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A successful pregnancy requires a fine-tuned and highly regulated balance between immune activation and embryonic antigen tolerance. Since the fetus is semi-allogeneic, the maternal immune system should exert tolerant to the fetus while maintaining the defense against infection. The maternal-fetal interface consists of different immune cells, such as decidual natural killer (dNK) cells, macrophages, T cells, dendritic cells, B cells, and NKT cells. The interaction between immune cells, decidual stromal cells, and trophoblasts constitute a vast network of cellular connections. A cellular immunological imbalance may lead to adverse pregnancy outcomes, such as recurrent spontaneous abortion, pre-eclampsia, pre-term birth, intrauterine growth restriction, and infection. Dynamic changes in immune cells at the maternal-fetal interface have not been clearly stated. While many studies have described changes in the proportions of immune cells in the normal maternal-fetus interface during early pregnancy, few studies have assessed the immune cell changes in mid and late pregnancy. Research on pathological pregnancy has provided clues about these dynamic changes, but a deeper understanding of these changes is necessary. This review summarizes information from previous studies, which may lay the foundation for the diagnosis of pathological pregnancy and put forward new ideas for future studies.
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INTRODUCTION

The decidua also called the maternal-fetus interface (1), is the mucous membrane of the pregnant uterus, and is characterized by immunological tolerance toward the allogeneic fetus and maintenance of host defense against possible pathogens. The decidua originates from differentiated endometrial cells in early pregnancy (2) and encases the fetus, umbilical cord, and placenta. According to the anatomical relationship between decidua and blastocyst, the decidua can be divided into different parts: decidua basalis, parietalis, and capsularis. The former transforms from the endometrium of the embryo implantation site and covers the basal plate of the placenta, the middle lines the fetal membranes; the latter covers other parts of the uterine cavity (3). The maternal-fetus interface consists of decidual stromal cells, decidual immune cells, and trophoblast cells. This interface tolerates the semi-allogeneic fetus as well as retain the ability to defend a pathogen infection locally (4, 5). It plays a crucial role in mediating O2, CO2, and nutrients (6), exerting immunological protection; and generating different hormones, enzymes, and cytokines, to establish a successful pregnancy (7).

It has been shown that 30–40% of all decidual cells during early pregnancy are leukocytes (6, 8). Various subsets of maternal immune cells constitute the decidual immune system, such as natural killer (NK) cells, macrophages, T cells, B cells, and dendritic cells (DC) (The abbreviated form could be looked up in the Table 1) (6). Fetal trophoblasts, which have direct contact with maternal DSCs and invade the maternal myometrium, are also essential elements in the decidua (4). Previous studies have demonstrated that decidual NK (dNK) cell participate in trophoblast invasion and spiral artery remodeling, while decidual macrophages, as antigen presenting cells, exert phagocytosis, secrete cytokines and modulate the immune balance at the maternal-fetus interface. T cells and DCs have always been considered the critical cells for immune balance regulation. An imbalance between these cells or functional changes may contribute to pathological pregnancy, including preeclampsia (PE), intrauterine growth retardation (IUGR), recurrent spontaneous abortion (RSA), preterm birth, and congenital infection. With the progress of research, placental tissues have been considered a promising source of stem cells for clinical trials (3, 9); thus, it is crucial to understand the physiological state of these immune cell populations in the decidua. However, the factors that influence immune cell composition and activation status in the decidua basalis and parietalis are still poorly characterized. This review covers major types of immune cells in the decidua and presents their proportion changes and functions during different stages of pregnancy (Figures 1, 2), which can help us understand the relationship between the adverse changes and pathological pregnancy.


Table 1. Abbreviated form.
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FIGURE 1. Dynamic changes of immune cells during normal pregnancy at the maternal-fetal interface. Pattern diagram showed the dynamic changes of immune cells at the maternal-fetal interface.
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FIGURE 2. Model of trend line showed the dynamic proportional changes of immune cells at the maternal-fetal interface.




NATURE KILLER CELLS


NK Cells in Pregnancy

In humans, the typical phenotype of NK cells is CD3−CD56+, which can be classified into different phenotypes in the peripheral blood. Approximately 90% of peripheral blood NK (pbNK) cells have a CD56dimCD16+ surface phenotype that represents cytotoxic NK cells, while the remaining 10% possess a CD56brightCD16− phenotype, representing cytokine-producing NK cells. Cytokine-producing NK cells are abundant in granules, which contains granzymes/granulysin/perforin, show weak cytotoxicity, and produce a variety of cytokines (4, 6, 10).

In the human endometrium and decidua, prior studies have noted that the prominent NK cells are CD56brightCD16−. In the last three decades, there has been no definite conclusion on the origin of dNK cells. Several references identified dNK cells as a heterogeneous population. Three different theories have been proposed about the origin of dNK cells. Carlino et al. showed that recruitment of pbNK cells to the uterus is attributed to the accumulation of dNK cells (11). They illustrated that dNK cells and pbNK cells have similar chemokine receptor patterns (very low levels of CCR1 and CCR5) when they contact decidual stromal cells (11). The second, shown by Manaster et al. claims that some progenitor dNK cells might mature from endometrial NK cells in response to pregnancy-associated factors, such as IL-15 or progesterone (6, 12). The third theory suggests that dNK cells may directly differentiate from hematopoietic precursors in the decidua in response to specific stromal factors of the decidual microenvironment (13). The origin of dNK cells may be convoluted, and these three mechanisms may also act concurrently, which indicates that further investigations are necessitated on this subject.

The proportion of NK cells populating the endometrium of non-pregnant women varies with the menstrual cycle. After labeling NK cells with CD56 and CD16, 17% of menstrual blood CD45+ lymphocytes were found to be NK cells by flow cytometry (14). King et al. reported the number of endometrial NK cell is low during the follicular phase and early secretory phase, while gradually increasing after ovulation, ultimately, these cells reach the maximum in the late luteal phase (15). Other have found a periovulatory increase (16). The percentage of endometrial NK cells in the stromal compartment rose up to 7.35% in the late secretory phase (17). Reports are conflicting about the number and activity of these cells. Manaster et al. indicated that ~30% of endometrial lymphocytes are NK cells (gated CD56+CD3−), and the percentage of NK cells remained constant during the menstrual cycle. They showed an increase in NK cell numbers during the secretory phase by immunohistochemistry analysis (12). More studies suggest that the number of NK cells gradually increases with the menstrual cycle. This increase may indicate that the lymphocytes in endometrial increased along with the menstrual cycle. Many sample factors, including the presence of edema, depth from the surface epithelium and site in the uterus can affect endometrial NK numbers (18), which eventually cause the discrepancy of these results.

dNK cells reach the maximum in frequency during first pregnancy, which accounts for more than 70% of decidual leukocytes and then progressively decreases in number and become less granular through gestation, resulting in small amounts at term (19–21). Williams et al. found that CD56+ cell numbers in the decidua basalis did not change significantly between the first (45.2 ± 2.8%) and second (48.7 ± 4.0%) trimesters, as well as in the decidua parietalis, while a significant reduction was observed in the third trimester (29.0 ± 3.3%) (22). This result was confirmed in the study of Bulmer et al. who analyzed leukocyte numbers in placental bed biopsies obtained from the termination of normal pregnancy at 8–20 weeks gestation by immunohistochemistry (8). They observed an exciting change that the number of CD56+ NK cells which express perforin and granzyme B in the placenta bed biopsies were reduced at 16–20 weeks gestation compared to 8–10 and 12–14 weeks (8). This reduction may reflect the loss of granules. The explanation for this change in the cytoplasm may be a functional alteration of dNK cells as gestation progressing (8).



The Function of dNK Cells

Previous researchers suggested endometrial NK cells are specialized immature cells since they possess no apparent functional activity and lack the expression of chemokine receptors. They supposed endometrial NK cells shift to dNK cells under the stimulation of IL-15 after conception, a key cytokine in the differentiation of hematopoietic progenitor to NK cells (12).

Most existing studies have focused on the function in dNK cells. Apart from early pregnancy and delivery, specimens from other gestational ages are hard to obtain due to ethical principles. Thus far, the function of dNK cells has not been illustrated clearly, especially their role in middle and late pregnancy.

DNK cells promote embryonic development and are also involved in maintaining the decidual tolerance to embryos. Previous studies have reported that dNK cells participate in trophoblast invasion and spiral artery remodeling during the first trimester. dNK cells regulate the invasion of trophoblasts by producing the chemokines IL-8 and IP-10, which bind to CXCR1 and CXCR3 expressed by invasive EVTs, respectively (23). dNK cells were a major source of VEGF-C, Arg1, Arg2, and TGF-β1 in first trimester and were thought to initiate decidual-associated artery remodeling: readying the vessels for trophoblast infiltration and the final stages of spiral artery remodeling (24). Craven reported that EVTs were absent in the early spiral arteries, which indicated the important role of dNK cells in the reconstruction of spiral arteries (25). A study focusing on dynamic changes in normal murine pregnancy found that dNK cell-derived IFN-γ strongly contributed to initiating uterine vascular modification (26). Apart from the cytokines stated above, dNK cells can produce G-CSF, GM-CSF, M-CSF, TNF-α, which are also involved in successful pregnancy (27, 28). Review by Wallace et al. showed that dNK cells affect EVTs differentiation into an invasive phenotype by secreting factors, such as IL-8 and LIF. Also, dNK promotes invasive EVTs to gain the “endothelial-like” properties (29).

dNK cells are believed to contain limited cytotoxicity to trophoblast cells due to the interaction between specific HLA class I molecules expressed by EVTs and the activating or inhibitory receptors on dNK cells (6). EVTs express the fetal polymorphic classical class Ia MHC-molecule (HLA-C) and non-classical class Ib MHC-molecules (HLA-E, HLA-G) (30–32), but not HLA-A or HLA-B. It is in contrast to most somatic cells (30). dNK cells express a group of receptors, including KIR, ILT, and CD94/NK group 2 (NKG2) A/C/E heterodimers (20, 33, 34). HLA-C antigens can also be classified into two types: HLA-C1 that are less inhibitory to NK cells and HLA-C2 that are more inhibitory (35). KIR receptor genotype can be divided into two forms depending on the presence (A) or absence (B) of activatory KIR receptors (29). Higher risk of pre-eclampsia is associated with the engagement of AA genotype KIR and HLA-C2 (36). The invariant CD94 associates with members of the small NKG2 family to form heterodimers. The CD94/NKG2A receptor binds to the HLA-E molecule to provide an overall inhibitory signal of preventing cell lysis (21, 33, 37). Interestingly, a peptide derived from the leader sequence of HLA-G, which is expressed only by EVT can affect the interaction between HLA-E and its receptor expressed on the dNK cells (21). Inhibitory receptors on dNK cells include LILRB1, KIR2DL4, and CD94/NKG2A (8). NK-activating receptors include NKp46, NKp44, NKp30, NKG2D, and CD94/NKG2C (38). Cytotoxicity is downregulated once engagement occurs between these inhibitory receptors and the ligands on trophoblasts (4). Approximately 40% of dNK cells express the inhibitory receptor LILRB1, which has a high affinity for the dimeric form of HLA-G (4). Besides, some activating receptors of the KIR family are not cytotoxic to EVTs (39). Using single-cell sequencing to analyzing the cell composition of the decidua in the first trimester, Vento-Tormo et al. found the dNK cells could be divided into three subpopulations: dNK1, dNK2, and dNK3. dNK1 cells highly express KIR inhibitory receptors and LILRB1 which suggesting dNK1 cells particularly interact with EVTs (34). Other studies have demonstrated that dNK cell cytotoxicity is inhibited by macrophages through a TGFβ1-dependent mechanism, as purified and exogenously stimulated dNK cells are capable of killing cellular targets (10).

Recently, Fu et al. demonstrated that CD49a+Eomes+ dNK cells could directly promote fetal growth by producing growth-promoting factors for embryo development before the establishment of the placenta both in human and mice. This subset of dNK cell specifically produced pleiotrophin, osteoglycin, and osteopontin. Deficient in these growth factors ultimately leads to growth restriction caused by abnormal bone development in offspring. Therefore, this study reveals other new functional roles of dNK cells during embryonic development in early pregnancy (40).

Few studies have distinguished NK cell function between 8 and 12 weeks of gestation since notably altered levels of oxygen occur with this period. With the progressing of pregnancy, dNK cells lost granules in the cytoplasm, which indicates that a functional shift is needed at late gestation for labor and parturition (22). Sindram-Trujillo et al. found no difference of CD56brightCD16− NK cells and a significant increase of CD56dimCD16+ NK cells in decidua when compared spontaneous vaginal delivery with elective cesarean section in uncomplicated human term pregnancy (41). This phenomenon indicates a dynamic phenotypical change of NK cells is necessary for spontaneous vaginal delivery.

CD56brightCD16− NK cells are essential for the establishment of pregnancy. According to previous studies, it is vital to maintain proper NK cell activation status during each healthy pregnancy. Alterations in decidual NK cell numbers and activation status can cause complications during pregnancy, such as immunologic infertility, recurrent spontaneous abortion, and preeclampsia, but the mechanism is not precise. The relationship between NK cell abnormalities and complications during pregnancy will be described later.




MACROPHAGES


Macrophages in Pregnancy

Macrophages are myeloid immune cells and compose a portion of the innate immune system that strategically resides in tissues where they detect, ingest dead cells and debris, antigen process and present and who are phenotypically and functionally heterogeneous (6, 42, 43). Monocytes are generally believed to be the sole precursors of tissue macrophages (44). Circulating short-lived monocytes make up ~5–10% of peripheral blood leukocytes and migrate to various tissues to become macrophages after residing in the peripheral blood for 1–2 days (45). Macrophages are widely distributed and positioned in human tissues.

Either CD14 or CD68 is generally used as a marker to identify uterine macrophages (8). Based on phenotypical and functional characteristics, macrophages used to be categorized into two significant subpopulations: M1 and M2. Induced by IFN-γ and LPS, M1 macrophages are a classically activated/inflammatory type that participates in antigen presentation, pro-inflammatory cytokine and nitric oxide production, and reactive oxygen species. M2 macrophages, induced by interleukin-4 (IL-4), are an alternatively activated/regenerative type that is responsible for immune tolerance and tissue remodeling (46–48). Before blastocyst peri-implantation, decidual macrophages skew toward M1 polarization, while they skew toward a mixed M1/M2 profile after implantation when trophoblast cells begin to invade the uterine myometrium. It is not until the end of placental development that decidual macrophages transform into a predominantly M2 phenotype that protects the fetus and placenta until parturition (45).

Previous studies have demonstrated that the number of macrophages fluctuates during the menstrual cycle. It seems likely that the recruitment of monocytes to the uterus is driven by estrogen and progesterone. After fertilization, monocytes are attracted to the endometrium immediately in response to pro-inflammatory, metabolic, and immune stimuli. Macrophages are the second most abundant endometrial leukocytes population (49). Macrophages are present in the endometrium/decidua and myometrium. Macrophage numbers increase from 1–2% in the proliferative phase to 3–5% in the secretory phase and 6–15% during the menstrual phase (50). However, Biswas et al. observed no significant changes in macrophage numbers during the menstrual cycle (9), as well as in the research of Repnik et al. (51). In the first trimester, macrophages make up ~20–30% of decidual leukocytes at the maternal-fetal interface (52). The percentage of decidual macrophages among leukocytes did not significantly change between early and middle pregnancy, but significantly decrease in the third trimester (22). Research of Repnik et al. showed similar trends when used CD14+ as the marker for monocytes in the decidua (51). The difference in the study of Bartmann et al. is CD14+ monocytes increase abruptly at the end of early pregnancy and remain stable until term (53).



The Function of Decidual Macrophages

Endometrial macrophages play an important role in tissue degradation during menstruation, clearing endometrial debris and repairing and reconstructing tissue structure (9, 50). As antigen presenting cells, macrophages can capture antigen from the semi-allogeneic fetus; secrete various cytokines, chemokines, angiogenic growth factors and proteases; and phagocytose, which plays a vital role in homeostasis, host defense, immune responses, tissue development, and repair (44, 45, 49). Utilizing a combination of CCR2 and CD11c, one study recently identified three distinct subsets of decidual macrophages [CCR2−CD11cLO (CD11clow, ~80%), CCR2−CD11cHI (CD11chigh, ~5%), and CCR2+CD11cHI (CD11chigh, 10–15%)] in early pregnancy by flow cytometry analysis (48). Different distributions were detected among the three subsets, of which CCR2−CD11cHI and CCR2+CD11cHI macrophages exhibited a polar distribution at the maternal-fetal interface, while CCR2−CD11cLO macrophages distribute in the decidua (48). The researchers also found that CCR2+CD11cHI macrophages showed pro-inflammatory characteristics, while the CCR2−CD11cHI population is suggested to be anti-oxidative and anti-inflammatory (48). Macrophages, gathering in the uterus during the late luteal phase, as well as increased macrophage products, such as MIP-1β, MIF, and CSF-1, are presumed to exert specific roles in the regulation of fertility (50). During the window of implantation, macrophages establish a proinflammatory microenvironment for embryo implantation (50). Previous studies have indicated macrophages are in the vicinity of spiral arteries (49), which lead to disruption and disorganization of vascular smooth muscle cells and endothelial cells even before EVTs are present (54). MMP-7 and -9, which are proteolytic enzymes expressed by macrophages, participate in the disruption and loosening of cohesion between vascular smooth muscle cells layers, representing a loss of integrity of the vascular ECM (54). In these ways, macrophages prepare spiral arteries for further reconstruction by trophoblast cells.

Due to significant secretory production of macrophage in late gestation, which includes IL-1β, IL-6, TNF-α, MMP, and NO (55–58), macrophages are considered as the primary innate immune cells that contribute to the processes of term and preterm labor (58). It has been demonstrated that NO can inhibit the myometrium contraction (59). In mice, the number of macrophages in the uterus at 4 days prior to birth (mid/late gestation) were significantly higher than in non-pregnant controls and decreased to the level of non-pregnant 1 day before delivery (58, 60). NO production increased in the uterus of rats during pregnancy but reduced during the term, which correlates with the change of macrophage (61, 62). These results suggest that the onset of labor due to having a close relationship with a decrease in macrophages and the resultant reduction in NO.

CD14+ decidual macrophages are considered to play a prominent role in regulating adaptive T cell responses and innate NK cell responses during the first trimester (63). Decidual macrophages are in close proximity to dNK, which implicating macrophage as potential mediators (7). A functional study demonstrated that interactions between B7-H1 expressed on decidual macrophages and its ligand PD-1 expressed on decidual T cells suppress T cells' IFN-γ production in early pregnancy. This engagement suggested that macrophage participates in maintaining immune balance (64).

Embryo implantation and trophoblast invasion are characterized by a progressive, continuous induction of apoptosis in the maternal tissue surrounding the fetus (65). Histological analysis of normal placental beds indicated that a large number of macrophages localized to the vicinity of apoptotic cells (65). Decidual macrophages can induce apoptosis of damaged cells and remove apoptotic cells prior to the release of their intracellular components, which are antigenically foreign to the maternal immune system and may initiate lethal immunological responses for the fetus (65). Decidual macrophages show a powerful capacity to prevent inflammatory reactions or release of pro-inflammatory cytokines from adjacent cells, which become crucial for the immune balance. Aberrant macrophage numbers and activation may play a role in pregnancy complications, such as preeclampsia, intrauterine growth restriction (IUGR), or preterm birth, which will be discussed later.




T CELLS


T Lymphocytes in Pregnancy

Many studies have investigated the function of αβ T cells (henceforth referred to simply as T cells) at the maternal-fetus interface over the past three decades. However, the specific features of T cells haven't been fully elucidated, and this is becoming one of the most challenging problems in reproductive immunology. Previous studies have suggested that T cells in the decidua play a vital role in both normal and abnormal pregnancy. T cells can be divided into multiple subpopulations that may possess diverse functions. Some subpopulations of T cells can help EVTs invade the endometrium and promote embryo implantation and placental formation, while others are closely correlated to pregnancy complications, such as PE and RSA. Each T cell antigen is specific because of the rearrangements of the TCRα and TCRβ genes during T cell development in the thymus. Thus, identifying the functions of decidual T cells relies on the comprehension of subset differentiation and antigen specificity (66). T cell subsets can be classified into CD4+ T cells, which fall into the categories of Th1, Th2, Th17, and regulatory CD4+ T (Treg) cells, and cytotoxic T lymphocytes (CTLs), which are effector CD8+ T cells (66).



The Composition of the Decidual T Cell

Studies have demonstrated that T cells constitute 45–60% of the total endometrial leukocytes in the early proliferative phase, while they decrease in percentage in the secretory phase (44). CD3+ T lymphocytes make up ~10–20% of the endometrial stromal leukocyte population in the first trimester. Approximately 30–45% are CD4+ T cells, and 45–75% are CD8+ T cells (8, 66). Based on the chemokine expression profiles, Th2 and Th17 cells account for 5 and 2% of CD4+ T cells in the early pregnant decidua, respectively. Approximately 5–30% of CD4+ T cells are Th1 (CCR4-CXCR3+CCR6−) cell. CD25hi FOXP3+ Treg cells comprise ~5% of CD4+ T cells (66). In the menstrual cycle and different stages of pregnancy, the proportion and percentage of T lymphocytes in leukocytes varies greatly, but the number of T cell populations does not significantly change (8). In the investigation of Williams et al., CD3+CD8+ T cells remain constant in number throughout gestation since no significant differences were detected in the number of CD3+ and CD8+ T cells between the first, second, and third trimesters in the decidua basalis (22). Gomez-Lopez et al. observed a significant increase in the proportion of CD4+ T cells at term among leukocytes in the decidua when comparing spontaneous labor to those that had not experienced labor (67). T cells become the primary immune cells of the decidua in the third trimester, mainly due to the decrease of dNK cells (22).



The Function of Decidual T Cells

The classic model of immune regulation during human pregnancy is that the maternal immune response changes from the inflammatory Th1 cytokine pattern to the Th2 pattern. However, researchers have found that this simple binary classification cannot explain the complex immunological interactions at the maternal-fetus interface (26). In the first trimester, Trophoblast cells produce CKCL16, which interacts with CXCR6 expressed on T cells to attract peripheral T lymphocytes, γδ T cells to the decidua, leading to the formation of a specific maternal-fetus microenvironment interface (68). As the proportions aforementioned, it is thought that decidual T cells become crucial in regulating the placental microenvironment and recognition of fetal antigens rather than invading trophoblastic cells and spiral artery remodeling; the functions of T cells are complicated and remain a controversial issue.


Cytotoxic T Lymphocytes

Decidual cytotoxic T Lymphocytes, which are CD8+ Effector T cells, have the potential to recognize fetal antigen and lyse trophoblast cells directly via HLA-C on EVTs and indirectly via maternal APCs (69). CD8+ T cells express higher Tim-3 and PD-1 in the human decidua than in peripheral blood. Decidual Tim-3+PD-1+CD8+ T cells recognize PD-L1 expressed on EVTs, giving an inhibitory signal, resulting in trophoblast antigen-specific tolerance. Furthermore, EVTs enrich Tim-3+PD-1+CD8+ T cells in an HLA-C dependent manner, which means decidual CD8+ T cells can tolerate EVTs (70). Researchers also suggested that the effector memory subset (CD8+CD45RA2−CCR7−) who shows a lower expression of perforin and granzyme B (71) was the dominant population of T cells in the decidua basalis (26). Van Egmond et al. found CD8+ T cells in decidual tissue at term was virus-specific and significantly higher than that in periphery blood. All these studies indicated that CTLs at the maternal-fetus interface shows the limited cytotoxic activity, which is controlled by the placental tissue.



Effector CD4+ T Cells

It is already known that Th1, Th2, and Th17 cells are three main effector CD4+ T cell subsets (72). Decidual effector CD4+ T cells have the potential to recognize fetal antigen and lyse trophoblast cells; however, this functional response is actively suppressed by local T regulatory cells. Th1 cells are mainly involved in the pathogenicity of organ-specific autoimmune diseases in peripheral tissues (73, 74). They express IFN-γ as their signature cytokine as well as TNF-α that is involved in promoting inflammation. It is generally accepted that Th1 cells potentially contribute to pregnancy pathologies and are the main threat to the fetus since Th1 cells are the primary CD4+ T cells that drive surgical allograft rejection (45, 66). Stimulation of TLR3 and TLR7 expressed on CD3+ T cells induces the Th1-type cytokine production, resulting in abortion in mice (75). The cytokines produced by Th2 cells, such as IL-4, IL-5, IL-6, IL-10, and IL-13, were demonstrated as having pathophysiological importance in allergic inflammation (74). Previous studies demonstrated that Th2 cells could provide an alternative, less embryotoxic differentiation state in comparison to Th1 cells. The cytokines from Th2 cells could repress Th1 cells differentiation and function (66). Raghupathy et al. have verified that women with healthy pregnancy have a higher Th2 bias, while women with a history of RSA tend to Th1 bias since higher levels of Th2 cytokines IL-6, and IL-10 in healthy pregnancy and higher levels of the Th1 cytokine IFN-γ in RSA were detected in the maternal PBMC when cocultured with irradiated autologous placental cells (76). A Th2-skewing model of the T cells response during healthy pregnancy would minimize the generation of Th1 cells.

Previous studies have demonstrated that Th17 cells, which express the transcription factors RORγt, STAT3, IRF4, and secrete members of the pro-inflammatory IL-17 family, have crucial pathogenic roles in human autoimmune diseases and exert host defense against extracellular bacteria and fungi (45, 74). Th17 cells are derived from naïve T-cell precursors by the polarizing cytokines TGF-β and IL-6 (77). Wu et al. observed a markedly elevated percentage of Th17 cells in the first-trimester decidua compared with the endometrium of the secretory phase (77). A matrigel invasion assay indicated that the interaction between IL-17 receptor expressed on the EVTs and IL-17 promoted trophoblast invasion in a dose-dependent manner, which suggests that Th17 cells may affect the trophoblast function (77). As gestation progresses, the percentage of Th17 cells, as well as other inflammatory cytokines, increases during the third trimester, Th17 cells were thought to participate in the initiation of labor (20).



Regulatory CD4+ T Cells

Regulatory CD4+ T (Treg) cells are a unique subset of CD4+ T cells that express high levels of CD25 (CD4dimCD25high) whose differentiation and function are controlled by X chromosome-encoded transcription factor Foxp3. Treg cells are generated in the thymus or extrathymically, and they constitute ~5–15% of the peripheral CD4+ T cells in humans (78–80). Treg cells maintain immune homeostasis by suppressing the activity of other immune cell types and downregulating immune responses after the appropriate and efficiently elimination of invading organisms, preventing autoimmunity, and minimizing tissue destruction by the pathogen (81).

Treg cells can be further classified into two main subsets: natural Treg (nTreg) cells and induced Treg cells (iTreg) (82). The former naturally occurs in the thymus from T-cell precursors and constitute a critical arm of mechanisms of peripheral tolerance, particularly to self-antigens, the latter is generated in secondary lymphoid organs from naïve CD4+ T cells upon exposure TGF-β (83) and IL-2 (45, 78, 82, 84). Due to lack of sensitive markers to distinguish these cell types, it's hard to define these two types precisely. Helios is an Ikaros transcription factor family member expressed on Treg cells that is first used as a specific marker to identified nTreg cells (85, 86). However, Helios as a marker to distinguish nTregs from iTregs cells is controversial (87).

In human first trimester decidua, about 4% of the CD4+ T cells are CD25hi FOXP3+ Treg cells (88, 89), within which ~55% at term in turn is putative Helios+ nTReg cells, and 45% is putative Helios− iTReg cells (66). CD4+CD25+FoxP3+ Treg cells in human first trimester decidua increase in healthy pregnant decidua compared with peripheral blood (89, 90). The peripheral CD4+CD25+ T cells increased to the peak from the first to second trimester (91), then decreased in the third trimester until reaching a low level after post-partum (90).

In mice, studies have shown that most of Tregs in early pregnancy are nTreg cells since they express Helios, indicating that these cells originate in the thymus and are essential at the pre-implantation period. nTreg cells decline soon after implantation when these cells are replaced by peripherally-converted Treg cells (79). Other studies observed a decreased number of CD4+CD25+Foxp3+ T cells in RSA decidua (92), as well as the potency for maternal Tregs (93). These evidences indicated Treg cells population act in preventing miscarriage.

The mechanism by which Treg cells mediate immunological tolerance to alloantigens to maintain successful pregnancy remains to be elucidated. Immune checkpoints have been a significant subject of study in recent years since these checkpoints play a vital role in the maintenance of immune balance, especially in the tumor microenvironment. CTLA4 expressed on the Treg cell surface bind to CD80 or CD86 expressed on antigen-presenting cells, especially DCs, which transmits inhibitory signals to T cells (78, 79). Indoleamine 2,3-dioxygenase (IDO) whose metabolite is toxic to T cells, is expressed by decidual stromal cells macrophages DCs (94, 95). Activated Tregs may stimulate DCs to express IDO through the ligation between CTLA4 and CD80 or CD86. Also, it can upregulate IDO expression on decidual stromal cells by the induction of IFN-γ (94–97). These connections between cells can raise the threshold required for T cell activation, thereby preventing the priming of autoreactive T cells (81).

There is an appropriate balance at the maternal-fetal interface between Th1/Th2/Th17 and Treg cells. This balance is built by different components in the uterus/decidua/fetus to compromise with each, including cytokines secreted by immune cells, such as IL-4 and IL-10, the connection between these cells like CTLA4 and the ligand CD80/CD86. Different mechanisms, such as hormonal imbalance, infections, immune, and autoimmune disorders would break the balance will cause complications during pregnancy.





DENDRITIC CELLS


Dendritic Cells in Pregnancy

Known as potent antigen-presenting cells, dendritic cells (DCs) have the unique ability to induce both antigen-specific activation and suppression during the immune response. DCs are less abundant in decidua stromal cells but possess the ability to process and present fetal antigens to decidual T cells (98). DCs in the pregnant human decidua were poorly characterized, although they may be important in regulating activated maternal T cells (99, 100). Uterine DCs are of myeloid origin and originate from several potential progenitors, including bone marrow precursors, blood CD34+ stem cells, blood monocytes, and possibly tissue macrophages (8).

It is difficult to distinguish myeloid DCs from macrophages. There is neither single specific marker for decidual DCs nor plasticity between these two populations (45, 100). Approximate 1% of the total decidual immune cells in the first trimester are DCs using lineage-negative and HLA-DR+ as a combination marker (101). The number of DCs do not appear to change throughout gestation significantly (8). Miyazaki et al. reported that the percentage of myeloid DCs of total leukocytes in the first-trimester decidua was 1.11 ± 0.26%, markedly higher than that in the peripheral blood (102).

DCs are generally classified into two major subtypes: myeloid CD14−CD11c+ DCs, which reside in the spleen and lymph nodes, are associated with Th1 polarization and regulate pro-inflammatory responses; and plasmacytoid CD123+CD11c− DCs (pDCs), which are found in non-lymphoid peripheral tissues and generate Th2 responses (100, 102). Using TLR9 to stimulate pDCs, Moseman et al. demonstrated pDC mediate the generation of CD4+CD25+ Treg cells. As stated above, Treg cells are hypo-responsive to secondary alloantigen stimulation and strongly inhibit the proliferation of autologous or allogeneic naive CD4+ T cells in an Ag-non-specific manner. These suggested pDCs may play vital roles in the maintenance of immunological tolerance. Myeloid DCs in peripheral blood can migrate into different tissues, such as the endometrium, and survive in an immature state. Human decidual DCs can also be classified into two types: a large number of immature DC-SIGN+ DCs, which gradually increase with gestational age, and a small number of CD83+ DCs (45). During the menstrual cycle, in the endometrium, immature DC-SIGN+ cells can transform into mature CD83+ DCs by exposure to antigen or inflammatory cytokines, which suggest that DCs are involved in the uterus defense against pathogens (103). Kammerer et al. reported that decidual DC-SIGN+ cells in situ and in vitro exhibit similar functions and phenotypes as immature DCs and these cells could mature in cell culture (104, 105).



The Function of Decidual Dendritic Cells

The uterine DC population at the time of implantation might be the greatest immunological threat to the fetus since DCs are specific APC. This observation suggests that the processes of decidualization of the endometrium and placental formation are associated with a decrease in CD83+ cells and an increase in DC-SIGN+ DCs. DC-SIGN+ DCs, by ingesting fetal antigens, further mature into CD83+ cells and migrate to secondary lymphoid organs to stimulate T cell populations. DC-SIGN+ DCs are thought to be plastic in their ability to promote T helper cell responses. During decidualization and embryo implantation, DC-SIGN+ DCs recruit NK cells into the endometrium by secreting IL-15 and upregulate the expression of CD56 on NK cells (106). Several studies have elucidated the cross-talk between dNK cells and dDCs during a healthy pregnancy. In a study of mice, Blois et al. reported that murine NK and DC interactions promote a tolerogenic microenvironment and influence the proliferation of uterine stromal cells at the maternal-fetus interface by downregulating the activation markers expressed on dNK cells and dDCs. The interaction is subject to modulation by trophoblast cells in vitro (107).

Different subpopulations of DCs have been described as helping to tolerate pregnancy. In the absence of stimulation signals or upon exposure to anti-inflammatory conditions, such as IL-10, progesterone, human chorionic gonadotropin, or estradiol, DCs transformed into tolerogenic DCs (108). Tolerant DCs exert an inhibitory phenotype and produce anti-inflammatory cytokines that prevent T cell activation (109). Subtypes of myeloid DCs (myeloid type 1 and myeloid type 2) were found in the decidua of early pregnancy. Due to the lack of Fc receptors, myeloid type 2 cells recognize fetal antigens in the trophoblast and thus exert an immune tolerance effect (110).



Specific Immune Protective Mechanisms at the Maternal-Fetus Interface

The placenta is not a typical graft, since proteins derived from HLA genes are not expressed co-dominantly on trophoblast cell membranes, unlike somatic cells. The EVTs display a unique pattern of class Ia HLA-C and the non-classical HLA class Ib molecules, HLA-E, HLA-F, and HLA–G (111–113). HLA-G, HLA-C, and HLA-F are expressed by first trimester EVTs, and, as gestation proceeds, their expression weakens and becomes intracellular. HLA-E is expressed by the EVTs only in the first trimester (112).

HLA-G and HLA-E inhibit immune responses by interacting with leukocyte inhibitory receptors (LIR) on macrophages and NK cells and with T cell receptors on CD8+ cells. As the consequences of these interactions, the killer functions of NK cells and macrophages were dampened (114, 115). HLA-G may also activate pathways in decidual NK cells, macrophages, and T cells that promote placentation. EVTs instruct APCs to become tolerogenic DC which secreting IL-10 and promoting the induction of a variety of Tregs by expressing and secreting HLA-G, and releasing IL-10 (116). It is well-reviewed by Gregori et al. about HLA-G at the maternal-fetus interface. APCs expressing either a soluble or membrane-bound form of HLA-G repress T cell alloproliferation via Fas/Fas ligand (FasL) pathway.

Other mechanisms include the B7 family, IDO, TNF superfamily etc. Interactions between villous and EVTs expressed PD-1 (B7H1; CD279) and PDL-1 (CD274) expressed by maternal lymphocytes promote Tregs development and function and inhibit Th17 cells (117). These molecules, expressed as membrane and soluble forms, could kill activated immune cells that targeting the trophoblast by apoptotic signals which were transduced by specific receptors on activated leukocytes.

Uterine changes during pregnancy contribute to maternal immune adaptation, including relative proportions of leukocyte subsets, phenotypic and functional changes, induction of immunomodulatory molecules and changes in cytokine profiles across gestation. Different causes alter placental function and mechanisms of immune tolerance and can disrupt the normal trophoblast-maternal immune system crosstalk, resulting in adverse pregnancy outcomes, such as recurrent spontaneous abortion, preterm labor and preeclampsia.



Immune Cells in Pathological Pregnancy


Pre-Eclampsia

PE, a hypertensive disorder of pregnancy, has significant maternal and fetal morbidity and mortality worldwide. It is a multisystemic disorder relating to the imbalance of the local immune microenvironment of the maternal-fetus interface (118). The initiative characteristic of PE is insufficient EVTs infiltration and deficient spiral artery remodeling, leading to a placental ischemic microenvironment with a resultant increase in oxidative stress (119). Preeclampsia is defined by the onset of hypertension and proteinuria after 20 weeks' gestation. Preeclampsia is subdivided into early-onset (start pre-34 weeks) and late-onset preeclampsia (start after 34 weeks). The early-onset preeclampsia has close relation with impaired trophoblast invasion and spiral arteries remodeling as well as IUGR.

Studies investigating decidual macrophage and NK cells number during PE have shown varying results. The previous study observed no differences, increased or decreased in the number of CD56+ dNK cells in women with PE (120–123). dNK numbers decreased (120, 121) or increased (123) in the subgroup of IUGR in the presence or absence of PE (124). However, no significant difference was observed in the distribution of NK cell in the decidua in relation to the severity of pre-eclampsia (123). The number of decidual macrophages in PE increased or decreased in comparison with the normal group (8, 123). Decidual macrophage numbers in the subgroup of PE with fetus IUGR are greater than those without IUGR, even though the difference was not significant (123). Compared with normal pregnancy, the number of M1 macrophages increased, and M2 macrophages decrease in PE and RSA patients' decidua (125, 126), which indicates M1 leads to inflammation of the maternal-fetal interface microenvironment. Numbers of macrophages around the spiral arteries increased in the placental bed of pre-eclamptic patients as compared with that of healthy control women (127).

The number of CD3+ and CD8+ T lymphocytes in decidua was significantly higher in PE group than normal control (128). Abundant evidence suggests that predominance of Th1-type immunity and pro-inflammatory cytokines are critical for the development of this disease (129). Reviewed by Osborne et al. showed lots of studies had found increased Th17 cells or an increase in the Th17/Tregs ratio in pre-eclampsia women compared to normotensive or non-pregnant subjects when measured in peripheral blood, decidual tissue, or umbilical cord blood (130). No distinct changes in DCs were observed in pre-eclamptic, growth-restricted pregnancies, and RSA patient compared to normal controls (131, 132) while DCs in the decidua of patients with HELPP syndrome increased compared to age-matched controls (133).

Previous studies have also shown that the function of decidual immune cells in preeclampsia patients has changed. The mismatch between dNK cells' KIR-AA genotype receptor and the EVTs' HLA-C2 allotype ligand could lead to strong inhibitory signals to dNK cells. This was more frequent in women with complication of pregnancy associated with poor placentation (119). Zhang et al. identified increased populations of dNK, Tregs, and higher levels of TGFβ1 in the decidua of pre-eclampsia compared to normal control. They suggested increased decidual TGFβ1 secreted by the Tregs suppressed the cytotoxic and angiogenic function of dNK cells, leading to defective placental formation associated with the onset of preeclampsia (134). In vitro study, researchers showed that activated macrophages around uterine vessels could inhibit trophoblast invasion and spiral artery remodeling. This effect may indicate the macrophage's importance in the etiology of preeclampsia (135). DC did not directly inhibit trophoblast invasion (136). Huang et al. demonstrated the inflammatory microenvironment of pre-eclampsia could promote dendritic cell to infiltrate to the maternal-fetus interface. Considering the versatility in mediating immunity and tolerance of DC, this study suggests that DC may be involved in the pathogenesis of pre-eclampsia or the prevention in subsequent pregnancies (136). Other researchers have found the maternal blood flow resistance increases in PE and RSA patients. In women with high uterine arterial resistance index, dNK cells were less able to promote trophoblast invasion in vitro studies than normal control (137).

Interruption of the normal net connection between dNK cells, trophoblast cells, and other decidual cells cause insufficient invasion of trophoblast cells, resulting in inadequate remodeling of uterine spiral arterioles, which is one of the primary pathogenesis of preeclampsia. Results from previous studies are mixed, which most did not distinguish early/later onset or mild/severe or term/preterm PE. Also, due to the different location of the sample and the method of experimentation, the results of specific changes in dNK cells in PE are inconsistent. Most of the PE occurs in the third trimester, but dNK cells play a role in remodeling blood vessels in early pregnancy. It is impossible to harvest the sample of the first-trimester decidua of preeclampsia. In addition to the uterine arterial resistance index, a good indicator for early prediction of preeclampsia is still lacking. The early pathogenesis of preeclampsia still needs to be further investigated.



Recurrent Spontaneous Abortion

Recurrent spontaneous abortion is one of the most frustrating and challenging areas in reproductive medicine. Current evidence-based diagnostic and treatment strategies are few due to the etiology is often unknown. Both autoimmune and alloimmune mechanisms have been proposed that been implicated in the onset of RSA. Of particular importance is antiphospholipid syndrome. APS is the only immune condition in which pregnancy loss is a diagnose criteria for the disease.

Based on the current evidence, whether the number or percentage of NK cell increases in RSA has not been clarified. King et al. reported that CD56+ dNK cells increased in the decidua of women with RSA (138). In contrast, dNK cells, expressed as percentages, showed no difference in women with RSA compared with controls (139). Analysis of the leukocytes isolated from non-pregnant women luteal endometrium or women who suffered the URSA did show the phenotype of NK shifting from CD56brightCD16− to CD56dimCD16+ (140). This shifting may represent a transformation in the function of dNK cells from low cytotoxicity to high cytotoxicity. And this change may participate in the onset of RSA. Over-remodeling of the decidual blood vessels during early pregnancy may lead to local oxidative stress, which may also be potential pathogenesis of RSA. Since maturation and differentiation of blood vessels are also crucial for the resistance of blood flow (141).

Guenther et al. found that CD68+ macrophages and apoptosis increased significantly in the RSA group than normal control (142, 143). They also found that the percentage of FasL+/CD68+ cells was markedly higher in the RSA than normal pregnancy group, since FasL has already been reported to be involved in RSA pathophysiology (125, 143). Spontaneous abortion and unexplained RSA decidua are abundant in M1 macrophages, while M2 macrophages in the luteal phase and normal pregnancy decidua are significantly higher (126). Immunosuppressive cytokines (IL10) decreased, and costimulatory molecules (CD80 and CD86) increased in the decidual of URSA patients compared with normal control (144). Co-culture of macrophages with Treg cells results in increased IL10 production, which indicated the regulatory capacity of Treg cells in the URSA (144). The activity and number of macrophages in decidual from URSA polarize toward the M1 phenotype. The inflammatory microenvironment leads to a marked increase in apoptosis, as well as cell debris. Macrophages whose function is impaired can't phagocytose these cell debris. It may eventually lead to inflammatory immunity, endangering embryo safety, and causing miscarriage.

The balance between Th17 and Treg cells and the interaction with many other types of cells form the complex and dynamic networks to maintain homeostasis. Due to the foreign fetal antigens challenge the maternal immune system, Treg cells overwhelm Th17 cells in pregnancy to ensure the balance. Previous studies have found the elevated proportions of Th17 cells and the cytokines they produce, including IL-17 and IL-23, and decreased proportions of Treg cells in human decidua during early pregnancy when comparing RSA with normal pregnancy (93, 130). The clinical applying of intravenous immunoglobulin to address a Th17/Treg imbalance in RSA patients improved pregnancy outcomes (145), even the evidence was inconclusive (146). These all suggest that Th17 and Th1 cells response dominate Treg cells in these pregnant complications (147, 148). Review by Rahimzadeh et al. indicated there were some discrepancies between the results reported by different authors. However, the results were more consistent if similar markers were used to differentiate Tregs originating from the same biopsies (129). Taken together, aberrant Treg cells performance is involved in the pathophysiology of RSA since Treg cells' protective groundwork to maintain immune tolerance.

Research on DCs in RSA patient is few. Immature DCs are mildly upregulated or downregulated upon maturation due to different markers being used (131). Higher CD83+ mature DCs and lower CD1a+ immature DCs in the decidual stroma was observed from RSA than normal pregnancy (149). Tirado-Gonzalez et al. also observed a marked reduction of DC-SIGN+ cells in RSA compared to normal decidua (150). DCs are the most potent antigen presenting cells. The maturation of decidual DCs may participate in the pathogenesis of RSA.

Other pregnancy morbidities including preterm birth (58), chorioamnionitis, cholestasis of pregnancy, and gestational diabetes, were reported that are known to have an inflammatory component and have also been associated with the increased portion of Th17 cells in pregnancy, which have been reviewed by Osborne et al. (130).





CONCLUDING REMARKS

The maternal-fetus interface fills with a variety of components, including decidua/placenta/chorion-amnion. The decidua consists of immune cells, decidual stromal cells, and trophoblast cells which interact with each other to exert delicate functions to maintain a successful pregnancy (Table 2). Decidual NK cells are the predominant immune cells in the human decidua in the first trimester, whereas macrophages are second abundant. In contrast, T cells are less abundant, and DCs are relatively scarce. Complicated interactions between each type of cells to balance maternal-fetal crosstalk have pivotal roles to ensure the survival of a semi-allogeneic fetus. As pregnancy progress, these immune cells fluctuate dynamically to content the gestation requests. Crosstalk in maternal-fetus interface would be a break if dysregulation of these immune cells, eventually jeopardizing the immune imbalance, including insufficient trophoblast invasion, defective decidual vascular remodeling, inadequate maternal tolerance, and an impaired defensive response, which may subsequently cause spontaneous abortion or pregnancy complications. Much signs of progress have been made during the past three decades, while many mysteries haven't yet to be investigated.


Table 2. Comparison of decidual leukocyte populations between decidua in the first, second, and third trimesters of pregnancy.

[image: Table 2]

Different researchers used different methods (flow cytometry studies or immunohistochemical etc.) as well as different antibodies and different biopsies, which may explain inconsistent results. The cellular composition of the maternal-fetal interface was previously described by flow cytometry and immunohistochemistry. As technology advances, emerging technologies can analyze the microenvironment of the maternal-fetal interface from a deeper level. With the advancement of medicine, more and more couples with impaired fertility hope to harbor their offspring. Therefore, understanding the normal physiology of pregnancy will help to reveal the pathogenesis of pregnancy complications. Thus, the treatment of the disease is more meaningful.
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Cell type Marker Stage of pregnancy Biopsy Method References

First trimester Second Third trimester
(%) trimester (%) (%)
NK cDs6 845(77.8-885) 50.4(37.9-581)  Remainstable  Decidua FACS Bartmann et al.
©3)
cDs6 452+238 487 4.0 200483  Deciduabasalis  Immunohistochemical  Willams et al.
(120)
Macrophage CD14s 34.4%28 33319 178412  DeciduaBasalls  Immunohistochemical  Willams et al.
(120)
cp14 9.1(50-140)  182(129-242)  Remainstable  Decidua FACS Bartmann et al.
(©3)
Th17 CD4* Teell  IL-17 031£006  Periphery Blood  Flow cytometry Santner-Nanan
etal. (151)
Treg CD4+CD25Mh 3124026  Peripheralblood  Flow cytometry Santner-Nanan
etal. (151)
CD4*CD1279"CD25* 698042  Peripheralblood  Flow cytometry Santner-Nanan
etal. (151)
CD4*Foxp3*+ 626032  Peripheral biood  Flow cytometry Santner-Nanan
etal. (151)
oB T cells 82(5.4-11.0) / 267 (20.7-39.7) Decidua FACS Bartmann et al.
(63)
CD8*T cells 17.3(12.4-239)  17.3(12.4-289)  24.6(205-82.6) Decidua FACS Bartmann et al.
(83)
CD8*T cells 31.7+£31 27.0+46 3484565 Decidua basalis Immunohistochemical ~ Wiliams et al.
(120)
CD3*T cells 30.9%37 346=49 403+68  Deciduabasals  Immunohistochemical  Wiliams et al.
(120)

This table describes the proportions of major leukocytes in the decidua during different steges of pregnancy. NK cells are the most abundant in the first and second trimester, where they
participate in trophoblast invasion and spiral arterial remodeling, and they decrease as pregnancy progresses. Mecrophages are the second mejor cells in the matemal-etus interface
in the first trimester, and they are stable throughout gestation. T cells have different subtypes that can play totally diferent functions in a successful pregnancy. The table describes the
subsets of T cells and the dynamic changes in their proportions during pregnancy. Studies on the dynamic changes of DC are rare, and we do ot provide information on the dynamic
changes of DC.
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