). It was also found that as one of the ligands of CXCR2, IL-8, was expressed in human decidua and trophoblast and promoted trophoblast migration and invasion in an autocrine or paracrine manner (26). Similar results were found in CXCL3 (27). These findings draw our attention to the CXCL5. Additionally, one study evaluated the relationship between the levels of chemokine and the risk of miscarriage. The study found that elevated CXCL5 levels from serum samples were associated with an increased risk of miscarriage as the collection-outcome interval increased, although the authors did not observe statistical significance (28). Based on these results, we hypothesized that CXCL5 may exert an effect on trophoblast migration and invasion and thus could participate in the occurrence of RSA.

In the present study, we compared CXCL5 levels in the placental villous tissue of RSA patients and control patients. We also investigated its effects on the trophoblast and explored the underlying mechanism. Our results showed that the expression of CXCL5 was significantly lower in RSA patients. We also further demonstrated that CXCL5 can induce the EMT process through PI3K/AKT/ERK1/2 signaling pathway and thus promoted trophoblast invasion and migration. Collectively, these data provide the first evidence that CXCL5 downregulation in villous tissue is correlated with RSA. In addition, we found that local factors, including estrogen (E), progesterone (P), human chorionic gonadotropin (HCG), and decidual stromal cells (DSCs) regulated CXCL5 and CXCR2 expression of trophoblast cells.



Materials and Methods


Patients and Clinical Samples

This study was approved by the ethics committee of Renmin Hospital of Wuhan University, and consent was obtained from each patient before sample collection. Fifteen patients with RSA and 13 control patients from the reproductive medical center in Renmin Hospital of Wuhan University were included between December 2017 and October 2019. Clinical data and placental villous tissue samples were obtained from the two groups. RSA was defined as the loss of two or more sequential pregnancies with the same partner before a gestational of 20 weeks. The exclusion criteria were as follows: a) symptoms of endocrine or metabolic diseases, such as hyperthyroidism and diabetes; b) karyotype abnormality; c) infection based on routine leucorrhea examination; and d) uterine abnormality. Women who had healthy pregnancies and underwent selective pregnancy terminations for non-medical reasons constituted the control group. The villous tissues were collected immediately following surgery: one portion was fixed with 4% paraformaldehyde for paraffin embedding in blocks, and the others portion was stored in liquid nitrogen.



Immunohistochemistry

The paraffin-embedded villous tissues were cut into 4-μm-thick sections and dehydrated in a graded series of ethanol. Endogenous peroxidase activity was blocked with 3% H2O2, and non-specific binding was blocked with 5% bovine serum albumin (BSA) for 15 min. Next, the samples were incubated at 37°C with primary rabbit anti-human CXCL5 antibody (1:500; Affinity, Cat: DF9919), anti-E-cadherin (1:500; ProteinTech; Cat: 20874-1-AP) and anti-N-cadherin (1:100; ProteinTech; Cat: 22018-1-AP) antibodies. All sections were washed three times with PBS and then incubated with secondary antibodies. The reaction was detected with 3,3′-diaminobenzidine (DAB), and the sections were counterstained with hematoxylin. Five visual fields were selected, and the staining was observed under an Olympus BX51+DP70 microscope at ×200 and ×400 magnification. The images were analyzed with ImageJ (1.52a, National Institutes of Health, USA).



Immunofluorescence

The paraffin-embedded human villous tissues were cut into 2-μm-thick sections. Deparaffinization, hydration, and antigen retrieval of the sections were carried out under proper conditions. The samples were incubated with rabbit anti-human cytokeratin 7 (CK7) (1:100; ProteinTech, Cat: 15539-1-AP) and rabbit anti-human CXCR2 (1:50; ProteinTech, Cat: 20634-1-AP) primary antibodies. After that, the samples were incubated with fluorescence-labeled secondary antibody for 1 h and counterstained with 4′-6-diamidino-2-phenylindole (DAPI) (Beyotime, Shanghai, China). A confocal laser scanning microscope (Olympus FV1000, Japan) was used to observe the fluorescence signal. Five visual fields with tissue were selected for analysis. The pixel intensity per unit area was assessed using ImageJ (1.52a, National Institutes of Health, USA).



Cell Culture, Reagents, and Treatments

HTR-8/SVeo cell line was obtained from the China Center for Type Culture Collection (Wuhan, China) and cultured in DMEM-F12 medium (Gibco, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, USA). Human endometrial stromal cells were purchased from the BeNa culture collection and induced toward DSCs according to a previous method, with some modifications (29, 30). HTR-8 cells were seeded on a 6-well plate (2 × 105 cells/well) and placed in an incubator with 5% CO2 at 37°C. A co-culture model of HTR-8 cells and DSCs was established via a Transwell co-culture system (0.4-μm pore size, Corning, USA). In brief, HTR-8 cells were seeded into the lower chambers, and DSCs were placed into the upper chambers at different ratios (DSCs: HTR-8 cells 1:4; 1:1; 2:1) for 48 h before harvest.

Recombinant human CXCL5 (Absin, Shanghai, China) was used at the concentration of 50 and 100 ng/ml according to the manufacturer’s instruction. LY294002 (PI3K/AKT inhibitors) and PD98059 (ERK1/2 inhibitors) were purchased from MedChemExpress, China, and used at concentrations of 20 and 30 μM, respectively. Hormone concentrations used in the current experiment were E (10−7 M), P (10−8 M), and HCG (5 kU/L).



Quantitative Real-Time PCR

Total RNA was extracted from cells and tissues using TRIzol reagent (Invitrogen, USA) according to the manufacturer’s instructions. Reverse transcription was conducted with the PrimeScript RT reagent kit (Takara, Japan). RT-PCR was performed with a SYBR Premix Ex Taq II kit (Takara, Japan) on a 7500 detection system (Applied Biosystems, Foster City, CA, USA). 2−ΔΔ Ct method was determined to calculate and quantify the gene expression. Primers were designed with computer assistance based on gene sequences available in GenBank, and the sequences of primers are listed in Table 1.


Table 1 | Primer sequences.





Western Blotting

Cells were harvested and lysed with radioimmunoprecipitation assay (RIPA) lysis buffer, and the lysates were centrifuged at 4°C for 15 min to collect the supernatant. A bicinchoninic acid (BCA) assay kit (Beyotime, Shanghai, China) was used to measure protein concentrations. After boiling with a 5× loading buffer (Beyotime, Shanghai, China) at 95°C for 5 min, 40 μg of protein of each sample was electrophoresed via 10% sodium dodecyl sulfate–polyacrylamide gel and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore) for blocking 1 h at room temperature with 5% BSA. The following primary antibodies were incubated together with the membranes overnight at 4°C: rabbit anti-E-cadherin (dilution 1:1,000; ProteinTech; Cat: 20874-1-AP), anti-N-cadherin (dilution 1:1,000; ProteinTech; Cat: 22018-1-AP), anti-vimentin (dilution 1:1,000; ProteinTech; Cat: 10366-1-AP), anti-GAPDH (dilution 1:1,000; ProteinTech; Cat: 10494-1-AP), and anti-tubulin (dilution 1:1,000; ProteinTech; Cat: 10094-1-AP). The secondary antibodies were incubated for 1 h at room temperature the next day. Finally, the protein bands were visualized with an enhanced chemiluminescence (ECL) detection system (Bio-Rad, Hercules, CA, USA), and the relative band intensities were calculated with ImageJ (1.52a, National Institutes of Health, USA).



Invasion Assay

A 24-well plate Transwell insert (8-µm pore size, Corning, USA) coated with Matrigel matrix (Corning, USA) was used to detect the invasion ability of the cell. In brief, HTR-8 cells (2 × 104) were seeded in the upper chamber of each insert in a 200 µl FBS-free DMEM-F12 medium. The lower chamber was filled with 500 µl of DMEM-F12 medium containing 10% FBS. The plate was placed in an incubator with 5% CO2 at 37°C for 48 h. Afterward, cells that had invaded the lower chamber were fixed with 4% paraformaldehyde, stained with 0.5% crystal violet, and quantified. The average cells number from five fields at a magnification of ×200 was reported.



Scratch Wound Healing Assay

Cell migration ability was evaluated with scratch wound healing assay. When cells reached 80%–90% confluence, a scratch wound was made on the monolayer of cells with a 200-µl pipette tip and gently washed three times with PBS before the serum-free medium was added. The 6-well plate was incubated with 5% CO2 at 37°C for 48 h. Pictures of the wound were taken at 0 and 48 h. The wound area was calculated using ImageJ.



Statistical Analysis

Quantitative data were expressed as the mean ± standard deviation (SD) and analyzed by independent t-test. Categorical data were compared by the Mann–Whitney U-test. All experiments were independently repeated at least three times. Figures were performed by GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA). All p-values were two-sided and statistical significance was established as p < 0.05. All analyses were conducted using SPSS 22.0 (IBM SPSS, USA).




Results


Clinical Baseline Characteristics

Collected data at baselines included maternal age, gestational week, body mass index, number of pregnancies, number of live births, and number of miscarriages. Detailed information is listed in Table 2. No differences were found between the RSA group and the control group in terms of age, gestational week, body mass index, and the number of pregnancies. In addition, the RSA group showed a higher number of miscarriages and a significantly lower number of live births than the control group (p < 0.01).


Table 2 | Clinical characteristics of the population.





Expression of CXCL5 Is Downregulated in Villous Tissues of Recurrent Spontaneous Abortion Patients

To investigate the role of CXCL5 in RSA, we firstly evaluated the expression levels of CXCL5 in placental villous tissues from 15 RSA patients and 13 normal controls by RT-PCR. Lower expression of CXCL5 was found in the RSA group than in the control group (Figure 1A). In addition, to further identify immunolocalization and compare CXCL5 levels, human placental villous tissue sections were stained via immunohistochemistry (IHC) assay. A weaker stain of CXCL5 was found in villous tissues from RSA patients (Figures 1B, C). These data together suggested that CXCL5 expression was downregulated in villous tissues of RSA patients and that lower levels of CXCL5 were positively associated with RSA.




Figure 1 | CXCL5 expression in human placental villous tissue from the RSA group and the control group. (A) Expression of CXCL5 mRNA in the RSA group (n = 15) and control group (n = 13) by RT-PCR. (B, C) Representative immunohistochemical staining images and quantification of CXCL5 in the RSA group (n = 15) and normal group (n = 13). Relative gene expression was normalized to GAPDH. ImageJ is used to quantify the staining intensity. Magnification, ×200 and ×400. Scale bars = 100 μm. Data are presented as the mean ± SD. Results are reported as fold change compared with the control group. (*p < 0.05, **p < 0.01). RSA, recurrent spontaneous abortion; mRNA, messenger RNA; RT‐PCR, quantitative real-time polymerase chain reaction; CXCL5, C-X-C motif chemokine ligand 5; IHC, immunohistochemistry.





Expression of CXCR2 in Trophoblast of Human Placental Villous Tissue

CK7 was recommended as an identification marker for trophoblast (31). To confirm the CXCR2 expression in the trophoblast of human placental villous, we performed colocalization of CXCR2 and CK7 in human placental villous tissue with the immunofluorescence assay. The results confirmed that CXCR2 was expressed in the CK7-labeled trophoblast and suggested that CXCL5 can bind to the trophoblast cells to exert its functions (Figures 2A–D).




Figure 2 | CXCR2 expression in trophoblast of human placental villous tissues. Paraffin-embedded tissue sections were double-stained for immunofluorescence. (A) The CK7-labeled trophoblast cells are indicated by red signals. (B) The CXCR2 protein is indicated by green signals. (C) The DAPI-stained nuclei are indicated by blue signals. (D) CXCR2 was expressed in CK7-labeled trophoblast cells and strongly indicated the colocalization of CK7 and CXCR2. CK7, cytokeratin 7; CXCR2, C-X-C motif chemokine receptor 2; DAPI, 4′-6-diamidino-2-phenylindole.





CXCL5 Promotes Trophoblast Migration and Invasion via Inducing the Epithelial-to-Mesenchymal Transition Process

To investigate the effects of CXCL5 on the migration and invasion of trophoblast, we conducted Transwell and scratch wound healing experiments using HTR-8 cells. The results showed that rhCXCL5-stimulated trophoblast cells performed quicker migration than did the control group (Figures 3A, B). Similarly, CXCL5-treated groups also showed an increased cell invasion potential than did the control group (Figures 3C, D). These results demonstrated that CXCL5 can significantly enhance trophoblast migration and invasion in vitro. EMT was regarded as an important process via which trophoblast acquired invasive ability (32). To gain insight into whether CXCL5 promoted trophoblast migration and invasion via inducing the EMT process, we detected the expression of EMT markers. Western blotting results revealed that CXCL5 treatment significantly decreased the expression of the epithelial marker E-cadherin and increased the expression of the mesenchymal markers N-cadherin and vimentin in HTR-8 cells (Figures 3E, F). Based on these findings, CXCL5 can promote trophoblast migration and invasion via inducing the EMT process.




Figure 3 | CXCL5 induces the EMT process to promote trophoblast migration and invasion. HTR-8 cells were treated with 0, 50, and 100 ng/ml of rhCXCL5 for 48 h. (A, B) Scratch wound healing assay and quantitation were performed to examine trophoblast migration ability. (C, D) Matrigel invasion assay and quantitation were used to detect trophoblast invasiveness ability. (E, F) Western blotting and quantitation were determined to examine the expression levels of E-cadherin, N-cadherin, and vimentin. Representative images of migratory and invasive cells are presented. Data are presented as the mean ± SD. Results are reported as fold change compared with the control group (*p < 0.05, **p < 0.01). rhCXCL5, recombinant CXCL5; EMT, epithelial-to-mesenchymal transition; E-cad, E-cadherin; N-cad, N-cadherin; Vim, vimentin.





CXCL5 Activates PI3K/AKT/ERK1/2 Pathway to Induce the Epithelial-to-Mesenchymal Transition Process

Studies reported that CXCL5 induced the EMT process in cancer cells by activating ERK/Elk-1/Snail, AKT/GSK3β/β-catenin, or ERK/Snail signaling pathways (33, 34). To explore the potential signaling pathway that CXCL5 induced EMT in trophoblast cells, we detected the activity of these pathways. Western blotting analysis showed that the levels of phosphorylation AKT remarkably increased in CXCL5-treated HTR-8 cells, while the total AKT levels did not change (Figure 4A). Consistently, PI3K levels also increased. In addition, we also observed apparent activation of p-ERK1/2 (Figure 4A). Next, we selected inhibitors specific to ERK (PD98059) and PI3K/AKT (LY294002) pathways for further exploration. A notable blocking effect of LY294002 and PD98059 was observed on p-AKT and p-ERK1/2 levels, respectively (Figure 4B). Remarkably, p-ERK1/2 levels also decreased when the PI3K/AKT was inhibited with LY294002, which suggested that ERK1/2 may act as a direct downstream effector of PI3K/AKT signaling (Figure 4B). Next, inhibitor pretreatment was initiated 2 h before CXCL5 treatment in HTR-8 cells. The results showed that PD98059 pretreatment significantly reduced the expression of N-cadherin and vimentin but increased the expression of E-cadherin compared with CXCL5 treated alone in trophoblast cells (Figure 4C), which indicated that PD98059 reversed the CXCL5-induce EMT process. In addition, wound healing assay and Matrigel invasion assay results also showed that the invasive and migratory activities of cells were reduced when the ERK1/2 pathway was inhibited (Figures 4E, F). Similar results were observed in the LY294002 treatment group (Figures 4D, G–H). Taken together, these results confirmed that CXCL5 activated PI3K/AKT/ERK1/2 pathway to induce the EMT process of trophoblast cells. We also checked the E-cadherin and N-cadherin expression in human placental villous tissue specimens with IHC assay. The results showed that E-cadherin expression was upregulated (Figures 5A, B) and N-cadherin expression was downregulated (Figures 5C, D) in placental villous tissues from RSA patients compared with the controls.




Figure 4 | CXCL5 activates PI3K/AKT/ERK1/2 signaling pathway to induce the EMT process of trophoblast cells. HTR-8 cells were pretreated with LY294002 (a PI3K/AKT inhibitor) or PD98059 (an ERK1/2 inhibitor) before treatment with rhCXCL5. (A) Western blotting analysis showed the activation of PI3K/AKT and ERK1/2 pathways in HTR-8 cells stimulated with rhCXCL5 for 1.5, 2, 2.5, and 3 h. (B) Western blotting analysis presented a notable blocking effect of LY294002 and PD98059 on p-AKT or p-ERK1/2, respectively. (C, D) Western blotting was performed to examine the expression of E-cadherin, N-cadherin, and vimentin in HTR-8 cells stimulated with PD98059 or LY294002 for 48 h. (E, F) Scratch wound healing and Matrigel invasion assays were performed to detect trophoblast migration and invasion abilities after stimulation with PD98059 for 48 h. (G, H) Scratch wound healing and Matrigel invasion assays were used to examine trophoblast migration and invasion abilities after stimulation with LY294002 for 48 h. Data are expressed as the mean ± SD. Column charts were used for quantifications of the migration assay and invasion assays. Results are reported as fold change compared with the control group (**p < 0.01). CXCL5, C-X-C motif chemokine ligand 5.






Figure 5 | Expression of E-cadherin and N-cadherin in human placental villous tissues from the RSA group and the control group. Placental villous tissues from women with RSA (n = 15) and normal controls (n = 13) were used for the IHC assay. (A, B) Representative immunohistochemical staining images and quantification of E-cadherin in the RSA group (n = 15) and normal group (n = 13). (C, D) Representative immunohistochemical staining images and quantification of N-cadherin in the RSA group (n = 15) and normal group (n = 13). The staining intensity is quantified using ImageJ. Magnification, ×200 and ×400. Scale bars = 100 μm. Graphs show the mean ± SD. Results are reported as fold change compared with the control group (*p < 0.05, **p < 0.01). RSA, recurrent spontaneous abortion; IHC, immunohistochemistry.





Estrogen, Progesterone, Human Chorionic Gonadotropin, and Decidual Stromal Cells Regulate CXCL5/CXCR2 Expression of Trophoblast

Extensive evidence revealed that reproductive hormones and DSCs directly or indirectly affected chemokines expression (35–37). Therefore, to confirm their impacts on CXCL5 and CXCR2 expression of trophoblast cells, we cultured HTR-8 cells in the presence or absence of E, P, or HCG. The results are displayed in Figures 6A, B. We found that HCG increased CXCR2 expression (p < 0.01) but did not affect CXCL5 expression in HTR-8 cells (p > 0.05). E was observed to downregulate CXCL5 levels (p < 0.01) but did not affect CXCR2 expression (p > 0.05). P did not affect CXCR2 (p > 0.05) but increased CXCL5 mRNA expression (p < 0.05). To assess the effect of DSCs on CXCL5 and CXCR2 of trophoblast cells, we used a co-culture model of different ratios of HTR-8 cells and DSCs, as shown in Figure 6C. The results indicated that DSCs can promote the expression of CXCL5 and CXCR2 of trophoblast cells, even when cultured at a lower ratio (DSCs: HTR-8 cells, 1:4; Figures 6D, E).




Figure 6 | E, P, HCG, and DSCs regulate CXCL5/CXCR2 expression of trophoblast cells. HTR-8 cells were treated with E, P, and HCG at the indicated concentrations for 48 h. (A, B) RT-PCR was used to detect the expression levels of CXCL5 and CXCR2. (C) A co-culture system of HTR-8 cells and DSCs was taken for 48 h. (D, E) RT-PCR was used to investigate the impact of DSCs on CXCL5 and CXCR2 expression of trophoblast cells. Graphs show the mean ± SD. Results are reported as fold change compared with the control group (*p < 0.05, **p < 0.01, ns, no significant difference, p > 0.05). E, estrogen; P, progesterone; HCG, human chorionic gonadotropin; DSCs, decidual stromal cells; RT-PCR, quantitative real-time PCR.






Discussion

RSA is the most common pregnancy-related complication affecting reproductive-age women. Accumulating evidence has demonstrated that trophoblast invasion is closely associated with embryo implantation and placentation and thus plays an important role in the establishment and maintenance of pregnancy. Moreover, studies reported that insufficient invasion of trophoblast cells can lead to the occurrence of RSA (10, 12). Our previous work also showed that miR-27a-3p/USP25 axis participated in the pathogenesis of RSA through inhibiting trophoblast migration and invasion (11). In the current study, we found that CXCL5 levels were downregulated in villous tissues from RSA patients. Furthermore, we demonstrated that CXCL5 induced the EMT process to promote trophoblast invasion and migration through PI3K/AKT/ERK1/2 signaling pathway. These results together demonstrate that the downregulation of CXCL5 in villous tissue plays an essential role in the pathogenesis of RSA.

The maternal–fetal interface exists an abundant chemokines network, which exhibits main functions in inflammation, immune tolerance, and trophoblast invasion during early human pregnancy (14). Substantial studies have reported the relationship between chemokines and trophoblast invasion. Zhang et al. revealed that CXCL6 restricted human trophoblast migration and invasion in vitro (38). Wang et al. pointed out that both exogenous and endogenous CXCL3 regulated trophoblast cells invasion (27, 39). Similar results have been identified in CCL24, CXCL16, CXCL14, CCL14, and CCL17 (37, 40–43). Chemokines have been widely reported in the field of cancer and are associated with angiogenesis, invasion, and metastatic potential of tumors. For instance, Mao et al. found that CXCL5 can enhance gastric cancer cells migration and invasion ability via inducing the EMT process (34). Kodama et al. reported that the CCL3/CCR5 axis contributed to esophageal squamous cell migration and invasion (44). Trophoblast cells have much in common with tumor cells (24). Therefore, our current study investigated the effect of CXCL5 on trophoblast invasion. As described above, we firstly detected CXCL5 expression in villous samples from RSA patients and control patients and found a significant downregulation of CXCL5 in the former. Next, we confirmed that human villous trophoblast expressed CXCR2, which was consistent with a previous study, and suggested CXCL5 can exert impacts on trophoblast cells via the receptor-ligand binding mechanism (25). We further conducted in vitro experiments using HTR-8 cells. Exploring trophoblast invasion relies on a suitable trophoblast line because obtaining pure, primary, first-trimester human trophoblast remains a challenge. Compared with BeWo, JEG-3, and JAR, which are highly malignant and have a substantially different transcriptomic profile from EVTs, the HTR-8/SVeo cell line is reported to contain a heterogeneous population of trophoblasts and has been widely used to investigate EVT biology and functions (45, 46). Our results showed that CXCL5 can promote trophoblast cells migration and invasion. Therefore, the downregulation of CXCL5 in villous tissues of RSA patients leads to inadequate trophoblast invasion and the development of RSA.

EMT is firstly described by Elizabeth Hay and is referred to as a multistep dynamic cellular phenomenon in which epithelial cells lose their cell–cell adhesions and gain migratory and invasive traits that are typical of mesenchymal cells (47). This process is characterized by loss of the membranous epithelial marker E-cadherin, increase of mesenchymal markers including vimentin and N-cadherin, and enhanced migratory and invasive behaviors. It has been reported that EMT participates in embryonic development, tissue repair, and cancer metastasis (48–50). We provided the first evidence that CXCL5 induced the EMT process to enhance trophoblast invasion and migration. Additionally, we also observed the reversal of EMT in CXCL5-reduced villous tissues from RSA patients. These data emphasized the importance of EMT in pregnancy. Interestingly, recent studies have also found that EMT has an intimate association with aerobic glycolysis (51, 52). In addition, Ma et al. have reported that lactic acid, which is a critical metabolite product of aerobic glycolysis, plays a role in trophoblast invasion and angiogenesis (53). However, whether this effect is mediated by EMT induction to link pregnancy requires further investigation.

PI3K/AKT and ERK pathways are reported to play significant roles in the CXCL5-induced cell invasion and the EMT process. Qiu et al. found that CXCL5/CXCR2 axis contributed to the EMT of nasopharyngeal carcinoma cells by ERK/GSK-3β/snail signaling (23). Zhao et al. reported that tumor-derived CXCL5 promoted human colorectal cancer metastasis through the activation of ERK/Elk-1/Snail and AKT/GSK3β/β-catenin pathways (33). In our present study, CXCL5 can activate PI3K/AKT/ERK1/2 pathway to induce the EMT process and enhance trophoblast invasion. These data again highlight the importance of PI3K/AKT and ERK pathway. In addition, PI3K/AKT signaling is also identified as a potential therapeutic target. Epidemiological studies and meta-analyses have shown that the use of statins is closely associated with a reduced incidence of colorectal cancer (54–56). Recently, a new study has revealed that statins can target inhibition PI3K/AKT/mTOR signaling and thus acts on colorectal cancer progression (57). Remarkably, another research has found that pravastatin can successfully prevent fetal death in a pregnant woman with a history of four consecutive pregnancy losses (58). However, whether this effect depends on PI3K/AKT pathway needs more exploration.

It is reported that reproductive hormones E, P, and HCG play important roles during pregnancy and can affect the expression of chemokines within the maternal–fetal microenvironment (36). Currently, we found that P significantly increased CXCL5 expression while E had an opposite function. Our results also showed that HCG upregulated CXCR2 expression, although it did not affect CXCL5 expression. These findings indicated that CXCL5/CXCR2 axis is regulated by local hormones. There is also a close dialogue between trophoblast cells and maternal DSCs at the maternal–fetal interface (59). Co-culture systems comprising decidual fragments and trophoblasts have been widely used to explore their relationship. Li et al. reported that DSCs promoted CCR3 levels of trophoblast cells (37). Our current result confirmed that DSCs significantly promoted CXCL5 and CXCR2 expression of trophoblast cells. However, whether DSCs can induce trophoblast cells to secrete CXCL5 and participate in the regulation of trophoblast invasion deserve further research in future work.

In summary, our present data confirm that CXCL5 levels are significantly lower in human villous tissue from RSA patients. We also demonstrate that CXCL5 can promote trophoblast invasion, migration, and EMT process through PI3K/AKT/ERK1/2 pathway. Taken together, these data indicate that CXCL5 downregulation in villous tissue is correlated with RSA. This provides us with more insights into the molecular pathogenesis of RSA. In addition, we also found that E, P, HCG, and DSCs regulate the expression of CXCL5/CXCR2 in a cell manner. These findings illustrate a new dialogue among chemokines, trophoblast cells, and reproductive hormones in the microenvironment of the maternal–fetal interface (Figure 7).




Figure 7 | A schematic diagram of CXCL5 promoting trophoblast migration, invasion, and EMT process through PI3K/AKT/ERK1/2 signaling pathway. Trophoblast cells express CXCR2, which is the receptor of CXCL5. Exogenous CXCL5 combined with CXCR2 promotes the EMT process through the activation of the PI3K/AKT/ERK1/2 signaling pathway and consequently increases the invasiveness and migration of trophoblast cells. Conversely, downregulation of CXCL5 results in insufficient invasion and therefore is correlated with the pathology of RSA. In addition, E, P, HCG, and DSCs participate in regulating CXCL5 and CXCR2 expression of trophoblast cells within the microenvironment of pregnancy at the maternal–fetal interface. CXCL5, C-X-C motif chemokine ligand 5; EMT, epithelial-to-mesenchymal transition.
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Recurrent pregnancy loss (RPL) is a common and severe pathological pregnancy, whose pathogenesis is not fully understood. With the development of epigenetics, the study of DNA methylation, provides a new perspective on the pathogenesis and therapy of RPL. The abnormal DNA methylation of imprinted genes, placenta-specific genes, immune-related genes and sperm DNA may, directly or indirectly, affect embryo implantation, growth and development, leading to the occurrence of RPL. In addition, the unique immune tolerogenic microenvironment formed at the maternal-fetal interface has an irreplaceable effect on the maintenance of pregnancy. In view of these, changes in the cellular components of the maternal-fetal immune microenvironment and the regulation of DNA methylation have attracted a lot of research interest. This review summarizes the research progress of DNA methylation involved in the occurrence of RPL and the regulation of the maternal-fetal immune microenvironment. The review provides insights into the personalized diagnosis and treatment of RPL.
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Introduction

Recurrent pregnancy loss (RPL) refers to three or more consecutive spontaneous abortion with the same spouse before 28 weeks of gestation. This complication affects about 5% of women of childbearing age globally (1). The latest epidemiological data released by the American Reproductive Medicine showed a spontaneous abortion prevalence of 15-20%, of which the incidence of RPL comprised approximately 2-5% of the total pregnancy (2). The pathogenesis of RPL is a complex process comprising abnormal chromosome structure and function, immune dysfunction, endocrine disorder, abnormal reproductive structure, maternal factors, prethrombotic state, and the environment, among others (3, 4) (Figure 1). Although concentrated research has identified numerous causes for RPL, the etiology and pathogenesis of about 50% of RPL cases remain unclear. Such cases are referred to as, unexplained recurrent pregnancy loss (UPRL). Exploring the pathogenesis of URPL and providing early intervention are critical in ensuring a higher RPL live birth rate and a better pregnancy outcome.




Figure 1 | High risk of RPL (recurrent spontaneous abortion) (5). The etiology of RPL can be diagnosed by interrogation, clarifying the gestational age and characteristics of the miscarriage. Early RPL may be related to abnormal chromosome structure and function, immune dysfunction, endocrine disorder, abnormal reproductive system, prethrombotic state (PTS), poor environment and living habits. The function of the uterine cervical, the development of amniotic fluid, and the umbilical cord may also be linked to late RPL. This review focuses on the abnormal immune function of RPL and analyze the important role of DNA methylation.



The development of epigenetics provides a new perspective for the pathogenesis of RPL. Epigenetics refers that cells maintain or alter gene expression in stable or heritable manner without changing DNA sequence, including DNA or RNA methylation, histone or chromatin post-translational modification (PTM), and non-coding RNA (ncRNA) regulation et al. Epigenetics plays a vital role in the occurrence and development of RPL through regulating the expression of key genes determining cell differentiation, proliferation and apoptosis, which has been passed on to future generations by intergenerational and cross-generational inheritance and affected their health. These genes are expected to be the potential biomarkers for the diagnosis and new targets for the treatment of RPL. Numerous epigenetic studies have found that RPL is associated with defects in DNA methylation, methylation modification, and other related epigenetic modifications. Imprinting barriers, gene expression disorders, spermatozoa defect, and immune imbalance induced by abnormal DNA methylation may affect the process of embryo implantation, growth and development, and ultimately lead to the occurrence of RPL. To provide a new direction for the diagnosis and treatment of RPL, this review elaborates on the role of DNA methylation in the pathogenesis of RPL and its regulatory pathways.



DNA Methylation and Related Enzymes

DNA methylation is the earliest and most extensively studied epigenetic modification, which takes CpG Island as the central link. DNA methylation prevents the transcription factor (TF) from combining with DNA, or promotes the recruitment of methyl binding domain proteins for chromatin remodeling. It’s realized through generating 5-methylcytosine (m5C), which eventually leads to the silencing of gene expression (6). Extensive protein systems in cells write methylation patterns on DNA by de novo methylation (DNMT3a and DNMT3b) or demethylation (TET1, TET2 and TET3), and faithfully copy a series of factors (DNMT1 and UHRF1) of methylation patterns during DNA replication (Figure 2) (8). As an important epigenetic modification, the establishment, maintenance and clearance functions of DNA methylation play a key role in mammalian development and diseases (6). Previous studies have shown that DNA methylation is involved in the regulation of various biological processes. They include but are not limited to cell differentiation and development, gene transcription, chromatin structure remodeling, X chromosome inactivation, genome imprinting, and chromosome stability. At the same time, the pregnancy processes such as fertilization, embryo implantation, and placental development in human early embryo development are also closely related to DNA methylation (9, 10). The failure of cell invasion in early pregnancy, abnormal immune tolerance, and abnormal arterial remodeling of the decidua during placental development, which are controlled by a complex network of genetic-epigenetic modifications, may lead to the occurrence of URPL (9).




Figure 2 | Pathway for dynamic modifications of cytosine. Methylation is achieved by DNMTs transferring the methyl to unmodified cytosine. It involves two steps: (A) Passive dilution, in which the methyl is directly removed to yield unmodified cytosine; and (B) Active demethylation, in which the methyl is catalyzed by TET into different oxidized forms and then combined with glycosylation, base repair, DNA replication, and other methods to yield unmodified cytosine (7).



DNA methylation is mainly established and maintained by DNA methyltransferases (DNMTs), that transfer a methyl group from S-adenyl methionine (SAM) to the fifth carbon of a cytosine residue to form 5Mc. The enzymes include DNMT1, DNMT3a, DNMT3b and DNMT3L (11). DNMT1 is responsible for maintaining the DNA methylation pattern during the S phase in cell division (12). DNMT3a and DNMT3b initiate de novo methylation in vivo and are required for establishing new DNA methylation patterns during embryonic development (13). Although it lacks the conserved catalytic domain common to DNA methyltransferases, DNMT3L acts as a necessary accessory protein for DNMT3a-mediated de novo methylation in the germline (14–16). DNMT3c, as a tandem copy of DNMT3b, is only found in rodents, and it’s responsible for the DNA methylation of repetitive elements in the male germline (17, 18). All the DNMTs are extensively involved in the development of an embryo. It’s obvious that the deposition of methylation marks relies on the catalytic activity of DNMTs, while the active removal relies on the activity of ten-eleven translocation enzymes (TET) and thymine DNA glycosylase (TDG) (19). Various biological processes, including preimplantation of the embryo and PGC development, ESC maintenance and differentiation, neurological function, and cancer, have been shown to involve DNA demethylation (7). Research has revealed that global DNA demethylation of the preimplantation embryo genome is mainly accomplished through passive dilution and TET3-mediated oxidation (20, 21). In female mice, TET1 deficiency leads to PGC meiosis defects, which has been linked to insufficient demethylation and failure of meiotic gene activation (22). TET1 deficiency, on the other hand, causes abnormal methylation patterns at imprinted genes in PGC and sperm cells in male mice (23). In addition, TET1 and TET2 are both expressed in mouse embryonic stem cells (mESC) (24, 25). Deletion of TET1 manipulates ESCs towards specific lineages, while deletion of TET2 can inhibit enhancer activity and delay transcriptional changes during differentiation (26). TET1/TET2/TET3 triple knock-out (TKO) of ESCs has basically normal morphology and expresses pluripotency markers, but their differentiation and developmental potential are impaired (27). In summary, abnormal DNA methylation may change the embryo development potential, jamming embryo implantation and placenta formation, which may lead to adverse pregnancy outcomes.



DNA Methylation Dynamics in Early Embryo Development

Methylation of DNA is a critical epigenetic regulatory mechanism in mammals during embryonic development. During gametogenesis and early embryo development stages in mammals, the whole genome undergoes a reprogramming event of demethylation-remethylation, realizing the continuation of the germline and the transmission of genetic material (28). Since 1987, it is believed that there are two demethylation-remethylation waves during development (Figure 3). The first waves of demethylation and remethylation occur during the migration of proliferating primordial germ cells and before the formation of mature gametes, respectively. During foetal life, the methylation marks on the imprinted genes are erased in the primordial germ cells. These marks are re-established during spermatogenesis up to the primary spermatocyte stage and faithfully maintained through the cell divisions by the DNA methyl-transferases. The second wave of demethylation occurs after fertilization, when the epigenetic memory of the gametes is erased on a large scale, and the lowest DNA methylation has been reached in the blastocyst (31). After embryo implantation, remethylation gradually occurs until it returns to the original high level (32). In other words, the methylation pattern of the early human embryo genome is reflected as follows: it’s at a high methylation level before fertilization, then the demethylation occurs during the cleavage stage, and the methylation level reaches a trough when the blastocyst is formed. Finally, it has been established a new methylation mode for interaction with the uterus after the embryo implantation to restore the original high methylation level. The periodic and orderly change of DNA methylation is the key to ensure the pluripotency of the developing embryo (33). Then, during the ovulation period, it is reflected through to the lowest level of methylation formed by the blastocyst, and finally the new methylation state in the mother-to-child interface. While researching on the reprogramming process of DNA methylation modification during preimplantation development of mouse cloned embryos, Gao Shaorong et al. revealed that abnormal DNA re-methylation is the key obstacle leading to abnormal development of cloned embryos after implantation (34). From this review and the existing literature, it can be suggested that the periodic and orderly changes in DNA methylation during early embryo development presents a novel research target of RPL.




Figure 3 | Methylation dynamics of gametes and early embryos during development (11, 29, 30). (A) In the germ line, DNA methylation in Primordial Germ Cells (PGCs) is almost completely eliminated to protect the PGCs from premature differentiation. Before mature gametes are formed, germ cells re-establish DNA methylation in a sex-specific manner. In early embryos, except imprinted genes and certain repetitive sequences, the genome undergoes global demethylation after fertilization and re-methylation after embryo implantation. (B) In general, global DNA methylation is mostly static throughout life. However, two waves of genome-wide DNA demethylation-remethylation occur in the germline and preimplantation embryos.





RPL and Abnormal or Defective DNA Methylation

DNA methylation runs through the entire reproductive process of gametogenesis, embryonic development, and maternal-fetal interface formation. Abnormal DNA methylation is a potential cause of early pregnancy loss (miscarriage or abortion within the sixth week of conception). Early embryo development (35), trophoblast cell invasion (36), maintenance of the uterine immune tolerance microenvironment, and uterine spiral artery remodeling are all controlled by a complex network of genetic-epigenetic modifications. Such modifications promote the occurrence of URPL. Globally, about 4% of spontaneous abortions have been linked to abnormal DNA methylation (37). Therefore, DNA methylation is an important molecular mechanism for the fertilization of the embryo and the normal development of the fetus. Vasconcelos et al. revealed for the first time, the disorder of epigenetic modifiers and imprinted genes in the placenta and fetal tissues of idiopathic spontaneous abortion. During the trimester, the author observed that TET2/3, IGF2, and CDKN1C were up-regulated; MEST was down-regulated; and methylation of MEST, KvDMR1, and H19 DMR was increased (38). DNA methylation may inhibit the expression of certain key genes in the embryo, which may interfere with the normal development and growth of the embryo, and promote the occurrence of RPL.

DNA methylation involves the selective addition of DNMTs and the selective deletion of TETs. Analysis of the chorionic villi and decidual tissues of URPL patients showed that they were hypomethylated and accompanied by down-regulation of DNA methyltransferases (DNMT1, DNMT3a, DNMT3b) and up-regulation of DNA demethylase (TET1/2/3) (39–42). The expression of DNMT1 and DNMT3a was significantly reduced in the receptive phase of the mouse endometrium. Clinical studies have revealed that the DNAMT3a (448A > G) gene polymorphism (43), and the DNMT3b gene polymorphism (rs1569686) may be a potential genetic marker of RPL susceptibility (44). Both DNMT1 and DNMT3a are found in the chorionic villus and decidua of normal early pregnancy. The interference of DNMT1 inhibitors may cause a decrease in the level of DNA methylation, impair embryo development, and inhibit the attachment between embryos and endometrial cells (45). Serman et al. found that after taking 5-Aza-CdR (DNA methylase inhibitor) in pregnant mice, the expression levels of DNMT1 and DNMT3a in the endometrial tissue decreased. Also, the proliferation of trophoblast cells was inhibited, and the embryo implantation rate was significantly decreased (46). Tanaka S et al. found that TET1 and TET2 regulate the expression of cyclin B1 through protein-protein interactions. As well, the enzyme regulate the integrity of trophoblast cells and the intracellular replication cycle, which affects the development of the fetus (47). In addition, demethylases (TET1/2/3) may induce the occurrence of URPL by interfering with the gamete meiosis, early embryo totipotency and differentiation of specific lineages (48, 49). We hope that through further experiments, we can find new means of preventing and treating URSA using methylation methyltransferase inhibitors.

Folic acid metabolism, as an important way to generate methyl donors (active methionine SAM), is inseparable from the occurrence of DNA methylation. the gene-specific methylation of 5,10-methykenetetrahydrofolate reductase (MTHFR) is a thrombophilic marker as well as it is positioned at the junction of the reactions producing methyl groups for the purpose of the DNA methylation, DNA repair and DNA synthesis (50). In RPL cases, MTHFR is significantly increased (p=0.002), which emphasizes the vital association between the methylation of MTHER and transformation (50). The clinical cases suggest that RPL’s spouse MTHFR (C677T/A1298C) polymorphism may alter sperm concentration and ratio of forward motility sperm (PR) by affecting DNA methylation, thereby increasing the risk of early spontaneous abortion (51, 52). In addition, the polymorphism of MTHFR (C677T) leads to low enzyme activity, changes the methylation cycle, and reduces the available free methyl. When these happen, they result in low global DNA methylation, which may be involved in the occurrence of preeclampsia (PE) and pregnancy loss (PL) (50). Rotondo et al. found that the promoter of MTHFR in the sperm of the RPL’s spouse showed a high degree of methylation. Based on the above researches, we suggested that abnormal methylation of MTHFR may affect the normal growth and development of the embryo, leading to the occurrence of RPL (53). We suspect whether simple supplementation of “folic acid” can compensate for the methylation defects in MTHFR-related RPL patients, thereby improving pregnancy outcomes? The feasibility of this measure requires further investigation of folate metabolism and other compensatory pathways in RPL patients.



DNA Methylation of Imprinted Genes and RPL

Genomic imprinting is a process in which parental alleles undergo modification as they are passed on to offspring through gametes. Alleles with parental imprinting acquire different expression characteristics. During development, the methylation and expression status of imprinted genes are tissue and stage specific during development (54). More than 50 percent of known imprinted genes are expressed in placenta, and they are crucial to cellular differentiation and embryonic development (55). Abnormal DNA methylation in the imprint control area (ICR) of imprinted genes can lead to abnormal silencing of active alleles or abnormal expression of inactive alleles. This causes imprinting disorders or deletions, fetal neurodevelopmental defects and metabolic disorders, which in turn affect embryo development and induce poor pregnancy outcomes. Previous studies have reported that imprinted gene defects lead to early pregnancy loss, fetal death, prolonged delivery, and the development of embryo tumors (56–59). Liang et al. found that the maintenance level of the imprinted gene PEGIO is very important for early embryo development, whose down-regulation leads to irreversible pregnancy loss (60). Zhang et al. verified that the changes in the expression of imprinted genes and the hypermethylation profile of the repetitive regions (PRE-1 and satellite DNA) in cloned pigs may be related to the developmental defects and early pregnancy loss of the cloned pigs (61). Clinical studies have supported that PHLDA2, a maternal gene, is up-regulated in the placental tissues of the RPL, and inactivation of Mash2/Peg10 can cause abnormal placental development, which may lead to early embryo death. Flisikowski et al. reported that a microdeletion of PEG3 (a maternal imprinted gene of cattle) enhanced inhibition of the paternal gene MIMT1, late pregnancy loss, and even stillbirth (62). In addition, the expression of IGF2/PHLDA2/PEG10/CDKN1C was increased in first/mid-pregnancy abortion, while PEG10 was lowered in late pregnancy abortion or stillbirth (63). A series of clinical trials have also verified the hypothesis that “improper methylation and expression patterns of imprinted genes may lead to RPL” (64). While evaluating the DNA methylation patterns of the maternal genetic imprinting gene GRB10 and the paternal inherited genes (IGF2 and PEG3) in the villus samples of RPL, Liu et al. reported that both showed significant high methylation (64). PEG3 plays a key role in p53-mediated cell death and offspring development. Deletion and mutation of PEG3 may lead to insufficient placental nutrient transport and retardation of offspring growth, which may trigger offspring death (65, 66). IGF2 participates in glycogen production and affects placental metabolism or fetal growth. The quality of the fetus and placenta in placenta-specific IGF2-knockout mice is significantly reduced (67). The transgenic mice with the proximal duplication of chromosome 11 where GRB10 is located, exhibited pre-/post-natal growth retardation (58). To summarize, the defects of imprinting genes related to abnormal DNA methylation can promote the disorders of fetal neurological, developmental, metabolic and jamming embryo development. The placenta is an important organ for the enriched expression of imprinted genes. The methylation of the imprinted gene (H19/PEG1/LIT1/SNRPN) in the placental villi of RPL was significantly higher than normal (68, 69). The abnormal increase of H19/ICR1 methylation in the villi indicates that the methylation changes at special sites in the placental villi may be closely related to the risk of RPL (42). DNMT3L acts as an important structural protein that coordinates DNMT3A/DNMT3b-mediated DNA methylation during embryo development. The DNMT3L-knockout oocytes were unable to establish maternal-specific methylation imprints, resulting in abnormal fetal neural-tube development, which manifested as SA in the second trimester. It’s also been proven that DNA methylation is the key to genomic imprinted markers (70). Sheng et al. obtained E7.5/E13.5/E19.5 placentas from pregnant C57/BL mice, and screened the imprinted LncRNA controlled by DNA methylation during placental development. The results showed that the methylation of the MEG8 promoter increased in RPL villi, and the abnormal up-regulation of lncRNA MEG8 (RIAN) in the trophoblast cell inhibited cell proliferation and invasion. The author linked this observation to the occurrence of URPL (71). All in all, genetic imprinting disorders or deletions related to abnormal DNA methylation may promote the occurrence of RPL by interfering with embryo development (neural-tube development and metabolism), placental nutrient transport, trophoblast proliferation and invasion (72). We believe that in cases of RPL especially (unexplained RPL), early finding of new prognostic marker would be of great help to obstetricians for early detection and management of RPL patients.



Sperm Abnormal DNA Methylation and RPL

RPL is also associated with certain male factors, including age, abnormal semen parameters, and sperm DNA damage. There is a growing body of evidence to support the hypothesis that the intact paternal epigenome is essential for normal embryo development (73). As the main epigenetic modification to maintain the normal development of sperm, DNA methylation can correctly compress the chromatin of the sperm head and permanently silence the gene promoters related to gene imprinting (22). Some studies have reported that the integrity and compactness of sperm chromatin in the RPL group are lacking (74–77). The abnormal DNA methylation of sperm interferes with spermatogenesis and embryonic development, leading to improper implantation and RPL (73, 78, 79). Sperm global methylation levels were found to be significantly reduced in the RPL group (80). The promoters of development-related genes in mature sperm often exhibit low methylation. The role of sperm DNA methylation in mammalian embryo develpment has been described by several authors. To identify the mechanism of how DNA methylation impacts sperm function and embryo development, several studies were performed in animal models. The earlier rodent studies have demonstrated that decreased global methylation levels in spermatozoa are associated with post-implantation embryo loss (81). DNA methyl-transferase family of proteins promote methylation and its maintenance (82). Studies in knockout mice and mutations in these proteins demonstrated an association with chromosomal deactivation, embryo growth interruption, and sub-sequent demise (12, 83, 84). In addition, studies that have used potent DNA methylation inhibitors in mice demonstrated an increased incidence of embryo mortality (85). It should be noted that embryo loss could be as a result of toxic effects of these inhibitors and not directly as a result of inhibition of DNA methylation (86). Furthermore, a recent study by Rogenhofer et al. demonstrated that P1 and P2 mRNA levels as well as the ratio of these two protamines were significantly different in male partners of women with unexplained recurrent pregnancy loss compared with healthy control men and subfertile couples undergoing in vitro fertilization/intracytoplasmic sperm injection (87). Based on the current body of evidence, we believe we can hypothesize that sperm epigenetics impact embryo development and alterations can be implicated in pregnancy loss. We await further studies on this idea.

Ankolkar et al. found that the methylation of imprinted gene H19 in the semen of the URPL spouse was significantly lower than normal, while there was no obvious difference in the methylation of PEG1/DLK1/GTL2/PLAGL1. Khambata et al. proposed several imprinted genes with abnormal DNA methylation in the sperm of URPL’s spouse that are related to RPL, such as IGF2-H19 DMR, intergenic differentially methylated region (IG-DMR), mesoderm specific transcript (MEST), zinc finger protein regulateing apoptosis and cell cycle arrest (ZAC, also called PLAGL1), DMR KCNQ1 intron 10 gene (KVDMR), paternally expressed gene 3 (PEG3) and paternally expressed gene 10 (PEG10), as well as decreased sperm global 5-methylcytosine (5mC) levels, are all related to RPL (80). IGF2-H19 DMR is an effective mitogen regulating the growth of embryos and placenta (88). The loss of DLK1 does not lead to embryo death, mainly manifested by defects in placenta formation and adipocyte differentiation (89). MEST, expressed in human villi and invasive trophoblasts during early pregnancy, contributes to angiogenesis during trophoblast invasion (90). PLAGL1 participates in the regulation of cell cycle, apoptosis and embryo development, whose lack may lead to embryo growth restriction and lethality (91). A meta-analysis showed that the hypomethylation and demethylation of H19 affect sperm concentration and motility (92, 93). The global 5mc level of sperm may be regarded as a diagnostic marker for RPL to detect “epigenetically abnormal” sperm, and the imprinted genes such as IGF-H19 will be the best candidate genes. In addition, MTHFR polymorphic variants are associated with decreased sperm count (53, 94, 95), leading to male oligospermia, infertility, and RA. Rotondo et al. believe that the hypermethylation of the MTHFR promoter in the sperm of URPL’s spouse may cause RA by abnormal embryo development and trophoblasts proliferation/apoptosis/differentiation (96). In conclusion, the paternal epigenome impacts sperm quality, early embryogenesis, and possible somatic health in future offspring (78). We need more transgenera-tional studies focused on environmental exposures in the F0 population, effects on sperm epigenetics, and any evidence of an impact on somatic health outcomes in offsprings. This will ultimately provide a path to preventative measures, diagnosis, and treatment.



DNA Methylation of Placenta/Decidual and RPL

The placenta is the first organ formed during pregnancy, which plays an important role in the intrauterine regulation of fetal growth. The placenta plays multiple functions, such as the exchange of nutrients, waste, and gas, maternal-fetal immune tolerance, and various kinds of metabolic and endocrine functions during fetal development (97). Placental insufficiency may cause preeclampsia (PE) or intrauterine growth restriction (IUGR). The inflammation or infection in the placenta can lead to chorioamnionitis (CA) or placental-related preterm birth (PTBs). Tumor formation in the placenta is also called choriocarcinoma (CA) or hydatidiform mole (HM) (54). Epigenetic modification is believed to play a vital role in placental function and development (4, 98). In early pregnancy, the human placenta has similar phenotypic characteristics and epigenetic patterns to tumors, such as extensive hypomethylation of the whole genome and local hypermethylation of CpG islands (99). The epigenetic regulation of imprinted and non-imprinted genes is important in the placenta, date from the preimplantation stage and maintaining it throughout the whole pregnancy (54). Furthermore, DNA methylation may be inherently more variable in the placenta, because of its need to be responsive to a variety of signals in its function as a mediator of exchange between the fetus and mother (100). Thus, the placenta acts as the most important organ for the expression of imprinted genes. Lim et al. used RRBS (bisulfite sequencing) and RNA-seq to perform DNA methylation and gene expression analysis on human placental tissue. The author suggested that significantly altered genes were enriched in pathways related to the cell cycle and immune response (101). It is worth noting that human chorionic gonadotropin (HCG), whose coding genes CGB5 and CGB8 carry imprinting sites of placental expression, is an important hormone for embryo development and pregnancy maintenance. When the CGB5 promoter is hemi-methylated in RPL, the secretion of HCG is reduced, and the abortion rate is significantly increased (22). In a study that involved use of BSP to detect the methylation of the villi in RPL, Hannah et al. reported that RPL is closely related to the DNA methylation of specific sites in the placenta (like the decreased defensin β1 and the elevated AXL) (102). Elsewhere, Du et al. compared and analyzed the genome-wide DNA methylation of placental villi in RPL. The authors proposed that the hypomethylation of the PRDM1 promoter induces the recruitment of GATA2-FOXA1complex, promotes the migration and apoptosis of trophoblast cells, and leads to the occurrence of RPL (70). PRDM1 is a transcriptional regulator of embryo cell fate, required for reprogramming of primordial germ cells and intestinal cells (103). Wu et al. analyzed the LncRNA expression profile by microarray, and proposed that the abnormal methylation of IGF2AS in the placental villi may affect the stability of early pregnancy (104). Previous studies have shown that the formation and localization of the placenta may be the result of a balance between matrix metalloproteinases (MMPs) and tissue inhibitors of matrix metalloproteinases (TIMPs) secreted by the extracellular matrix. That means the expression of MMPs/TIMPs and the changes in the methylation of the promoter lead to the imbalance of MMPs/TIMPs and the occurrence of URPL (39, 104). A clinical study suggested that changes in placental DNA methylation of genes involved in environmental adaptation, immune response, and imprinted genes may contribute to the etiology of RM (45). However, it is difficult to determine whether these changes are causal or a consequence of placental adaptation to an unhealthy embryo. Furthermore, studying DNA methylation in the placenta is complicated by the presence of different cell types which carry their own unique methylomes. The subsequent research should reinforce the need to focus DNA methylation sequencing experiments on individual cell populations rather than entire tissue extracts.

Decidua, the maternal part of the placenta, provides a delicate balance between immune tolerance and defense to maintain pregnancy (105). The establishment and maintenance of normal pregnancy is accompanied with the proliferation, migration and invasion of trophoblast cells and endometrial decidualization. The invasion disorders or excessive invasion of trophoblast cells and abnormal endometrial decidualization can cause RPL. The endometrial decidualization involves the endometrial stromal cells’ reprogramming, the production of various mediators such as cytokines and chemokines, and the selective recruitment of immune cells. As an important part of the maternal-fetal interface, decidua plays a crucial role in the establishment and maintenance of pregnancy. First, it limits the excessive invasion of trophoblasts cells to protect the maternal uterus (106). Second, decidual secrete lipid droplets, glycogen, and growth factors provide nutrition for embryo development (107). Third, decidual enhances the construction of the maternal-fetal immune tolerance microenvironment to maintain normal pregnancy (108). Abnormal DNA methylation interferes with the expression of decidual related genes, leading to a decrease in immune tolerance, cell invasion failure, and poor remodeling of the uterine spiral artery. When these happen, improper implantation, inflammation, and impaired placental development may occur (109). DNA methylation analysis of the decidual in RPL showed that overexpression of CREB5 (cAMP responsive element binding protein 5) and SGK3 (SGK is a serine-threonine protein kinase regulated by glucocorticoids, involved in epithelial ion transport and cell survival) (110) can promote the occurrence of RPL by interfering with trophoblasts migration, apoptosis and dysfunction (111). The GO analysis suggested that hypo-DMR near CREB5could up-regulate CREB5 gene expression by recruiting P53 and SP1, thus increasing cell migration and cell apoptosis, blocking cell cycle (22). In addition, some studies have shown the function of CREB5 in the immune response, including macrophage survival, regulation of T/B lymphocytes, and inducing the transcription of immune-related genes (such as IL-10) (112). That means the hypomethylation of CREB5 may promote the occurrence of RPL by regulating the immune response. Chen H, et al. constructed a miRNA-mRNA network in decidual and identified several small molecules involved in the occurrence and progression of URPL, such as FCGR1A/3A (important receptors for innate and adaptive immune responses), CXCL8 (also known as IL-8, an important inflammatory factor), HCK [expressed in bone marrow cells, B lymphocytes, and various cancer cells to enhance the expression of myelin growth factor and pro-inflammatory cytokines (113)], PLEK [an important substrate of protein kinase C, the phosphorylation of PLEK can promote the secretion of pro-inflammatory cytokines in phagocytes (113, 114)], IL10 [low IL-10 are associated with pregnancy complications, such as RA, premature delivery, fetal premature membrane rupture, PE, IUGR (115)], hsa-miR498 and hsa-miR-4530 (116). A retrospective observational case-control study that revealed the succinate dehydrogenase complex iron-sulfur subunit (SDHB) DNA methylation, SDHB expression increased, and succinate level decreased in the decidua of RPL. Low accumulation of chorionic succinic acid interferes with the invasion and proliferation of extravillous trophoblast cells through the PHD2-VHL-HIF-1α pathway, and affects embryo implantation (117). Xie et al. found that the DNA methylation of lncHZ08 promoter was decreased in the decidua of RPL, and the estrogen receptor (ER)-mediating the transcription of lncHZ08 was increased. The up-regulated lncHZ08 inhibits the PI3K/p-AKT/p-P21/CDK2 pathway by down-regulating PI3K, thereby reducing the proliferation, migration and invasion of trophoblast cells, and further inducing the occurrence of abortion (118). Fatima et al. analyzed the causal relationship between methyltransferase, methylation and cell apoptosis in abortion through structural equation modeling (119). Studies is the first to show that the methylation of p53 pathway (BAX/P53/CASPASE-6/BCL-2) achieved by methyltransferase (G9aMT/DNMT1) is closely related to the fate (maintenance or termination) of early pregnancy (119). It is worth noting that the abnormal response of human endometrial stromal cells (HESCs) to decidual signals is closely related to RPL. The MEDIP-Seq analysis of HESCs suggests that RPL is significantly associated with the decrease in methylation of CA-rich sequences, which are widely expressed throughout the genome and enriched in near telomeres. This study suggested that abnormal DNA methylation of HESCs in the uterine can cause them to lose their epigenetic stemness, promote stromal cell senescence, limit endometrium plasticity, prevent decidua, and further induce RPL (120). HESCs in vitro experiments have shown that the loss of DNMT3b in DSC can down-regulate the expression of decidual-specific IGFBP-1. This implies that inhibiting DNA methylation can eliminate decidualization before or after implantation, leading to pregnancy loss (121). The DNMT1 and DNMT3a in the endometrium of the mice injected with DNMT inhibitors (5-Aza-CR) at different pregnancy stages were down-regulated, and the subsequent endometrial decidualization and stromal cell proliferation defects showed the potential to directly reduce embryo implantation rate (116).



The Maternal-Fetal Immune Tolerance Microenvironment Is Regulated by DNA Methylation, As Is RPL

The endometrium is often regarded as an allograft that the embryo directly contacts. The main function of the endometrium is to create and maintain an optimal endocrine/paracrine, immune and molecular environment for proper attachment, implantation, invasion and development of the embryo. During pregnancy, the endometrial stromal cells undergo decidualization, a significant morphological and functional reprogramming of cells, cell reprogramming, tissue remodeling, gene expression, post-translational regulation, and change in the cell signal pathways. In the uterus, the activity of immune cells also undergoes major changes.

The maternal-fetal interface is an immune tolerance microenvironment composed of maternal decidua and fetal placenta, which are critical in ensuring the smooth progress of pregnancy. In this section, the composition of immune cells and related DNA methylation changes at the maternal-fetal interface of RPL is reviewed. Also, the effect of DNA methylation on the uterine immune microenvironment and the occurrence of RPL are explored.

The maternal-fetal immune interaction plays an important role in embryo implantation and pregnancy maintenance. Some scholars have proposed that URPL is a type of allogeneic immune disease related to the failure of maternal-fetal immune tolerance, which means the success of pregnancy depends on the immune status of the gravida and the immune regulation ability of the embryo (122). Du et al. performed a genome-wide DNA methylation analysis on the placental villi of RPL and found many significant DMRs near dysregulated genes (such as PRDM1) in RPL. These differentially expressed genes are enriched in the immune response pathway, which implies that abnormal immune regulation may promote the occurrence of RPL (70). The imbalances of the immune microenvironment at the maternal-fetal interface are usually reflected in two aspects (123). One is the lack of negative signal activation to maternal-fetal tolerance, which impairs embryo implantation or embryo formation. Excessive immune activation, on the other hand, increases the uterine inflammatory environment or causes trophoblast damage. Chuang G et al. carried out a study to identify the complete cell lineage of the decidual immune microenvironment of RPL through single-cell high-throughput sequencing. They documented several cells including but not limited to natural killer cells, macrophages, dendritic cells and T cells (124).



Endometrial Stromal Cells Regulate Local Immune Function

Previous experiments have shown that proper decidualization of endometrial stromal cells plays an important role in implantation and maintenance of early pregnancy. The profound morphological and functional reprogramming of the endometrial stromal cells that differentiate into highly specialized cells with secretory capabilities, have been found in this progress. The overall emerging picture is that decidualization of the endometrium is a process involving profound cell reprogramming, tissue remodeling, changes in gene expression and post-translation regulation, and alterations in cell signaling pathways (125). These studies indicate that the endometrium is an excellent biosensor for the quality of implanted embryos (126–128). Normal female endometrial cells become sensitive to embryo signals after decidualization, thus low-quality embryos inhibit the secretion of factors beneficial to embryo implantation. On the contrary, embryos with strong developmental potential will produce signals promoting implantation (129). However, the RPL is not sensitive to this signal, allowing low-quality embryos to be implanted, leading to poor pregnancy outcomes (120).



Macrophages

There are few studies on macrophages in the progression of RPL. The number of macrophages in the non-pregnant state is relatively small, only significantly increased in the luteal phase. Macrophages, rapidly increased in pregnancy, are located close to invading trophoblast cells and remodeled uterine spiral artery (120). They participate in embryo implantation, trophoblast invasion, remodeling of the uterine spiral artery, removing apoptotic cells and cell debris, and protecting the fetus from microorganisms or pathogens (130–132). A clinical study aimed at determining the DNA methylation group of macrophages on the maternal-fetal interface (133) reported as follows: First, there are significant differences in the DNA methylation patterns of macrophages derived from maternal or fetal cells. Second, differentially methylated genes related to immune response are highly methylated in fetal-derived macrophages. The imbalance between decidua M1/M2 macrophages is related to abortion (134). M1 macrophages increase the inflammatory advantage by producing inflammatory cytokines such as TNF-α, IL-β, IL-6 and IL-12, whereas M2 macrophages promote immune tolerance by producing anti-inflammatory cytokines such as IL-10 and TGF-β (135, 136). Contrary to normal pregnancy, we can’t detect the reduction of M1 decidual macrophages in URPL cannot be detected (134). Although the current research on DNA methylation of macrophages in the uterine microenvironment of RPL is still blank. However, a MeDIP-seq of preterm placenta demonstrated that abnormal DNA methylation was enriched in Fcy receptor-mediated macrophage phagocytosis (48), suggesting that abnormal DNA methylation in macrophages may be involved in adverse pregnancy outcomes.



Natural Killer Cells (NK Cells): Are NK Cells the “BAD BOYS” That Reject Embryos?

As a member of the innate immune system, NK cells were originally defined as a cell population capable of killing autologous and allogeneic target cells through spontaneous cytotoxic activity. Based on the phenotype and function, NK cells can be divided into various subsets, such as peripheral NK (pNK) cells, uterine NK (uNK) cells, tissue-resident NK (trNK) cells and innate lymphoid cells-1 (ILC1s). This review focuses on uNK cells, mainly CD56bright cells, with low cytotoxicity, but they can secrete rich cytokines to protect the alloantigen and regulate the process of pregnancy (137). The uNK cells reach a peak in early pregnancy and are adjacent to the invading trophoblast cells (138, 139). Studies have shown that activated uNK can produce angiogenic factors (VEGF and ANG2) and a large number of cytokines (GM-CSF, CSF-1, TNF-α, IFN-γ, TGF-β, LIF, IL2, CXCL10, CXL12) (140). During pregnancy, uNK cells play a unique role in regulating trophoblast cell invasion (141, 142) and remodeling the uterine spiral artery (123), which is the necessary step for placenta formation. In addition, the uNK plays an immune role at the maternal-fetal interface, and assumes the responsibilities of immune killing (such as killing microorganisms to avoid various inflammations) and immune tolerance (such as normal pregnancy) at the same time (143, 144). A series of clinical studies have demonstrated that compared with normal pregnant women, the number, quality and cytotoxicity of uNk cells of URPL are disparate (145, 146). The dysregulation of uNK cells in RPL may cause pregnancy damage through the following five potential ways: (1) NK cell cytotoxicity is maintained but impaired (147); (2) the ability of NK cells to correctly interact with the specific HLA expressed by trophoblasts is impaired (148, 149); (3) the ability of NK cells to effectively participate in the complete uterine spiral artery remodeling is impaired (150, 151); (4) the limitation of T cell cytotoxicity is impaired and (5) NK cells interferes with the mode of cytokine production (152–154). To date, the fact that NK cells are related to RPL is well known, but its related epigenetic regulation mechanism is still unclear. Whether the proportion, functional status and methylation level of NK cells are related to RPL remains to be further explored.



The Balance of Th1/Th2 or Th17/Treg and RPL

In 2010, Saito et al. proposed that the Th1/Th2/Th17 and Treg cell paradigms play a crucial role in maternal immune tolerance (155). Th1 cells contribute to cellular immunity by producing IL2 and INF- α, which are thought to be the basis for allograft rejection (156, 157). On the contrary, Th2 cells release IL4, IL5 and IL13 and participate in humoral immunity (158), as the key to inducing and maintaining allograft tolerance (159). Th1 cells secrete cytokines (IL2/TNF-/IFN-), participate in immune surveillance, and protect against excessive trophoblast invasion (160). A pro-inflammatory Th1 immune response is required to promote tissue remodeling and angiogenesis during embryo implantation (149). Comparatively, pregnant women having RPL have higher Th1 levels in their peripheral blood than normal pregnant women (161). Th1 and NK cells secrete a large amount of TNF-α, which causes apoptosis, inhibits trophoblast growth, and inhibits the uterine epithelium’s secretion of granulocyte macrophage colony stimulating factor, ultimately leading to pregnancy loss (162, 163). Once the implantation period is over, the immunodominance of Th1 cells gradually shifts to Th2, participating in maintaining the maternal tolerance to fetal antigens (164) until delivery. Th2 immunity represses the development of Th1 and Th17 immunities by releasing IL-4 and IL-13, respectively, and promotes allograft tolerance (165). Meanwhile, Th2 cytokine, IL-4, was reported to induce autoreactive B cell activation and thus promotes autoimmunity (166). The exacerbated Th2 immunity during pregnancy may induce autoimmune diseases (systemic lupus erythematosus) (167), while the tolerogenic may induce uncontrolled viral infections (ZIKA virus) (168). Timely and adequate Th2 immunity is important for the immunotolerance and protection of fetus from infection. Therefore, the timely transfer and adequate balance of Th1 and Th2 cells during pregnancy seem to be essential for a successful pregnancy. Conversely, an improper balance during pregnancy is related to pregnancy complications, such as RPL and PE. Reversing the Th1/Th2 imbalance in RPL patients and supplementing the lack of related cytokines can provide new ideas for the targeted therapy of RPL. In the LPS-induced abortion mouse model, Administration of IL-10, which has immunoregulatory properties, and TNF-α receptor blocker etanercept, prevented LPS-induced pregnancy losses (169). When shifted Th1 immunity was regulated with intravenous immunoglobulin G (IVIg), TNF blockers, or T cell activation inhibitors, such as etanercept, adalimumab, or tacrolimus, pregnancy outcome was significantly improved in women with RPL (170–174).

Th17 cells, producing effective pro-inflammatory IL17, play an important role in inducing inflammation and immune rejection (175). The interaction between Th17 and Th1 is related to the pathogenicity of allergies, autoimmune diseases, immune rejection and adverse pregnancy outcomes (49, 176–179). In addition, Th17 can induce the activation of dNK cells and impair the vascular reactivity of the uterine artery (160), leading to embryo resorption (49, 180). The excessive Th17 cells were detected in the decidua and peripheral blood of unavoidable abortion (177, 181–183). Treg cells play an important role in embryo implantation and early pregnancy as participants in mediating maternal-fetal tolerance (162, 163). The proliferation of Tregs is related to normal pregnancy, while the reduction promotes embryo immune rejection and induce pregnancy loss (163). In animal models, the consumption of Tregs significantly increases the abortion rate (184, 185). Conversely, the transfer of Tregs can prevent pregnancy loss in miscarriage-prone mice (186). Similarly, in clinical trials, compared with normal pregnant women, the Tregs of the peripheral blood (187, 188), endometrium and decidua (189, 190) in RPL have been reduced, accompanied by increased Th17 cells (190, 191). The possibility of Tregs involved in RPL is supported by the key transcription factor FOXP3. Wang et al. found that the hypermethylation of Foxp3 promoter down-regulates the expression of the FOXP3, reduces the number of Tregs, leads to the imbalance of Treg/Th17 in the maternal-fetal immune interface, and promotes the occurrence of RPL (192–195). At the same time, Treg cells can participate in the down-regulation of maternal-fetal excessive inflammatory response and embryo implantation, whose imbalance or dysfunction may lead to the occurrence of RPL (189). Finally, the highly malleable Tregs can differentiate into effector T cells under certain conditions. Unbalanced Tregs may directly participate in fetal rejection (196). Although there is still a lack of direct evidence to confirm the driving effect of abnormal DNA methylation of Th cells and Treg cells in RPL. However, the existing research suggests that abnormal DNA methylation may promote the occurrence of RPL through regulating the proliferation, differentiation and cell activity of Th cells and Treg cells. Detecting the proportion of Th cell population at the maternal-fetal interface and intervening in Th cell activation is beneficial to the prevention and treatment of RPL patients.



Imbalanced Cytokine-Chemokine Network in RPL

Cytokines, chemokines and their receptors can be produced by endometrial glandular epithelial cells and stromal cells, decidual cells, cellular components of innate and adaptive immunity, and trophoblast cells. This network creates a local immune balance microenvironment, which is essential for successful embryo implantation, the regulation of trophoblast migration, and a normal pregnancy. In RPL patients or mouse models, the dysregulation of cytokines associated with embryo implantation and early pregnancy is present in or recruited to immune or non-immune cells in the endometrium and decidua. In turn, the unfavorable cytokine environment will impair the tolerance of the maternal immune system to the trophoblast, leading to immune rejection. RPL is related to the decrease of TGF-β produced by decidual dendritic cells (197). The increased IFN-γ in the decidua of RPL can induce apoptosis and embryotoxic effects and promote the occurrence of RPL by triggering the excessive inflammatory response of the decidua (198, 199), IL-10, like TGF- and IDO, can induce DC differentiation into a tolerance phenotype and regulate Treg population expansion. The reduction of IL-10 in the decidua of RPL will hinder this immune protection (200–202). In view of the complexity, sensitivity and plasticity of the endometrial cytokine-chemokine network, it is still difficult to determine all the cytokines involved and their cell sources in RPL. The mechanism and specific signaling pathways of the abnormal DNA methylation-induced cytokine-chemokine network imbalance in the maternal-fetal interface promoting the RPL are still to be further explored. The in-depth research of epigenetic regulation in immune regulation and related signaling pathways of RPL is expected to provide opportunities for personalized diagnosis and treatment of RPL.

In the last three decades, enormous progress has been made in the comprehension of the mechanisms establishing and maintaining the maternal-fetal interface immune tolerance microenvironment. The involvement of the maternal immune system is not limited to a correct immunologic dialogue at the maternal–fetal interface, but is extended to the endometrial decidualization, vascular remodeling, and placentation. It’s obvious that the maternal-fetal immune tolerance microenvironment is intimately involved in the establishment, maintenance, development, and termination of the normal pregnancy. Pregnancy loss due to maternal immune dysfunction can be prevented by inducing an overall immunological tolerance at maternal-fetal surface and maintaining full immunological reactivity against all the other foreign antigens. In fact, the currently available immune treatments for RPL are rather limited, empiric in the majority of cases, and with low efficacy. On the basis of the existing researches, the future perspectives in the immune treatment of RPL could be aimed to correct abnormal decidualization as well as dysfunctions of the maternal-fetal immune tolerance microenvironment. Although there is still a lack of direct evidence and related mechanisms of DNA methylation regulating the maternal-fetal immune microenvironment. Considering the similarity between pregnancy and tumors, we expect that new anti-tumor therapy “epi-drugs” can also shine in RPL immunotherapy.



Conclusion

Recurrent pregnancy loss (RPL) is one of the most frustrating and difficult areas in maternal-fetal medicine. The RPL rates have continued to rise during the last few decades, yet the underlying mechanisms remain poorly understood. An emerging area of interest is the mediation of essential gene expression by epigenetic modification during early pregnancy. Epigenetic intergenerational or cross-generational inheritance support “Fetal Origins of Adult disease (FOAD)”. Looking at it from this point of view, it may be considered lucky as the abnormal epigenetic load from the maternal side gets lost and not transferred to the next generation. The number of studies about DNA methylation has increased linearly since its discovery in the 1980s, while much remains unknown. For example, why do abnormal DNA methylation embryos die at such an early stage of development? How does abnormal DNA methylation lead to RPL? We are now in an era of unprecedented genetic tools, sensitive and highly quantitative sequencing technologies, and the ability to alter DNA methylation. All problems seem to be solved, but challenges still exist.

The pathogenic factors of RPL are complex and diverse. DNA methylation plays a key role in early embryonic development, trophoblast cell invasion, uterine spiral artery remodeling and maintenance of the maternal-fetal interface by precisely regulating the inheritance and expression of genes. This review summarizes the relationship between abnormal or defective DNA methylation and RPL, and describes four aspects (imprinted genes, placental/decidual genes, sperm DNA, and immune-related genes) in detail. This review focuses on the composition of immune cells and related DNA methylation changes at the maternal-fetal interface of RPL. Earlier, the effect of DNA methylation on the uterine immune microenvironment and the occurrence of RPL were explored. This review fills a gap in the study of the important role of epigenetic regulatory networks in embryo development and the maternal-fetal interface. In this part, more basic experiments are needed to conduct in-depth research on the molecular mechanism and related signal pathways of epigenetic regulation in RPL. We also need to fully explore the complex association network between different regulation methods and their mechanism acting in early embryo development, embryo implantation, and the maternal-fetal interface. Our review opens up new avenues to screen women prior to pregnancy for the risk of miscarriage and point to the potential of immune therapies based on epigenetics in the prevention of RPL.
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Pregnancy after renal transplantation is associated with an increased risk of complications. While a delicately balanced uterine immune system is essential for a successful pregnancy, little is known about the uterine immune environment of pregnant kidney transplant recipients. Moreover, children born to kidney transplant recipients are exposed in utero to immunosuppressive drugs, with possible consequences for neonatal outcomes. Here, we defined the effects of kidney transplantation on the immune cell composition during pregnancy with a cohort of kidney transplant recipients as well as healthy controls with uncomplicated pregnancies. Maternal immune cells from peripheral blood were collected during pregnancy as well as from decidua and cord blood obtained after delivery. Multiparameter flow cytometry was used to identify and characterize populations of cells. While systemic immune cell frequencies were altered in kidney transplant patients, immune cell dynamics over the course of pregnancy were largely similar to healthy women. In the decidua of women with a kidney transplant, we observed a decreased frequency of HLA-DR+ Treg, particularly in those treated with tacrolimus versus those that were treated with azathioprine next to tacrolimus, or with azathioprine alone. In addition, both the innate and adaptive neonatal immune system of children born to kidney transplant recipients was significantly altered compared to neonates born from uncomplicated pregnancies. Overall, our findings indicate a significant and distinct impact on the maternal systemic, uterine, and neonatal immune cell composition in pregnant kidney transplant recipients, which could have important consequences for the incidence of pregnancy complications, treatment decisions, and the offspring’s health.
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Introduction

Achieving successful pregnancy in women with advanced chronic kidney disease or end-stage renal disease is clinically challenging (1, 2). Renal transplantation is the treatment of choice for most of these patients, especially in women of childbearing age as renal transplantation greatly improves fertility and the ability to conceive (3–5). As a consequence, the number of pregnancies in patients with a kidney transplant is rising (6). Unfortunately, kidney transplant recipients have a higher risk of developing pregnancy complications (5). For instance, preeclampsia occurs in about one-third (21-38%) of the pregnant kidney transplant recipients, while the risk of preeclampsia in the general population is only 3-5% (3, 5–7). Low birth weight children (< 2500 g; 50%) and preterm delivery (< 37 weeks of gestation; 50%) is also more common in kidney transplant recipients compared to the general population (5, 6, 8). These adverse pregnancy outcomes may be a result of impaired (pre-pregnancy) graft function, pre-pregnancy hypertension, or the effect of immunosuppression (5, 9–11). Conversely, delicately balanced immune dynamics, both in the uterus and systemically, are essential for a pregnancy to be successful (12–16). Immune perturbations associated with pregnancy complications are well-documented and may offer an explanation to the higher incidence of complications observed in kidney transplant recipients (16–19).

In addition, the immunosuppressive drug tacrolimus accumulates in the placenta of women with a kidney transplant (20), while azathioprine, tacrolimus, and prednisone are able to cross the placenta and enter the fetal circulation (8). Although the use of kidney transplantation medication has not been directly linked to increased incidence of major congenital malformations (8, 21), limited evidence suggests that in utero drug exposure impacts the development of the neonatal immune system. For instance, infants born to kidney transplant recipients had reduced B cell numbers at birth and transplantation itself was associated with an increased risk for hospital admission in the first months of life (22).

In order to investigate the local uterine immune system and systemic immune signatures, we used multiparameter flow cytometry to phenotypically characterize maternal immune cells derived from the decidua after delivery as well as peripheral blood immune cells collected over the course of pregnancy from kidney transplant recipients and healthy individuals with uncomplicated pregnancies. In parallel, we analyzed immune cells in the cord blood of neonates in order to assess the development of the neonatal immune system.

Systemic maternal immune dynamics in kidney transplant recipients largely followed a similar dynamic profile over the course of pregnancy compared to pregnancy in healthy individuals. In addition, we show for the first time that the uterine HLA-DR+ regulatory T cell frequencies are affected in women with a kidney transplant, particularly in those treated with tacrolimus. This may suggest that the choice of immunosuppression could influence the risk for the development of complications differently. Compared to healthy controls, reduced regulatory T cell, B cell, NKT-like cell frequencies, and altered monocyte composition was observed at birth in the offspring of kidney transplant recipients, which could have consequences for the offspring’s health outcomes.



Materials and Methods


Study Population

19 pregnant women having a healthy, uncomplicated pregnancy (HC) were recruited at the Radboud university medical center, and 14 pregnant women with a kidney transplant (KT) were enrolled at the Radboud university medical center and University Medical Center Utrecht in the Netherlands. 5 KT recipients developed pre-eclampsia during their pregnancy (Table 1). Pre-pregnancy kidney function, reported as the average of last 4 measurements before pregnancy, did not differ for those developing pre-eclampsia (Table 1). Tacrolimus trough levels did not differ between those receiving “Tacrolimus” or “Tacrolimus+Azathioprine” (data not shown) We collected cord blood (venipuncture of umbilical vein; EDTA tubes), maternal blood during pregnancy, and placentae after delivery. All KT recipients were required to be >1 year post-transplantation with stable graft function before pregnancy could be pursued.


Table 1 | Donor characteristics.



First trimester material – as used in in vitro cultures – was obtained from discarded uterine tissue after elective pregnancy termination, upon written consent. No further clinical information was obtained from these donors.

This study was approved by the local review board (Commissie Mensgebonden onderzoek region Arnhem-Nijmegen; CMO nr. 2014-232 and CMO nr. 2017-3253). In accordance with the Dutch Medical Research Involving Human Subject Act (WMO), all participants provided written informed consent before material was donated and included in this study.



Isolation of Lymphocytes From Maternal Blood and Cord Blood

One ml of blood was lysed with 25 ml lysis buffer (NH4CL + KHCO3/Na4EDTA diluted in H2O) for 10 minutes and washed 3x times with PBS. Lysed blood samples were used when only surface staining was performed. For intracellular staining protocol, lymphocytes were isolated by density gradient centrifugation (Lymphoprep, Axis-Shield PoC AS). After centrifugation (801 x g, 15 minutes, no brake), the lymphocyte layer was collected and isolated cells were washed twice with PBS before further analysis.



Isolation of Uterine Lymphocytes

Decidua parietalis was collected from the obtained term placentae as previously described (13). After removing the amnion, the decidua parietalis (i.e. maternal layer of the placental membranes surrounding the fetus) was carefully scraped from the chorionic trophoblast layer. First trimester decidual tissue was separated from villous tissue. The tissue was washed thoroughly with PBS, minced with scissors and washed again until the supernatant became clear. The tissue was incubated with 0.2% collagenase (Gibco Life Technologies) and 0.04% DNAse (Roche Diagnostics) in a water bath at 37°C while shaking. After 60 minutes, digested tissue was washed with supplemented RPMI (RPMI 1640 medium supplemented with 1 mM pyruvate, 2 mM glutamax, 100 U/ml penicillin, and 100 mg/ml streptomycin; Thermo Fischer) and passed through a 100 µm, 70 µm, and 40 µm cell strainer (Greiner). Lymphocytes were obtained after density gradient centrifugation (801 x g for 15 minutes, no brake) on a discontinuous Percoll gradient (1,050 g/ml, 1,056 g/ml and 1,084 g/ml; GE Healthcare). Lymphocytes were isolated from the 1,084-1,056 g/ml interface.



In Vitro Stimulation of First Trimester Uterine Lymphocytes

100.000 freshly isolated uterine lymphocytes were cultured with anti-CD3/CD28 microbead stimulation (1:2 bead-to-cell ratio) in the absence or presence of azathioprine (6-mercaptopurine; active metabolite of azathioprine) or tacrolimus (FK506), in 10% HPS culture media (RPMI 1640 medium supplemented with 1 mM pyruvate, 2 mM glutamax, 100 U/ml penicillin, 100 mg/ml streptomycin, and 10% Human Pooled Serum) in a 96-well U-bottom plate for 5 days at 37°C in a humidified 5% CO2 incubator. Azathioprine and tacrolimus concentrations were chosen based on in vivo serum levels. Serum levels for mercaptopurine (azathioprine) range 235-500 pmol per 8x108 red blood cells (communication with nephrologist) in adult renal transplant patients after oral administration, with a maximum serum concentration of 50 ng/ml after oral administration (23). Tacrolimus serum levels range 5-6 ng/ml (communication with nephrologist) in adult renal transplant patients, with serum concentration of 5-15 ng/ml reported during pregnancy (24). The influence of these immunosuppressive drugs on cytokine expression and regulatory T cell frequency was assessed by flow cytometry.



Flow Cytometric Analysis

Supplemental Table 1 lists the fluorochrome-conjugated monoclonal antibodies that were used to phenotypically characterize immune cells in cord blood, peripheral blood, uterine samples, and in vitro assays. Samples were analyzed on a 10-color Navios™ flow cytometer (480 nm argon blue laser, 405 nm solid state violet laser, 636 nm solid state laser, Beckman Coulter). In brief, cells were washed twice with PBS-0.2%BSA (bovine serum albumin, Sigma-Aldrich) before staining with surface antibodies for 20 minutes at room temperature, protected from light. After permeabilization and fixation, intracellular staining was performed for 30 minutes at 4°C in the dark. For intracellular cytokine expression, cells were first stimulated for 4 hours with PMA (phorbol-12-myristate-13-acetate; 12.5 ng/ml), ionomycin (500 ng/ml), and brefeldin A (5 μg/ml) at 37°C in a humidified 5% CO2 incubator. IFN-γ and IL-17 were used as proxy cytokines for pro-inflammatory Th1 and Th17 cell subsets respectively. 28 immune cell subpopulations (Figure S1) were identified in uterine, peripheral blood, and cord blood samples by manual gating using Kaluza software v2.1 (Beckman Coulter). The gating strategy is illustrated in Figure S1.



Statistical Analysis

GraphPad Prism was used to perform statistical analysis. For comparisons of 2 groups, non-parametric Mann-Whitney test was used to compare immune cell subsets in maternal blood, decidua, and blood of the control (HC) and transplanted group (KT). For comparison of multiple groups, non-parametric Kruskal-Wallis test was used, where p-values were calculated against the HC group with a post-hoc Dunn test. A simple linear regression was performed for data in Figures S3A, S8A to test whether the slope of the regression lines is significantly different. P-values < 0.05 are considered significant. Boxplots and percentages in text are depicted as median with [interquartile range].




Results


Decidual-Derived HLA-DR+ Regulatory T Cells Are Decreased in Kidney Transplant Recipients

To investigate the local uterine immune environment in women with a kidney transplant, we collected the decidua parietalis from placentae (after delivery) of kidney transplant recipients and healthy, uncomplicated pregnancies. The frequency of monocytes, NK cells, B cells/subsets, T cells/subsets [regulatory T cells (Treg), effector/memory T cells (CD45RA and CCR7 expression (13)], and cytokine expressing T cells (IFN-γ and IL-17) was examined by multiparameter flow cytometry (Figure S1A: gating strategy and assessed immune cell subpopulations).

We observed no difference in frequency for monocytes, NK cells, T cell subsets, and B cell subsets in the decidua of kidney transplant recipients compared to healthy individuals (Figure S2). In addition, no difference in percentage IFN-γ+ and IL-17+ CD4+ T cells in the decidua was observed, representing pro-inflammatory Th1 and Th17 cells respectively (Figure 1A). While we did not observe a difference in CD25+CD127lowFOXP3+ Treg frequency (Figure 1B), we did observe a significant decrease in the percentage of HLA-DR+ Treg within the total uterine Treg pool of kidney transplant recipients compared to healthy individuals (Figure 1C). Importantly, to exclude that this difference was due to a difference in gestational age at delivery (Table 1), HLA-DR+ Treg frequency was plotted against gestational age at delivery with a linear regression (Figure S3A). This showed that no significant difference was observed for the linear regression slopes, indicating that uterine HLA-DR+ Treg frequencies in kidney transplant recipients behave similarly over the course of pregnancy. This suggests that the decreased frequency is inherent to the kidney transplant environment, and likely not due to a difference in gestational age. Interestingly, the greatest decrease in percentage HLA-DR+ Treg could be observed for those kidney transplant recipients that used tacrolimus (without azathioprine); 44.2 [21.4]% versus 74.8 [8.9]% in controls (Figure 1C). Interestingly, this decrease in HLA-DR+ Treg was less when azathioprine was added to the drug regimen (63.3 [30.2]%), or when tacrolimus was not used at all (56.2 [34.8]%; azathioprine only). In addition, the bimodal distribution observed for NK, T, and B cell frequencies in Figure S2 is likely due to a difference in drug regimen as well (Figure S3B). This shows that different immunosuppressive drugs could have distinct effects on uterine immunity.




Figure 1 | Frequency of HLA-DR+ regulatory T cells is affected in decidua of kidney transplant recipients (KT). (A) Percentage IFN-γ+ and IL-17+ CD4+ T cells, (B) percentage CD25+CD127lowFOXP3+ regulatory T cells (Treg) and (C) percentage HLA-DR+ Treg in decidua from KT and healthy individuals (HC) are shown. Percentage HLA-DR+ Treg is separated based on which combination of tacrolimus (Tacro) and azathioprine (Aza) is used.



Pregnancy complications such as preeclampsia are considered a consequence of defective placentation during the first weeks of pregnancy (25). Due to ethical constraints, it is not feasible to assess the in vivo effect of different immunosuppressive drugs on the first trimester uterine immune environment. Moreover, studies conducted with peripheral cells cannot be extrapolated completely to the uterine environment due to the clear difference in immune cell composition and function (13, 15). Therefore, we cultured uterine immune cells isolated from first trimester decidual tissue in the presence of tacrolimus or azathioprine, at concentrations that resemble in vivo serum levels (see Methods). While azathioprine did not influence T cell cytokine expression, diminished cytokine expression could be observed in decidual T cells cultured in the presence of tacrolimus (Figure S4A). Frequency of FOXP3+CD127lowCD4+ Treg was diminished by both azathioprine and tacrolimus after in vitro culture (Figure S4B).

Overall, we showed that kidney transplant recipients have lower frequencies of uterine HLA-DR+ Treg upon delivery, predominantly when tacrolimus is used, and that in vitro exposure of uterine immune cells to immunosuppressive drugs affected Treg frequency and T cell cytokine expression.



Maternal Systemic Immunity in Pregnant Kidney Transplant Recipients Follow Similar Dynamic Profiles Compared to Healthy Controls

Systemic immune signatures can be observed over the course of pregnancy (12, 26) and changing signatures are associated with pregnancy complications (27). In kidney transplant recipients, it is unclear how systemic maternal immune dynamics change during pregnancy. Immune cell frequencies were assessed by multiparameter flow cytometry (Figure S1B: gating strategy and assessed immune cell subpopulations) in peripheral blood samples collected over the course of pregnancy. To assess dynamic changes in systemic immunity over the course of pregnancy, the relationship between cell frequency and gestational age at time of sample collection was plotted with a LOESS regression.

Monocytes, NK cells, several T cell subset frequencies, and IFN-γ+ and IL-17+ CD4+ T cells in peripheral blood of pregnant women with a kidney transplant followed similar immune dynamic changes over the course of pregnancy as compared to healthy individuals (Figure S5), while slightly different maternal immune dynamics could be observed for CD4 and CD8 (central memory) T cells, and DC-like cells (Figure 2). In addition, combining frequencies from all gestational ages into a discrete variable showed that the overall frequency of CD25+CD127lowFOXP3+ Treg was consistently lower in kidney transplant recipients compared to controls (Figure 2C), in accordance with numerous observations in peripheral blood of kidney transplant patients receiving immunosuppression, especially when receiving calcineurin inhibitors (28–31). The decreased frequency of HLA-DR+ Treg observed in decidua was not reflected in the mother’s peripheral blood (Figure 2C). In addition, the observation in the decidua that tacrolimus use showed the greatest decrease in percentage HLA-DR+ Treg was not reflected in maternal blood either (Figure S6). Tacrolimus (without azathioprine) did however showed the greatest decrease in percentage of Treg (Figure S6). While B cell subset immune dynamics did not differ significantly over the course of pregnancy, a decreased percentage of naïve B cells and increased percentage of plasmablast and switched memory B cells could be observed overall in peripheral blood of pregnant kidney transplant recipients compared to controls (Figure 3), suggesting a switch in B cell phenotype from naïve to a more memory phenotype in pregnant women with a kidney transplant.




Figure 2 | Maternal systemic immunity is affected in pregnant kidney transplant recipients (KT). (A) Percentage DC-like cells (CD45+CD19-CD3-CD56- CD16-CD14low HLA-DR+), (B) percentage CD4+ T cell, CD8+ T cell, and central memory (CM; CD45RA−CCR7+) CD4 and CD8 T cells, and (C) percentage regulatory T cells and HLA-DR+ Treg in peripheral blood from KT and healthy individuals (HC) are shown. Frequencies of peripheral blood immune cells are depicted both in boxplots (median + interquartile range) and as regression (LOESS) with gestational age (GA) at time of sample collection.






Figure 3 | Systemic B cell frequencies are affected in pregnant kidney transplant recipients (KT). Percentage B cells, naïve B cells (CD27-IgD+), switched memory B cells (CD27+IgD-), and plasmablasts (CD24+IgD-CD38+) in peripheral blood from KT and healthy individuals (HC) are shown. Frequencies of peripheral blood immune cells are depicted both in boxplots (median + interquartile range) and as regression (LOESS) with gestational age (GA) at time of sample collection.



Overall, results showed that while the systemic immune system of pregnant kidney transplant recipients is different compared to uncomplicated and healthy pregnancies, the immune cell changes associated with pregnancy progression largely followed the same dynamic profile.



Immunosuppressive Drug Use During Pregnancy Affects the Neonatal Immune System

In kidney transplant recipients, neonatal immune development occurs under immunosuppressive drug exposure (8, 32–34). To assess whether being born to a mother with a kidney transplant influences the development of the neonatal immune system, we collected cord blood (umbilical vein) of neonates born to kidney transplant recipients and to healthy, uncomplicated pregnancies. Similar to the maternal blood and decidual phenotyping, the neonatal immune cell composition was characterized using multiparameter flow cytometry (Figure S1C).

In comparison to newborns of mothers with a healthy and uncomplicated pregnancy, cord blood of neonates born to kidney transplant recipients showed decreased B cell, Treg, and HLA-DR+ Treg frequencies with no difference in percentage IFN-γ+ and IL-17+ CD4+ T cells (Figure 4 and Figure S7), complementing prior reports (22, 35–39). This decreased percentage of Treg in the neonates born to kidney transplant recipients – who are largely born prematurely (Table 1) – is in contrast to literature where neonates born earlier show increased Treg frequencies that decrease with advancing gestational age (40, 41). When plotting Treg frequencies according to gestational age, we indeed observed decreasing Treg frequencies with advancing gestational age in both group (Figure S8A). This suggests that the in utero environment might have had an influence on the development of Treg. In addition, similarly to our results in the decidua, the strongest decrease in HLA-DR+ Treg percentages in cord blood was observed when tacrolimus, with or without azathioprine, was used during pregnancy (Figure S8B).




Figure 4 | Innate immunity is affected in neonates born to pregnant kidney transplant recipients (KT). (A) Percentage of total B cells and B cell subsets. B cell subsets: naïve (CD27-IgD+), plasmablast (CD24+IgD-CD38+), non-switched memory (CD27+IgD+, switched memory (CD27+IgD-), and CD24hiCD38hi in cord blood of neonates born to KT and HC are shown as a percentage of B cells. (B) Percentage classical (CD14++CD16-), intermediate (CD14++CD16+), non-classical (CD14+CD16+) monocytes, and NKT-like cells in cord blood of neonates born to KT and healthy individuals (HC) are shown. (C) Percentage of regulatory T cells (Treg) and HLA-DR+ Treg in cord blood of neonates born to KT and HC are shown.



While B cell frequencies were decreased, in-depth B cell phenotyping performed here showed that the composition of the B cell population did not differ between our two groups of infants; i.e. no difference in naive, non-switched, switched, plasmablast, and CD24hiCD38hi B cell frequencies were observed at birth (Figure 4A), suggesting there is an overall B cell decrease rather than a decrease of a specific subset.

In addition, NKT-like cells and classical monocyte (CD14++CD16-) percentages were significantly decreased and non-classical monocytes (CD14+CD16+) and intermediate monocytes (CD14++CD16+) monocytes increased in cord blood of children born to kidney transplant recipients compared to infants born to women with healthy and uncomplicated pregnancies (Figure 4B). This shows that next to the adaptive immune system, also the innate system is affected at birth in neonates born to kidney transplant recipients.




Discussion

Renal transplantation greatly restores fertility in women with chronic kidney or end-stage renal disease (1–5). However, a higher risk of pregnancy complications can be observed in women with a kidney transplant (3, 5–8). Here, we provide an overview of the immune cell characteristics of the maternal systemic and uterine immune environment of women with a kidney transplant and healthy individuals with uncomplicated pregnancies, and the neonatal immune system of their offspring. We showed decreased frequencies of HLA-DR+ Treg in the decidua of women with a kidney transplant, particularly in those treated with tacrolimus. While systemic immune cell frequencies were altered in kidney transplant patients, immune cell dynamics over the course of pregnancy were largely similar to healthy women. In addition, we report that the neonatal immune system at birth is affected in the offspring of kidney transplant recipients.

To mediate suppression against fetus-specific antigens, Treg with a suppressive phenotype are enriched in the decidua during healthy pregnancy (13, 42–46). HLA-DR+ Treg have been shown to be highly suppressive (47, 48) and here, we found decreased frequencies of HLA-DR+ Treg in decidual tissue after delivery of women with a kidney transplant. This decreased frequency is likely not due to a difference in gestational age at delivery. Systemically, reduced Treg frequencies could also be observed during pregnancy in kidney transplant recipients. Pregnancy complications such as preterm labor, are associated with altered Treg populations and disturbed Treg tolerance (46, 49, 50). This may suggest there is a loss of fetal tolerance at the maternal-fetal interface in women with a kidney transplant, which could explain the observed incidence of pregnancy complications such as preterm birth in these patients (5, 6, 8). Moreover, the strongest decrease in uterine HLA-DR+ Treg and maternal blood Treg was observed in those women who were prescribed tacrolimus, in comparison to those who used azathioprine (only azathioprine or azathioprine in combination with tacrolimus). This suggests that azathioprine may have a less detrimental impact on the uterine and systemic immune system than tacrolimus and perhaps could be more favorable to use during pregnancy. A large retrospective study conducted in the Netherlands indeed showed a trend towards lower birthweight (< 2500 grams) with a high rate of preterm delivery in pregnant kidney transplant recipients with a calcineurin inhibitor-based regimen (e.g. tacrolimus) (51) (unpublished manuscript). In our in vitro culture of first trimester uterine lymphocytes, both drugs reduced the frequency of Treg but only tacrolimus diminished cytokine expression by T cells, again potentially suggesting that azathioprine might have a less detrimental impact on the uterine system.

Dynamic changes in immune signatures can be observed in maternal peripheral blood over the course of pregnancy (12, 26). Here, we observed that these dynamics largely progressed in the same manner for women with a kidney transplant compared to controls. Only CD4+ and CD8+ (central memory) T cells, and DC-like cells frequencies progressed differently. This suggests that the majority of normal pregnancy associated frequency changes are not affected in kidney transplant recipients. However, it would be interesting to assess whether changes in signaling and functional responses could be affected. In addition, we did observe clear differences in the overall frequency of peripheral immune cells such as a change in B cell phenotype from naïve to a more memory phenotype (plasmablast and switched memory B cell) in pregnant women with a kidney transplant compared to women with uncomplicated pregnancies. Although calcineurin inhibitors such as tacrolimus can inhibit B cell differentiation in vitro (52), kidney transplant recipients with a B cell phenotype enriched for plasmablasts have a better transplant prognosis, i.e. better renal function and lower acute rejection incidence (53). In contrast, increased frequencies of B cells with a memory phenotype (CD27+CD38+/-) could be observed in the circulation of preeclamptic women (54, 55), suggesting that while the observed phenotypes could be beneficial for transplant survival they could be associated with the increased risk of complications in pregnant kidney transplant recipients.

Immunosuppressive drugs are able to cross the placenta and enter the fetal circulation (8, 32), thereby potentially influencing fetal immune development during pregnancy (33, 34) and influencing the offspring’s health in later life (56–58). We indeed observed that the neonatal immune system is affected at birth in offspring born to women with a kidney transplant. Paralleling our uterine and maternal blood results, Treg frequencies are decreased in cord blood of children born to kidney transplant recipients (22, 35–37, 39). Impaired Treg numbers and function at birth (cord blood) have been associated with an increased risk to develop sensitization to food allergens and atopic dermatitis in the first year of life (59, 60). We also observed decreased B cell frequencies in cord blood of neonates born to kidney transplant mothers, corresponding with prior reports (22, 35–38). Reduced B cell numbers at birth are associated with an increased hospitalization risk in the first year of life for children born from kidney transplant recipients (22, 61), and could potentially interfere with vaccination responses (62, 63). Next to the adaptive immune system, also the innate system is affected at birth in neonates born to kidney transplant recipients. Significantly decreased NKT-like cell and classical monocyte, and increased non-classical monocyte and intermediate monocyte percentages were observed in cord blood of infants born to kidney transplant recipients. A similar monocyte composition and NKT cell decrease can be found in inflammatory disorders such as systemic lupus erythematosus (SLE) and rheumatoid arthritis (64–67). As such, this pro-inflammatory monocyte state and altered NKT-like cell frequencies might predispose children of women with a transplanted kidney to develop inflammatory or autoimmune disorders. Indeed, SLE development is more common in children born to kidney transplant patients compared to controls (61). The longitudinal assessment of neonatal immunity in children born from women with a kidney transplant is an important consideration in order to fully understand long term effects of in utero exposure. Unfortunately, only few studies exist that indicate that immune changes can persist up to 1 year after birth (22, 62, 63, 68). Overall, the impaired neonatal innate and adaptive immune system at birth observed here underscores that children born to kidney transplant recipients could be at an increased risk for developing health complications early and later in life.

This study has certain limitations. Adverse pregnancy outcomes may be a result of several risk factors (5, 9–11, 16–19). Although the incidence of pre-eclampsia amongst our kidney transplant recipients was 35.7% (5 out of 14), corroborating reported incidence (3, 5–7), our sample size is unfortunately not sufficiently powered to allow for extensive covariate analysis. Delineating the effect of transplantation, immunosuppression, pre-pregnancy graft function, and so on, on the pregnancy-specific and neonatal immune system and correlating this with the development of adverse pregnancy outcomes, would require a larger and more diverse cohort. In addition, it would also be interesting to compare the pregnancy-specific and neonatal immune changes after other solid organ transplantations to find common or transplant-specific risk factors. Secondly, only changes in immune cell frequencies were reported here, as white blood cell counts were not available. However, frequency changes in immune cell subsets is likely to affect the immunological balance which in turn could affect pregnancy outcome.

In conclusion, the maternal peripheral, uterine, and neonatal immune system development is dysregulated in kidney transplant recipients, with distinct effects of the immunosuppressive drug regimen on frequency of HLA-DR+ Treg. This could have important consequences for the risk of pregnancy complications and health outcomes in the offspring. Moreover, it will be crucial to carefully select any immune intervention during pregnancy for its intended effect, placental accumulation, and possible side-effect on the neonatal immune system. Placental explants (69), uterine organoids (70, 71), and/or ex vivo placental perfusion experiments (72) will be important models to use during this decision-making process. Future studies that follow offspring’s health outcomes longitudinally, including vaccination responses and immunological evaluation at later time points, should be aimed at elucidating the effect of different drug regimens and dosages on pregnancy outcomes and the neonatal immune environment.
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lamb (g/L)

IgE (U/mL)

G reactive protein (mg/L)
ASO (U/ml)

RF (U/mL)

ADNaseB (IU/mL)

SAA (mg/L)

White blood cells (10°/L)
Lymphocytes (10°/)

T cells (CD3*, %)

B cells (CD3~CD19*, %)
NK cells (CD3~CD16+CD56*, %)

GD4* T cells/lymphocytes (CD3*CD4*,
%)

CD8* T cellsymphocytes (CD3*CD8*,
%)
OD3*+CD4+/CD3+CD8*
CIK cells (CD3*CDS6*, %)
Anti-U1-nRNP

Anti-Sm

Anti-SSA-60kd
Anti-Ro-52-52kd

Anti-SSB

Anti-Sch-70

Anti-PM-Scl

Anti-JO-1

Anti-CENOP B

Anti-PCNA

ANuA

AHA

Anti-RIB-P

AMA-M2

ANA (S/CO value)
Anti-dsDNA IgG: (IU/mi)
Anti_C1q (U/mi)

urt

[XC

19G (g/L)

IgM (g/)

C3 (mg/L)

G4 (mg/L)

kapp (L)

lamb (g/L)

IgE (U/mi)

G reactive protein (mg/L)
ASO (1U/m))

RF (U/mi)

ADNaseB (IU/mi)

SAA (mg/L)

White blood cells (10°/L)
Lymphocytes (10°/L)

T cells (CD3*, %)

B cells (CD3-CD19*, %)
NK cells (CD3~CD16+CD56*, %)
GD4* T cellsymphocytes (CD3*CD4*,
%

CD8* T cellslymphocytes (CD3*CD8*,
%)
CD3*+CD4*/CD3*CD8*
CIK cells (CD3*CD56*, %)
Anti-U1-nRNP

Anti-Sm

Anti-SSA-60kd
Anti-Ro-62-52kd

Anti-SSB

Anti-Scl-70

Anti-PM-Scl

Anti-JO-1

Anti-CENOP B

Anti-PONA

ANuA

AHA

Anti-RIB-P

AMA-M2

ANA(S/CO value)
Anti-dsDNA IgG (U/mi)
Anti_C1q (U/m)

MLR-Bf-

N=448
225077
15.6£5.09
1.87 £051

1056.14 + 183.06
204.50 £ 74.46
375+ 1.16
201055
33(17.3,105.5)
3.13 (3.1, 3.14)
9.69(9.50, 11.30)
87.8(54.10, 143.00)
935 (71.13, 148)
7.06 (4.09, 12.38)
7.44.+3.87
1.90 +£0.97
7324 6.42
14.43 + 4.44
1213+ 6.44
4118 £7.05

26.67 £ 6.39

1.7+063
237 £2.01
0.00 (0.00, 17.00)
0.00(0.00, 5.00)
0.00 (1.00, 56.00)
0.00 (1.00, 83.00)
0.00(0.00, 40.00)
0.00(0.00, 34.00)
0.00 (0.00, 9.00)
0.00(0.00, 12.00)
0.00 (0.00, 8.00)
0.00(0.00, 11.00)
0.00(0.00, 16.00)
0.00(0.00, 41.00)
0.00 (1.00, 11.00)
0.00(1.00, 33.00)
141£074
0,07 (3.68, 85.12)
034 (35, 64.89)
N=49
252+0.87
17.12:£ 454
1.46 £ 052
1,027.82 + 139.57
203,55 +57.12
384%1.10
204 +0.47
37.50 (4.30, 236)
3.13(3.02, 8.26)
969 (8.38, 148.00)
91.50 (49.40, 394.00)
106.00 (69.60, 622.00)
7.40 (2.83, 89.10)
7.36 £330
207 £0.95
73.0047.26
15.55 + 6.18
11.35 £ 5.41
4066+ 7.39

25.75£7.22

1.78 +0.68
3244204
0.00 (0.00, 4.00)
0.50 (0,00, 8.00)
3.00(0.00, 20.00)
7.00 (0.00, 46.00)
0.00 (0.00, 4.00)
1.00 (0.00, 2.00)
0.00 (0.00, 2.00)
1.00 (0.00, 4.00)
1.00 (0.00, 2.00)
1.00 (0.00, 3.00)
0.00 (0.00, 1.00)
0.00(0.00, 14.00)
1.00 (0.00, 4.00)
1.50 (0.00, 21.00)
120068
4.55 (0.39, 17.51)
356 (0.60, 9.29)

MLR-Bf+

N =78 (Naturally produced)
23+071
16.04 % 4.71
1.88+047
1051.93 + 180.53
232,27 £ 77.62
3.64.1.06
2.01+053
32 (4.56, 686)
3.11(3.02, 13.20)
9.69(8.38, 11.30)
80.35 (49.4, 268.00)
99(69.6, 247)
6.8 (237, 131)
7.55+£2.09
2.26+0.70
73.78 +5.97
14.71+£4.24
1148 5.71
43.48 £ 6.49

255 £5.00

1.84 40,60
2.33+£2.19
1.00 (0.00, 15.00)
0.00(0.00, 9.00)
1.5(0.00, 84.00)
2,00 (0.00, 98.00)
0.00 (000, 4.00)
1.00(0.00, 18.00)
0.5(0.00, 6.00)
0.00 (0.00, 4.00)
1.00 (0.00, 105.00)
1.00 (0.00, 10.00)
0.00(0.00, 2.00)
0.00 (0.00, 55.00)
1.00(0.00, 14.00)
1.00(0.00, 40.00)
1.2841.00
4.65 (0.3, 195.5)
3.38(0.01,42.29)
N = 463(LIT induced)
226078
1679 £5.11
1.36 4051
1051.64 & 177.14
228.77 £ 84.07
396+ 1.15
2.13+0.60
4200 (4.00, 4300.00)
3.13(3.13,20.50)
9.69 (9.01, 80.90)
91.65 (43.0, 853)
94.00 (5052, 495)
6.30 (2.83, 204.00)
754824
2134087
7218 £6.78
14.86 + 439
13.24 +:7.80
408 +6.69

25.85 £5.46

172+ 056
243%1.90
0.00(0.00, 33.00)
.00 (0.00, 20.00)
1.00 (0.00, 56.00)
3.50(0.00, 98.00)
0.00 (0.00, 27.00)
0.00 (0.00, 14.00)
0.00 0,00, 15.00)
0.00 (0.00, 50.00)
1.00 (0.00, 44.00)
0.00 (0.00, 15.00)
0.00(0.00,5.00)
0.00 (0.00, 45.00)
0.50 (0.00, 50.00)
1.00 (0.00, 40.00)
1,82+ 0.90
3.83(0.20, 39.51)
3.72(0.01,53.77)

-0.290
—1.400
-0.122
-0.303
—0.509
-0.415

-2.075
-0270
-2.163
-0.945
—-0.680
-0.723
-0.768
-0.214
—2.040
~1.419
-0.410
—-0.855
—1.483
—0.598

-0.373
—-1.162

-0.250
-0.807
-0.169
-0.073
-0.573
-0.777

-0.863
—1.245
-0.395
-0.064
—0.431
-0.660
-0.828
-0.272
-0.123
-1.125
-0.867
-0.284
-0.025
—-0.231

-0.118
-0.137

P-value

0.668
0.546
0.914
0.920
0.480
0.605
0.960
0772
0.162
0.903
0.762
0611
0.678
0.365
0.003
0.482
0.626
0.435
0.012

0.144

0.075
0.870
0.038
0.787
0.031
0345
0.497
0470
0.442
0.830
0.041
0.156
0.682
0.392
0.138
0.550
0.148
0.709
0.245

0133
0.772
0.360
0.540
0.775
0.724

0.602
0.802

0.419
0.866
0.942
0570
0.437
0.721
0.635
0.431
0372
0.140
0.905

0.920

0.881
0.013
0.388
0213
0.693
0949
0.667
0.509
0.407
0.786
0.902
0.260
0.386
0.776
0.980
0817
0.469
0.906
0.891
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Variables (%, n/N)

Advanced age(>35 years)
Yes
No

BMI
<185
18.5-<24

224

Regular menstruation period
Yes
No

Assisted reproduction
Yes
No

Multiple pregnancies
Yes
No

Medical history
None
Endocrine disorders
Autoimmune disease
Infectious disease

Abnormal uterine anatomy

Abnormal chromosome of the couple

Other disease
Multiple diseases
Previous early miscarriage
2
3
24
Previous late miscarriage
0
21
Previous preterm birth
0
21

LT

MLR-Bf~
(N =497)

40.5 (77/190)
58.6 (180/307)

35.3 (18/51)
49.4 (174/352)
69.1 (65/94)

51.9 (232/441)
50.0 (25/50)

605 (72/119)
48.9 (185/137)

78.3 (18/23)
50.4 (239/474)

44.4 (83/187)
65.7 (46/70)
40.0 (4/10)
375(3/8)
45.8 (33/72)
40.0 (2/5)
55.8 (24/43)
60.8 (62/102)

56.9 (144/253)
50.7 (73/144)
540 (54/100)

49.7 (231/465)
813 (26/32)

51.5 (254/493)
75.0 (3/4)

51.0 (25/49)
51.8 (232/448)
51.7 (253/497)

MLR-Bf*
(N =541)

50.3 (83/165)
71.8 (270/376)

64.6 (31/48)
50.3 (214/361)
81.8(108/132)

65.1 (329/505)
66.7 (24/36)

65.4 (68/104)
65.2 (285/437)

80.8 (21/26)
64.5 (332/515)

63.6 (140/220)
61.9(39/63)
50.0 (7/14)
70.0 (7/10)
61.6(45/73)
83.3(5/6)
72.3 (34/47)
70.4(76/108)

69.2 (173/250)
60.8 (110/181)
682 (75/110)

64.9 (333/513)
714 (20/28)

65.5 (351/536)
400 (2/5)

66.7 (309/463)
56.4 (44/78)
65.2 (353/541)

P-value

0.065
<0.001

0.008
0.004
0.027

<0.001
0.124

0.452
<0.001

0.828
<0.001

<0.001
0.648
0.628
0.168
0.056
0.137
0.102
0.144

0.011
0.119
0.019

<0.001
0.370

<0.001
0.294

0.028
0.450
<0.001
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Variables

Clinical characteristics
Age (year)

Height (cm)

BMI

Regular menstruation
period (Ref. No)

Assisted reproduction
(Ref. No)

Multiple pregnancies
(Ref. No)

Medical history (Ref. No)
Endocrine disorders
Autoimmune disease
Infectious disease

Uterine malformation

Abnormal chromosome of
the couple

Other disease
Multiple diseases

Previous early miscarriage (Ref.

3

>4

Previous late miscarriage
(Ref. No)

Previous preterm birth
(Ref. No)

Immune biomarkers
I9A (@)

19G (@/1)

IgM (@)

C3(mglL)

C4 (mg/L)

kapp (/L)

Lamb (g/L)

1gE® (1U/mi)

G reactive protein (mg/L)
ASO (1U/m)

RF (U/mL)

ADNaseB (IU/mL)

SAA® (mg/L)

White blood cells (10°/L)
Lymphocytes (10°9/1)

T cells (CD3*, %)

B cells (CD3-CD19*, %)

NK cells
(CD3-CD16+CD86*, %)

CDa* T cells/lymphocytes
(CD3*CD4*, %)

CD8* T cells/lymphocytes
(CD3+CD8*, %)

CD3*CD4+/CD3*CD8*
CIK cells (CD3*CDS6*, %)
Anti-U1-nRNP® (Ref.
negative)

Anti-Smb< (Ref. negative)
Anti-SSA-60Kd® (Ref.
negative)
Anti-Ro-52-52kd (Ref.
negative)

Anti-SSB®¢ (Ref. negative)
Anti-Scl-70° (Ref. negative)
Anti-PM-ScP (Ref.
negative)

Anti-JO-1° (Ref. negative)
Anti-CENOP B° (Ref,
negative)

Anti-PONAC (Ref. negative)
ANUAPS (Ref. negative)
AHAS (Ref. negative)
Anti-RIB-P (Ref. negative)
AMA-M2° (Ref. negative)
ANA (S/CO value)
Anti-dsDNA IgG (U/mi)
Anti_C1q (U/mi)

MLB-R (Ref. negative)
LIT (Ref. No)

#Analysis conducted on the log scale.

PFailed to analyze because of small sample size of positive cases.

Miscarriage
[N = 428, %, (n/N)]

34.0+£53
159.1 £ 4.6
21.9+£34
8.6 (37/428)

80.6 (345/428)

23 (10/428)

11.2 (48/428)
3.0 (18/428)
1.9 (8/428)
15.7 (67/428)
0.9 (4/428)

7.5 (32/428)
16.8 (72/428)
2
50.1 (127/253)
34.0 (49/144)
3.3 (14/428)

0.9 (4428)

225+ 0.81
16.08 + 627
1.34 + 050
1,043.00 = 167.33
224,87 +£75.43
382+ 1.16
206+ 055
37.00 (4.30, 4,300.00)
3.11(3.02, 14.80)
89.35 (49.40, 540.00)
969 (8.38, 148.00)
96,50 (69.60, 1270.00)
7.40 (2.87, 215.00)
7.21£345
2024094
7329+ 621
14.57 £ 46
1187625

41.42 £+ 6.67

26.36 +6.13

171058
247 £203
0.00 (0.0, 28.00)

0.00 (0.00, 9.00)
1.00 (0.0, 56.00)

2.00(0.00, 98.00)

0.00 (0.00, 40.00)
050 (0.00, 34.00)
0.00 (0.00, 9.00)

000 (0.00, 12.00)
1.00 (0.00, 105.00)

0.00(0.00, 11.00)
0.00(0.00, 16.00)
0.00 (0.00, 55.00)
1.00 (0.0, 50.00)
1.00 (0.00, 40.00)
1.6 £081
3.78(0.07, 52.53)
3.36(0.01,53.77)
43.9 (188/428)
41.6 (178/428)

Successful
pregnancy
IN =610, %, (1/N)]

32033
1503 £ 4.9
230+41
80 (49/610)

77.0 (470/610)

6.4 (39/610)

13.9 (85/610)
1.8(11/610)
1.6(10/610)

12.8 (78/610)
1.4 (7/610)

5.8 (58/610)
22,6 (138/610)

54.8(137/250)
28.7 (52/181)
7.6 (40/610)

0.8(5/610)

227074
16.19 £ 4.84
1.40 +0.51
1,059.64 & 188,52
229,07 +£81.06
38+ 1.11
2,05+ 057
34.00 (4.00, 1,130)
3.13(3.02,34.8)
93.05 (49.40, 853.00)
9.69(8.38, 80.9)
96.00 (69.60, 622.00)
6.35 (2.37, 344.00)
7.45+3.48
20509
72.41 £ 6.91
14.84 £ 4.70
13.01£7.41

40.97 +7.01

26.94 £56.77

1.73 £ 059
2424198
0.00 (0.00, 33.00)

0.00 (0.00, 20.00)
1.00 (0.00, 84.00)

2.00 (0.00, 98.00)

0.00 (0.00, 4.00)
0.00 (0.00, 18.00)
0.00 (0.00, 15.00)

0.00 (0.00, 50.00)
1.00 (0.00, 44.00)

0.00 (0.00, 15.00)
0.00 (0.00, 5.00)
0.00 (0.00, 41.00)
1.00 (0.00, 20.00)
1.00 (0.00, 40.00)
124£086
3.89(0.20, 195.50)
3.77(0.60, 64.89)
57.9 (353/610)
54.8 (334/610)

P-value

<0.001
0.659

<0.001
0.442

0.669

0.002

0.077

0.297

0.019

0.996

0.705
0.798
0.134
0.287
0.536
0.836
0.867
0.735
0.997
0522
0.794
0.774
0.025
0.261
0.669
0.068
0.433
0.026

0.367

0.339

0.721
0.711
0.217

0.422
0.501

0.932

0.306
0.298
0.655

0.397
0.661

0.775
0.678
0.068
0.588
0.201
0.303
0.538
0.083
<0.001
<0.001

Crude OR

1.004
0.986
0.91
0.923

1.238

2885

1.581
1.082
2265
1.533
1.646

1.095
1.057

0918
1.186
2412

0.876

0.994
0.996
0.819
1.000
1.000
1.036
1.022
1.137
0.954
0999
0.996
1.001
1.252
0.978
0971
1.020
0.985
0.979

1.009

1.008

0.969
1.001
2774

1.000
0.933

1.094

0.993

2247
1.877

2.247

0.669
1.496
0.791
0.902
0979
1.001
0.570
0.588

95%Cl

1.065-1.123
0.983-1.002
0.881-0.940
0.591-1.442

0.913-1.680

1.409-5.784

112-2.234
0.687-1.706
0.966-5.31
0.68-4.054
1.067-2.539

0.31-3.865
0.63-1.774

0.610-1.381
0.766-1.838
1.308-2.446

0.234-3.281

0.978-1.239
0.963-1.030
0.683-1.148
1.000-1.000
0.999-1.001
0.859-1.250
0.701-1.409
0.825-1.669
0.882-1.032
0.997-1.001
0.972-1.021
0.998-1.002
0.722-2.171
0.944-1.015
0.848-1.111
0.996-1.043
0.963-1.018
0.958-1.001

0.988-1.031

0.983-1.034

0.754-1.244
0.929-1.079
0.582-13.214

0.626-1.389

0.760-1.575

0.220-4.484

0.232-21.362
0.361-9.776

0.232-21.762
0.289-1.549
0.271-8.249
0.488-1.281
0.733-1.111
0.954-1.004
0.972-1.082
0.444-0.732
0.458-0.755

P-value

<0.001
0.421

<0.001
0.725

0170

0.004

0.009
0.733
0.060
0.389
0.024

0.888
0.832

0.681
0.445
0.005

0.844

0.960
0.797
0.246
0615
0.674
0.700
0.909
0.374
0.240
0.309
0.737
0.798
0.423
0.238
0.669
0.101
0.379
0.062

0.400

0517

0.804
0.977
0.200

0.733

0.628

0.992

0.485
0.464

0.485

0.384
0.664
0.340
0.331
0.097
0.931
<0.001
<0.001

CLevels of immune biomarkers were presented as medians with lowest and highest values, ORs were estimated by categorized variables, and the reference groups were ‘negative”.
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Group Sample Age (years) Gravidity Parity Spontaneous Abortion Artificial Abortions Sample GA/(D)
RSA-P RSAO1 30 4 0 4 0 62
RSA02 31 2 0 2 0 57
RSA03 34 3 0 3 0 56
HC-P HCO1 33 3 2 0 1 55
HC02 33 3 1 0 2 61
HC03 23 1 0 0 1 54
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RSA pregnant RSA-P (n = 10) Healthy pregnant H-P (n = 11) RSA un-pregnant RSA-UP (n = 11) Healthy un-pregnant H-UP (n = 10)

Age (years) 31.2+4.8
Gravidity 35+16
Parity 01+03
Sp. Abortions 2907
Gestational 84+1.8
weeks

Data were expressed as mean + SD.

31.1£39
27+1.0
13+£05
NA
75+09

30.8 £3.1
25+07
NA
2305
NA

26.5+3.8
02+06
02+06
NA
NA
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Uncomplicated (n=451) Preeclampsia (n=77) P-value®

Pregnancy
Gestational Age (d), mean + SD (range) 277 + 7.6 (266-297) 224 + 22.8 (170-283) <0.001*
Mode of Delivery, amount (%) <0.001*

Spontaneous 172 (38.1) 18 (23.4)

Primary caesarean section 221 (49.0) 44 (57.1)

Secondary caesarean section 24 (5.3 15 (19.5)

Unknown 34 (7.5) 0(0)
Highest Diastole (mmHg), mean + SD 78 +9.2 1056+ 125 0.003*
Mother
Maternal Age (y), mean + SD (range) 33 + 4.6 (16-43) 31+ 5.5 (20-46) 0.036*
Gravidity, median (range) 3(1-10) 1(1-9) <0.001%
Parity, median (range) 1(0-6) 0(0-5) 0.001%
Spontaneous miscarriages, median (range) 0(0-9) 0(0-3) <0.001%
Child
Gender (%) 0.214*

Female 50.8 54.5

Male 45.5 45.5

Unknown 3.8 0
Birth weight (gr), mean = SD (range) 3541 + 483 (1940-5285) 1532 + 813 (380-4030) <0.001*
Birth weight percentile, mean range 51-80 11-20 <0.001*

Percentage under p<5, % 20 14.3

SD, standard deviation. “Compared to uncomplicated pregnancies. *P-value calculated with independent samples t-test. *P-value calculated with Chi-Square test. *P-value calculated

with Mann-Whitney-U test. p < 0.05 is considered significant.
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Uncomplicated (n=451) Preeclampsia (n=77) P-value*
Uncomplicated vs

Observed Expected P-value* Observed Expected P-value* Preeclampsia
(number of matches)  (number of matches) (number of matches)  (number of matches) (observed only)
1 2 1 2 1 2 1 2
HLA-A 86.0% 14.0% 88.2% 11.8% 0244  857% 14.3% 88.3% 11.7% 1.000 1.000
HLA-B 916% 8.4% 929% 7.1% 0.271 87.0% 13.0% 93.5% 6.5% 0.098 0.097
HLA-C 85.8% 14.2% 86.9% 13.1% 0485  77.9% 221% 89.6% 10.4% 0.007 0.025
HLA-DRB1 882% 11.8% 90.7% 9.3% 0075 87.0% 13.0% 93.5% 6.5% 0.326 0.710
HLA-DQB1 81.4% 18.6% 83.1% 16.9% 0314  77.9% 221% 84.4% 15.6% 1.000 0.382
Class | 3 >3 3 >3 3 >3 3 >3
74%  25.9% 73.9% 26.1% 0915  64.9% 35.1% 75.3% 24.7% 0.240 0.038
Class Il 2 >2 2 >2 2 >2 2 >2
787% 21.3% 79.4% 20.6% 0.727 75.3% 24.7% 81.8% 18.2% 1.000 0.366
Total 5 6 >6 5 6 >6 5 6 >6 5 6 >6
592% 251% 15.7% 592% 27.7% 131% 0.166 48.0% 27.3% 24.7% 63.6% 24.7% 11.7% 0.012 0.021

*P-values calculated by Chi-square analysis. P-values are corrected for multiple comparisons with the Bonferroni method. p < 0.05 is considered significant.
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Function ANK1-EVT aNK2-EVT ANK3-EVT
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Cytokines Function

TGF- 1 ‘Suppress immune responses, EMT, spral arerls remodeing
PAPPA Encode metaoproteinases.

MMP23101 V1211411572528 EMT, spial antekoes remodeing

Fasl Spral atorcles remodiing

TRAL ‘Spral atrcles remodeing

VEGF ‘Spral atrcles remodeing

pog 12 Spral atrcles remoding

TG ransloring rowh factor beta 1, PAPPA, prograncy-assocatod plasma proton A: MIMP, matix metageotonas FasL. Fos Igand; TRAL, tunor nocross facloruted
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Ref OR 95% ClI

Age (year) ~ 1.079 1.026-1.135
BMI ~ 0.867 0.816-0.922
ur No 0.392 0.243-0.633

“Interaction of MLR-Bf and LIT was also included in multivariate logistic regression model.
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Parameter Healthy women  Preeclampsia women

(n=15) (n=20)
Maternal age (years) 282334 20 2:38)
Gestational age (weekc) 9@ a7 @239
SBP(mmHg) 13291 158+ 186"
DBP(mmHg) 75228 103273
Urine protein (¢/24 ) o 29214
The percentage of 167% 890%™

caesarean

*The numbers are median and range unles othervise inccated.
Blood pressur values are prosented as mean  SEM, studenl’sestis used 0 compare
ifrences betwosn groups. Modk of lvery aro esented as %, the Mam-}

s used 10 test fo difeences beteen groups. ‘P < 0.05, “P < 0.01, and
O i e o
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3331 COVID-19 patients from
2020110 2020.4

Age selection (15~45y)
and data integrity check ‘

Clinical characteristics

319 Female patients of reproductive age
Pregnant: 20, Non-pregnant: 299

Laboratory findings

100 COVID-19 patients matched by disease serveriy
10 Healthy pregnant women hospitalized during the same period
COVID-19 Pregnant: 20; COVID-19 Non-pregnant: 80; Healthy Pregnant: 10

Cytokines
15 COVID-19 patients and 10 healthy pregnant
women with records of cytokines
'COVID-19 Pregnant: 11;
COVID-19 Non-pregnant: 4;
Healthy Pregnant: 10

Lymphocyte subsets
26 COVID-19 patients with records of
lymphocyte subsets
COVID-19 Pregnant: 7;
COVID-19 Non-pregnant: 19
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Uncomplicated (n=309) P-value* Preeclampsia (n=49) P-value* P-value*

Observed Observed Uncomplicated
Observed Expected  ys Expected ~ Observed Expected vs Expected vs Preeclampsia
(%) (%) (%) (%) (observed only)
Genotype 0.292
KIR AA/HLA C1 20.1 217 0.465 204 17.7 0.956
KIR AAVHLA C2 16.9 14.2 224 211
KIR Bx/HLA C1 65.4 65.4 59.2 61.9
KIR BX/HLA C2 45.3 45.0 53.1 54.4
Paternally inherited C1/C2 0.045
only
KIR AA/HLA C1 14.6 14.5 1.000 10.2 8.8 0.977
KIR AA/HLA C2 9.7 9.8 16.3 17.7
KIR Bx/HLA C1 46.6 46.7 38.8 40.1
KIR Bx/HLA C2 29.1 29.0 34.7 33.3

*P-values calculated by Chi-square analysis. P-values are corrected for multiple comparisons with the Bonferroni method. p < 0.05 is considered significant.
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Techniques

Extracel-lular flux
analysis

Flow cytometry

CyTOF

Steady state
metabolo-mics

Single cell
metabolo-mics

Advantages

Simple
Affordable
Fast

Common laboratory instruments
Affordable
Fast

High throughput

No interference between channels
Fast

Direct detection

It can target or untargeted detect
the entire metabolome

Direct detection
It can target or untargeted detect
the entire metabolome

Disadvantages

Unable to detect single cell metabolism

Only the information of glycolysis and TCA cycle in
mitochondria can be obtained

Indirect detection

Indirect detection

Low throughput
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Representative
works

Katherine et al.
2016 (46)
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2020 (47)

Horowitz et al.
2013 (48)
Tannahill et al.
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Hartmann et al.
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Types of immune cells Eutopic (Mean + SD) Normal (Mean + SD) P values
CD8" T cells 0.2292 + 0.0591 0.1790 + 0.0562 0.0132
CD56" NK cells 0.1686 + 0.0745 0.1163 + .0560 0.0227
CD117* Mast cells 0.1026 + 0. 0279 0.1338 + 0.0538 0.0718
CD163" Macrophages 0.1774 + 0.0685 0.2555 + 0.0588 0.0003





OPS/images/fimmu.2021.671201/table2.jpg
Types of immune cells

Plasma.cells
T.cells.CD8
T.cells.follicular.helper
T.cells.regulatory (Tregs)
NK .cells.activated
Monocytes
Macrophages.MO
Macrophages.M2
Dendritic.cells.resting
Mast.cells.resting

Eutopic (Mean = SD)

0.0607 + 0.0524
0.1659 + 0.0968
0.0502 + 0.0311
0.0476 + 0.4356
0.2130 + 0.0915
0.0333 + 0.0296
0.0504 + 0.0490
0.0591 + 0.0508
0.0066 + 0.0077
0.0847 + 0.0619

Normal (Mean + SD)

0.0520 + 0.0329
0.1086 + 0.0939
0.0349 + 0.0232
0.0484 + 0.0384
0.1650 + 0.0609
0.0193 + 0.0191
0.0597 + 0.0599
0.0896 + 0.0717
0.0073 + 0.0091
0.1360 + 0.0556

P values

0.4228
0.0033
0.0086
0.0720
0.0029
0.0054
0.6965
0.0336
0.9303
5.9e-05
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GEO accession Platform Experiment type EM (n) Normal (n) Tissue Year
GSE6364 GPL570 mRNA array 12 8 Endometrium 2006
GSE25628 GPL571 mRNA array 8 6 Endometrium 2010
GSE51981 GPL570 mRNA array a7 26 Endometrium 2013
GSE120103 GPL6480 mRNA array 18 18 Endometrium 2018
GSE130435 GPL20301 mRNA sequencing 4 6 Macrophages M2 2019
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Kidney Control (N=19)
transplant (N=14)

Maternal age (years) 30 (22-38) 31 (26-39)
Gestational age at delivery (weeks) 36 (26-38)* 39 (37-41)* i
Birth weight (g) 2405 (520-3440)1 3460 (3150-4503)" ***
Pre-eclampsia 5/14 NA
Mode of delivery
C-section 6/14 13/19
Induced+vaginal 4114 NA
Induced+C-section 2/14 NA
Not available 2/14 6/19
Pre-pregnancy kidney function
Creatinine (umol/L) 109.5 (76-188)
yes PE 116 (95-188) ns
no PE 86 (76-157)
MDRD-GFR (m/min/1.73m?) 54.5 (26-89)
yes PE 53 (26-69) ns
no PE 68 (36-89)
Immunosuppressive drugs
Azathioprine 714 NA
Tacrolimus 1114 NA
Trough levels (ng/ml) 4.5 (4-6.6)
Prednisone 12/14 NA

Median and range (min to max) are shown for age of mother, gestational age, birth weight,
creatinine, MDRD-GFR (glomerular filtration rate from Modification of Diet in Renal Disease
equation), and tacrolimus trough levels. Tacrolimus trough levels closest prior to delivery
are reported.

‘Information not available for 5 mothers. *Information not available for 1 and 4 pregnancies,
respectively. Information not available for 1 out of 14 and 10 out of 19 deliveries,
respectively. ***p-value < 0.001, ns, not significant; Mann-Whitney test. PE, pre-

eclampsia; NA, not applicable.
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Primers Control (n = 13) RSA (n = 15)

Age (years) 30.17 £ 2.05 30.63 +3.97
BMI (kg/m?) 21.17 £ 4.15 22,74 +3.89
Gestation week 717 £215 7.67 +2.01
Number of pregnancy 1.47 £ 0.35 2.59 +0.82
Number of miscarriage 0.77 +0.35 2,67 +0.55*
Number of live birth 1.56 + 0.35 0.00 + 0.00**

RSA, recurrent spontaneous abortion; BMI, body mass index.
*5 < 0.07.
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Primers Sequences (5'-3')

GAPDH F CACTGGGCTACACTGAGCAC

R AGTGGTCGTTGAGGGCAAT
CXCL5 F AGCTGCGTTGCGTTTGTTTAC

R TGGCGAACACTTGCAGATTAC
CXCR2 F CCTGTCTTACTTTTCCGAAGGAC

R TTGCTGTATTGTTGCCCATGT

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; CXCL5, C-X-C motif chemokine
ligand 5; CXCR2, chemokine receptor 2.
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cTB EVT

Subsets. Prolferative RRM2* (cell cycle and
(Replenishment of division)
the GBT poo) The proximal end of cell
column
Non-proliferative RRM2'ow/~
The distal end of cell column
Receptors EGFR HLA-C
NRP2 HLA-E
HGFR HLA-G
ACKR2
CXCR6
Functions Prolferation Immunomodulation
Differentiation Invasion

There are three CTB subsets present in the first trimester placenta according to cell cycle
analysis: the prolferative subset and other two non- prolferative subsets (17). Based
on the expression level of RRMZ EVT can be divided into three subtypes: the positive
one located at the proximal end of cell column and the other two subtypes with ltle
or low expression of RRM2 which locates at the distal end of cell column (17). CTB,
cytotrophoblast; EVT, extravillous trophoblast; EGFR, epidermal growth factor receptor;
NRP2, neuropilin-2; HGFR, hepatocyte growth factor receptor; RRM2, ribonucieotide
reductase regulatory subunit M2; HLA, human leukocyte antigen; ACKR2, atypical
chemokine receptor 2; CXCRS, C-X-C chemokine receptor type 6.
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Logit model AUC  Cutoff Sensitivity Specificity 95% CI P
Lower Upper

HP  GM-CSF LogP = 106.461C + 0.346 0.666  0.687 0.481 0.826 0.540 0.792 0.022*
MS LogP = 0.944M1 + 0.069M2 + 0.839M3 + 0.442 0.609 0.704 0.556 0.652 0.472 0.746 0.133
Combination  LogP = 0.689M1 - 0.139M2 + 0.815M3 + 113.384C + 0.014  0.703  0.682 0.685 0.739 0.583 0.823 0.005*

CP  GM-CSF LogP = 145.234C - 0.486 0720  0.529 0.558 0.824 0.608 0.833 0.001**
MS LogP = 2.015M1 + 0.880M2 + 1.070M3 - 0.629 0675  0.455 0.814 0.674 0.555 0.796 0.009*
Combination  LogP = 1.961M1 + 0.759M2 + 1.165M3 + 148.263C - 1.350 0.776  0.666 0.635 0.912 0.674 0.878  <0.001**

OP GM-CSF LogP = 154.695C - 1.039 0759  0.529 0.543 0.905 0.650 0.869  <0.001**
MS LogP = 1.974M1 + 1.281M2 + 1.368M3 - 1.281 0.676  0.359 0.857 0.429 0.556 0.796 0.008**
Combination  LogP = 2.038M1 + 1.358M2 + 1.663M3 + 159.516C -2.300 0.791  0.456 0.686 0.786 0.691 0.892  <0.001**

Note: HP, HCG positive; CP, clinical pregnancy; OP, ongoing pregnancy; MS, morphological score; Combination, morphological score combined with GM-CSF. C, Concentration of
GM-CSF; M1, Morphological score was grade1; M2, Morphological score was grade2; M3, Morphological score was grade 3. p < 0.05 was considered statistically significant. p < 0.05;
“n < 0.010: **p < 0.001.
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Patients’ characteristics

n

Female age (years)

BMI (kg/m2)

Infertility duration (years)
Primary infertility, n (%)

No. of retrieved oocytes
Endometrial thickness (mm)
Outcomes

HCG positive rate, n (%)
Clinical pregnancy rate, n (%)
Ongoing pregnancy rate, n (%)

HIGH

30
32.43 £ 3.92
22.44 +3.20

275 +1.37
43.33 (13)
13.70 £ 3.12
9.30 +2.38

86.67 (26)
80.00 (24)
73.33 (22)

MID

18
31.56 + 3.1
21.54 £2.22

222+ 1.06
50.00 (9)
13.83 £ 3.14
8.55 + 2.50

66.67 (12)
50.00 (9)
38.89 (7)

Low

29
30.97 + 3.80
21.38 £ 1.91

3.67 £291
44.83 (13)
13.17 £2.63
9.10 £ 0.90

55.17 (16)
34.48 (10)
20.69 (6)

0.270
0.325
0.245
0.901
0.467
0.321

0.029*
0.002*
<0.001***

Data with a normal distribution were expressed as mean + standard deviation (SD) and for variables Categorical variables were expressed in ratios and quantities. HIGH, high concentration
group; MID, mid concentration group; LOW, low concentration group; BMI, body mass index. p < 0.05 was considered statistically significant. *p < 0.05; *'p < 0.010; **p < 0.001.
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Patients’ characteristics

n 35 28 63

Female age (years) 32.09 £ 3.92 31.46 + 3.08 30.78 + 3.19 0.164
BMI (kg/m2) 2219+ 3.18 21.01+£2.29 2158 +2.76 0.246
Infertility duration (years) 271135 2.93 £ 2.00 3.41 £ 249 0.527
Primary infertility, n (%) 4286 (15) 42,86 (12) 50.79 (32) 0.671
No. of retrieved oocytes 13.66 + 3.11 13.89 + 3.58 13.96 + 3.77 0.948
Outcomes

Top-quality embryo rate, n (%) 80.00 (28) 53.57 (15) 49.21 (31) 0.010*

Data with a normal distribution were expressed as mean + standard deviation (SD) and for variables Categorical variables were expressed in ratios and quantities. HIGH, high concentration
group; MID, mid concentration group; LOW, low concentration group; BMI, body mass index. p < 0.05 was considered statistically significant. *p < 0.05.





OPS/images/fimmu.2021.679839/table1.jpg
Detection rate (%) Concentration

(fg/mL)?
SBCM 50 (63/126) 5.60 (1.95, 14.74)
NC 100 (6/6) 3.72 (3.58, 4.05)
Quinn’s Advantage Blastocyst Medium 0 (0/6) <0.50

AThe concentration of GM-CSF in the detected samples was presented using
median (25th, 75th percentile); SBCM, single-blastocyst conditioned medium; NC,
negative control.
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Pregnants n (%) MPT (days) Log-Rank p Value RR (95% CI)? Cox model p Value ?

Patients

V31/V32 27 (42.2) 170

<1.04 19 (59.4) 158 1 (ref)

>1.04 8(25.0) 210 0.009 0.330 (0.137-0.791) 0.013
V51+PD1+ 27 (42.2) 170

>15.7 18 (56.3) 130 1 (ref)

<157 9(28.1) 194 0.012 0.293 (0.057-0.662) 0.005
Controls

V31/V32 35 (51.5) 100

<1.04 21 (45.7) 155 1 (ref)

>1.04 14 (63.6) 69 0.064 0.521 (0.263-1.034) 0.062
V51+PD1+ 35 (51.5) 100

>15.7 18 (40.9) 13 1 (ref)

<157 17 (70.8) 59 0.009 0.399 (0.204-0.780) 0.007

MPT, median pregnancy time; RR, relative risk; ref., reference.
4Cox regression analysis was adjusted for age, history of infertility, and the number and diameter of endometrial polyp in EP patients; adjusted for age and history of infertility in controls.
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Variables

All subjects
Age, years
<30
>30
Menstrual cycle, days
<24
24-35
>35
Menstrual duration, days
<7
>7
Dysmenorrhea
History of infertility
AUB
Gravidities
0
1
22
Abortion
0
1
22
Deliveries
0
1
>2
Red calls (x10'%/L)
<4.42
>4.42
Hemoglobin (g/L)
<134
>134
WBC (x109/L)
<5.86
>5.86
Lymphocytes (x10%/L)
<2.09
>2.09
FSH (IUL)
<8.42
>8.42
LH (UL
<4.50
>4.50
Testosterone (nmol/L)
<1.51
21.51
E2 (pmol/L)
<187
>187
Progesterone (nmol/L)
<8.17
23.17
Prolactin (ug/L)
<12.57
>12.57
Endometrial thickness, cm
<0.8
>0.8
Multiple polyps
Diameter of polyp, cm
>1
<1

Pregnancy time after follow-up (days)

Pregnancy after follow-up

Cases, n (%) Controls, n (%)

64 (100)

27 (42.2)
37 (57.9)

0(0)
56 (87.5)
8 (12.5)

54 (84.4)
10 (15.6)
53 (82.8)
18 (28.1)
14 (21.9)

29 (45.3)
16 (25.0)
19 (29.7)

47 (73.4)
10 (15.6)
7(11.0)

34 (63.1)
21(32.8)
9(14.1)

30 (46.9)
34 (53.1)

50 (78.1)
14 (21.9)

28 (43.7)
36 (56.9)

38 (59.4)
26 (40.6)

27 (42.2)
37 (57.8)

22 (34.4)
42 (65.6)

21(32.8)
43 (67.2)

26 (40.6)
38 (59.4)

33 (51.6)
31 (48.4)

21 (32.8)
43 (67.2)
08+03
26 (40.6)
38 (69.4)
43 (67.2)
11£05
26 (40.6)
38 (59.4)
185 + 119
27 (42.2)

68 (100)

36 (52.9)
32 (47.1)

2(2.9
58 (85.3)
8(11.8)

50 (73.5)

18 (26.5)

37 (60.3)
0(0.0)
0(0.0)

28 (41.2)
20 (29.4)
20 (29.4)

39 (57.4)
20 (29.4)
9(132)

39 (60.9)
29 (45.3)
0(0)

36 (52.9)
32 (47.1)

142 + 131
35 (51.5)

pa

0.288

0.384

0.190

<0.001
<0.001
<0.001

0.832

0.122

0.005

0.987

0.001

0.707

0.569

0.074
0.372

AChi-square test.

AUB, abnormal uterine bleeding; WBC, white blood cells; FSH, follicle-forming hormone;

E2, estradiol: LH, luteinizing hormone.
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Sample

RD1

RD2

ub

Relation

Recipient

Related

Related

Unrelated

HLA-
A*

03:01

25:01

29:02

25:01

11:01

03:01

11:01

26:01

HLA-
B*

35:01

18:01

14:02

18:01

56:01

35:01

52:01

40:06

HLA-
c*

04:01

12:03

08:02

12:03

01:02

04:01

12:02

15:02

HLA-
DRB1*

07:01

15:.01

07:01

156:01

15:01

07:01

14:.04

15:.01

HLA-
DRB3*

Not
present
Not
present
Not
present
Not
present
Not
present
Not
present
02:02

Not
present

HLA-
DRB4*

01:08

Not
present
01:01

Not
present
Not
present
01:03

Not
present
Not
present

HLA-
DRB5*

Not
present
o1

Not
present
01

o1

Not
present
Not
present
01

HLA-
DQA1*

01:02

02:01

01:02

02:01

02:01

01:02

o1

01:02

HLA-

DQB1*

02:02

06:02

02:02

06:02

06:02

02:02

05:03

06:01

HLA-
DPA1*

01:03

01:03

01:04

01:03

01:03

01:03

01:03

02:01

HLA-
DPB1*

04:01

02:01

15:01

04:01

02:01

04:01

04:01

14:.01

Haplotype
Assignment

a

Not applicable

Match

N/A

1A, 1B, 1C, 2DR,
2DQ,1DP

1A, 1B, 1C, 2DR,
2DQ,2DP

1DR, 1DQ
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Gene

Forward

Sequences, 5-3’

Reverse

Product size (bp)

GZMB
PRF1
CD80

PECAM
TAP1
CTLA4
CD86
GAPDH
ACTB
TNF
TIMP1
HPRT1

CGACAGTACCATTGAGTTGTGCG
ACTCACAGGCAGCCAACTTTGC
CTCTTGGTGCTGGCTGGTCTTT
AGAACTCAAACCTCTGGAGGAAG
AAGTGGAGTCCAGCCGCATATC
GCAGTCAACTCCTGGACCACTA
ACGGGACTCTACATCTGCAAGG
CCATCAGCTTGTCTGTTTCATTCC
GTCTCCTCTGACTTCAACAGCG
CACCATTGGCAATGAGCGGTTC
CTCTTCTGCCTGCTGCACTTTG
GGAGAGTGTCTGCGGATACTTC
CATTATGCTGAGGATTTGGAAAGG

TTCGTCCATAGGAGACAATGCCC
CTCTTGAAGTCAGGGTGCAGCG
GCCAGTAGATGCGAGTTTGTGC
GCTGTCTCATCAGCATATTCACAC
ATGGAGCAGGACAGGTTCAGTC
CAAGGTTCCCACTGCTTACAGC
GGAGGAAGTCAGAATCTGGGCA
GCTGTAATCCAAGGAATGTGGTC
ACCACCCTGTTGCTGTAGCCAA
AGGTCTTTGCGGATGTCCACGT
ATGGGCTACAGGCTTGTCACTC
GCAGGTAGTGATGTGCAAGAGTC
CTTGAGCACACAGAGGGCTACA

122
133
136
153
133
109
121
154
131
135
135
11
129
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Control (n = 8)

VUE (n=8)

CMV (n=4) P-value
Maternal Age (y) 35 (27-39) 30 (22-38) 25 (24-32) 0.0651
Gravidity 2.5 (1-5) 2.5 (1-6) 2(2-3) 0.8092
Gestational Age at Birth (weeks.days) 39.4 (37-40.3) 39.0 (34.4-40.3) 34 (31-36) 0.0082
Female Fetus (%) 50 63 60
APGAR 1 minute 7 (5-8) 6(0-9) 3.5(0-8) 0.2037
APGAR 5 minutes 9 (6-9) 8 (4-9) 7.5(0-9) 0.5858
Data presented as medians with ranges.
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Subsets Markers Signaling Pathways Functions Ref Therapeutic Targets
Not Specific Probably Specific
vCAFs PDGFRa, Nidogen-2, Desmin, CD31  PDGF-CC signaling Angiogenesis novel targeted drugs
mCAFs PDGFRo, Fibulin-1 PDGF-CC signaling Immunosuppression (20)
dCAFs PDGFRa, SCRG1 PDGF-CC signaling Migration
Myofibroblasts, o-SMA"9", FAP*, CTGF*, TNC* (TGF)-B and IL-1/ Migration, Invasion, (36-39)  CAR T-cell Galunisertib,
TAGLN* JAK-STAT signaling  Metastasis therapy, Losartan,
oFAP therapy, Nab-paclitaxel
Inflammatory PDPN, IL-6, 0-SMA™Y, LIF NF- kB signaling Metastasis, Angiogenesis, Oncolytic virus- -
fibroblasts, Immunosuppression based therapies,
Antigen- PDPN, Saa3, MHC-Il gene, CD74 MTORCH signaling Immunosuppression -
presenting
CAFs
CD10*/ CD10, GPR77, IL-6 NF- kB signaling Proliferation, (35, 40, 41)  Vitamin D, Vitamin -
GPR77* CAFs A
o-SMA, PDGFRB, Migration, DNA vaccine
FAP, FSP1, Collagen 1 Chemoresistance
CAF-S1 FAPHigh, cD2gMed-high | _gMAHISh, TGFp-signaling, Proliferation, Migration, (42-45) OFAP therapy,
PDPNM9h, pDGFRBHE" CXCL12 signaling Invasion, Metastasis, Dasatinib,
Immunosuppression Galunisertib
CAF-S2 FAPNeS, CD29M, o-SMANeaLow, Not Describe Not Describe -
PDPN-*", PDGFRB-"
CAF-S3 FAPNeatow, cp2gMed, o-SMANILY,  Not Describe Not Describe -
PDPN-©Y, PDGFRp-o"-Med
CAF-S4 FAPLow-Med cppgHiah, o-gMAHish, NOTCH signaling Proliferation, Migration, Dasatinib

PDPN"*, PDGFRB“*

Invasion, Metastasis
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Field

Definition of field Data range/class

Basic characteristics panel

Female age (years)

Female BMI (kg/m?)
Kayrotype of couple

Autoantibodies panel
B 2 GPL-IgM (U/m)

aB 2 GPI-IgG (U/m)
aCL-IgM (MPL)

aCL-IgG (GPL)
aTG (U/m)
aTPO (U/m)
SSA (U/ml)
SSB (U/mi)

Sm (U/m)
RNP (U/mi)

Sck-70 (U/mi)
Jot (U/mi)
dsDNA (U/m)

Centromeric B (U/m)
histones (U/mi)

Female age at time of 19-47
conception

Female body mass index 15.2-48.68
Kayrotype analysis of couple  {Normal, abnormal)
Concentration of a 2 GPI-gM 0.27-287
Concentration of a 2 GPHgG 0.1-133.87
Concentration of 0.13-104.75
anti-cardiolipin antibody -IgM

Concentration of 0.23-102
anti-cardiolipin antibody -lgG

Concentration of 0-1,801
anti-thymocyte globulin

Concentration of 0-1,300
anti-thyroidperoxidase

antibodies

Concentration of SSA 0-251
Concentration of SSB 1-430
Concentration of Sm 1-207
Concentration of 1-754
ribonucleoprotein

Concentration of Scl-70 1-212
Concentration of Jo1 2-384
Concentration of o112
double-stranded DNA

Concentration of centromeric B 0-282
Concentration of histones 1-78

Peripheral immunology panel

D2 (ng/mi)
ADP (%)

Col (%)
ARA (%)

19G T (%)

19G B (%)

IFN-r (%)

TNF-a (%)

NK cytotoxicity 50:1
NK cytotoxicity 25:1
T (%)

To (%)

Th(%)

NK (%)

B(%)

CD4/CD8

T(No)

Te (No)

Th (No.)

NK (No)

B8(No)

Concentration of D-dimer 45.36-30161.82
Platelet aggregation rate when 57-989
ADP is used as an aggregator

Platelet aggregation rate when 0.1-100

Col is used as an aggregator

Platelet aggregation rate when 0-100
ARA s used as an aggregator

The percentage of IgG* T cells 0.1-100
inT cells

The percentage of IgG* B cells 08-100

in B cells

The percentage of IFN-r* Th 36-67.8
cells in Th cells

The percentage of TNF-a* Th 5.1-844
cells in Th cells

NK cytotoxicity to K562 at E: T 3.4-79.7
ratio of 50:1

NK cytotoxicity to K562 at E: T 1.4-76.2
ratio of 26:1

The percentage of T cells in 35.81-909.62
CD45* lymphocytes.

The percentage of To cells in 11.37-59.34
CD45* lymphocytes.

The percentage of Th cells in 16.77-62.96
CD45* lymphocytes

The percentage of NK cells in 1.32-54.99
CD45* lymphocytes

The percentage of B cells in 3.68-33.49
CD45* lymphocytes

The ratio of Th cells and To 0.34-3.62
cells

The absolute number of T cells ~ 362.78-5999.08
per 100 pl blood

The absolute number of To 104.86-3142.96
cells per 100 pl blood

The absolute number of Th 241.68-3176.38
cells per 100 I blood

The absolute number of NK 33.95-1907.72

cells per 100 ! blood

The absolute number of Beoells  61.78-1731.29
per 100l blood

Endometrial immunology panel

HE

CDS6 (%)
Foxp3 (%)

CD88 (%)
CD163 (%)
CcD1a (%)

CD83 (%)

CDS7 (%)

CD8 (%)

cD138
Hormone panel
FSH (mIU/mi)

LH (miu/mi)

£2 (pg/mi)

P (ng/ml)

PRL (ng/m)

T (ng/mi)
TSH (uiU/mi)

FT3 (pg/mi)
FT4 (ng/dl)

Embryo panel
ways to conceive

Endometrial
preparation programs

Fertiization way

Type of embryo

Type of transfer

No. of transferred
embryo
Quality of embryo

Histological dating {inconformity, early,
mid, late}

The percentage of CDSG* cells 05-58.77

in total endometrial cells

The percentage of Foxp3* 001-1.11

cells in total endometrial cells

The percentage of CD68* cells 0.15-12.32
in total endometrial cells

The percentage of CD163* 05-10
cels in total endometrial cells
The percentage of CD1a* cells 00612

in total endometrial cells

The percentage of CD83* cells 0.00-11.37
in total endometrial cells

The percentage of CDS7* cells 0.02-2.66
in total endometrial cells

The percentage of CD8* cells 053-18.27
in total endometrial cells

The intensity of CD138* cells o 4

in endometrial tissue

Concentrationn of 0.97-59.62
follle-stimulating hormone

Concentrationn of luteal 0.35-48.96
hormone

Concentration of estrogen 0.29-1,778
Concentration of progesterone 0.03-59.02
Concentration of prolactin 03-1,249
Concentration of testerone 0-71.42
Concentration of thyroid 001-25.33
stimulating hormone

Concentration of free 1.01-801.2
triodothyronine

Concentration of free thyroxine 0.71-84.88

IVF-ET or natural conception {IVF-ET, natural
conception}
Endometrial preparation {Hormone-

programs during IVF-ET cycle  replacement cycle,
natural cycle, others}

Fertiization method to get {icsl, IVF}
embryo
Type of embryo {Blastosphere,
cleavage stage
embryo)
Embryo transfer or frozen {ET, FET)
embryo transfer
The number of transferred 13
embryos in one transfer cycle
Quality of transferred embryo {Sequence
1,234,5)

Total
N =561
Mean = SD/N (%)

34.67 + 4.39
21.69 £3.01

Abnormal: 48 (8.60%)
Normal: 510 (91.40%)

1053 £ 19
1.25 £ 586
460+ 4.46

5.16+56.21
87.25 + 191.56
343+75.4
12.2 + 18.66
8.26 £ 853

65+48
23.36 +27.12

16.2 4+ 15.98
19.73 £ 28.13
16.00 + 14.45

13.32 £ 14.7
824458

224.73 + 188.96
75.82 & 13.31

75.44 % 20,15
50.06 = 36.07
41.98 £ 35.35
62.16 + 20.66

225376
38.88+9.74
3457 125
23.42 + 1039
12623 % 194,65
27.18 £ 6.1
37.04 £6.79
15.18 £ 507
18.72 £8.77
1.47 £0.49
1582.8 + 487.26
614.74 £ 231.03
844.30 + 302,62
344.6 + 160.4
320,43 + 167.27
Inconformity: 27
(20.00%)
Early: 1(0.74%)

Mid: 106 (78.52%)

Late: 1(0.74%)
1813 £ 694
0.1:£006
222095
26412
0.07 006
2£101
039024
3.14 £ 1.65
~: 496 (96.88%)

+:2 (0.39%)
+:14(2.73%)

7.31+3.49

5.14+334

52.12 + 69.45
0.83 £2.59
37.69 £ 90.22
1.63 +6.07
232+ 1.01

3.11+05

2.01+2.42

IVF-ET: 517 (92.16%)
Natural conception:
44.(7.84%)
Hormone-replacement
cycle: 200 (43.67%)
Natural cycle: 113
(24.67%)
Others: 145 (31.66%)
CS: 154 (32.56%)
IVF: 319 (67.44%)
Blastosphere: 324
(62.43%)
Cleavage stage
embryo: 195 (37.57%)
ET: 53 (10.27%)
FET: 463 (89.73%)
184055

1: 624 (68.95%)
2: 244 (26.96%)
3:32 (354%)
4:4(0.44%)
5:1(0.11%)

Live birth
N=237
Mean = SD/N (%)

33.73 +4.08
2156 £3.27

Abnormal: 22 (9.36%)
Normal: 213 (90.64%)

12.9 +20.48
13+836
4.68 & 4.62

6.15+3.84
96.37 +204.4
35.44 +63.79
13.36 £23.15
845+ 11.17

6.99 +5.39
25.23 +23.63

14.97 + 13.06
19.96 +25.72
16.76 + 16.61

14.08 & 18.42
8.07 £5.27

228.1 +£215.39
7617 + 1281

75.46 = 20.28
50.04 +34.19
47.13 £ 3453
66.46 + 27.24
22,19 +6.82

37.4+888
36.39 + 11.32
24.95+9.98

138.04 = 204.95
27.08+684

37.13 5688
15.02 % 4.98
1876 £8.7
1.48 £0.48

1557.77 + 475.69

600.82 + 19957

836,67 +327.13

335.25 + 155.15

318,54 + 180,53
Inconformity: 2

(25.00%)
Early: 0 (0%)
Mid: 6 (75.00%)
Late: 0(0%)
188+7.35
0.1:£006
1.95:+094
281134
0.07 +0.05
188 £ 1.1
035 +0.22
28+16

~: 190 (98.45%)

+:2(1.04%)

+:1(0.52%)
73424

5.51+£4.26

46.02 + 36.55
0.81£2.49
36.14 + 68.48
1.47 £559
229+1.04

3.08 £0.46

1.88+2.37

IVF-ET: 215 (90.72%)
Natural conception:
22(9.28%)
Hormone-replacement
cycle: 79 (47.599%)
Natural cycle: 46
(27.71%)
Others: 41 (24.70%)
CS: 54 (27.69%)
IVF: 141 (72.31%)
Blastosphere: 148
(69.48%)
Cleavage stage
embryo: 65 (30.52%)
ET: 40 (18.96%)
FET: 171 (81.04%)
188057

1: 296 (75.32%)
2:84 (21.37%)
3:12 (3.05%)
4:1(0.25%)
5:0(0%)

No live birth
N=324
Mean & SD/N (%)

35.36 % 4.48
21.79 £ 2.80

Abnormal: 26 (8.05%)
Normal: 297 (91.95%)

879+ 17.68
121£292
47£435

443591
80.57 & 181.63
33.46 + 82.95
11.36 + 14.50

811+59

6.14+43
21.98 +29.37

16.37 + 17.84
19.55 + 29.81
16.33 + 13.56

1281+ 11.24
8.37 £6.16

222.26 + 167.29
75.56 £ 13.67

75.42 20,08
5006+ 37.43
38223652
50.01 = 30.98
2278 +8.12
39.97 £ 10.19
33.24 £ 1315
223+ 10.56

11750 = 186.61
27.26+63
36.98+6.74
15.20£5.14
13.68 + 3.83
146+ 0.5
1601.1 = 495.48

624.92 + 251.38

850,08 + 283.73

351.45 + 164.04

321,82 + 157.14
Inconformity: 25

(19.69%)
Early: 1 (0.79%)

Mid: 100 (78.74%)

Late: 1(0.79%)
12,64+ 66
0.1:£006
2412092
253108
008 +0.06
208=093
041025
338 165

306 (95.92%)
£:0/(0%)

+: 13 (4.08%)
7.31+£282
487 £2.42

56.57 + 85.67
0.84 £2.66
38.83 + 103.35
175+£6.4
235+1

3.14£0.52

21+£245

IVF-ET: 302 (93.21%)
Natural conception:
22 (6.79%)
Hormone-replacement
cycle: 121 (41.44%)
Natural cycle: 67
(22.95%)
Others: 104 (35.62%)
1CSI: 100 (35.97%)
IVF: 178 (64.03%)
Blastosphere: 176
(67.52%)
Cleavage stage
‘embryo: 130 (42.48%)
ET: 13 (4.26%)
FET: 292 (95.74%)
1.78+053

1: 328 (64.06%)
2:160 (31.25%)
3:20(3.91%)
4:8(0.50%)
5:1(02%)

P-value

<0.001

0.166
0.585

0.418
<0.001
0.690

<0.001

0.246

0.393

0471

0.080

0.169
0.008

0.596
0.862
0.097

0.940
0.774

0.809
0.860

0.234

0.001

0.006

0.824

0.003

0.005

0.005

<0.001

0.908

0.765

0.674

0.868

0.346

0213

0.872

0277

0.133

0.639

0.949

0.051

0.891

<0.001

0.015

0.030

<0.001

0.002

<0.001

0.004

0593

0.069

0.773
0.004
0.023
0.083
0.138

0.370

0.002

0.278

0.050

0.059

0.006

<0.001

0.012

0.006
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Data panels Pregnancy outcome  Training Testing
accuracy (%) accuracy (%)

Autoantibodies Biochemical pregnancy 86.7 703
Ciinical pregnancy 849 784
Ongoing pregnancy 83.1 750
Live birth 89.0 897
Peripheral immunology Biocheical pregnancy  93.0 724
Clinical pregnancy 87.4 68.4
Ongoing pregnancy 87.4 55.4
Live birth %2 542
Endometrial Biocherical pregnancy 9.0 730
immunology Ciinical pregnancy 97.0 505
Ongoing pregnancy 983 622
Live birth 100 767
Combined Biochemical pregnancy  96.1 65.7
immunology-related  Clinical pregnancy o7 623
panels Ongoing pregnancy %556 55.1
Live birth 970 790
Combined Biocherical pregnancy  100.0 68.1
immunology-related  Clinical pregnancy 100.0 706
panels and IVF-related - Ongoing pregnancy 1000 687

panels Live birth 100.0 714
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References  Sample  Study List of Attribute/feature Validation Modeling IVF/ICSI  Immune  Outcome Performance reported
size  design selected selection (training/test method orRRF  factors
features technique used  procedure)
Ramos- 428 Refrospective 7 attributes  No feature Did not mention R RM,RIF  Yes Ciinical pregnancy, No report
Medina et al. cohort study selection live birth
(28)
Dhillon et al 12,638 Retrospective  Sattributes  No feature 9,915 of the datawere LR IVFACSI  No Live birth AUC 0.62
©9 cohort study selection used for training and
2,723 for testing
Miewskietal. 1,995  Retrospective 20attributes PCA, principal  Train-test ANN IVF No Clinical pregnancy ~ AUC 0.666
(@0) cohort study component
analysis
Vaegteretal. 8,182  Prospective  3Gattributes  Bivariate GEE  70%ofthe datawere  GEE multivariate  IVFACSI  No Live birth Accuracy 0.67
@1 cohort study regression used for training and  regression
30% for testing
Hafiz et al. 486 Cross- 29 attributes  No feature Five-fold cross SVM, INN,RF,  IVFACSI  No Pregnancy SVM: AUC 0.576, Accuracy 68.30%;
©3) sectional selection validation RPART, Adaboost NN: AUG 0,500, Accuracy 64.84%
study RF: AUG 0.842, Accuracy 83
RPART: AUC 0.821, Accuracy 83.56%;
Adaboost: AUC 0.475,
Accuracy 66.99%;
Hassanetal. 1,048  Retrospective 25attributes  Hill climbing Bdofthedatawere  MLP,SVM, C45, IVF No Pregnancy MLP: AUC 0.991, Accuracy 97.77%;
@1 cohort study wrapper used for training and  CART, RF SVM: AUC 0.993, Accuracy 98.01%;
algorithm 174 for testing C4.5: AUC 0.966, Accuracy 93.21%;
GART: AUC 0.97, Accuracy 95.24%;
RF: AUC 0.992, Accuracy 98.83
Ghaeini et al. 251 Retrospective Qattributes  No feature 70% of data were DT, SVM 1csl No Giinical pregnancy DT Accuracy 70.3%;
@4 cohort study selection randomly selected for SVM Accuracy 75.7%
training, 15% for
validation, and 15% for
testing the model.
Blanketal. (7) 1,052  Retrospective 32 attributes  No feature Train-test RF LR IVFACSI  No Pregnancy RF: AUC 0.74; LR: AUC 0.66
cohort study selection
Vogiatzi et al. 426 Refrospective 118aftributes either t-testor  70% of the datawere  ANN IVF No Live birth Acouracy 75.7%
®) cohort study x2-test used for training and
30% for the testing
Quetal. (32) 7,188  Retrospective Sattributes  No feature Five-fold LR, RF, SVM, IVFACSI  No Live birth LRAUG 0.72; RF AUC 0.73; SYM AUC
cohort study selection cross-validation XGBoost 0.72; XGBoost AUC 0.74.
Itzhaki et al. 72 Retrospective 13attibutes  RRelieff Data were randomly LR, SVM, NN IVF No Positive beta-hCG, ~ Positive beta-hCG: LR Accuracy 53%,
@3 cohort study algorithm spiitinto a training set Giinical pregnancy, SVM Accuracy 59%, NN Accuracy
(70% of the data) and a Live births 85%;
test set (30%) Ginical pregnancy, LR Accuracy 58%,
SVM Accuracy 63%, NN Accuracy
90%;
Live births, LR Accuracy 55%, SVM
Acouracy 58%, NN Accuracy 87%.
Bruno et al. 734 Retrospective 43 attributes  The mostrecent  k-fold cross-validation ~ SVM RPL No Patients with RPL  Accuracy 81.71%
©5) cohort study international are classified into
guidelines of the ferent risk levels
ESHRE

SVM, support vector machines; RPART, recursive partitioning; RF; random forest; Adaboost, adeptive boosting; TNN, one-nearest neighbor; ML, muliayer perceptron; C4.5; CART, classification and regression trees; LR, logistic
regression; NI, neural network; ANN, artificial neural network; XGBoost, extreme radient boosting; GEE, generalized estimating equations; RRF, recurrent reproductive faiure; RPL, Recurrent pregnancy loss; I, recurrent miscarriage;
RIF, Recurrent implantation failure; ESHRE, European Soiety of Human Reproduction and Embryology.
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Origin Markers Functions Refs

Characteristic Tumor-promoting

Resident fibroblasts ~ a-SMA, type | collagen, CCL2, RAB3B, TNC Form perivascular structures, Secrete TGF-B1 Angiogenesis, Migration, 7-9)
Metastasis

Bone marrow- DDR2*, FSP-1, CXCL12, Vimentin, o-SMA, Increases cancer cell growth and metastasis, Proliferation, Migration, (10-13)

derived MSCs calponin-1, PDGFRo Myofibroblastic differentiation Invasion, Metastasis

Adipocyte FSP-1, a-SMA, FAP, ASC-1 Contribute to the desmoplastic reaction, Increase Proliferation (14-17)

tumor vascularization Angiogenesis

Endothelial cells CD31, FSP-1, a-SMA, TGF-B2 Endothelial-to-mesenchymal transition Angiogenesis, Proliferation, (18,19)
Invasion

Pericytes PDGF-BB, NG2*, FSP-1, 0-SMA Vascular remodeling toward a maturation phenotype  Invasion, Metastasis (20-22)

*DDR?2, Discoidin domain receptor 2.
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Gene Name

practn
ipo1
KMO-1
KMO2
KOS
ooC
HARD
ACMSD
Bebi.
TPt

TPz
N-cadnerin
s

7

s

Forward Primer

gioaccaacigggacgacat
geacatctggttcigoogta
atcgoctgtgaccicatet
aatttgeacgtggaagaage
‘aagataccatgaggecatge.
cigoagacagigatgalgoact
‘octatgagacceaggtaatogt
gtecaagagaactgetggaatc
ogtatiogigagioggatog
egeatigagagioggal
gagacascocccactigea
ectogtcagagaccaccigt
tcaccictooggacaaaac
gacggocctcagattactcs
ctgeigaaccggaagacaat

Reverse Primor

tettetcaoggiigoety
gagacagiccaagaticica
asccalglageogigagy
tgggoatacciigggataca
coggtaaggteggiogt
aaggtagaticaciggeactic
clctoctccatigicaccact
gaagelggoacaggiciasagt
tetcagelgetgeattgtt
ccaogacacggaatacelct
accaccegateattictig
ggeatatgiogocagagaat
tetgocagactectiget
Hoottcooticageatiga
aggtcaagottgecaaagt

ACMSD, Aminocarboxymuconate-semialdehyde decarboxylase: DDC, dopa
docarboxyiase: N-cad, N-cadhern; HAAD, 3-hyctoxyanthrantate 3,4-dloxygenase;
TUP1, tight junction protein; TUP2, tight jnction protein 2; Bolt, B-cel mphoma-

Py Sy
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IncRNA name

NR_004391.1
NR_004390.1
NR_016424.1
NR_003287.2
XR_247026.1
XR_246226.1
NR_045117.1
ENST00000560769.1
NR_046396.1
NR_046397.1

Gene name.

ANYI
RANYS

ANKRD36BP2
ANA2ESS

GuK1

P44

DDX11L10
ENSGO0000259279.1
XAF1

XAF1

Log2 (fold
change)

331
306
278
278
222
319
294
265
2.9
248

Regulated
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Ppcos Normal prvalue
(0=63) (mean=SD)  (n=59) (mean=SD)

Agelyears) 28512594 31562594 0231
BMIkg/m2) 24012395 21152286 0039
Tig/m) 170086 0992044 0000
£2 (og/mi) 160.36 = 62.16 149.92 = 56.07 0075
Plog/mi) 106%125 125084 0034
FSH (UL 5332118 560159 0302
LH (U 6652433 3682173 0000
LHFSH 125071 072042 0001
AMHpmoIL) 1098 + 568 4582330 0000
INHE(pg/m) 114132 4930 116.37 2 5057 0878

HOMAIR 4692248 1842098 0000
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Name
GAPDH
ENST00000584923.1
ENST00000565493.1
ENST00000508174.1
R 245194

NR_002756

Primer

F: 5-AGGGCTGCTTTTAACTCTGRT-3'

F: 5-ATGGAMGAGGTTGCOGACG -3
R:5- GRACGTATCGCTICCAGAGG -3

AMAGTTACGGAGGACCCAGC -3'

R: 5-GCAGGTCTGGAAGGCACAAS'
F: 5-AATCTTTCGCCTTTTACTAAS
R 5-AMATIGGGTTAAGACTCAG-3'
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mANA name

NM_000550.2
NM_001003938.3
NM_000517.4
NM_001002841.1
XM_005257392.1
XM_005272808.1
XM_005270393.1
XM_005270392.1
NM_008820.2
XM_005270391.1

Gene name

HBG1
=Y
HBA2
Mva
Mve
HADRA
1FdaL
1AL
1AL
1AL

Log (fold change)

787
an

286
267
267
709
414
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405
404
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Cohort
variable

Th1*
Th2
Th1/Th2*

*n <0.05.

Mean

16.94
2.68
11.00

Control (n = 18)

Median Range
15.80 7.60-34.39
1.62 0.39-13.40
9.06 0.84-31.87

sD

7.26
2.95
8.51

Mean

22.44
2.19
15.85

URSA (n = 227)

Median Range
21.37 0.16-61.42
1.52 0.10-10.45
12.74 1.60-55.16

sD

10.50
1.85
11.01

p value

0.031
0.460
0.049
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ID Description Count p value
hsa04650 Natural killer cell mediated cytotoxicity 9 1.34E-06
hsa04145 Phagosome 9 4.20E-06
hsa04060 Cytokine-cytokine receptor interaction 9 0.000276395
hsa05140 Leishmaniasis 8 1.13E-07
hsa05145 Toxoplasmosis 8 1.18E-05
hsa05200 Pathways in cancer 8 0.00504406
hsa04612 Antigen processing and presentation 7 2.98E-06
hsa05323 Rheumatoid arthritis 7 9.04E-06

p value < 0.05 was considered as significant.
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ID

G0:0042110
G0:1903706
G0:0051249
G0:0030098
G0:0030217
GO:1902105
GO:0050863
G0:0046651
G0:0032943

Function

T cell activation

regulation of hemopoiesis

regulation of lymphocyte activation
lymphocyte differentiation

T cell differentiation

regulation of leukocyte differentiation
regulation of T cell activation
lymphocyte proliferation
mononuclear cell proliferation

p value < 0.05 was considered as significant.

Type

BP
BP
BP
BP
BP
BP
BP
BP
BP

Count

19
15
15
14
13
13
13
12
12

p value

4.60E-14
2.78E-10
1.48E-09
2.27E-10
2.27E-11
1.07E-10
6.07E-10
1.42E-09
1.55E-09
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P Clinical pregnancy P

Successful

(n=20)

Ongoing pregnancy
Failed Successful  Failed
(n=18) (=16 (=22

P Live birth
Successful ~ Failed
(=15 (n=29)

363£35 0221348+44 350+34 0380346+46 35833 0338345+48 358+33 0346

Factors Implantation
Successful  Failed
(=23 (=15
Age (years) 34.7 % 4.1
BMI (kg/m?)

No. of previous pregnancy failure 4.9 & 2.0
E2 (pg/mL)

P (ng/ml) 0301
FSH (miU/mL) 68+ 17
LH (miU/mL) 51£18
PRL (ng/mL) 195+ 562
T (ng/ml) 06+03
Blastocyst/transferred embryos  52.2%

No. of transferred embryos 19+065
No. of high-quality embryos 1408

BMI, body mass index; E2, estradiol: P progesterone; FSH, follicle-stimulating hormone; LH, luteinizing hormone; PRL, prolactin; T, testosterone.

213+23 21.7+20 0502211+24 217+19 0435209+23 21.8+20 0206 209+24 21.8+19 0233

41£24 0244 49+20 42424 0342 53+£20 41£22 0104 52420 42+£22 0156

40.5 + 11.9 40.3 + 20.4 0.963 42.3 £ 11.4 38.3 &+ 19.3 0.434 42.7 + 12.8 38.8 + 17.4 0.449 429 £ 13.2 38.9 + 17.0 0.445
03+02 0616 03+01 03+02 0513 03+01 03£02 0491 03+01 03+02 0487

68+20 0953 65+12 70%£23 0403 64+13 7.0+21 0360 64+14 70+£20 0355

40+15 0050 49+16 44+19 0373 47+15 46+19 0912 47+15 46+19 0911

181 +556 0408 19.8+52 181+54 0331 197 +58 184+50 0470 197+ 60 18449 0465

11£21 0380 06+03 10+£20 0430 06+03 09+18 0513 0603 09£17 0509

333% 0326 50.0% 389% 0532 56.2% 36.4% 0324 60.0% 34.8% 0.185

22£07 0106 19+06 22+06 0114 18%£07 21+06 0110 1906 21£06 0287

16+09 0445 14+08 16+09 0565756 1.3+£09 16+08 0343 14+09 1.6+08 0445
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Control group (n = 3) Case group (n = 19) P

age (years old) 31.67 +2.08 30.26 + 2.60 0.387
Height(m) 1.59 +0.02 1.59 + 0.04 0.787
Weight (kg) 60.33 + 6.81 56.84 +9.11 0.535
BMI (kg/m?) 23.84 +2.36 22,52 +3.27 0.512
FSH (miU/mi) 6.69 + 0.45 6.90 +1.12 0.748
LH (miU/mi) 6.25 +2.34 8.60 + 5.55 0.857
LH/FSH 0.92 +0.29 1.30 + 0.95 0.857
E2(pmmol/L) 170.73 £ 29.28 207.14 + 62.79 0.343
PRL (mIU/L) 920.00 +573.15 430.11 + 263.26 0.108
T(nmol/L) 0.81 £0.10 0.94 £ 0.74 0.787

Data are shown as meanz SD; BMI, body mass index; FSH, follicle-stimulating hormone; LH, luteinizing hormone; E2, estradiol; PRL, prolactin; T, testosterone; p value < 0.05 was
considered as significant.
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Genes

IFNG

ITGAX

TLR2

IL2RA

CXCL8

Accession No

NM_000619.3

NM_000887.5

NM_001318787.2

NM_000417.3

NM_000584.4

Primer

IFNG-F
IFNG-R
ITGAX-F
ITGAX-R
TLR2-F
TLR2-R
IL2RA-F
IL2RA-R
CXCL8-F
CXCL8-R

Sequence(5'-3')

TCCAAGTGATGGCTGAACTG
CTCTTCGACCTCGAAACAGC
GTGGTGGTGTGATGCTGTTC
ATACTGCAGCCTGGAGGAGA
TGATGCTGCCATTCTCATTC
CGCAGCTCTCAGATTTACCC
ATCAGTGCGTCCAGGGATAC
GACGAGGCAGGAAGTCTCAC
GTGCAGTTTTGCCAAGGAGT
CTCTGCACCCAGTTTTCCTT
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Patient Sex Age (years) Disease at 1st LTx Freedom from Time from 1st CLAD grade RAS (Yes/No)
CLAD (months) LTx (months)
Re-LTx #1 F 23 CF 13 38 3 Y
Re-LTx #2 M 38 CF 23 74 4 Y
Re-LTx #3 F 25 CF 14 24 4 Y
Re-LTx #4 M 36 LCH 14 19 4 Y
Re-LTx #5 F 34 CF 25 34 4 N
Re-LTx #6 F 31 CF 10 32 4 N
Re-LTx #7 F 27 CF 46 27 4 N
Re-LTx #8 F 32 CF 33 150 3 N

'BOS, Bronchiolitis Obliterans Syndrome; CF, Cystic Fibrosis; CLAD, Chronic Lung Allograft Disease; LCH, Pulmonary Langerhans Cell Granulomatosis - Histiocytosis X; RAS, Restrictive

Allograft Syndrome.
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Author Type
Cohen et al. (66) Retrospective
Bromberger et al. (67)  Retrospective
Redfield et al. (68) Dataset
analysis
Higgins et al. (69) Retrospective
Choi et al. (70) Retrospective
Ghafari et al. (71) Retrospective

HLA, human leukocyte antigen.

Study time

2001-2013
2007-2013
1997-2014
2003-2012
1979-2011

1989-2006

Sample
size

5012
502
107292
64
374

171

Type of
organ

Kidney

Kidney

Kidney
No mention

Kidney

Kidney

Conclusion

No difference in graft failure between recipients of fathers and mothers.

Pregnancy is the major reason for loss of living donor access for women.

Pregnancy alone is made up 20% of sensitization; Waiting time for organ
transplantation is longer for women.

Pregnancy leads to the greatest increase in HLA antibody levels from pre-treatment to
peak

The antibody originated from the sensitization in pregnancy resuits in the
transplantation failure.

Graft survival time was significantly worse because of pregnancy
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Cells

Co-signaling Molecules

Trophoblasts

Decidual stromal
cells
Decidual immune
cells

Main Molecules
PD-1/PD-L1

TIM-3

CTLA-4

ICOS/ICOS-L

CEACAM1
LAIR-1

Syncytiotrophoblasts: PD-L1, CD200, CD200R1, PD-L.2

Cytotrophoblasts: PD-L1, CD200, CD200R1

EVTs: ICOS-L, PD-L1, CD276, CEACAM1, Gal-9, CD200, CD200R1, CD155, CD112
TIM-3, Gal-9, PD-L1, PD-L2

dNK cells: CEACAM1, TIM-3, LAIR-1, CD226

Decidual T cells: PD-1, CEACAM-1, TIM-3, LAIR-1

Decidual macrophages: LAIR-1

Recent studies

Elevated PD-1 expression in decidual CD8" T, CD4* T, and NKT-like cells and PD-L1 expression in decidual CD4* T, Treg, NKT-like and CD56*
NK cell compared to peripheral blood (30).

The soluble PD-L1 increased in pregnant women and suppress maternal immunity (31).

Blockade of PD-1 resulted in decreased proliferation and Th2-type cytokine production while increased trophoblast kiling and IFN-y producing
capacities of CD8" T cells (32).

PD-1/PD-L1 signaling is critical for macrophage differentiation and function, which is the success of a pregnancy (33).

PD-1 promote Th2 bias and pregnancy maintenance by regulating CD4* T cell function at the maternal-fetal interface (34).

Decidual NKT cells exhibit a reduced TIM-3 expression with increased relative receptor expression and a slightly increased cytotoxicity when
compared to the periphery (35).

TIM-3*CTLA-4*dCD8" T cells produced more anti-inflammatory cytokines. Blocking TIM-3 pathways inhibited the anti-inflammatory cytokines and
induced fetal loss (36).

TIM-3 pathways maintain tolerance by regulating dCD4*T cells. Blockade of TIM-3 pathways induces fetal loss with altered cytokine profies by
dCD4* T cells (37).

TIM-3 is upregulated in NK cells and inhibits NK cytotoxicity toward trophoblast in Gal-9 dependent pathway (38).

Activation of TLR signaling induced upregulated TIM-3 expression. TIM-3 inhibited TLR signaling-induced inflammatory cytokine production (39).
TIM-3 are expressed on over 60% of dNK cells. TIM-3* dNK cells display higher IL-4 and lower TNF-o. and perforin production.

Peripheral NK cells can be transformed into a dNK-like phenotype via Gal-9 and the interaction between Gal-9 and TIM-3.

Trophoblasts inhibit LPS-induced pro-inflammatory cytokine and perforin production by dNK cells, which can be attenuated by TIM-3 neutralizing
antibodies.

Th2-type cytokines decreased and Th1-type cytokines increased in TIM-3* dNK cells from human and mouse miscarriages (40).

Blocking CTLA-4 pathways inhibited the anti-inflammatory cytokines and induced fetal loss (36).

CTLA-4 pathways maintain tolerance by regulating dCD4*T cells. Blockade of CTLA-4 pathways induces fetal loss with altered cytokine profiles by
dCD4* T cells (37).

Antigen-stimulated T cells become activated ligated with CD28 and anergic ligated with CTLA-4 (41).

ICOS-L blockade abrogates placental immune tolerance by enhancing CD8" effector response and reducing local immunomodulation via CD8*
Treg cells (42).

CEACAMT interactions inhibit the lysis, proliferation, and cytokine secretion of activated dNK, T, and NKT cells, respectively (43).

Co-culture of dNK with primary TROs/DSCs downregulated Th1 cytokine production, which were abrogated by LAIR-1 inhibitor (44).

PD-L1, programmed death-ligand 1; CD200, cluster of differentiation-200; CD200R1, CD200 receptor 1; PD-L2, programmed death-ligand 2; ICOS-L, inducible co-stimulator ligand;
CD276, cluster of differentiation-276; CEACAM!1, carcinoembryonic Ag cell adhesion molecule 1; Gal-9, galectin-9; CD155, cluster of differentiation-155; CD112, cluster of differentiation-
112: TIM-3, T cell immmunoglobulin and mucin domain 3; LAIR-1, leukocyte-associated immunoglobulin-like receptor-1; CD226, cluster of differentiation-226.
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Factors

Age (years)

BMI (kg/m?)

No. of previous pregnancy failure
E2 (og/mL)

P (ng/mL)

FSH (miU/mL)

LH (miU/mL)

PRL (ng/mL)

T (ng/ml)
Blastocyst/transferred embryos
No. of transferred embryos

No. of high-quality embryos

NKG2D* y3-T cells

Low group High group
(n=13) (n=25)
356+839 35.1 £ 40
223+1.6 21.0+23
48+26 4520
433+143 889+ 162
030.1 0302
65+ 1.8 6918
4921 45%16
204 £7.0 18.2 £ 4.1
0503 10£16
61.5% 36.0%
19+06 20+06
1.4£08 1.6 +09

0.718
0.083
0.702
0.414
0.767
0.541
0.546
0.225
0.286
0.178
0.585
0.555

BMI, body mass index; E2, estradiol; F, progesterone; FSH, follicle-stimulating hormone;
LH, luteinizing hormone; PRL, prolactin; T, testosterone.





OPS/images/fimmu.2021.641937/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.641937/fimmu-12-641937-g001.jpg
wrasson ©
wRa

c)gm

detoxification ©
L]

1705 60— g <— 0B)
v ninge
cupmeio — B0 - @

SR T0) ik
A

Apoptosis

miro0n
WRINPO)  mmsooGy  HRHUO
| mRGG  WROED

NER MVR. 1R, BER. NHEL. LS

_ WORIRIVIN. s

== o C :
WGP, .
ec

G
D uophagy  CSCs
mirs30s)
) w200
w27 o
misis 0
N i 0y
WDy RS 0D
w1507

D — 7]

epitenicats EMT st cot

DNA methylation

IEREREIIRC

iR 200069
k0% 50

DNMT| iz
iR 155 o)
nR709






OPS/images/fimmu.2021.641937/fimmu-12-641937-g002.jpg
e . Ovarian cancer cell Q
Wmmﬂ*e o MiRNAs
S W °
o /

Exosomes
Fasl HLA-G MICA/B PDLI

Microvesicl
icrovesicles \o '|' T ‘miR-98-5p (129)

O miR-20a (113 mR24(322) 417 A

miR-2223p (129) | miR-31 (126)

miR-940 (124) miR-214 (126)
miRk-142 (118 | miR21-5p121) | miR-140-3p (120) | miR213p (129) | miR155 (126) |
miR-292-3p (121) miR-125b-5p (125) miR-124(130) *
iR 181055 0129 i
Decressed Macrophage ocreased i

Thi diffeentiation | Treg/Thi7 cell
from CD4+Tcells | imbalance eytotoxicactivity | polarization

@

Thl cell

s ierention -






OPS/images/fimmu-12-631077/fimmu-12-631077-t002.jpg
Cell populations

In y3-T cells (%)

NKG2D* y5-T cells
CD158a* y5-Tcells
CD158b* y8-T cells

In CD3* T cells (%)

¥5-Tcells

NKG2D* v-T cells
CD158a* y3-T cells
CD158b* y-T cells

In lymphocytes (%)

CD3* T cells

¥o-T cells

NKG2D* y8-T cells
CD158a* v5-T cells
CD158b* y8-T cells

P < 0.05.

Implantation
Successful  Failed
n=23) (=15
792250 91152
13.1+£106 119+ 11.2
185+ 164 17.0 + 136
8437 130%105
80+38 12.4+104
13+ 1.1 21+29
16+18 2582
60.1£224 622+73
48+20 84%73
4021  80&74
0805 1416
11£12 1721

P

0.078
0.734
0.778

0.120
0.140
0.378
0.208

0.064
0.079
0.050
0.164
0.240

Clinical pregnancy

Successful
(n=20)

81.3 £21.0
184£112
185+17.3

8238
7.7+£40
14£11
16+19

59.5 £ 24.0
4521
3821
0805
1.0£12

Failed
(=18

86.8 + 20.0
118+ 105
172+ 130

125+96
120+95
19427
24+£29

625+ 69
80+£67
76+£65
13+ 15
17+£19

P

0.077
0.660
0.789

0.090
0.093
0.418
0.367

0016
0.047*
0.025%
0.197
0.190

Ongoing pregnancy

Successful
(n=16)

Failed
(n=22)

P

829+21.0 84.6+204 0438
133+ 11.9 0.660
148+ 127 0149

1.7+£92
2214176

84+42
8.1+43
13+ 11
19+20

61.3 + 265
47 £22
40421
0805
12£12

11.5+89
109+ 89
18425
20+£28

60.6 £ 7.7
73+63
6.7+62
12£13
14+18

0216
0.254
0.432
0.972

0.258
0.095
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0.641

84.7 £20.0 0595
129 £ 11.7 0.836
143 £ 126 0075

Live birth
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=15 (=28
827 £21.7

12293
283+ 175
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0.359

0.887
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