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Editorial on the Research Topic 


The placenta, fetomaternal tolerance and beyond: A tribute to Sir Peter Medawar on the 60th anniversary of his Nobel Prize



Sir Peter Medawar era and beyond

Sir Peter Medawar revolutionized our knowledge about how a semi-allograft fetus can evade maternal immune system (Figure 1) (1). Although the old concepts of tissue transplantation as he considered them may not entirely apply to our current understanding of fetal immune tolerance, his Nobel Prize winning ideas provided us a platform to build on the new paradigms to understand the intricately choreographed orchestration of immunity at the maternal-fetal interface. The pregnant uterus is amply replete with immune cells which theoretically should reject the fetus. However, non-cytotoxic cross talk between specialized uterine immune cells and the placenta is thought to be a critical factor in maintaining local immune tolerance. On the other hand, among the vulnerable populations, pregnant women and their fetuses have traditionally represented a high-risk population during viral pandemics and in response to stress factors and intrauterine microbial infections in general. These events are likely to induce altered maternal immunity and effect on gametogenesis and organogenesis as well as placental functions. Adverse pregnancy outcomes are on the rise globally and to date, no clear mechanistic underpinnings or therapeutic options are available. Importantly, long-term effects of in utero exposure to viral or bacterial products and of severe pregnancy complications are still not known. A question that also remains unaddressed is whether ex-vivo recapitulation is possible to understand the pregnancy continuum involving inflammation-associated implantation through the anti-inflammatory phase of pregnancy and inflammation-associated parturition.




Figure 1 | Sir Peter Medawar: 1915-1987 and Beyond.



This Research Topic on the placenta and fetomaternal tolerance during pregnancy centers around consequences for Normal Pregnancy and Maternal and Neonatal Health and presents cutting edge information on various aspects of basic systemic and uterine immunity, placenta as a regulatory and infectious target, and clinical observations in pregnant women. The articles included in this collection provide knowledge that assimilates the current understanding and goes beyond the Medawar era. We hope this issue will be of benefit to researchers globally, interested in the role of cutting-edge concepts that have been put forward to unravel mechanisms that underlie pregnancy complications.



Urgent need for contemporary and comprehensive information on maternal tolerance in pregnant women

Over the years, there has been an explosion of publications on fetomaternal immune tolerance in general, including those reporting on clinical consequences for pregnant women. However, the information to the general public has suffered from fragmented reports and data derived from mice and humans sometimes not corroborating. Clinical evaluation of the mechanisms derived from animal models has been very helpful but still needs validation from human models. In this context, state of the art technologies such as whole genome sequencing and single-cell proteomics provide invaluable tools to gain insight into the immunological landscape throughout the pregnancy continuum, from the embryo-endometrial crosstalk driving implantation and aberrant immune interactions in preeclampsia, to the signals promoting the onset of labor and the maturation of the immune system in preterm born infants as illustrated by original research featured in this collection. The twenty-three manuscripts comprised in this Research Topic cover most of the cutting-edge information on important issues relating to pregnancy, immune cells, placenta, cytokines, hormones, extracellular vesicles, and neonatal health. Each review or original article is authored by experts on the specific topic of their respective research and/or clinical work.



Infections, immunology and consequences

The uniqueness of the uterine mucosal lining relies in that it provides a nurturing environment to the fetal allograft while at the same time remaining competent to mount an effective immune response towards infections. Articles within this Research Topic also addressed the mechanisms involved in the uterine response against viral infections, including observational studies reporting an inefficient placental infection by SARS-CoV-2 and poor manifestation of maternal and neonatal immune responses. These observations relate to the question whether pregnancy contributes to controlled or severe COVID-19 disease. Unlike other coronaviruses, SARS-CoV-2 infected pregnant women remain asymptomatic with rare incidence of mortality. Also, even in the post Medawar era, the question as to how maternal immune cells are educated to support pregnancy and the identity of the signals triggering immune rejection remain major challenges. Novel findings on antigen presenting cells, maternal HLA Ib polymorphisms, allorecognition by uterine NK cells and type 1 CD8+ T cells shed light into these important questions. On the other hand, new observations suggest that certain immune cells, for example mucosal-associated invariant T cells, and bacterial components, albeit with low abundance, may function as anti-microbial defense and support pregnancy development, respectively. This Research Topic also includes important contributions of cytokines, carbohydrate Lewis antigens, glycan binding proteins, adhesion molecules, HLA-DR antigens, and placental inflammasome in programming a continuum of pregnancy complications including preeclampsia, gestational diabetes mellitus, fetal growth restriction and preterm birth.



Clinical consequences of aberrant uterine immunity on maternal and neonatal health

Several manuscripts have been devoted to review the current data and conceptualize the various factors integral to the understanding of diagnostic challenges, therapeutic controversies, intrauterine transmission, and maternal and neonatal complications. Among these, contributions on CD8+ T cells and decidual NK cells provide an updated perspective on immune cell biology at the maternal fetal interface and the impact on health and disease. Together with articles illustrating current knowledge on glycoimmune interactions, immunosuppressive signatures expressed by placentally derived extracellular vesicles and their synergy with microchimeric cells, we have curated a comprehensive outline of the intricate mechanisms governing fetomaternal tolerance covering the entire gestation period from disease severity, management considerations for care of severe and critically ill women, role of co-infections, and prenatal care and labor.

We hope that manuscripts included in this Research Topic will provide cutting edge insights for diverse aspects of placental microenvironment in pregnant women and its effects on maternal and neonatal health.
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During pregnancy the formation of alloreactive anti-human leukocyte antigen (HLA) antibodies are a major cause of acute rejection in organ transplantation and of adverse effects in blood transfusion. The purpose of the study was to identify maternal HLA class Ib genetic factors associated with anti-HLA allo-immunization in pregnancy and the degree of tolerance estimated by IgG4 expression. In total, 86 primiparous women with singleton pregnancies were included in the study. Maternal blood samples and umbilical cord samples were collected at delivery. Clinical data were obtained. Maternal blood serum was screened for HLA class I and II antibodies, identification of Donor Specific Antibody (DSA), activation of complement measured by C1q and IgG4 concentrations. Mothers were genotyped for HLA class Ib (HLA-E, -F and -G). Anti-HLA class I and II antibodies were identified in 24% of the women. The maternal HLA-E*01:06 allele was significantly associated with a higher fraction of anti-HLA I immunization (20.0% vs. 4.8%, p = 0.048). The maternal HLA-G 3’-untranslated region UTR4-HLA-G*01:01:01:05 haplotype and the HLA-F*01:03:01 allele were significantly associated with a low anti-HLA I C1q activation (16.7% vs. 57.1%, p = 0.028; 16.7% vs. 50.0%, p = 0.046; respectively). Both HLA‑G  and HLA-F*01:03:01 showed significantly higher levels of IgG4 compared with the other haplotypes. The results support an association of certain HLA class Ib alleles with allo-immunization during pregnancy. Further studies are needed to elucidate the roles of HLA-E*01:06, HLA-F*01:03 and HLA‑G UTR4 in reducing the risk for allo-immunization.




Keywords: HLA class Ib, anti-HLA alloimmunization, IgG4, tolerance, pregnancy



Introduction

Alloreactive anti-human leukocyte antigen (HLA) antibodies formed during pregnancy are a major cause of acute rejection in organ transplantation and of adverse effects in blood transfusion, such as febrile non-hemolytic transfusion reactions, immunological platelet refractoriness or transfusion-related acute lung injury (TRALI) (1, 2).

Sir Peter Medawar was among the first to recognize the immunological paradox of pregnancy. The current study is in line with this important scientific theme by investigating a role of maternal HLA class Ib polymorphisms in pregnancy allo-immunization.

Studies on pregnancy-induced alloimmunization have shown that 18 to 74% of women with a history of pregnancy have anti-HLA alloantibodies. The discrepancy between studies may be due to screening differences, both in method sensitivity and the sampling time after delivery, as HLA antibodies may persist or become gradually undetectable over time (1–5). The level of anti-HLA antibodies increases with the number of pregnancies and the number of children delivered (1–5). Biological and genetic factors have been associated with pregnancy-induced anti-HLA alloimmunization, however, the process remains poorly understood.

In pregnancy, immunization seems to be driven by special mechanisms. It is hypothesized that among decidual antigen presenting cell (APC) populations (classical macrophages, classical mature dendritic cells (DC), immature DC and myeloid DC), specialized APCs present fetal antigens to the maternal immune system. However, the exact mechanisms that induce a state of tolerance to fetal antigens are unclear (6). Various immunoglobulins (Igs) can play an important role in regulating the pregnancy process and maintaining tolerance to the fetus (7). The average relative levels of IgGs and IgMs in placentas are slightly higher and lower, respectively, than in healthy individuals (7). Considering IgGs, Lowe et al. (2013) suggested that the distribution of anti-HLA IgG subclasses (IgG1-IgG4) varied according to the sensitizing event, i.e. graft, transfusion or pregnancy (8, 9). IgG4, whose altered Fc domain reduces antibody-dependent cell-mediated cytotoxicity, complement-dependent cytotoxicity, clearance of antigens and phagocytosis (10), may protect the fetus that harbors paternal antigens from the mother’s effector immune mechanisms by competing for antigen and Fc binding with the other IgG subclasses (11, 12). The relevance of IgG4 as an immune tolerance marker is, however, challenged in a transplant context. Lowe et al. found that HLA-DQ specificity and IgG4 were associated with chronic kidney graft failure (8), whereas Lobashevsky et al. reported that IgG2/IgG4 donor specific antibodies (DSA) were associated with antibody-mediated rejection (AMR)-free transplants (13).

Other molecules such as the HLA Ib molecules (HLA-G, HLA-E and HLA-F) also play a major role in inducing tolerance during pregnancy (14). HLA-G, HLA-E and HLA-F are expressed at the materno-fetal interface, whereas trophoblast lacks all other classical class I antigens except HLA-C (15, 16). Their tolerogenic properties confer a peculiar interest in comprehension of the alloimmunization process during pregnancy.

HLA-G interacts with the inhibitory receptors Ig-like transcript 2 (ILT2), ILT4 and the killer cell immunoglobulin-like receptor (KIR) 2DL4, expressed by a wide range of immune cells including monocytes, T cells, B cells and NK cells (17–20). Reduced HLA-G expression is associated with pregnancy complications (21). Different HLA-G alleles have been associated both to the HLA-G expression level (22–26) and a better tolerance in pregnancy (27–30). A previous study on immunization in pregnancy suggested that the HLA-G*01:01:01:04 allele is protective against anti-HLA class II immunization (31).

HLA-E regulates NK cell function through the C-type lectin receptor CD94 combined NKG2 sub-units expressed on NK and CD8+ αβ T cells (32, 33). HLA-E is expressed by placental and trophoblast cells but also by immune effectors (34). HLA-E mRNA expression is similar in peripheral blood mononuclear cells (PBMCs) from homozygous HLA-E*01:01 or HLA-E*01:03 individuals (35). Conversely, HLA-E*01:03 membrane-bound expression is higher when compared to HLA-E*01:01; furthermore, HLA‑E membrane-bound expression depends on the affinity for HLA Ia peptides and appears to be related to cell activation (34). Increased frequency of homozygosity for HLA-E*01:01 in Egyptian women with recurrent miscarriage was reported (15).

HLA-F participates in immune regulation in pregnancy, infections, autoimmunity and cancer especially through the KIR3DS1 receptor (16, 36–38). Like HLA-E, HLA-F membrane-bound expression is associated with a state of activation (39). Little data are available concerning associations between specific HLA-F alleles and the expression of HLA-F or clinical outcome. HLA-F*01:01:02 was associated with higher mRNA expression (40), and HLA-F*01:03 was associated with lower Hepatitis B virus DNA level in Tunisian patients with hepatitis B virus chronic infection (41).

The main goal of the current study was to identify maternal HLA Ib genetic factors associated with anti-HLA allo-immunization in pregnancy and the level of tolerance estimated by IgG4 expression. To circumvent problems with the aspect of multigravity immunization, this study includes primaparous women with no history of pregnancy complications or blood transfusion.



Material and Methods


Patients, Data and Sample Collection

The study was designed together with the Centre for Immune Regulation and Reproductive Immunology (Zealand University Hospital and the University of Copenhagen, Denmark). The recruitment of the pregnant women was completed during their last visit at the birth clinic at the Department of Obstetrics and Gynaecology, Zealand University Hospital, Roskilde, Denmark. All subjects gave written informed consent for participation in the study prior to sample collection. The protocol has been approved by the local ethics committee for Region Zealand (National Committee on Health Research Ethics; No. SJ591).

Eighty-six women were included in the study. Maternal blood samples and umbilical cord samples were collected at delivery. Collected data included maternal age, fetal gender, pregnancy and transfusion history. All included women were primigravidae and had singleton pregnancies. None of the women had any recorded previous or present interruption of pregnancy or dead infant. No women experienced pregnancy complications or showed any history of transfusion.

Whole blood collected in serum tubes (BD, #367624) was left to coagulate at room temperature (RT) and maternal serum was obtained by centrifugation (RT, 2000 x g, 10 min). Serum was stored at ‑80°C. Genomic DNA was extracted from EDTA blood (BD, # 365900) of the mother and cord using the QIAsymphony DSP DNA Midi Kit for 1000μl samples using a QIASymphony instrument (QIAGEN, Hilden, Germany). Genomic DNA concentration was measured using DropSense 96 and DropQuant (Trinean, Gentbrugge, Belgium) before being stored at ‑20°C. All samples were shipped on dry ice to Etablissement Français du Sang PACA Corse, Marseille, France, for further analysis.



Maternal Anti-HLA Alloimunization

Maternal serum from whole blood collected at delivery was screened for detection of HLA class I and class II antibodies, identification of Donor Specific Antibody (DSA) and the ability of antibody to bind and activate complement as measured by C1q. Sera were screened for anti-HLA antibodies with Luminex LABScreen Mixed (SPA-Screen Solid phase screen, One Lambda Inc, West Hills, CA, USA). Sera that were positive in class I and class II SPA-Screen assays (normalized background (NBG) ratio > 3 for any class I multi-antigen bead and NBG ratio > 4.5 for any class II multi-antigen bead) was further tested to identify antibody specificity by LABScreen Single Antigen (SAB, One Lambda Inc, West Hills, CA, USA) according to the manufacturer’s instructions. Sera positive in SAB (MFI > 500) were further tested to identify complement-fixing DSA using a C1q Screen assay (One Lambda Inc, West Hills, CA, USA) according to the manufacturer’s instructions (MFI > 1,000). HLA FUSION 2.0 software (One Lambda) on the LABScan100 flow cytometer (Luminex Inc.) was used for interpretation.

Identification of mismatched inherited paternal HLA antigens (IPA) was based on two-field resolution HLA typing of both mother and child. The HLA-A, -B, -C, -DRB1 and -DQB1 genes from both maternal and child genomic DNA were sequenced by Next Generation Sequencing (NGS) using a 5 loci kit V2 (H23 holotype HLA 96/5 config A&CE V2 from Omixon Biocomputing KFT, Budapest, Hungary).



Maternal IgG4 Dosage

Measurement of IgG4 was performed in duplicate on maternal serum samples using the ELISA for quantitative detection of human IgG4 (#BMS2095, Life Technologies, Waltham, Massachusetts, U.S.) according to the manufacturer’s protocol. Detection threshold was 10 IU/mL.



Maternal HLA Ib Typing

Mothers were typed for HLA-E, -F and -G. Furthermore, the HLA-G haplotype based on the regulatory regions was also sequenced. The HLA Ib genes were sequenced by NGS (42–44). The HLA-E gene was sequenced from position -257 to +3072 (primer sequences were TCATCTCTGTGGGCTACGTG and TCAGACCCCCAGAATCTCAC); the HLA-F gene was sequenced from position -266 to +3249 (GTGGCTCTCAAGGGCTCAG and GCAACAACCAAAGCATCGTA); the HLA-G gene was sequenced from position -1983 to +3447 (primer sequences: AGGAGCTGACACAGGAGGAA and CAGCTGAGCAGTGACCACAT). Amplification was performed using the Long Range PCR Kit (Qiagen). PCR fragments were sequenced using an NGS platform (MiSeq, Illumina, San Diego, California, U.S.).

HLA-E, -F and -G NGS data were analyzed through PolyPheMe software (Xegen, Gemenos, France) based on the HLA sequences listed in the official IMGT/HLA database (45). High-resolution typing of HLA-G regulatory regions (H1 to H74) was performed according to all polymorphic variations from position -1983 to -1 in the 5’UTR and from +2540 to +3447 in the 3’UTR. The HLA-G haplotype identification numbers were coded as previously described (44, 46). Allelic, UTR and haplotype frequencies were estimated using PHASE and an EM algorithm implemented in the Gene[Rate] computer tools (47).



Data Interpretation and Statistical Analysis

Quantitative data are given in median and range [min-max] or mean and standard deviation (SD). Associations between anti-HLA antibody, DSA, C1q activation, IgG4 expression and HLA Ib genetic polymorphism were tested with logistic regression, when the predicted variable was categorical, and general linear regression when the predicted variable was quantitative.

Univariate analyses were performed on each of the following variables or features: anti-HLA antibody, DSA, C1q activation according to HLA Ib genetic polymorphisms and IgG4 expression. The False Discovery Rate correction for multiplicity was applied; no power analysis was performed. Variables with corrected p-values below 0.15 in univariate analysis were further investigated in multivariate analysis. Results were considered significant if p-values were below 0.05 after stepwise type selection.

Analysis of IgG4 expression according to HLA Ib genetic polymorphisms was performed by Wilcoxon-Mann-Whitney test. Results were considered significant if p-values were below 0.05.

Results of association analyses with quantitative variables were expressed as estimates and standard errors (Std error), whereas results of association analyses with qualitative variables were expressed as odd ratios (OR) and 95% confidence intervals (CI 95%).




Results


Population Characteristics

The median age of the mothers was 28 years (range 18-40 years), median gestational age was 281 days (range 236-299 days) and median birth weight was 3638 g (range 1730-5030 g).

Twenty-one women (24%) had anti-HLA class I antibodies, 21 women (24%) had anti-class II antibodies; 10 (11%) women had both. Fifteen of the women (17%) had anti-HLA class I antibodies that activated complement, and 4 (5%) women had anti-HLA class II antibodies that activated complement (Table 1). Women with anti-HLA antibodies directed against IPA, defined as donor Specific Antibodies (DSA), were considered for analysis (21% for anti-class I antibodies and 21% for anti-class II antibodies). All women but two had measurable IgG4 in their serum (mean: 870 IU/mL; range: 0-3450 IU/mL). The results are presented in Table 1.


Table 1 | Characteristics of participants and sera.





Maternal E*01:06 Allele Association With a Higher Frequency of Anti-HLA I Immunization

The HLA-E*01:06 allele was associated with anti-HLA I antibody in multivariate analysis (20% vs. 4.8%; p = 0.048; OR = 5.0, CI [1.0-24.6]; Table 2). HLA Ib polymorphisms and IgG4 with corrected p-values below 0.15 in univariate analyses are shown in Table 2.


Table 2 | HLA class I antibody according to HLA Ib polymorphisms. All samples were included in the analysis, missing genetic data led to the exclusion of the concerned sample from analysis.





Maternal HLA-G UTR4-G*01:01:01:05 Haplotype and F*01:03:01 Allele Association With Lower Frequency of Anti-HLA I C1q Activation and Higher IgG4 Expression

The HLA-G UTR4 haplotype, in linkage disequilibrium (LD) with G*01:01:01:05 (44), and the HLA-F allele F*01:03:01 were both associated with absence of HLA class I antibody complement activation (respectively p = 0.028; OR = 0.1, CI [0.01-0.8]; and p = 0.046; OR = 0.1, CI [0.01-0.97]; Table 3) and higher IgG4 expression (Wilcoxon-Mann-Whitney, respectively p = 0.03, 1200.2 ( ± 975.9) IU/mL vs. 671.5 ( ± 552.7) IU/mL; and p = 0.05, 1165.6 ( ± 959.5) IU/mL vs. 681.8 ( ± 549.4) IU/mL, Table 4).


Table 3 | HLA I antibody complement activation according to HLA Ib polymorphisms.




Table 4 | IgG4 expression (Mean ( ± SD), IU/mL) according to HLA Ib genetic polymorphisms (Wilcoxon-Mann-Whitney test).






Discussion

Peter Medawar’s pregnancy paradox from 1953 was the first to propose an explanation for maternal acceptance of the semi-allogenic fetus during pregnancy. Although much knowledge has been added to the field since then, pregnancy remains a model to study the development of allogenic tolerance and anti-HLA alloantibodies. Anti-HLA alloantibodies induced by pregnancy are of importance because of clinical adverse effects of pre-transplantation donor-specific antibodies (DSA) in transfusion and in the graft. Their prevalence is reported with wide ranges probably because of technical differences. When anti-HLA alloantibodies may become undetectable, additional markers of alloimmunization would help to prevent clinical adverse effects.

The expression of HLA class Ib molecules is well described for the establishment of immune tolerance in pregnancy (22, 48). HLA-G and HLA-E expression are described to be associated with genetic polymorphisms, whereas little data are available regarding HLA-F (14, 38).

We aimed to identify maternal HLA Ib genetic markers for allo-immunization during pregnancy and the level of tolerance estimated by IgG4 expression. IgG4 expression may be associated with IPA tolerance in pregnancy, possibly by competing with fetus antigens without maternal immune cell activation (8, 11, 12). IgG4 antibody subclass may be an illustration of how the maternal immune systems promote tolerance to foreign paternal antigens.

The current study included 86 primigravidae women for which genomic DNA, sera and cord blood were available. Sera were collected at delivery. Maternal anti-HLA antibodies were screened and their ability to activate complement was analyzed. Mothers were genotyped for HLA-G, HLA-E and HLA-F, as well as analyzed for the HLA-G regulatory region haplotype. IgG4 concentrations were measured in the maternal sera.

Anti-HLA class I and class II antibodies were identified in 24% of the women, respectively, of which 17% and 5% presented anti-HLA class I and class II antibodies that activated complement.

We showed that maternal E*01:06 allele was associated with a higher percentage of anti-HLA class I immunization in multivariate analysis. This allele is virtually present only in Europeans and Europeans descents and could not be explored for its expression or association with clinical issues. HLA-E*01:06 displays HLA-E*01:03 specific variation and a non-synonymous mutation at position +1857 (49, 50).

We found that the maternal HLA-G UTR4 haplotype and the F*01:03:01 allele were both associated with lower anti-HLA I complement activation and higher IgG4 expression. Both results are consistent with and support that both alleles are associated with harmless antibodies (i.e. absence of C1q activation and IgG4 subclass) and with an immune response maintained under control. HLA-G UTR4 was associated with a shorter time-to-pregnancy in couples undergoing infertility treatment (51) and was found more frequent in healthy individuals than in asthmatic patients (44). Concerning HLA-F, in silico analysis reported equivalent mRNA expression in F*01:03 and F*01:01:01 (40). However, HLA-F expression seems to be driven also by cell interaction and activation. Although HLA-F*01:03 displays a polymorphism (p.251S>P) outside the peptide groove, Ho et al. showed that F*01:03 binds and presents different peptides than F*01:01 and F*01:02 (52). Biological consequences of this feature remain to be explored.

No HLA Ib genetic polymorphism or IgG4 expression was significantly associated with anti-HLA II immunization, suggesting that anti-HLA I and anti-HLA II immunization may be driven by different factors, as previously suggested (31). We could not investigate previous published data on the protective role of H03-UTR6-HLA-G*01:01:01:04 on anti-HLA II immunization during pregnancy (31) as this haplotype was not observed in the cohort under study.

In conclusion, our results support an association of HLA Ib alleles with allo-immunization during pregnancy. Moreover, this study suggests that specific HLA Ib alleles are associated with different anti HLA class I antibody properties. HLA Ib molecules are ligands for immune cell inhibitory receptors. B cells require a co-stimulatory signal for maturation, affinity maturation and proper class switching. ILT2 expressed by B cells has high affinity for HLA-G. Interaction of ILT2+ B cells with HLA-G has been shown to inhibit their proliferation, antibody production, dampen migration of germinal center B cells as well promoting a shift from Th1 to Th2 response by reducing secreted IFN-γ and IL-2, while increasing IL-4 and IL-10 production (53). Interestingly, a xenograft mice model injected with HLA-G+ xenogeneic cells had reduced levels of anti-xenograft antibodies (53). Regulatory B cells are characterized by IL-10 production, and IgG4 expression has been shown to be confined to this subset of B cells (54), thus specific HLA Ib alleles, associated to differential quantitative or qualitative expression, may modify these ligand-receptor interactions and the course of immune cells response to foreign antigens.

Association of an allo-immunization directed against the fetus without activation of immune effector-cells would be in line with the concept of acquired immunological tolerance in a pregnancy context.
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Preeclampsia is a multi-factorial and multi-genetic disorder that affects more than eight million mother and baby pairs each year. Currently, most of the attention to the pathogenesis of preeclampsia has been focused on placenta, but recent progresses suggest that excellent decidualization lays foundation for placentation and growth. Moreover, preeclampsia is associated with an imbalance in immunoregulatory mechanisms, however, how the immune regulatory system in the decidua affects preeclampsia is still unclear. In our study, after intersecting the genes of differentially expressed between preeclampsia and the control gotten by conventional expression profile analysis and the genes contained in the ligand receptor network, we found eight differentially expressed genes in a ligand-receptor relationship, and the eight genes have a characteristic: most of them participate in the interaction between decidual macrophages and other decidual immune cells. The results of single-cell sequencing of decidual cells further demonstrated that decidual macrophages affect the functions of other immune cells through export. As a result, abnormal gene expression affects the export function of decidual macrophages, which in turn affects the interaction of decidual macrophages with other immune cells, thereby destroying the original immune regulation mechanism, and ultimately leading to the occurrence of preeclampsia.
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Introduction

Preeclampsia (PE) is a pregnancy-related syndrome with high blood pressure (≥ 140/90 mmHg) and/or proteinuria (≥ 0.3 g/L) (1). It is a human-specific disease that can severely cause uteroplacental dysfunction, intrauterine growth restriction, and premature birth, and is one of the major causes of maternal and fetal morbidity and mortality (2). So far, the only and most reliable treatment for PE is delivery, but the pathogenesis of PE is still an enigma. About the pathogenesis, two-stage theory is now widely accepted: In stage I, during embryogenesis, trophoblast invasion of the uterine myometrium is inadequate and the uterine spiral artery remodeling is impaired, which leads toplacental ischemia and hypoxiametabolism disorder; In stage II, the presence of a large number of undesirable factors in the maternal blood leads to a systemic inflammatory response and vascular endothelial dysfunction in the maternal body, which eventually results in PE (3–5).

Recent study in the pathogenesis of PE demonstrated that decidualization is closely related to the occurrence of PE. Decidualization is a transformation that endometrial stromal cells must undergo in order to adapt to pregnancy, by affecting trophoblast invasion, embryo implantation (6). It firstly begins near spiral artery and then gradually spreads to all endometrium (7). Decidualization is an extremely complex process in which many cytokines and hormones cooperate to promote endometrial stromal cells differentiating into decidual cells (8). After decidualization, endometrium transforms into decidua and secretes insulin-like growth factor binding protein 1 (IGFBP1) and prolactin (PRL), both of which are thus recognized as the marker molecules of decidualization, along with the changes such as the thickening of the endometrium and the enlargement and rounding of the endometrial stromal cells (9, 10). Furthermore, the decidua contains a large number of pregnancy-related immunomodulatory cells that work together to form immune tolerance to pregnancy, which makes the decidua becomes an important site where the maternal immune system develops tolerance to fetal antigens. Aberrant frequency and function of decidual immune cells have been reported in a variety of obstetric complications, including PE, recurrent pregnancy loss, and preterm delivery (11, 12).

From an immunological point of view, the fetus is a homograft to the mother. Despite the antigenic differences between the mother and fetus, the maternal immune system does not reject it and protects it to develop normally, indicating that the immune system plays an important role in the normal course of pregnancy (13, 14). Decidual immune cells are important “enforcers” of maternal-fetal immune regulation, including decidual natural killer cells (dNK), decidual macrophages (dM), T cells, and to a lesser extent, dendritic cells (DC) and B cells. These immune cells converge locally in the uterus, forming a unique mother-fetus immune microenvironment (15–18).

As a subpopulation of mononuclear phagocytes of innate immune system, dM is highly plastic and heterogeneous. It can be classified into M1/M2 cells based on induction factors, phenotype and function (19). M1 cells have high expression of CD80, CD86, and MHC II, produce pro-inflammatory factors, and have a strong antigen-presenting ability, thus promoting Th1-type immune responses. M2 cells highly express CD206, CD163, CD209, etc., which produce anti-inflammatory factors and have strong immunosuppressive ability so as to promote Th2-type immune response to exert immunomodulatory function (20). Abnormalities in the phenotype and function of dM would cause an imbalance in the microenvironment at the mother-fetus interface and disruption of immune tolerance, which in turn would lead to dysfunctional trophoblast invasion and defective spiral artery reconstitution, ultimately result in PE (21). But the detailed mechanism by which dM causes PE remains unclear.

In this study, we used the newly obtained single-cell sequencing data to investigate the pathogenesis of PE, and found that the export role of dM was crucial, since most of the differentially expressed genes in the decidua parietalis of PE gotten by intersecting the genes found though expression profile analysis and the genes contained in the ligand receptor network are in the export function of dM, so that the aberrant function of dM is an important cause in the development of PE.



Materials and Methods


Data Collection

We downloaded the raw data of single-cell sequencing and the gene expression matrix from Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/). The original source of single cell data is GSE130560, which comes from the decidua of three healthy term deliveries. The expression profile of the decidua parietalis of severe PE (early-onset preeclampsia) and control group is derived from GSE94643 in the GEO database. Each group covers four sets of data. The control group had a spontaneous preterm birth with no signs of infection, while the severe PE patients had caesarean sections.



Data Processing, Quality Control and Standardization

We firstly used the Seurat package in the R software to process the original data count array (22). Then we used the “NormalizeData” function to normalize the gene expression data. Afterwards, the UMI and mitochondrial gene expression values detected by the “ScaleData” function were used to correct the inter-batch difference by regression analysis, and the corrected expression matrix was then used for cell clustering and dimensionality reduction.



Screening of Differentially Expressed Genes

We downloaded the standardized data-series matrix from GEO, and calculated the differentially expressed genes to be screened by the R language using the T-test (Student’s t-test) statistical method. The screening conditions: p-value <0.05; fold change>1.5 or <0.667.



Functional Enrichment Analysis of Differentially Expressed Genes

Gene Ontology Database is referred to as GO database. It describes genes and protein functions in detail in a tree-like hierarchical manner to clarify the hierarchical relationship between gene functions. GO Analysis is a method based on the GO database to accurately targeted screen out the gene functions that represent the target gene group significantly. We used GO Analysis method to annotate the gene function of the differential genes, and got all the functions that the gene participates in. Subsequently, we used Fisher’s exact test and multiple comparison test to calculate the significance level (p-value) and false positive rate (FDR) of each function, so as to screen out the notable function embodied by the differential genes. The criteria for significance screening: p-value<0.05.



Signal Pathway Analysis of Differentially Expressed Genes

Kyoto Encyclopedia of Genes and Genomes (KEGG) is a database that systematically analyzes the relationship between genes, gene functions and genome information, which helps to study genes and expression information as a whole network for research. Pathway analysis was based on the KEGG database and was performed by using Fisher’s exact test and chi-square test for differential genes to analyze the significance of the pathway in which the target gene participates, and screening was done according to p-value<0.05 to obtain significant pathways.



Ligand-Receptor Pair Database

The ligand-receptor pairs analyzed in this study came from public data sets provided by previous studies (23). The ligand-receptor analysis was performed using the cellphonedb function provided by the cellphonedb database.



Cell Clustering, Dimensionality Reduction and Visualization

We used the “FindVariableGenes” function in the Seurat software package to extract the eigenvalues of highly variable genes (HVGs) for cell clustering and dimensionality reduction. Then we used the “RunPCA” function to perform principal component analysis on HVGs.

In order to remove the signal-to-noise ratio, we utilized the “ElbowPlot” function to select important principal components. Then, we used the “FindClusters” function to cluster the cells in the PCA space. We set the parameter resolution to 0.8 and only identified main cell types, such as T cells, B cells, or macrophages. We used the “RunUMAP” function to project the clustered cells into a two-dimensional space, and employed “DimPlot” function to realize the visualization of the clustering results.



Identification of Cell Types

In order to label cell clusters, we first executed the “FindMarker” function through the Seurat software package to identify the differentially expressed genes on each cluster. Then we used the transcriptome data set of the cell types to infer the cell type of each single cell through Single R, and annotate the cell population.



Analysis of the Interaction Between Cells

We used the cellphonedb function provided by the cellphonedb database (www.CellPhoneDB.org) for cell-cell interaction analysis (24). The threshold for screening was p value<0.01.




Results


Differential Gene Expression in the Decidua Parietalis of PE

So far, more and more studies have shown that abnormal decidualization is an important factor leading to PE (6, 25–30). However, the abnormal interaction between decidual cells based on the ligand-receptor relationship in PE is still unclear. Therefore, by conventional expression profile analysis, we tested the differentially expressed genes (DEGs) in the decidua parietalis of the four groups of PE (GSM2480233-NS, GSM2480234-NS, GSM2480235-NS, GSM2480236-NS) and the normal control group (GSM2480225-NS, GSM2480226-NS, GSM2480227-NS, GSM2480228-NS). The results showed that compared with the control group, the gene expression in the decidua parietalis of PE was significantly different. In detail, 548 genes in the decidua parietalis of PE were significantly up-regulated and 533 genes were significantly down-regulated (Figure 1A). In order to better study the genes significantly differentially expressed in PE, we further analyzed the functions of up-regulated and down-regulated DEGs and the signal pathways they are involved through GO and KEGG analysis.




Figure 1 | Differential gene expression in the decidua parietalis between PE and control group. (A) Volcano figure showing the significantly DEGs in the decidua parietalis of the PE in comparison to controls. A red dot represents up-regulated DEGs with log2 ratio ≥1.5 and p-value <0.05; a green dot represents down-regulated DEGs with log2 ratio ≤ -1.5 and p-value <0.05. (B) GO analysis and KEGG pathway enrichment for the down-regulated DEGs. Left panel: GO functional classification of the down-regulated DEGs. Green, blue, and red represent the three classes of the GO term. The top ten enriched GO terms were shown in each class. Right panel: Scatter plot for the KEGG enrichment of the down-regulated DEGs. The enrich factor is the ratio of the down-regulated DEGs in a pathway to all the genes in this pathway. The top 19 pathways were shown with p-value< 0.05 in the figure. (C) GO analysis and KEGG pathway enrichment for the up-regulated DEGs. Left panel: GO functional classification of the up-regulated DEGs. Green, blue, and red represent the three classes of the GO term. The top ten enriched GO terms were shown in each class. Right panel: Scatter plot for the KEGG enrichment of the up-regulated DEGs. The top 23 pathways were shown with p-value< 0.05.



GO analysis of the down-regulated DEGs showed that in terms of biological processes, the most enriched GO item is cellular response to chemokine. In addition, in terms of cell components, the most enriched GO item is sarcoplasmic reticulum. More importantly, protein complex involved in cell adhesion which enriches any protein complex that is capable of carrying out some part of the process of cell adhesion to the cell matrix or to another cell is also abundantly enriched. Moreover, the most abundant GO item in molecular functions is cytokine binding. Receptor ligand activity and chemokine activity are also significantly enriched (Figure 1B). Through the KEGG signal pathway analysis of the down-regulated DEGs, 19 signal pathways were found to be significantly enriched. Among them, the most abundant signaling pathway is cytokine-cytokine receptor interaction. Besides, the TNF signaling pathway, IL-17 signaling pathway, TGF-beta signaling pathway, NF-kappa B signaling pathway and chemokine signaling pathway are also significantly enriched (Figure 1B).

Through GO analysis of the up-regulated DEGs, it is obvious that in terms of molecular function, carbohydrate binding is most significantly enriched, while extracellular matrix structural constituent, growth factor binding and transmembrane receptor protein kinase activity are also significantly enriched in molecular function. In terms of cellular components, HOPS complex is the most enriched. Basement membrane is also significantly enriched in cell components, which is consistent with previous our research results. In addition, in terms of biological processes, the regulation of mRNA stability and the regulation of actins polymerization or depolymerization are significantly enriched (Figure 1C). We also analyzed the up-regulated DEGs by KEGG signaling pathway and found that among 23 significantly enriched signaling pathways, focal adhesion is the most significant enrichment, and calcium signaling pathway, TGF-beta signaling pathway, phospholipase D signaling pathway and Ras signaling pathway are also significantly enriched.

Overall, these results indicate that the down-regulated DEGs are mainly concentrated in chemokines and immune-related pathways. The up-regulated DEGs may play an important function in the extracellular matrix. As we all know, there are abundant regulatory factors with immunomodulatory activity in the extracellular matrix, such as growth factors (31) and chemokines (32). These factors are closely related to the cell-cell interaction of immune cells. Therefore, the results of the study indicate that these DEGs play a vital role in the immune regulation process in the decidua.



Abnormal Function of Decidual Macrophages in PE

Known from the above results, in the decidua parietalis of PE patients, DEGs affect the cell-cell interaction of immune cells. Therefore, we further studied the cell-to-cell interaction which was specifically affected by the abnormal expression of the differential genes. Cell populations form a potential cell-cell interaction network among specific protein complexes, which are based on the relationship between receptor and ligand genes (Figure 2A). Therefore, we compared the genes contained in down-regulated DEGs and up-regulated DEGs and in the ligand-receptor pairs that interact with immune cells, and found that 2 down-regulated DEGs (ICAM1 and CXCL3) and 6 up-regulated DEGs (IGF1, CXCL12, NRP1, LRP6, PDGFD and PDGFRB) are expressed in a ligand-receptor relationship (Figures 2B, C).




Figure 2 | The ligand-receptor relationships of the differentially expressed genes (DEGs) in the decidua parietalis of PE. (A) The ligand-receptor signaling network of immune cells in deciduas. Red dots represent ligands and blue dots represent receptors. The arrows points from ligands to receptors. (B) Venn diagrams of the significantly down-regulated DEGs in the decidua parietalis of the PE and in the ligand-receptor pairs of immune cells in deciduas. (C) Venn diagrams of the significantly up-regulated DEGs in the decidua parietalis of the PE and in the ligand-receptor pairs of immune cells in decidua.



Through the analysis of single-cell sequencing data, we found that ICAM1 and CXCL3 are both expressed in normal dM, but IGF1, CXCL12, NRP1, LRP6, PDGFD and PDGFRB are not expressed in normal dM, nor are they expressed in other immune cells (Figures 3, 4). Then, based on the ligand-receptor relationship that these DEGs participate in, we obtained the cell-to-cell interaction (Table 1) and found one characteristics: most of them exist in the interrelationship between dM and other decidual immune cells (Figure 5), which indicates that abnormal gene expression affects the interaction of dM with other decidual immune cells.




Figure 3 | The expression of DEGs in the immune cells of normal decidua. (A) The violin plots and the UMAP visualization maps showing the expression of two down-regulated DEGs (ICAM1 and CXCL3) in the immune cells of normal decidua. (B) The violin plots and the UMAP visualization maps showing the expression of two up-regulated DEGs (IGF1 and CXCL12) in the immune cells of normal decidua. dM, decidual macrophages; dNK, decidual natural killer cells; ILC, innate lymphoid cells; DC, dendritic cells.






Figure 4 | The expression of DEGs in the immune cells of normal decidua. (A) The violin plots and the UMAP visualization maps showing the expression of two up-regulated DEGs (PDGFD and NRP1) in the immune cells of normal decidua. (B) The violin plots and the UMAP visualization maps showing the expression of two up-regulated DEGs (LRP6 and PDGFRB) in the immune cells of normal decidua. dM, decidual macrophages; dNK, decidual natural killer cells; ILC, innate lymphoid cells; DC, dendritic cells.




Table 1 | The cell-to-cell interactions of differentially expressed genes involved.






Figure 5 | The cell-to-cell interactions of DEGs involved. The nodes are cell types and the segments are cell-to-cell interactions. The red node indicates cell types that are highly interacted with other cells. The size of the different cell types is proportional to the amount of total number of interactions with the red node. dM, decidual macrophages; dNK, decidual natural killer cells; ILC, innate lymphoid cells.





The Cell-to-Cell Interaction of Decidual Macrophages

To explore the function of dM, we further investigated the interaction of dM with other decidual immune cells using single-cell sequencing. The single cell data in decidua comes from the GEO database, which contains three normal samples, corresponding to 9066 cells. In order to standardize the data, we performed data quality control and deleted some cells with expression genes less than 200 and greater than 6000 (UMI count greater than 0 and greater than 6000) and the percentage of mitochondrial genes greater than 5% (Figure 6A). As the amount of sequencing data increases, the number of genes detected in a single cell increases and the number of UMIs also increases, indicating that there is a positive correlation between genes and UMI (Figure 6B). However, there is no correlation between the number of genes and the percentage of mitochondria, which means that the number of genes is not affected by the percentage of mitochondria (Figure 6C). After the correction of the expression matrix, the number of non-variable genes was 12264, while the number of mutant genes was 3000, therefore, the number of mutant genes was far less than the number of non-variable genes (Figure 6D). We selected 2000 HVGs from the corrected expression matrix and extracted their feature values for cell clustering and dimensionality reduction. After the principal component analysis of 2000 HVGs, 19 principal components were finally determined through permutation test. As we all know, each type of cell contains a different number and type of genes. Therefore, according to this characteristic, the principal components of the cells were analyzed and projected into the two-dimensional space to achieve the purpose of cell dimensionality reduction. The results showed that cells with the same characteristics will eventually be gathered together, and on the contrary, cells without the same characteristics will be far apart (Figure 6E).




Figure 6 | Overview of preparations for cell type identification in deciduas. (A) Gene expression in each of the 9066 cells in three normal samples (S1, S2, and S3). The left graph shows the number of genes contained in each cell. The middle figure indicates the confidence level of the data. The right graph shows the percentage of mitochondria. The black dots represent cells. (B) The relevance of the number of UMI and the number of genes. The horizontal coordinate is the number of UMI of the cell and the vertical coordinate is the number of genes in the corresponding cell. The red, green and blue dots respectively represent samples S1, S2 and S3. (C) The relevance of the number of UMI and the percentage of mitochondria. The horizontal coordinate is the number of UMI of the cell and the vertical coordinate is the percentage of mitochondria. The red, green and blue dots respectively represent samples S1, S2 and S3. (D) The analytical map of genetic variability. Red dots represent variable counts and black dots represent non-variable counts. (E) The UMAP visualization maps of 19 cell clusters in the deciduas by single cell RNA sequencing analysis.



In order to further investigate the type of cells, we identified the DEGs in each cell population (Figure 7A), and selected known cell marker genes from them. Under the influence of biological background, by consulting the literature, we can explore the related genes of each cell type and their expression in different cell types. We found that several cell markers are specifically expressed in only one cell, such as FGFBP2 and MYOM2 are only expressed in dNK-e cells; TPSB2 and TPSAB1 are only expressed in Mast cells; IGLC2 and CD79A are only expressed in B cells. In addition, other cell markers are expressed in a variety of cells, but their expression levels are higher in one cell (Figure 7B).




Figure 7 | The identification and interactions of decidual cell clusters by single-cell sequencing. (A) The heatmap showing the expression of differential genesin separate cell clusters of normal deciduas. (B) The dot plot reveals the expression of some known markers in each immune cell clusters of normal deciduas. The size of the ball represents percent expressed. The color of the ball represents average expression. (C) The UMAP visualization maps of various immune cell clusters in the normal deciduas by single cell RNA sequencing analysis. The various colors represent different types of cells. (D) The cell-to-cell interaction analysis was conducted by CellPhoneDB. Cell types are presented by nodes and interactions are indicated by arrows. The size of the nodes represents the number of cells contained in each cell type in the deciduas (p-value < 0.01). →, export function; ←, import function. dM, decidual macrophages; dNK, decidual natural killer cells; ILC, innate lymphoid cells; DC, dendritic cells.



Therefore, we used known cell marker genes expressed in different cell types to define each cell cluster. We combined cell populations expressing the same cell markers and observed that dNK cells are the most abundant in decidua, and dM cells are second only to dNK cells and CD8 T cells. In addition, there are fewer B cells, mast cells, and ILC3 cells (Figure 7C). In order to systematically study the interaction between various immune cells in the decidua, we used CellPhoneDB to analyze the interaction between them. The results showed that dM plays a role through the export function and interacts most closely with other immune cells. Abnormal dM can affect the functions of other cells, such as ILC3 cells, dNK-a cells, dNK-b cells, dNK-d cells, and CD4T cells, while the functions of dNK-a cells and dNK-b cells are affected by a variety of cells (Figure 7D). In summary, the results indicate that the interaction between the dM and other immune cells plays an important role in the establishment and maintenance of the entire pregnancy process. Therefore, the abnormal export of dM affects the role of immune cells interplaying with them, consequently jeopardizing the original immune regulation, and ultimately causing the occurrence of PE.




Discussion

In this study, we used conventional expression profiling to compare the DEGs contained in decidua parietalis of the PE and normal human. We further explored their involvement in cell-to-cell interactions using CellPhoneDB analysis. We found that most of differential genes exist in the interrelationship between decidual macrophages and other decidual immune cells. We further used single-cell sequencing and discovered that dM affect the functions of other immune cells in the decidua through exporting function. So, the abnormal exportation of dM due to abnormal expression of differential genes affects the role of immune cells interplaying with them, consequently impeding the original immune regulation, and ultimately causing the occurrence of PE.

Most previous studies on the pathogenesis of PE have been focused on placenta, including placental ischemia and placental dysfunction. However, decidualization is the foundation for placentation and growth. Abnormal decidualization of the endometrium can lead to embryo implantation failure or abnormal implantation, which in turn leads to the occurrence of PE (8, 9). In this process, there are a series of immune regulatory mechanisms. Thereinto, both tumor necrosis factor (TNF) and nuclear factor-κB (NF-κB) are situated at the central link in the network of immune regulation (33, 34). The TNF is a central polypeptide mediator of the cellular immune response, it participates in TNF signaling pathway, and can recognize and participate in the activation of NF-κB (35, 36). In PE patients, the balance of NF-κB signaling pathway is disrupted, leading to abnormal apoptosis of placental trophoblast cells (37, 38). In this research, we found that CXCL3 and ICAM1 participate in the TNF signaling pathway and NF-κB signaling pathway. In addition, these two genes are highly expressed in normal dM, but are significantly down-regulated in PE. Moreover, ICAM1 is also expressed in DCs, mast cells, and ILC3s, but it is not expressed in other decidual immune cells, while CXCL3 is not expressed in other decidual immune cells except for its high expression in dM. At the same time, we also found that the other six genes that are significantly up-regulated in the decidua parietalis of PE are not only not expressed in dM, but also not expressed in other normal decidual immune cells, including IGF1, CXCL12, NRP1, LRP6, PDGFD, and PDGFRB. But they are all expressed in decidual stromal cells, the most numerous cell type in the decidua and an important central player in the recruitment and differentiation of the decidual immune cells (39, 40). The abnormal expression of these DEGs therefore affects the function of the decidual stromal cells and thus the interactions between immune cells in the decidua.

Previous studies have demonstrated that CXCL3 and CXCL12 are chemokines, they can coordinate the migration, positioning and the interaction between immune cells (32, 41). In addition, CXCL3 can inhibit the proliferation of T cells and increase the apoptosis of T cells, while IGF1 has the opposite effect (42, 43). In detail, IGF1 can inhibit T cell apoptosis, and promote T cell autophagy (43). CXCL12 activates PKA, CREB, Bcl2 and BclXl, thereby prolonging the survival time of CD4T lymphocytes. In addition, it promotes the accumulation of NK cells in the uterus by enhancing the adhesion of NK cells to decidual stromal cells (42, 44). ICAM1 is a single-chain transmembrane glycoprotein that can promote the proliferation of naive CD4T cells and also plays a key role in the interaction between antigen presenting cells and T cells (45). In laboring samples, macrophages are recruited as monocytes from the circulation and activated by prostaglandins, while the expression of ICAM1 is central to this process, which allows the attachment and tethering of immune complexes in the periphery (46–48). Our research further demonstrated that the expression of ICAM1 is significantly down-regulated in PE, which may also be an important factor in the occurrence of PE. NRP1 can regulate the transfer of CD4T cells and allow the acceptance of allogeneic grafts, making NRP1 a new target for immunotherapy (49). It is worth noting that the Wnt signaling pathway which LRP6 is involved in regulates the differentiation and development of various immune cells such as macrophages, T cells and B cells, and regulates the immune response process through various mechanisms (50–53). Overall, the above-mentioned DEGs play an important role in the immune regulation. The abnormal expression of these DEGs can cause the disorders of the immune system.

Interestingly, we found that these DEGs have one thing in common: according to the ligand-receptor relationship network, these DEGs are all present in the export function of dM. As the second largest type of leukocyte at the maternal-fetal interface, dM exerts anti-inflammatory and phagocytosis effects in the early pregnancy, and by regulating the local immune microenvironment of the decidua, remodels the decidual blood vessels, participates in embryo implantation and maintains pregnancy and other processes (22, 54). In the decidua of PE patients, the increased expression of TGF-β3 activates miR-494 in decidual mesenchymal stem cells, thereby weakening the regulation of mesenchymal stem cells, thereby turning macrophages into M2 type, and finally leads to the immune imbalance of maternal-fetal interface (55). Imbalanced ratio of M1/M2 macrophages is considered to be one of the causes of pregnancy-related diseases, including PE, fetal growth restriction (FGR) and preterm delivery (18, 56). Our research found that dM affects the function of ILC3 cells, dNK-a cells, dNK-b cells, dNK-d cells, and CD4T cells through export in the decidua. Therefore, the abnormal export of dM affects the function of immune cells that interact with it, thereby destroying the original immune regulation mechanism.

Although dM is not the focus of most studies on the pathogenesis of PE, our research has found that DEGs that appear in the export of dM play a key role in the development of PE. To be precise, the activation of NRP1 can affect angiogenesis, and it activates the intracellular kinase ABL1 independently of the VEGF signaling pathway (57). Whereas abnormal angiogenesis is an important factor leading to PE (58). LRP6 regulates the autophagy mediated by Rab7, and then regulates the invasion and migration of trophoblasts through the Wnt/β-catenin pathway (50, 51). Insufficient invasion of extravillous trophoblast can lead to impaired uterine spiral artery remodeling and subsequent PE (59). IGF1 is one of the genes related to the insulin signaling pathway, and it’s up-regulation may cause polycystic ovary syndrome and endometrial cancer (60). However, in PE, the impact of IGF up-regulation is unclear.

Since no one can obtain a pregnant woman’s decidua during her pregnancy, the samples analyzed were collected at the time of delivery. Although we cannot know the real state of the decidua in the first trimester of pregnancy when the placenta is formed, many studies have found that numerous decidualization-related genes are abnormally expressed in the decidua of PE patients (28, 61–65). Exploring the relationship between impaired decidualization and PE revealed that the maturity of the endometrium in the decidua and the natural killer cells of the uterus before the development of PE did not reach the ideal level (66). Moreover, decidualization defects of the endometrium in women with severe PE were found during delivery, which was characterized by impaired cytotrophoblast invasion, and could last for at least five years after conception (25, 67). Recently, it was discovered that insufficient expression of maternal annexin A2 expression can lead to aberrant decidualization and superficial cytotrophoblast invasion (68), suggesting that poor differentiation of endometrial cell during the menstrual cycle could underlie superficial trophoblast invasion and the poor establishment of the maternal-fetal interface. On the basis of these findings, the transcriptional signature in the endometrium that promotes decidualization deficiency could be detected before or after pregnancy (67). In addition, the control samples of PE study were from laboring deliveries of gestationally matched preterm births, while the PE samples were from caesarean sections. It is likely that the macrophages are activated in the laboring samples and thus the transcriptomic profile of the control group may be skewed to an inflammatory state associated with labor. This might have some impact on the results of this study.

In summary, our research has found that the imbalance of immune regulation caused by abnormal dM function plays an important role in the pathogenesis of PE. These findings provide new insights for studying the pathogenesis of PE, and also give new ideas for the diagnosis and treatment of PE. However, how do CXCL3, ICAM1, IGF1, CXCL12, NRP1 and LRP6 as ligands or receptors affect the export function of dM, which in turn affects the function of other decidual immune cells, thereby destroying the original immune regulation mechanism, and ultimately leading to the occurrence of PE, which needs to be further investigated.
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Background

Lewis antigens such as Sialyl Lewis A (sLeA), Sialyl Lewis X (sLeX), Lewis X (LeX), and Lewis Y (LeY) are a class of carbohydrate molecules that are known to mediate adhesion between tumor cells and endothelium by interacting with its selectin ligands. However, their potential role in miscarriage remains enigmatic. This study aims to analyze the expression pattern of sLeA, sLeX, LeX, and LeY in the placental villi tissue of patients with a medical history of unexplained miscarriages.



Methods

Paraffin-embedded slides originating from placental tissue were collected from patients experiencing a miscarriage early in their pregnancy (6–13 weeks). Tissues collected from spontaneous (n = 20) and recurrent (n = 15) miscarriages were analyzed using immunohistochemical and immunofluorescent staining. Specimens obtained from legally terminated normal pregnancies were considered as control group (n = 18). Assessment of villous vessel density was performed in another cohort (n = 10 each group) of gestation ages-paired placenta tissue. Protein expression was evaluated with Immunoreactive Score (IRS). Statistical analysis was performed by using Graphpad Prism 8.



Results

Expression of sLeA, sLeX, LeX, and LeY in the syncytiotrophoblast was significantly upregulated in the control group compared with spontaneous and recurrent miscarriage groups. However, no prominent differences between spontaneous and recurrent miscarriage groups were identified. Potential key modulators ST3GAL6 and NEU1 were found to be significantly downregulated in the recurrent miscarriage group and upregulated in the spontaneous group, respectively. Interestingly, LeX and LeY expression was also detected in the endothelial cells of villous vessels in the control group but no significant expression in miscarriage groups. Furthermore, assessment of villous vessel density using CD31 found significantly diminished vessels in all size groups of villi (small villi <200 µm, P = 0.0371; middle villi between 200 and 400 µm, P = 0.0010 and large villi >400 µm, P = 0.0003). Immunofluorescent double staining also indicated the co-localization of LeX/Y and CD31.



Conclusions

The expression of four mentioned carbohydrate Lewis antigens and their potential modulators, ST3GAL6 and NEU1, in the placenta of patients with miscarriages was significantly different from the normal pregnancy. For the first time, their expression pattern in the placenta was illustrated, which might shed light on a novel understanding of Lewis antigens’ role in the pathogenesis of miscarriages.





Keywords: Lewis antigen, ST3GAL6, NEU1, villous vessel, unexplained miscarriage



Introduction

Miscarriage is the most common complication of pregnancy, which affects around 9–20% of clinically confirmed pregnancies. In addition, if biochemical loss due to implantation failure is considered, this rate can reach up to 50% (1). The establishment of a healthy pregnancy implies interaction between the embryonal structure and endometrium. Any alterations within this process may trigger miscarriages: chromosomal errors, anatomical uterine defects, autoimmune dysregulations, and endometrial abnormality. Prior studies have shown that more than 50% of cases of miscarriages are associated with the above-mentioned alterations, however the remaining causes are unexplained (2). According to the guidelines of the European Society of Human Reproduction and Embryology (ESHRE) and the American Society for Reproductive Medicine (ASRM), recurrent miscarriage (RM) is defined as the failure of two or more clinically confirmed pregnancies, excluding ectopic and molar pregnancies (3, 4). The average prevalence of recurrent miscarriage is estimated to be between 1 and 4% (1). Most miscarriages, including spontaneous or recurrent events, occur in the first trimester of pregnancy (5).

Lewis antigens are series of carbohydrate epitopes with terminal fucosylation (6). According to different glycosidic bonds, Lewis antigens are classified as type I [H1 antigen, Lewis A (LeA), Lewis B (LeB) and Sialyl Lewis A (sLeA)] and type II [H2 antigen, Lewis X (LeX), Lewis Y (LeY) and Sialyl Lewis X (sLeX)], as shown in Figure 1. Lewis antigens are known to mediate adhesion between tumor cells and endothelium by interacting with their selectin ligands. Furthermore, upregulated expression of Lewis antigens has been reported in many types of cancers (7). More recently, it was showed that Lewis epitopes are also involved in early embryogenesis and later development of the pregnancy. Specifically, sLeX participates in the process of sperm–zona pellucida binding (8). During the menstrual cycle, the expression of sLeX in the human endometrium is temporally regulated, reaching the highest level during embryo implantation (9). LeY was also shown to be involved in a cellular model of trophoblast attachment to the epithelium (10). Given the involvement of Lewis antigens and their selectin ligands in the initial steps in implantation (11), we speculate that Lewis antigens may also have potential significance in the pathogenesis of miscarriages.




Figure 1 | Lewis antigens biosynthetic pathways. GlcNAc, N-acetylglucosamine. NEUs, Neuraminidases.





Methods


Patient

Placenta samples of recurrent miscarriages (RM, n = 15), spontaneous miscarriages (SM, n = 20), and normal pregnancies (NC, n = 18) were chosen from the tissue bank of the Department of Obstetrics and Gynecology of LMU Munich. The details including both patients’ inclusion and exclusion criteria and the process of samples acquisition have been described in our previous work (12). Supplementary Figure 1 reflects the gestational ages distribution in different groups of samples. Table 1 summarizes the demographic and clinical characteristics of the study population.


Table 1 | Demographic and clinical characteristics of the study population.





Gene Expression and Network Analysis

Enrichment of glycosylation and inflammatory response related signatures in RM patients were demonstrated by Gene set enrichment analysis (GSEA) (13) using two gene sets (GO_GLYCOSYLATION, GO:0070085 and HALLMARK_INFLAMMATORY_RESPONSE, M5932) and GSE76862 (14), The functional enrichment was carried out by using the GSEA method based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses with the clusterProfiler package of R (P <0.05 and FDR <0.25). To define the possible crosstalk of glycosylation with immune and adhesion process, differentially regulated GO_GLYCOSYLATION genes in RM were extracted and processed with a web-based tool of Metascape (https://metascape.org) (15) to get significantly enriched Gene Ontology (GO) biological processes and pathways network visualization.



Immunohistochemistry

Paraffin-embedded slides of placenta tissue were dewaxed in xylol for 20 min and rinsed with 100% ethanol for the staining process. For inhibition of the endogen peroxidase reaction, slides were incubated in methanol with 3% H2O2 for 20 min followed by rehydration in descending ethanol gradients. Slides were then heated in a pressure pot containing a sodium citrate buffer (pH = 6.0), which consisted of 0.1 mM sodium citrate and 0.1 mM citric acid in distilled water. After cooling in distilled water and rinsing twice in PBS, all slides were incubated with a blocking solution (Reagent 1, ZytoChem Plus HRP Polymer System (mouse/rabbit), Zytomed Berlin, Germany) for 5 min to avoid non-specific binding.

Primary antibody incubation of every slide was performed for 16 h at 4°C, details are shown in Table 2. PBS (pH = 7.4) washing was applied between each step. Subsequently, 20 min incubation with post block (Reagent 2) and 30 min with HRP polymer (Reagent 3) were done according to the manufacturer’s protocol. Immunostaining was visualized with the DAB chromogen-substrate staining system (Dako, Denmark), the reaction was stopped with distilled water. Slides were counterstained with Hemalaun for 2 min, blued in tap water for 5 min, and rehydrated in an ascending ethanol gradient. Finally, all tissue slides were covered with Eukitt® quick hardening mounting medium (Sigma Aldrich, USA). Negative controls were performed by replacing the primary antibodies with certain species-specific isotype control antibodies (Dako).


Table 2 | Antibodies used in this study.



The staining results were analyzed under the microscope Leitz (Wetzlar, Germany; Type 307-148.001 514686) by two independent observers. Intensity and distribution patterns of antigens’ expression were evaluated with immunoreactive score (IRS), the semi-quantitative score is calculated as the optical staining intensity (grades: 0 = none, 1 = weak, 2 = moderate, 3 = strong staining) multiplied by the total percentage of positively stained cells (0 = none, 1 ≤10%, 2 = 11–50%, 3 = 51–80% and 4 ≥ 81% of the cells). This multiplication has a minimum of 0 and a maximum of 12.



Immunofluorescence

To identify the expression pattern of LeX and LeY in the endothelial cells of villous vessels, double immunofluorescence staining was performed in the specimens of healthy controls. All used antibodies are listed in Table 2. CD31 was used as a specific marker for endothelial cells. The same experimental steps were carried out as for immunohistochemistry until the step of blocking: slides were blocked with Ultra V Block solution (Lab Vision, USA) for 15 min and then incubated with specific primary antibodies for 16 h at 4°C. After washing twice in PBS, slides were incubated with Cy2-/Cy3-labeled fluorescent secondary antibodies (Dianova, Germany) for 30 min at room temperature in darkness to avoid fluorescence quenching. Finally, slides were embedded in Vectashield® mounting medium with DAPI (Vector Laboratories, USA) for blue staining of the nucleus after washing and drying. A Fluorescent Axioskop photomicroscope (Zeiss, Germany) was used to examine all slides. Pictures were taken using a digital Axiocam camera system (Zeiss, Germany).



Evaluation of Villous Vessels in Miscarriage and Control Groups

Another cohort (n = 10 each group) of gestation ages-paired placenta tissues was selected to perform CD31 staining, which visualized the villous vessels. Slides were evaluated by two independent observers using the microscope (Leica, Germany) at a magnification of ×100. Five fields were randomly captured for every slide. Any brown-staining endothelial cell or endothelial cell cluster that was clearly separate from adjacent vessels was considered as a single, countable vessel. The visualization of the vessel lumens was not a prerequisite for a structure to be identified as a vessel (16). To balance the significantly different vessel numbers between large and small villi, all villi were divided into three groups according to their diameter: small villi (<200 µm), middle villi (200–400 µm), and large villi (>400 µm). The final “number of vessels per villous” was calculated (number of vessels/number of villi of every sample) and statistically analyzed in different size groups, respectively.



Statistical Analysis

Statistical differences between experimental groups were analyzed using Graphpad Prism 8 (Graphpad Software Inc., USA). Data in this study were represented as the mean ± SD for quantitative variables. The Gaussian distribution of the continuous variables was tested by the Kolmogorov–Smirnov statistic. Two-tailed Student’s paired t-test or Wilcoxon matched-pairs signed rank test was performed for the paired cohort. One way ANOVA or Kruskal–Wallis test was used for more than two comparison groups, and Dunnett’s test for multiple comparisons. Correlation analysis was performed using Spearman’s rank correlation coefficient. A P value <0.05 was considered to be statistically significant.




Results


Aberrant Glycosylation and Inflammatory Response in RM

Our GSEA analysis indicated that glycosylation and inflammatory response were significantly changed in RM (Figure 2A). More specifically, glycosylation was downregulated (NES = −1.7706, FDR = 0.0024) and inflammatory response was upregulated (NES = 2.0732, FDR <0.0001). We next performed Metascape analysis including the significantly downregulated GO_GLYCOSYLATION genes in RM. Here, we identified distinctive GO biological processes “Immune system process and Biological adhesion”. These results might indicate their significant interaction with the downregulation of glycosylation status in RM (Figure 2B). Besides, KEGG pathway and GO enrichment analysis (Supplementary Figure 2) also revealed distinctive pathways and cellular components “Focal adhesion and Cell adhesion molecules”, with which Lewis antigens have been tightly associated (7). Furthermore, pathways network visualization (Figure 2C) indicated that leukocyte adhesion, migration, and developmental process might occur due to changes in glycoprotein metabolic process in RM. Notably, VEGFA-VEGFR2 signaling pathway, which plays the pivotal role in the angiogenesis in ovarian function and embryonic development (17), was also involved in the network.




Figure 2 | Gene expression and network analysis. (A) Gene Set Enrichment Analysis of glycosylation and inflammatory response related genes in the RM patients from previously published data set GSE76862. Shown are the graphic enrichment of two gene sets (GO_GLYCOSYLATION, GO:0070085 and HALLMARK_INFLAMMATORY_RESPONSE, M5932) in RM patients (left, red) compared with healthy controls (right, blue). NES, Normalized enrichment score; FDR, False discovery rate. (B) Metascape results obtained with the differentially downregulated GO_GLYCOSYLATION genes confirm that Immune system process and Biological adhesion are significantly related to the aberrant glycosylation status in RM. (C) Network visualization of pathways was enriched also with differentially downregulated GO_GLYCOSYLATION genes in RM by performing Metascape, different colors represent different GO term groups.





Downregulated Lewis Antigens in the Miscarriage Groups

Positive expression of sLeA, sLeX, LeX, and LeY was detected in the syncytiotrophoblast across all groups included in this study (Figure 3). More specifically, sLeA was prominently lower in both RM and SM group than NC group (P <0.05 and P <0.001, respectively); sLeX expression was also prominently lower in both RM and SM group compared with NC group (P <0.001 and P <0.05, respectively) and sLeX was even lower in RM than SM group (P <0.05); LeX expression was significantly downregulated in both RM (P <0.05) and SM (P <0.001) groups comparing with NC group; LeY showed similar expression pattern to LeX in both RM (P <0.01) and SM (P <0.01) groups. Strikingly, LeX and LeY staining were also clearly identified inside the villi of the normal control group, probably the endothelial cells of villous vessels, but not significant in miscarriage groups (Figure 4).




Figure 3 | Immunohistochemical staining of four carbohydrate Lewis antigens in the syncytiotrophoblast of three groups of placenta tissues. *P < 0.05, **P < 0.01, ***P < 0.001.






Figure 4 | Immunohistochemical staining of LeX and LeY in the endothelial cells of villous vessels in three groups.



To identify potential key enzymes related to Lewis antigens in miscarriage, we evaluated the expression patterns of three α-2,3 sialyltransferases, ST3GAL3, -4, and -6, which act on the N-Acetyllactosamine structure (Galβ1,3/4GlcNAc) to create sLeA/X and related sialofucosylated glycans. Synthesis of Lewis antigens also requires the synergic action of variable fucosyltransferases (Figure 1), here α-1,3 fucosyltransferase FUT4 was investigated. Pretest staining of FUT3 and FUT6 (n = 5 each group) showed their strong expression in the syncytiotrophoblast of every sample but no significant differences between groups (Supplementary Figure 3). Meanwhile, neuraminidase 1 (NEU1), a member of the human sialidases (neuraminidases) family that controls cellular sialic acid contents in collaboration with sialyltransferases by catalyzing the removal of sialic acid moieties from glycoproteins and glycolipids, was also investigated. Among three sialyltransferases, ST3GAL6 showed the strongest expression, it was prominently higher in the NC group than the RM group (P <0.05), but not the SM group (Figure 5). Expression of ST3GAL3, ST3GAL4, and FUT4 showed no significant differences among groups (Figure 5). NEU1 in the SM group but not the NC group was prominently upregulated than the RM group (P <0.05, Figure 5). Negative controls are shown in Supplementary Figure 4.




Figure 5 | Immunohistochemical staining of five potential key enzymes that responsible for the synthesis of carbohydrate Lewis antigens in the syncytiotrophoblast of three groups of placenta tissues. *P < 0.05.





Positive Correlation of ST3GAL6 with sLeX and LeY

Significant correlations were found in the expression of ST3GAL6 with sLeX and LeY (Table 3 and Figure 6). In detail, both sLeX and LeY were positively correlated with ST3GAL6 in the syncytiotrophoblast (r = 0.4277, P = 0.0130; r = 0.6377, P <0.0001 respectively). In contrast, there were no prominent correlations of NEU1 with any of the four Lewis antigens (Table 3).


Table 3 | Spearman’s rank correlation coefficients of the expression of ST3GAL6 and sLeA, sLeX, LeX, and LeY.






Figure 6 | Correlation of sLeX and LeY expression with ST3GAL6 in the syncitiotrophoblast. The IRS scores of sLeX and LeY staining were positively correlated with ST3GAL6 expression in the syncitiotrophoblast. Lines represent the Spearman’s rank correlation (black line) and 95% confidence interval (red dotted line).





Diminished Villous Vessels in the Miscarriage Group

CD31 staining of gestation ages-paired placenta tissues revealed significantly diminished vessels in the villi of the miscarriage group, which was consistent across all types of villi (Figure 7). In the miscarriage group, the mean number of vessels per small villi was 0.62 ± 0.59 (vs 0.98 ± 0.63, P = 0.0371), per middle villi (1.95 ± 1.32 vs 3.88 ± 1.90, P = 0.0010), and per large villi (2.95 ± 2.01 vs 9.92 ± 3.50, P = 0.0003).




Figure 7 | Immunohistochemical staining of CD31 in gestation age-paired placenta tissues (n = 10 each group). (A) Paired t-test (for Middle and Large Villi) and Wilcoxon matched-pairs signed rank test (for Small Villi) of vessels’ numbers in different size groups of villi. (B) Placenta of Normal Control group (8 + 2 weeks, 100× magnification). (C) Placenta of Miscarriage group (8 + 3 weeks, 100× magnification). Black arrows: vessels. *P < 0.05, **P < 0.01, ***P < 0.001.





Existence of LeX/Y in the Endothelial Cells of Villous Vessels

LeX/Y positive cells were stained in green, CD31 positive endothelial cells were red (Figure 8). LeX/Y + CD31 double immunofluorescent staining was used to further prove that immunohistochemical staining of LeX/Y inside the villi (Figure 4) was exact the endothelial cells of villous vessels. The merged pictures in Figure 8 confirm the co-localization of LeX/Y and CD31.




Figure 8 | Immunofluorescent double staining of LeX/Y + CD31 in the endothelial cells of villous vessels.






Discussion

Aberrant glycosylation often indicates the tissue inflammation and neoplasia. Particularly, increased sialylation actuates the key processes of tumor progression and metastasis like cell adhesion, invasion, and immune escape (18–22). Meanwhile, there is increasing evidence that altered glycosylation is important in human gamete binding and embryo implantation (8, 11, 23–26). Establishment of balanced maternal immune tolerance towards the semi-allogenic fetus is a crucial step in maintaining a healthy pregnancy. In particular, an inflammatory microenvironment is required for early implantation (27). However, an excessive inflammatory response would lead to RM and other pregnancy complications like pre-eclampsia and premature labor (28). Whether glycosylation alterations interact with inflammatory response and contribute to the pathogenesis of miscarriage is largely unknown. In this study, we report significant downexpression of glycosylation-related signatures and upregulated inflammatory response, which is in line with previous studies (29, 30), in RM through GSEA. Gene enrichment and network analysis performed with downregulated GO_GLYCOSYLATION genes in RM deciphered the significant relationships of aberrant glycosylation with immune system process and biological adhesion, the possible interactions were also visualized (Figure 2). Immunohistochemical staining further indicated that Lewis antigens were downregulated in miscarriage groups and key modulators including, ST3GAL6 and NEU1, might be responsible for these alterations.

SLeA, also known as carbohydrate antigen 19-9 (CA19-9), and sLeX are the most common sialylated cell surface glycoconjugates, which mediate the adhesion of leukocytes to endothelial cells and platelets (23). They have been also widely investigated in many types of cancers, and sLeA and sLeX were reported to promote metastasis and malignant transformation (7). SLeA and sLeX were both found to be abundant at the human endometrium during the implantation stage (23). Meanwhile, sLeX was also identified at the level of human zona pellucida, indicating its pivotal role in sperm–egg binding and subsequent adhesion of the embryo to the endometrium (8, 11, 25). Upregulation of sLeX via FUT7 transfection promoted the embryo adhesion and implantation were shown in both in vitro and in vivo model (31, 32). The significantly downregulated sLeA and sLeX in the miscarriage groups revealed by our study may partly explain disturbed trophoblast adhesion and invasion ability during early placentation that leads to subsequent early pregnancy loss.

LeX, also Stage-specific embryonic antigen-1 (SSEA-1), is playing a gradually role in human embryogenesis, especially in cell-cell recognition and adhesion processes which is critical on the surface of embryonic ectodermal cells (33). In the brain, LeX predominantly facilitates the cell-cell interactions involved in neuronal development (34). Moreover, LeX is necessary for neutrophil transepithelial migration (35). On the other hand, overexpression of LeX is usually associated with decreased survival, metastasis, and malignant transformation in many types of cancers (36–40). In accordance with a previous study (41), we also found a weak expression manner of LeX in the syncytiotrophoblast in the NC group, but almost no expression in the miscarriage groups. Given the important role of LeX in the processes of adhesion and metastasis, we speculate that downregulated LeX in the syncytiotrophoblast may contribute to miscarriage for insufficient trophoblast function.

As previously described, LeY has been found in human uterine epithelial tissues and its expression was significantly upregulated during the secretory stages of the menstrual cycle in humans (42). Blocking LeY reduced the adhesion of the human trophoblast cell line (JAR) to the uterine epithelial cell line (RL95-2) in an in vitro implantation model (10). Here, we report that both LeY and LeX are expressed in the chorionic villi, and their expression is significantly downregulated in the syncytiotrophoblast of miscarriage groups comparing with the NC group. In addition, LeX and LeY expression was also identified inside the villi in the NC group, but not prominent in the miscarriage group. We further showed that LeX and LeY specifically localized in the endothelial cells of the villous vessel. The villous vessels in the miscarriage group were significantly diminished in all sizes of villi compared with the control group. Candelier et al. and Ziganshina et al. reported similar findings in their work on hydatidiform moles and fetal growth restriction (41, 43). Moreover, the role of LeY in endothelial tube formation and angiogenesis has been previously demonstrated in human rheumatoid arthritis and rat cornea (44, 45). Deficient vascularization has been reported in miscarriages and hydatidiform mole, especially the empty sac miscarriages (46, 47). While Reus et al. showed that there was no prominent difference between empty sac or yolk sac miscarriages and embryonic miscarriages concerning the chorionic villous vascularization (48). In our network analysis, VEGFA-VEGFR2 signaling pathway, which plays a prominent role in the angiogenesis, also interacts with aberrant glycosylation. Thus, the downregulated LeY expression may account for the insufficient trophoblast function as well as the defective vascularization in miscarriages.

Leukocyte infiltration in the decidua is a cardinal feature during first trimester pregnancy, which comprises mainly the natural killer cells, macrophages and, comparatively a few T cells (49). The crosstalk between trophoblast and decidual leukocytes via complicated cytokine network allows these two parts to attract each other (49). Alterations in leukocytes recruitment and activation have been extensively related to miscarriage (50). Similarly, our results obtained through network analysis indicated that the aberrant glycosylation might be involved in leukocyte adhesion and migration in RM. Moreover, five key modulators in the synthetic pathways of Lewis antigens were investigated, among which ST3GAL6 and NEU1 showed dysregulated expression. To our knowledge, this is the first description of α-2,3 sialyltransferases, neuraminidase, and fucosyltransferase expression patterns in the chorionic villi of patients with unexplained miscarriages.

ST3GAL3, ST3GAL4, and ST3GAL6 all belong to the α-2,3 sialyltransferases family. While having different substrate specificity, they all catalyze the transfer of sialic acid residues to galactopyranosyl residue (51). In vitro study suggested that ST3GAL3 preferentially acts on type I disaccharides (Galβ1,3GlcNAc, the backbone of sLeA), but also mildly catalyze the sialylation of type II disaccharides (Galβ1,4GlcNAc, the backbone of sLeX) (52). Sasaki et al. reported that ST3GAL4 recombinant protein extracted from a melanoma library showed enzymatic activity towards both type I and type II disaccharides in in vitro assays whereas preferentially catalyzed type II substrates in in vivo condition (53). While most studies found ST3GAL4 acted on type II disaccharides despite in vitro or in vivo status (54–57). Similarly, ST3GAL6 mainly catalyzes the transfer of sialic acid residues onto type II disaccharides found on glycoproteins and glycolipids (58, 59). We demonstrated a significant correlation of ST3GAL6 expression with sLeX, which is consistent with previously described exclusive ST3GAL6 effect on type II disaccharides. This is especially important, considering that downregulated ST3GAL6 may play a role in the downregulation of sLeX in the villi of recurrent miscarriages. Notably, we also found a strong positive correlation between ST3GAL6 and LeY expression, which cannot be simply explained by the enzymatic specificity of ST3GAL6 since the synthesis of LeY requires the sequential effect of α-1,2 and α-1,3 fucosyltransferases rather than sialyltransferases. Inhibited sialylation potentially allows greater fucosylation due to competition between fucosyltransferase and sialyltransferase, for the same acceptor substrates (57, 60, 61), downregulated ST3GAL6 should have yielded higher expression of LeX and LeY, which was not found in our study. A possible explanation might be the existence of predominantly impaired fucosyltransferases in the miscarriage villi has not been identified yet, on the other hand, the glycosylation network is far more complex than we have known.

FUT4 was reported in many studies to be vital in controlling the synthesis of LeX and LeY (10, 61, 62), but demonstrated no significant difference among the groups included in our analysis. Gadhoum and Sackstein found that NEU1 predominantly increased LeX expression through desialylation sLeX in the process of human myeloid differentiation (63). NEU4, which is another member of the human neuraminidase family, shows a broader substrate specificity compared with NEU1. Previous study indicates that NEU4 desialylates cell surface sLeA/X to LeA/X without affecting the expression of ST3GAL3, ST3GAL4, FUT3, and FUT7 in colon cancer cells (64). Here, we found significantly higher expression of NEU1 in the SM group comparing with the RM group, but no correlations were identified with Lewis antigens, which may due to its limited sialidase capacity on sLeA/sLeX (64).

To conclude, we report significant downregulation of glycosylation-related signatures and adhesion molecules, as well as upregulated inflammatory response in the chorionic villi of RM through GSEA and KEGG pathway analysis. Accordingly, downregulation of sLeA, sLeX, LeX, and LeY were further identified. Key modulators, such as ST3GAL6 and NEU1 may be involved and account for these alterations. Interestingly, significantly diminished villous vessels were also identified in the miscarriage group. Taken together, our data might indicate that altered expression of Lewis antigens may actuate miscarriages by affecting 1) trophoblast function 2) its interaction with decidual leukocytes and 3) the vascularization of the villi. A better understanding of the vital role that Lewis antigens are playing in pathology of miscarriages will yield the development of novel therapeutic approaches, which still requires more future work.
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Pregnant women have been carefully observed during the COVID-19 pandemic, as the pregnancy-specific immune adaptation is known to increase the risk for infections. Recent evidence indicates that even though most pregnant have a mild or asymptomatic course, a severe course of COVID-19 and a higher risk of progression to diseases have also been described, along with a heightened risk for pregnancy complications. Yet, vertical transmission of the virus is rare and the possibility of placental SARS-CoV-2 infection as a prerequisite for vertical transmission requires further studies. We here assessed the severity of COVID-19 and onset of neonatal infections in an observational study of women infected with SARS-CoV-2 during pregnancy. Our placental analyses showed a paucity of SARS-CoV-2 viral expression ex vivo in term placentae under acute infection. No viral placental expression was detectable in convalescent pregnant women. Inoculation of placental explants generated from placentas of non-infected women at birth with SARS-CoV-2 in vitro revealed inefficient SARS-CoV-2 replication in different types of placental tissues, which provides a rationale for the low ex vivo viral expression. We further detected specific SARS-CoV-2 T cell responses in pregnant women within a few days upon infection, which was undetectable in cord blood. Our present findings confirm that vertical transmission of SARS-CoV-2 is rare, likely due to the inefficient virus replication in placental tissues. Despite the predominantly benign course of infection in most mothers and negligible risk of vertical transmission, continuous vigilance on the consequences of COVID-19 during pregnancy is required, since the maternal immune activation in response to the SARS-CoV2 infection may have long-term consequences for children’s health.
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Introduction

During times of pandemics, individuals with a presumed higher risk for infections compared to the general population instantly receive extensive scientific and clinical attention. This is particularly evident in the context of pregnancy, where pathogens are not only a threat for maternal health, but can also affect pregnancy progression, fetal survival and future children’s health. Candidate examples are prenatal infections with seasonal or pandemic influenza virus strains, which have long been identified to severely affect pregnant women and their unborn children (1–4). Prior to the COVID-19 pandemic commencing in November 2019, the severity and consequences of coronavirus-induced infections have also been thoroughly assessed in pregnant women, e.g. during the epidemic induced by severe acute respiratory syndrome (SARS)-CoV in 2003 (5–8) and the Middle East respiratory syndrome (MERS)-CoV in 2012 (9, 10). Here, both coronaviruses caused significant obstetrical complications, along with severe maternal morbidity and mortality. Furthermore, fetal distress syndromes and enhanced neonatal morbidity and mortality have been reported upon SARS- and MERS-CoV infections (11).

Pregnant women are in a unique immunological state, as rejection of fetal tissue expressing foreign, paternally-derived antigens must be suppressed in order to maintain the pregnancy until term. In brief, this is achieved by a highly tolerogenic immune response (12, 13), e.g. via the impaired capacity for antigen presentation, the generation of anti-inflammatory CD4+FOXP3+ and CD8+ CD122+ regulatory T cells (14–16) and the suppression of an anti-fetal T effector cell response (17, 18). Pregnancy hormones such as progesterone and glucocorticoids significant contribute to this pregnancy-specific immunological state (19).

The increased pathogen-induced morbidity and mortality observed in the pregnant host has been attributed to this unique immunological status during pregnancy. As shown upon influenza infection in pregnant mice, the impaired capacity for antigen presentation and poor effector T cell response is accompanied by a restricted capacity to mount anti-viral immune responses. The less stringent selective environment even promoted the emergence of influenza virus variants with higher viral pathogenicity (20).

Based on the verification that pregnant women are indeed prone to a severe course of disease when exposed to pathogens such as influenza- and coronaviruses, clinicians and scientists alike immediately focused on pregnant women in the context of the recently emergent coronavirus, referred to as SARS-CoV-2.

Considering the world-wide impact of the SARS-CoV-2 pandemic on morbidity and mortality in infected individuals, it came initially as a surprise that the course of COVID-19 in pregnant women is predominantly benign. These insights arose from more than 30 studies published, encompassing assessments of more than 10.000 pregnant women, as reviewed in (21). A prospective cohort study confirmed low rates of maternal viremia in women with COVID-19 during pregnancy (22) and the regular testing of all in-patient for SARS-CoV-2 revealed that a large percentage of women in labor are asymptomatic for signs of COVID-19, despite a PCR-confirmed positive SARS-CoV-2 nose and throat swab (23, 24).

However, a higher risk of progression to COVID-19 than normal population or non-pregnant women, along with adverse pregnancy outcomes have also been reported in the context of SARS-CoV-2 infection during pregnancy. This is mirrored by an increased risk for admissions to intensive care units, the need for invasive ventilation and higher mortality compared to non-pregnant patients (23, 24). Whether or not these findings can be linked to the emergence of SARS-CoV-2 variants, i.e. B1.1.7, remains to be confirmed in future pregnancy studies. Besides the severe course of COVID-19, pregnancy complications such as premature delivery have been observed.

Moreover, the possibility of vertical SARS-CoV-2 transmission has been put forward. However, opposed to prenatal infections with Cytomegalovirus (CMV), Zika virus (ZIKV) and others, vertical transmission of SARS-CoV-2 has only been reported in rare cases (25–27).

The heterogeneous course of COVID-19 during pregnancy, further complicated by infections occurring at different trimesters, still hinder the thorough evaluation of placental susceptibility to SARS-CoV-2 infection and the consequences for fetal health. Additional insights on the placental response to virus exposure and the possibility of vertical transmission of SARS-CoV-2 are needed in order to understand short- and long-term health disadvantages related to COVID-19 during pregnancy not only for pregnant women, but also their children. A pivotal benchmark for vertical transmission would be that SARS-CoV-2 is capable of infecting and replicating in human placenta cells. We here addressed gaps in knowledge and took advantage of our access to women with prior or acute SARS-CoV-2 infection during pregnancy, in which we assessed maternal and neonatal SARS-CoV-2 viral load in various tissues and also examined the SARS-CoV-2 specific transplacental antibody transfer. Furthermore, we tested whether placental explants, isolated from distinct anatomical regions of SARS-CoV-2 negative women, show signs of viral expression and replication when inoculated with SARS-CoV-2 in vitro. Lastly, we evaluated the specific T cell responses against selected structural proteins of SARS-CoV-2 in maternal and cord blood in order to test if the fetus had been exposed to the virus in utero.



Results


Pregnant Women Mostly Show a Benign Course of COVID-19

Similar to other observations, the majority of women enrolled in our study (n=42) showed a mild or asymptomatic COVID-19 course during pregnancy, irrespective of the trimester in which the infection occurred (Table 1, Supplementary Table 1). Nevertheless, 12% of the women participating in our study had to be admitted to hospital and 9% needed intensive care. Overall 19% showed a moderate to severe course of disease with oxygen requirement in 3 cases, but no need for mechanical ventilation in any of the cases. This is in line with recent data indicating a higher risk for severe disease in pregnant women compared to the normal population (28). The most frequent symptom was anosmia, present in approx. 62% of the women.


Table 1 | Demographic details, gestational time point and course of SARS-CoV-2 infection and pregnancy outcome in study participants.



With regard to pregnancy complications, we observed that 24% of our study participants delivered preterm, whereby the majority were late preterm deliveries after 34 weeks of gestation. Other authors also reported a higher risk for preterm delivery in pregnant women with COVID-19 (28). Our study included 9.5% twin pregnancies, which are as such prone to preterm delivery and may explain the observed high incidence of preterm births. Two cases with preterm birth had coexisting prenatal complications (Kell intolerance, congenital cystic lung malformation) that were evident before maternal SARS-CoV-2 infection. In one case, a Cesarian section had been scheduled preterm due to fetal growth restriction below the 3rd percentile. COVID-19-infection with mild symptoms occurred at week 20 of gestation. The growth restriction appears to be the result of the uteroplacental insufficiency, mirrored by a high pulsatility index in the uterine Doppler examination and a distinctly elevated soluble FMS-like thyrosin kinase (sFlt-1)-1/placental growth factor (PLGF) ratio at 34 + 6 weeks of gestation. Of special interest is one case where COVID-19 was accompanied by vaginal bleeding, thrombocythemia, elevated liver enzymes and a pathological CTG, which led to preterm delivery at 29 weeks of gestation. Here, the neonate showed signs of moderate fetal distress at birth. The majority of these complication co-incided with the emergence of SARS-CoV-2 mutations, especially the B1.1.7 variant of concern (29), which could be confirmed by sequencing in most of the cases leading to preterm birth (Supplementary Table 1). However, since these pregnancies were already at higher risk for e.g. preterm birth (two cases were twin pregnancies) or showed complications already prior to COVID-19, it is difficult to attribute this high incidence of pregnancy complications to a presumably more severe course of COVID-19 upon infection with the B1.1.7 mutation.



Paucity of SARS-CoV-2 Viral Expression in Term Placenta Upon Prenatal COVID-19

We assessed the presence of SARS-CoV-2 RNA by RT-qPCR and expression of viral proteins by immunohistochemistry (IHC) of the women affected by COVID-19 during pregnancy in placental tissue taken at term. We used a total of five antibodies for the IHC-based detection of SARS-CoV-2 in placental tissue, targeting the Nucleo- and Spike-Protein (NP, SP; Supplementary Table 2). Our antibody repertoire included an antibody that had yielded to positive expression of villous trophoblastic cells in another study (25). Surprisingly, this antibody, labelled as NP4, resulted in an unspecific staining in all placental tissue specimen tested, including placental specimen from non-infected women. The most intense staining could be detected in villous trophoblastic cells, but also in decidual stroma and glands (Figure 1). The other antibodies used to detect placental expression of NP and SP by IHC did not yield to a staining pattern that supports SARS-CoV-2 viral presence in the placental specimen in the cases where the SARS-CoV-2 infection dated back weeks of months. We carefully evaluated the potential NP and SP expression in placental samples taken from the cases where delivery occurred under acute infection. Here, in a specimen from one case (#2), a small area of the syncytiotrophoblast showed positive staining of SARS-CoV-2 NP and SP (Figure 1), whereas the majority of the tissue from this case (Supplementary Figure 1) and all samples from the additional four cases where we performed immunohistochemistry did not reveal any positive SARS-CoV-2 staining by IHC. In this case #2, the asymptomatic woman had been admitted in labor and routine SARS-CoV-2 testing revealed high viral loads in the nasopharyngeal swab. Hence, infection and delivery co-incided within a very short time frame. The lack of or scarce expression of SARS-CoV-2 seen by IHC could be independently confirmed by qPCR, which also did not confirm viral expression except in one of the two samples taken from case #2. We refrained from histopathological analysis of the placental samples due to the small number of cases, the variations with regard to the trimester in which SARS-CoV-2 was contracted, the scarseness of placental infections and the few cases of pregnancy pathologies.




Figure 1 | Placental SARS-CoV-2 expression during or upon SARS-CoV-2 infection during pregnancy. SARS-CoV-2 SP and NP expression was assessed by IHC on placental specimen taken at delivery. Time point of infection and delivery is listed at the left side. The antigen targets of the antibodies used for respective IHC, SARS-CoV-2 specific SP or NP, are provided in the top row. Four different antibodies were used to stain for NP, which have been labelled as NP1 to NP4 in top row. One placenta from a non-infected woman was included as control. The third line from the top shows photomicrographs from a positive staining of the syncytiotrophoblast, detected in a placental specimen taken during acute infection (gestation week at infection is 39 + 1 and delivery occurred at 39 + 2). We here deliberately highlight the only positive staining of the sample, additional photomicrographs taken at lower magnification provide a more representative overview of positive staining of the same slide are provided in Supplementary Figure 1. Bar inserted at bottom left represents 20 µm.





Inefficient SARS-CoV-2 Replication In Vitro

Next, we used an established in vitro infection model of freshly isolated placental explants from women which were negative for SARS-CoV-2. This explant model has previously been utilized, for instance, to confirm Zika virus infection in human placenta (30). We here prepared tissue explants from three distinct anatomical regions: the decidua basalis, which is invaded by the interstitial cytotrophoblast; the chorionic villi, covered with the syncytiotrophoblast layer; and the amniochorionic membranes, which consist of a single layer of cuboidal amnion epithelial cells and is in contact with the fetus via the amniotic fluid. Inoculation of the explants with a human SARS-CoV-2 isolate did not result in viral expression, as assessed by IHC (Figure 2) in any of the anatomical regions. In addition to the previously demonstrated Zika infection of placental explants, we here also included inoculation with human cytomegalovirus (CMV), which is the most frequently transmitted virus during pregnancy. Here, it was our aim to generate additional evidence that placental explants are susceptible to infection with viral pathogens. Indeed, we could confirm CMV immediate-early antigen expression by IHC upon CMV inoculation of placental explants (Figure 2).




Figure 2 | Viral expression in placental explants upon inoculation with human SARS-CoV-2 or CMV isolate. Photomicrographs of placental explants generated from the decidua basalis, the chorionic villi and the amniochorionic membranes were stained for SARS-CoV-2 or CMV expression respectively by IHC, as indicated on left. Inoculation of explants from different anatomical regions of the placenta with a human SARS-CoV-2 isolate did not yield to viral expression, whereas inoculation with CMV confirmed CMV-specific immediate-early antigen expression by IHC predominately in placental villi (bottom left). Bar represents 100 µm.



Furthermore, we tested the explant supernatants of SARS-CoV-2 inoculated explants by PCR and were only able to detect very low levels of viral RNA as indicated by high Ct-values. No infectious virus could be detected in the supernatants of SARS-CoV-2 infected placental explants (Figure 3) further underlining inefficient SARS-CoV-2 replication and lack of production of infectious particles. Additionally, we infected trophoblast cell lines with SARS-CoV-2 to assess the above detected lack in producing progeny virus in independent cell lines of placental origin. In BeWo cells, infectious virus could be detected at 24 h.p.i. but not at later time points (48-96 h.p.i.). In JEG-3 cells, no relevant expression of infectious virus could be detected at all (Figure 3). These findings further confirm the inefficient replication capacity of SARS-CoV-2 in placental cells.




Figure 3 | Low levels of viral RNA and viral load in explant supernatants of SARS-CoV-2 inoculated explants. (A) Levels of viral RNA, as indicated by Ct-values, was measured by PCR in explant supernatants of SARS-CoV-2 inoculated explants. (B) Detection of infectious virus, derived from SARS-CoV-2 plaque test using supernatants of SARS-CoV-2 infected placental explants harvested at 1, 3 and 5 days post infection (d.p.i.). Data are provided as plaque forming units (pfu). (C) Infectious virus assessment in supernatants of JEG-3 and BeWo placental cells at 24, 48, 72 and 96 hours post infection (h.p.i.). Lines in scatter plots show median and standard deviation.





SARS-CoV-2 RNA Detection in Neonates, Cord Blood and Breast Milk

In the samples taken from pregnant women with COVID-19, we also evaluated the presence of SARS-CoV-2 RNA in cord blood and breast milk and could detect viral presence exclusively in breast milk of the woman with the highly acute infection described above, all other tested specimen were PCR negative (Supplementary Table 1).



Anti-SARS-CoV-2 IgG Levels in Maternal and Cord Blood

We further assessed levels of SARS-CoV-2 specific IgG serum levels in women with prenatal COVID-19. As expected, no SARS-CoV-2 specific IgG levels could be detected in women where the infection was still acute, as mounting the anti-SARS-CoV-2 IgG response requires more than two weeks (31). We were surprised to notice very low or even negative anti-SARS-CoV-2 IgG levels in a majority of women where the infection dated back a few months, especially when the course of COVID-19 was mild (Supplementary Table 2), which suggests that the humoral immune response mounted against SARS-CoV-2 during pregnancy may wane rather rapidly. IgG levels against SARS-CoV-2 were often higher in cord blood compared to maternal serum. These higher neonatal IgG levels are in line with findings on e.g. influenza, measles and other pathogen-specific IgG at birth, as transplacental IgG transfer from mother to fetus underlies an active, neonatal Fc-receptor-depended transport mechanism rather than a spill-over induced IgG equilibrium between mother and neonate (32).



SARS-CoV-2 Specific Cell-Mediated Immunity Is Absent in Cord Blood and Lower in Pregnant Compared to Non-Pregnant Women

The T cell response to SARS-CoV-2 infection pivotally determines long-term protective immunity (33). Therefore, we also assessed the SARS-CoV-2 specific cell-mediated immunity in pregnant women and cord blood by applying an interferon gamma (IFN-ɣ) release assay. All tested women of our study (n=9) showed a T-cell response to at least one of the SARS-CoV-2 peptide pools (membrane, NP or SP), except the woman who was enrolled in the study very shortly upon infection (Figure 4). The latter observation can be explained by the insufficient time to mount a specific T cell response between infection and blood withdrawal as anti-viral T cell immunity would be expected approximately one week post pathogen exposure.




Figure 4 | SARS-CoV-2 cell-mediated immunity (CMI) in mother and neonate. Maternal and cord (CB) blood samples of six mother-baby pairs were analyzed for SARS-CoV-2-specific CMI applying an IFN-γ release assay. Blood samples were treated with stimulants as indicated and IFN-ɣ was measured in supernatants. (A) Absolute measurements (upper row) and calculated ratios to the negative control (lower row) are depicted as indicated. Red dots refer to the mother-baby pair from case #3, where CMI was tested two days after a positive viral RNA swab. (B) Cumulative data interpretation of all measurements applying criteria as outlined in the Material and Methods section. *, this individual’s positive control was negative after stimulation with PMA + ionomycin but positive after stimulation with SEB. Clinical details of the participants are listed in Supplementary Table 1, please see the case IDs on left to idenitfy the cases in the table.



In contrast to the anti-SARS-CoV-2 T cell response present in maternal blood we could not detect any specific T cell immunity against this pathogen in cord blood obtained from these infected mothers indicating that endogenous neonatal T cells had not been exposed to SARS-CoV-2 antigens (Figure 4). This observation is in line with negative testing for viral RNA in neonates, arguing against vertical virus transmission during pregnancy.

Moreover, we detected a stronger a T-cell response at least to the SARS-CoV-2 peptide NP and SP in non-pregnant women upon COVID-19, compared to the response seen in pregnant women, whereby the number of samples tested from non-pregnant women was considerably lower (n = 4) compared to the pregnant group (Supplementary Figure 2). The mean age of these non-pregnant women was 30.2 years, the CMI analysis was performed after an average of 53.8 days since COVID-19 diagnosis, when the mean serum SARS-CoV-2 IgG antibody levels were 60.5 AU/ml.




Discussion

We here report on the outcome of pregnancies affected by maternal SARS-CoV-2 infection at different stages of pregnancy. Albeit relatively small in number of participants, one strength of our study is the broad range of time points at which infections occurred during pregnancy, covering all trimesters. Our findings show that pregnant women show a largely benign course of COVID-19, which is in line with the observations by others, i.e. a study performed in the US, where no evidence of placental infection or definitive vertical transmission of SARS-CoV-2 could be identified (22). Hence, pregnant women are generally not at high risk for a severe course of COVID-19, which is also underpinned by similar levels of respiratory viral load in pregnant and non-pregnant women (22). However, it should be emphasized that pregnant women show higher risk of progression to diseases than normal population or non-pregnant women, which may be explained by the reduced maternal lung volume especially during the third trimester. Furthermore, the emergence of new variants of concern, i.e. B.1.1.7, highlights the importance of continuous vigilance, since such variants may have significant consequences especially for vulnerable groups such as pregnant women. In our study, B.1.1.7 could be confirmed in a few cases, the majority of which also developed pregnancy complications such as preterm birth. However, the causes for preterm birth were heterogeneous and often pre-existing to the infection, which makes it difficult at this point to draw firm conclusions whether or not infection with B.1.1.7 may indeed trigger a more severe course of COVID-19 during pregnancy. Clearly, future studies must focus on this potential imminent threat.

Our findings highlight that a specific SARS-CoV-2 T cell response – which can be detected in maternal blood upon COVID-19 - is absent in cord blood. Previous studies have shown the development of specific T cell responses of the fetus upon congenital viral infection (34, 35). Based on our observation that cord blood T cells do not respond to SARS-CoV-2 peptides, we propose that vertical transmission of SARS-CoV-2 seems unlikely. Whilst one might argue that the uniqueness of the fetal immune environment (36) hampers detection of a specific SARS-CoV-2 response, it appears more likely that we did not detect such specific T cell response in the fetus because SARS-CoV-2 viral antigens did not vertically transfer. In turn, the fetal immune system would not be in direct contact with the SARS-CoV-2 virus, which explains why no fetal SARS-CoV-2 specific T cell response was detectable. Alternatively, other immunological mechanisms may have masked induction and/or detection of fetal anti-SARS-CoV-2 T cell immunity, as seen upon fetal CMV (35) or Plasmodium falciparum exposure (37). It is also conceivable that an intense pro-inflammatory milieu associated with maternal COVID-19 increases placental permeability, which may facilitate vertical transfer of the virus without infecting the placenta. However, given the absence of fetal distress during maternal COVID-19 in our study population and the resistance of the placenta to SARS-CoV-2 infection, it seems highly likely that SARS-CoV-2 does not enter the fetal circulation, at least in our cohort.

The frequency of pregnancy complications is relatively low in our study population, whereas other studies report higher incidences of pregnancy complications. Ethnicity and sociodemographic factors may have contributed to these higher risk for preterm birth or pre-eclampsia seen elsewhere (38–41). Therefore, it will be imperative to assess if COVID-19 is an independent risk factor for pregnancy complications, or results from the higher risk for COVID-19 in certain countries, ethnicities and demographics. Other studies and case reports list premature rupture of membranes, fetal distress, and even fetal death in the context of COVID-19 during pregnancy. Again, it is unknown if these complications were triggered by the infection, or occurred independent of the infection. It should also be noted that some data have been reported prematurely, e.g., pregnancy-related fatalities, and some related publications have been withdrawn by now (42).

The paucity of SARS-CoV-2 viral detection we here observe in placental samples ex vivo, which allowed to confirm viral expression exclusively in one sample taken during acute infection, appears to result from the inefficient replication of SARS-CoV-2 in the placenta. Noteworthy, early during the pandemic, the reliable detection of placental infection was challenging, i.e. when it was not yet recognized that certain commercially available antibodies led to unspecific binding and hence, false positive results (25). To date, these challenges have been overcome and the presence especially of viral RNA in placenta, cord blood, vaginal tissue or newborns has been described by a number of studies, along with the introduction of a classification system (43, 44).

SARS-CoV-2 utilizes the canonical cell entry mediators angiotensin-converting enzyme 2 (ACE-2) and the serine protease transmembrane protease serine subtype 2 (TMPRSS-2) for cell entry (45, 46). Placental expression of for ACE-2 and TMPRSS-2 have been assessed in various studies, leading to contradictory findings (46–48). Such variations could result from the different expression of the entry mediators across gestation (23, 24), as not all studies included samples from all trimesters. This notion has recently been confirmed (49), as particularly ACE-2 expression is higher in circumferential villous syncytiotrophoblast early in gestation. The overall low placental ACE-2 and TMPRSS-2 expression may explain why placental infection and vertical transmission of SARS-CoV-2 is generally low (44, 50). Interestingly, in one study investigating cases where mother and neonate where indeed infected with SARS-CoV-2 and placental infection was confirmed, histopathological signs could be detected, i.e. chronic histiocytic intervillositis along with syncytiotrophoblast necrosis. These placental pathologies may either account for the placental infection with SARS-CoV-2 and related maternal-fetal viral transmission, or result from placental infection. However, other studies did not observe specific placental histopathologies in the placental samples expressing SARS-CoV-2 (41, 51).

Also, other cofactors such as Neuropilin-1 can facilitate virus–host cell interactions and enable SARS-CoV-2 cell penetration (52). Neuropilin-1 is expressed in decidual cells and syncytiotrophoblast, but it is reduced in placental samples from pregnancies complicated by pre-eclampsia (52) and fetal growth restriction (53). This would even argue against an increased vertical transfer of SARS-CoV-2 via receptor/cofactor-dependent pathways in pregnancies affected by complication. However, vertical transmission of virus may result from mechanical factors, such as the disruption of placental tissue layers, as seen in pregnancy complications.

Our findings on the scarce placental expression of SARS-CoV-2 by PCR and IHC in cases with acute infection suggests that specimen taken from multiple sites of the placenta should be sampled in future studies to allow for a comprehensive evaluation of placental infection during COVID-19 at birth. Such comprehensive evaluation cannot be achieved by testing tissues taken randomly, and multiple sampling will reveal whether the incidence of placental infection is higher than currently postulated. Also, the strategies for SARS-CoV-2 detection must be carefully chosen to avoid false positive expression, such as unspecific staining seen when using certain antibodies, here marked as NP4.

We did not determine SARS-CoV-2 IgM antibodies in umbilical cord blood. Random findings indicate the presence of immunoglobulin (Ig)M and IgG against SARS-CoV-2 antigens in neonates (54). Whilst maternal IgG is regularly transferred across the placenta and can be detected in the neonate/cord blood (55), which we confirmed in our present study, IgM is generally not vertically transferred due to its high molecular weight. Hence, the detection of IgM in neonates at birth has been interpreted as evidence for fetal infection. However, this interpretation should be considered with caution, as the sole detection of SARS-CoV-2-specific IgM does not suffice as evidence for an infection and should be independently confirmed by e.g., PCR or other approaches. In fact, PCR-based testing failed to confirm the presence of SARS-CoV-2 viral RNA in a neonate at birth (28), whereby it must be considered that the virus may have been cleared at the time of testing. Noteworthy, IgM assays are susceptible to false-positive and false-negative results and may therefore be less reliable compared to molecular diagnostic tests based on nucleic acid amplification and detection (16). The scant cord blood IgM detection reported by others may also be interpreted to result from a disruption of the syncytiotrophoblast barrier rather than fetal infection (22).

Taken together, the SARS-CoV-2 pandemic caused a great deal of concern among pregnant women, their attending physician and the society in general. Pregnancy-related COVID-19 concerns initially even went as far as to consider elective termination of pregnancies (56). The inefficient SARS-CoV-2 replication in the placenta provides one explanation for the general protection of the fetus from vertical transmission. However, the generally benign course of COVID-19 in pregnant women – although certainly a great relief for women and physicians alike – comes as a surprise for immunologists. Such unexpected observations hold the great potential to understand how viral challenges affect vulnerable hosts and will certainly foster comparative evaluations of immune responses in response to pathogen challenges, including SARS-CoV, SARS-CoV-2, MERS-CoV, influenza and others. This can be addressed once the SARS-CoV-2 pandemic is under control.

We here report that a robust T cell response against SARS-CoV-2 is mounted by the maternal immune system during pregnancy. Hence, COVID-19 during pregnancy is likely accompanied by maternal immune activation. Such maternal immune activation is known to affect fetal development and impede on long-term offspring’s health, affecting (37, 57, 58) e.g., neurocognitive function and immunity in children later in life. Moreover, since activation and cellular exhaustion has been shown to increase over time in convalescent COVID-19 patients even upon mild courses (59), women infected with SARS-CoV-2 during their reproductive years may experience immune-mediated complications during subsequent pregnancies.

Hence, continuous vigilance is required and women and physicians should not be lulled into a false sense of security by the recent reports on mild courses of COVID-19 for mother and fetus, especially in the light of known or possible emerging variants of concern. Also, maternal immune activation observed in response to the SARS-CoV2 infection may have long-term consequences for children’s health. This is particularly relevant also in the light of the various vaccination strategies, as pregnant women have been excluded from the phase III SARS-CoV-2 vaccination trials and thus, COVID-19 may jeopardize women during pregnancy until herd immunity is achieved.



Materials and Methods


Ethical Approval

All study subjects signed informed consent forms and the study protocol was approved by the ethics committee of the Hamburg Chamber of Physicians under the license number PV 7312 and was conducted according to the Declaration of Helsinki for Medical Research involving Human Subjects.



Biological Sampling

At birth, a venous blood sample was obtained from the mother by peripheral venipuncture. Cord blood was taken from the umbilical cord at childbirth after cord clamping. Placental samples were taken from the decidua, chorionic villi, and amniochorionic membrane and placed in formalin or RNAprotect. Serum samples were stored at -80°C until use and were kept at 4°C after thawing. Breast milk samples were taken upon manual pressure or using a breast pump.



Quantitative RT-PCR for SARS-CoV-2

Placental samples were stored at 4°C in RNAprotect solution (ThermoFisher; AM7021-500ML). All tissue samples were grinded (Precellys 24, Bertin, Rockville, US) using ceramic beads (Precellys Lysing Kit) and 1ml RNA and DNA free PCR grade water. For RNA/DNA extraction 200μl of the grinded tissue lysate or whole blood was transferred to the MagnaPure96 (Roche, Mannheim, Germany). Automated nucleic acid extraction was performed according to manufacturers’ recommendation with whole process control (Roche control Kit) and final elution volume was 100μl. For virus quantification, a previously published assay was used (60, 61). In brief, the forward primer, 5 ́-ACAGGTACGTTAATAGTTAATAGCmGT-3 (400nM end concentration), 5 ́TATTGCAGCAGTACGCACAmCA-3 ́ (400nM end concentration) and probe 5 ́-Fam-ACACTAGCC/ZEN/ATCCTTACTGCGCTTCG-Iowa Black FQ-3’ (100nM end concentration) were used. Primer and Probes were obtained from Integrated DNA Technologies (IDT, Leuven, Belgium). One-step RT-PCR (25μl volume) was run on the LightCycler480 system (Roche) using one step RNA control kit as master mix (Roche) and 5 μl of eluate. Ct value for the target SARS-CoV-2 RNA (FAM) was determined using second derivative maximum method. For quantification standard in-vitro transcribed RNA (IVT-RNA) of the E gene of SARS-CoV-2 was used. The standard was obtained via the European Virus. Linear range of the assay is between 1x10 and 1x10 copies/ml. Quantitative β-globin PCR was performed with commercial TaqMan primer set (Thermo-Fischer, 401846) and Roche DNA control kit. PCR was run on the LightCycler480 system. The amount of DNA was normalized using human DNA standard (KR0454). SARS-CoV-2 RNA levels in tissues were normalized to ß-globin DNA to adjust for differences in tissue input.



SARS-CoV-2 Immunoassays

Commercially available high-throughput SARS-CoV-2 immunoassays were used for quantitative detection of IgG antibody against SARS-CoV-2 spike protein (Liasion Xl, Diasorine), according to our established protocols (62).



Assessment of SARS-CoV-2 Specific Cell-Mediated Immunity (CMI)

Overlapping peptide pools of 15-mer sequences covering the whole sequences of the SARS-CoV-2 membrane, and nucleocapsid proteins as well as predicted immunodominant domains of the spike protein (Prot_S) were purchased from Miltenyi Biotec. For the stimulations, 400 µL of heparinized mother whole peripheral blood or cord blood were incubated with either PBS (negative control), 50 ng/mL phorbol-12-myristate-13-acetate (PMA) with 1 µg/mL ionomycin (positive control), 1µg/ml staphylococcal enterotoxin B (SEB, optional additional positive control applied in #6415), or 0.5 µg/mL individual SARS-Cov-2 peptide pools for 24 h at 37°C. The plasma was then collected, diluted with PBS (1:2) and IFN-ɣ release was measured using a fully automated and quality-controlled analyzer (LIAISON® XL, DiaSorin). Samples were considered positive for SARS-CoV-2 CMI if negative control values were below 0.065 IU/mL (lower bound of linearity range) and, for at least one SARS-CoV-2 peptide, stimulation values were above 0.065 IU/mL and the ratio of peptide stimulation to negative control was at least 1.25. Samples with discordant results after peptide stimulation were interpreted as negative. One mother-baby pair that showed strong IFN-ɣ responses after exposure to buffer controls was excluded from the analysis (data not shown). For ratio calculations, values below or above linearity ranges were set to 0.065 IU/mL or 10 IU/mL, respectively.



Immunohistochemistry to Detect SARS-CoV-2 Spike and Nucleoprotein and CMV in Placental Tissues

All placental tissues (taken ex vivo or upon in vitro explant culture) were fixed in 4% buffered formalin and processed for paraffin embedding. For the detection of SARS-CoV-2 proteins in ex vivo specimen and explants upon in vitro culture with SARS-CoV-2, sections were cut at 2 μm and mounted on a glass slide. After dewaxing and inactivation of endogenous peroxidases by 3% hydrogen peroxide, antibody specific antigen retrieval was performed. Anti-SARS-CoV-2 antibodies used in our study are summarized in Supplementary Table 2. Specificity of the antibodies for SARS-CoV-2 protein staining in FFPE tissue was already validated on SARS-CoV-2 infected (Hamburg isolate) and non-infected Vero cells that were fixed in formalin and embedded into paraffin (61, 63, 64). One antibody (NP4) was recently used to stain placenta tissue (25) and was also included in our analyses. Immuno-histochemical staining was performed using a Ventana benchmark XT autostainer (Ventana, Tuscon, Arizona, USA). Detection of CMV in placental explants upon in vitro infection with CMV was performed following our standard protocol. The monoclonal antibody against CMV immediate early protein 1 and 2 (IE1/2, clone 3H4) was a used (65), which was a generous gift from Thomas Shenk, Princeton University, Princeton, NJ. All slides were scanned using the ZEISS Axio Scan Z1 and ZEN 2.3 (blue edition; Zeiss) software for analysis.



Preparation and Infection of Placental Tissue Explants

Placental tissue specimens were taken from the amniochorionic membrane, placental villi and maternal decidua within one hour upon delivery by C-section, Sampling was restricted to deliveries by healthy, SARS-CoV-2 and CMV negative mother at term delivery by Cesarean section due to breech position or re-section. A total of n=5 placentae was used to obtain tissue specimen for explant generation. Tissue specimen were washed in PBS with 1% penicillin-streptomycin and 1% gentamycin (Biochrom) and then cut into three small pieces (3-4 mm in diameter) to generate placental explants of each anatomical area for in vitro inoculation with SARS-CoV-2 or CMV virus, following a protocol established for Zika infection of placental explants (30). Each of the three explant per region was placed in a separate well of a 48-well plate. The wells had been pre-filled with 500 µl of RPMI medium containing 10% FCS, 1% penicillin–streptomycin, 1% gentamycin. All procedures were carried out under sterile conditions at room temperature.



Infection of Placental Tissue Explants With SARS-CoV-2

To prepare the inoculum for SARS-CoV-2 infection, the strain SARS-CoV-2/Germany/Hamburg/01/2020 (ENA study PRJEB41216 and sample ERS5312751) was added to RPMI medium containing 10% FCS, 1% penicillin–streptomycin and 1% gentamycin at a concentration of 105 plaque forming units (p.f.u.) in 250 µl per well. As a negative control explants were incubated in 250 µl of the prepared inoculum without virus at 37°C. After 60 min, explants were then be carefully washed three times with PBS and incubated in 500 μl of RPMI medium containing 10% FCS, 1% penicillin–streptomycin and 1% gentamycin at 37°C and 5% CO2. Supernatants and tissues were harvested on day 1, 3 and 5 post infection (p.i.). All supernatants were harvested and kept at -80°C until further analysis. The explants of each anatomical region were placed in 4% formalin for at least 48 hours. Formalin-fixed tissue was transferred into ethanol tubes and subsequently embedded into paraffin, following standard protocols. Viral load was determined by viral RNA detection in supernatants using qRT-PCR and plaque test. SARS-CoV-2 tissue expression was assessed by IHC, as described above.



Infection of Placental Cell Lines With SARS-CoV-2

Placental cell lines JEG-3 (ATCC® HTB-36™) and BeWo (ATCC® CCL-98™) were used for infection with SARS-CoV-2. Both cell lines were isolated from human choriocarcinoma. They express genes coding for pregnancy hormones, such as human chorionic gonadotropin (hCG), placental lactogen and progesterone. JEG-3 can transform steroid precursors to estrone and estradiol, BeWo expresses genes for estrogen, estrone, estriol and estradiol. JEG-3 or BeWo cells were seeded at 3,5 x 105 cells per ml with 3 ml per well in 6-well plates. At 4-6 hours after seeding, cells were infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 1 in 500 µl Ham’s F-12 medium containing 2% FCS, 1% penicillin–streptomycin and 1% gentamycin for 60 min at 37°C. After washing three times with PBS, 3 ml of infection medium Ham’s F-12 medium containing 2% FCS, 1% penicillin–streptomycin and 1% gentamycin were added and the cells were incubated at 37°C. At the indicated times points 250 µl supernatant per well were harvested and stored at -80°C until determination of viral titer via plaque test.



SARS-CoV-2 Plaque Test

Viral load in supernatants of SARS-CoV-2 infected placental tissue explants and placental cell lines were determined via plaque test. VeroE6 cells (ATCC) were seeded in 12 well plates in DMEM containing 10% FBS, 1% penicillin–streptomycin and 1% L-glutamine and incubated at 37°C and 5% CO2. At 24 hours after seeding, cells were washed one time with PBS and infected with tenfold dilutions of supernatants diluted in PBS with 150 µl per well and incubated for 30 min at 37°C and 5% CO2. During the incubation period, plates were shaken at least every ten minutes. After the incubation, 1,5 ml overlay medium MEM containing 1,25% avicel, 1% penicillin–streptomycin, 1% L-glutamine and 1 µg/ml TPCK-treated Trypsin (Sigma-Aldrich GmbH) were added to each well. After incubation for another 72 hours at 37°C and 5% CO2, overlay medium was removed and cells were washed one time with PBS. For fixation, 1 ml 4% paraformaldehyde were added to each well and incubated for at least 30 min at 4°C. Cell layer was stained with crystal violet and plaques were counted.



SARS-CoV-2 qPCR in Supernatants

Viral RNA was isolated from supernatants using the QIAamp Viral RNA Mini Kit (QIAGEN) according to the manufacturer’s instructions. SARS-CoV-2 RNA levels were then determined by quantitative reverse transcription real-time PCR (qRT-PCR) using the RealStar® SARS-CoV-2 RT-PCR Kit RUO (altona Diagnostics). An internal control provided by the kit was used as a sample preparation control as well as an extended dry spin step for 10 min at 17000g at room temperature.



Infection of Placental Tissue Explants With CMV

Placental tissue explants were prepared exclusively from CMV-negative women. Two of the three explants per anatomical region were used for infection, the third was used as non-infected control. Explants were incubated overnight with 107 plaque-forming units of human CMV strain TB40E at 37°C and 5% CO2 in RPMI medium supplemented with 10% FCS and penicillin, streptomycin, and gentamicin. On the following day, the medium was carefully removed and replaced with fresh medium. Tissue explants were harvested on day 5 and 10 post-infection. CMV immediate-early antigen (IE 1/2)expression was assessed by IHC essentially as described above.
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The syncytiotrophoblast (STB) of human placenta constitutively and throughout pregnancy produces and secretes exosomes - nanometer-sized membrane-bound extracellular vesicles from the endosomal compartment that convey cell-cell contact ‘by proxy’ transporting information between donor and recipient cells locally and at a distance. Released in the maternal blood, STB-derived exosomes build an exosomal gradient around the feto-placental unit acting as a shield that protects the fetus from maternal immune attack. They carry signal molecules and ligands that comprise distinct immunosuppressive protein signatures which interfere with maternal immune mechanisms, potentially dangerous for the ongoing pregnancy. We discuss three immunosuppressive signatures carried by STB exosomes and their role in three important immune mechanisms 1) NKG2D receptor–mediated cytotoxicity, 2) apoptosis of activated immune cells and 3) PD-1-mediated immunosuppression and priming of T regulatory cells. A schematic presentation is given on how these immunosuppressive protein signatures, delivered by STB exosomes, modulate the maternal immune system and contribute to the development of maternal-fetal tolerance.
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Introduction

Considering the implantation and development of a semiallogeneic fetal allograft in the uterine cavity, it is obvious that mammalian pregnancy defies the laws of transplantation. The peaceful co-existence between mother and fetus during pregnancy was defined by the Nobel Laureate Sir Peter Medawar as “a paradox of Nature”. His seminal work (1) has been an inspiration for scientists in many years and has been instrumental for the research progress in reproductive immunology. A multitude of mechanisms, hormones and signal substances (2, 3) has been proven to participate in the immune regulation during pregnancy. Despite many achievements in understanding the transient maternal-fetal tolerance, the overall solution of the feto-maternal immunologic challenge still remains elusive.

The successful outcome of mammalian pregnancy is dependent on the key organ of mammalian reproduction – the placenta. The human hemochorial placenta mediates not only hormonal, nutritional and oxygen support to the developing fetus but also plays a decisive role as a supplier of steroid- and protein pregnancy hormones and an immunomodulatory organ, molding the maternal immune system towards acceptance and protection of pregnancy. All these functions are effectuated by a specific and unique cell type, the syncytiotrophoblast (STB), a continuous plasma membrane-bound layer of multinucleated cytoplasm that completely covers the multitudinous chorion villi and comprises about 70% of all cells in the placenta (4, 5). In addition, STB constitutively produces extracellular vesicles (EV) of different biogenesis, morphology and size which are secreted into the maternal circulation and participate in the maternal-fetal cross-talk during pregnancy. Following the latest position statement of the International Society for Extracellular Vesicles MISEV 2018 (6) the three main types of STB EV should be denominated as STB-derived, small (<200nm) CD63+/CD81+, medium and large (>200 nm), annexin V-staining+ vesicles. However, according to MISEV 2018, if imagining techniques, such as electron microscopy (EM), immunoelectron microscopy (IEM) or live imagining, are used to study their formation and release, the nomenclatures shedding microvesicles (in placenta STB microparticles, STBM), apoptotic bodies/blebs and exosomes may be used. The vast majority of the original reports, used in this review, are based on solid isolation procedures and biogenesis and release studies using imagining techniques, thus, the STB-derived small, medium and large EVs will be denominated as exosomes, STBM, and apoptotic bodies, respectively.

The free apical surface of the STB-covered placental villi that is in direct contact with the maternal blood, is rich in highly pleomorphic microvilli and surface projections as illustrated by EM (5, 7). Morphological observations show that microvesicles and even whole microvilli are released from the apical syncytial plasma membrane (7, 8). Furthermore, the growth and branching of the placental villi during gestation to increase the overall area of STB, demands a high trophoblast turnover with both enhanced cell differentiation and apoptosis, and thus, a second type of placental vesicles, large apoptotic bodies/blebs are produced by blebbing/fragmentation of dying cells (5, 7, 8). This normal shedding activity and cell death produce shedding vesicles called STB microvesicles/microparticles (STBM) and apoptotic blebs/bodies - vesicles that are forcefully enhanced in numbers in pathological disorders such as spontaneous abortions and pre/eclampsia (9–12). The third and smallest type of STB vesicles are the exosomes (12–14), defined as nanometer-sized, membrane-bound extracellular vesicles of endosomal origin, released into the intercellular space and maternal blood when multivesicular bodies (MVB) fuse their membrane with the plasma membrane of STB. The three main types of extracellular vesicles (14) released from STB are illustrated in Figure 1, where also the biogenesis of the exosomes is illustrated (Figure 1). Their main physical and biochemical characteristics are summarized in Table 1. As can be seen, there is some overlapping in some of the physical and biochemical properties, therefore, a reliable isolation procedure is required to obtain pure populations of EV. The golden standard for exosome isolation is serial centrifugations and ultrafiltration through 200 nm filter for discarding larger EVs and cell debris, followed by a sucrose gradient ultracentrifugation at 100 000 - 110 000xg for 1-3 hours. This method, and post-isolational methods for verifying the exosomal yield are described in detail by our group and can be found in a chapter in Current Protocols in Immunology (15). Immunomodulation of the maternal immune response is a central part of the solution of the immune challenge during mammalian pregnancy and the STB-derived EVs play an important role in the creation of an active immune tolerance at the maternal-fetal interface. This review will focus on the STB-derived exosomes expressing protein signatures that convey immune inhibition.




Figure 1 | Schematic presentation of the biogenesis of shedding vesicles (A), apoptotic bodies (B) and exosomes (C). (A, B) Shedding vesicles such as STBM and shed microvilli and apoptotic bodies are produced by blebbing of the plasma membrane. (C) Recycled or newly synthesized proteins are sorted to the limiting membrane of multivesicular bodies (MVB). Exosomes are produced by invagination of the MVB membrane. Exosomes carry on their surface the proteins sorted to the MVB membrane. The cargo inside comprises cytosolic proteins and nucleic acids. Exosome-filled MVB are either exocytotic, i.e. fuse with the plasma membrane and release their content as exosomes to the extracellular space or degradative, sending their content to lysosomes for degradation. Modified from ref. (12).




Table 1 | Some characteristics of extracellular vesicles produced by human syncytiotrophoblast [modified from ref. (11)].





General Characteristics of Syncytiotrophoblast-Derived Placental Exosomes

Exosomes per se are defined as membrane-bound extracellular vesicles secreted from the endosomal compartment. They have a distinct detergent-resistant membrane, enriched in tetraspanin-, cholesterol- and sphingolipid molecules. They are cup-shaped, 30-100 nm in size when observed in electron microscopy (EM) and 30-150 nm in size measured by nanoparticle tracking instruments such as ZetaView® and Nanosight®. The upper size limit of 100 nm measured by EM is due to shrinkage occurring from fixation for EM analysis. The cup-shape is an artefact due to a collapse in the spherical form of the exosomes, caused by the prolonged ultracentrifugation step in the isolation procedure. Among all extracellular vesicles known so far, exosomes are the only ones that become cup-shaped by this manipulation, probably due to their special, lipid-rich, robust and tough, content-protective exosomal membrane.

STB of human placenta constitutively produces and secretes exosomes. The syncytioplasm has an elaborate system of endosomal membranes and is very rich in MVB, free ribosomes, rough endoplasmic reticulum with dilated cisternae and randomly distributed Golgi complexes suggesting vigorous synthesis of proteins and exosome production and release (4, 5, 7). The exosomal cargo comprises proteins and nucleic acids such as DNA, micro- and lncRNA and reflects the cell from which the exosomes originate. The total cargo per exosome is estimated to ≤ 100 proteins and ≤ 10,000 nucleotides (16). Most/all proteomic- and nucleic acid analyses of isolated exosomes from various sources, report a vastly higher number of proteins and nucleic acids than what can be accommodated in an exosome, indicating that the exosomal cargo is not uniformly distributed but varies in molecule content in each exosome and hence, the proteomic and microarray results represent the overall total cargo, carried by the whole moiety of isolated exosomes, for detailed information on proteomics and nucleic acid studies see ExoCarta (http://www.exocarta.org) (17). We have studied the biogenesis, morphology and release of STB exosomes in early normal pregnancy by EM and IEM (12–14, 18–20) and analyzed their protein content by proteomics. Table 2 presents a short list of proteins, commonly identified in exosomes, which were also identified in STB-exosomes (13, 14). Placental alkaline phosphatase (PLAP) is constitutively expressed on the surface of the STB exosomes and comprise an “address tag”/marker molecule for identification of human STB-derived exosomes.


Table 2 | List of proteins, commonly identified in exosomes, revealed in placental exosomes by proteomic analysis [from ref. (11)].



A great variety of biological functions have been ascribed to exosomes – from a role in embryogenesis, differentiation and development to other biological and immunological functions such as intercellular signaling and cell-cell communication by proxy, delivery and internalization of proteins to plasma membranes and cytoplasm of recipient cells, pro- and anti-apoptosis, antigen presentation, immune regulation, reprogramming of recipient cells by exosomal delivery of bioactive nucleic acids such as DNA, mRNA, micro- and lncRNA (21–26). Exosomes are able to enhance or inhibit the immune response and thus could be either immunoactivating or immunosuppressive/inhibitory. In general, exosomes, produced by immune cells with antigen presenting function (APC), such as macrophages/monocytes, dendritic cells and B cells, carry MHC molecules and can activate other immune cells either directly acting as miniature antigen presenters by proxy, or indirectly, by being uptaken and their cargo processed and presented on the MHC class II molecules by APC that activate the T helper cells and eventually lead to induction or boostering of various immune responses like cytokine production, cytotoxicity, antibody production and priming of effector T cells (12, 13, 21). In contrast, the majority of exosomes produced by epithelial cells from various organs and tumors are immunosuppressive. In health, normal epithelium-derived exosomes, produced at a low rate, are immunosuppressive and promote homeostasis thus keeping the immune system at bay (27). STB-derived exosomes and STBM have a variety of functions, both stimulatory and inhibitory as reviewed in (28). Placental exosomes, internalized by monocytes were shown promote monocyte migration and production of proinflammatory cytokines (29). STBM were found to activate neutrophils and induce formation of NETS, a function that was enhanced in STBM from pre-eclamptic placentas (30). These functions might be associated with infection protection of the feto-maternal unit. Various cancers constitutively secrete high amounts of immunosuppressive exosomes that “highjack” and dysregulate normal immune responses to promote tumor establishment, growth and metastasis (31, 32). The majority of STB-derived exosomes express a distinct set of immune molecules/ligands comprising immunosuppressive protein signatures which interfere with the maternal immune system in a similar way as tumor exosomes do with the host immune system. Below, the immunosuppressive protein signatures of STB exosomes and their effect on three immune mechanisms will be discussed.



NKG2D Ligand-Expressing STB Exosomes Suppress the Maternal Cytotoxic Response Towards the Semiallogeneic Fetus

The placental villi are directly exposed to the maternal blood and could be subjected to a cytotoxic maternal attack destroying the STB layer and disturbing the vital placental function. The STB is devoid of classical MHC class I and II molecules and thus protected from T cell –mediated killing, but the lack/truncated expression of MHC can instead activate the maternal NK cells. The solution of this dilemma is the constitutive secretion of STB exosomes that carry the non-classical MHC-related proteins MICA/B and UL-16 binding proteins 1 to 5 (ULBP1-5), ligands of the major activating NK-cell receptor NKG2D (12, 13, 18, 19). The two families of NKG2D ligands, MICA/B and ULBP are differentially expressed by STB – while MICA/B are both expressed on the STB membrane and on the endosomal membrane of MVB where MICA/B exosomes are produced, ULBP 1-5 are solely expressed in the endosomal compartment and secreted by exosomes (18, 19) suggesting that MICA/B expression can be present on the membrane of STBM. This indicates that in pregnancy conditions where inflammation is a dominant event, such as pre-eclampsia, the MICA/B expression on the STB membrane together with the intensified STBM secretion plays a central role in the destruction of the placental villi leading to miscarriage (11, 12). STBM production, as well as exosome production, is a physiological process in normal pregnancy and the normal balance between inflammation and suppression is slightly tilted towards a light inflammation that could be beneficial both for infection protection during pregnancy and also for upregulation (20) of the exosome production and secretion as reviewed in (12). We were first to report that interaction of NKG2D ligand-bearing placental exosomes with the NKG2D receptor causes a selective and dose-dependent downregulation of the receptor on NK-, CD8+T- and γδT cells. The “decoy” action of these exosomes only internalizes the cognate receptor leaving the perforin-dependent lytic machinery intact. The cells are therefore able to restore the receptor expression and the cytotoxic potency when they re-enter the peripheral blood circulation, away from the feto-maternal unit (18, 19). This sophisticated modulation of the NKG2D-mediated killing ensures the protection of the fetus from maternal cytotoxic attack.



FasL- and Trail-Expressing STB Exosomes Induce Apoptosis in Activated Immune Cells thus Maintaining the Immunologic Privilege of the Fetus

Apoptosis is one of the proposed mechanisms of tolerance in implantation and pregnancy (33). Apoptosis is detected in placenta throughout pregnancy and has been shown to participate in trophoblast invasion, differentiation and turnover during placental formation (34), and in the creation of maternal immune tolerance towards the fetus (35–37). FasL and TRAIL are constitutively expressed in human placenta (38–40). Our morphologic studies reveal that their expression is restricted to the MVBs of STB where these molecules are released on exosomes as illustrated in Figure 2 (14, 41). Furthermore, these molecules are expressed on the exosomal surface as oligomerized hexamers ready to form DISC complexes and initiate apoptosis (41). Functional in vitro studies show that the FasL and TRAIL-bearing STB exosomes induce apoptosis in activated lymphocytes in a dose-dependent manner (41, 42). The physiological importance of these molecules in pregnancy is associated with the immune privilege of the fetus, and is governed by mechanisms similar to those in other immune privileged sites, the eye being the site more thoroughly studied (43–45). Activated maternal lymphocytes, potentially dangerous to the fetus, are eliminated by apoptosis. The non-inflammatory apoptotic cell-death induction, associated with immune privilege, is only possible if expression and aggregation of these pro-apoptotic molecules is provided on the exosomal membrane, avoiding FasL and TRAIL expression on the cellular membrane that either provokes inflammation or rejection; or generates soluble molecules, able to block apoptosis (46–48). Thus, the apoptotic activity, necessary for the maintenance of the immune privilege of the fetus is linked to the placenta’s exosome-secreting ability.




Figure 2 | EM and IEM micrographs showing IHC- (A, B) and immunogold (C) staining of syncytiotrophoblast and isolated exosomes. (A) Syncytiotrophoblast stained for FasL. (B) Exocytotic MVB, stained for TRAIL, opens up and releases exosomes into the extracellular space. (C) Isolated STB exosomes, stained by negative contrast, showing their morphology, and stained by immunogold, showing FasL and TRAIL expression on their surface. Anti-CD63 staining identifies that the isolated extracellular vesicles are exosomes, and anti-placental alkaline phosphatase (PLAP) staining verifies that the exosomes have STB origin. Arrow points at two MVB filled with FasL stained exosomes. Arrowheads point at FasL stained perinuclear membranes. Bars represent 100 nm. Reproduced with copyright permission from ref. (41).





PD-1 Ligand-Carrying STB-Derived Exosomes Participate in Immune Checkpoint Interactions in Pregnancy

Activation of the immune system to defend against harmful antigens is accompanied by inflammation and tissue damage. To minimize these side effects, immune checkpoint molecules, such as CTLA-4, TIM-3 and PD-1, are negative regulators of the immune response. They exhaust effector cells and enhance T regulatory cell and thereby promote tolerance and tissue homeostasis. The immunological challenge of mammalian pregnancy evokes the question for a possible role of immune checkpoint molecules in the maternal immune tolerance towards the fetus. CTLA-4, TIM-3 and PD-1 have been studied in pregnancy by different in vivo and in vitro approaches in animal and human experiments as reviewed in (49). The role of STB exosomes in PD-1/PD-L1 checkpoint pathway has been extensively studied (49–53). PD-1/B7 is a transmembranal receptor on T-, B-, NK- and antigen presenting cells. Upon binding to its ligands PD-L1/B7-H1 and PD-L2/B7-H2, expressed on immune cells and tissues, such as placenta, heart, and spleen, a strong inhibitory signal is generated downregulating effector cell activation. PD-L1/B7-H1 and PD-L2/B7-H2 ligands are upregulated by inflammatory cytokines and INF-γ (49). PD-L1/B7-H1 is differentially expressed by extravillous- and syncytiotrophoblast throughout pregnancy (50–52). While the PD-L1/B7-H1 expression on extravillous trophoblast diminish, the STB expression enhances to higher and higher levels as the pregnancy progresses. It is likely regulated by local oxygen tension and cytokines such as IFN-γ (50–52). Solid evidence shows that the PD-L1 and 2 are processed through the endosomal compartment and released from the placenta via exosomes (50–53) thus expression of PD-L1 and 2 on other EV, such as STBM, would be unlikely, and if shown, might be due to contamination in the isolation procedure. The suggested role of PD-L1 and 2-carrying exosomes (50–53) is to downregulate/exhaust maternal immune effector cells potentially dangerous to the fetus and to prime naïve cells to T regulatory cells (Treg) by binding to the cognate PD-1 receptor on maternal immune cells. In support of the latter, there are several studies reporting enhanced numbers of Treg cells in human (54–57) and murine (58) normal pregnancy decidua, their role being to promote maternal-fetal tolerance.



Discussion and Concluding Remarks

The maternal-fetal tolerance is not a uniform event but comprises a “jigsaw puzzle” of molecules and mechanisms that regulate the maternal immune system and ensure the successful implantation, development and growth of the semiallogeneic fetus. STB-derived exosomes secreted throughout pregnancy provide one such mechanism protecting the feto-maternal unit from immune attack. A schematic presentation of the structure of a placental exosome expressing these and other proteins and nucleic acids is shown in Figure 3. Three sets of defined signaling protein signatures, carried on STB-exosomes and involved in three major immune pathways are highlighted here. Analyses of these protein/ligand signatures, i.e. (i) MICA/B and ULBP 1-5, ligands of the major activating NK-cell receptor NKG2D; (ii) oligomerized hexamers of FasL and TRAIL, ligands of the Fas- and TRAIL receptors; and (iii) PD-L1 and L2 ligands of the immune checkpoint molecule PD-1, on isolated exosomes can be used for diagnostic purposes to distinguish exosomes with immunoinhibitory function. It is intriguing to realize that placenta protects the fetus by secreting these signaling molecules, ligands to receptors in important basic immune responses, on exosomes. A logical question will be why are these ligands preferably expressed on exosomes and would this be an effective way for modulation of the maternal immune response? Exosomal secretion is a non-classical form of secretion, processed through the endosomal cellular compartment that differs from the “classical” excretory pathway. There are many advantages using exosomes as molecule carriers for intercellular cross-talk and intervention in biological mechanisms: (i) the endosomal processing and anchoring molecules on the exosomal membrane preserve their three dimensional structure and thus their biological activity; (ii) the signaling contact with the receptor is delivered “by proxy”, there is no need for cell-to-cell contact; (iii) the cargo molecules are packaged and concentrated on and in nanometer-sized vesicles which provides higher concentrations of the carried molecules and prevents dilution below the threshold level of activity; (iv) there is good protection of the cargo inside the exosomes due to a very stable exosomal membrane; (v) molecules are recirculated and reused thus there is no dependence of “de-novo” protein synthesis, and last but not least (vi) exosomal secretion comprise an instant delivery of biological effects at a distance (12, 13, 16, 21, 22). Are these advantages important for pregnancy? “Soluble” NKG2D ligands, expressed on the exosomal membrane, besides preserving their tri-dimensional structure and function, seem to be far more potent as receptor down modulators compared to soluble MMP-cleaved ligands (59, 60). The explanation for that is enrichment of the concentration of the same ligand on the exosomal membrane and a probability of expressing several other NKG2D ligands on the same exosome, thus making it a multipotent ligand carrier, impairing the cytotoxic potency of NK and cytotoxic T cells to a greater extent, which will be beneficial to pregnancy. Furthermore, exosomes carrying oligomerized FasL and TRAIL instantly induce apoptosis while FasL and TRAIL expressed on the plasma membrane lose their apoptotic activity and on the contrary, provoke inflammation and promote allograft rejection (41, 48).




Figure 3 | Schematic presentation of a putative STB-derived exosome and a summary of the immunosuppressive signatures, discussed in this review.



In Figure 4, the interaction of the immunoinhibitory protein signatures on STB exosomes with cytotoxicity, apoptosis and immune checkpoint regulation, is illustrated. As can be seen, the NKG2D-mediated cytotoxicity is downregulated by internalization of the NKG2D receptor; activated immune cells expressing Fas- or TRAIL receptors are eliminated by apoptosis and exosomal PD-L1 and 2 interaction with PD-1 leads to suppression of effector cells and priming of Treg. Common for these protein signatures is that they facilitate immune escape and are not only found on STB exosomes but also carried by exosomes, produced by the vast majority of cancer cells. Pregnancy and cancer do have a similar goal - immune escape of the fetus from the immune system of the mother and of the cancer from the immune system of the host.




Figure 4 | Electron micrograph of STB exosomes isolated from supernatants of placental explant cultures and schematic presentation of their role in three immune mechanisms – NKG2D-mediated cytotoxicity, apoptosis and immune checkpoint regulation.



The immune inhibition carried out by STB exosomes is selective: (i) the modulation of cytotoxicity is limited to the internalization of the NKG2D receptor, the cytotoxic machinery of the effector cells remains intact (ii); the induction of apoptosis is directed only against activated Fas- or TRAIL receptor-expressing lymphocytes; and (iii) ligation to the immune check point molecule PD-1 promotes generation of Tregs. The highest concentration of STB exosomes is in the intervillous maternal blood and decreases with an increasing distance from the placenta. The continuous release of STB exosomes creates an exosomal concentration gradient, a shield of exosomes around the feto-placental unit where the protection against maternal immune attack is strongest at the feto-maternal interface, i.e. in the immediate vicinity of the chorionic villi. Since the turnover of exosomes is short, their inhibitory influence on maternal immunity would be “fading away” in the systemic maternal circulation. This could be one of the explanations that although the maternal immunity during pregnancy is down regulated it is not completely blunted. The pregnant woman is “semi-immunocompromised”, i.e. sensitive to infections but still able to mount a modified immune response. This immune compromise is also reflected in the fact that pregnant women are at a higher risk for development of hematological malignancies such as leukemias and lymphomas, and breast cancer during and in connection to the gestational time. The partial impairment of the maternal immune defense during pregnancy is the price paid for the complicated, hemochorial mode of reproduction which is required for provision of huge amount of oxygen and nutrients needed for the development of the highly sophisticated human brain. The focus of this review was on the effect of STB exosomes on three major immune mechanisms amongst a plethora of other exosomal functions, not mentioned here. In conclusion, the constitutive placental production and secretion of STB exosomes, carrying immunosuppressive signatures, provide a well-tuned modulation of the maternal immune response and guard the homeostasis of normal pregnancy.
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Its semi-allogeneic nature renders the conceptus vulnerable to attack by the maternal immune system. Several protective mechanisms operate during gestation to correct the harmful effects of anti-fetal immunity and to support a healthy pregnancy outcome. Pregnancy is characterized by gross alterations in endocrine functions. Progesterone is indispensable for pregnancy and humans, and it affects immune functions both directly and via mediators. The progesterone-induced mediator - PIBF - acts in favor of Th2-type immunity, by increasing Th2 type cytokines production. Except for implantation and parturition, pregnancy is characterized by a Th2-dominant cytokine pattern. Progesterone and the orally-administered progestogen dydrogesterone upregulate the production of Th2-type cytokines and suppress the production of Th1 and Th17 cytokine production in vitro. This is particularly relevant to the fact that the Th1-type cytokines TNF-α and IFN-γ and the Th17 cytokine IL-17 have embryotoxic and anti-trophoblast activities. These cytokine-modulating effects and the PIBF-inducing capabilities of dydrogesterone may contribute to the demonstrated beneficial effects of dydrogesterone in recurrent spontaneous miscarriage and threatened miscarriage. IL-17 and IL-22 produced by T helper cells are involved in allograft rejection, and therefore could account for the rejection of paternal HLA-C-expressing trophoblast. Th17 cells (producing IL-17 and IL-22) and Th22 cells (producing IL-22) exhibit plasticity and could produce IL-22 and IL-17 in association with Th2-type cytokines or with Th1-type cytokines. IL-17 and IL-22 producing Th cells are not harmful for the conceptus, if they also produce IL-4. Another important protective mechanism is connected with the expansion and action of regulatory T cells, which play a major role in the induction of tolerance both in pregnant women and in tumour-bearing patients. Clonally-expanded Treg cells increase at the feto-maternal interface and in tumour-infiltrating regions. While in cancer patients, clonally-expanded Treg cells are present in peripheral blood, they are scarce in pregnancy blood, suggesting that fetal antigen-specific tolerance is restricted to the foeto-maternal interface. The significance of Treg cells in maintaining a normal materno-foetal interaction is underlined by the fact that miscarriage is characterized by a decreased number of total effector Treg cells, and the number of clonally-expanded effector Treg cells is markedly reduced in preeclampsia. In this review we present an overview of the above mechanisms, attempt to show how they are connected, how they operate during normal gestation and how their failure might lead to pregnancy pathologies.
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Introduction

The foetus expresses paternal antigens. These are recognized as foreign, but (at least during normal pregnancy) are not attacked by the maternal immune system (1). Immunological recognition of pregnancy initiates a series of changes, which eventually result in a tolerant immunological attitude toward the foetus. Several players of the immune system, such regulatory T cells, NK cells and cytokines contribute to creating a favourable environment for the foetus, and many of these functional alterations are orchestrated and controlled by progesterone.



Progesterone-Dependent Immunoregulation

In most mammals, progesterone is essential for implantation as well as for the maintenance of gestation. The genomic action of progesterone depends on two nuclear progesterone receptor (PR) isoforms, PRA and PRB (2, 3). Our understanding of their functions stems from studies on progesterone receptor knock-out mice which show that the absence of PRA results in infertility (4, 5), while the PRB isoform mediated effects control mammary gland development (6). PRs are also required for establishing a tolerant immunological milieu in the endometrium (7). Peripheral blood NK cells express both classical PR isoforms (8), and others have also reported on the presence of either nuclear, or G-protein coupled membrane progesterone receptors on lymphocytes (9–12). The latter rapidly alter cell signalling, while nuclear PRs act via gene induction. Pregnancy lymphocytes, but not lymphocytes from non-pregnant, women express PRs (13, 14). The majority of PR + cells belonged to the γ/δ T cell population, and treatment of the lymphocytes with anti γ/δ TCR antibody inhibited PIBF- as well as IL-10 production (14).

During normal pregnancy, the percentage of PR-positive cells among circulating lymphocytes increases by gestational age. In peripheral blood of women with recurrent miscarriage, the percentage of PR expressing cells is significantly lower than in that from women with uneventful pregnancies (13, 14), suggesting a relationship between the presence of PR+ lymphocytes and the outcome of pregnancy.

Resting lymphocytes do not express PRs, while lymphocytes exposed to activating stimuli express PRs (15). Lymphocyte immunotherapy for recurrent miscarriage increased the expression of PR on maternal lymphocytes (16) and lymphocytes of transplant patients have also been shown to express PRs (17), Taken together, these data indicate that PR expression in immune cells, is activation-related.

The progesterone-induced blocking factor (PIBF) is one of the progesterone-regulated genes and the resulting protein is accountable for several of the immunomodulatory effects of progesterone. The mRNA transcribed from the PIBF1 gene contains 18 exons, and codes for a 90 kDa protein (18). The 90 kDa form has been shown to have a peri-nuclear localization within the cell, as a component of the peri-centriolar satellite (19, 20). Smaller isoforms produced by alternative splicing are localized in the cytoplasm (18). The full-length molecule and the smaller isoforms convey different functions, the former regulating cell invasion (21, 22), and the latter responsible for the immunomodulatory effects.

Progesterone and PIBF play key roles in establishing the Th2 dominant cytokine balance during normal pregnancy. Progesterone induces naïve T cells to differentiate into Th2-type cells (23), and PIBF signals via the IL-4 receptor. Upon engagement, the PIBF receptor forms a heterodimer with the alpha chain of the IL-4 receptor and activates the Jak1/Stat6 pathway (24). Signalling via the IL-4 receptor increases Th2 type cytokine production, by which PIBF contributes to the Th2 dominant cytokine pattern during normal pregnancy. PIBF-treated spleen cells of non-pregnant female mice produce significantly more IL-4 and IL-10 than those in the absence of PIBF (25). In lymphocytes from women with recurrent miscarriage progestogens and PIBF induce a Th2 biased cytokine production (26, 27). Furthermore, progestogen treatment of peripheral blood mononuclear cells (PBMC) from women with pre-term delivery induces a Th2 dominant cytokine pattern (26, 27). The T cells of PIBF-deficient pregnant mice differentiate towards Th1 (28).

Several studies suggest that progesterone is an important regulator of Th1/Th2/Th17 and Treg immunity (29–31). Progesterone affects Treg cell generation, either directly or by altering the function of other cells, e.g., by inducing tolerogenic DCs, which leads to the generation of CD4+ and CD8+ Treg cells (32). Membrane PRs have been detected in Tregs isolated from pregnancy blood, and the number of PR+ Tregs has been shown to increase during gestation and drop before delivery. These data suggest, that the anti-inflammatory action of progesterone through Treg cells might be important for maintaining pregnancy (33)

The relationship between progesterone-dependent immunomodulation and pregnancy outcome has been demonstrated by several animal and clinical studies. PIBF induces decidualization of mouse endometrial stromal cells; furthermore, the peak of PIBF expression in the mouse endometrium corresponds with the implantation window (34).

Depletion of PIBF during the peri-implantation period in mice results in reduced implantation- and increased resorption rates, together with increased decidual and peripheral NK activity; this also results in a significant downregulation of the genes required for T cell activation in CD4+, and an upregulation in CD8+ cells. Simultaneously, in animals treated with anti-PIBF antibodies, the gene for IL-4 is significantly downregulated in CD4+ cells while that of IL-12A is upregulated in CD8+ cells (28). In a preeclampsia rat model, PIBF treatment normalized the Th1/Th2 ratio, reduced the inflammation, corrected the blood pressure and prevented foetal growth restriction (35).

In IVF patients PIBF is detectable in the serum 14 days after embryo transfer (36). During normal human pregnancy, the serum concentrations of PIBF increase with gestational age; lower than normal concentrations predict spontaneous pregnancy termination (37, 38). In women with unexplained miscarriages decidual PR and PIBF expression, as well as serum PIBF concentrations are significantly lower than in healthy pregnant women and all of these parameters show a positive correlation with the number of peripheral γ δ T cells (39).

Taken together, data from both human studies and animal models show that the immunomodulatory action of progesterone is indeed a prerequisite for normal gestation.



Cytokines and the Maintenance of Pregnancy

Healthy pregnancy is associated with an enhancement of humoral immunity and a downregulation of cell-mediated immunity; this is quite likely due to a down-regulation of Th1 reactivity cytokines and upregulation of Th2 reactivity cytokines (40–42). This shift away from Th1 reactivity and Th1 cytokines is suggested to be conducive to the success of pregnancy, as Th1-type cytokines have a deleterious effect on the conceptus. The administration of single low doses of the inflammatory Th1 cytokines TNFα and IFNγ into pregnant mice causes abortions while the injection of anti-TNFα antibodies reduces abortion rates in an immunologically-driven mouse abortion model (43). TNFα and IFNγ inhibit the outgrowth of human trophoblast cells in vitro (44) and induce apoptosis of human trophoblast cells (45).

Spontaneous miscarriage is defined as a pregnancy loss in the first 20 weeks of gestation, while recurrent spontaneous miscarriage (RSM) as two or more miscarriages before the 20th week of gestation (46). About 60% of the cases of RSM are “unexplained”, and researchers have explored immunologic factors that may account for RSM in the absence of genetic, infectious and endocrinologic background. The contribution of maternal humoral and cell-mediated immune factors has been studied in the development of RSM. The foeto-placental unit appears to be invulnerable to attack by humoral immune factors except for anti-phospholipid antibodies which are clearly implicated in a distinct group of RSM cases. Maternal cell-mediated immune effectors that have been studied in maternal peripheral blood and in utero-placental tissues include T lymphocytes, macrophages and natural killer (NK) cells. Cytokines in particular have received a great deal of attention in this context. Considering that cytokines mediate a remarkable range of immune responses including immunity to infections, rejection of allografts, autoimmune diseases and hypersensitivity, it is not surprising that cytokines also affect the maternal-fetal relationship.

When stimulated with human trophoblast antigens, peripheral lymphocytes from women with a history of RSM secrete markedly higher levels of Th1 cytokines with embryotoxic activity (47). Blood lymphocytes stimulated with a mitogen (48) or by co-coculture with placental cells (49) from healthy pregnant women produce significantly higher levels of the anti-inflammatory Th2 cytokines IL-4, IL-5 and IL-10, while women with unexplained RSM produce significantly elevated levels of the pro-inflammatory cytokines IL-2, IFNγ and TNFα. The ratios of inflammatory/anti-inflammatory cytokines are higher in RSM patients, supporting the notion of Th1 or pro-inflammatory cytokine dominance in RSM and a stronger Th2-bias in healthy pregnancy (50). Observations similar to these in the peripheral blood have been made at the maternal-fetal interface; lower levels of T cell clones producing anti-inflammatory cytokines were reported in the decidua of women with unexplained RSM than in the decidua of women with normal pregnancy (51). The expression of pro-inflammatory cytokines is upregulated in the endometrium, while that of anti-inflammatory cytokines is downregulated in women with unexplained recurrent miscarriage as compared to healthy controls (52). It can be inferred therefore that unexplained RSM is associated with a greater bias towards Th1 or pro-inflammatory cytokines (53, 54); and thus, there is ample support for an increased pro-inflammatory cytokine bias in unexplained recurrent miscarriage (47–53).



Manipulation of Cytokine Profiles

The demonstration of an association between pro-inflammatory cytokines and recurrent miscarriage has spurred research on the downregulation of these cytokines, and upregulation of anti-inflammatory cytokines to create a favourable immunological environment for the foetus. We can consider the use of the pregnancy-related hormone progesterone, which was shown as early as in 1983, to have anti-inflammatory and immunosuppressive properties (55) because of which it was referred to as “Nature’s immunosuppressant” (56). Progesterone suppresses several cell-mediated immune activities including the activation and proliferation of lymphocytes (57) and reverses many of the events that occur during T cell activation (58).

Given that pro-inflammatory cytokines are associated with RSM (47–53) and that progesterone has interesting immunomodulatory effects (55–58), progestogens have been explored for their ability to inhibit or down-regulate the production of Th1/pro-inflammatory cytokines. This includes research on the immunomodulatory capacity of dydrogesterone (6-dehydro-9β, 10α-progesterone) (Duphaston®, Abbott Laboratories, USA), an orally-administered progestogen, which is similar to endogenous progesterone in its molecular structure and pharmacological effects, but more potent than natural progesterone, with a high affinity for the progesterone receptor (59).

PBMC from women with a history of unexplained RSM when cultured with dydrogesterone produce significantly lower levels of the Th1 (pro-inflammatory) cytokines IFNγ and TNFα, and significantly higher levels of the Th2 cytokines IL-4 and IL-6 (26). A significant reduction in Th1/Th2 cytokine ratios is observed, indicating a decrease in dominance of Th1 or pro-inflammatory cytokines. The progesterone-receptor antagonist RU486 inhibits the cytokine-modulating effects of dydrogesterone indicating that these effects are mediated via the progesterone receptor (26).

A recent study showed that dydrogesterone is able to suppress the production of the pro-inflammatory cytokine IL-17 (60), a powerful chemoattactrant and activator of monocytes and neutrophils. IL-17 treatment of pregnant mice results in foetal loss suggesting that this inflammatory cytokine is antagonistic to pregnancy (61). Elevated levels of IL-17 have been observed in the peripheral blood and decidua of RSM patients (62). The incidence of unexplained RSM is associated with an increase in the level of serum IL-17 and the Th17/Treg ratio cells in peripheral blood and the maternal-fetal interface (63). Thus, dydrogesterone clearly has interesting potent immunomodulatory properties. Dydrogesterone is converted into its major metabolite 20[alpha]-dihydrodydrogesterone (DHD) which has also been shown to be capable of inhibiting the production of IFNγ and TNFα and upregulating the production of IL-10 (64). This is an important beneficial feature for dydrogesterone to be considered as a therapeutic immunomodulator.

The pro-inflammatory cytokines that are downregulated by dydrogesterone are the ones that are deleterious to pregnancy; thus, the ability of progestogens to inhibit the production of these cytokines can be projected to be conducive to healthy pregnancy.



Supplementation With Dydrogesterone: Clinical Applications

Substantial attention has been focused on exploring the benefits of supplementation with oral progesterone in treating miscarriage (65–67). However, it should be noted that orally-administered progesterone has the disadvantages of being absorbed poorly, having a short biologic half-life (68), losing bioactivity (69) and getting cleared quickly (70). On the contrary, the orally-active progestogen dydrogesterone is a potentially more attractive alternative as it does not suffer from these disadvantages (71). Dydrogesterone continues to retain its immunomodulatory activity even after it is converted to its major metabolite (64). Furthermore, the anti-androgenic properties of dydrogesterone helps to avoid the masculinization of female foetuses (59, 71).

Supplementation with dydrogesterone has been reported to be beneficial in recurrent miscarriage. A randomized, double-blind, placebo-controlled study on dydrogesterone supplementation by Kumar and colleagues demonstrated a significant decrease in the number of miscarriages and an increase in the mean gestational age at delivery (72). Carp conducted a systematic review of randomized trials on dydrogesterone and reported a 10.5% miscarriage rate after dydrogesterone administration and a miscarriage rate of 23.5% in control women; he concluded that there is a significant reduction of 29% in the odds for miscarriage with dydrogesterone when compared to standard care (73). A systematic review and meta-analysis of ten randomized controlled trials by Saccone and colleagues showed that women who received progestogens had a lower risk of recurrent miscarriage (RR 0.72, 95% CI 0.53-0.97) as well as a higher live birth rate (RR 1.07, 95% CI 1.02-1.15) when compared to those who did not (74).

In fact, Schindler suggests that progestogens like dydrogesterone may be considered for preventing or treating a variety of pregnancy complications such as threatened miscarriage, recurrent (habitual) miscarriage, preterm labour and preeclampsia (75).

Thus, dydrogesterone is an immune-modulator that shifts the balance from a Th1 or pro-inflammatory cytokine bias towards a Th2 or anti-inflammatory bias, a milieu favourable to the success of pregnancy. Dydrogesterone may be therefore be considered for effective, safe and orally-administered therapy in unexplained recurrent spontaneous miscarriage.



IL-17 and IL-22: A Double-Edged Sword for Pregnancy

The Th1/Th2 paradigm has recently been expanded into the Th1/Th2/Th17 and regulatory T (Treg) cells paradigm (42), in which Th2 and T reg cells are responsible for maternal tolerance toward foetal alloantigens, while Th1 and Th17 cells are accountable for spontaneous abortion. However, the role Th17 cells in the Th1/Th2/Th17 and T reg paradigm in pregnancy has not been completely clarified. It appears that the Th17-type cytokines IL-17 and IL-22 together could have both a positive and a negative impact on pregnancy and could thus represent a double-edged sword.

The IL-17 family of cytokines consists of 6 proteins (IL-17A to IL-17F). IL-17A is the hallmark cytokine of Th17 cells, which also produce IL-17F, IL-22 and IL-21. IL-17 is also produced by CD8+cells and by tissue-resident innate cells such as NK, NKT, Tγδ, ILC3 cells (76), by placental macrophages (77), ILC3 (78) and cytotrophoblast and syncytiotrophoblast from normal term pregnancy, spontaneous miscarriage and molar pregnancy (79). IL-1β and IL-23 effectively enhance (80, 81), while IFN-γ, IL-4, and IL-27 suppress (82, 83) the generation of human Th17 cells.

The pathogenic role of IL-17 cells has been suggested in several chronic inflammatory disorders (76, 84). However, its potent inflammatory activity is mostly due to its ability to recruit immune cells, as well as to its synergistic actions with other pro-inflammatory cytokines such as TNF, IL-1β, IFN-γ, GM-CSF, IL-22.

By recruiting and activating neutrophils, IL-17A and IL-17F are significant players in the physiological immune response against extracellular bacteria and fungi (76).

Because of its role in early stage acute allograft rejection (62, 85–87) the possible contribution of IL-17 in foetal allograft rejection, and its accountability for spontaneous abortion has been the focus of intensive research in the last decade. Th17 cells were significantly upregulated, while Treg cells were downregulated in abortion-prone mice. Furthermore, intraperitoneal injection of recombinant IL-17 induced foetal loss in a normal mouse model, and an anti-IL-17 antibody prevented foetal loss in the abortion prone mouse model (61). Thus, IL-17 seems to be a central player of spontaneous abortion in mice. Th17, CD8 T and NKT cells (which have also been identified as the cellular source of IL-17A in pregnant mice), but not γδ T-cells, could have had an impact on fetal development (88).

In the peripheral blood and decidua of patients with unexplained recurrent miscarriage, the number of IL-17-producing CD4+ T cells was found to be increased, whereas that of T reg cells decreased, compared to healthy control subjects (62). IL-27, a suppressor of Th17 cells, decreased in deciduas of patients with unexplained recurrent abortion compared to spontaneous abortion and controls subjects (87). In agreement with these findings, an increase in the Th17/Treg ratio at the maternal-fetal interface in women with unexplained recurrent miscarriage suggested the contribution of Th17 to the loss of maternal-foetal immune tolerance (63, 89).

Although all these findings seem to indicate the deleterious effect of IL-17 on pregnancy, IL-17 accountability for foetal allograft rejection and spontaneous abortion is not evident.

Nakashima et al. (90) reported no significant differences in the number of decidual IL-17+ T helper cells between missed abortion cases without genital bleeding, and normal pregnancies. The increased number of decidual IL-17+ T cells was only observed in abortion complicated with genital bleeding. The authors suggested that after embryonic death, increased IL‐1 or IL‐6 production and decreased TGF‐β production might increase the number of Th17 cells and decrease those of T reg cells in the uterus (42, 90).

None of these prior investigations consider the possibility that Th17 cells might exhibit plasticity. In fact, naive CD4+CD161+ T cells, precursors of Th17 cells (83) could differentiate into Th17, Th17/Th1, and finally into Th1 cells in response to IL-12, or to the prolonged exposure to IL-23 (91, 92). Th17/Th2 cells originate from circulating memory CCR6(+)CD161(+)CD4(+) T cells in the presence of an IL-4-rich microenvironment (93). More recently, a high number of decidual Th17/Th2 cells have been detected at the implantation site in successful pregnancy, whereas Th17/Th1 cells and “proper” Th17 cells were prevalent in RSM during the first trimester miscarriage of normal karyotype foetuses (94). In line with these results, the association of IL-17 and IFNγ production has been demonstrated in the serum of infertile women who had not conceived after embryo transfer in ART (95). Noteworthy is the observation that the levels of IL-4, IL-17A and IL-17F produced by the CD4+ T cells at the implantation site were higher than the levels of these cytokines distant from the embryo implantation site (94). The differentiation of Th17 cells into Th17/Th2 cells at fetal maternal interface is due to soluble HLA-G5, a non polymorphic class I molecule produced by embryo and cytotrophoblast cells (94). Thus, decidual Th17 cells are not necessarily deleterious, and can even be beneficial for pregnancy, if they also produce IL-4.

This raises the question, why prior investigations showed an increased number of IL-17-producing CD4+T cells in the decidua of patients with unexplained RSM compared to healthy control subjects. If Th17, Th17/Th2 and Th17/Th1 cells are not separately investigated within the IL-17+ CD4+ T cell population, the percentage of IL-17-producing CD4+ T cell clones derived from the decidua of RSM patients (59%) is statistically increased compared to the percentage of decidual IL-17-producing CD4+ T cell clones from normal pregnancy (23%) (p=0.000001) (Piccinni MP et al, unpublished data).

Although these results are statistically significant, these superficial investigations show only a partial image of what happens at fetal-maternal interface and this could lead to incorrect conclusions. In fact, not all the IL-17-producing CD4+ T cells are harmful for pregnancy and IL-17 is not regularly associated with spontaneous abortion. In agreement with this, it has been shown recently that serum IL-17 levels increased in the healthy pregnant women compared to miscarriage (96). The potential role of IL-17 in sustaining pregnancy has already been reported. IL-17 may promote an adequate response to protect the mother from extracellular pathogens (97). Other cells, as γδ T cells producing IL-17 also contribute to the prevention of intrauterine infection (98). More importantly, IL-17 produced by T helper cells favours pregnancy by promoting proliferation and invasion and by inhibiting the apoptosis of human trophoblast cells during the first trimester of pregnancy (99) (Figure 1). Thus, the success of pregnancy seems to depend on the increased activity of Th2-Th17/Th2-Treg cells and decreased activity of Th1-Th17/Th1cells.




Figure 1 | Positive roles of IL-17 and IL-22 at maternal fetal interface of successful pregnancy. In successful pregnancy where IL-17 is produced in association with IL-4 by Th17/Th2 cells stimulated by trophoblast-derived HLA-G5, IL-17 could have a positive influence on pregnancy, by inducing trophoblast proliferation and invasion and by protecting the mother from extracellular pathogens, responsible for miscarriages. IL-22, when it is produced in association with IL-4, could also positively affect pregnancy by repairing damage of the trophoblast cells, by inducing the proliferation, survival and decreased apoptosis of trophoblast cells and by stimulating epithelial cells to secrete antimicrobial peptides supporting the defense against pathogens.



Interestingly, immunoregulatory factors derived from the placenta could selectively inhibit the simultaneous production of IL-17 and IFNγ by activated T cells (100), and may control the harmful amplification of Th17/Th1 cells in pregnancy.

Based on these results, a more rigorous evaluation of the role of IL-17 in sustaining normal pregnancy is required. More so because emerging data point to a pathogenic role of IL-17 in pre-eclampsia and pre-term birth. The role of IL-17 in preterm labour associated with subclinical infection and increased pro‐inflammatory cytokines in amniotic fluid and decidual tissue remains unclear. In preterm labour, IL-17 produced by T cells has been shown to promote inflammation at the foeto–maternal interface (101). By contrast women with preterm contractions and preterm deliveries showed significantly decreased serum IL-17 levels as compared to normal pregnancies with term deliveries (102). Pre-eclampsia (PE) is associated with exaggerated systemic inflammatory changes and poor angiogenesis. Higher levels of circulating Th17 cells, which could induce strong systemic inflammatory changes and vascular endothelial dysfunction, have been observed in preeclamptic women compared to women with normal pregnancy (42, 103–107). Not only Th17 cells but also Th22 cells have been shown to be involved in the pathophysiology of PE. A positive correlation has been found between the number of Th22 cells and Th17 cells in PE patients (107). Some researchers have reported decreased plasma IL-17 levels (108) or no difference (109) in PE patients compared to healthy pregnant women. Interestingly, others postulated that the increased IL-17 levels observed in patients with preeclampsia are not associated with T cell subpopulations during pregnancy but associated with ILC-3 which, if dysregulated, may pose threats to the foetus (110). The prevalence of IL-17-producing CD4, CD8, ILC-3 and NK cells in pre-eclampsia, might indicate that both the innate and adaptive arms of the immune system could be involved in the development of the exaggerated maternal systemic inflammation observed in this pregnancy-specific disorder (111).

IL-22 is a member of the IL-10 family, which also includes IL-19, IL-20, IL-24, and IL-26 and IFNλ (112, 113). IL-22 is produced by T helper cells (Th1, Th17, Th22), CD8+ T cells and γδ T cells and also by NK cells, ILC3 cells and neutrophils (114, 115). The activation of the aryl hydrocarbon receptor (AHR) is required for the production of IL-22 (116). IL-22 exerts important functions in tissue repair as well as in host defense at mucosal surfaces. However, depending on the target tissue, its effects can be harmful due to its intrinsic pro‐inflammatory activities, which are further enhanced when released together with other pro‐inflammatory cytokines, in particular IL‐17 (117). In murine T helper cells, IL-22 expression is closely related to RORγT and IL-17 expression, and thus IL-22 is considered a Th17 cytokine. However, this relationship is much less evident in the human, where Th1 and Th22 cells are the main sources of IL-22 (117). Furthermore, in vitro Th22 cells may develop independently of the Th17 lineage while (similarly to Th17 cells), demonstrating a plasticity toward Th1- and Th2-type cells (118). Under Th1-promoting conditions in vitro, in vivo, Th22 cells produce IFN-γ, while under Th2 culture conditions in vitro they develop into IL-13-producing cells. Consistent with these results, the numbers of skin-homing IL-13– and IL-22–producing Th2/IL-22 and Tc2/IL-22 cells are elevated in subjects with Atopic Dermatitis (known to be driven by strong type 2 immune responses) (119–121).

IL-22 is involved in allograft rejection, by increasing the production of IFNγ by Th1 and Tc1 cells and decreasing the production of IL-10 by Treg and Th2 cells (122). Because of this, IL-22 could play a key role in miscarriage. Findings on the role of IL-22 in RSM are conflicting. Serum levels of IL-22 levels are increased in RSM patients (123, 124), while the expression of IL-22 mRNA is lower in the decidua of RSM patients compared to women with successful pregnancy (125). Human decidual IL-22 is also produced by NK 22 cells and IL-C3, controlled by their interaction with PD-1 ligand expressed by trophoblast cells (126, 127). IL-22 produced by IL-C3 could also be involved in the prevention of preterm labour (128, 129).

The percentage of IL-22-producing CD4+ T cells was higher in the decidua from successful pregnancy, than in the decidua of women with RSM (miscarriage of normal karyotype foetus), suggesting that there is a prevalence of IL-22-producing T helper cells in the decidua of successful pregnancy compared to RSM (130). Four subpopulations of CD4+ T cells producing IL-22 and also producing IL-4 (Th0/IL-22+, Th2/IL-22+, Th17/Th0/IL-22+ and Th17/Th2/IL-22+cells) were associated with successful pregnancy, whereas the only subpopulation of IL-22-producing CD4+ cells associated with RSM (Th17/Th1/IL-22+cells), did not produce IL-4 (130). In addition, serum IL-22 was positively correlated with serum IL-4 in successful pregnancy but not in RSM (130). At the implantation site the percentages of Th17/Th0/+IL-22 and of Th17/Th2/IL-22+CD4+ T cells were higher than those of T cells away from the implantation site (130). Moreover, mRNA expression for IL-4 and IL-22 and their respective transcriptional factors, GATA3 and AHR, were present at the implantation site, whereas the prevalence of mRNA expression for IFNγ and Tbet was observed in patients with ectopic pregnancy (130). Thus, the associated production of IL-22 and IL-4 at the implantation site seems to be essential for the success of pregnancy. The beneficial role of IL-22 for pregnancy has been investigated. As IL-22 is important for epithelial regeneration and wound repair (131, 132), by binding IL-22R1 present on trophoblast cells (133), IL-22 could act at the fetal maternal interface by repairing damage of trophoblast cells. The binding of IL-22 to its receptor could also directly stimulate trophoblast proliferation, survival and decrease its apoptosis (133). IL-22 could also contribute to defence against intrauterine infections responsible for pregnancy loss and for up to 40% of all preterm births, by its ability to induce the secretion of antimicrobial peptides. In fact, supplementation with recombinant IL-22 significantly improved the pregnancy outcome in mice that are challenged with intrauterine lipopolysaccharide treatment (128) (Figure 1).

Thus, similar to IL-17, IL-22 could be another cytokine essential for the maintenance of pregnancy when it is produced together with IL-4.



The Balance Between Immune Activation and Regulation in Pregnancy

Recognition of the semi-allogeneic foetus activates maternal decidual T cells and NK cells (134, 135). Extravillous trophoblasts (EVTs) express polymorphic HLA-C molecules on their surface, and foetal-maternal HLA-C mismatch is associated with decidual T cell activation (136), suggesting that maternal T cells recognize the foetus. Therefore, a mechanism to control rejection is needed for the maintenance of pregnancy. CD4+CD25+Fox3+ regulatory T (Treg) cells play a central role in the establishment and maintenance of allogeneic pregnancy in mice and humans (137, 138). During the implantation period depletion of Tregs results in implantation failure in allogenic-, but not in syngeneic pregnancy, suggesting that Treg cells are essential for successful implantation in mammals (139–141).

Activation of decidual CD8+ T cells (135) and paternal antigen-specific CD8+ T cells drives fetal resorption in mice (142), suggesting that immunoregulation is necessary to prevent foetal rejection. Kinder et al. reported that PD-1 and LAG-3 on foetal antigen-specific CD8+ T cells suppress the cytotoxic activity of CD8+ T cells (142). The balance between immunoregulation and immune activation is well-controlled in normal pregnancy, but dysregulated in implantation failure (141), miscarriage with normal karyotype foetuses (42, 62, 143), and preeclampsia (105, 144). Interestingly, decreased effector Treg- and increased effector activating T cell counts are observed in the decidua in miscarriages with normal foetal karyotypes, but not in miscarriages with abnormal fetal karyotypes (143). These findings suggest that immune imbalance might induce RSM of unknown etiology. Similarly, decreased effector Treg cells, increased exhausted Treg cells, and increased activated T cells were observed in preeclampsia (111), indicating immune activation, resulting in maternal and foetal complications.


Paternal- or Fetal-Antigens Specific Treg Cells and Cytotoxic T Cells in Pregnancy

Paternal antigen-specific tolerance is present during pregnancy and disappears after delivery (145). Treg cells play a central role in the induction of paternal antigen-specific tolerance (146). After delivery, paternal antigen-specific Treg cells decrease in number, but do not disappear, and in the second pregnancy with the same partner, these Treg cells expand more rapidly, than during the first pregnancy (146). A small number of maternal cells cross the placenta and accumulate in foetal lymph nodes (147). Foetal Tregs specific for maternal antigens suppress anti-maternal immunity of the foetus (147). Treg cells present after birth drive postnatal maternal antigen-specific tolerance. In the next generation, microchimeric maternal cells induce maternal antigen-specific tolerance. When a female offspring becomes pregnant with a partner who shares maternal major histocompatibility complex (MHC) antigens, a cross-generational tolerance is established, which prevents foetal loss in mice. Further studies are needed to confirm, whether a similar mechanism exists in humans (148).

Paternal antigen-specific Treg cells accumulate in the uterine draining lymph nodes before implantation, and increase in number in the uterus after implantation (149). Seminal plasma induces the expansion of paternal antigen-specific Treg cells and induces tolerance to paternal alloantigens (149, 150). These findings suggest that the use of condoms and short cohabitation are risk factors for preeclampsia because of insufficient induction of paternal antigen-specific tolerance due to poor seminal priming.

Fetal (paternal) antigen-specific CD8+ cytotoxic T cells (CTLs) are detectable in the first trimester and increase in number during pregnancy (54). These CD8+ T cells can lyse foetal antigen-expressing cells. The memory type of foetal antigen-specific CD8+ T cells persist after delivery (54, 142). However, foetal antigen-specific CD8+ T cells are exhausted during secondary pregnancies (151). PD-1 and LAG-3 on CD8+ T cells suppress cytotoxicity against foetal cells (142). Thus, the foetus is protected from maternal T cell attack by immune checkpoint molecules and Tregs.




The Similarity and Difference Between Fetal Antigen- and Tumour Antigen-Specific Treg Cells or Fetal Antigen- and Tumour Antigen-Specific Cytotoxic T Cells

It is challenging to detect foetal (paternal) antigen-specific Treg cells and CTLs in humans. Recent data show that clonally-expanded Treg cells and CTLs are surrogate markers of fetal- or tumour-antigen-recognized Tregs or CTLs (151–161). A single-cell-based T cell receptor (TCR) repertoire analysis method helps to detect clonally-expanded Treg cells or CTLs (151–153). Clonally-expanded Treg cells increase at the foeto-maternal interface (151) and in tumour-infiltrating regions (154, 155, 161). Clonally-expanded Treg cells are scarce in peripheral pregnancy blood, and the similarity of TCR repertoires of effector Treg cells between peripheral blood and decidua is very low (~ 0.2%) (151). However, in cancer the same clonally-expanded Treg cells expressing the same TCR are observed in peripheral blood, and similar TCR repertoires of Tregs are observed between peripheral blood and cancer lesions (161), suggesting that foetal antigen-specific tolerance is localized at the foeto-maternal interface, while tumour antigen-specific tolerance is established in the whole body. This immune condition may lead to distant metastases in cancer. This observation points to differences in immune responses in pregnancy and cancer.

A decreased number of total effector Treg cells is observed in miscarriages with normal foetal karyotype (151), and a decreased number of clonally-expanded effector Treg cells is observed in preeclampsia (151). These findings support the observation that first pregnancy, short cohabitation, and long-term interval from the last delivery are risk factors for preeclampsia but not for recurrent pregnancy loss. These epidemiological risk factors are related to poor induction of paternal antigen-specific Treg cells. Expansion of total Tregs could be considered for use in the therapy of unexplained recurrent pregnancy loss. Alternatively, the proliferation of paternal antigen-specific Treg cells might be used for the treatment of preeclampsia.

In cancer patients with high numbers of clonally expanded intra-tumour Treg cells, the survival rate is low (157), suggesting that clonally expanded Treg cells induce tumour-specific tolerance and tumour cells are thus protected by host T cell attack. This finding shows the similarity between pregnancy and cancer. Anti-PD-1 and anti-CTLA-4 antibodies are helpful for disrupting tumour-specific tolerance, and these antibodies are widely used in cancer treatments.

Clonally-expanded CTLs that recognize fetal antigens or tumour antigens are localized at the feto-maternal interface (152) and tumour tissues (153, 154, 157–160). The proportion of clonally expanded CTLs is higher in the decidua than in the peripheral blood (152). In miscarriage, the total volume of clonally expanded PD-1- CTLs increases in the decidua. The decreased total pool of Treg cells and increased PD-1- clonal CTLs in the decidua could induce fetal rejection, resulting in miscarriage. Alternatively, the number of PD-1hi clonally-expanded decidual CTLs is increased in the third trimester of normal pregnancy, but decreased in preeclampsia (152). Decreased numbers of clonally expanded Treg cells and reduced PD-1 expression on clonally-expanded CTLs could induce fetal rejection, resulting in preeclampsia (Table 1).


Table 1 | Tregs and cytotoxic T cells (CTLs) in normal pregnancy, complicated pregnancy and cancer patient.



In cancer patients, PD-1 is highly expressed in tumour-infiltrating CTLs. The frequency of clonally expanded CTLs is higher in tumour tissue than in peripheral blood, and the clonality rate in tumour-infiltrating PD-1+ CTLs is very high, indicating that tumour antigen-specific CTLs express PD-1, resulting in the survival of tumour cells (Table 1). This observation shows the similarity between normal pregnancy and cancer, and immunologic milieu in cancer patients with anti-PD-1 therapy is similar to complicated pregnancies such as implantation failure, miscarriage, and preeclampsia. Understanding reproductive immunology and cancer immunology is useful for establishing therapies for miscarriage, preeclampsia and cancer.



Conclusion

Reproduction is one of the most important factors for the survival of the animal kingdom, and therefore, the system responsible for maintaining gestation is over-insured. The interplay of several parallel mechanisms protects the semi-allogeneic foetus from harmful maternal immune reactions.

Progesterone, is not only indispensable for pregnancy, but also acts as an immuno-steroid. Several studies confirm that progestagen-treatment may have a beneficial effect in recurrent spontaneous miscarriage and threatened miscarriage. The major part of pregnancy is characterized by a Th2-dominant cytokine pattern. Progesterone upregulates the production of Th2-type cytokines and suppresses the production of embryo-toxic Th1 and Th17 cytokines. However, Th17 cells are not entirely harmful for pregnancy, because –depending on the cytokine milieu, they are able to differentiate to either Th17/Th1 or Th17/Th2 cells. Th17/Th2 cells support embryo implantation and pregnancy (94). The Th2 shift induced by progesterone favours the switch of Th17 cells into Th17/Th2 cells, while soluble HLA-G5 produced by embryo and extravillous cytotrophoblast directly induces the differentiation of Th17 cells into Th17/Th2 cells and stimulates the associated production of IL-17 A, IL-17F and IL-4 by T helper cells (94). When produced in association with IL-4, IL-22 can also favour pregnancy and embryo implantation (130) (Figure 1).

Treg cells express membrane progesterone receptors (mPRα) during pregnancy (162, 163), and human labour may be initiated by a decline in the number of mPR(α+) Treg cells (33). Progesterone has been shown to expand Treg populations by activating nuclear P4 receptors in mice (164) furthermore, it fails to induce Treg cells in nuclear progesterone receptor-deficient T cells (165). These data suggest that both nuclear and membrane progesterone receptors are involved in the mechanisms by which progesterone affects the generation and proliferation of regulatory T cells. Clonally-expanded Treg cells increase at the feto-maternal interface and induce a local, foetal antigen-specific tolerance, while miscarriage and preeclampsia are characterized by a decreased number of clonally-expanded effector Treg cells (Figure 2).




Figure 2 | Progesterone affects IL-17 cell differentiation and Treg cell function. By inducing Th2 dominant cytokine production, progesterone creates and IL-4 rich environment, which enables Th17 cells to differentiate to Th17/Th2 cells. Via membrane-or nuclear progesterone receptors progesterone stimulates the differentiation and proliferation of clonally expanded Treg cells.
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Mucosal-associated invariant T (MAIT) cells are an innate-like T cell subset with proinflammatory and cytotoxic effector functions. During pregnancy, modulation of the maternal immune system, both at the fetal-maternal interface and systemically, is crucial for a successful outcome and manifests through controlled enhancement of innate and dampening of adaptive responses. Still, immune defenses need to efficiently protect both the mother and the fetus from infection. So far, it is unknown whether MAIT cells are subjected to immunomodulation during pregnancy, and characterization of decidual MAIT cells as well as their functional responses during pregnancy are mainly lacking. We here characterized the presence and phenotype of Vα7.2+CD161+ MAIT cells in blood and decidua (the uterine endometrium during pregnancy) from women pregnant in the 1st trimester, i.e., the time point when local immune tolerance develops. We also assessed the phenotype and functional responses of MAIT cells in blood of women pregnant in the 3rd trimester, i.e., when systemic immunomodulation is most pronounced. Multi-color flow cytometry panels included markers for MAIT subsets, and markers of activation (CD69, HLA-DR, Granzyme B) and immunoregulation (PD-1, CTLA-4). MAIT cells were numerically decreased at the fetal-maternal interface and showed, similar to other T cells in the decidua, increased expression of immune checkpoint markers compared with MAIT cells in blood. During the 3rd trimester, circulating MAIT cells showed a higher expression of CD69 and CD56, and their functional responses to inflammatory (activating anti-CD3/CD28 antibodies, and IL-12 and IL-18) and microbial stimuli (Escherichia coli, group B streptococci and influenza A virus) were generally increased compared with MAIT cells from non-pregnant women, indicating enhanced antimicrobial defenses during pregnancy. Taken together, our findings indicate dual roles for MAIT cells during pregnancy, with an evidently well-adapted ability to balance the requirements of immune tolerance in parallel with maintained antimicrobial defenses. Since MAIT cells are easily activated, they need to be strictly regulated during pregnancy, and failure to do so could contribute to pregnancy complications. 




Keywords: mucosal-associated invariant T (MAIT) cells, pregnancy, innate-like T cells, decidua, T cells, immune tolerance, anti-microbial response, immunomodulation



Introduction

Pregnancy poses a unique challenge to the maternal immune system due to the semi-allogeneic nature of the fetus. Local immune adaptations occur early during pregnancy and serve to create a tolerant environment at the fetal-maternal interface to allow for successful implantation and tissue remodeling. The decidua, the maternal part of the fetal-maternal interface, is characterized by the presence of tissue homeostatic, M2-like macrophages, regulatory NK cells, and regulatory T cells, while other T cells as well as B cells are mainly excluded from this highly specialized environment (1, 2).

Systemically, immune regulation during pregnancy has been described as a shift of the Th1/Th2-balance towards a Th2-skewing of immune responses (3). However, other studies indicate that this is an oversimplification and suggest a general dampening of adaptive responses (3, 4). Furthermore, the numbers and activity of innate immune cells (monocytes, dendritic cells and neutrophils) were found to increase, while lymphocytes decreased (1, 4, 5). These systemic immune alterations could explain clinical phenomena observed during pregnancy: Firstly, pregnant women, especially during the 3rd trimester, are more susceptible to infections such as Listeria monocytogenes, influenza and herpes simplex virus, which are typically dependent on Th1 responses. There is also an increased morbidity and mortality of certain viral diseases, in particular influenza A infection (3, 5). Secondly, pregnant women with autoimmune diseases such as multiple sclerosis and rheumatoid arthritis experience a significant alleviation of symptoms and a transient decrease in relapse rate during the 3rd trimester (6, 7). Combined, these observations demonstrate that the maternal immune system undergoes immunomodulation during pregnancy, not only at the fetal-maternal interface but also at a systemic level.

Mucosal-associated invariant T (MAIT) cells are an innate-like T cell-subset with proinflammatory and cytotoxic effector functions. They make up a substantial portion of T cells at mucosal sites but are most abundant in the liver. In the circulation they make up 0.1-10% of the T cells (8). MAIT cells carry a semi-invariable T cell receptor (TCR) consisting of the Vα7.2 (TRAV1-2) segment in the variable region of the α-chain and one of three possible segments in the joining region (Jα33, Jα12, or Jα20) (9, 10). In turn, this semi-invariable α-chain is paired with a limited number of β-chains. This TCR is restricted to the MHC class I-like molecule (MR1) (10), which is structurally similar to conventional MHC class I molecules. As opposed to conventional MHC molecules, no polymorphisms are known for MR1, and MR1 is highly conserved among mammals (11). MR1 presents small molecules, namely from the riboflavin (vitamin B2) and folic acid (vitamin B9) biosynthesis pathways (12, 13). Most bacteria, but also yeasts are capable of riboflavin biosynthesis, and therefore MAIT cells typically recognize and are activated by cells infected with these microorganisms (14). Located primarily in mucosal tissues, MAIT cells have intrinsic effector capacity and readily react to activation without the need of prior activation and clonal expansion in lymphatic tissues, in similarity to innate immune cells. Upon activation, MAIT cells secrete Th1 and Th17-cytokines (TNF, IFNγ, IL-17 and IL-22), but also cytotoxic effector molecules (granzyme B and perforin). In addition to the TCR, MAIT cells carry receptors for type I IFNs, IL-12, IL-15 and IL-18, and can therefore also be activated by proinflammatory cytokines (15, 16), for example during viral infections or sterile inflammation, thereby utilizing a MR1/TCR-independent route of activation. Since MAIT cells can respond readily to antigens and proinflammatory cytokines, and due to the highly conserved MR1 and the limited TCR variation, MAIT cells constitute a first line of defense against infections at mucosal sites. Although MAIT cells are quick responders to inflammation, in line with the innate nature of MAIT cells, they have also been described to be involved in tissue homeostasis and tissue repair (8). Similar to conventional T cells, MAIT cells can express the activation marker HLA-DR and the immune checkpoint markers PD-1 and CTLA-4 (8). The function of HLA-DR on T cells, other than serving as an activation marker, is still elusive, while the checkpoint inhibitors PD-1 and CTLA-4 dampen T cell responses via co-inhibitory signaling, presumably including responses in MAIT cells (17).

In line with the different functions of MAIT cells, phenotypic heterogeneity has been described at the cellular level. Most MAIT cells in blood are CD8+ while minor CD4+ and double negative (DN) subsets are also present (18, 19). In several mucosal tissues increased proportions of DN MAIT cells have been reported, with possible functional implications (8, 20). Furthermore, the CD56+ subset of MAIT cells has been shown to mount stronger responses to innate cytokines (21).

Regarding their localization in mucosal tissues with reproductive relevance, MAIT cells have been shown to be present in the female genital mucosa, and these tissue-resident MAIT cells were phenotypically altered (20) as they responded with production of IL-17 and IL-22 to bacterial stimulation, while circulating MAIT cells produced IFNγ, TNF and granzyme B (20). In contrast, MAIT cells isolated from term decidua responded to bacterial challenge with production of IFNγ, granzyme B and perforin at a similar magnitude as MAIT cells in peripheral blood (22). Furthermore, MAIT cells were found to be retained in the intervillous blood in term placenta; these cells responded to stimulation with the production of IFNγ and cytotoxic effector molecules and could serve to defend the fetal-maternal interface from bacterial infections (22–24). In contrast, very little is known about MAIT cells in the early stage of pregnancy. They are known to be present in the 1st trimester decidua (25, 26), but a detailed characterization of decidual MAIT cell frequencies and phenotypes is lacking. Furthermore, it is not known if functional responses of circulating MAIT cells are altered during pregnancy compared with the non-pregnant state. Since pregnant women have an increased risk for more severe infections during the 3rd trimester of pregnancy (5, 27) and since vaginal colonization with certain bacteria is associated with increased risk of preterm birth (28), it is relevant to assess the functional responses of MAIT cells in relation to microbial stimuli.

Taken together, innate immune cells and functions are more pronounced during pregnancy, both at the fetal-maternal interface and systemically. However, so far very little is known about the innate-like MAIT cells and their presence and functional involvement during pregnancy, i.e., if they are adapted to the state of immune tolerance and if they retain their innate properties of rapidly responding anti-microbial cells. We therefore assessed the frequency and phenotypes of MAIT cells at the fetal-maternal interface during the 1st trimester of pregnancy, when local immunomodulation is developing, and systemically during the 3rd trimester, when systemic immunomodulation is most pronounced. We report that MAIT cells – being proinflammatory and highly reactive cells – are relatively excluded from the fetal-maternal interface and that remaining cells are adapted to immune tolerance by expression of markers of immunomodulation. Furthermore, we report that responses of circulating MAIT cells to microbial and inflammatory stimuli are increased during pregnancy, likely as part of an increased innate response that compensates for the decreased responses of conventional T cells. Being described as innate-like T cells, our findings indicate that MAIT cells balance the dual requirements during pregnancy: in the decidua, MAIT cells are regulated in similarity to conventional T cells, while circulating MAIT cells show enhanced functional responses similar to innate immune cells.



Materials and Methods


Subjects and Sample Collection

For the analysis of MAIT cells at the fetal-maternal interface, 1st trimester decidual tissues and paired venous blood samples were collected from 24 healthy pregnant women undergoing elective surgical abortions at the Women’s Clinic at Linköping University Hospital. All pregnancies were viable as determined by ultrasound. The median gestational week was 10+2 as determined by crown-rump length by ultrasound. All women received misoprostol (Cytotec) prior to the surgery. For details on study participants and their history of previous pregnancies, see Table 1.


Table 1 | Characteristics of study participants. n.a. not applicable.



For the analysis of circulating MAIT cells during the 3rd trimester of pregnancy, blood samples were collected from healthy 3rd trimester pregnant women (n=26) and age-matched, non-pregnant healthy female controls (n=26) at the Vrinnevi Hospital Norrköping and at Linköping University Hospital. Regarding the pregnant women, all pregnancies were uncomplicated, and samples were taken at median gestational age 35+4 during a routine checkup at the maternal ward. Non-pregnant controls were recruited among students and personnel at Linköping University and Linköping University Hospital. All non-pregnant women were healthy. For details on study participants, see Table 1.

The studies were approved by the regional ethics review board in Linköping (M 39-08 and 2018/69-32), and inclusion and sampling occurred after informed written consent.



Isolation of Cells

Venous blood was collected in sodium heparin tubes (Greiner Bio-One). Peripheral blood mononuclear cells (PBMCs) were isolated by gradient centrifugation using Lymphoprep (Axis-Shield). Freshly isolated PBMCs were used for phenotyping of cells by flow cytometry. From the 3rd trimester pregnant women and healthy controls, PBMCs were also frozen for in vitro stimulation assays using 10% dimethylsulfoxide in 50% fetal calf serum (FCS, HyClone, Cytiva Life Sciences) and 40% Roswell Park Memorial Institute (RPMI) 1640 medium.

For the isolation of decidual cells, a previously published protocol was adapted (29). Decidual tissues were taken care of immediately after surgery. Tissues were rinsed with saline solution and placed in cold Iscove’s modified Dulbecco’s medium (Gibco, Thermo Fisher), supplemented with 292 µg/ml L-glutamine (Sigma-Aldrich), 3.024 mg/ml sodium bicarbonate (Sigma-Aldrich), 50 U/ml penicillin and 50 μg/ml streptomycin (Penicillin-Streptomycin Mixture, Lonza Bioscience) and 1x minimal essential medium non-essential amino acids (Gibco, Thermo Fisher). Tissues were kept on ice until cells were isolated. To do so, tissue was rinsed with PBS, blood clots were removed, and the tissue cut into smaller pieces, before being subjected to enzymatic digest with 255 U/ml collagenase IV (Worthington) and 40 U/ml DNase I (Sigma Aldrich) diluted in RPMI 1640 medium, supplemented with 5% FCS (HyClone, Cytiva Life Sciences) and 100 U/ml penicillin, 100 µg/ml streptomycin and 292 µg/ml L-glutamine (Penicillin-Streptomycin-Glutamine, Gibco, Thermo Fisher).

For enzymatic digest, the tissue pieces were incubated for 20 min at room temperature with vigorous shaking, followed by centrifugation. This procedure was repeated two times with fresh digest medium, followed by filtering of the cell suspension and lysis of red blood cells (BD Pharm Lyse, Becton Dickinson). Before antibody staining for flow cytometry, cells were counted.



Functional Experiments

For in vitro stimulations, frozen PBMCs from 3rd trimester pregnant women (n=14) and non-pregnant controls (n=14) were used. Cells were thawed, resuspended in prewarmed RPMI medium consisting of RPMI 1640 medium supplemented with 10% FCS (HyClone, Cytiva Life Sciences), and 50 U/ml penicillin and 50 μg/ml streptomycin (Penicillin-Streptomycin Mixture, Lonza Bioscience) and washed three times in the same medium. Cells and stimulating agents were diluted in the same medium. 500 000 PBMCs per well were used for stimulations.

For stimulation with anti-CD3 and anti-CD28 antibodies (both from Biorad), flat-bottom 96-well plates (Corning) were coated the day before stimulation. Antibodies were diluted in cold PBS, pooled, and further diluted to a final concentration of 0.3 µg/ml each. 100 µl of this solution were used per well, and 100 µl PBS were added to the wells for the unstimulated samples. Plates were incubated at 4 °C overnight. After incubation and before addition of cells, unbound antibodies were washed away by three washes with PBS.

For the generation of fixed Escherichia coli, the DH5α strain was grown overnight in LB-Lennox medium, washed with PBS, and fixed with 1% paraformaldehyde (Sigma Aldrich) for 20 min, followed by three washes with PBS. Before fixation, a small sample was taken and plated on LB plates to estimate bacterial numbers by determination of colony forming units (CFU). For the generation of group B streptococci (GBS, hemolytic strain, clinical isolate, Linköping University), the same procedure was carried out, except that bacteria were cultured in tryptic soy broth, and CFU plating was done on tryptic soy agar plates. Fixed bacterial stocks were aliquoted and stored frozen. For stimulation of PBMCs with fixed bacteria, E. coli and GBS were washed with PBS by centrifugation before diluting in RPMI medium. PBMCs were stimulated with a multiplicity of infection (MOI) of 10 for E. coli and MOI 1 for GBS.

For stimulation with recombinant IL-12p70 (Peprotech) and IL-18 (Biolegend), cytokines were pooled and diluted in RPMI medium to a concentration of 30 ng/ml each.

For stimulation with influenza A virus, the H1N1 strain A/PR/8/34 (purified antigen, obtained from Charles River) was added to PBMCs at a titer of 25 HA/ml.

Unstimulated cells were used as controls. Cells were incubated for 20 hours in total and GolgiPlug (BD Cytofix/Cytoperm kit, Becton Dickinson) diluted 1:1000 was added for the last 4 hours of incubation before cells were stained for flow cytometric analysis.

Stimulations were optimized on PBMCs from non-pregnant donors, and dose-dependent responses of MAIT cells were observed. For the stimulation of samples from the cohort, concentrations of stimuli were chosen that activated MAIT cells at an intermediate level, to allow for both increases and decreases in activation.



Flow Cytometry

Decidual cells and PBMCs were stained for flow cytometric analysis using standard staining procedures. See Supplementary Table S1 for antibodies used. Before staining with antibodies, all samples were stained with Live/Dead Fixable Aqua Dead cell stain (Molecular Probes, Thermo Fisher) for the exclusion of dead cells.

Cells were incubated with antibodies for surface markers, followed by fixation and permeabilization where indicated. For decidual samples and PBMCs from the same donors, the eBioscience™ Intracellular Fixation & Permeabilization Buffer Set (Thermo Fisher) was used for fixation and permeabilization prior to staining for intracellular markers. Stimulated PBMCs from women pregnant in the 3rd trimester and from non-pregnant controls were fixed and permeabilized with Cytofix/Cytoperm (Becton Dickinson), followed by staining for intracellular proteins. Staining with the MR1 5-OP-RU and 6-FP tetramers was carried out at room temperature, before staining with antibodies for surface markers. Samples were acquired on an Aria III flow cytometer (Becton Dickinson) and all data was analyzed in Kaluza version 2.1 (Beckman Coulter). Gates were set either based on clear negative/positive populations or based on staining with isotype antibodies.



Statistics

Because of non-normal distribution of most data sets, non-parametric statistical testing was performed. For comparisons between paired samples, i.e., blood and decidua from the same woman, data were analyzed using Wilcoxon signed-rank test. For the comparison between the pregnant and non-pregnant group, Mann Whitney U test was used. Significance levels of p<0.05 were accepted as significant. All statistical analyses were performed in GraphPad Prism version 9 for Windows.




Results


MAIT Cells Are Present in 1st Trimester Decidua at a Significantly Lower Proportion Than in Blood

To better understand the role of MAIT cells at the fetal-maternal interface during early pregnancy we first enumerated the frequency of MAIT cells in 1st trimester decidua tissues and related their frequency to the distribution in blood as well as to other lymphocyte populations. Decidual mononuclear cells and peripheral blood mononuclear cells (PBMCs) were analyzed by flow cytometry, and MAIT cells were defined by expression of the semi-invariant TCR chain Vα7.2 as well as the C-type lectin receptor CD161 (Figure 1A). Analysis with the MR1 tetramer (13) demonstrated that a large majority of the cells here defined as MAIT cells (Vα7.2+CD161+) also stain with the MR1 5-OP-RU tetramer (Supplementary Figure S1).




Figure 1 | MAIT cells are present in 1st trimester decidua, but are relatively excluded from the decidua. (A) Gating strategy for circulating (blood) and decidual T cells and MAIT cells. PBMCs and decidual cells were isolated from 1st trimester blood and decidual tissue, respectively, from the same donors, and analyzed by flow cytometry. MAIT cells are identified by their expression of CD45, CD3, Vα7.2 and CD161. (B) NK cell, (C) T cell, (D) MAIT cell, and (E) B cell frequency in PBMCs (blood) and in cells isolated from decidua, expressed as percent of CD45+ lymphocytes, or – in the case of MAIT cells – expressed as percent of T cells. Gating strategies for NK and B cells are presented in Supplementary Figure S2. Bars depict median and interquartile range (IQR) from 21 donors in (B, E), 24 donors in (C) and 23 donors in (D). Statistical comparisons were performed with Wilcoxon signed-rank test. ** p < 0.01, **** p < 0.0001.



The distribution of decidual lymphocytes showed, in line with previous reports (1, 2), that NK cells are highly enriched in the decidua, while T cells are relatively excluded from this compartment (gating strategies for subpopulations of T cells, MAIT cells, NK cells and B cells are shown in Supplementary Figure S2). NK cells constituted 14% (median) of lymphocytes in the blood and 79% in the decidua (Figure 1B), while CD3+ T cells constituted 77% of lymphocytes in blood, but only 12% in decidua (Figure 1C). MAIT cells were also excluded from the decidua, with a significantly lower proportion within the T cell compartment (1.9% of all T cells) compared with blood (2.4% of all T cells, Figure 1D). Thus, MAIT cells are excluded to an even higher degree than the overall T cell population. MAIT cell frequencies, when expressed as a proportion of all CD45+ lymphocytes, showed that 0.2% in the decidua and 1.8% in blood are MAIT cells (data not shown), which implies that T cells were decreased 6.4-fold while MAIT cells are 9-fold lower in the decidua than in blood.

Furthermore, we analyzed the frequency of B cells, and found very low levels in the decidua; 0.5% of lymphocytes compared with 6.2% in the circulation (Figure 1E), which is in line with earlier reports (30–32). This almost complete absence of B cells, in combination with the typical composition of immune cells in our decidual samples, confirms that the decidual cells are not contaminated by blood cells from the highly vascularized decidual tissue.



The Distribution of Decidual MAIT Cell Subsets Differs From MAIT Cell Subsets in Blood

During pregnancy, the decidual lymphocytes are altered in terms not only of composition but also in terms of cellular subsets to create a tolerant environment. Therefore, in addition to establishing that MAIT cells are in part excluded from the decidua, we also investigated the expression of several phenotypic markers. The majority of circulating MAIT cells are CD8-positive, while also CD4-positive and double-negative (DN) MAIT cells have been reported (18, 19, 33). We therefore investigated the CD4/CD8-distribution of circulating and decidual MAIT cells. In accordance with earlier reports, most circulating MAIT cells were CD8+ (median 88%) and few were CD4+ (2.1%) or DN (6.8%). However, decidual MAIT cells exhibited a significantly skewed CD4/CD8-distribution, with a lower proportion of CD8+ (81%) and a higher proportion of CD4+ (6.9%) compared with their counterparts in blood (Figure 2A). The proportion of DN MAIT cells was unaltered compared with blood (3.7% in blood and 3.1% in decidua, Figure 2A). In contrast, but in line with previous reports (2), the total CD3+ T cell population in the decidua was skewed in the opposite direction, with a lower proportion of CD4+ (67% in blood and 43% in decidua) and higher proportions of CD8+ and DN T cells in decidua than in blood (CD8+: 29% in blood and 47% in decidua, DN T cells: 3.0% in blood and 4.7% in decidua, Figure 2B). The different distribution of CD4/CD8 expression suggests different functional properties of decidual MAIT cells compared with their counterparts in blood.




Figure 2 | Different composition of MAIT cell subsets in the decidua compared with blood. Proportions of CD8+, CD4+ and double-negative (DN) subsets of MAIT cells (A) and non-MAIT T cells (B) in blood and decidua (dec). The gating strategy for CD8+, CD4+ and DN cells is shown in Supplementary Figure S2. MAIT cells were further analyzed for CD56 expression (C). Gating of CD56+ MAIT is shown in Supplementary Figure S3. Bars show median and IQR from 20-24 donors. Statistical comparisons were performed with Wilcoxon signed-rank test. * p < 0.05, *** p < 0.001, **** p < 0.0001.



CD56+ MAIT cells have recently been established as a distinct subset of MAIT cells, exhibiting functional differences from CD56- MAIT cells such as increased expression of receptors for innate cytokines (21). The percentage of CD56+ MAIT cells in our blood samples are in the same range as reported earlier (26, 34, 35), while we detected fewer CD56+ MAIT cells in the decidua (35% in blood and 18% in decidua, Figure 2C and Supplementary Figure S3), which could reflect a mechanism to limit the numbers of CD56+ MAIT cells that are easily activated by proinflammatory cytokines in the decidua. We did not observe any discrete CD56 subpopulations based on level of CD56 expression, i.e., no CD56bright/dim subsets of MAIT cells.



Decidual MAIT Cells Express Activation Markers and Markers of Immunoregulation

To further evaluate the phenotype of decidual MAIT cells, we investigated the presence of the activation marker HLA-DR and the cytolytic marker granzyme B. We observed a profound increase in HLA-DR surface expression on CD4+, CD8+, NK and MAIT cells in the decidua, as compared with blood (Figures 3A, B, and Supplementary Figure S4). Once activated, MAIT cells can produce cytotoxic effector molecules such as granzyme B (8). Notably, granzyme B showed no or very low expression on MAIT cells, both in the decidua and in blood, as was also the case for CD4+ T cells. In contrast, CD8+ T cells and NK cells showed a high expression of granzyme B, albeit significantly lower in the decidua compared with blood (Figures 3A, C, and Supplementary Figure S4). Thus, MAIT cells in the decidua exhibit an activated (HLA-DR+) but disarmed (granzyme Blow) phenotype in relation to cytotoxic function.




Figure 3 | Decidual MAIT cells express activation and immune checkpoint markers and exhibit a fundamentally different phenotype than circulating MAIT cells from the same women. PBMCs and decidual cells were isolated from blood and decidual tissue (dec), respectively, from the same donors, and analyzed by flow cytometry. (A) illustrates the gating strategy employed for the phenotypic markers HLA-DR, granzyme B, PD-1, and CTLA-4 on Vα7.2+CD161+ MAIT cells for one representative blood and decidua sample. Positive gates for HLA-DR, granzyme B and PD-1 were set based on isotype controls, whereas the gate for CTLA-4 was set visually. Expression of (B) HLA-DR, (C) granzyme B, (D) PD-1 and (E) CTLA-4 by CD4+ T cells (CD4+), CD8+ T cells (CD8+) and MAIT cells (MAIT). Results for HLA-DR and PD-1 were based on cell surface staining, whereas granzyme B and CTLA-4 were stained intracellularly. From the CD4+ and CD8+ T cells, Vα7.2+CD161+ cells were excluded, i.e., the CD4+ and CD8+ T cell populations do not comprise any MAIT cells. Results for NK cells based on the same samples are shown in Supplementary Figure S4. Bars show median and IQR from 20-22 donors. Statistical comparisons were performed with Wilcoxon signed-rank test. *** p < 0.001, **** p < 0.0001.



Finally, to reveal any immunomodulatory potential of MAIT cells, we investigated the expression of the immune checkpoint markers PD-1 and CTLA-4. Interestingly, MAIT cells, as well as CD4+ and CD8+ T cells showed an increased expression of PD-1 and CTLA-4 in the decidua compared with blood (Figures 3A, D, E). Decidual NK cells expressed more CTLA-4, but surface expression of PD-1 was unaltered compared with blood (Supplementary Figure S4).

Taken together, MAIT cells in the decidua exhibit a disarmed CD56low/granzyme Blow phenotype with a coinciding increased expression of immune checkpoint markers, strongly suggestive of an adaptation to the immune-tolerant environment at the fetal-maternal interface, aiming to achieve a default restriction of cytotoxicity and unwanted T cell activation.



Circulating MAIT Cells Are Present at Unaltered Frequency During the 3rd Trimester of Pregnancy, but Show a More Activated Phenotype

Having established that decidual MAIT cells are subjected to immunomodulation early during pregnancy, when local tolerance is developing, we proceeded to characterize circulating MAIT cells during the 3rd trimester, when systemic immunomodulation is most pronounced (5–7). To do so, we collected blood samples from women with uncomplicated pregnancies in median gestational week 35+4 as well as from non-pregnant controls (n=26 in each group). The non-pregnant controls were age-matched, since MAIT cell numbers have been suggested to decline during aging (33, 36–38).

During the 3rd trimester of pregnancy, the frequency of circulating MAIT cells was similar in non-pregnant and pregnant women (Figure 4A). Also, absolute MAIT cell counts in the blood samples did not differ between the groups (data not shown). Likewise, there was no difference in the frequency of CD8+, DN and CD4+ subsets of MAIT cells between the study groups (Figure 4B).




Figure 4 | The frequency and phenotype of circulating MAIT cells are unaltered during the 3rd trimester of pregnancy, but in pregnant women more MAIT cells express the activation marker CD69. PBMCs from women pregnant in the 3rd trimester (n=26) and from non-pregnant, age-matched controls (n=26) were analyzed by flow cytometry for MAIT cells frequencies, MAIT cell subsets and the expression of activation markers. (A) MAIT cells numbers were analyzed using a gating strategy similar to the one shown in Figure 1A (live CD3+Vα7.2+CD161hi cells). (B) Proportions of CD8+, CD4+ and double-negative (DN) subsets of MAIT cells. (C) Proportions of the CD56+ subset of MAIT cells. Cell surface expression of the activation markers (D) CD69, (E) HLA-DR and (F) PD-1. Bars show median and IQR and statistical comparisons were performed using Mann-Whitney test. ** p < 0.01, *** p < 0.001.



However, several phenotypic markers revealed alterations in circulating MAIT cells during pregnancy. First of all, the CD56+ subset of MAIT cells was significantly increased in pregnant women, from 24% (median) in non-pregnant to 43% in pregnant women (Figure 4C). This could reflect the general enhancement of innate immune functions during pregnancy. Furthermore, pregnant women exhibited a higher proportion of MAIT cells positive for the T cell activation marker CD69 (Figure 4D), while no differences between groups were observed for HLA-DR and PD-1 (Figure 4E, F).

Similar to MAIT cells, no differences were found for the frequencies of CD4+ and CD8+ T cells between pregnant and non-pregnant women (data not shown). However, analysis of the expression of CD69, HLA-DR and PD-1 revealed that in the circulation of pregnant women, significantly more CD4+ and CD8+ T cells expressed CD69 (Supplementary Figure S5), similar to MAIT cells (Figure 4D). Furthermore, more NK cells expressed CD69 and HLA-DR. For CD4+ T cells, no differences between groups were seen for HLA-DR expression, as well as for the expression of PD-1 by any lymphocyte subset (Supplementary Figure S5). The enhanced activation of NK cells again reflects the enhancement of innate responses during pregnancy.



Circulating MAIT Cells Exhibit Stronger Functional Responses During Pregnancy

Activation of MAIT cells has been described to lead to a quick and strong reaction, which encompasses the production of proinflammatory cytokines and cytotoxic effector molecules. During pregnancy, especially during the 3rd trimester, adaptive immune responses such as T and B cell activation are generally dampened, while innate responses are enhanced (1). Therefore, we asked whether MAIT cells, carrying characteristics of both innate cells and T cells, would show altered responses to stimulation during pregnancy. For stimulation we used both TCR-dependent (activating anti-CD3/CD28 antibodies, E. coli, group B streptococci), and TCR-independent (IL-12 and IL-18, influenza A virus) stimuli to activate PBMCs isolated from pregnant women in the 3rd trimester, and from non-pregnant female controls.

First of all, we compared activation levels between circulating MAIT cells and CD4+ and CD8+ T cells. MAIT cells responded with the production of IFNγ to all tested stimuli, while CD4+ and CD8+ T cells in the same PBMC cultures did not respond or responded only slightly with IFNγ production (Supplementary Figure S6A). These findings show that MAIT cells reach higher levels of activation during the relatively short incubation period, confirming the innate nature of MAIT cells featuring rapid responses.

Comparing MAIT cells responses in samples from pregnant and non-pregnant women, we observed increased IFNγ production in the pregnant group upon stimulation with combined IL-12 and IL-18, but also higher spontaneous IFNγ production in the unstimulated samples (Figure 5A), indicating that MAIT cells from pregnant women are primed to respond stronger to these innate cytokines, and that overnight cultivation, in the absence of stimulus, is enough to achieve a slight, yet significant increase in IFNγ production. Also, for all other readouts (granzyme B, PD-1, CTLA-4 and CD69), we observed higher expression in the unstimulated samples from the pregnant group (Figures 5B–D and Supplementary Figure S6B).




Figure 5 | Circulating MAIT cells from 3rd trimester pregnant women exhibit a stronger functional response upon stimulation with microbial and inflammatory stimuli compared with MAIT cells from non-pregnant women. PBMCs isolated from the blood of 3rd trimester pregnant women (n=14) and from non-pregnant, age-matched controls (n=14) were stimulated overnight with plate-bound anti-CD3 and anti-CD28 antibodies, fixed E coli, fixed group B streptococci (GBS), a combination of IL-12 and IL-18, with influenza A virus (IAV) or left unstimulated (Unstim). IAV stimulations were carried out in a separate plate, together with a separate unstimulated control. MAIT cells in unstimulated and stimulated samples were analyzed for their expression of (A) IFNγ, (B) granzyme B (GrB), (C) PD-1 and (D) CTLA-4. For PD-1, cell surface expression was analyzed, whereas IFNγ, granzyme B and CTLA-4 were stained intracellularly. Results for CD69 from the same experiments are shown in Supplementary Figure S6B. Bars show median and IQR and statistical comparisons between the non-pregnant and pregnant group were performed using Mann-Whitney test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. n = 13-14 for both groups.



Regarding the production of granzyme B, we observed significantly more production in the pregnant group upon stimulation with the bacterial stimuli (E. coli and GBS), with IL-12 and IL-18 as well as with influenza A virus (Figure 5B). Likewise, the expression of the immune checkpoint markers PD-1 and CTLA-4, that often accompanies the activation of T cells, was significantly higher in the pregnant group upon stimulation with influenza A virus for both PD-1 and CTLA-4 (Figures 5C, D).

To summarize, the data from the in vitro stimulations indicate that during pregnancy, MAIT cells respond at least as strongly to stimulation as in the non-pregnant setting, and for several stimuli and markers, there were significantly increased responses in the pregnant group, especially for the TCR-independent stimuli, namely IL-12 and IL-18, and influenza A virus. Taken together, these findings indicate enhanced functional responses of MAIT cells during pregnancy.




Discussion

Pregnancy constitutes an immunological challenge to the maternal immune system, with distinct alterations in both innate and adaptive immunity. MAIT as innate-like T cells feature both innate and adaptive properties, allowing them to react to microbial or inflammatory threats with the speed of innate immune cells, but with adaptive effector functions (8). Under the view of these dual characteristics of MAIT cells, we here investigated MAIT cells from the fetal-maternal interface and the blood circulation in healthy pregnancies.

During the 1st trimester of pregnancy, we found MAIT cells to be relatively excluded from the decidua, while remaining MAIT cells exhibited an immunomodulatory phenotype compared with blood, for example by showing higher expression of immune checkpoint markers. During the 3rd trimester of pregnancy, when systemic immunomodulation is most pronounced, MAIT cells showed an increased expression of the activation marker CD69, and after challenge with microbial and inflammatory stimuli they responded stronger than in the non-pregnant controls. This is the first study characterizing the functional response of MAIT cells during the 3rd trimester of pregnancy, and the first study revealing a detailed insight into frequency and functional immune phenotype of MAIT cells in the decidua during early pregnancy.

In the present study we confirm that T cells are generally excluded from the decidua (1, 2), and we also reveal that MAIT cells are decreased to an even higher degree, which could reflect protective mechanisms to limit the presence of these reactive and potentially highly inflammatory cells. Along the same lines, the expression of PD-1 and CTLA-4 by the remaining decidual MAIT cells combined with the almost complete absence of granzyme B expression may suggest that these cells are subjected to immunomodulatory mechanisms and themselves could exert immunomodulatory functions, although further studies are needed to prove this. The increased expression of HLA-DR, PD-1 and CTLA-4 by decidual MAIT cells is similar to MAIT cells in other tissues, such as the buccal mucosa and the gut (39, 40), and at steady state, neither circulating nor tissue-resident MAIT cells express granzyme B (8). Furthermore, the alteration in subset composition of decidual MAIT cells provides evidence for immunomodulation of MAIT cells at the fetal-maternal interface. Thus, the decrease in the CD56+ MAIT subset, which has been linked to enhanced innate characteristics including stronger responses to innate cytokines (21) and to more severe COVID-19 disease (35), could protect from excessive inflammatory responses. Also, the CD4+ MAIT cell subset, which we found to be increased in the decidua, has been described to exert more immunomodulatory action as compared with the cytotoxic CD8+ and DN subsets (18). However, the exact identity of the CD4+ MAIT subset is not settled, and CD4+Vα7.2+CD161+ cells may be unable to recognize the MR1 tetramer that defines MAIT cells (19). In our study, these cells could therefore recognize non-MAIT antigens, and could represent conventional T cells restricted to classical MHC molecules and other innate-like T cells such as the CD4+ germline-encoded mycolyl lipid-reactive (GEM) T cells that use the Vα7.2 segment in their TCRs (41). Hence, the implication of differences in CD8/DN/CD4 subsets in the decidua should be interpreted with caution.

Taken together, our findings related to the fetal-maternal interface indicate consistent and broad phenotypic alterations in decidual MAIT cells, with the aim to preserve immune tolerance. Besides MAIT cells, also non-MAIT CD4+ and CD8+ T cells are subjected to immunomodulation, as observed by us and others through the increased numbers of T cells expressing PD-1 and CTLA-4, and decreased proportion of granzyme B-expressing NK and CD8+ T cells (42). These similarities between MAIT cells, non-MAIT T cells and NK cells suggest shared mechanisms of immunomodulation for all decidua-resident and potentially proinflammatory lymphocytes. The exact mechanisms behind this modulation are unclear, but most likely linked to the secretion of immune dampening factors such as IL-10 and M-CSF produced by macrophages, trophoblast cells and stromal cells, and occurs under the influence of pregnancy hormones and other placental factors (1, 43–45).

Despite their immunomodulatory phenotype and low abundance, we speculate that it is still possible that 1st trimester decidual MAIT cells, given their role in other tissues (8), could switch phenotype on demand or be quickly recruited from blood, and thereby contribute to defense from infection in a manner independent of conventional peptide-antigen presentation by classical MHC molecules. Due to low decidual MAIT cell numbers and our prioritization of other phenotypic analyses, we were unable to investigate whether MAIT cells exhibit characteristics of tissue-resident cells. A recent study focusing on endometrial MAIT cells reported that decidual MAIT cells (n=3) expressed markers of tissue residency (26). Furthermore, we did not investigate functional responses of MAIT cells in 1st trimester decidua. Studies on 3rd trimester decidua showed MAIT cells to respond to bacterial challenge with the production of IFNγ, granzyme B and perforin, indicating potential involvement in antibacterial defenses (22, 24, 32). Given their tissue repair potential (8), also the transcriptional activity of MAIT cells would be relevant to investigate as well as their role in endometrial tissue remodeling during decidualization (in similarity to uterine NK cells). Furthermore, the exact factors that induce immunomodulatory phenotypes in MAIT cells are elusive, and also MAIT cells themselves have been shown to secrete central factors of decidual immunomodulation, IL-10, TGF-β and M-CSF (8, 46), and could therefore contribute to maintenance of tolerance at the fetal-maternal interface.

One potential limitation for the analysis of decidual immune cells is that the participating women had all received misoprostol, which was in general administered three hours before the planned procedure. It has been suggested that misoprostol could inhibit innate immunity, however, this has mainly been shown in rats (47) under artificial conditions (48), while in humans no such effects were noted (49). This notion is supported by our previous findings (50) of no differences in gene expression of decidual macrophages when comparing exposed and non-exposed women, although this was based on few observations (n=4 versus n=7). Taken together, we consider it less likely that Misoprostol would have an impact on our findings, although we cannot exclude this possibility.

Although MAIT cells are mainly tissue-resident cells, circulating MAIT cells and their functional responses have been investigated in many conditions and diseases, but pregnancy has so far been neglected. In our cohort of healthy 3rd trimester pregnant women and non-pregnant controls, pregnancy was associated with increased expression of the activation marker CD69 on MAIT cells. MAIT cells could be part of the ongoing enhancement and activation of innate immunity during pregnancy, such as increased activity of the complement system and elevated cellular numbers, activation states and proinflammatory functions of monocytes and neutrophils (27). The same phenomenon could underlie the observed “priming” of MAIT cells to mount significantly increased expression of all investigated markers in the unstimulated samples in the pregnant group. It remains to be elucidated whether MAIT cells themselves are primed to respond stronger, or whether the autoactivation of MAIT cells in unstimulated samples is due to enhanced or ongoing immune activation of innate cells in the PBMC cultures. Besides that, also the increase in the CD56+ subset of circulating MAIT cells in pregnant women could reflect or be involved in enhanced innate responses during pregnancy.

Although demonstrated for all markers, including the immune checkpoint markers, the increase in systemic functional MAIT cell responses in pregnant women was most pronounced for granzyme B, suggesting a skewing of MAIT functions towards antimicrobial defenses. Indeed, another study found MAIT cells numbers at term pregnancy to be decreased in the circulation, coinciding with accumulation in the intervillous space and increase in cytotoxicity, as compared with their circulating counterparts (22, 23). In our study, we investigated MAIT cell numbers and functions in blood during gestational week 36 instead of term pregnancy, and at this time point failed to show differences in circulating MAIT cell numbers. Furthermore, the elevated granzyme B production observed in the pregnant group as compared to the non-pregnant group upon bacterial and viral challenge was not reflected in the IFNγ production, except for the inflammatory stimulus of combined IL-12 and IL-18. This elevated granzyme B production observed in the pregnant group as compared to the non-pregnant group upon bacterial and viral challenge was not reflected in the IFNγ production. This could be a mechanism to alter the inflammatory response, similar to the reported decreased IFNγ responses by CD4+ T cells during pregnancy (51), and to avoid excessive inflammation.

Overall, the expression of CD69, the increase in the CD56+ MAIT subset and the stronger response of circulating MAIT cells to microbial and inflammatory stimuli could reflect compensatory mechanisms for the dampened adaptive responses during pregnancy, which are most apparent during the 3rd trimester. MAIT cells, situated at the intersection of innate and adaptive responses, are suitable to be “on stand-by” to react quickly when needed, for example in the case of microbial threats. Despite these and other compensatory mechanisms, immune responses during pregnancy are not always sufficient, which manifests in increased susceptibility to certain bacterial infections, and in more severe viral diseases (5, 27). The increased risk of influenza infection in pregnant women has been attributed to decreased IFNγ production in mice (52) and ex vivo in human PBMCs (53), whereas another study did not find any differences in intracellular IFNγ upon influenza stimulation in CD4+ and CD8+ T cells (54). We here demonstrated stronger MAIT cells responses in vitro to influenza A virus infection not for IFNγ but for granzyme B, PD-1 and CTLA-4. While MAIT cells have been perceived to generally protect from influenza infection (55), their increased activation during pregnancy could be associated with a more severe disease course. In a similar manner, MAIT cells could be contributing to a more severe COVID-19 disease in pregnant women (56).

Besides an increased response to influenza A virus, MAIT cells from pregnant women responded strongly to a hemolytic strain of GBS. In general, vaginal colonization with GBS is common, and ascending infections and invasion of reproductive tissues are associated with preterm labor and preterm birth, which has been linked to the presence of certain virulence factors such as hemolytic pigment (28). In HIV-positive pregnant women, who have a higher risk of delivering preterm, MAIT cell subsets have been shown to be altered in the preterm group compared with term delivery, exhibiting an increased proportion of CD8+ MAIT cells (57). In the decidua, MAIT cells could be involved in early defenses against GBS, as well as in the arising inflammation leading to massive neutrophil recruitment (28). Besides a potential involvement in preterm birth, MAIT cells have also been studied in early-onset preeclampsia, where circulating MAIT cells were found to be decreased and phenotypically altered, with lowered PD-1 and increased CD69 and perforin expression (58). Overall, more detailed characterizations and studies on the potential recruitment of MAIT cells to and activation in the decidua in pregnancy complications are so far missing, and their exact role in preterm birth and preeclampsia remains to be settled.

To conclude, the findings from our study indicate dual roles for MAIT cells during pregnancy, with a seemingly well-adapted ability to balance the requirements of immune tolerance in parallel with maintained antimicrobial defenses. During early pregnancy, when establishment of local tolerance in the decidua is crucial for a successful and uncomplicated pregnancy, MAIT cells are restricted in the decidua, both numerically and phenotypically. During the 3rd trimester of pregnancy, when systemic immunomodulation is most pronounced, MAIT cells show enhanced functional responses, indicative of antimicrobial defenses that compensate for the weakening of the adaptive T cell responses. Dysregulation of MAIT cells could lead to detrimental inflammation and preterm loss of immune tolerance, which have been suggested as underlying mechanisms for preterm labor and preeclampsia. Future studies should hence address the potential involvement of MAIT cells in pregnancy complications.
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Although most causes of death and morbidity in premature infants are related to immune maladaptation, the premature immune system remains poorly understood. We provide a comprehensive single-cell depiction of the neonatal immune system at birth across the spectrum of viable gestational age (GA), ranging from 25 weeks to term. A mass cytometry immunoassay interrogated all major immune cell subsets, including signaling activity and responsiveness to stimulation. An elastic net model described the relationship between GA and immunome (R=0.85, p=8.75e-14), and unsupervised clustering highlighted previously unrecognized GA-dependent immune dynamics, including decreasing basal MAP-kinase/NFκB signaling in antigen presenting cells; increasing responsiveness of cytotoxic lymphocytes to interferon-α; and decreasing frequency of regulatory and invariant T cells, including NKT-like cells and CD8+CD161+ T cells. Knowledge gained from the analysis of the neonatal immune landscape across GA provides a mechanistic framework to understand the unique susceptibility of preterm infants to both hyper-inflammatory diseases and infections.
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Introduction

Prematurity is one of the most pressing clinical imperatives of our day: it affects approximately 10-15% of pregnancies and kills more than one million babies every year, making it the leading cause of death in children under five (1). Furthermore, survivors often suffer from devastating short- and long-term morbidities, and the earlier an infant is born, the greater their risk of adverse outcome (2, 3). Sepsis, bronchopulmonary dysplasia (BPD, a cause of life-pulmonary insufficiency), necrotizing enterocolitis [NEC, a devastating inflammatory disease of the gut with a 30-40% mortality rate (4)], retinopathy of prematurity [ROP, one of the top three causes of blindness in children in the developed world (5)], and neurodevelopmental impairment afflict well over half of infants born extremely preterm at less than 28 weeks gestational age (GA) (2). Each of these diseases shares immune maladaptation as a common pathophysiology: sepsis is associated with immune compromise, while BPD, NEC, ROP, and certain causes of neurodevelopmental impairment have been linked to hyper-inflammatory states (6–10). As such, the health and well-being of premature infants can be greatly improved with a better understanding of the neonatal immune system.

It has been almost 70 years since Sir Peter Medawar first began to uncover the unique complexities of the neonatal immune system (11). Since then, decades of research have provided insight into the multifaceted derangements in both the innate and adaptive immune system in newborns (12). Neonates, particularly those born prematurely, have increased susceptibility to a variety of infections, including pathogens that cause mild or no illness in adults and older children, such as group B streptococcus, Staphylococcus epidermidis, respiratory syncytial virus, herpes simplex virus, cytomegalovirus, and adenovirus (12–14). Preterm neonates also demonstrate decreased antibody titers in response to vaccines and other antigenic stimuli (15). Especially in the premature neonate, evidence suggests that regulatory immune phenomena essential for feto-maternal immune tolerance persist into post-natal life, contributing to the particular vulnerability of this population to impaired immune responses to antigen (15–17). Despite the attenuation of some adaptive immune responses, the premature infant is also susceptible to exaggerated inflammatory reactions, primarily in the innate system, that contribute to the main inflammatory morbidities of prematurity, including BPD, ROP, NEC, and certain neurologic injury. Exposure to oxygen and mechanical ventilation lead to inflammatory cascades that underlie the pathogenesis of such diseases as retinopathy of prematurity and bronchopulmonary dysplasia (18). Similarly, hyper-inflammatory immune responses to enteric bacteria are thought to contribute to NEC, a serious inflammatory disease of the gut with a high mortality rate (19). Epidemiologic evidence and animal studies also implicate fetal and neonatal inflammation in long-term neurodevelopmental impairments common in prematurity (10, 20). Although these morbidities develop over time, studies suggest that the immune status at the time of birth may be a key indicator for which infants are most vulnerable; several authors have demonstrated that cytokine levels in umbilical cord blood correlate with neurodevelopmental outcomes (21–24), ROP (25), BPD (26, 27), periventricular leukomalacia (a major cause of adverse neurodevelopmental outcomes) (24), and NEC (28).

Despite the profound impact of the imbalance of innate immune hyperinflammation and antigen hypo-responsiveness on the short and long-term health of these vulnerable patients, the underlying biological mechanisms remain poorly understood. Most prior reports on the relationship between GA and the neonatal immune system have been constrained to the study of only a small subset of immune cells or to a limited examination of signaling responses and functional capacity, and many studies have limited their analysis to examining arbitrary GA categories rather than studying the immune system along a continuum. The recent rise of systems immunology opens the door for the creation of a comprehensive map of the immune landscape at birth, which in turn can lay the groundwork for a better understanding of the immunologic derangements that predispose preterm infants to excess morbidity and mortality. Olin et al. (29) recently reported an elegant survey of the neonatal immune system using a systems immunology approach (mass cytometry and pooled proteomics and transcriptomics) to identify differences between preterm and term infants, although the assays used did not provide information on immune cell signaling or responsiveness, the analysis was based on categorization of patients into broad “term” and “preterm” cohorts, and clinical confounders such as perinatal infection and antenatal steroid administration were not addressed.

We employ a high-dimensional mass cytometry immunoassay to functionally interrogate on a single-cell level all major innate and adaptive immune cells, including their baseline signaling state and capacity to respond to inflammatory stimuli, in umbilical cord blood of premature and healthy term neonates examined across a spectrum of viable GA (25 weeks to term), forgoing arbitrary categorization of prematurity into gestational classes. The primary goal of the study is to characterize comprehensively the progression of neonatal immune cell census and signaling behavior across the GA continuum. This survey is a necessary keystone for the formation of hypotheses explaining the disproportionate predisposition of the earliest preterm infants to infection and the inflammatory morbidities of prematurity.



Materials and Methods


Study Design and Sample Collection

The study was conducted at the Lucile Packard Children’s Hospital (Stanford, CA, USA). The study was approved by the Institutional Review Board, and all parental participants signed an informed consent. Pregnant women were considered eligible for the study if they were capable of providing informed consent. Exclusion criteria were major fetal congenital anomalies, maternal chronic inflammatory diseases or autoimmunity, active infection, and monochorionic multiple pregnancy. If a woman developed clinical signs of chorioamnionitis at any point during her labor, she was excluded from the study. Placental pathology was reviewed retrospectively for the presence of subclinical chorioamnionitis.



Sample Processing and Ex Vivo Whole-Blood Immunoassay

Umbilical cord blood from the umbilical vein was collected at the time of delivery into heparinized vacutainers. Whole cord blood was processed within 60 minutes after blood draw. Individual aliquots were stimulated for 15 min at 37°C with LPS (1 µg/mL, InvivoGen, San Diego, CA), IFN-α (100 ng/mL, PBL Assay Science, Piscataway, NJ), a cocktail of IL-2, IL-4, and IL-6 (each 100 ng/mL, R&D Systems), or left unstimulated. Samples were processed using a standardized protocol for fixation with proteomic stabilizer (SMART TUBE, Inc., San Carlos, CA) and stored at -80°C until further processing.



Mass Cytometry


Antibody Staining and Mass Cytometry

The mass cytometry antibody panel included 38 antibodies, 27 that were used for cell typing and 11 antibodies for the functional characterization of immune cell responses (Supplemental Table S1). Antibodies were either obtained preconjugated (Fluidigm, Inc.) or were purchased as purified, carrier free (no BSA, gelatin) versions, which were then conjugated in-house with trivalent metal isotopes utilizing the MaxPAR antibody conjugation kit (Fluidigm, Inc.). After incubation with Fc block (Biolegend), pooled barcoded cells were stained with surface antibodies, then permeabilized with methanol and stained with intracellular antibodies. All antibodies used in the analysis were titrated and validated on samples that were processed identically to the samples used in the study. Barcoded and antibody-stained cells were analyzed on the mass cytometer (Helios CyTOF, Fluidigm Inc., South San Francisco, CA).

The mass cytometry data was normalized using Normalizer v0.1 MATLAB Compiler Runtime (MathWorks) (30). Files were then de-barcoded with a single-cell MATLAB debarcoding tool (31). Manual gating was performed using CellEngine (https://immuneatlas.org/#/) (Primity Bio, Fremont, CA), according to the gating strategy in Supplemental Figure S1, identifying 34 manually gated cell types.



Cell Frequency, Basal Intracellular Signaling and Intracellular Signaling Responses

The data from each sample were analyzed for basal intracellular signaling tone and intracellular signaling responses in thirty-four adaptive and innate immune cell subsets. Cell frequencies were expressed as a percentage derived from singlet live mononuclear cells (DNA+cPARP−CD235−CD61−CD66−), except for granulocyte frequencies, which were expressed as percentage of singlet live leukocytes (DNA+cPARP−CD235−CD61−). Endogenous intracellular signaling activities at the basal (unstimulated) level were quantified per single cell for phospho-(p)STAT1, pSTAT3, pSTAT5, pSTAT6, pCREB, pMAPKAPK2, pERK1/2, pS6, pP38, and pNFκB, and total IκB using an arcsinh transformed value calculated from the median signal intensity [asinh(x/5)]. Intracellular signaling responses to stimulation were reported as the difference in arcsinh transformed value of each signaling protein between the stimulated and unstimulated conditions (arcsinh ratio over basal signal). A knowledge-based penalization matrix was applied to intracellular signaling response features in the mass cytometry data based on mechanistic immunological knowledge, as previously described (32, 33). Importantly, mechanistic priors used in the penalization matrix are independent of immunological knowledge related to neonatal immunology and GA.




Statistical Analysis


Pre-Processing

To remove features that are noisy or uninformative, we removed those with lower variance than the 75th percentile among all features available, and we removed all features with an absolute median value lower than the median absolute value among all features available.



Statistical Analysis

We used the R environment (http://www.r-project.org/) for statistical analysis. For univariate analysis, we chose to apply a continuous regression analysis (Spearman correlation) for each feature relative to the GA at time of sampling. Shaded areas on linear regression graphs represent 95% confidence intervals. Multiple comparison corrections were performed using the Benjamini-Hochberg procedure and reported as false discovery rates (FDR). For the multivariate analysis, an Elastic Net (EN) regularized regression model was trained on the pre-processed dataset using the R package glmnet (version 4.0-2). In the EN model, the immune features derived from mass cytometric analysis were used to predict GA, which was treated as a continuous variable. An underlying assumption of the EN algorithm is statistical independence between all observations. In this analysis, we assume independence as the samples come from different subjects.



Cross Validation

In order to optimize the hyperparameters and assess the reproducibility of the result fit, we used a leave-one-out cross validation strategy. At each iteration, one sample is kept for independent validation and its value is predicted as it is blinded from the model training at this iteration. The reported results are exclusively based on the blinded subject.



Clinical Confounder Analysis

We performed a confounder analysis on the values of the cross-validated model by performing a least square linear regression for all the main potential clinical confounders, one by one. For each regression, the predictor is the GA, and the parameters are the model predictions as well as one of the clinical confounders. For each confounder, we evaluate the effects of the confounder on and the predictions by optimizing the following difference: . We report for the p-value associated with the F-statistic assessing whether the β coefficients are different from zero, meaning that the variable (prediction or confounder) has an effect. The EN model predictions’ p-value measures if the EN model predictions remain associated with GA for a regression in which we control for each covariate. Similarly, the confounder p-value measures if the covariate has an association with GA. N/As were excluded from analysis.



Bootstrap Analysis

The EN approach provided a useful mathematical model to demonstrate the progression of neonatal immune cells across GA; however, the features selected by a single EN model are susceptible to small variations in the data and are difficult to reliably reproduce, which is particularly true in datasets such as these with multiple highly correlated features (34, 35). This limits their usefulness in studies like ours that are designed to explore all immune features relevant to GA. To address these limitations, a bootstrap procedure was applied that iterates the EN analysis 1,000 times on subsets of the data with replacement in order to improve the likelihood of identifying all immune features contributing to the GA-dependent progression of the neonatal immune system and improving reproducibility of our results (see Figure 3A for pictorial of process) (34, 35).



Correlation Network

The features are visualized using a correlation graph structure to identify correlated feature populations using the R package igraph (v1.2.5). Each immunologic feature is denoted by a node. Edges were drawn between nodes with an absolute Pearson correlation coefficient (|r|) >0.8. The graph is visualized using the mds layout.





Results


Study Participants

Forty-five infants were included in the study with birth GA ranging from 25 weeks (w) 2 day (d) to 40w6d, including 25 infants born at term (≥37w) and 20 born preterm. Maternal demographics and indications for delivery are shown in Supplemental Tables S2, S3. Statistically significant differences between women who delivered at term, those who delivered late preterm (34w0d-36w6d) and those who delivered preterm (<34w0d) include administration of steroids (betamethasone) for fetal lung maturity to all mothers who delivered at <37 weeks but to no mothers who delivered ≥37 weeks, greater proportion of preeclampsia with severe features in the preterm group, and highly variable duration of labor. No infants were born to mothers with clinical chorioamnionitis, which was an exclusion criterion for collection, or developed sepsis within the 72 hours after birth. Placental pathology was available for all preterm samples, all but two late preterm samples (both c-section deliveries without labor or rupture of membranes), and no term samples. Among those examined, one placenta at 30w6d had mild histologic chorioamnionitis (stage 1, grade 1).

For each study participant, a neonatal blood sample was collected from the umbilical vein at the time of delivery. Figure 1 summarizes experimental and analytical pipelines. A total of 1,071 immune cell features were analyzed in each sample and visualized on a correlation network (Figure 2A). These features included the frequencies of 34 innate and adaptive immune cell subsets, the basal intracellular activity (i.e. phosphorylation state) of 11 signaling proteins, and the capacity of each cell subset and signaling molecule to respond to a series of ligand-specific immune challenges [the bacterial antigen lipopolysaccharide (LPS), the viral infection-associated cytokine interferon (IFN)α, and a combination of interleukins (IL)-2, IL-4, and IL-6, that have pleiotropic effects that include influencing T cell differentiation and function]. A correlation network of all studied immune features describes their relationship with each other (Figure 2A).




Figure 1 | Functional profiling of the neonatal immune system across GA. Experimental and analytical workflow. 45 neonates ranging from 25w2d to 40w6d were studied. Umbilical cord blood was obtained immediately after birth, and whole blood was either left unstimulated (control) or stimulated for 15 minutes with LPS, IFNα, or a cocktail of interleukins (IL) (IL-2, IL-4, and IL-6). Immune cells were barcoded, stained with surface and intracellular antibodies, and analyzed with mass cytometry. The assay produced five categories of immune features, providing information about cell frequency in 34 immune cell subsets, basal intracellular signaling activity (i.e. phosphorylation state) of 11 intracellular signaling proteins in these cells, and cell type-specific signaling capacity in response to one of the three stimuli. 1,071 immune features were analyzed. Multivariate modeling using an Elastic Net method followed by a bootstrap procedure and unsupervised clustering of features were applied to characterize the GA-dependent progression of immune cell features. Image credits: Figure 1 was created in part on BioRender.org.






Figure 2 | Multivariate modeling analysis (EN) identifies a correlation between the comprehensive immune profile of an infant at birth and GA at birth. (A) A correlation network of 1,071 immune features, representing the comprehensive immune profile at birth. Each node is an immune feature, consisting of the frequency of an immune cell subset, its baseline signaling activity, or its signaling response to stimulation. Colors indicate the category of immune feature (frequency, basal signaling, or evoked signaling response to IFNα, LPS, or IL). Lines are drawn between features with a correlation coefficient >0.8 (Pearson’s) (B) An Elastic Net analysis created a model that could predict GA based on an infant’s comprehensive immune profile at birth, confirming the close relationship between GA and the immune system.





High-Dimensional Modeling of Neonatal Immune Cell Distribution and Signaling Reveals a Gestational-Age Dependent Immune System Progression From Preterm to Term Gestation

Our goals for analysis of the high dimensional immunologic dataset were to 1) confirm a relationship between GA and immune profile by demonstrating that GA of an infant can be predicted by his/her immune profile at birth, and 2) identify the immune features that are most informative of (i.e. correlate with) GA and understand their relationship with each other. An Elastic Net (EN) model confirmed a strong association between GA and immune profile (R=0.85, p=8.75e-14, Spearman correlation) (Figure 2B). A total of 609 immune features informative of GA were identified by iteratively applying the same EN model on random subsets of data 1,000 times – a process known as bootstrapping (Figure 3A and Supplemental Table S5). The bootstrap technique addresses a common pitfall in the use of EN for feature selection, which is that the features selected by a single EN model are susceptible to small variations in the data and are therefore difficult to reliably reproduce (34, 35).




Figure 3 | A bootstrap procedure with agnostic clustering reveals patterns in the immune system that change with advancing GA and suggests a progressive increase in ligand-specific responsiveness of the immune system. (A) Analytical workflow for the bootstrap procedure used to identify immune correlates of GA. Boxes with stars represent a data set, Xi, that can be used for EN training. We ran the EN model 1,000 times on random sub-samples of the data with replacement and then tallied the number of times an individual feature was selected in one of the bootstrap iterations. (B) The 609 immune features identified by the bootstrap procedure are highlighted on the correlation network of immune features and agnostically clustered into immunologically relevant communities, revealing patterns in the immune system that vary with respect to GA. The 5 communities that contain 95% of the features are annotated based on the immunologic trends contained within them (community 4 could be further sub-divided into 4a-c). Node size corresponds to frequency of occurrence of the feature in bootstrap iterations. (C) Comparison of basal vs ligand-specific responses (i.e. after stimulation by LPS, IFNα, or IL) among informative immune features that correlate linearly with GA [false discovery rate (FDR<0.1] shows that most (81.1%) basal signaling features decrease with advancing GA whereas most (76.9%) ligand-specific features increase.



In order to identify biologically relevant patterns in the data and understand how these 609 features relate to each other, the features were mapped onto the entire correlation network of all identified immune features, and an agnostic clustering algorithm (36) segregated the informative immune features into 23 communities (Supplemental Table S5), five of which contained 95% of features and that were annotated based on the underlying immunologic trends represented within them (Figure 3B). A distinctive trend among informative features was a progressive increase in ligand-specific responsiveness of immune cell subsets as GA advances, illustrated by decreasing non-specific basal signaling coupled with increasing amplitude of ligand-specific responses (Figure 3C). A detailed examination of the most significant (i.e. strongest Spearman correlation) of these informative immune features within each community facilitates the identification of potentially biologically important immune differences during gestation that are revealed by the EN analysis.



The Relationship Between Immune Profile and GA Remains Significant After Addressing Clinical Confounders

The infants in our study were born secondary to a variety of indications and to mothers with diverse medical backgrounds, inevitably introducing possible confounding clinical variables. In order to address these variables, we performed a post-hoc analysis of the performance of the EN model with the one-by-one addition of a confounding clinical variable. Importantly, the model remained significant (p<0.0001) when accounting for fetal sex, time between steroid administration and birth, duration of rupture of membranes, duration of labor, maternal gestational diabetes mellitus, maternal first trimester hemoglobin (Hgb) A1c, preeclampsia, preeclampsia with severe features, and maternal group B streptococcus status (Supplemental Table S4). We chose to analyze time since steroid administration rather than steroids as a categorical variable because all preterm infants vs none of the term infants were exposed to steroids, which would make the results uninterpretable. None of the confounders were significant, including time since last steroid administration (p=0.19). Although the number of confounders is difficult to control for in this sample size, overall our analysis confirms that the changes we identified in the immune profile are most likely due to GA rather than some other confounder.



Advancing GA Is Associated With Decreasing Frequency of Non-Conventional Invariant and Regulatory T Cell Subsets Coupled With Increasing Frequency of Key Defensive Innate Immune Cells

Community 3 contained information on the frequency of innate and adaptive immune cells (Figure 4A). Within the innate cellular compartment, the strongest correlations (Spearman) with GA were increasing frequencies of granulocytes and CD14+CD16- classical monocytes (cMCs) (Figures 4B, C), which are front-line defenders that rapidly respond to injury or infection (37, 38). In term infants, granulocytes comprised the majority (58%) of immune cell subsets in cord blood, but at earlier GA the proportion of granulocytes falls (average 24.5% of live leukocytes in infants <30 weeks GA) and T lymphocytes predominate (average 47.3% of live leukocytes in infants <30 weeks, of which 64% are CD4+ T cells). In contrast, in the adaptive compartment, the strongest correlations with GA were decreasing frequencies of regulatory T cells (Treg) and CD161+ T cells, including the CD4+ and CD8+ subsets (Figures 4G–I). Treg cells [and possibly fetal CD161+CD4+ T cells (39)] are immune-regulatory cell subsets that can suppress antigen-specific T cell inflammatory responses (40). CD8+CD161+ T cells are enriched in mucosal associated invariant T (MAIT) cells that recognize riboflavin metabolites presented by MHC-related 1 (MR1) protein (although our assay did not include MR1 tetramers, which are necessary for the definitive identification of MAITs) (41–43). Also decreasing in frequency with GA were Natural Killer (NK) T cells, which are enriched in invariant NK (iNK) T cells with a limited T cell receptor (TCR) repertoire specific for lipid antigens presented by the non-classical MHC class I protein CD1d (42, 44) (Figures 4D–F). Together these findings indicate that at early GA the cellular composition of the neonatal immune system is characterized by deficiencies in innate cells involved in the acute response to infection or danger and a relative abundance of suppressor T cells and a reliance on nonconventional T-cell populations with restricted TCR repertoires directed to non-peptide antigens.




Figure 4 | Advancing GA is associated increasing frequency of key defensive innate immune cells and with decreasing frequency of invariant and regulatory T cell subsets. (A) Community 3 contained 164 informative immune features (164 nodes), including frequencies innate and adaptive immune cell subsets. (B–I) Relationship between GA and highlighted features in community 3. The frequency of granulocytes and cMCs increased with GA, while the frequency of NKT-like cells, Treg cells, and CD161-expressing CD4+ and CD8+ T cells decreased with GA. Spearman correlations.





Progressive Ligand-Specific Responsiveness of Neonatal Immune Cell Signaling With Advancing GA

In addition to GA-dependent progression of immune cell distributions, several informative immune features represented functional attributes, including basal signaling and responsiveness of immune cells to stimuli meant to simulate gram negative bacterial (LPS) or viral (IFNα) infection. Examination of the functional attributes with the strongest statistical correlation (Spearman) with GA in Communities 3 and 4c (Figure 5A) revealed an intriguing evolution of the mitogen-activated protein kinase (MAP-kinase)/NFκβ pathway at baseline and in response to LPS in antigen presenting cells, specifically dendritic cells (DC)s and monocytic cell subsets [classical (c)MCs, intermediate (int)MCs, and non-classical (nc)MCs]. Within this pathway, basal pMAPKAPK2 signaling in antigen presenting cells demonstrated the most prominent inverse relationship with GA (Figures 5B–D), though other molecules in the same pathway, specifically pS6, pP38, and pNFκB, followed a similar trajectory (Supplemental Figure S3). In contrast to decreasing basal signaling, the responsiveness of pMAPKAPK2 to the bacterial antigen LPS increased with advancing GA in the same cell types, although the relationship did not reach statistical significance in ncMCs (Figures 5E–G). The MAP-kinase/NFκβ pathway in antigen presenting cells, which is down-stream of TLR4 activation by LPS, is classically pro-inflammatory (45). Increased basal activity of this pathway may speak to a tendency towards constitutively active inflammatory reactions in prematurity, while decreased responsiveness of pMAPKAPK2 to antigenic stimulation by LPS may predispose infants to infection by certain bacterial pathogens.




Figure 5 | Antigen presenting cell subsets exhibit decreasing basal MAP-kinase/NFκB pathway signaling with GA but increasing signaling responsiveness to LPS. (A) Community 3 contains information on 123 immune features corresponding to the basal signaling of the MAP-kinase/NFκB pathway, and community 4c contains information on 16 immune features corresponding to the response of the same pathway to LPS. (B–D) Highlighted immune features in community 3 show decreasing basal pMAPKAPK2 signaling in antigen presenting cells. (E–G) Highlighted immune features in community 4c show increasing pMAPKAPK2 signaling in response to LPS in the same cells. Spearman correlations.



Within Community 4b (Figure 6A), the features with the strongest correlations (Spearman) were the responsiveness of CD8+ and NK-cell lymphocyte subsets involved in cell-mediated cytotoxicity to IFNα stimulation within the pSTAT3 pathway. We observed an inverse relationship between GA and pSTAT3 response to IFNα in cytotoxic effector cells, specifically CD8+T effector cells, including effector memory CD8+ T cells (CD8+TEM), CD8+ effector memory T cells re-expressing CD45RA(CD8+TEMRA); CD8+NKT-like cells; and two major subsets of NK cells defined by CD16 and CD56 expression, i.e. CD56dimCD16+ NK and CD56brightCD16- cells (Figures 6B–E, G). CD8+ T central memory cells (CD8+TCM) showed a trend that did not quite reach statistical significance after Benjamini-Hochberg correction (FDR=0.11) (Figure 6F). The strong inverse correlation of pSTAT3 activation with GA prompted us to investigate pSTAT1 in the same cell types, given that STAT1 is the classic downstream effector of IFNα.(46) In this pathway, we identified a similar pattern, although less pronounced (Supplemental Figure S4). The results are consistent with known clinical observations of susceptibility of preterm infants to viral infections, although the role of the non-classical pSTAT3, which may have a regulatory function, may speak to a more complicated story (47).




Figure 6 | Cytotoxic cells exhibit increasing pSTAT3 response to IFNα with advancing GA. (A) Community 4b contains information on 67 immune features corresponding to the response of the STAT pathway to IFNα. (B–G) Highlighted immune features in community 4b show increasing responsiveness of pSTAT-3 in cytotoxic cells in response to IFNα. Spearman correlations.






Discussion

In this study, we employed mass cytometry and high-dimensional analysis to provide a comprehensive characterization of the GA-dependent progression of the neonatal immune system at birth from infants ranging from extremely preterm to term. An overarching motif was a progressive increase in the ligand-specific responsiveness to stimulation of the immune system as illustrated by a transition from a system characterized by low-amplitude antigen (LPS)- and cytokine (IFNα, IL-2, IL-4, and IL-6)- specific immune responses with high basal signaling tone to one more capable of eliciting ligand-specific reactions to immunologic challenges (Figures 3C and 7). This observation raises the hypothesis that the elevated basal signaling tone of key mediators of inflammation, including antigen presenting cells, may contribute to the unique susceptibility of preterm infants to hyper-inflammatory reactions to non-pathogenic stimulation, whereas the decreased antigen- and cytokine-specific responses might leave the preterm infant susceptible to infection.




Figure 7 | Summary schematic As GA advances, we observed an increase in ligand-specific immune signaling coupled with a decrease in non-specific basal signaling (bottom). As a complement to this change in signaling patterns, we also described an inverse relationship between GA and the prevalence of suppressor-type T cells (Treg cells and possibly CD161+ CD4+ T cells), which have the potential to inhibit antigen-specific inflammation and prevalence of non-conventional innate-like T cells such as NKT-like cells and CD8+CD161+ T cells (classically associated with MAIT cells) (top left). As GA advances the proportion of these inhibitory and non-conventional T cells decreases, the responsiveness of both innate and adaptive cells to antigen (LPS) and cytokine (IFNα and IL-2, IL-4, and IL-6) stimulation increases, and the population of quick-acting innate defender cells increases (top right).



Our analysis confirmed a strong relationship between GA and the neonatal immune profile at birth (R=0.85, p=8.75e-14) and revealed numerous GA-dependent immune adaptations, many of which are completely novel while others align with existing literature. Early GA is known to be associated with deficient numbers of granulocytes and cMCs (26, 29, 48, 49); elevation of Treg cells (50–52); elevation of NKT-like cells (53); and elevation of CD161-expressing CD4+ T cells (39, 39, 54–56). Notably, our findings on the relationship between GA and the frequency of granulocytes align with those published by Olin et al. who used similar mass cytometry techniques to study term and preterm infants (29). In their study, which included mass cytometric analysis of 21 cell types found in the cord blood of term patients (defined as >37 weeks GA) and preterm patients (defined as <30 weeks GA), the frequency of granulocytes was the largest contributor to variance between term and preterm samples, which is corroborated in our data where granulocyte frequency was the most frequently identified feature in our bootstrap (R=0.77, p=8.5e-10). Each of these findings has the potential to be clinically significant for the preterm infant. Decreased numbers of cMCs and granulocytes contribute to the susceptibility of premature infants to opportunistic infections by extracellular pathogens such as Group B Streptococcus (GBS), Escheria coli, and Candida albicans, which are the major causes of sepsis in the preterm infant and are associated with 30%, 38% (14), and 34% (57) mortality, respectively. In utero, TREGs specific to maternal antigens likely inhibit the activation of allo-reactive inflammatory fetal conventional α/β T cells, which are implicated in preterm labor in humans (17, 58) and have been shown to precipitate preterm labor in mice (59). While this inhibition of antigen-specific responses is helpful during fetal life, it may be detrimental in postnatal life when the infant is required to mount targeted pro-inflammatory responses towards pathogens. Interestingly, disordered Treg cells are implicated in the major inflammatory diseases of prematurity, including NEC (60–63), BPD (64), and oxygen-induced retinopathy (such as ROP) (65). NKT-like cells, which are also elevated at early GA, are non-conventional innate-like T cells that express invariant TCRs specific for lipid antigens (53, 66, 67). The clinical role of CD161-expressing CD4+ and CD8+ T cells in the fetus and neonate is less well studied. In adults, CD161 on CD4+ and CD8+ T cells is classically associated with TH17 (68) and mucosal associated invariant T (MAIT) cells (69, 70), respectively, where it likely acts as a stimulatory co-signal in the setting of TCR engagement (66, 71–73). Although an area of ongoing investigation, there is some evidence to suggest that abnormally elevated TH17-type responses are associated with NEC (60, 63). Of note, a recent study demonstrated that CD161 on human fetal CD4+ T cells acts as an inhibitory co-signal in a fetal-specific manner (39). The role of CD161+CD8+ T cells in the fetus and neonate is poorly understood, and to our knowledge ours is the first study to show decreasing frequency of CD161+CD8+ T cells with advancing GA. These cells are similar to NKT-like cells in that they express invariant TCRs and recognize non-peptide antigens, specifically riboflavin metabolites presented by the non-classical MHC molecule MR1 (41, 42). Similar to the role of Tregs, the emphasis on non-conventional T cells (e.g. CD161+CD8+ T cells/MAIT-like and NKT-like cells) early in gestation may be beneficial in limiting the risk of an allogenic reaction of the fetus against its mother, as these reactions are typically mediated by conventional α/β T cells. A caveat to consider is that the decreasing frequency of these unconventional T cell subsets in the peripheral circulation with advancing GA may actually reflect migration to the tissues. Nonetheless, a better understanding of the function and dynamics of these unusual T cells has the potential to provide insight into the unique immunobiology of prematurity. Overall the premature neonatal immune cell repertoire is characterized by underpopulated first line of defense innate cells (granulocytes and cMCs), a higher proportion of non-conventional innate-like T cells, and higher numbers of T cells with a known or putative regulatory role.

In addition to changes in immune cell distribution, the functional assessment of intracellular signaling activities revealed novel adaptations of the neonatal immune system with advancing GA. Consistent with prior findings, we found that antigen presenting cells, including DCs and monocyte subsets, in preterm neonates demonstrate decreased MAP-kinase/NFκB signaling responsiveness to TLR-4 stimulation with LPS (74–76). However, we also observed an inverse relationship between GA and the basal signaling tone of the MAP-kinase/NFκβ pathways in the same cell types. The clinical implications of this paradoxical finding are intriguing. On one hand, a hypo-inflammatory response in the TLR-4 pathway is consistent with vulnerability to infection, particularly by gram negative bacteria. On the other hand, the elevated basal signaling tone of this typically pro-inflammatory pathway could partly explain the vulnerability of preterm infants to developing hyper-inflammatory responses to environmental stimuli (e.g. oxygen, mechanical ventilation, and commensal bacteria), which in turn contribute to the inflammatory morbidities of prematurity. Indeed, existing evidence implicates excessive MAP-kinase/NFκβ pathway activity in NEC (60, 77, 78), BPD (79–82), and ROP (83, 84), although these studies have not provided information on cell type specificity. One might speculate that the exaggerated basal signaling in the NFκB pathway at early GA could reflect a general feature of fetal tissues undergoing proliferation, as NFκB signaling is anti-apoptotic (85). As such, the MAP-kinase/NFκβ pathway in inflammatory cells is a promising target for future studies designed to understand the vulnerability of premature infants to hyper-inflammation.

In parallel to the increasing responsiveness of antigen presenting cells to bacterial antigens, we observed a similar increase in responsiveness of cytotoxic lymphocytes to the virus-associated type 1 interferon IFNα with advancing GA. While basal signaling tone did not change with respect to GA (data not shown), both pSTAT3 and pSTAT1 signaling response to IFNα increased with GA in major cytotoxic lymphocyte subsets: CD8+ T effector and memory cells; NK cells, including CD56bright CD16- and CD56dimCD16+; and CD8+NKT-like cells. Other authors have demonstrated that neonatal NK cells (86, 87) and CD8+ T cells are less cytotoxic (88) than adult and shown that this phenomenon is exaggerated in preterm vs term infants (89). However, the mechanism for this deficiency is unknown. In adults, IFNα primes cytotoxic cell types for optimum cytotoxicity (90), and pSTAT1 (when dimerized with pSTAT2) is the classic pro-inflammatory mediator of IFNα signaling (46). As such, impairment of STAT signaling in response to IFNα in prematurity might explain the poor cytotoxicity of these cell types, and in turn the unique vulnerability of premature infants to certain viral pathogens such as herpes simplex virus, cytomegalovirus, and adenovirus. Interestingly, the association of pSTAT1 signaling with GA was less strong than that of pSTAT3. This STAT molecule’s role in IFNα signaling is less well described, but it may act as a counter-regulatory molecule that suppresses the inflammatory response to type 1 interferons (47). Therefore, our evidence suggests a simultaneous imbalance in both the pro-inflammatory and counter-regulatory response to IFNα in cytotoxic cells in premature infants compared to term infants.

Our study has several limitations. The preterm infants in our cohort were born to mothers with a diverse range of comorbidities and were delivered for a variety of different indications, inevitably introducing clinical confounders (Supplemental Tables S2, S3). Importantly, our model remains significant when the most clinically plausible confounders are controlled for– specifically fetal sex, preeclampsia, preeclampsia with severe features, duration of labor, duration of rupture of membranes, group B streptococcus status, maternal gestational diabetes, maternal hemoglobin A1c, and time since administration of antenatal steroids. Notably, all infants in our study born preterm (<37 weeks GA) were exposed to antenatal steroids, whereas none of the term infants had been exposed. Reassuringly, the time between steroid administration and birth was not a significant confounder of our EN model, which provides a statistical foundation to support the premise that steroids are not the main driver of our findings (Supplemental Table S4). Furthermore, although antenatal steroid administration will inevitably impact the immune system, it reflects clinical reality as approximately 77-88% of preterm infants in the United States are born after maternal steroid administration given to promote fetal lung maturity (91, 92). Additionally, many of the intracellular immunologic features we identified as variable with respect to GA are not known to be directly affected by glucocorticoids, and some trends, such as elevated MAP-kinase/NFκβ baseline signaling, are counter to the expected effect of glucocorticoids (93). It should also be noted that umbilical cord blood provides a snapshot of the immune system at the time of birth but may not reflect the post-natal immune profile (29, 94). Nonetheless, several smaller studies have suggested that the immune status at the time of birth correlates with the development of later morbidity and mortality, so cord blood remains a clinically relevant sample (21–24, 26). Lastly, while we measured proximal signaling responses by assaying phosphorylation states of signaling molecules, we do not have information on down-stream functional changes.

In summary, we applied a high-dimensional immunoassay to perform a single-cell analysis of neonatal immune cell distribution and signaling responses at the time of birth along the spectrum of viable gestational age, ranging from extremely premature to term. Our findings revealed GA-dependent adaptations in the balance between pro- and anti-inflammatory immune mechanisms within both the adaptive and innate compartments. We observed a progressive decrease in the relative proportion of non-classical and suppressor T cell subsets, a decrease in basal immune cell signaling tone, and an increase in the ligand-specific responsiveness of the neonatal immune system. The detailed knowledge gained from our study provides an important framework to better understand, predict and treat the unique set of infectious and inflammatory diseases suffered by preterm infants.
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Pregnancy is a unique type of immunological process. Healthy pregnancy is associated with a series of inflammatory events: implantation (inflammation), gestation (anti-inflammation), and parturition (inflammation). As the most abundant leukocytes during pregnancy, natural killer (NK) cells are recruited and activated by ovarian hormones and have pivotal roles throughout pregnancy. During the first trimester, NK cells represent up to 50–70% of decidua lymphocytes. Differently from peripheral-blood NK cells, decidual natural killer (dNK) cells are poorly cytolytic, and they release cytokines/chemokines that induce trophoblast invasion, tissue remodeling, embryonic development, and placentation. NK cells can also shift to a cytotoxic identity and carry out immune defense if infected in utero by pathogens. At late gestation, premature activation of NK cells can lead to a breakdown of tolerance of the maternal–fetal interface and, subsequently, can result in preterm birth. This review is focused on the role of dNK cells in normal pregnancy and pathological pregnancy, including preeclampsia, recurrent spontaneous abortion, endometriosis, and recurrent implantation failure. dNK cells could be targets for the treatment of pregnancy complications.
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Introduction

Successful pregnancy in humans is reliant on a series of critical events: embryo implantation, decidualization, placentation, and parturition. Each of these events is crucial to a good pregnancy outcome.

At the onset of human pregnancy, the blastocyst hatching from the zona pellucida adheres and implants into the maternal uterine endometrium. There is a high prevalence of implantation failure after natural conception and in in vitro fertilization (IVF) therapy (1). Uterine stromal cells that surround the implanting embryo differentiate into large secretory decidual cells (“decidualization”). The decidua provides nutritional support and an immune-privileged matrix to the embryo before establishment of a functional placenta (2). After implantation, the trophectoderm of the implanted blastocyst proliferates and differentiates rapidly into two main subpopulations: syncytiotrophoblast (the multinucleated epithelium of the villi responsible for nutrient exchange and hormone production) and extravillous trophoblast (EVT; which invades the uterine endometrium of the mother through “placentation”). The placenta provides sufficient nutrients and is a barrier to immune tolerance for the developing fetus (3). If the fetus is at term, parturition is initiated by inflammatory and endocrine signals, which drives quiescent uterine tissues to an active labor state, and promotes contractions (4, 5). These physiological events in pregnancy are inflammatory processes, and a balance of pro- and anti-inflammatory factors is required for remodeling of intrauterine tissue, feto-placental growth, and parturition throughout gestation (6).

Natural killer (NK) cells play a crucial part in the initiation and resolution of inflammation (7), and they are detected in all phases of pregnancy (8–10). NK cells are cytotoxic innate lymphoid cells, and were first discovered thanks to their ability to kill tumor cells, and later found to also kill pathogen-infected cells (11). In humans, conventional NK cells are present in peripheral blood (pNK cells) and are distributed widely throughout the body. pNK cells are divided primarily into two subtypes: cluster of differentiation CD3−CD56dimCD16+ cells and CD3−CD56brightCD16− cells. It has been found that 90–95% of pNK cells, CD56dim NK cells, have potent cytotoxicity and high expression of CD16. CD56bright NK cells are best known for producing diverse types of cytokines with weak cytolytic activity (12). In addition to pNK cells, in humans NK cells are also found in peripheral tissues, such as the liver, lungs, skin and uterus, and are termed “tissue-resident NK” (trNK) cells. Most trNK cells are the subset of CD56bright NK cells. The latter exhibit different signatures that are related to their tissue of origin, and show high expression of CD69, CD103, and CD49a, which have been used to identify trNK cells (13). Decidual NK (dNK) cells are a specialized type of trNK cells found at endometrial decidual tissue, and display many unique phenotypic and functional characteristics compared with pNK cells and trNK cells (14).

Herein, we review the emerging knowledge about human dNK cells. We focus specifically on the phenotypes and functions of NK cells under human physiological and pathological pregnancy conditions.



Characteristics And Subtypes Of dNK Cells In Human Pregnancy

dNK cells comprise ~70% of immune cells in the first-trimester decidua (8). Vento-Tormo and colleagues identified three main subsets of dNK cells (dNK1, dNK2 and dNK3), which all co-express the tissue-resident marker CD49a together with proliferating NK cells from isolated first-trimester decidual cells by single-cell RNA-sequencing (15). Compared with dNK2 and dNK3 cells, dNK1 cells show higher expression of killer cell immunoglobulin-like receptor (KIR) genes (human leukocyte antigen (HLA)-C receptor: KIR2DS1, KIR2DS4, KIR2DL1, KIR2DL2 and KIR2DL3) and Leukocyte Immunoglobulin-Like Receptor B1 (ILT2, an HLA-G receptor which is expressed only by the dNK1-cell subset). HLA-G and HLA-C are expressed primarily on EVTs of fetal origin. The interaction between HLA-C and HLA-G molecules with their receptors on dNK1 cells contributes to trophoblast invasiveness, vascular remodeling, and maintenance of a local microenvironment of immune tolerance (16, 17). In addition, dNK1 cells contain more cytoplasmic granule proteins (perforin 1, granulysin, granzyme A GZMA and GZMB) which provide immunity against placental infection and the enzymes involved in glycolysis. Studies have shown that adaptive NK cells from human cytomegalovirus (HCMV)-seropositive individuals exhibit enhanced glycolytic metabolic profiles relative to that in canonical NK cells (18). Increased expression of glycolytic enzymes in dNK1 cells suggests that they may be responsible for supporting repeated pregnancies. dNK2 and dNK1 cells co-express activating killer cell lectin-like receptor C2 (NKG2C) and NKG2E (activating receptors on NK cells) as well as NKG2A receptors (inhibitory receptor on NK cells) for HLA-E molecules, which indicates similar functions between dNK2 and dNK1 cells (19). dNK2 cells also expresses high levels of X-C motif chemokine ligand 1(XCL1) which is known as lymphotactin. Whereas XCR1, the receptor of XCL1, is expressed on EVTs and dendritic cells. Bottcher et al. proved that NK cells producing XCL1 chemokines promote cDC1 recruitment by surface receptor XCR1 on cDC1 (20). The recognition and combination of XCL1–XCR1 suggests that dNK2 cells mediate recruitment of EVTs and dendritic cells at the fetal–maternal interface. dNK3 cells are in low proportion and show high expression of chemokine ligand 5 (CCL5). C-C motif chemokine receptor 1 (CCR1, the receptor for CCL5) is expressed by EVTs. Sato et al. reported that chemokine-CCR1 interactions induced migration of the EVTs to maternal tissue (21), which suggests a role for dNK3 cells in regulating EVT invasion. Those findings suggest the importance of dNK cells in the first-trimester decidua, and in particular, dNK1 plays a dominant role in early pregnancy.

Whether the phenotypic and functional properties of dNK cells remain unchanged throughout pregnancy is an important concept. Zhang and colleagues measured expression of the activation receptors, degranulation capacity, cytokine expression, and proliferation of human dNK cells during the first and second trimesters. They found that the number and cytokine expression [e.g., interferon (IFN)-γ, vascular endothelial growth factor (VEGF) and interleukin (IL)-8] of dNK cells were not significantly different in the first trimester and second trimester. dNK cells in the second trimester showed higher expression of active receptors (NKp80 and NKG2D), but limited degranulation capacity of dNK cells in comparison with that in the first trimester. Zhang and colleagues speculated that inhibition of dNK-cell function may lead to two mechanisms during the first and second trimesters: suppression of activating-receptor levels in the first trimester by trophoblasts and disengagement of receptor–ligand coupling in the second trimester (9). Likewise, de Mendonca Vieira and colleagues investigated the function, and phenotype, of dNK cells in a term pregnancy. By comparison with pNK cells and first-trimester dNK cells, they suggested that the proportion of term-pregnancy dNK cells among CD45+ cells were significantly lower and dNK cells in a term pregnancy had an increased degranulation response, but lower capacity to respond to human CMV-infected cells. They also identified that expression of a set of NK cell receptors, and found that term pregnancy dNK had fewer HLA-C receptors (KIR2DL1, KIR2DL2/3, and KIR2DS1) but more HLA-E receptor NKG2D compared with first trimester dNK. NKG2A, and NKG2C were no significant changes between the two dNK types. Term pregnancy EVT had the highest expression levels of HLA-G. They also detected the expression of HLA-G receptors in term pregnancy dNK, KIR2DL4 and ILT4 were no significant differences between first trimester dNK and term pregnancy dNK. In addition, a series of genes including IFN-γ, GZMH, interferon gamma receptor 1(IFNGR1), CD69, integrin subunit beta 2(ITGB2), NKp80, was upregulated by term-pregnancy dNK cells compared with that in first-trimester dNK and pNK cells (10). The different receptors and gene-expression profile of term-pregnancy dNK cells indicates a distinct type of NK cells, and the specific function of term-pregnancy dNK cells remains to be determined. But previous reports have stated that dNK cells progressively disappear from mid-gestation onwards and virtually are absent at term (22, 23). A possible explanation for the discrepancy may be due to the different detection methods (the early studies identified NK cells by staining cytoplasmic granules). Granulated leukocytes were rare after 20 weeks (24). Later studies identified NK cells distribution in third trimester by immunostaining CD56. While there are a proportion of agranular CD56+ uNK cells in third trimester, and these cells may be overlooked.

In repeated pregnancies, dNK cells display unique phenotypic properties. They show increased expression of NKG2C and ILT2 and enhanced production of IFN-γ and VEGFα, and display a special type of innate memory: these cells are termed “pregnancy-trained dNK cells” (25). Greater expression of VEGFα and IFN-γ can better support vascularization and initiate remodeling of endometrial vasculature in development of the placental bed, so pregnancy-trained dNK cells are more beneficial for subsequent pregnancies.

There is also evidence that dNK cells can be induced for a senescent phenotype by interacting with HLA-G from trophoblasts during pregnancy (26, 27). The NK cells of senescent phenotype would produce pro-inflammatory factors and pro-angiogenic factors that contribute to for trophoblast invasion and spiral artery remodeling (28).

In humans, NK cells are also divided into four subsets according to relative expression of the surface markers CD27 and CD11b. CD27 has been indicated as a marker for dividing mature NK cells into two functionally distinct subsets (29). The CD11b has been identified as a marker of human NK cells maturation (30). CD11b+CD27− NK cells exhibit high cytolytic ability; CD11b−CD27+ and CD11b+CD27+ NK cells have the best ability to secrete cytokines; CD11b−CD27− NK cells display differentiation potential (31). For dNK cells, ~60% are CD11b−CD27− NK cells and >20% are CD27+ NK cells (32).



The Role Of dNK Cells in Normal Pregnancy


Regulation of Uterine Natural Killer (uNK) Cells by Ovarian Hormones

Progesterone and estrogen are the two main ovarian hormones involved in regulation of the menstrual cycle and establishment and maintenance of pregnancy (33). Some studies have revealed that uNK cells accumulate extensively around spiral arterioles in the mid-secretory-phase endometrium and early-pregnancy decidua in accordance with increasing levels of ovarian-derived estrogen and progesterone (34). Those findings indicate that the recruitment and/or expansion of uNK cells may be regulated by these hormones. It is known that NK cells express receptors for specific chemokines and can be induced to migrate to specific tissues in response to several chemokines (35). Some studies have suggested that estrogen and progesterone induce expression of chemokines C-X-C motif chemokine ligand 10 (CXCL10) and CXCL11 in the human endometrium, whereas pNK cells and uNK cells show high expression of specific receptors for these chemokines. Therefore, progesterone and estrogen have indispensable roles in regulating the recruitment of NK cells into the uterus (36). This phenomenon could also explain the increase in uNK-cell number during the menstrual cycle.

Progesterone is a major driver of decidualization. Some studies have shown that progesterone can stimulate endometrial stromal cells to secrete IL-15 to promote the proliferation and differentiation of uNK cells in an indirect manner due to the absence of progesterone receptor on uNK cells (37, 38). Besides, estrogen and progesterone can regulate the function of uNK cells. It has been reported that human uNK cells can express glucocorticoid receptor (GR) which is a member of the superfamily of nuclear receptors, and that progesterone cross-reacts significantly with GR. Guo et al. found that progesterone could inhibit the IFN-γ production of uNK cells via GR (39), and induce immune tolerance during early pregnancy. Estrogens regulate uNK-cell migration directly and promote secretion of CCL2 from uNK cells, which facilitates uNK cell-mediated angiogenesis (40).



dNK Cells in Implantation and Decidualization

uNK cells are the major leukocytes in the endometrium. They comprise ≤30% of total lymphocytes in the endometrium at the mid-secretory phase (also called the “window of implantation”) and 70–80% of the total leukocyte population in the decidua from early pregnancy, which suggests that NK cells have a crucial role in implantation and decidualization (41). Paradoxically, implantation in humans and rodents is reliant on a proinflammatory mechanism. This inflammatory reaction is essential for implantation. Most of the accumulated evidence indicates that IVF patients with recurrent implantation failure (RIF) subjected to endometrial biopsy exhibit a substantial improvement in their chance to conceive (42). During the window of implantation, the uterus is “primed” under the action of ovarian hormones to release proinflammatory cytokines and chemokines, including IL-8, IL-15, IL-6, CXCL10 and CXCL11 (36, 43), which activate and recruit large populations of decidual immune cells to the endometrium at the time of implantation. Of these, 65–70% are uNK cells. Successful implantation is dependent upon an implantation-competent embryo achieving invasion into the receptive endometrium to establish a blood supply for the conceptus. uNK cells play a crucial role in this process with a recent study indicating that dNK cells act as biosensors of low-quality human embryos. Low-quality blastocysts that failed to implant secreted lower levels of hyaluronidase 2 (HYAL2), a member of hyaluronidases family that regulates hyaluronan (HA) size at tissue. Low levels of HYAL2 and high levels of high molecular weight HA (HMWHA) inhibit dNK cells-mediated clearance of senescent decidual cells. Hence, dNK cells determines endometrial fate at implantation (44). Further, in the first weeks of pregnancy (the period of embryo implantation in human), these trophoblast cells express soluble HLA-G (sHLA-G) which is bound by the NK cells receptor KIR2DL4, activating a proinflammatory/proangiogenic response which is beneficial to the establishment of receptive endometrium (45). Brighton et al. indicated that decidualization induced acute senescence in a subpopulation of ESCs. The senescence-associated secretory phenotype drives the initial auto-inflammatory decidual response linked to endometrial receptivity. As pregnancy progress, dNK cells eliminate senescent decidual cells to regulate endometrial rejuvenation and remodeling upon embryo implantation, and maintain the homeostasis of the endometrium (46). Expression of prokineticin 1 secreted by uNK cells is increased during the mid-secretory phase of the menstrual cycle, and increased further in early pregnancy. It has been proposed as a marker of a receptive endometrium because it regulates expression of a series of implantation-related factors, including leukemia inhibitory factor, IL-11, and prostaglandins (47, 48). Interestingly, their involvement in the development of a receptive endometrium in humans is crucial whereas, in mice, mature NK cells do not appear in the uterus before implantation (49). In addition, elevated uNK cells in women who have repeated early pregnancy losses contribute to pathological elongation of the window of endometrial receptivity which permits abnormal or delayed embryos to implant (50).

Endometrial decidualization in humans is triggered whether or not there is a conceptus. During pregnancy, once decidualization is initiated, the state of the endometrium is translated from a phenotype of acute inflammatory initiation to an anti-inflammatory phenotype. This process is accompanied by the massive infiltration of immune cells, including NK cells, which are termed dNK cells. The number of NK cells begins to increase around LH+3 (pre-decidualization) with large numbers densely scattered throughout the stroma in the late secretory (decidualization). NK cells coexist with the decidual tissue and are also observed in ectopic decidua (49). These findings provide valuable hints that the NK cell may be associated with the decidualization. Differentiation of endometrial stromal cells (ESCs) into specialized decidual cells is the most typical feature of decidualization. Several hormones, cytokines, growth factors, and morphogens are involved in regulating this process (2). Zhang et al. reported that dNK cells facilitated ESC decidualization by secreting IL-25 (51). Recent studies have reported that the dNK cell from early miscarriage decidual tissues induce AEA (endocannabinoid anandamide) production by ESCs (52). AEA plasma levels are higher in women suffering miscarriage (53) and notably AEA has been shown to impair decidualization in vitro (54). The dNK cell from miscarriage cases also secrete higher level of TNF-α, which inhibits ESCs decidualization by decreasing the decidual markers prolactin (PRL) and insulin-like growth factor binding protein-1(IGFBP-1) (52). A study observed that decidual stromal cells (DSCs) displayed increased autophagy during decidualization, and accelerated the residence and enrichment of dNK cells during normal pregnancy. Depletion or absence of NK cells resulted in adverse outcomes (reduced number of embryos implanted, increased embryo loss, and angiogenesis disorders) in pregnant mice, and emphasized the importance of NK cells in the establishment and maintenance of normal pregnancy (55, 56). Broadly speaking, the process of decidualization also include spiral artery remodeling, and the role of dNK cells on spiral artery remodeling will be discussed below.



dNK Cells in Placentation and Fetal Development

Following implantation and decidualization, the second important stage of pregnancy is initiated: rapid growth of the placenta and the growth and development of the fetus. Trophoblast invasion and vascular remodeling are the most critical moments during placentation. Reduced invasion of trophoblasts and vascular conversion results in poor placental perfusion, which is thought to be the underlying primary defect of common disorders of pregnancy (e.g., recurrent miscarriage, preeclampsia and fetal growth restriction) (57). During the placental formation, the role of dNK in regulating extravillous trophoblast (EVT) invasion is dependent on gestational age (58). Several studies suggest that dNK cells at 8–10 weeks of gestation mainly produce angiogenic growth factors which are associated with spiral artery remodeling in early pregnancy (59). Later between 12–14 weeks, dNK cells mainly produce cytokines (IL-8 and INF-γ inducible protein, IP10) that stimulate EVT invasion by increasing MMP-9 secretion and reducing EVT apoptosis (58). It is known that excess EVT invasion can endanger placenta and mother. However, dNK can also secrete a range of cytokines, TNF-α, TGF-β and IFN-γ, inhibit EVT excessive invasion in later stages (60, 61).

When trophoblasts complete their invasion (~20th week of pregnancy), the number of dNK cells begins to decrease (8). To support the demands of the growing fetus, uterine spiral arteries (SAs) must remold to a wide diameter and be capable of transporting adequate nutrition and oxygen to the fetus (62). Although trophoblasts are involved in SA remodeling, the initial stages, including loss of vascular smooth muscle cells (VSMCs) and breaks in the endothelial-cell layer, occur in the absence of EVTs but in the presence of lymphocytes (63). Accumulating evidence suggests the direct influence of dNK cells on SA remodeling. dNK cells infiltrating near human SAs express a wide range of MMPs which can initiate early breakdown of the extracellular matrix of SAs in the absence of EVTs (64). One study demonstrated that VSMC loss in SA remodeling occurs via migration away from the vessel wall, and not apoptosis (65). Dedifferentiation of VSMCs is an important feature of migration. Yang and colleagues showed that the uterine decidual niche (including dNK cells) modulates the progressive dedifferentiation of human VSMCs in SAs (66). The factors secreted by dNK cells, including chemokines, cytokines and vasoactive factors, such as IL-8, TGF-β, angiopoietin-1/2 (Ang1/2), and VEGF-C, initiate destabilization of vascular structures and, thus, SA transformation (59, 67, 68). As mentioned above, sHLA-G from EVT induces a senescent state in NK cells capable of participating in SA remodeling by secreting a series of factors (TNF-α, IL-1β, IFN-γ, IL-6, IL-8 (28).

A role for dNK cells in SA remodeling in human disease has also been noted. Reduced numbers of dNK cells have been demonstrated in patients with pre-eclampsia and intrauterine growth restriction (IUGR), which are associated with poor remodeling of SAs and reduced trophoblast invasion in the decidua (69). In addition to the role of NK cells in placentation, they can also promote the growth and development of the fetus. Fu et al. identified a CD49a+ subset of dNK cells that promoted fetal development by secreting growth-promoting factors, including pleiotrophin (PTN)and osteoglycin (OGN), before establishment of the placenta in humans and mice. Ultimately, a deficiency in these growth factors leads to growth restriction by abnormal development of bone in offspring (70). Zhou et al. demonstrated that the transcription factor PBX homeobox 1 can directly regulate transcriptional expression of growth-promoting factors in dNK cells and drive fetal growth (71).



Regulation and Function of dNK Cells at the Maternal–Fetal Interface

At ~5 weeks after implantation, the human placenta is formed from trophoblasts of fetal origin and decidua of maternal origin. The placenta constitutes an interface connecting the mother and the fetus: the maternal–fetal interface (72). This is a unique process, the mother, placenta, and the fetus with paternal antigen are symbiotic processes. The maternal immune system must accept the semi-allogeneic fetus while preserving immune defense against pathogens, and the predominant immunological feature of this phase is induction of an anti-inflammatory state.

Many efforts have been made to explain the mechanism of maternal–fetal interface immune tolerance. The maternal–fetal interface is composed mainly of fetal trophoblasts, maternal DSCs, and decidual immune cells (23). In the first trimester, human decidual leukocytes are primarily NK cells (∼70%) and macrophages (∼20%) (24). In addition to an intrinsic lower cytotoxicity of decidual CD56brightCD16− NK cells, several studies have indicated that dNK cells interact with HLA ligands (e.g., HLA-G, HLA-C and HLA-E) expressed on EVTs to depress the cytotoxic capability of dNK cells. HLA-G is a non-classical HLA class-I molecule, and is uniquely expressed in EVTs (73). At the maternal–fetal interface, dNK cells show high expression of the inhibitory receptors KIRs, such as KIR2DL1, KIR2DL2/L3 and ILT2, which recognize HLA-G to inhibit NK-cell cytotoxicity (73). Beyond that, HLA-G-induced immune tolerance has been found to occur by a peculiar cell biological process: “trogocytosis” which is defined for lymphocytes can extract surface molecules through the ‘immunological synapse’ from interacting cells (74). One study demonstrated that primary human dNK cells can uptake HLA-G proteins produced by primary human EVTs (75), and internalized HLA-G correlates with the very low cytotoxicity of freshly isolated dNK cells (76). One possible explanation may lie in the fact that EVT–NK-cell synapses are inhibited during HLA-G endocytosis and endo-lysosomal signaling events, and inhibition of these synapses weakens the cytotoxicity of NK cells (76). Another non-classical HLA class-I molecule expressed by trophoblasts, HLA-E, can regulate the cytotoxicity of dNK cells by interacting directly with the inhibitory receptors CD94/NKG2A (77). HLA-C (a classical HLA class-I molecule) also weakens the cytotoxicity of NK cells by interacting with the inhibitory receptors KIRs (78).

T-helper (Th)17 cells are a critical lineage of proinflammatory Th cells involved in development of autoimmune disease. Excess Th17 cells directly cause fetal loss in vivo (79). Wei and colleagues indicated that decidual CD56brightCD27+ NK cells “dampened” inflammatory Th17 cells by secreting IFN-γ to promote immune tolerance and successful pregnancy (79). Indoleamine 2,3-dioxygenase (IDO) is a key metabolic enzyme responsible for tryptophan degradation (80). IDO is produced widely at the fetal–maternal interface (81). Ban et al. indicated that trophoblast-derived IDO could downregulate expression of NKp46 and NKG2D and reduce the cytotoxicity of pNK cells; it may also contribute to maintaining dNK-cell cytotoxicity at a low level, and play an important part in maintenance of normal pregnancy (82). T-cell immunoglobulin domain and mucin domain-containing molecule-3 (Tim-3) is a newly defined regulatory factor. Tim-3 can modulate the balance of Th1 cells/Th2 cells (83). Li et al. were the first to detect Tim-3 expression in dNK cells, Tim-3+ dNK cells displayed decreased cytotoxicity due to producing less perforin than Tim-3- dNK cells (84). In addition, Huang et al. found that microRNA-30e expression was upregulated in the decidual tissues in healthy pregnant women, and was involved in immune tolerance at the maternal–fetal interface by increasing expression of KIR2DL1 and decreasing expression of NKp44 to suppress dNK-cell cytotoxicity (85). At the maternal–fetal interface, CXCL16 secreted by trophoblasts induces the polarization of macrophages towards the M2 phenotype. M2 macrophages attenuate NK-cell cytotoxicity by decreasing IL-15 secretion, which has important roles in the differentiation, maturation, and survival of NK cells to establish immune tolerance (86).

Curiously, although dNK cells display low cytotoxicity, they show high expression of cytotoxic granules, such as perforins, granzymes, granulysin and several NK-activating receptors, including NKp46, NKp44, NKp30, and NKG2D, compared with peripheral-blood CD56bright NK cells (87). In utero infection by viruses (Zika, HCMV), bacteria (Listeria monocytogenes) and parasites (Toxoplasma gondii and Plasmodium species) causes fetal defect/loss, premature labor, and IUGR (88–91). However, the rate of vertical transmission is quite low in the first trimester, which coincides with high numbers of dNK cells within the placental bed (14). These observations indicate that dNK cells can play an important part in maintaining maternal–fetal tolerance under physiological conditions, but also present cytotoxicity under infection. Some studies have observed that individuals who carry more activating KIR also have a significantly improved outcome after viral infections (e.g., HCMV, human immunodeficiency virus, human papillomavirus) (92, 93). Siewiera et al. provided the first evidence that dNK cells can clear HCMV-infected DSCs (94) and that HCMV-infected EVTs cannot be cleared (75). A recent study suggested that dNK cells killed bacteria in trophoblasts by transferring granulysin without killing placental cells (95). Conversely, viruses can induce expression of activating ligands (e.g., major histocompatibility class I polypeptide–related sequence A (MICA) and MICB) on the surface of infected cells that bind directly to activating NK receptors and promote NK-cell cytotoxicity (96). NK-derived IFN-γ is crucial in antimicrobial immunity because it activates macrophages and promotes differentiation of Th1 cells (97). Furthermore, understanding the mechanisms that regulate the switching of dNK cells between immune tolerance and immunity at the maternal–fetal interface may contribute to the development of novel strategies to limit pathogen-induced placental infections.



NK Cells in Parturition

Parturition is an inflammatory process. During late pregnancy, extensive evidence suggests that reproductive tissues (myometrium, placenta, cervix, and fetal membranes) can secrete chemotactic factors (e.g., CXCL8, CXCL10, CCL2 and CCL3), and are responsible for the selective recruitment of circulating maternal leukocytes (innate and adaptive) to these tissue (98–100). These leukocytes, along with reproductive-tissue cells, secrete proinflammatory mediators, including cytokines (IL-1, IL-6, IL-8, and TNF), MMPs, and prostaglandins, which induce cervical effacement/dilatation and rupture of the membranes, leading to labor and delivery of the baby [77]. It is thought that premature activation of this proinflammatory pathway can lead to a breakdown of tolerance of the maternal–fetal interface and, subsequently, can result in preterm birth (101). The latter is a major determinant of neonatal mortality and morbidity (102).

Several studies in humans and mice have reported the important role of neutrophils, macrophages, T cells, and B cells during parturition. With the progression of pregnancy, dNK cells lose granules in the cytoplasm, which indicates that a functional shift is needed at late gestation for parturition (103). Some have studies indicated that NK cells are also involved in regulating labor. Pique-Regi et al. used single-cell RNA-sequencing to profile the placental villous tree, basal plate, and chorioamniotic membranes of women with labor at term and those with preterm labor. They observed that the chorioamniotic membranes, basal plate, and placental villi largely contained lymphoid and myeloid cells, including T cells, NK cells, and macrophages. In addition, they reported that expression of the single-cell signatures of NK-cells and activated T-cells was upregulated in women with spontaneous labor at term compared to gestational-age matched controls without labor (104). NK T cells are a unique lymphocyte subset that express the markers and characteristics of the adaptive and innate immune system. St Louis et al. identified activated NK T-like cells to be more abundant in the decidual basalis of women who underwent preterm labor, and demonstrated that in vivo NK T-cell activation led to preterm labor by inducing a maternal systemic proinflammatory response (105). However, the regulatory mechanisms of NK cells in labor remain are not clear.




The Role Of dNK Cells In Pathological Pregnancy


Preeclampsia (PE)

PE is a serious complication of pregnancy that manifests as maternal hypertension and proteinuria. This pregnancy complication affects 5–8% of all pregnancies worldwide, and is a major cause of maternal and perinatal morbidity and mortality worldwide (106, 107). PE is subdivided into early-onset (starts before 34 weeks) and late-onset PE (starts after 34 weeks). Early-onset PE has a close relationship with inadequate placentation and placental ischemia. However, the pathological placenta is a result of incomplete invasion by trophoblasts and SA remodeling (108, 109). As mentioned above, dNK cells have critical roles in regulating SA remodeling with trophoblasts by producing a series of cytokines and chemokines. Hence, dNK-cell dysfunction has been implicated in PE initiation. Some studies have indicated that there is higher risk of women suffering PE if they carry alleles for KIR AA genotype (lacking most or all activating KIR) on maternal NK cells when the trophoblast expresses HLA-C2 (a much stronger inhibitory effect when binding to KIR2DL1 inhibitory receptors) (110, 111). Thus, excessive inhibition of uNK cells after trophoblast binding, as well as reduced production of angiogenic factors and cytokines, is detrimental to placentation and arterial transformation (112).

HLA-G can protect trophoblasts from dNK-cell lysis, Pazmany et al. showed that patients with severe PE have reduced expression of HLA-G (113). The CD94/NKG2A receptor on dNK cells binds to HLA-E molecules to provide an overall inhibitory signal of preventing cell lysis. A recent study suggested that NKG2A ablation in mice caused abnormal vascular remodeling in pregnancy. They also found that a 7% greater relative risk associated with the maternal HLA-B allele (most of which encode activating receptors, KIR2DS1, 2, 3, 5, and KIR3DS1) that fail to educate NKG2A+ NK by analyzing whole genome sequence of 7,219 PE case (114). Natural cytotoxicity receptors (e.g., NKp44, NKp46 and NKp30) are unique markers to NK cells that regulate cytokine production and cytotoxicity. A significantly reduced percentage of NKp46+ NK cells in the peripheral blood of women with PE compared with that of women not suffering from PE can be observed 3–4 months before PE onset (115). Abnormal placental TGF-β response is related to pathological development of PE (116). Zhang et al. reported that higher levels of TGF-β produced by decidual Treg cells suppressed dNK cell function by downregulating IFN-γ/IL-8/CD107a expression, and also selectively modulated the proportions and function of specific dNK subsets in preeclamptic decidua, which may have a direct effect on the pathogenesis of PE (117).

Additionally, there are a number of studies showing that altered numbers of uNK cells are associated with PE. Some studies have reported that the numbers of dNK cells are significantly higher in PE compared with normal pregnancies (118, 119) although other studies have reached the opposite conclusion (69, 120, 121). The contradictory results may be due to the differences in the specimen origin (e.g. decidua basalis versus placental bed biopsies), sample size, test or analytic methods used. More meaningful results may be obtained by detecting the changes in the different NK cells subtype and NK cells functions rather than measuring absolute changes in cells number. In a PE model in BPH/5 mice, Sones et al. showed lower levels of uNK cells in the decidua (122). Based on those studies, abnormal activation of NK cells in PE could be a target for improving treatment of PE.



Recurrent Pregnancy Loss (RPL)

According to American Society of Reproductive Medicine criteria, RPL is the experience of at least two or three spontaneous miscarriages before the 24th gestational week. About 50% of RPL cases are caused mainly by chromosome abnormalities, endocrine disorders, uterine defects, and infections (123, 124). The cause of the other 50% of cases is not known, and such cases are referred to as “unexplained RPL” (uRPL). These unexplained cases are associated with immunologic dissonance (125). A series of studies have shown that abnormal numbers and subsets of NK cells may be associated with uRPL. Most of the studies have suggested that higher concentrations of uNK cells are detected in women with uRPL than that in healthy fertile women (126–129). In other studies, despite a lack of differences in the proportion of uNK cells between controls and women with RPL, women with RPL showed a significant decrease in the subset of CD56brightCD16− NK cells, and significantly increased populations of cytotoxic CD16+ uNK cells expressing high levels of the cytotoxicity receptors NKp46, NKp44, and NKp30 (129, 130). Ebina et al. revealed pre-pregnancy increased activities of pNK cells to be associated with pregnancy loss (131). Intravenous immunoglobulin (IVIG) has been shown to be efficacious treatment of uRPL, particularly in patients with increased numbers of NK cells. IVIG can reduce the cytotoxicity of pNK cells in vitro and in vivo (132, 133). CD49a expression on dNK cells regulates the early adhesion and migration of dNK cells into trophoblasts, and limits their cytotoxicity by downregulating expression of perforin, granzyme B, and IFN-γ. dNK cells from women who underwent RPL had lower levels of CD49a and higher expression of perforin, granzyme B, and IFN-γ compared with dNK cells from age-matched healthy controls (134). Those studies suggest that the cytotoxicity of uNK cells is higher in RPL than that in healthy controls. Guo et al. provided evidence of lower KIR2DL4 expression on dNK cells and lower HLA-G expression on trophoblasts in patients with RPL, which led to impairment of the pro-invasion and pro-angiogenesis functions of dNK cells (135). This may be a possible mechanism explaining RPL. Another subset of uNK cells in the endometrium and decidua, IL-22-producing NK cells, has been found to be higher in number in uRPL than that in infertile women (136). Therefore, accumulating evidence suggests that uNK cells are profoundly dysregulated in uRPL, and that evaluating the activity of NK cells may be a predictive marker for RPL.



Endometriosis

Endometriosis is a common gynecological disease which affects 10% of all women of reproductive age. It causes chronic pelvic pain, dysmenorrhea and infertility (137). Endometriosis is characterized by endometrial tissue outside the uterine cavity. Ectopic endometrium is found most commonly in the pelvis and is thought to arrive by retrograde menstruation (138). The pathophysiology of endometriosis is incompletely understood, but accumulating evidence indicates that this disease could be an immune-related chronic inflammatory process (139).

The current consensus is that the function of immune-related (including NK) cells is impaired. The role of NK cells in the removal of menstrual debris and endometrial fragments that are likely to reach the peritoneal cavity by retrograde menses has been studied extensively (140). Most studies have focused on the change of number of pNK cells and NK cells in peritoneal fluid. There is no difference in the number of pNK cells and peritoneal fluid in women with endometriosis compared with those without this disease (141). However, the cytotoxicity of pNK cells and NK cells in peritoneal fluid from endometriosis patients is reduced significantly by display of increased expression of inhibitory receptors (e.g., KIR2DL1) and diminished expression of activating receptors (e.g., KIR2DS1, and CD94/NKG2A) compared with that in healthy women (142–144). Those results suggest that low cytotoxicity of pNK cells and NK cells in peritoneal fluid may reduce clearance of ectopic endometrial fragments in the peritoneal cavity. However, there have been very few studies on uNK cells in endometriosis. One study discovered that the percentage of uNK cells increased progressively from the proliferative phase. The highest number was in the late secretory phase in the eutopic endometrium of women with endometriosis, with no difference in fertile healthy women. However, the percentage of uNK cells in ectopic lesions remained significantly low throughout the menstrual cycle (34), enabling the survival of endometrial cells in ectopic lesions.

Infertility is a common complication of endometriosis. It is estimated that 50% of women with endometriosis are infertile (145). Hence, the change of microenvironment in the eutopic endometrium in endometriosis may be associated with infertility. One study reported that the number of CD16+ and NKp46+ (cytotoxic uNK cell-surface receptors) uNK cells was increased significantly in the endometrium of women with endometriosis who were infertile or experienced recurrent pregnancy loss, compared with that in fertile women (126). Those data suggest that increased activity of uNK cells may not be conducive to establishment of normal pregnancy. Besides, an increased number of immature uNK cells has been found in women with endometriosis-associated infertility compared with those without endometriosis (146). This phenomenon may also explain the infertility associated with endometriosis. Thus, the differences between the number of uNK cells in patients with endometriosis versus those without endometriosis needs further exploration to judge which changes increase the risk of infertility in these patients.



RIF

RIF is defined as the failure to achieve a clinical pregnancy after transfer of at least four high-quality embryos in a minimum of three fresh or frozen cycles in a woman under 40 years of age (147). Approximately 10% of women after IVF embryo transfers experience RIF. Multiple factors may contribute to RIF, including disturbance of the endometrial microenvironment, which significantly influences embryo implantation during the establishment of pregnancy. As discussed above, uNK cells are the major leukocyte population within the endometrium at the time of implantation, which suggests that uNK cells should be focused upon if exploring RIF pathogenesis. Using flow cytometry and immunohistochemistry, some studies have reported that that the number of uNK cells increases during the peri-implantation period in the endometrium of women with RIF (148–150). However, a recent a study showed that the number and distribution of uNK cells relative to endometrial arterioles was not significantly different in women with RIF compared with that in women in whom embryo implantation was successful following IVF (151). A meta-analysis showed no differences in IVF outcomes among women with or without increased number of uNK cells (128). These paradoxical results may be due to differences in laboratory protocols or sampling time in the endometrium. Chen et al. observed that isolated CD56+ uNK cells from women with RIF produced a lower level of angiogenic factors (e.g., VEGF and PLGF) compared with that in normal controls with proven fertility (41). Similar to preeclampsia, the risk of RIF is related to the haplotypic polymorphism of KIR genes. Alecsandru et al. found that women with the maternal KIR AA haplotype were more susceptible to suffering RIF after IVF treatment than those with the KIR AB haplotype or KIR BB haplotype (152). In addition, NKp44 expression on uNK cells was upregulated significantly in RIF patients, and suggested that the high cytotoxicity of NK cells may be one of the causes of RIF (115). Perhaps due to the difficulty in obtaining suitable endometrial samples, there have been few studies on the role of uNK cells in RIF.




Conclusions

This review emphasizes the important role of dNK cells throughout pregnancy (Figure 1). These cells undertake different functions during several critical stages of pregnancy. In the early stages of pregnancy, dNK cells do not present a cytotoxic response against the semi-allogeneic embryo. dNK cells interact with HLA ligands expressed on EVTs to depress the cytotoxic capability of dNK cells and mediate immune tolerance at the maternal–fetal interface. In addition, they are key regulators in the early stages of pregnancy because they secrete several cytokines, thereby having a fundamental role in vascular remodeling, trophoblast invasion, and embryonic development. NK cells can also shift to cytotoxic behavior and undertake immune defense upon in utero infection by pathogens. At late gestation, dNK cells are reactivated to break immune tolerance and induce parturition. However, the underlying molecular basis of dNK cells for the transition from a weak cytotoxic status to robust status in different stages has yet to be revealed. Further investigation is required on how these dNK subtypes may change during pregnancy and which factors determine their mechanism of transition. Furthermore, the abnormal number and activity of NK cells can lead to various reproductive diseases, such as RSA, PE, Endometriosis, RIF (Figure 2). Therefore, understanding the normal physiology of pregnancy will help to reveal the pathogenesis of pregnancy complications. This will be meaningful for the treatment and management of the disease.




Figure 1 | The primary roles dNK cells during key stages of human pregnancy and major subtypes of dNK cells in different trimesters. During early pregnancy, uNK cells highly express prokinetincin1, a marker of receptive endometrium, and proinflammatory factors (IL-6, IL-8) facilitating the embryo to implant into endometrium. dNK cells facilitate ESC decidualization by secreting IL-25. During human placental and fetal development, inhibitor receptors expressed on dNK cells (such as KIRs, CD94/NKG2) interact with HLA ligands expressed on EVTs to depress the cytotoxic capability of dNK cells, thus maintaining immune tolerance in maternal-fetal interface. Up-regulation of microRNA-30e, Tim-3 and IFN-γ in dNK cells also contributes to the immune tolerance in maternal-fetal interface. dNK cells participate in the remodeling of spiral arteries by secreting chemokines, cytokines and vasoactive factors, such as IL-8, TGF-β, IFN-γ, Ang-1/2, VEGF-C. dNK cells can also promote fetal development through secreting PTN and OGN. At late gestation, the activation of NK cells leaded to labor by inducing a maternal systemic pro-inflammatory response. In addition, the major dNK cell subtype classified by receptor expression are shown for the different trimesters. The figure was created with biorender.com.






Figure 2 | The roles of uNK cells in related pregnancy complications. There is high risk of women suffering PE if they carry alleles for KIR AA genotype on maternal NK cells when the trophoblast expresses HLA-C2. The inhibition of dNK activation by downregulating IFN-γ, IL-8 and CD107a contributes to the onset of preeclampsia. uNK cells from women with RPL have low levels of CD49a, KIR2DL4, and high expression of NKp46/44/30, perforin, granzyme B, and IFN-γ. Moreover, their cytotoxic CD16+ uNK cells populations is significantly increased while the CD56brightCD16− NK cells subset is significant decrease. In women with endometriosis, the number of CD16+, NKp46+ uNK cells and immature uNK cells was significantly increased in the endometrium. Women suffering RIF express low levels of angiogenic factors (VEGF and PLGF) and those with a maternal KIR AA haplotype are more susceptible to suffering RIF after IVF treatment. The figure was created with biorender.com.
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CD146 is an adhesion molecule essentially located in the vascular system, which has been described to play an important role in angiogenesis. A soluble form of CD146, called sCD146, is detected in the bloodstream and is known as an angiogenic factor. During placental development, CD146 is selectively expressed in extravillous trophoblasts. A growing body of evidence shows that CD146 and, in particular, sCD146, regulate extravillous trophoblasts migration and invasion both in vitro and in vivo. Hereby, we review expression and functions of CD146/sCD146 in the obstetrical field, mainly in pregnancy and in embryo implantation. We emphasized the relevance of quantifying sCD146 in the plasma of pregnant women or in embryo supernatant in the case of in vitro fertilization (IVF) to predict pathological pregnancy such as preeclampsia or implantation defect. This review will also shed light on some major results that led us to define CD146/sCD146 as a biomarker of placental development and paves the way toward identification of new therapeutic targets during implantation and pregnancy.
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Introduction

Successful embryo implantation, placentation, and subsequent gestation depend on complex coordinated interactions between maternal and fetal tissues. Invasion of trophoblasts into the deciduum and the myometrium to subsequently establish the uteroplacental vasculature is indispensable for an effective pregnancy (1). During the early phase of pregnancy, cytotrophoblasts differentiate into two major cell lineages, the syncytiotrophoblasts and the extravillous trophoblasts (EVTs) that form endovascular and interstitial invasive trophoblasts. The interstitial invasive trophoblasts invade uterine tissue and anchor the placenta to the uterus, while the endovascular invasive trophoblasts migrate to the maternal uterine spiral arteries transforming them into large diameter conduit vessels of low resistance to establish the uteroplacental circulation (2). Trophoblasts invasion is regulated by not only various angiogenic growth factors but also adhesion molecules and oxygen concentration (3). Thus, migrating EVTs secrete the angiogenic growth factors: vascular endothelial growth factor (VEGF) and the soluble form of CD146 (sCD146), which promote angiogenesis in the decidua.

CD146, often referred to as MUC18, melanoma cell adhesion molecule (MCAM, Mel-CAM), is an adhesion molecule belonging to the immunoglobulin superfamily. This transmembrane glycoprotein of 113 kDa is present in several isoforms, short and long membrane isoforms (4), and a soluble form (sCD146) generated by a membrane proteolysis via metalloproteinases (5). CD146 has a preferential localization at endothelial cell junctions (6) and is expressed not only on all types of human endothelial cells but also on other cell types such as TH17 lymphocytes (7, 8), EVTs (9), and cancers of various origins as melanoma cells or malignant mesothelioma cells (10–13). Soluble CD146 is detected in the supernatant of cultured cells and in human sera from healthy patients and patients with pathologies associated with vascular disorders (14).

The angiogenic function of CD146 and its soluble form under both physiological and pathological conditions including cancers is well-documented and has been recently reviewed (15). A growing body of evidence shows that CD146, and in particular its soluble form, regulates obstetrical angiogenesis (16–18). This review will summarize our current understanding of CD146/sCD146 contribution in obstetrics.



Expression and Localization of CD146 at the Human Materno-Fetal Interface

CD146 is only expressed in uteri of pregnant women and is totally absent in uteri of non-pregnant women (17). Its expression on the placental villi exhibits a pattern of spatial selectivity, progressively increasing in the zone of anchoring between the villi and the deciduum, allowing the attachment of the placenta to the uterine wall (19). Indeed, after implantation, the outermost cell layer of the blastocyst, the trophectoderm, gives rise to mononuclear cytotrophoblasts forming placental villi through branching morphogenesis. Then, syncytiotrophoblasts are generated by cell fusion of villous cytotrophoblasts. Whereas syncytiotrophoblasts of floating villi represent the transport units of the human placenta, anchoring villi of the placental basal plate form another differentiated trophoblast type, the so-called invasive extravillous trophoblast (20). Thus, CD146 is mainly expressed on intermediate, a subtype of trophoblasts morphologically and functionally between syncytiotrophoblasts and cytotrophoblasts (21), and extravillous trophoblasts that are characterized by their high migrative and invasive capabilities. CD146 expression on intermediate trophoblasts facilitates their binding to uterine smooth muscle cells, which limits the extension of the trophoblast migration zone to the site of implantation (22).

Besides, CD146 is highly expressed in the endometrium and cumulus–oocyte complex and in the trophectoderm and inner cell mass of the blastocyst (23). Moreover, Liu et al. showed that CD146 is potently upregulated both in receptive maternal uteri and invasive embryonic trophoblasts only during early stages of pregnancy, which progressively fades afterwards (17). These data reinforce the importance of CD146 at the human materno-fetal interface.

Figure 1 highlights CD146 expression on human embryos and EVTs from human placenta.




Figure 1 | CD146 expression on human extravillous trophoblasts (EVTs) and embryos. (A, B) Characterization of EVTs in human placenta, from a normal term pregnancy. (A) EVTs are stained with hematoxylin and eosin (H&E) (objective 10×). (B) Immunohistochemistry with avidin–biotin–peroxidase complex, with CD146 antibody (monoclonal mouse antihuman, BioCytex S-Endo 1S-Endo1) (objective 20×). (C, D) Expression of CD146 on EVTs outgrowth from human placental villous explants culture (ex vivo model) [for model, see Kaspi et al., (18)]. (C) Cells were labeled with mouse IgG1 isotype control and (D) anti-CD146 antibody (Novocastra-Leica N1238). 4′,6-Diamidino-2-phenylindole (DAPI) was used to counterstain DNA (objective 20×). (E, F) Expression of CD146 on early embryo stage (day 2): immunostaining of (E) mouse IgG1 isotype control and (F) anti-CD146 (S-Endo1). DAPI was used to counterstain DNA. [Picture is from Bouvier et al, (24)] (objective 63×).





Strategic Roles of CD146 in Obstetrics

Extravillous trophoblasts play a crucial role in establishing the fetal–maternal circulation, essentially by invading the deciduum and remodeling the uterine spiral arteries. During early phases of pregnancy, CD146 appears to play an essential role in regulating intermediate and extravillous trophoblasts invasion and migration to ensure adequate embryo implantation and vascularization (16, 17). Indeed, in vitro and in vivo experiments showed that anti-CD146 blocking antibodies prevent embryo implantation by inhibiting MMP-2 and MMP-9 collagenase activity, impeding trophoblast proliferation and blocking deciduum angiogenesis and vascularization (17).

However, there is scarcity of knowledge concerning factors that regulate CD146 expression on extravillous trophoblasts. Data revealed that reduced expression of CD146 on the placenta is directly linked to preeclampsia, a pregnancy complication related to high blood pressure (16). Besides, it has been shown that during placentation, the deciduum cells promote CD146 expression on extravillous trophoblasts and enhance their differentiation by activating cAMP-dependent signaling pathway (25).



What About the Soluble Form of CD146 in Obstetrics?

Recent studies demonstrated the role of sCD146 as a regulator of trophoblast migration and potent stimulator of placental vascularization (18). In vitro experiments performed on EVTs cell line, HTR8/SVneo, showed that sCD146 inhibits their migration, invasion, and ability to form pseudo-capillary tubes in Matrigel. Likewise, ex vivo experiments on placental villous explants showed that sCD146 suppressed outgrowth and migration of EVTs. Accordingly, sCD146 was identified as a negative regulator of EVTs migration (18). Kaspi et al. (18) additionally investigated the in vivo functions of sCD146 in the placentation and fertility in a rat model. We showed that rats treated with recombinant sCD146 exhibit not only diminished number of pregnancies but also decreased number of embryos. Interestingly, histological studies performed on placenta evidenced reduced migration of Glycogen cells (GC), analogue to human extravillous cytotrophoblasts, in treated rats as compared to the controls (18). These results corroborate the inhibitory effect of sCD146 on extravillous trophoblasts migration. Therefore, it was proposed that sCD146 acts early in gestation, probably during implantation step and/or during placental development to regulate extravillous trophoblasts invasion.



How Does it Work?

Similarities between physiological blastocyst implantation and pathological neoplasm invasion are reported (26). Indeed, CD146 was first proposed as a marker of melanoma metastasis (27), but later, Liu et al. showed that CD146 promoted trophoblast invasion, implantation, and placentation (17). It is now well-recognized that the soluble form of multiple adhesion molecules implicated in pregnancy can modulate the function of the membrane protein, the best-known model being the effect of the soluble form of the vascular endothelial growth factor receptor-1 (VEGFR1), also called sFlt1 (28). In line with these data, it is assumed that sCD146 prevents the interaction between CD146 and its binding partners that act to induce trophoblasts invasion, differentiation, and placentation.

CD146 and galectin-1 (Gal1) are proangiogenic factors that are expressed in EVTs (29). To elucidate sCD146 mechanism of action on trophoblasts, HTR8/SVneo cells were treated with Gal1 and sCD146 (submitted manuscript). Results showed that these two molecules exerted an opposite effect on cell migration: sCD146 significantly decreasing HTR8/SVneo cells migration while Gal1 potentiating it. Of importance, sCD146 blocked Gal1-induced migratory effects on trophoblasts by inhibiting its secretion. This suggests that sCD146 acts as a ligand trap and antagonizes the effects and signaling mediated by membrane CD146. Besides, in vitro experiments using blocking anti-CD146 antibody or knocking down VEGFR2 inhibited Gal1-induced trophoblasts migration. Thus, it is proposed that the binding of Gal1 to CD146 on trophoblasts activates VEGFR2 signaling pathway.

In addition, the cognate interaction between VEGF and VEGFR2 is known to generate reactive oxygen species via NADPH-oxidase complex (NOX4) and Rac1 (protein of the Rho family) (30). As oxygen concentration is implicated in modifying trophoblasts invasion and differentiation (31), future work will validate if oxygen controls CD146 expression on trophoblasts or sCD146 generation.



Soluble CD146: A Potential Candidate Biomarker to Predict Pathological Pregnancies or Implantation Defects?

Under physiological conditions, the serum concentration of sCD146 progressively decreases throughout normal pregnancy, a result confirmed in two independent cohorts of patients (18, Bouvier et al., submitted manuscript). However, sCD146 concentration was found to be elevated in patients with at least one unexplained fetal loss as compared to women with at least one viable child (32). Bouvier et al. have quantified sCD146 plasma concentration in a cohort of women with placental-mediated pregnancy complications. They found sCD146 to be upregulated (21%) in women with preeclampsia as compared to women with normal pregnancy (submitted manuscript; clinicaltrials.gov identifier: NCT 01736826).

In view of these results, sCD146 may represent an attractive biomarker to assess abnormality in placental vascular development and constitute a potential predictive biomarker to discriminate between normal pregnancies and pathological ones.

In addition, since CD146 is detected only at early developmental stages of human embryos (day 2) and as in vitro fertilized eggs secreted sCD146 into their culture media, it has been proposed that sCD146 may act as a biomarker in reproductive medicine for evaluating embryos’ implantation potential. Data revealed that high concentration of sCD146 in embryo culture media is associated with lower implantation potentials (24). The sensitivity analysis performed on single embryo transfer showed that the optimal sCD146 concentration for a successful embryo implantation is just under 1,164 pg/ml. Beyond this value, the implantation rate decreased significantly [9% with sCD146 levels >1,164 pg/ml vs. 22% with sCD146 levels ≤1,164 pg/ml (24)]. Therefore, sCD146 was considered as an innovative biomarker for selecting the best embryos during in vitro fertilization (IVF).



Conclusion

In this review, we provide an overview of the diverse roles of CD146/sCD146 in human embryo implantation and pregnancy as summarized in Figure 2. CD146/sCD146 can be proposed as a biomarker of placental development. Taking into account the functional studies of CD146/sCD146 performed on EVTs and the sCD146 seric concentration in placental-mediated pregnancy complications, the description of the expression and functions of CD146/sCD146 also paves the way to the development of new therapeutic agents targeting CD146/sCD146 in obstetrics complications.




Figure 2 | The general effects of CD146/sCD146 in obstetrics are summarized in three illustrations. (A) In pregnancy, sCD146 and galectin 1 (Gal1) plasma concentration varies throughout the different stages of pregnancy. In case of pregnancy complications, sCD146 concentration surges, which in turn hinders Gal1/membrane CD146 interaction, mutually known to activate trophoblasts migration toward the spiral arteries. (B) In implantation, sCD146 injection into female pregnant rats significantly decreases the number of embryos per litter. (C) In IVF, in vitro fertilized eggs producing high concentrations of sCD146 into their culture media fail implantation when transferred into the uterus, a boxplot of sCD146 concentrations between implanted (Yes, n = 37) and non-implanted embryos (No, n = 185) (p = 0.024) is shown. *p < 0.05.
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Pregnancy success depends greatly on a balanced immune homeostasis. The detection of bacterial components in the upper reproductive tract in non-pregnant and pregnant women raised questions on its possible beneficial role in reproductive health. The local conditions that allow the presence of bacteria to harmonize with the establishment of pregnancy are still unknown. Among the described bacterial species in endometrial and placental samples, Fusobacterium nucleatum was found. It has been observed that F. nucleatum can induce tumorigenesis in colon carcinoma, a process that shares several features with embryo implantation. We propose that low concentrations of F. nucleatum may improve trophoblast function without exerting destructive responses. Inactivated F. nucleatum and E. coli were incubated with the trophoblastic cell lines HTR8/SVneo, BeWo, and JEG-3. Viability, proliferation, migratory capacity, invasiveness and the secretion of chemokines, other cytokines and matrix metalloproteinases were assessed. The presence of F. nucleatum significantly induced HTR8/SVneo invasion, accompanied by the secretion of soluble mediators (CXCL1, IL-6 and IL-8) and metalloproteinases (MMP-2 and MMP-9). However, as concentrations of F. nucleatum increased, these did not improve invasiveness, hindered migration, reduced cell viability and induced alterations in the cell cycle. Part of the F. nucleatum effects on cytokine release were reverted with the addition of a TLR4 blocking antibody. Other effects correlated with the level of expression of E-cadherin on the different cell lines tested. Low amounts of F. nucleatum promote invasion of HTR8/SVneo cells and induce the secretion of important mediators for pregnancy establishment. Some effects were independent of LPS and correlated with the expression of E-cadherin on trophoblasts.
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Introduction

It is estimated that a healthy adult hosts a number of bacteria comparable in magnitude with the number of own human cells. Commonly known, skin, gut and vagina are densely colonized body sites. The colon, the site where most bacteria reside, is estimated to contain around 3.8 × 1013 bacteria (1). The gut microbiota has established symbiotic relationships with the host bearing mutualistic advantages for both, bacteria and the host. The human body, thereby, profits from pathogen defense, provision of metabolites and immunological challenges mediating enteric homeostasis. Alterations in its composition, instead, may cause several health problems (2).

The gut microbiome has its origin early in life and its development depends on several factors. The colonization and thus the composition is affected by the mode of birth (3), genetic factors, nutrition and the intake of antibiotics (4–6). In recent years, the hypothesis that the infant gut is colonized in utero has gained strength upon reports describing microbial communities in meconium from neonates delivered at full term by C-sections (7–10). The maternal origin of the in utero colonization is still under discussion, but maternal gut, uterine and oral microflora have been proposed as source as well (11). This assessment defies the consensus that has been assumed over 100 years that the healthy womb is sterile (12).

During pregnancy, immune homeostasis is crucial for pregnancy maintenance (13). Local and systemic immune adaptations facilitate the implantation and later the accommodation of the growing fetus (14–17). These adaptations include the promotion of uterine vascular remodeling and the induction of immune tolerance (18–24). Both maternal lymphocytes and fetal derived cells including trophoblast establish a complex interaction to balance the inflammatory environment providing protection against pathogens and the necessary cytokine milieu that allows local structural modifications during placentation (17, 25, 26).

Reports supporting the idea of the sterile womb were based on data obtained from culture-based methods. However, considering that only 1 % of the bacteria are cultivable, new methodologic approaches have been applied to revisit the sterile uterine model (27). A number of studies reported the presence of bacteria in healthy uterine cavity, placenta, umbilical cord and amniotic fluid (8, 28–31). Despite that, low bacterial loads were reported which are hardly differentiated from contaminations especially in the placenta (32–35). Furthermore, the mere detection of bacterial genetic material does not imply the presence of living bacteria. In this concern, more research is needed to clarify the impact of bacteria or bacterial products on pregnancy. Nevertheless, it has been speculated that they may play a role in priming fetal immune system or maternal inflammatory processes at the beginning of pregnancy (36, 37).

F. nucleatum a non-motile, non-spore-forming, gram-negative bacteria that belongs to the genus Fusobacterium of the family Bacteroidaceae (38) was found in healthy term placenta (28). It has been described as an opportunistic bacterium of the human oral cavity and one of the most occurrent species causative of periodontitis. Moreover, F. nucleatum was found in several organs, and its presence in the colon has been linked to the promotion of carcinogenesis (39, 40).

Many studies have been performed to determine the mechanisms by which F. nucleatum is able to modify the tumor niche. The bacterium possesses several virulence factors that suppress immune cells, promote extracellular matrix (ECM) modifications, modify blood vessel formation and induce cell growth (39, 41–48). Thereby, binding of Fusobacterium Adhesin A (FadA) to E-cadherin activates β-catenin signalling and promotes direct cancer cell proliferation. The immune suppressive capacity of F. nucleatum was demonstrated more than 30 years ago (49). The same authors identified later the Fusobacterium immunosuppressive protein (FIP) and its subunit FipA are responsible for the immunosuppressive capacity of F. nucleatum (50, 51). Recently, the protein Fap2 was shown to inhibit NK cells via TIGIT (T Cell Immunoreceptor With Ig And ITIM Domains), facilitating tumor evasion of the immune system (45). Moreover, F. nucleatum can also affect humoral response and monocyte activity (52–54).

Tumor developmental mechanisms show analogies to early pregnancy processes. These include the activation of pathways that promote cell motility. For example, the reduction of the expression of adhesion molecules as E-cadherin facilitates the loss of cell-cell interactions and the epithelial-mesenchymal transition (55, 56). Analogous to trophoblast invasion, tumor growth is also accompanied by modifications of the ECM (57) where matrix metalloproteinases (MMPs) play a fundamental role. It has been observed that F. nucleatum promotes tumorigenesis by increasing the release of MMPs. Indeed, F. nucleatum stimulates secretion of several MMPs from epithelial cells and macrophages (42, 43, 58) and acquires MMP-9 activity after binding of pro-MMP-9 (41). The FadA target protein, E-cadherin, is also expressed on trophoblasts in a time and location dependent manner during placental development (59–61). Expressed prominently on cytotrophoblasts in anchoring cell columns and villous trophoblasts, its expression is inversely proportional to the cell migratory capacity, being lower in extravillous trophoblasts (EVT). It has been observed that E-cadherin expression also is reduced from first to third trimester of pregnancy. While alterations in the expression of E-cadherin are associated with aberrant placentation (60), the impact of E-cadherin in cancer progression seems to depend on the cancer entity (62).

An infection can affect pregnancy not only by its virulence characteristics, but also by shifting the above mentioned inflammatory equilibrium (63). It has been proposed that placental inflammation is predominantly caused by maternal activation of TLRs (64). As shown in clinical trials, targeting bacterial infection does not warrant prevention of pregnancy complications (65). Hence, understanding immune functions at the fetomaternal interface is highly relevant. Recent studies unveiled the presence of low bacterial abundance in locations previously thought to be sterile [including endometrium, fallopian tubes (66–68) and placenta (28, 29)]. The fact that bacteria or bacterial components may be present at the fetomaternal interface challenges our understanding of local immune homeostasis.

We speculate that the presence of small numbers of F. nucleatum in the fetomaternal unit may influence trophoblast invasive capacity, by promoting ECM modifications and a tolerogenic surrounding micro-environment. In this work, we evaluate the effect of non-infective low concentrations of F. nucleatum on trophoblast biology.



Material and Methods


Cell Lines and Culture

HTR8/SVneo cells (LGC Standards, Wesel, Germany), a human first trimester extravillous trophoblast immortalized cell line, were cultured in RPMI 1640 (PAN-Biotech, Aidenbach, Germany) supplemented with 10% FBS (PAN-Biotech, Aidenbach, Germany) and 1% penicillin/streptomycin (PAN-Biotech, Aidenbach, Germany).

JEG-3 (LGC Standards, Wesel, Germany) and BeWo (LGC Standards, Wesel, Germany), both human chorioncarcinoma cell lines with similar phenotype to cytotrophoblasts, were cultured in DMEM/F12 (Thermo Fisher Scientific, Schwerte, Germany) supplemented with 10% FBS and 1% penicillin/streptomycin. All cells were cultured at 37°C and 5% CO2 under humidified conditions.



Preparation of Inactivated Bacteria for Stimulation


F. nucleatum

F. nucleatum culture was kindly provided by Elsa Baufeld (Friedrich-Loeffler-Institut, University Medicine Greifswald) after growth on BD Columbia Agar with 5% Sheep Blood (BD, Franklin Lakes, USA) under anaerobic conditions in BD GasPak (EZ pouch system BD, Franklin Lakes, USA). As obligate anaerobes, bacteria were killed by exposure to oxygen for at least 72 h keeping their structure unaltered (69). Inactivated bacteria were scraped off with sterile inoculating loops and washed in phosphate buffered saline (PBS; PAN-Biotech, Aidenbach, Germany). After centrifugation for 30 min at 4°C and 12 000 × g supernatant was discarded and the pellet was resuspended in PBS.

For stimulation, inactivated bacteria were used in a serial 10-fold dilution to cover a range of MOI (multiplicity of infection) between 10 and 1 000 times lower than MOI commonly used for in vitro infections (45, 70–72).



E. coli

E. coli was cultured in LB medium (Lennox; Carl Roth, Karlsruhe, Germany) overnight. The suspension was centrifuged for 30 min at 4°C and 12 000 × g. The pellet was resuspended in 96% ethanol (Carl Roth, Karlsruhe, Germany) and incubated for 5 min to inactivate the bacteria, keeping their structure unaltered. Afterwards the suspension was washed and resuspended in PBS. As done with F. nucleatum, only inactivated bacteria were used in the experiments.

Bacterial concentration was calculated measuring the optical density assessed by the IMPLEN Nanophotometer as performed by Tuttle and colleagues (73).




Invasion Assay

4 × 105 HTR8/SVneo cells were treated with inactivated F. nucleatum (bacteria:cell ratio of 1:100 = 0.01, 1:10 = 0.1, 1:1 = 1, 10:1 = 10) or 10 ng/mL LPS for 6 h. Conditioned media (CM) was collected and spheroids were consequently created in 5% methyl cellulose in U-well plates overnight. Spheroids were embedded in matrigel (10 mg/mL; Corning, New York, USA). After polymerization at 37°C for 2 h the collated CM was added. The growth of cell branching structures (“Sprouting”) was observed and documented at the light microscope (Zeiss, Oberkochen, Germany). The area formed by connected sprout tips was measured at 0 h, 24 h and 48 h and analyzed with ImageJ.



Cell Migration

Cell migration of HTR-8/SVneo and BeWo was assessed in a scratch assay. 2 × 105 trophoblast cells were cultured in a 24-well plate. Confluent cell monolayer was scratched with a pipette tip. Medium was aspirated and cells were rinsed with warm (37°C) PBS twice. Afterwards control media or stimulation media (positive control EGF (Biomol, Hamburg, Germany) 40 ng/mL; inactivated F. nucleatum/E. coli 2 × 103; 2 × 104; 2 × 105; 2 × 106) were added. The cell-free area was measured at 0 h and 12 h (HTR8/SVneo) or 30 h (BeWo) (Zeiss, software: ZEN 2012 SP2) with ImageJ software and MRI Wound Healing Tool macro.



Cell Viability

Cell viability of HTR8/SVneo, JEG-3 and BeWo was determined after stimulation with inactivated F. nucleatum using the CellTiter-Blue® Cell Viability Assay (Promega, Mannheim, Germany). The assay is based on the capacity of living cells to convert resazurin (a redox dye) into resorufin (a fluorescent product). 5 × 103 cells per well were cultured in a 96-well plate. After 30 min incubation, F. nucleatum suspensions were added (0; 500; 5 × 103; 5 × 104). After 2, 24 or 48 h incubation 20 µL CellTiter-Blue® was added and incubated for 1 h at 37°C. Fluorescence was measured with BMG FLUOstar OPTIMA Microplate Reader.



In-Cell Western Assay

E-cadherin expression was determined by In-Cell Western Assay. 2 × 104 cells per well were cultured in a 96-well plate and incubated for 3 h at 37°C to assure adequate attachment. Cells were fixed with 3.7% formaldehyde (Carl Roth, Karlsruhe, Germany) in PBS for 20 min at room temperature. Subsequently, cells were permeabilized by adding cold methanol (Carl Roth, Karlsruhe, Germany) and shaken on ice for 20 min. Cells were then washed with PBS and blocked with Odyssey Blocking Buffer (LI-COR Biotechnology, Bad Homburg, Germany) for 90 min at room temperature. The cells were then incubated with primary antibody (E-Cadherin (24E10) Rabbit mAb, Cell Signaling Technology, Leiden, Netherlands) diluted in Odyssey Blocking Buffer at 4°C overnight. Cells were washed with washing buffer [PBS; 0.1% Tween 20 (Carl Roth, Karlsruhe, Germany)] and incubated with secondary antibody (IRDye® 800CW Goat anti-Rabbit IgG (H + L), LI-COR Biotechnology, Bad Homburg, Germany) and DRAQ5 (Cell Signaling Technology, Leiden, Netherlands), as a normalization control for cell number, diluted in antibody buffer (Odyssey Blocking Buffer; 0.2% Tween 20) for 60 min at room temperature. The cells were washed with washing buffer. The plate was measured with Li-Cor Odyssey Infrared Imager and analysed with Image Studio (LI-COR Biotechnology, Bad Homburg, Germany).



Apoptosis Rate and Cell Cycle Analysis

Apoptosis rate was determined using the FITC Annexin V Apoptosis Detection Kit II (BD Biosciences, Heidelberg, Germany) according to manufacturer’s instructions. Cell cycle analysis was performed with propidium iodide (PI; Sigma-Aldrich, Schnelldorf, Germany) flow cytometric assay (74). For both experiments cells were cultured in a 48-well plate. After 30 min incubation, inactivated F. nucleatum were added (0; 3 × 103; 3 × 104; 3 × 105). After 2, 24 or 48 h incubation the cells were detached and stained. Measurement was done using a BD FACSCanto Flow Cytometer. Data was analysed with FlowJo software.

For cell cycle analysis, cells were stained with 50 μg/ml PI in hypotonic lysis buffer [0.1% Trinatriumcitrat-2-hydrate (Carl Roth, Karlsruhe, Germany); 0.1% Triton-X-100 (Sigma-Aldrich, Schnelldorf, Germany)]. The measurement followed immediately applying a BD FACSCanto Flow Cytometer. The FlowJo cell cycle analysis tool with univariate pragmatic model by Watson (75) was used to differentiate between G0/1; S; G2/M phases.



Determination of Cytokine- and Matrix Metalloproteinases Secretion

The secretion of cytokines including chemokines (IL-6, IL-8, CXCL1; IL-1β) and matrix metalloproteinases (MMP-2, MMP-9) was determined by ELISA (human IL-6; CXCL8/IL-8; CXCL1/GRO-α; IL-1β; MMP-2; MMP-9 DuoSet ELISA, R&D, Abingdon, United Kingdom). 1 × 105 cells per well were cultured in a 24-well plate and incubated for 30 min at 37°C. The cells were then treated with 0; 103; 104 or 105 inactivated F. nucleatum or 105 inactivated E. coli. Supernatants were collected after 2 h; 4 h; 8 h; 24 h or 48 h and centrifuged for 10 min at 4°C and 13 000 × g to remove dead cells and bacteria and stored at -80°C. The ELISAs were performed according to manufacturer’s protocol. BMG FLUOstar OPTIMA Microplate Reader was used to assess colour changes and calculate the concentrations.



TLR4 Blocking

5 × 104 HTR8/SVneo cells per well were cultured in a 48-well plate and incubated for 30 min at 37°C. PAb-hTLR4 (TLR4 blocking antibody; InvivoGen,Toulouse, France) was added. After 1 h incubation the cells were stimulated with 5 × 104 inactivated F. nucleatum. Supernatants were collected after 48 h and stored at -80°C.



Multiplex Assay

5 × 104 HTR8/SVneo or 105 BeWo cells per well were cultured in a 48-well plate. After 1 h incubation the cells were stimulated with inactivated 5 × 104 F. nucleatum. After 48 h, the supernatant was discarded, and the cells were lysed following the protocol provided by the analyzing kit manufacturer. Proteins (3,7 – 12,2 µg per well as assessed by BCA assay) were analyzed using the NF-κB Signaling 6-plex Magnetic Bead Kit (Merck-Millipore, Massachusetts, USA) and measured in a Bio-Plex 200 System (Bio-Rad Laboratories, Hercules, USA). Data was expressed as fluorescence intensity normalized to the protein amount per well (IF/µg).



Immunofluorescence

8 × 103 cells per well were seeded in 160 µg/mL collagen G coated µ-Slides (Ibidi, Munich, Germany) and incubated overnight at 37°C in their corresponding media. The following day, TLR4 (PAb-hTLR4 (5 µg/mL), VIPER (5 µM; TLR4 Inhibitor Peptide Set, Novus Biologicals, Wiesbaden Nordenstadt, Germany) and Pitstop 2 (50 µM; Sigma-Aldrich, Schnelldorf, Germany) were added to the corresponding wells 1 h before treatment with inactivated F. nucleatum in a 1:1 proportion. After 1 h stimulation, culture media was discarded and cells were fixed with 4 % paraformaldehyde. Immune staining was performed with Phospho-NF-κB p65 (Ser536) (clone 93H1; 1:200) Rabbit mAb or β-Catenin (clone L54E2; 1:200) Mouse mAb (CellSignalling Technology, Frankfurt, Germany) overnight. The staining with secondary antibodies was performed for 2 h at RT in the dark with Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 (ThermoFisher Scientific, Schwerte, Germany) and Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (ThermoFisher Scientific, Schwerte, Germany), both in a concentration of 1:500. Slides were stained with 1 µg/mL Hoechst 33258 and analyzed on a Zeiss Axiom microscope at 60×. The exposure time was set constant for each cell line across experiments (green channel: 840 ms; red channel: 400 ms; blue channel: 17 ms). The quantification of fluorescence signal was performed with ZEN 2012 Blue Edition.



Statistics

Experiments were performed independently in replicates as described in the figure legends. Data were analyzed by GraphPad Prism 5 and 8. Data were assumed normally distributed. For the effect of bacterial treatment on trophoblast biology concerning invasion, migration, viability, apoptosis, cell cycle and cytokine expression Repeated Measures ANOVA with Dunnett’s multiple comparison post test or Šidák’s multiple comparison test was performed. Significant differences were indicated with asterisks *padj < 0.05; **padj < 0.01; and ***padj < 0.001.




Results


High Concentrations of Inactivated F. nucleatum Reduce Trophoblast Viability

During the remodelling of spiral arteries, trophoblast invasion is associated with a constant turnover including cycles of apoptosis and cell growth (76). We assessed cell viability in trophoblasts treated with F. nucleatum (Figure 1A). No effect on HTR8/SVneo viability was observed at 2 h. Compared to unstimulated control, the viability of HTR8/SVneo cells was significantly reduced after 24 and 48 h after stimulation with F. nucleatum concentrations of 1 bacterium per cell and 10 bacteria per cell.




Figure 1 | Reduced viability and increased apoptosis rate of HTR8/SVneo cells was seen in response to high concentrations of inactivated F. nucleatum. Bar graphs represent viability of trophoblast cell lines after stimulation with F. nucleatum normalized to respective controls (A). Representative plots for the analysis of apoptosis rate of HTR8/SVneo, JEG-3 and BeWo cells by flow cytometry (B left). Bar graphs show apoptosis rate of trophoblast cell lines after stimulation with F. nucleatum normalized to respective controls (B right). Normalized data represent the quotient of each value to the mean of untreated controls. Data are presented as mean ± SEM. *padj < 0.05; **padj < 0.01; ***padj < 0.001 as analysed by Repeated Measures ANOVA with Dunnett’s multiple comparison post test, comparing each treatment against the corresponding control. Experiments were performed 6 times in sixtuplicate (A) or in triplicates (B). Each point represents the mean value of the replicates for each experiment. Ctl, control; Fus, ratio of F. nucleatum to cell number.



Similar to HTR8/SVneo, JEG-3 viability was significantly reduced after 24 h and 48 h but only by a concentration of 10 bacteria per cell at 24 h and 48 h. In contrast to HTR8/SVneo and JEG-3, BeWo cells showed a different pattern in their viability after treatment with F. nucleatum. While all F. nucleatum concentrations increased viability after 2 h, concentrations of 1 and 10 bacteria per cell had a negative effect on viability after 48 h.

Overall, we observed that the viability of the cell lines varied in response to treatment with inactivated F. nucleatum. High concentrations of inactivated F. nucleatum decreased viability of HTR8/SVneo and BeWo cells after 24 and 48 h treatment. In contrast, a short stimulation with bacteria (2 h) enhanced cell viability in BeWo cells.



Higher F. nucleatum Concentrations Increase Apoptosis Rate in HTR8/SVneo and BeWo

Considering the effects of F. nucleatum treatment on trophoblast viability, the apoptosis rate was consequently assessed (Figure 1B). In HTR8/SVneo, a significant increase of the frequency of apoptotic cells by all F. nucleatum concentrations was visible after 2 h and 24 h. After 48 h, the apoptosis rate was increased by F. nucleatum concentrations of 1 bacterium per cell and 10 bacteria per cell but not by concentrations of 0.1 bacterium per cell.

In contrast to HTR8/SVneo, the apoptotic rate of both choriocarcinoma cell lines was less affected by inactivated F. nucleatum. While apoptosis in JEG-3 cells was not influenced by the treatment, BeWo cells increased apoptosis rate by F. nucleatum concentrations of 10 bacteria per cell at 2 h and 24 h.

In terms of induction of apoptosis, HTR8/SVneo cells showed an increased susceptibility to F. nucleatum compared to BeWo and especially JEG-3 cells.



Lower Concentration of F. nucleatum Supports Trophoblast Invasion

To test our hypothesis that low concentrations of F. nucleatum may improve trophoblast invasiveness, an invasion assay using trophoblast spheroids embedded in matrigel was performed (Figures 2A, B). After treatment with F. nucleatum, the sprouting area formed by connecting sprout tips was assessed after 48 h and normalized to the initial spheroid area at 0 h.




Figure 2 | Low concentrations of inactivated F. nucleatum promote HTR8/SVneo invasion; high concentration of inactivated F. nucleatum impairs migration of HTR8/SVneo cells. HTR8/SVneo cells were stimulated with F. nucleatum for 6 h using indicated bacteria:trophoblast ratios. After culture in methyl cellulose-containing medium, spheroids were embedded in matrigel and observed to analyse invasive behaviour (A, B). Bar graph shows relative sprouting expansion after 48 h normalized to spheroid size at 0 h (A). Data are presented as mean ± SEM and were analysed by Repeated Measures ANOVA with Dunnett’s multiple comparison post test, comparing each treatment against the corresponding control. *padj < 0.05 Representative microscopic images are shown (B). Experiments were performed 6 times. Scratch assay was performed to assess the migratory behaviour of bacteria-treated trophoblasts (C–E). EGF was used as positive control. Inactivated bacteria were added in different ratios (0.01; 0.1; 1; 10 bacteria per trophoblast cell). Bar graphs represent relative area recovered by HTR8/Svneo treated with either F. nucleatum (above) or E. coli (below) after 12 h (C) or BeWo treated with F. nucleatum after 30 h (E) normalized to unstimulated control. Data are presented as mean ± SEM. *padj < 0.05; ***padj < 0.001 as analysed by Repeated Measures ANOVA with Dunnett’s multiple comparison post test, comparing each treatment against the corresponding control. Experiment was performed 6 times in quadruplicate (C) or triplicate (E). Each point represents the mean value of the replicates for each experiment. Representative microphotographs of HTR8/SVneo taken with a 10 × objective taken after 0 and 12 h of the scratch (D). EGF, epidermal growth factor; Ctl, control.



HTR8/SVneo cells tended to increase invasion depth (area formed by the connection of the outer sprout tips) with rising bacterial concentration. Compared to the control, this increase was significant for 0.1, up to 1 bacteria per cell but decreased to control level with higher bacterial concentration (10 bacteria per cell).



Lower Bacterial Amounts Do Not Affect Trophoblast Migration

Invasion is a complex mechanism of matrix degeneration and cellular motility. In order to determine the mechanisms by which F. nucleatum promoted trophoblast invasiveness, we studied effects of bacteria treatment on cell migration. In contrast to the effects observed in invasiveness, no significant effects were observed for the treatment with low concentrations of bacteria up to a ratio of one bacterium per cell. However, treatment with F. nucleatum at a ratio of 10 bacteria per cell lead to a significant decrease in the migratory capacity of HTR8/SVneo (Figures 2C, D).

E. coli treatment did not significantly influence migration of HTR8/SVneo. On BeWo cells, neither E. coli (data not shown) nor F. nucleatum stimulation had any significant effect on cell migration (Figure 2C).

As the re-growth of the scratched area depends not only on cell viability but also proliferation, we moved forward to assess this in trophoblasts treated with F. nucleatum.



F. nucleatum Induces Growth Arrest in JEG-3 and BeWo but Turnover in HTR8/SVneo

To test the biological effect of F. nucleatum on trophoblast proliferation behaviour, we investigated the cell cycle phases with DNA staining and flow cytometry (Figure 3).




Figure 3 | Inactivated F. nucleatum increases the frequency of HTR8/SVneo cells in G2/M phase and JEG-3 and BeWo G0/1 phase. HTR8/Svneo, JEG-3 and BeWo were stimulated with different concentrations of F. nucleatum. Cell cycle analysis was performed after 2, 24 or 48 h. Representative cell cycle analysis of unstimulated control and Fus10 (A). Bar graphs show percentages of cells in the different cell cycle phases (B). Data are presented as mean ± SEM. *padj < 0.05; **padj < 0.01; ***padj < 0.001 as analysed by Repeated Measures ANOVA with Dunnett’s multiple comparison post test, comparing each treatment against the corresponding control. Experiments were performed 6 times in triplicate. Each point represents the mean value of the replicates for each experiment. RMDS, Root Mean Square Deviation; G0/G1 and G2/M main peak modeled as a Gaussian distribution, S calculated; CV, Coefficients of Variation; Ctl, control; Fus, ratio of F. nucleatum to cell number.



In the HTR8/SVneo cell line, F. nucleatum induced an increment of the proportion of cells in the G2/M phase at ratios 1 and 10 bacteria per cell. After 24 h, this was accompanied by a decrease of cells in S phase. The effects of 0.1 bacteria per cell were observed only after 48 h. Here, an increment of the of the G0/G1 phase and a decrease of S phase was induced after treatment.

In contrast to HTR8/SVneo cells, JEG-3 cells reacted to the treatment with F. nucleatum by through a reduction of the G2/M phase after 2 h (at ratios 1 and 10) and 24 h (all concentrations). These changes were accompanied by an increment of the G0/G1 phase and, after 24 h, a reduction of the S phase. After 48 h, only significant changes in the G0/G1 phase (an increment) could be observed at ratios 1 and 10.

Similar to JEG-3 cells, F. nucleatum treatment led to a reduction of the G2/M phase (after 2 h at ratios 1 and 10, after 24 h at a ratio of 0.1) and an accumulation of cells in the G0/G1 phase (after 2 h at ratios 1 and 10, after 24 h for all ratios) in BeWo cells. Ratios of 10 bacteria per cell also reduced the S phase after 24 h and 48 h.

Overall, we observed that F. nucleatum treatment led to an increased proportion of cells in G2/M of HTR8/SVneo, but to an accumulation of cells in G0/G1 of JEG-3 and BeWo.



F. nucleatum Treatment Induces Secretion of Pro-Invasive Mediators in HTR8/SVneo but Not in BeWo

Certain pro-inflammatory cytokines, acting paracrinally or autocrinally, promote invasion of trophoblasts. Furthermore, trophoblasts secrete matrix metalloproteinases (MMPs) facilitating the invasion of trophoblasts. We analyzed the effect of F. nucleatum treatment on the secretion of pro-inflammatory cytokines and MMPs in trophoblasts cell lines.

CXCL1, IL-8 and MMP-9 were only detectable in the supernatants of HTR8/SVneo, but not in BeWo nor JEG-3 supernatants (Figure 4A). The chemokine CXCL1 was induced after 24 h and 48 h of treatment with F. nucleatum at a ratio of 1 bacterium per HTR8/SVneo cell. Similarly, after 24 h an induction of IL-8 and MMP-9 secretion could be detected at a ratio of 1 bacterium per HTR8/SVneo cell. In contrast, E. coli stimulation induced the secretion of CXCL1, IL-8 and MMP-9 in al time points analyzed.




Figure 4 | Inactivated F. nucleatum and E. coli augment secretion of pro-inflammatory cytokines and MMPs by HTR8/SVneo cells. Bar graphs represent secretion of cytokines and matrix metalloproteinases (MMP) by trophoblast cell lines after stimulation with F. nucleatum normalized to respective unstimulated controls (A, B). Data are presented as mean ± SEM. *padj < 0.05; **padj < 0.01; ***padj < 0.001 as analysed by Repeated Measures ANOVA with Dunnett’s multiple comparison post test, comparing each treatment against the corresponding control. Experiments were performed 5 (IL-8, MMP-2 and IL-6 in HTR8/SVneo) or 6 (CXCL1, MMP-9 and IL-6 in BeWo) times in duplicate. Each point represents the mean value of the replicates for each experiment. Ctl: control; Fus: ratio of F. nucleatum to cell number (if no number given ratio is 1); E. coli 1: ratio of E.coli to cell number = 1.



IL-6 and MMP-2 were detectable in the supernatants of both HTR8/SVneo and BeWo (Figure 4B).

The secretion of IL-6 by HTR8/SVneo was increased by F. nucleatum as well as E. coli stimulation in all time points. In contrast, the treatment of BeWo cells with F. nucleatum led to a decreased IL-6 secretion, while no effect of E. coli treatment could be observed. Similarly, F. nucleatum stimulation induced MMP-2 secretion from HTR8/SVneo, but decreased it in BeWo cells. No significant effect was observed after treatment with E. coli in both cell lines.

IL-1β concentration was below the detection threshold of 250 pg/mL in all trophoblast cell supernatants.

Similar to the previous results, HTR8/SVneo showed a stronger reaction as compared to BeWo. High bacterial concentrations led to a stronger secretory response in HTR8/SVneo (CXCL1, IL-6, IL-8, MMP-2 & -9). However, in BeWo cells responded with a decreased release of the investigated factors (IL-6, MMP-2) even with the low bacterial concentration.



NF-κB Mediates TLR4 Dependent F. nucleatum Actions on HTR8/SVneo Cells

The differences in the response to bacteria between HTR8/SVneo and both, JEG-3 and BeWo cell lines, suggested that there may be differences in the ability to sense F. nucleatum.

Since the interaction between F. nucleatum protein FadA and epithelial cells results from the interaction with E-cadherin (44), the basal expression of E-cadherin on the cell lines was assessed (Figures 5A, B). The relative E-cadherin signal (normalized as a ratio to HTR8/SVneo signal) was ~10 times higher in BeWo and JEG-3 than in HTR8/SVneo.




Figure 5 | BeWo and JEG-3 cells, but not HTR8/SVneo cells express high levels of E-cadherin. IL-6 secretion in response to bacterial stimulation of HTR8/SVneo is partially TLR4 dependent. Bar graphs show E-cadherin expression in trophoblast cell lines normalized to HTR8/SVneo (A). E-cadherin expression was normalized to cell number detected by cell nuclei staining with DRAQ5. Illustrative image of fluorescence signals of DRAQ5 binding and E-cadherin In-Cell Western analysis (B). IL-6 secretion was assessed in HTR8/SVneo after stimulation with F. nucleatum in the presence or absence of a TLR4-blocking antibody (C). The presence of the activated form of IKKα on HTR8/SVneo and BeWo cells was assessed after stimulation with F. nucleatum or LPS (D). Data are presented as mean ± SEM. The experiment was performed once in sextuplicate (A), six times in triplicate (C) or five times in duplicate (D). *padj < 0.05; **padj < 0.01; ns, not significant, as analysed by Repeated Measures ANOVA with Dunnett’s (C) or Šidák’s (D) multiple comparison post test. Data comparison in (C) was performed on F. nucleatum treated cells employing the group without TLR4-blocking antibody as control (“Fus” column).



Besides the interaction with E-cadherin, gram-negative bacteria can be sensed by their LPS via TRL4 signalling and cause a pro-inflammatory reaction as observed in HTR8/SVneo. Interestingly, it has been observed that BeWo respond less sensitively to LPS stimulation than other trophoblast cells lines as JEG-3 and do not follow classical NF-κB pathway activation (77). In order to determine the impact of TLR4-dependent signalling, we performed the experiments in the presence and absence of a TLR4-blocking antibody (Figure 5C). The presence of the antibody led to a significant dose-dependent reduction of F. nucleatum-induced IL-6 secretion in HTR8/SVneo. Furthermore, F. nucleatum induced the activation of the NF-κB pathway, leading to increased phosphorylation of the The IκB kinase α (IKKα) in HTR8/SVneo while no activation of IKKα was detected in BeWo cells (Figure 5D).

To gain further insights into the signaling pathways triggered by F. nucleatum following TLR4 and E-cadherin activation, NF-κB and β-catenin were analyzed microscopically in the presence of inactivated F. nucleatum and inhibitors of TLR4 and E-cadherin pathways. Untreated HTR8/SVneo and BeWo cells showed cytoplasmic expression of NF-κB. After 1 h treatment, NF-κB was detected predominately close to and within the nucleus of HTR8/SVneo cells (Figure 6, top). The addition of TLR4-blocking antibody or the inhibitor TLR4-VIPER prior to bacterial treatment reverted this activation.




Figure 6 | Inactivated F. nucleatum induces NF-κB and β-catenin nuclear translocation. Immunofluorescence of NF-κB (top; green) and β-catenin (bottom; red) of untreated or inactivated F. nucleatum-treated (1 h, MOI = 1) HTR8/SVneo and BeWo cells. Some wells were previously treated with a neutralizing antibody against TLR4 (PAb-hTLR4 (5 µg/mL), the viral inhibitory peptide of TLR4 (VIPER; 5 µM) or Pitstop 2 (known to interfere with E-cadherin/β-catenin signaling) 1 h before bacteria treatment. Nuclei were stained with Hoechst 33258 (blue). Pictures were taken at 60× and the mean fluorescence intensity (MFI) of each channel were quantified in the nuclei (small red circles). All pictures were taken using the same exposure time (green channel: 840 ms; red channel: 400 ms; blue channel: 17 ms). Data (left) depict the MFI (mean ± SEM) of either NF-κB or β-catenin normalized to background (big red circle) for each picture shown. Data comparison was performed by ANOVA Kruskall-Wallis test with Dunns multiple comparison test using F. nucleatum treated cells as control (“Fus” column). *padj < 0.05; **padj < 0.01; ****padj < 0.0001; ns, not significant.



The transcription factor β-catenin mediates E-cadherin signals triggered by the binding of the F. nucleatum FadA adhesin molecule. BeWo cells displayed higher levels of β-catenin expression than HTR8/SVneo cells. Nuclear localization of β-catenin was found in a low number of cells BeWo, slightly more frequently after treatment with F. nucleatum. The use of the β-catenin inhibitor Pitstop 2 led to a slightly less, but not significant reduction of β-catenin signal after F. nucleatum treatment.

This data confirms that F. nucleatum triggers TLR4/NF-κB pathway activation and suggests that E-cadherin/β-catenin pathway is likely more predominant in BeWo than in HTR8/SVneo cells.




Discussion

Although several studies support the idea that bacterial communities are present in the upper reproductive tract, their physiological impact remains still speculative. In this work, we have tested the hypothesis that the presence of low amounts of F. nucleatum can modulate trophoblast function without eliciting a major destructive inflammatory response.

It has been postulated that bacteria may exert a modulatory effect on trophoblast function through interactions between bacterial LPS and TLR4 expressed on the cell surface (36, 78). Both E. coli and F. nucleatum are gram-negative bacteria, thus they can induce LPS-mediated responses. Indeed, several studies addressed LPS-mediated effects of F. nucleatum in tumorigenesis and placental pathology (79–83). It is likely that the induction of pro-inflammatory responses we observed were LPS-mediated as well. However, certain responses differed between the treatments with F. nucleatum and E. coli (release of cytokines including chemokines).

As comparable amounts of bacteria have been used, discrepancies between both responses may be caused by other bacterial components than LPS. F. nucleatum has several virulence factors and is known to possess immunomodulatory properties, including a number of cell-surface components called adhesins (45, 49–51, 84). The adhesin FadA, for example, binds E-cadherin and activates NF-κB downstream (44). In the context of colorectal cancer, F. nucleatum is associated with the promotion of tumorigenesis and the modulation of the tumoral immune environment (44, 85, 86). At the same time, F. nucleatum has the ability to induce modifications of the extracellular matrix and promote tumor invasion (39, 41, 42, 58). In the fetomaternal interface, these processes are part of physiological adaptations that permit trophoblast invasion of uterine spiral arteries. Trophoblasts undergo phenotypical changes during placentation and in the course of pregnancy. This includes adaptations in changes of the expression of TLR4 and E-cadherin influencing presumably interactions with LPS and FadA, on the surface of F. nucleatum.

In our experiments, trophoblast cell lines responded differently to the same bacterial stimulation. In terms of antigen recognition, BeWo responds poorly to LPS stimulation and lacks LPS-mediated activation of the NF-κB pathway (77). We observed that HTR8/SVneo responded to F. nucleatum stimulation in a more sensitive way than BeWo and JEG-3. In contrast to BeWo and JEG-3, HTR8/SVneo E-cadherin expression levels were lower. This supports the idea that F. nucleatum shapes the responses of JEG-3 and BeWo by FadA-E-cadherin interaction. JEG-3 cells, which express both functional TLR4 and high E-cadherin levels, showed a mild or an intermediate reaction to bacterial stimulation. Cytokines in the supernatant of bacteria-treated JEG-3 were under the limit of detection.

The use of trophoblast cell lines with different TLR4 function and E-cadherin expression allowed us to evaluate two scenarios, one in which TLR4-LPS interaction would predominate over E-cadherin-FadA interactions (HTR8/SVneo), and a second one where E-cadherin is highly express and TLR4 is less functional (BeWo) (77). We speculate that the differences observed in the interaction between F. nucleatum and HTR8/SVneo, JEG-3 and BeWo cells depend on the balance between the relative expression of E-cadherin and the induction of TLR4-mediated signals. A deeper analysis of the activation of the signalling pathway depicted that, similar to LPS, F. nucleatum induced activation of the IκB kinase α (IKK-α), a downstream mediator of TLR4 activation pathway. Concomitantly, the treatment led to a nuclear translocation of NF-κB. Furthermore, the use of a neutralizing antibody against TLR4 resulted in reduce cytokine production after treatment with F. nucleatum.

In the BeWo cell line, no activation of the TLR4 pathway could be detected by multiplex analysis. However, nuclear translocation of NF-κB could be observed microscopically after 1 h treatment. In BeWo, the elevated expression of E-cadherin and β-catenin suggests a higher involvement of the E-cadherin/β-catenin complex in the F. nucleatum-mediated effects on BeWo cells than in HTR8/SVneo cells. Further research is needed to determine precisely the molecular components involved in the interaction between F. nucleatum on BeWo.

Besides cell-line specific responses, we observed that presumably LPS-mediated actions (those observed in HTR8/SVneo and that were similar to the stimulation with E. coli) were only significant after reaching relatively high concentrations of bacteria. On the other hand, LPS-independent effects, as we observed in BeWo cells, were also evident with low concentrations of fusobacteria. F. nucleatum is a bacterium with proven placental tropism (87–90) and F. nucleatum infections have been associated with intra-amniotic infection and the induction of preterm birth (91–93). The involvement of F. nucleatum in early pregnancy disorders needs to be further investigated. First trimester infections are associated to placenta development problems (94–97). In the context of malaria, Plasmodium-infection affects the placental vascular development, as seen by a reduced transport capacity, syncytiotrophoblast knotting, thickening of the basal membrane, decreased trophoblast invasion and inflammatory disorders (disruption of the cytokine milieu and immune cell recruiting) (98). Our data suggests that uncontrolled infections with F. nucleatum in early pregnancy might impact placental development as well.

However, the presence of bacteria does not necessarily indicate an infection. It has been observed that trophoblasts can modulate the response of immune cells to LPS, leading to contradictory effects between low and high dose stimulations (99). This has been discussed as a possible mechanism to prevent excessive pro-inflammatory reactions leading to fetal damage. The benefit of weak LPS stimulation to restore fertility has been observed in animal models. Cows with purulent vaginal discharge treated with a low dose of LPS showed improved pregnancy rate as compared to treatment with high LPS concentrations (100, 101). Although, eutherian mammal placentation varies in their invasive and opposing nature between fetus and maternal tissue (humans: hemochorial, ruminants: synepitheliochorial), it is driven by mild immunological activation, which is limited as exuberant activation would cause rejection. The studies describing mechanisms suppressing excessive pro-inflammatory responses at the fetomaternal interface suggest that the presence of bacteria in low concentrations or bacterial products can be well tolerated. Furthermore, it has been speculated that a weak, non-destructive activation of immune cells may actually be favorable in early pregnancy events as well (36, 37).

In order to evaluate possible mechanisms in which low, non-infective concentrations of bacteria may promote early pregnancy events, we studied the F. nucleatum-trophoblast interactions in vitro. In our experimental setup, we evaluated the role of increasing concentrations of F. nucleatum in a range which lies between 10 and 1 000 times lower than MOIs used in infection based in vitro experiments. Using this range, we aimed to detect the concentrations where the positive effects of F. nucleatum on trophoblast function overcome destructive excessive inflammatory responses. The analysis of the invasiveness of HTR8/SVneo depicts this concept perfectly, where a maximum effect can be observed around Fus0.1-1, while lower or higher concentrations seem to be less effective. Unfortunately, due to the fast migratory kinetics of HTR8/SVneo cells, it was not possible to perform the scratch assay at the same time point as the invasion assay. 12 h might be a precipitated time point to evidence positive effects of lower F. nucleatum concentrations on cell migration.

It can be speculated that the lower the concentration of F. nucleatum is, the weaker its effect on the release of soluble mediators that promote trophoblast invasiveness shall be (see schematic overview, Figure 7). In contrast, as the concentration of F. nucleatum increases, the excessive inflammatory effects on trophoblast may negatively affect their function. Indeed, the highest F. nucleatum concentration significantly dampened trophoblast migration, which also brought trophoblast invasion down to control levels.




Figure 7 | Overview of the schematic effects of rising inactivated F. nucleatum concentrations on HTR8/SVneo. Main results of HTR8/SVneo trophoblastic cells in response to in vitro stimulation with F. nucleatum are summarized. F. nucleatum induced HTR8/SVneo invasion, secretion of soluble mediators (CXCL1, IL-6 and IL-8) and metalloproteinases (MMP-2 and MMP-9). As concentrations of F. nucleatum increased, these did not improve invasiveness, hindered migration, reduced cell viability and induced alterations in the cell cycle.



The analysis of cell survival and the apoptosis rate after F. nucleatum treatment suggests that the negative effects on migration observed might be related to the reduced viability or an altered cell cycle after treatment. These negative effects of F. nucleatum increased with the concentration and were more evident in the HTR8/SVneo cell line.

After evidencing the effects that might negatively impact on trophoblast function, we focused on the factors that may improve it, especially under treatment with low concentrations of F. nucleatum. A factor by which bacteria could promote placentation is by induction of MMPs which facilitate trophoblast invasion. MMPs dysregulation is associated to pregnancy problems (102). Deficient MMP expression may lead to hypertensive disorder and preeclampsia. Excessive MMP release, however, can lead to dysfunctional placentation. In this concern, we observed that F. nucleatum could modulate MMP secretion.

We have also explored the capacity of bacteria to affect the release of immune mediators that may affect directly or indirectly functional aspects of trophoblast biology. Trophoblasts release immune mediators that: 1) recruit and modulate the function of several leukocytes populations (decidual NK cells, macrophages, etc) and 2) collaborate with crucial steps of placentation (103, 104). As the treatment with F. nucleatum affected some of these cytokines, we speculate that these may later influence leukocyte recruitment and function and indirectly trophoblast function. In this scenario, chemokines induced by F. nucleatum may act synergistically with the arrival of leukocytes that are known to be important players of placental development, as macrophages and NK cells.

The fact that the cytokine secretion in HTR8/SVneo was induced both in response to F. nucleatum and E. coli treatment led us to a hypothesis that this effect was mediated by LPS. Furthermore, there was no induction of cytokine secretion by BeWo cells, which have a less sensitive TLR4-pathway. Finally, we showed that blocking or inhibition of TLR4 reduced the NF-κB activation and cytokine secretion in F. nucleatum-treated HTR8/SVneo cells. We postulated that these interactions might be subjected to spatiotemporal conditions in the course of pregnancy, since trophoblast undergoes local and temporal changes in the expression of both TLR4 and E-cadherin. During first trimester, TLR4 is expressed by villous cytotrophoblast (CTB) and extravillous trophoblast cells (EVT), but not by syncytiotrophoblasts (105, 106). At term, TLR4 is expressed predominantly by syncytiotrophoblasts (105, 107). This pattern is thought to protect the first trimester fetus from deleterious pro-inflammatory responses caused by bacteria. On the other hand, E-cadherin is expressed in CTB but it is downregulated as EVTs acquire a more invasive phenotype.

In this scenario, F. nucleatum might interact with EVT secreting MMPs and inducing invasion through the decidual extracellular matrix, pro-inflammatory cytokines (including chemokines) to recruit and interact with decidual leukocytes. The presence of low concentrations of F. nucleatum could support the function of EVT. CTB, on the contrary, are in closer contact to the growing fetus. An excessive pro-inflammatory environment generated by activation of CTB could threaten fetal health.

The presence of bacteria in the placenta has been reported by histological techniques and later further investigated by molecular-based methods (29, 108, 109). Furthermore, as these studies are based on the detection of DNA, it cannot be clearly distinguished between bacteria and their products. In our experiments, however, we used inactivated cells. This means that bacterial components that reach target cells may induce similar responses. Furthermore, several gram-negative bacteria including F. nucleatum are characterized by the production and release of outer membrane vesicles (OMV). OMV play different roles (including bacterial communication, the modulation of virulence and immune response). As they are small enough to penetrate mucosal barriers, a remote modulatory mechanism of trophoblast function by F. nucleatum cannot be ruled out.

Based on our data, we suggest that the presence of low-concentration of commensal bacteria or bacterial products do not represent a threat to early pregnancy per se. Although the used concentrations only approached in vivo amounts, low bacterial concentrations may mildly stimulate trophoblast cells and support their invasive character. As the upper reproductive tract microbiome may deliver clues to possible, but yet unknown physiological regulation of trophoblast function, we encourage further research to elucidate their constructive role during early pregnancy. Precisely during the review process of this manuscript, a new study showing that Lactobacillus crispatus can promote HTR-8/SVneo invasion supports this idea and reinforces the need for deeper research on this field (110).
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Background

Pre-eclampsia (PE) is a common disorder of pregnancy that usually presents with hypertension and proteinuria. The clinical presentation arises from soluble factors released into the maternal circulation from the placenta owing to the stress of syncytiotrophoblast, consequence of defective placentation occurring in the first half of pregnancy. Reduced tolerance of the semiallogeneic fetus by the maternal immune system has been proposed as first trigger leading to poor placentation. We previously observed aberrant expression of human leukocyte antigen (HLA)-DR molecules in the syncytiotrophoblast of a subset of women with PE. Aim of this study was to investigate abnormal expression of circulating HLA-DR in syncytiotrophoblast-derived extracellular vesicles (STBEVs) in women with PE compared to normal pregnant women.



Methods

peripheral venous blood was collected from 22 women with PE and 22 normal pregnant women. Circulating STBEVs were collected by ultra-centrifugation (120000 g) and analyzed for the expression of HLA-DR and placental alkaline phosphatase (PLAP), a specific marker of the placenta, by Western blot analysis and flow cytometry.



Results

circulating STBEVs positive for HLA-DR were observed in 64% of PE women while no HLA-DR positivity was detected in any of the controls (P<0.01).



Conclusions

Aberrant expression of HLA-DR in circulating STBEVs is specifically associated to PE. Further studies are required: a) to define the role of aberrant placental expression of HLA-DR molecules in the pathogenesis of PE; b) evaluate a possible application of detecting circulating HLA-DR positive STBEVs in the diagnosis and prediction of PE in the first and second trimester of pregnancy.
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Introduction

Pre-eclampsia (PE) is a common disorder of pregnancy that usually presents with hypertension and proteinuria. It complicates 3–5% of all pregnancies and remains a major cause of severe maternal and newborn morbidity and mortality worldwide (1). The clinical presentation arises from factors released into the maternal circulation from the placenta as result of syncytiotrophoblast stress. The latter is secondary to defective placentation occurring in the first half of pregnancy. According to the “two stage model”, reduced tolerance of the semi-allogeneic fetus by the maternal immune system could be a potential first trigger in the pathogenetic cascade leading to poor placentation and PE (2). Consistent with this hypothesis, in a previous study, we observed aberrant expression of human leukocyte antigen (HLA)-DR molecules in the syncytiotrophoblast of placentas obtained from women with PE (3).

HLA- DR is a class II molecule constitutively expressed on professional antigen presenting cells (APC) to present exogenous antigens to T cells to elicit antigen specific immune response. In inflammatory conditions the expression of HLA class II molecules can be induced but the possibility that also trophoblast cells might express these antigens is still debated (4, 5).

Tight control of HLA class I and class II expression in villous and extra-villous trophoblast (VT and EVT, respectively) is essential for successful pregnancy outcome (6). In particular, the lack of HLA class II (-DP, -DQ and -DR) molecule expression on trophoblasts prevents maternal T cell allo-immune responses against paternal-derived antigens.

Previously, we demonstrated that aberrant expression of HLA-DR antigen in trophoblast cells can be found in about 40% of syncytiotrophoblast-derived extracellular vesicles (STBEVs), obtained from PE women by dual placental perfusion (3). The positivity for HLA-DR of STBEVs, found in a subset of PE cases, was confirmed by immunohistochemistry on placental sections. In particular, HLA-DR was expressed in syncytiotrophoblast, the cell type releasing the STBEVs in maternal circulation in vivo and representing the main maternal-fetal interface in the second half of pregnancy (6).

Here we assessed whether HLA-DR aberrant expression might be confirmed in STBEVs collected from the peripheral blood of women with clinical diagnosis of PE.



Materials and Methods


Patients and Sample

This study has been designed and conducted according to the principles of the Declaration of Helsinki and approved by the Ethics Committee of the Università Cattolica del Sacro Cuore of Rome, Italy. Written informed consent was obtained from all recruited individuals.

All women enrolled in this study were selected among those referring to the High Risk Pregnancy Unit and to the delivery suite of the Gemelli Hospital of Rome. For the identification of cases of PE we referred to the definition of the International Society for the Study of Hypertension in Pregnancy (ISSHP) (7). Control patients were recruited among those attending the Gemelli Hospital as outpatients for pregnancy routine medical examinations. Women with diabetes, obesity (BMI >30), pre-existing hypertension, autoimmune or infectious diseases or fetal abnormalities were excluded from control group. All cases and controls were matched for gestational age.

3 ml of venous blood was collected by venipuncture from the antecubital fossa in a tube with EDTA. Each sample was centrifuged twice at 3000 g for 30 minutes at 4°C, to obtain plasma, and then frozen in 500 μl aliquots at -80°C until use.



STBEVs Collection From Serum

Plasma samples (500µl), previously stored at -80°C, were allowed to attain room temperature. Each sample was diluted (1:1 vol/vol) with PBS and spun at 120,000 g for 90 minutes at 4°C in an Optima XPN ultracentrifuge (Beckman Coulter). After the ultracentrifugation step, the supernatant was discarded and the pellet, which comprised of extracellular vesicles of different sizes, was washed with PBS and spun one more time at 120,000 g for 90 minutes at 4C°. The supernatant was then discarded and the pelleted EVs were then re-suspended with 100 µl of PBS. The protein concentration of STBEVs was determined by Bradford assay, prior to storage at −80°C.



Western Blotting

For PLAP expression analysis, STBEVs samples collected from sera from 4 preeclamptic and 4 control patients were lysed on ice for 30 minutes in SDS-PAGE sample buffer containing protease inhibitor cocktail (Roche Diagnostics,Basel, Switzerland). Protein content was normalized by loading 20 μg of protein for each sample. Samples were boiled and centrifuged at 13,000g for 10 minutes prior to separation by SDS/PAGE (Invitrogen) and semi-dry transfer to PVDF membrane (Biorad, Hercules, CA, USA). Non-specific binding was blocked with TBS-T (20 mM Tris/HCl, 137 mM NaCl, 0.1%Tween-20, pH 7.6) containing 5% of milk (Santa Cruz Biotechnology Inc., Dallas, Texas, USA) for 1 hour at R/T. Membranes were incubated at 4°C overnight with the NDOG2 antibody (1µl/ml) syncytiotrophoblast-specific mouse monoclonal antibody that recognizes placental alkaline phosphatase (PLAP) (8) in Tris-buffered saline and 0.05% Tween 20 (TBS-T) containing 1% BSA. Membranes were then washed in TBS-T, before incubation with the appropriate (rabbit or mouse) horseradish peroxidase-conjugated secondary antibody (1:4000; Dako, Glostrup, Denmark) for 1 hour at R/T. The antibody used was diluted in blocking buffer. After washing, blots were treated with an enhanced chemiluminescence system (PierceTM, Thermo Fischer Scientific, Waltham, MA USA) and exposed to Hyperfilm ECL (GE Healthcare Life Sciences, Cleveland, Ohio, USA). Densitometric analysis of Western blot was carried out using NineAlliance software (Uvitec Alliance, Cambridge, UK).



Flow Cytometry Analysis of STBEVs

Analysis of STBEVs was carried out by multi-color flow cytometry, using a CytoFLEX S cytometer (Beckman Coulter) equipped with violet laser (405 nm) excitation sources. This instrument is able to collect SSC (side scatter) off the blue laser (BSSC) and the violet laser (VSSC). The flow cytometer was calibrated using the Megamix-Plus FSC beads emitting FITC of different sizes (100, 300, 500, and 900 nm), as described elsewhere (9). STBEVs number was measured using the cell-counting feature of the instrument that relies on a calibrated peristaltic pump for sample delivery. To distinguish intact vesicles from cell debris, STBEVs were stained with CellTrace™ Calcein Violet (ThermoFisher Scientific, Waltham, Massachusetts, USA), according to manufacturer instructions, as previously described (9).

Prior to running STBEV samples, filtered PBS was also analyzed in triplicate for 2 min to assess the level of background contaminating events (about 100 events/second). To confirm placental origin, STBEVs were stained with anti-Placental Alkaline Phosphatase (PLAP) NDOG2 mouse monoclonal antibody commercially conjugated to Phycoerythrin (PE) (Biolegend UK Ltd., Cambridge, UK) or its PE-conjugated IgG1 control (Biolegend). PLAP is exclusively expressed in placental tissues and commonly used to distinguish vesicles released by the placenta from those coming from other cell types. PLAP positive vesicles were normalized to calcein positive events. Vesicles collected from culture medium of a colorectal cancer cell line were used as a negative control for PLAP positivity. The presence of HLA-DR on STBEVs was investigated by the binding of fluorescein isothiocyanate (FITC)-conjugated mouse monoclonal anti-HLA-DR antibody (clone L243-Abcam) or IgG1 control (Abcam) antibody. Prior to use, all antibodies were filtered through Nanosep 0.2 μm centrifugal devices (Pall Life Sciences) to minimalize interference by background particles. All antibodies were also titrated to ensure their use at the optimum concentration. Fluorochrome compensation for multicolor STBEV flow cytometry was set-up using BD CompBeads (BD Biosciences) labelled with fluorescence conjugated antibodies.

All samples were then blocked with 0.2 µm filtered Fc receptor blocker (10 µL; Miltenyi) for 10 minutes at 4°C before the addition of either filtered PBS (unlabeled control), fluorescence conjugated IgG control (IgG1-PE); or fluorescence conjugated antibody (NDOG2-PE or HLADR-FITC). Tubes were incubated for 1 hours at 4°C in the dark. Stained samples were then made up to 500 µL with filtered PBS and acquired immediately on the flow cytometer (Beckman Coulter). Gates were firstly set so that ≤1% of STBEVs stained positive in the appropriate negative controls. Data were acquired and analyzed by the CytExpert 2.2™ software (version 2.2, CytoFLEX S, Beckman Coulter, Milano, Italy).



Statistical Analysis

Clinical characteristics were analyzed using unpaired t-test or Chi-square, according to type of variables. The results of the experiments, expressed as the mean ± standard deviation (SD), were analyzed using unpaired t-test performed with Prism software version 9.0. For all analyses, p < 0.05 was considered significant.




Results


Clinical Characteristics of the Study Population

Peripheral venous blood was obtained by venous puncture from 22 women with diagnosis of PE and 22 normal pregnant (NP) women with uncomplicated pregnancies, matched for gestational age. Clinical characteristics of PE and NP subjects are shown in Table 1. PE women were more frequently nulliparous (p < 0.5) and displayed significantly lower gestational ages at delivery, neonatal birth weights (p < 0.0001) and birth weight percentile (p < 0.0001) compared to NP. As expected, women with PE were characterized by higher blood pressures (p < 0.0001) and detectable proteinuria (p < 0.01) compared to NP women. No significant differences were found in terms of maternal age between PE and control groups. 52% of women with PE were primiparous versus 31% of controls.


Table 1 | Clinical characteristics of pre-eclampsia and normal pregnant women enrolled.





STBEVs Can Be Detected in Peripheral Blood of Pregnant Women by Flow Cytometry

Western blot analysis of STBEVs obtained by plasma ultracentrifugation, performed to assess the presence in maternal circulation of detectable placental-derived vesicles, revealed a clear protein band corresponding to placental alkaline phosphatase (PLAP), a specific marker of syncytiotrophoblast. These results confirmed the presence of significant quantity of STBEVs in the plasma of both PE and NP women (Figures 1A, B). Vesicles collected from culture medium of a colorectal cancer cell line, and used as a negative control for PLAP positivity, showed, as expected, no positivity for PLAP (data not shown). Flow cytometric analysis, performed to quantify serum STBEVs content, showed that, according to available literature (10–12), levels of circulating STBEVs were significantly higher in women with PE compared to normal pregnant women (Figures 1C–G), although STBEVs levels showed a high standard deviation (SD) and a skewed distribution among the study groups. Interestingly, STBEVs were detectable in the maternal circulation from the early first weeks of gestation (Figure 1D). No significant differences were found in terms of calcein positive events or protein content between PE and NP women in vesicles samples collected by plasma ultracentrifugation (data not shown).




Figure 1 | (A) Representative Western blot showing PLAP positivity of STBEVs collected by ultracentrifugation of plasma from 4 PE and 4 NP women. The PLAP positive band identifies a significant content of STBEVs in all plasma samples analyzed. (B) Histogram showing densitometric analysis of immunoblots. Results are expressed as mean ± SD of 3 experiments. AU: arbitrary units. (C) Box plot showing significant higher average levels of PLAP positive (+), corresponding to STBEVs, detected in plasma of PE compared to NP women. PLAP positive events have been normalized to calcein positive (+) events. (D) Scatter plot showing STBEVs concentrations detected in both PE and NP women according to gestational age. (E–G) Representative flow cytometric analysis for PLAP positivity (+) of vesicles obtained from plasma of a PE (E) and a NP (F) woman. Levels of STBEVs (PLAP+ vesicles) in PE (E) were higher than in NP (F). (G) Isotype IgG control used to assess the specificity of anti-PLAP antibody binding to STBEV in the same PE lady of panel (E). NP, normal pregnant; PE, pre-eclamptic women; PLAP, placental alkaline phosphatase; STBEVs, syncytiotrophoblast-derived extracellular vesicles. *p < 0.5; **p < 0.01.





Circulating STBEVs From PE Women Carry HLA-DR

Flow cytometric analysis revealed that HLA-DR positive circulating STBEVs can be detected in PE but not in NP women (p<0.01) (Figures 2A–D). In particular, we found a subset of 14 of 22 PE (64% of all PE women analyzed) with aberrant expression of HLA-DR on circulating STBEVs. None of NP women showed detectable positivity for HLA-DR in circulating STBEVs. These data were consistent with the results previously observed on STBEVs collected by dual placental perfusion (3). Interestingly, HL-DR was detectable on STBEVs at all gestational ages analyzed (from a very rare case of PE at 15 weeks until term of gestation) (Figure 2B).




Figure 2 | (A) Box plot showing a significantly higher percentage (%) of HLA-DR positive (+) STBEVs (PLAP positive events) detected in plasma of PE versus NP women. (B) Scatter plot showing distribution of HLA-DR positive (+) STBEVs detected in PE according to gestational age. (C, D) Representative flow cytometric analysis for PLAP and HLA-DR double positive (+) vesicles collected from plasma of a PE (C) and a NP (D) woman. NP, normal pregnant women; PE, pre-eclamptic women; PLAP, placental alkaline phosphatase; STBEVs, syncytiotrophoblast-derived extracellular vesicles. **p < 0.01.



When comparing clinical characteristic of PE women with STBEVs carrying HLA-DR with those with HLA-DR negative STBEVs, no significant differences were found (Table 2).


Table 2 | Clinical characteristics of pre-eclamptic women according to STEVs positivity for HLA-DR.






Discussion

In this study, we observed that HLA-DR molecules can be detected in STBEVs from 64% of PE women analyzed and that it is technically interrogatable by flow cytometry, through the collection of only 3 ml of peripheral venous blood. Although no significant association between clinical features of the syndrome (i.e. gestational age at onset, association with fetus growth restriction) have arisen, the small sample size does not permit definitive conclusions and further work is needed.

There are findings that are promising, namely: a) HLA-DR specificity in PE: – NP women do not display this protein in the syncytiotrophoblast-; b) the high prevalence of positivity for this protein in about 60% of PE cases investigated; c) the ability to detect this marker in circulating STBEVs by using a minimally-invasive liquid biopsy; d) the potentiality of early detection of HLA-DR positive STBEVs in the first trimester. Nonetheless, the small sample of women analyzed tin this study is a main limitation to get definitive conclusions.



Conclusions

In this pilot study, we interrogated plasma for STBEVs using the plasma as a “liquid biopsy” of the syncytiotrophoblast in women with clinical diagnosis of PE, to search for HLA-DR aberrant expression in circulating placental STBEVs (corroborated by PLAP positivity). This is made more important when we consider that STBEV usually constitute only about 1% of all circulating vesicles of human blood (most of those are platelet-, endothelium- or leukocyte-derived) (11, 12).

These data are consistent with our previous study showing aberrant expression of HLA-DR in the placenta and in STBEVs obtained by dual placental perfusion from women affected from PE (6). Whether this abnormal expression is a trigger or a consequence of inflammation in the pathophysiology of PE is still an open question. Moreover, whether HLA-DR is maternal or fetal in origin and whether it might be immunogenic to the mother requires further investigation.

In conclusion, HLA-DR is a possible candidate marker worthy to be investigated for its potential application in the prediction and early diagnosis of PE. A well designed multicenter and prospective study is needed to investigate the presence of HLA-DR-positive circulating STBEVs, across the three trimesters of pregnancy, in a larger population of women at high risk of PE. This could answer the question whether finding STBEVs positive for HLA-DR in the circulation might identify women at higher risk of developing PE and the potential predictive value of HLA-DR as a marker of PE.
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CD8+ T cells recognize non-self antigen by MHC class I molecules and kill the target cells by the release of proinflammatory cytokines such as interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α). Our group previously reported an increase of CD8+ T‐cell trafficking in the placenta with exposure to Lipopolysaccharides (LPS). CD8+ cytotoxic T cells have been classified into distinct subsets based upon cytokine production: Tc1 cells produce IFN-γ, Tc2 cells produce interleukin 4 (IL-4). Accordingly, the purpose of this research is to analyze the subsets of placenta CD8+ T cells. We hypothesized that LPS injection would induce a change of properties of CD8+ T cell and Tc1/Tc2 ratio. We investigated the subsets of CD8+ T cell infiltration to placenta and their specific function in response to LPS-induced inflammation in a mouse model. At embryonic (E) day 17, pregnant CD-1 dams received an intrauterine injection of 25 µg LPS in100 μl PBS or 100 μl of PBS only. Flow cytometry was used to quantify CD8+ T cells, evaluate the phenotype and subtypes, and detect markers of Tc1 and Tc2 cells in placenta, at 6 hours and 24 hours post injection (hpi). Intracellular staining and flow cytometry were performed to characterize cytokines produced by CD8+ T cells. Standard statistical analysis were employed. After 6 and 24 hours of LPS injection, total CD8 T cells increased (P<0.05). Tc1 cells expanded (P<0.05) in LPS-treated dams compared with the PBS group. The Tc1/Tc2 ratio was significantly higher in the LPS group than the PBS group (P<0.05). The expression of TNF-α and IFN-γ were increased in LPS group both at 6hpi and 24 hpi (P<0.05). We identified functional placental CD8+ T cell subtypes and found a significant increase ratio of Tc1/Tc2. Following IUI, CD8+ T cells induced inflammatory response in the placenta primarily via the production of Type 1 cytokines such as IFN-γ and TNF-α. We have provided evidence of a Tc1-bias response and cytokines in the mouse model of IUI.
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Introduction

Villitis of unknown etiology (VUE) is a type of intrauterine inflammation and destructive inflammatory lesion resulting in placental destruction and dysfunction, which is characterized by the infiltration of maternal T cells-especially cytotoxic CD8+ T cells-into the placenta, specifically into the chorionic villi (fetal tissue) (1). VUE is a crucial cause of preeclampsia, intrauterine growth restriction, small-for-gestational-age fetuses, fetal/neonatal death, spontaneous preterm delivery and recurrent reproductive loss, and neonatal neurocognitive impairment (2–5). VUE is also believed to destruct large fetal vessels in the placenta leading to obliterative fetal vasculopathy, which is a high-risk factor for neonatal encephalopathy and cerebral palsy (6, 7).

Considering its high recurrence risk (10-37% (8, 9),) and poor clinical outcomes, it is vital to establish a diagnosis and effective management to counsel affected women in their subsequent pregnancy. Thus, greater understandings of the pathophysiology and pathogenesis of VUE are essential to understand its contribution to the adverse outcomes and to establish effective treatment guidelines.

In VUE, the causes of chronic inflammatory lesions are unknown, and infectious agents cannot be identified (2). Accumulating studies suggest that an immune process caused by maternal anti-fetal rejection plays a role in the pathogenesis of this condition, in which cytotoxic CD8+ T cells are the main effector cells (5, 10).

CD8+ T cells recognize non-self antigens by MHC class I molecules and kill the target cells by releasing proinflammatory cytokines such as IFN-γ and TNF-α (11). Based on its pattern of cytokines production, activated CD8+ T cells can be classified into Tc1 and Tc2 subsets, which are parallel with Th1 and Th2 subsets. Type 1 CD8+ T cells (Tc1) secrete IFN-γ and TNF-α, whereas type 2 CD8+ T cells (Tc2) secrete IL-4, IL-5 and IL-13 (12). One human study reported that the immune response in the VUE lesions is directed toward the Th1-type response (13). Subset of CD8+ T cells and type of immune and inflammatory response that mainly contribute to this process remains unknown.

Our group previously utilized a mouse model of lipopolysaccharide (LPS)-induced intrauterine inflammation (IUI) to study maternal T cells infiltration to the placenta and the effect of placental T cells on placental dysfunction, inflammation and subsequent offspring’s sequela (14, 15). The aim of this study is to investigate the specific functional properties of different CD8+ T cell subsets infiltrating in the placenta by using a mouse model of LPS-induced IUI.



Materials and Methods


Animal Model and Experimental Groups

All animal care and treatment procedures were approved by the Animal Care and Use Committee of the Johns Hopkins University. All methods were performed in accordance with the relevant guidelines and regulations of the Johns Hopkins University. Timed-pregnant CD-1 mice were purchased from Charles River Laboratories (Wilmington, MA, USA).

A well-established model of IUI was utilized in this study (15–18). On embryonic day (E) 17 of gestation (full-term gestation is E19-20), CD-1 mice were randomly assigned to LPS or phosphate-buffered saline (PBS) groups. After placing the mouse under isoflurane anesthesia, a laparotomy was performed in the lower abdomen. The lower right uterine horn was identified and either LPS (from E. coli O55: B5; Sigma-Aldrich, St Louis, MO, USA) at a dose of 25µg in 100 µl PBS or 100 µL PBS (control) was injected. Then routine laparotomy closure was performed, and the mice were allowed to recover. Mice were randomly selected to be euthanized by CO2 exposure followed by cardiac exsanguination 6 hours and 24 hours after the surgery. At the time of euthanasia, the total number of viable and dead fetuses was quantified for each dam.



Fetal Viability

Live and dead fetuses of right side in each dam were measured. Dead fetus was determined by its movability alterations and other abnormalities including pallor body and foci of necrotic tissue in the placenta (19).



Immunofluorescence Imaging

Tissues were fixed in 4% paraformaldehyde for 24h at 4 °C. Tissues were then washed with PBS extensively and immersed in 30% sucrose until saturation, followed by cryosection at 10 μm thickness. Antigens were retrieved by boiling in PBS buffer () for 20 min. After antigen retrieval, tissues were blocked in 10% goat serum and permeabilized with 0.5% Triton-X-100. Tissues were incubated with primary antibodies overnight at 4 °C. The following primary antibody was used: CD8 alpha recombinant rabbit monoclonal antibody (1:100, MA5-29682, Invitrogen) to identify CD8+ T cells. The next day tissues were washed with PBS, followed by secondary antibody incubation for 1 h at room temperature. Secondary goat antibody was used: anti-rabbit IgG (1:500, A10042, Invitrogen) Alexa Fluor 568. DAPI (4′,6-diamidino-2-phenylindole, 10236276001, Roche, Indianapolis, IN) was used to counter stain nuclei at a concentration of 1:5,000 Slides were mounted with Fluoro-mount G (SouthernBiotech, Birmingham, AL) and viewed using a Zeiss Axioplan 2 microscope (Jena, Germany). Images were taken using a Zeiss AxioCam MRM.



Flow Cytometry

Three placentae were harvested for flow cytometry, from the first three gestational sacs in the right uterine horn at 6 and 24 hours after surgery. Single cells were prepared from 3 placentae per dam, using manual and enzymatic (collagenase D, Roche, Indianapolis, IN, USA) digestion, followed by passing through a 70 µm nylon mesh cell strainer2-4. Red blood cell lysis (ACK lysing buffer, ThermoFisher Scientific, MA, USA) and total cell counts were performed prior to staining. Isolated cells were stained with various surface markers, at 1:100 concentration, in fluorescence activated cell sorting (FACS) buffer with 1Mm EDTA for 30 min at 4°C protecting from light. For intracellular staining, cells were first fixed with 1X FOXP3 Fix/Perm (BioLegend, San Diego, CA, USA) and then stained with intracellular markers for 45 min at a concentration of 1:50 at 4°C in the dark. OneComp eBeads (eBioscience, San Diego, CA, USA) were used for single-color compensation controls.

Antibodies and corresponding isotypes are listed in Table 1. In this study, CD3 was applied as a pan T cell marker and CD8α as a CD8+ T cell marker (20). CD44 and CD62L were utilized to gate effector sub-population (21). Tim-3 was used to identify CD8+ T cell exhaustion (22). IFN-γ and IL-4 were used to define Tc1 and Tc2. Data was acquired from an Attune NxT Acoustic Focusing Cytometer (ThermoFisher Scientific Invitrogen) and analyzed with FlowJo 10.1 (FlowJo LLC, Ashland, OR, USA). Debris and doublets were excluded by sequential gating on side scatter height versus side scatter area to delaminate singlets. Seven-color flow cytometry was used to identify CD8+ T cell sub-populations.


Table 1 | Antibodies List.





Statistical Analysis

Fetal viability data were assessed with a Chi-square test. The normality of continuous variables was examined by QQ plot, D’Agostino-Pearson, Anderson-Darling, Shapiro-Wilk and Kolmogorov-Smirnov. Outliers were identified using Grubb’s test. Two-way analysis of variance (ANOVA) with Sidak’s multiple comparisons test was used for parametric data analysis. Correlations were analyzed using Pearson correlation test. All data were analyzed with GraphPad Prism 7 software (Graphpad Software, La186 Jolla, CA, USA). Data are expressed as mean ± SD. Results were deemed statistically significant when p<0.05.




Results


LPS Intrauterine Administration During Pregnancy Induced Lymphocytic Infiltration in the Placenta and Reduced Offspring Survival

To test the role of LPS intrauterine treatment in lymphocytic infiltration in the placenta, flow cytometry was performed. We first analyzed leukocytes in the placenta. Gate strategy was shown in Figure 1A. 6 and 24 hours after LPS exposure, CD45+ leukocytes infiltrated in the placenta were increased (p<0.05, Figure 1B). Then we gated T cell to analyze T cell frequency in the placenta (Figure 1C). At 6hpi, CD45+CD3+ T cells were increased (p<0.05) but no changes were found at 24hpi compared to the control group (Figure 1D). Interestingly, placental T cells in control group increased at 24hpi (E18.5) compared to that at 6hpi (E17.5), while in LPS group, there were no changes (Figure 1D). The data illustrated that T cells may play an essential role in the placenta during parturition following LPS intrauterine administration. In addition, we investigated the correlation of the fetal viability and leukocytic/lymphocytic infiltration into the placenta at 6hpi and 24hpi (Table 2). There was a significant negative correlation between placental CD45+ leukocytes and fetal viability 24 hours after LPS administration (Figure 1E). To examine the effectiveness of LPS intrauterine treatment in fetal viability, we then measured live and dead fetuses of right side in each dam. Offspring viability was significantly decreased in LPS-administrated dams compared to that in PBS-treated dams at 6hpi or 24hpi (p<0.001, Figure S1).




Figure 1 | Placental leukocytes infiltration and correlation with fetal demise. (A) All captured placental cells were distinguished based on properties of side scatter area (SSC-A) versus forward scatter area (FSC-A) generally, by using polygon/rectangular/oval gates. Debris and doublets were excluded by gating on side scatter height (SSC-H) versus SSC-A in order to further delaminate singlets. Placental leukocytes were gated sequentially on CD45+ versus SSC-A properties. (B) Placentae were collected at 6 and 24hpi. 6 and 24 hours after LPS exposure, CD45+ leukocytes infiltrated in the placenta were increased (*p < 0.05; at 6hpi, LPS: 7.06 ± 2.38%, n = 17; Control: 5.52 ± 0.79%, n = 13. at 24hpi, LPS: 7.24 ± 1.88%, n = 8; Control: 5.24 ± 0.64%, n = 7). (C) The CD3+ T cells were then further identified by CD3+ and SSC-A properties. (D) At 6hpi, CD45+CD3+ T cells in LPS group were increased compared to control (*p < 0.05; LPS: 6.11 ± 3.14%, n = 12; Control: 4.84 ± 2.83%, n = 10); at 24hpi, no changes between LPS and PBS group were found (p > 0.05; LPS: 5.734 ± 3.02%, n = 2; Control: 7.26 ± 2.15%, n = 10). In PBS group, T cells infiltrated increasingly at 24hpi compared to 6hpi. Data were reported as Mean ± SD. (E) We then analyzed correlations. Offspring viability was significantly correlated to CD45+ in the placenta at 24hpi (p < 0.0001; R2 = 0.7554). Two-way ANOVA and Pearson’s r test were used.




Table 2 | Pearson R test for fetus viability and leukocytic/lymphocytic infiltration into the placenta.





Placental CD8+ T Cells and Subsets Were Altered Following Intrauterine LPS Administration

Following the observation that placental T cell infiltration was changed by LPS, we performed flow cytometry to further analyze CD8+ T cell and its effector and exhausted status. Gating strategy was shown in Figure 2A. 6 hours after intrauterine LPS exposure, there was an increase of CD3+CD8+ T cell frequency (p<0.05, Figure 2B) and effector CD8+ T cell frequency (p<0.05, Figure 2C) but no significant change for exhausted CD8+ T cells (Figure 2D). Following LPS exposure, placental effector and exhausted CD8+ T cell frequency increased at 24hpi. (p<0.05, Figures 2C, D). In LPS group, CD8+T cells decreased from 6hpi (E17.5) to 24hpi (E18.5) while exhausted CD8+ T cells increased from E17.5 to E18.5 compared to that in control group, which could be speculated that more exhaustion of CD8+T cells in placenta happened during parturition with LPS intrauterine exposure (Figures 2B, D). Then we investigated the correlation of the fetal viability and CD8+ T cell and its status in the placenta at 6hpi and 24hpi (Table 3). There were correlations between CD8+ T cells exhaustion and fetal stillborn rate at 24hpi (Figures 2E, F). These results demonstrated that LPS may induce the effector function and trigger exhausted status of CD8+ T cell, and exhaustion was proved to have negative impact on fetal viability.




Figure 2 | Effector/exhausted status of placental CD8+ T cells. Placental cells were stained with CD3, CD8, CD44, CD62L and Tim-3. Sequential gating was utilized to identify specific CD8 T cell effector.exhausted properties. (A) The placental lymphocytes were determined by forward and side scatter sequentially on placental leukocytes. CD3+ CD8+ population was defined as CD8+ T cell. CD44high CD62Llow population was defined as effectors. Tim-3+ cells were defined as exhausted cells. (B) There was an increase of CD3+CD8+ T cell frequency at 6hpi but no significance at 24hpi. In LPS group, CD8+ T cells increased at 24hpi compared to 6hpi (***p < 0.001, ****p < 0.0001; at 6hpi, LPS: 20.47 ± 2.99%, n = 8; Control: 12.71 ± 2.04%, n = 7. at 24hpi, LPS: 8.151 ± 4.16%, n = 8; Control: 11.15 ± 2.15%, n = 7). (C) At 6hpi and 24hpi, effector CD8+ T cell frequency increased (*p < 0.05; at 6hpi, LPS: 87.28 ± 6.29%, n = 8; Control: 79.39 ± 5.06%, n = 7. at 24hpi, LPS: 85.85 ± 3.70%, n = 7; Control: 79.49 ± 4.64%, n = 6). (D) No significant changes were found in exhausted CD8+ T cells at 6hpi (p > 0.05; LPS: 13.48 ± 1.57%, n = 5; Control: 16.05 ± 4.48%, n = 4) but there was an increase at 24hpi (*p < 0.05; LPS: 23.52 ± 4.01%, n = 5; Control: 16.06 ± 2.51%, n = 4). In LPS group, exhausted CD8+ T cells increased at 24hpi compared to 6hpi. (E, F) There were weak correlations between CD8+ T cell and its exhaustion and fetal stillborn rate at 24hpi (p < 0.05, R2 = 0.5322). Data were reported as Mean ± SD. Two-way ANOVA and Pearson’s r test were used. **p < 0.01.




Table 3 | Pearson R test for fetus viability and CD8+ T cell and its status in the placenta.



To further determine the specific mechanism of effector CD8+ T cells that function in the placenta, we gated (Figure 3A) and analyzed the subtype of effector CD8+ T cells. At both 6hpi and 24hpi, the frequency of Type 1 CD8+ T cells (Tc1) increased (p<0.01, Figure 3B) while Type 2 CD8+ T cells (Tc2) decreased (p<0.05, Figure 3C), and the ratio of Tc1 to Tc2 increased (p<0.01, Figure 3D). Furthermore, from E17.5 to E18.5, Tc1 increased with or without LPS exposure (p<0.05), while no changes were observed for Tc2 or Tc1/Tc2 (Figures 3B–D). These results demonstrated that the Type 1 CD8+ T cells are mainly responsible for the inflammatory cytotoxic responses following LPS exposure. Furthermore, we examined the correlations between fetal stillborn rate and Tc1, Tc2 (Table 4). The percentage of placental Tc1 had negative impact on fetal viability at 6hpi and 24hpi (Figures 3E, F).




Figure 3 | Subsets of effector CD8+ T cells trafficking in the placenta following LPS infusion. (A) The relative expression of IFN-γ and IL-4 to identify Tc1 (IFN-γ high IL-4low) and Tc2 (IFN-γ low IL-4high) were then determined on CD8+ T cell populations. (B)At both 6hpi and 24hpi, the frequency of Type 1 CD8+ T cells (Tc1) increased. Tc1 was also increased by time regardless LPS administration. (*p < 0.05, **p < 0.01, ***p < 0.001; at 6hpi, LPS: 15.50 ± 4.73%, n = 8; Control: 6.96 ± 4.11%, n = 7. At 24hpi, LPS: 27.23 ± 6.18%, n = 8; Control: 18.14 ± 4.22%, n = 7). (C)Type 2 CD8+ T cells (Tc2) decreased at 6hpi (*p < 0.05; Student’s t test; LPS: 4.62 ± 1.87%, n = 8; Control: 8.17 ± 4.54%, n = 7) and at 24hpi (*p < 0.05; Student’s t test; LPS: 6.18 ± 2.42%, n = 8; Control: 10.41 ± 3.42%, n = 7). (D) The ratio of Tc1 to Tc2 increased at both 6hpi (**p < 0.01; Student’s t test; LPS: 3.91 ± 1.92, n = 8; Control: 1.03 ± 0.63; n = 7) and 24hpi (*p < 0.05; LPS: 5.14 ± 2.54, n = 8; Control: 2.07 ± 1.27; n = 7). (E, F) There were weak correlations between Tc1 and fetal stillborn rate at 6hpi and 24hpi (p < 0.05, R2 = 0.3662). Data were reported as Mean ± SD. Two-way ANOVA and Pearson’s r test were used.




Table 4 | Pearson R test for fetus viability and Tc1, Tc2 in the placenta.



We further performed IF staining 6 hours after surgery to investigate the distribution of CD8+ T cells in the placenta following LPS exposure (Figure 4). Regardless of whether LPS or PBS was injected, CD8+ T cells appeared to infiltrate in mesometrial triangle and decidua (Figures 4A, B). CD8+ T cells were localized primarily in labyrinth tissue near junctional zone, following LPS exposure (Figures 4C–F).




Figure 4 | The distribution of CD8+ T cells in the placenta following LPS exposure. IF staining was performed 6 hours after surgery to investigate the distribution of CD8+ T cells in the placenta following LPS exposure. (A, B) Regardless of whether LPS or PBS was injected, CD8+ T cells appeared to infiltrate in mesometrial triangle and decidua. (C–F) CD8+ T cells were localized primarily in labyrinth tissue near junctional zone, following LPS exposure.





Cytokines Produced by Tc1 and Tc2 Were Altered Following IUI Exposure

In addition, to further study how Tc1/Tc2 functioned in intrauterine inflammation, we did intracellular staining to analyze the cytokines produced by Tc1 and Tc2, including IL4, IL13, IFN-γ and TNF-α. Gating strategy and Mean Fluorescent Intensity (MFI) were exhibited in Figures 5A, B). At both 6hpi and 24hpi, the expression of TNF-α (p<0.01, Figure 5C) and IFN-γ (p<0.001, Figure 5D) in placental CD8+ T cells increased. For IL13, no significant changes were found at both 6hpi and 24hpi (Figure 5E). There was a significant decrease of IL4 at 24hpi (p<0,01, Figure 5F) but no statistical significance at 6hpi (Figure 5F). Furthermore, TNF-α in all placental cells increased (p<0.05, Figure S2) while no changes was observed in IFN-γ (Figure S3).




Figure 5 | Type 1 and Type2 cytokines produced by effector CD8+ T cells. Intracellular staining was performed to detect expression of cytokines produced by CD8+ T cells. (A) MFI and positive-stained cells in CD8+ T cells of TNF-α and IFN-γ were calculated by Flowjo. (B) MFI and positive-stained cells in CD8+ T cells of IL-4 and IL-13 were calculated by Flowjo. (C) At both 6hpi and 24hpi, the expression of TNF-α in effector CD8+ T cells was elevated. In PBS group, TNF-α increased at 24hpi compared to 6hpi. (**p < 0.01, *p < 0.05; at 6hpi, LPS: 40.83 ± 5.70%, n = 4; Control: 23.53 ± 5.53%, n = 4. At 24hpi, LPS: 46.88 ± 8.04%, n = 5; Control: 36.95 ± 5.09%, n = 4) (D) IFN-γ in placental CD8+ T cells increased (***p < 0.001, *p < 0.05; at 6hpi, LPS: 29.68 ± 5.16%, n = 8; Control: 19.37 ± 3.67%, n = 7. At 24hpi, LPS: 31.51 ± 7.88%, n = 8; Control: 25.42 ± 4.15%, n = 8). (E) For IL-13, no significant changes were found at both 6hpi and 24hpi (p > 0.05; at 6hpi, LPS: 36.08 ± 9.73%, n = 4; Control: 37.05 ± 10.34%, n = 4. At 24hpi, LPS: 32.30 ± 5.71%, n = 5; Control: 27.55 ± 5.64%, n = 4). (F) There was a significant decrease of IL-4 at 24hpi (*p < 0.05, ****p < 0.0001; LPS: 36.58 ± 4.70%, n = 8; Control: 45.48 ± 4.66%, n = 8) but no statistical significance at 6hpi (p > 0.05; LPS: 18.72 ± 7.17%, n = 8; Control: 25.02 ± 6.85%, n = 7). IL-4 was increased by time regardless LPS administration. Data were reported as Mean ± SD. Two-way ANOVA and Pearson’s r test were used.






Discussion

This is the first study investigating the functional status and subsets of CD8+ T cells infiltrating into the placenta following IUI. Our results illustrated that IUI exposure may induce placental CD8+ T cell dysfunction, which may be associated with adverse perinatal outcomes. In this study, we determined that the effector and exhausted sub-population of CD8+ T cells were altered, which may aggravate the inflammatory response in fetal-maternal interface with IUI. Moreover, we found a significantly increased ratio of Type 1 to Type 2 immune response in placental CD8+ T cells and proved that following IUI, CD8+ T cells functioned primarily via production of Type 1 cytokines such as IFN-γ and TNF-α.

In our previous studies, we have completed research in perinatal immune and inflammatory responses and investigated extensively how the maternal immune inflammatory responses may impact neonatal outcomes (14). We also found that there was an increase in the levels of CD8+ T‐cell infiltration into the placenta in our mouse model of IUI and prevention of this increase in CD8+ T‐cell trafficking improved postnatal neurobehavior due to the remission of placental inflammation (14, 15). In addition, some studies suggested that decidual CD8+ T cells have a mixed profile of T cell dysfunction, activation, and effector function, which allows for both immune tolerance and immunity (23) and that the decidual microenvironment reduces CD8+ T effector responses to maintain tolerance to fetal antigens (23–26). However, the subpopulation of CD8+ T cells and how they functioned specifically in the pathological and physiological process of pregnancy remained unknown. Considering that CD8+ T cells can produce IFN-γ and TNF-α, we proved their effector functions to respond to LPS-induced IUI.

Here, we illustrated that effector CD8+ T cells (CD8+CD44+ CD62L-) increase trafficking to placenta and increase transition to exhausted CD8+ T cells (CD8+ Tim-3+) following IUI. CD44 and CD62L participates in various cellular functions including lymphocyte activation, recirculation and homing, and hematopoiesis (27). The expression of CD44 implies an activated status of CD8+ T cells, characterized by enhanced proliferative capacity and an increase in cytotoxicity, as well as intensive immune function and cytokine production (27). By contrast, CD62L (also known as L-selection) is a cell adhesion molecule on leukocytes such as CD8+ T cells, which is pivotal for controlling T cells homing to lymphoid tissues and infiltrating to inflammation sites (28). When a CD62L+ CD8+ T cell enters a lymph node, it can become activated by antigen presenting cells (APC), and upon activation, CD62L is cleaved and sheds from the cell surface, allowing CD8+ T cell reenter the circulation, where they can exert their regulator or effector functions (28).

A recent study reported that CD44+CD62L-CD8+ T cells are more cytolytic and cytotoxic compared to CD44+CD62L+CD8+ T cells, exhibiting decreased survival with a loss capacity for antigen-independent self-renewal (25, 29). This was also similar with our results because with the intrauterine LPS administration, CD8+ T cells acquired an increased effector phenotype, which indicated enhanced immune and inflammatory responses, as well as increasing cytotoxicity. This subset possessed a stronger proliferative capability and produced more pro-inflammatory cytokines to further promote disorders and destructions in the placenta, which may induce lasting chronic placental inflammation associated with VUE.

We also observed a time-dependent increase of Tim-3+ CD8+ T cells in the placenta following IUI. T cell immunoglobulin and mucin domain-containing protein 3 (TIM3) is a member of the TIM family of immunoregulatory proteins, which was originally identified as a receptor expressed on interferon-γ-producing CD8+ T cells (30, 31). Recent studies suggested that Tim-3 could function as an inhibitory molecule that serves to limit IFN-γ-driven inflammation (31–33) and could serve as a marker of exhausted CD8+ T cells, indicating reduced proinflammatory cytokine production and impaired cytotoxicity to control antigen or stimuli (30, 34).

Our results showed that 24 hours post LPS intrauterine administration, rather than 6 hours, Tim3+ CD8+ T cells increased in the placenta. These results indicated the abnormal function of CD8+ T cells, the limited production of immune regulators and elevated numbers of terminally differentiated IFN-γ-producing T cells. These pathological changes were probably associated with placental destruction and dysfunction related to VUE, worse neonatal outcomes including perinatal or postnatal brain injury (15). However, the impact of Tim3+CD8+ T cells on the neonates and infants directly exposed to IUI requires further study.

Some studies also found that the surface expression of Tim-3 on T cells is low in patients with autoimmune diseases compared with healthy controls. In another study, during chronic M. tuberculosis infection in mice, TIM3 expression on CD8+ T cells was elevated (30). Similarly, upregulated TIM3 expression was found on total CD8+ T cells in patients with tuberculosis (30, 35). Further in vitro experiments demonstrated that Tim-3+ T cells interact with galectin 9 on macrophages, which triggers IL-1β production by macrophages (36, 37). Our previous study showed that an elevated level of IL-1β in the placenta may exacerbate placental inflammation and induce adverse neurobehavioral outcomes in offspring (20). In accordance with this data, increasing levels of IL-1β in the placenta could also be mediated by increased placental Tim3+ CD8+ T cells indirectly in addition to activation of the TLR4 pathway.

Consequently, Tim3+CD8+ T cells may play a dual role in pathological pregnancy with IUI exposure. On one hand, increased Tim3+CD8+ T cell infiltration into the placenta may exacerbate placental inflammation by indirect interaction and communication with other cells including macrophages, resulting in worse microenvironments for the survival and development of the fetus. On the other hand, Tim3+CD8+ T cells trafficking to the placenta may aggravate toxic effects upon the placenta, since Tim3+ expression on CD8+ T cells is limited to terminally differentiated IFN-γ-producing T cells. Increased Tim3+ expression indicates an elevated frequency and enhanced IFN-γ-producing capacity of Tc1. This is also consistent with our results that Type 1 CD8+ T cells (Tc1) frequency and IFN-γ release in CD8+ T cells increased with LPS treatment after 6 hours and 24 hours, which showed aggravating toxic effects on placenta. In the future, more research needs to be designed to identify the specific mechanisms for Tim+CD8+ T cells in VUE.

We also observed an imbalance of Tc1/Tc2 and altered cytokine profiles in the placenta in mouse model of IUI. Both Tc1 and Tc2 display predominantly perforin-dependent cytolysis in vitro, but Tc2 exhibits reduced cytotoxic activity in comparison with Tc1 (12). Tc1 utilizes both perforin- and Fas/FasL-based killing pathways, whereas Tc2 cells primarily utilize perforin-mediated cytolysis. This means Tc1 may trigger IFN-γ primed macrophage populations to secrete pro-inflammatory cytokines such as IL-1β, which promotes aggravating intrauterine inflammation and contributes to placental dysfunction. One recent study suggested that the clearance of Brucella requires IFN-γ-mediated type-1 T cell (Th1/Tc1) immune responses (38, 39), while the IL-4, IL-10, Th2/Tc2 response determines susceptibility to Brucella and disease severity (40, 41). In another study, in vitro-generated tumor-reactive Tc2 cells were less efficient in eliminating lung tumors than Tc1 cells (42). IL-4 produced by CD8+ T cells inhibits IFN-γ production by CD8+ T cells and reduces cytotoxicity (43). Thus, IL-4-producing-CD8+ T cells may provide a suppressor or anti-inflammatory function in IUI associated lesions including VUE.

Taken together, Tc1 cells may have roles as effector cells and Tc2 as immunomodulatory cells. One study reported that there was increased IL-2 and IL-12 and reduced IL-4 immunostaining in VUE placentas from stillborn infants, and immune responses in the VUE lesions bias towards Th1-type response (13). It was also demonstrated that the presence of CD8 T cells in the VUE lesions may contribute to both the fetal-placental vasculopathy observed in VUE and the increased level of apoptosis in intra-villous cells (8, 13, 44, 45). In pregnancy, a bias of T cell immunity towards type 2 is thought to be critical for normal pregnancy (46–49). Pathological pregnancies, such as pre-eclampsia and VUE, may be characterized by type 1 immune dominance (13). In this paper, we first investigated the percentage and ratio of Tc1 and Tc2 in placenta in pathological pregnancies using an IUI mouse model.

An imbalance between the production of Tc1 and Tc2 cytokines contributes to an impairment in T cell-mediated immunity, which may ultimately impact anti-bacterial immune responses (41). In this study, we observed a loss of homeostasis between placental Tc1, Tc2, and their cytokine production following LPS intrauterine administration. Our results showed that compared to control dams, a higher percentage of Tc1 and higher level of cytokines IFN-γ/TNF-α produced by Tc1 were observed in LPS-treated dams. However, a lower percentage of Tc2 and IL-4 level were observed in LPS-treated dams. Our study also revealed that Tc1/Tc2 ratio increased significantly following intrauterine LPS exposure, reflecting a general skew in the immune response away from type 2 and toward type 1, indicating the activation of the aggravating immune and inflammation responses in the placenta associated with VUE.

This data is consistent with the limited regulation of the inflammatory properties of CD8+ T cells, supporting and explaining our previous studies that the depletion of CD8+ T cells would alleviate perinatal brain injury and improve postnatal behavior (15). Our findings, in conjunction with previous investigations, suggests that immunological changes in Tc1/Tc2 ratios may promote an immune-activation condition in dams with IUI exposure. An anabatic inflammatory response developed in placenta following IUI exposure, which may not be essential but has a major influence on the processes of IUI-induced fetal brain injury, placental dysfunction and destruction that are associated with VUE.

In addition, we observed differences in T cell infiltration in placenta between two timepoints. In PBS-injected animals but not in LPS-injected animals, T cells increased at E18.5 compared to E17.5, which could be supposed that T cells function as a regulator in normal parturition process while LPS administration induced a dysfunction. Furthermore, with LPS injection, CD8+ T cell and its exhaustion exhibited changes 24 hours after surgery. With LPS administration, CD8+ T cells decreased at E18.5 while exhaustion increased at E18.5 compared to E17.5, which could be speculated that LPS induced CD8+ T cells to rise earlier and also contributed to exhaustion of CD8+ T cells during parturition, amplifying inflammatory responses and worsening the fetus outcome. Tc1 showed increase during parturition regardless LPS injection, but higher frequency was observed in LPS-injected animals. The results demonstrated that Tc1 response played a vital role in normal parturition but LPS administration may amplify this inflammatory response which may contribute to fetal demise.

Despite the meaningful observations, our study had some limitations. First, we did not study how maternal Tc1 or Tc2 impact fetal brain development and placenta functions directly. Further experiments are designing to investigate how Tc1 or Tc2 alone contributes to fetus exposure to IUI. Second, we did not know if maternal CD8+ T cells infiltrated fetal organs. It needs to be investigated what subtype of CD8+ T cells are trafficked to fetal tissue and how it affects the long-term outcomes of the offspring exposure to IUI. Third, we do not know the impact of placental Tc1/Tc2 on long term sequalae for both mothers and children as well as potential mechanisms. In the future, we need to design cohort studies and perform further experiments on human placenta to determine the relationship between different type of CD8+ immune responses in the placenta and long-term effect caused by Tc1/Tc2 imbalance and CD8+ T cell dysfunction.



Conclusion

A greater understanding of the immune and inflammatory responses associated with VUE may be beneficial to the development of a diagnosis to enable antenatal detection of VUE. Our study characterized the status and properties of placental CD8+ T cells following IUI, the main effector cells involved in VUE. In addition, we identified specific CD8+ T cell subtypes and have provided evidence for an increase of Type 1 cytokines produced by CD8+ T cells in a mouse model of IUI. This data presents a novel insight into the pathogenesis of VUE and provides solid foundations for studying basic mechanisms to determine the specific impact of CD8+ T cells on placental function.
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Approximately 1 in 4 pregnant women in the United States undergo labor induction. The onset and establishment of labor, particularly induced labor, is a complex and dynamic process influenced by multiple endocrine, inflammatory, and mechanical factors as well as obstetric and pharmacological interventions. The duration from labor induction to the onset of active labor remains unpredictable. Moreover, prolonged labor is associated with severe complications for the mother and her offspring, most importantly chorioamnionitis, uterine atony, and postpartum hemorrhage. While maternal immune system adaptations that are critical for the maintenance of a healthy pregnancy have been previously characterized, the role of the immune system during the establishment of labor is poorly understood. Understanding maternal immune adaptations during labor initiation can have important ramifications for predicting successful labor induction and labor complications in both induced and spontaneous types of labor. The aim of this study was to characterize labor-associated maternal immune system dynamics from labor induction to the start of active labor. Serial blood samples from fifteen participants were collected immediately prior to labor induction (baseline) and during the latent phase until the start of active labor. Using high-dimensional mass cytometry, a total of 1,059 single-cell immune features were extracted from each sample. A multivariate machine-learning method was employed to characterize the dynamic changes of the maternal immune system after labor induction until the establishment of active labor. A cross-validated linear sparse regression model (least absolute shrinkage and selection operator, LASSO) predicted the minutes since induction of labor with high accuracy (R = 0.86, p = 6.7e-15, RMSE = 277 min). Immune features most informative for the model included STAT5 signaling in central memory CD8+ T cells and pro-inflammatory STAT3 signaling responses across multiple adaptive and innate immune cell subsets. Our study reports a peripheral immune signature of labor induction, and provides important insights into biological mechanisms that may ultimately predict labor induction success as well as complications, thereby facilitating clinical decision-making to improve maternal and fetal well-being.
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1 Introduction

Induction of labor is the pharmacological initiation of cervical change and uterine contractions before their spontaneous onset in the presence or absence of ruptured membranes (1). While induction of labor is typically recommended in the setting of deteriorating maternal and/or fetal status (2–4), a recent prospective randomized controlled trial of elective labor induction after 39 weeks’ gestation showed the safety and benefit of induction, including lower rates of cesarean delivery, even in the absence of a medical indication (5). In the United States, labor inductions are increasingly being performed and now constitute between 25% to 50% of all deliveries (6, 7). Unfortunately, the time interval between labor induction, the establishment of latent labor (defined as regular contractions leading to cervical changes from 0 to 6 cm) and the onset of active labor (defined as cervical dilatation ≥ 6 cm with regular uterine contractions ≤ 3 min apart) remains unpredictable. Similarly, induction complications associated with failure of successful labor initiation, prolonged labor progression, subsequent labor arrest, development of chorioamnionitis or failed induction resulting in cesarean delivery (7–9), are difficult to predict. Prolonged labor is associated with severe complications and morbidity for the mother and her offspring, most importantly chorioamnionitis, uterine atony and postpartum hemorrhage (4). A better understanding of the biological events temporally associated with the progression from labor induction until the establishment of active labor is much needed to identify predictive biomarkers of successful labor induction and prevent clinical complications resulting from failed induction.

The biology underlying the onset and establishment of labor remains incompletely understood. Labor is characterized by changes of the fetomaternal physiology including infiltration of immune cells into fetal membranes and the placenta (10–12), endocrine adaptations (13–15), rupture of fetal membranes (16), cervical dilation, and augmentation of uterine contractility (17), culminating in the delivery of the fetus. The local environment at the time of active labor is inflammatory (12, 18–21), which is echoed and detectable in maternal circulating immune cells [including activation of neutrophils, increased frequencies of CD56+CD16+ natural killer (NK) cells, and increased inflammatory cytokines (22, 23)]. However, the biological determinants that contribute to the variability in labor induction development from onset of labor to active labor are currently largely unknown.

In this study, we performed an in-depth immune profiling of peripheral blood samples collected between the induction of labor to the establishment of active labor. We employed a high-dimensional single-cell immunoassay (mass cytometry), which has previously enabled tracking peripheral immune cell distribution and functional adaptations in maternal blood over the course of pregnancy (24–28), and paired it with pertinent computational algorithms to identify a maternal immune signature predictive of the time since induction of labor.



2 Results


2.1 Assessment of the Maternal Immunome After the Induction of Labor

Fifteen pregnant women receiving antepartum care at Lucile Packard Children’s Hospital (Stanford, CA, USA), were enrolled in their third trimester of pregnancy. Study participants included were women with term (> 37 weeks’ gestational age) singleton pregnancies who underwent planned induction of labor for reasons unrelated to infection or inflammatory conditions. All study participants presented with intact membranes and had no regular uterine contractions at the time of induction. Patient demographics including reason for and method of labor induction are shown in Table 1.


Table 1 | Demographic data of the study cohort.



For each study participant, serial whole blood samples were obtained at 5 timepoints (Figure 1A): The first sample was obtained immediately prior to induction (baseline) (T1, gray). The next three timepoints were obtained during the establishment of the latent phase of labor, including 1 hr after induction (no cervical change since admission) (T2, teal), at the start of regular uterine contractions (contractions ≤ 3 min apart) (T3, yellow), and at first cervical change since admission (T4, pink). The last timepoint (T5, purple) was obtained at commencement of active labor (defined as cervical dilation ≥ 6 cm with regular uterine contractions ≤ 3 min apart). The approach leveraged the interindividual variabilities in sample collection time to define a continuous variable, time since induction (TSI), which describes the difference (in min) between the point of induction and the time of sampling. Using a 46-parameter mass cytometry assay (Supplementary Table 1), a total of 1,059 single-cell immune features were extracted from each sample including the frequencies of 46 immune cell subsets representing major innate and adaptive populations, endogenous intracellular activities (e.g., phosphorylation state) of 11 signaling proteins, and capacities of each cell subset to respond to a receptor-specific immune challenge [lipopolysaccharide (LPS)] (Figure 1B). The interrelatedness of immune feature trajectories justified the use of a multivariate approach to identify biologically relevant components of the maternal immunome predictive of the TSI (Figure 1C).




Figure 1 | Experimental workflow and analytical approach. (A) Whole blood samples were collected at indicated time points (T1 to T5) from 15 women with term pregnancies undergoing induction of labor. (B) A mass cytometry immune-assay was employed to measure the frequency, and single-cell intracellular signaling activities in all major immune cell populations at basal level (unstimulated) and after 15 min stimulation with LPS. (C) The high-dimensional data set was used in a multivariate modeling approach to predict the time since induction (TSI) from the correlation relationship between all immune features across sampling time points. See also Table 1.





2.2 Distinct Peripheral Immune Responses Demarcate the Transitions to Latent and Active Labor

We first determined whether peripheral immune responses differentiated two clinically important transitions during labor progression in all fifteen study participants (primary outcome): the transition between labor induction and the onset of latent labor, and the transition between latent labor and active labor. Peripheral immune cell frequencies and intracellular signaling activities assessed at time point T1 to T5 were integrated and visualized on a correlation network (Figure 2A). Immune features segregated into highly correlated communities highlighting the relationship between immune features progressing synchronously with labor progression (Figures 2B–D, Supplementary Figure 1, Supplementary Table 2). When compared to pre-induction baseline, cell-type specific changes in immune signaling activities were first observed as early as 1 hr post-induction (Figure 2B), with the transition to latent labor (Figure 2C), and with the transition to active labor (Figure 2D). Specifically, downregulation of CREB signaling in CD4 and CD8 memory T-cell populations was observed 1-hr post-induction and during latent labor compared to baseline (Figure 2B). The transition to latent labor was paralleled by the downregulation of multiple elements of the MyD88 signaling pathway in innate immune cells (Figure 2C). In contrast, the transition to active labor was characterized by an immune-system-wide activation of pro-inflammatory signaling responses, including STAT3 signaling in multiple innate and adaptive cell subsets [including classical monocytes (cMC), myeloid dendritic cells (mDC), naïve and memory CD4 and CD8 T cells, and NK cells], STAT5 in several CD8 and CD4 T-cell subsets, and increased frequencies of e.g., circulating granulocytes (Figure 2D).




Figure 2 | Systemic immune responses in maternal blood after labor induction. (A) Correlation network showing the relationships between immune features within and across mass cytometry data categories. Features and communities are annotated based on stimulation condition, and functional marker. (B–D) Correlation networks depicting immune feature changes 1 hr post-induction (no cervical change since admission, T2, teal), in the latent phase of labor (T3, yellow), and with active labor (T5, purple), compared to baseline (pre-induction) (T1). Node color indicates increase/decrease (red/blue) compared to baseline (T1). Node size represents p-value (adjusted for multiple comparisons) associated with paired (B) and unpaired (C, D) T tests compared to baseline (univariate comparisons). (E) Heatmap showing Z-scored fold change feature behavior across time points [post-induction (T2, teal), in the latent phase of labor (T3, yellow), and with active labor (T5, purple)] compared to baseline (T1). Shown are features significantly different from baseline (p < 0.05, Wilcoxon signed-rank test for T1 vs. T2 or rank-sum test for T1 vs. T3-5). See also Supplementary Figure 1 and Supplementary Table 2.



Immune features that differed (p < 0.05, Wilcoxon signed-rank test for T1 vs. T2 or rank-sum test for T1 vs. T3-5) from the pre-induction baseline (T1) were summarized on a heatmap (Figure 2E) which highlighted marked differences in immune responses before (1 hr post induction, no cervical change since admission, teal), and after the onset of latent labor (yellow), as well as with the establishment of active labor (purple). One particular example includes changes in STAT3 and CREB signaling in several CD8 and CD4 T-cell subsets (Figure 2E). The results suggest that the clinical transitions between labor induction, latent labor and active labor are echoed by peripheral immune responses that can be detected in the maternal blood.



2.3 Multivariate Modeling of Maternal Immune Cell Dynamics After Induction of Labor

The analysis of peripheral immune cell responses at individual timepoints provided insight into maternal immune system variations associated with predefined clinical transitions. In order to integrate these insights describing one predefined state of labor at a time into a continuous model of immune response changes over time since labor induction, we employed a multivariate approach that leveraged the variability in sample collection time to build an immunological model predicting the time since induction of labor (Figures 2A–D). In this approach, a linear sparse regression model, LASSO (least absolute shrinkage and selection operator) model was built from all immunological features of all fifteen patients to predict the TSI variable (Pearson R = 0.86, p = 6.7e-15, root-mean-square-error (RMSE) = 277 min) (Figure 3A). Statistical significance was established using leave-one-patient-out cross-validation strategy to estimate the model performance, thereby accounting for the non-independence of samples collected from the same patient (see Methods).




Figure 3 | A regression model accurately predicts dynamic changes of the maternal immune response throughout the latent phase of labor. (A) Regression of predicted vs. true time since induction (TSI) derived from the LASSO model (Spearman R = 0.86, cross-validation, p-value = 6.7e-15, RMSE = 277 min, N = 15 patients). (B) Top informative feature ranking derived from occurrences in a bootstrap analysis with 1,000 iterations. (C) Correlation network of cross-validated LASSO model predicting TSI at time of sampling. Red color highlights features top informative for the prediction model. Blue features did not inform the model and were not included. Dot size indicates the bootstrap count per feature (square-rooted). Top model features selected by bootstrap analyses are circled. (D–G) Dynamics of individual top model features across time points during latent labor. See also Supplementary Figure 2 and Supplementary Table 3.



To facilitate the biological interpretation of the model, we focused on the model features that most robustly contributed to the prediction of the TSI (Figure 3B). We identified 26 features that occurred at a higher frequency than any artificial decoy features across models generated in an iterative bootstrap analysis (Supplementary Table 3, see Methods). These top-informative features were projected onto the correlation network generated from all features (Figure 3C). Examining the trajectories of individual model features over time (Figures 3D–G) revealed that basal pro-inflammatory signaling dominantly informed the TSI prediction. Specifically, two members of Jak-STAT signaling pathways, STAT3 (including in Tbet+ Th1 CD4 T cells, mDC, CCR2+ cMC) and STAT5 (in CD8 Tcm cells), evolved in a coordinated dynamic pattern between the time of labor induction and the time of establishment of active labor (Figures 3D–G and Supplementary Figure 2).

In summary, our assessment of maternal circulating factors in the peripheral blood provided a prediction model of the time from induction until the start of active labor, unraveling a systemic immune signature strongly associated with the progression of labor towards the active phase of labor (timepoint T5).



2.4 Immune Signatures of Labor Induction Diverge Between Uncomplicated and Complicated Labor

Six study participants in our cohort suffered from complications of labor induction, allowing us to explore whether the systemic immune signature after labor induction differed between women with uncomplicated and complicated labor. For purposes of post-hoc exploratory analyses of our study cohort, we defined a complicated labor as any labor indication that was associated with labor arrest or chorioamnionitis. Both conditions are associated with a prolongation of labor, suggesting that these complicated labors are related to the variable of our prediction model, ‘time since induction of labor’ (29, 30). Among the 6 patients with complications, three experienced arrest of labor and subsequently required intrapartum cesarean delivery (n = 3; cervical dilation at time of cesearean delivery was 4, 5, and 6 cm), one patient experienced arrest of descent after full cervical dilation (n = 1), while two patients developed chorioamnionitis, delivering either vaginally (n = 1) or experiencing arrest of labor with subsequent requirement for cesarean delivery (n = 1; cervical dilation at time of cesarean delivery was 5 cm) (Table 1).

An exploratory analysis was performed to determine whether systemic immune signatures observed before the establishment of active labor could signal a complication of labor induction. The median time from labor induction to active labor was 985 min (16.4 hrs) for the 9 women who underwent uncomplicated inductions with vaginal delivery and 1767 min (29.4 hrs) for 2 women among the group of complicated labor who did advance to active labor. A post-hoc analysis comparing women with uncomplicated (associated with an uncomplicated vaginal delivery) vs. complicated induction (associated with labor arrest or chorioamnionitis) revealed that the prediction model performed with higher accuracy in uncomplicated (RMSE = 220 min) compared to complicated (RMSE = 353 min) labor induction. Plotting the residual errors of predicted over true time since induction showed increased uncertainty in prediction for complicated labor, which was specifically pronounced with prolonged time after induction until active labor (T3 to T5) (Figure 4A). The difference in error of prediction indicated a systemic bias in the immune signature of complicated labor compared to those patients with uncomplicated labor inductions. The differences between immune signatures in women with uncomplicated vs. complicated labor were further evaluated using a principal component analysis (PCA) (Figure 4B). The analysis revealed that while the immune signature of labor was captured in Principal Component PC2 (R = -0.72, p = 1e-8), PC2 correlated better [R = -0.77 (complicated) vs. R = -0.69 (uncomplicated)] with the immune signature of labor for complicated labor, thus indicating that the variance in these samples can be explained by complication-specific deviations. Consistent with the PCA results, different dynamics were observed for the most informative features of the multivariate model of the immune signature of labor induction (including Jak-STAT signaling) in patients with uncomplicated vs. complicated labor (Figure 4C). Specifically, the changes of STAT3 signaling in CD4 T cells (p = 0.02) and cMC (p = 0.28), as well as STAT5 in CD8 Tcm cells (p = 0.84) were delayed, i.e., occurred later after induction, in patients with complicated labor compared to patients with uncomplicated labor (Supplementary Table 3). In summary, the data suggests that a lag in the development of immune responses in the early phase after labor inductions may be associated with subsequent complications as labor progresses.




Figure 4 | Differences in immune trajectories between complicated and uncomplicated labor. (A) Prediction deviation from the true TSI [residual error (predicted – true TSI)] stratified by absence (open circles) or presence (triangles) of labor complications. (B) PCA analysis identified two components that explain 36.2% (PC1) and 10.9% (PC2) of the variation across phases of latent labor, where complicated labor (triangles) majorly clusters along the axis of PC2. (C) Representative features among the top predictive features which follow different trajectories in patients with (triangles) or without (open circles) complications after the induction of labor (lines represent splines with 4 knots). See also Supplementary Table 3.






3 Discussion

We employed a single-cell mass cytometry immunoassay to comprehensively characterize the dynamic changes in maternal immune cell distribution and signaling responses between the time of induction of labor and the establishment of active labor. Analysis of the high-dimensional data identified a multivariate model that accurately predicted the time since induction of labor, thus demarcating a peripheral immune signature of latent phase progression detectable in the maternal blood. Examination of individual model components revealed the cell-type specific activation of pro-inflammatory signaling responses with progressing labor, including the activation of the STAT3 and STAT5 signaling pathways across several innate and adaptive immune cell subsets. Remarkably, differential immune cell response dynamics were observed in a posthoc analysis comparing women with uncomplicated vs. complicated labor induction providing a promising experimental framework for the identification of blood-based immunological markers for the successful induction of labor.

Labor is initiated upon myometrial activation and associated cervical change. It is well described that myometrial responsiveness to uterotonic agents, such as prostaglandins and oxytocin, is mediated by increased expression of labor-promoting genes to establish synchronous myometrial contractions (31). Despite high levels of circulating labor-suppressing progesterone at term, the myometrium undergoes a functional progesterone withdrawal at onset of labor, mediated by the repression of type-B progesterone receptor (PR-B) functions by PR-A. Strikingly, this repressive activity of PR-A has been shown to be induced by pro-inflammatory conditions in vitro, linking inflammation with labor onset (32).

We observed pro-inflammatory features across innate and adaptive immune cell populations at the beginning of active labor, most prominently in the STAT3 pathway, which is consistent with previous studies reporting the systemic release of its extracellular stimuli with evolving labor (20, 33). Importantly, in tissues such as the endometrium and breast cancer cells, STAT3 has been shown to specifically bind to PR-A (34), and co-activate its transcriptional functions (35). While this mechanism may contribute to enhancing myometrial contractility, STAT3 binding to PR-A in multiple immune cells may also support well-described immune cell migration into fetal membranes and the decidua during labor by interfering with progesterone responsiveness (20, 36). STAT3 is an acute-phase response factor and is rapidly activated by a range of cytokines with pro- (IL-6, IFNs, or TNF-α), and anti-inflammatory (IL-10) function (37). It likely contributes to promoting labor as the prominent intracellular downstream target of IL-6, a known labor initiator (38, 39), by boosting cortisol-induced prostaglandin production in the amniotic membranes (40). Secreted by immune cells and the myometrium, IL-6 stimulates a feed-forward loop to enhance chemotaxis of monocytes and T cells to the choriodecidua and promote inflammation, which is considered a key step for labor initiation (12). Previously reported enhanced IL-6 gene expression in circulating leukocytes during active labor match our observations of active-labor associated STAT3 signaling (23, 36). Interestingly, immune responses were broadly dampened after labor induction and during latent labor, in comparison to pre-induction, while robust activation of pro-inflammatory signaling responses was observed with the transition to active labor. The results suggest that the peripheral inflammatory response is modulated in parallel with myometrial activation, supporting the notion that several corroborating mechanisms contribute to labor initiation (17).

While risk factors for failure of labor to progress are described, proxies to anticipate failed or complicated labor during the active phase of the first stage of labor after labor induction that are measurable during the latent phase of labor are lacking (41, 42). It is known that a longer duration of the latent phase (> 15 hrs) is associated with increased risk of subsequent cesarean delivery and complications such as maternal hemorrhage and chorioamnionitis (4). We report an association between a delay in the evolution of the peripheral immune signature during the latent phase of labor, and subsequent labor arrest and chorioamnionitis. In our cohort, this delay appeared most pronounced at T5 (start of active labor), indicating that the immune profile indeed follows the clinically-relevant phases of labor between initiation of labor and active labor. This delay may, pending future studies, function as a potential indicator of ensuing labor arrest and associated complications.

Our study has several limitations. The number of samples in our study cohort was sufficient to analyze the immune profile of successful labor induction, yet it lacked statistical power to stratify labor progression based on absence or presence of complications and to stratify patients according to other important clinical factors. For example, we acknowledge that the likelihood of failed induction of labor may be influenced by other maternal demographic (ethnicity, age, weight, height), obstetric (parity, placental insufficiency, multiple gestation, prelabor rupture of membranes, gestational age, cervical status upon commencing induction and method of induction), neonatal (fetal weight) and medical factors (43–47). Much of the literature surrounding failed induction of labor use different or poorly defined endpoints such as failure to delivery vaginally, not achieving vaginal delivery within 24 hrs, or not entering the active phase of labor. However, our work now justifies to design studies in larger cohorts with the aim of identifying predictive immune markers of failed induction of labor prior to commencement of active labor (9, 45–48). Potential future clinical studies should also include parallel analyses of choriodecidual material to help understand local immune responses. Lastly, studying labor in patients for whom labor was induced, precludes conclusions about the progression of spontaneous labor occurring without medical intervention. Further studies are needed to elucidate immune signatures beyond the time point of active labor, until delivery of the fetus. Generalization studies are also required in different ethnic groups and patient populations from different geographical locations using the model developed in this cohort, in order to further validate our findings, and evaluate model performance. Ultimately until equipment used in this study becomes more widely available to institutions, the applicability of such prediction modeling may be limited to academic centers and is likely to also be limited by the costs and time taken to perform such functional assays.

In summary, we successfully derived an immune signature of successful labor induction and progression in peripheral maternal blood. Specific variation of this signature, particularly during the latent phase of labor, may allow differentiating between successful and failed or complicated labor induction, which in turn may facilitate clinical decision-making to improve maternal and fetal well-being.



4 Materials and Methods


4.1 Study Design and Sample Collection

The aim of this observational study was to determine whether a precise chronology of immunologic adaptations related to labor is detectable in peripheral immune cell phenotype and functional changes analyzed serially during labor, starting prior to medical induction of labor. The study was conducted at the Lucile Packard Children’s Hospital (Stanford, CA, USA). The study was approved by the Institutional Review Board (Approval ID: 44576), and all participants signed an informed consent. Healthy pregnant women receiving routine antepartum care were eligible for the study if they were within 18 to 50 years of age, body mass index (BMI) < 40, in their 39 to 41 gestational week of a singleton pregnancy as determined by their clinician using last menstrual period and ultrasound estimates of gestational age, and had no co-morbidities or concurrent medication that may have a confounding immune-modifying effect (e.g., autoimmune disease, gestational or longstanding diabetes requiring insulin or other antigylcemic agents), no history of any illicit drug use, and no significant fetal anomalies. In total, 15 women were recruited to meet the pre-determined sample size required for sufficient power in this longitudinal study. Participants with healthy, singleton pregnancies, who required an induction of labor or elected induction of labor were included in the analysis. Demographics, pregnancy characteristics, reasons for induction, and comorbidities for the participants included in the analysis are summarized in Table 1.

After labor induction, participants were followed through the establishment of latent labor (defined as regular contractions leading to cervical changes from 0 to 6 cm) until the onset of active labor (defined as cervical dilatation ≥ 6 cm with regular uterine contractions ≤ 3 min apart). For each study participant, whole venous blood was obtained at 5 timepoints. The first sample was obtained (T1) immediately prior to induction (baseline). The next three timepoints were obtained during the establishment of latent phase of labor, including (T2) 1 hr after induction (no cervical change since admission), (T3) at the start of regular uterine contractions (less than every 3 min), and (T4) at first cervical change since admission. The last timepoint (T5) was obtained at commencement of active labor. The variability in labor progression (e.g., immediate advancement to active labor) precluded sample collection during pre-defined labor stages from individual women.



4.2 Mass Cytometry


4.2.1 Ex Vivo Whole-Blood Immuno-Assay

Whole blood was collected from study subjects and processed within 60 min after blood draw. Individual aliquots were stimulated for 15 min at 37°C with LPS (1 ug/mL, InvivoGen, San Diego, CA), or left unstimulated. Samples were processed using a standardized protocol for fixing with proteomic stabilizer (SMART TUBE, Inc., San Carlos, CA) and stored at -80 °C until further processing.



4.2.2 Sample Barcoding and Minimization of Experimental Batch Effect

To minimize the effect of experimental variability on mass cytometry measurements between serially collected samples, samples corresponding to the entire time series collected from one woman were processed, barcoded, pooled, stained, and ran simultaneously. To minimize the effect of variability between study participants, the run was completed within consecutive days, while carefully controlling for consistent tuning parameters of the mass cytometry instrument (Helios CyTOF, Fluidigm Inc., South San Francisco, CA).



4.2.3 Antibody Staining and Mass Cytometry

The mass cytometry antibody panel included 28 antibodies that were used for phenotyping of immune cell subsets and 11 antibodies for the functional characterization of immune cell responses (Table S2). Antibodies were either obtained preconjugated (Fluidigm, Inc.) or were purchased as purified, carrierfree (no BSA, gelatin) versions, which were then conjugated in-house with trivalent metal isotopes utilizing the MaxPAR antibody conjugation kit (Fluidigm, Inc.). After incubation with Fc block (Biolegend), pooled barcoded cells were stained with surface antibodies, then permeabilized with methanol and stained with intracellular antibodies. All antibodies used in the analysis were titrated and validated on samples that were processed identically to the samples used in the study. Barcoded and antibody-stained cells were analyzed on the mass cytometer.



4.2.4 Immune Cell Feature Derivation

The mass cytometry data was normalized using Normalizer v0.1 MATLAB Compiler Runtime (MathWorks) (49). Files were then de-barcoded with a single-cell MATLAB debarcoding tool (50). Manual gating was performed using CellEngine (https://immuneatlas.org/#/) (Primity Bio, Fremont, CA), according to the gating strategy in Supplementary Figure 3.

The following cell types were included in the analysis: Granulocytes (CD45+CD66+), B cells (CD19+), NK cells (CD3−CD7+), CD56brightCD16−NK, CD56dimCD16+NK (CD69− and CD69+), TCRγδ T cells (CD4−CD8−), CD4+ T cells, CD4Tnaive (CD45RA+CD45RO−), CD62L+CD4Tnaive, CD4Teffector (eff) (CD45RA+CD62L−), CD4Tmemory (mem) (CD45RA−CD45RO+), CD69+CD4Tmem, CD4Tcentral memory (cm) (CD62L+CD45RO+), CCR5+CCR2+CD4Tcm, CD4Teffector memory (em) (CD62L−CD45RO+), CCR5+CCR2+CD4Tem, CD25+ FoxP3+CD4+T cells (Treg), CD4+Tbet+T cells (Th1), CD8+ T cells, CD8Tnaive (CD45RA+CD45RO−), CD62L+CD8Tnaive, CD8Teff (CD45RA+CD62L−), CD8Tmem (CD45RA−CD45RO+), CD69+CD8Tmem, CD8Tcm (CD62L+CD45RO+), CCR5+CCR2+CD8Tcm, CD8Tem (CD62L−CD45RO+), CCR5+CCR2+CD8Tem, NKT cells (CD56+CD3+), CD4+NKT, CD8+NKT, TCRγδ NKT, CD14+CD16− classical monocytes (cMCs), CD14−CD16+ non-classical MCs (ncMCs), CD14+CD16+ intermediate MCs (intMCs), CCR2+cMC, CCR2+intMC, CCR2−ncMC, CD14+CD11b+HLA-DRlo myeloid-derived suppressor cells (MDSC), CD14−CD16−HLA-DR+ dendritic cells (DC), myeloid DC (CD11c+ mDC), HLA-DRhi mDC, HLA-DRlo mDC, and plasmacytoid dendritic cells (CD123+ pDC).



4.2.5 Cell Frequency, Basal Intracellular Signaling and Intracellular Signaling Responses

The data from each sample were analyzed for endogenous and intracellular signaling responses in all major adaptive and innate immune cell subsets. Cell frequencies were expressed as a percentage derived from singlet live mononuclear cells (DNA+cPARP−CD235−CD61−CD66−, except for granulocyte frequencies, which were expressed as percentage of singlet live leukocytes (DNA+cPARP−CD235−CD61−). Endogenous intracellular signaling activities at the basal, unstimulated level were quantified per single cell for phosphorylated (p)STAT1, pSTAT3, pSTAT5, pSTAT6, pCREB, pMAPKAPK(pMK)2, pERK1/2, prpS6, pP38, and pNF-κB, and total I-κB using an arcsinh transformed value calculated from the median signal intensity. Intracellular signaling responses to stimulation were reported as the difference in arcsinh transformed value of each signaling protein between the stimulated and unstimulated conditions (arcsinh ratio over endogenous signal). A knowledge-based penalization matrix was applied to intracellular signaling response features in the mass cytometry data based on mechanistic immunological knowledge, as previously described (24, 51). Importantly, mechanistic priors used in the penalization matrix are independent of immunological knowledge related to pregnancy or the evolution of labor.




4.3 Statistical Analyses


4.3.1 Multivariate Modeling

For the multivariate analysis, we trained a LASSO model on each sample using the time since induction as a predictor. The L1 regularization is used to increase model sparsity for the sake of biological interpretation and model robustness. For the given n × p matrix X of p biological features derived from each of n samples, and given the vector of predictor variables y = (y1, … ,yn), we fit the regression coefficients   such that  . The optimal γ is identified during the cross-validation procedure.



4.3.2 Cross-Validation

To take into account the dependency of samples coming from the same patient at different timepoints, we evaluated our pipeline using a leave-one-patient-out cross-validation. For each iteration of the cross-validation, we single out all the samples coming from one patient and train a model on the rest. We then predict the samples from the one blinded patient. The predictions are then combined and give the estimate of performance of the model on all the patients. We report model results with the Pearson R coefficient and the p-value associated.



4.3.3 Correlation Network and Heatmap

The results are visualized with a correlation network computed from the correlation matrix of all the features. The features are mapped using a t-distributed stochastic neighbor embedding (tSNE) layout in a graph-fashion (52) using the correlation coefficients as edge weight for correlation coefficients above 0.9. We used this representation to show the interaction between the immune features and we also report the result of the modeling on this representation, with different node size and colors.

We also used a heatmap representation of the perturbations happening at the different timepoints compared to baseline. To compute the heatmap, we z-score transformed the difference between the median of a feature at a given timepoint and the baseline median. We then only plotted the differences that passed Wilcoxon signed-rank test with a p-value less than 0.05 at one of the timepoints. We plotted the remaining features to observe the trajectories.



4.3.4 Bootstrap Analysis and Comparison of Ranking

We combined our multivariate model fitting on our high-dimensional immunome dataset with a bootstrap analysis where we repeat a random sampling with replacement on the dataset and train a cross-validated model each time. At each iteration, we keep the non-zero coefficients selected by the LASSO model on the bootstrapped dataset and we repeat the procedure 1,000 times. We report the frequency of selection of the features (number of times the feature occurs in the model), their p-value to be more selected than an artificial noisy feature, and the ratio over the most frequently selected decoy feature in all bootstraps. To generate the artificial noisy feature, we operate by random permutation of the original immune features in the dataset. Permutation is repeated at each iteration of the bootstrap, allowing for an estimate of the noise picked up by the LASSO model. To assess the relative importance of each feature to the model, we ranked features in the dataset based on their frequency of selection over the decoy features.
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Estradiol (E2) and progesterone (P) have potent effects on immune function in the human uterine endometrium which is essential for creating an environment conducive for successful reproduction. Type III/lambda (λ) interferons (IFN) are implicated in immune defense of the placenta against viral pathogens, which occurs against the backdrop of high E2 and P levels. However, the effect of E2 and P in modulating the expression and function of IFNλ1 in the non-pregnant human uterine endometrium is unknown. We generated purified in vitro cultures of human uterine epithelial cells and stromal fibroblast cells recovered from hysterectomy specimens. Poly (I:C), a viral dsRNA mimic, potently increased secretion of IFNλ1 by both epithelial cells and fibroblasts. The secretion of IFNλ1 by epithelial cells significantly increased with increasing age following poly (I:C) stimulation. Stimulation of either cell type with E2 (5x10-8M) or P (1x10-7M) had no effect on expression or secretion of IFNλ1 either alone or in the presence of poly (I:C). E2 suppressed the IFNλ1-induced upregulation of the antiviral IFN-stimulated genes (ISGs) MxA, OAS2 and ISG15 in epithelial cells, but not fibroblasts. Estrogen receptor alpha (ERα) blockade using Raloxifene indicated that E2 mediated its inhibitory effects on ISG expression via ERα. In contrast to E2, P potentiated the upregulation of ISG15 in response to IFNλ1 but had no effect on MxA and OAS2 in epithelial cells. Our results demonstrate that the effects of E2 and P on IFNλ1-induced ISGs are cell-type specific. E2-mediated suppression, and selective P-mediated stimulation, of IFNλ1-induced ISG expression in uterine epithelial cells suggest that the effects of IFNλ1 varies with menstrual cycle stage, pregnancy, and menopausal status. The suppressive effect of E2 could be a potential mechanism by which ascending pathogens from the lower reproductive tract can infect the pregnant and non-pregnant endometrium.
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Introduction

Unique among mucosal sites, the immune system in the uterine endometrium has evolved to protect against incoming pathogens while creating an environment essential for successful reproduction. Key to this are the sex hormones estradiol (E2) and progesterone (P) whose concentrations change across the menstrual cycle, during pregnancy, and following menopause. The changing levels of hormones regulate multiple aspects of the innate and adaptive immune systems in the female reproductive tract (FRT), and particularly in the uterine endometrium, to allow for successful fertilization, implantation, and survival of a semi-allogeneic fetus (1). However, changes in immune function due to changing hormone levels are linked to altered susceptibility to sexually transmitted infections (STIs) (1), which can negatively impact reproduction.

Interferons (IFNs) encompass three different families of cytokines (I, II, and III) and are essential for preventing infections. The Type III IFNs are a family of antiviral cytokines consisting of IFNλ1, λ2, λ3 and λ4 (2–4) that are produced in response to pathogens. Previous studies have shown that stimulation of pattern recognition receptors (PRR) such as Toll-like receptor 3 (TLR3) and TLR9 increase the secretion of IFNλ1-3 in vitro (5–7). In turn, Type III IFNs exert their effects in an autocrine and paracrine fashion via a heterodimeric receptor complex consisting of IL28Rα  (IFNLR1) and IL10Rβ  (IL10R2) (2, 3). Similar to the Type I IFNs such as IFNβ, Type III IFN receptor activation initiates JAK/STAT signaling that upregulates expression of downstream IFN stimulated genes (ISG) such as Myxovirus A (MxA), Oligoadenylate Synthetase (OAS) 1-3, and ISG15. These ISGs can inhibit different stages of the viral lifecycle, thus creating an intracellular antiviral state hostile to pathogen survival. While previous studies have shown that sex hormones can modulate the secretion of, and sensitivity to, Type I IFNs in dendritic cells (8, 9), their effect on Type III IFNs is relatively unknown.

Type III IFNs function primarily at mucosal surfaces, in contrast to the Type I IFNs that induce antiviral responses throughout the body (10). For example, murine intestinal epithelial cells lacking functional Type III IFN receptors are more susceptible to rotavirus infection than wild-type mice (11). Type III IFNs increased the resistance of respiratory epithelial cells against influenza A virus and severe acute respiratory syndrome coronavirus, while IFNλ1 reduced infection of nasal epithelial cells by respiratory syncytial virus (12, 13). However, our understanding of Type III IFNs in the human FRT mucosa is sparse, with research focusing on the lower FRT (vagina and ectocervix). In the murine vagina, CD11c+ dendritic cells reduced Herpes Simplex Virus (HSV) 2 infection via the secretion of IFNλ1 (14), while induction of IFNλ1 in the End1/E6E7 human cervical epithelial cell line also inhibited HSV-2 (15). Differences in IFNλ1, IL28Rα, and IL10Rβ expression in human cervical epithelial cells is thought to be associated with low- versus high-risk Human Papilloma Virus (HPV) progression (16). Type III IFNs are also essential for the immune defense of the placenta against viral pathogens such as Zika Virus (ZIKV) (17, 18). Recognizing that the uterine endometrium is an anatomical compartment with a unique immunological environment that is distinct from the lower FRT (1, 19, 20), there exists a particular need to understand the contribution of Type III IFNs to innate immune protection at this unique site.

In this study we used IFNλ1 as model to study the effects of sex hormones and age on the secretion of, and sensitivity to, Type III IFNs by uterine epithelial cells and fibroblasts, the major non-hematopoietic cell types at the uterine mucosal surface. Both uterine cell types secrete IFNλ1 in response to the dsRNA viral agonist, poly (I:C), independent of E2 and P. However, E2 suppressed IFNλ1-induced upregulation of the antiviral genes OAS2 and ISG15 in epithelial cells via estrogen receptor alpha (ERα) signaling. P potentiated the upregulation of ISG15 by epithelial cells following treatment with IFNλ1 but had no effect on MxA and OAS2. In contrast, neither E2 nor P had any effect on IFNλ1-induced gene expression in stromal fibroblasts. These results demonstrate that the effects IFNλ1 vary by cell type and hormone exposure in the human uterine endometrium while also implicating E2 and P as regulators of IFNλ1 signaling.



Materials and Methods


Source of Uterine Tissue

Human uterine tissue was obtained from women (28-81 years old) undergoing hysterectomy surgery at Dartmouth-Hitchcock Medical Center (Lebanon, NH). Reasons for surgery were menorrhagia, adenomyosis, adnexal mass, fibroids and prolapse. All tissues used in this study were distal to the sites of pathology and were determined to be unaffected with disease upon inspection by a pathologist. Tissues were excluded under conditions of cancer. All investigations involving human subjects were conducted according to the principles expressed in the Declaration of Helsinki and carried out with the approval from the Committee for the Protection of Human Subjects (CPHS), Dartmouth Hitchcock Medical Center, and with written informed consent obtained from the patients before surgery.



Isolation of Uterine Epithelial Cells and Uterine Fibroblasts

Tissues were minced under sterile conditions into 1 to 2mm fragments and subjected to enzymatic digestion using an enzyme mixture containing 0.05% collagenase type IV (Sigma-Aldrich, St. Louis, MO) and 0.01% DNAse (Worthington Biochemical, Lakewood, NJ) in 1x HBSS (Invitrogen). After enzymatic digestion for 1 hr at 37°C, cells were dispersed through a 250-µm mesh screen, washed, and resuspended in Hank’s Balanced Salt Solution (ThermoScientific, Logan, UT).

Epithelial cell sheets were separated from stromal fibroblasts by filtration through a 20-µm nylon mesh filter (Small Parts, Miami Lakes, FL). Epithelial sheets were retained on the 20-µm filter, while the stromal fraction containing the fibroblasts passed through and were collected as part of the filtrate. Epithelial sheets were recovered by rinsing and backwashing the filter with Complete medium, centrifuged (500 x g, 10 min), and analyzed for cell number and viability.



Uterine Epithelial Cell and Uterine Fibroblast Cell Culture

To establish an in vitro cell culture system of polarized human uterine epithelial cells, uterine epithelial cells were cultured in Falcon cell culture inserts coated with Human Extracellular Matrix (Becton Dickinson, Franklin Lakes, NJ) in 24-well culture plates (Fisher Scientific, Pittsburgh, PA). Apical and basolateral compartments had 300 and 500 µl of complete medium respectively. Complete medium consisted of DMEM/F12 supplemented with 20 mM HEPES (Invitrogen), 2 mM L-glutamine (Invitrogen), 50 mg/ml primocin (Invivogen) and 10% heat-inactivated defined Fetal Bovine Serum (FBS) (ThermoScientific). Incubation media was changed every 2 days.

To establish a purified population of uterine stromal fibroblasts, the stromal filtrate was centrifuged (500 x g, 10 min) and the pellet resuspended in complete media. Cells were placed in culture in a 75 cm2 cell culture flask (Fisher Scientific) in complete medium until they reached confluence. The medium was changed every 2 days. After reaching confluence, cells were trypsinized and 1x106 cells added to a fresh 75 cm2 flask. This was repeated at least twice, after which cells were recovered and plated (1x105 cells/well) in 24-well cell culture dishes (Fisher) in 500 μl of complete medium with charcoal dextran-stripped FBS for at least 48 hrs prior to treatment. Sequential passaging allows the fibroblasts to outcompete any other cell types present in the original stromal filtrate, leaving a population of fibroblasts that are positive for the stromal fibroblast markers vimentin and CD90, and negative for the hematopoietic cell marker CD45 as previously described (21, 22).



ECC-1 Cell Culture

The ECC-1 cell line (originally established by Dr. Pondichery Satyaswaroop and kindly provided by George Olt, Penn State College of Medicine, Milton S Hershey Medical Center, PA) is a human uterine epithelial cell line, characteristic of the luminal uterine epithelium, that is responsive to sex hormones (23) and is used by us to study innate immune responses of FRT epithelial cells. To establish a culture system of polarized human ECC-1 cells with both apical and basolateral compartments, ECC-1 cells were cultured in uncoated Falcon cell culture inserts in 24-well culture dishes (Fisher). Apical and basolateral compartments had 300 and 500 μl of complete medium respectively as described above for primary cells.



Measurement of Transepithelial Resistance

As an indicator of tight junction formation and polarization of uterine epithelial cell monolayers, transepithelial resistance was assessed every 48 hrs using an EVOM electrode and Voltohmmeter (World Precision Instruments Inc., Sarasota, FL) as described previously (24). Matrigel-coated inserts without any cells were used as controls and had transepithelial resistance values of 200-240 ohms.



Poly (I:C), Interferon λ1, Estradiol, and Progesterone Stimulation

Cells were stimulated with HMW-poly (I:C) (Invitrogen) at 0.25-25 µg/ml in complete media with 10% defined FBS, except as noted below, for up to 24 hrs. Recombinant human IFNλ1 (PBL Assay Science, Piscataway, NJ) was used at 1-1000 ng/ml in complete media with 10% charcoal dextran-stripped FBS (Gemini, West Sacramento, CA) for up to 24 hrs. For polarized primary epithelial and ECC-1 cells, poly (I:C) was added to the apical compartment only, while IFNλ1 was added to both the apical and basolateral compartments.

Type I IFN receptor blockade experiments used a mouse monoclonal anti-human interferon receptor 2 (IFNAR2) blocking antibody (R&D) or a matched IgG2A isotype control at a final concentration of 10μg/ml for 1 hr and then stimulated with poly (I:C) for 24 hrs (25). Type III IFN receptor blockade experiments used a mouse monoclonal anti-human αIL10Rβ blocking antibody (R&D). In all experiments, blocking antibody was maintained in the culture media (complete media with 10% charcoal dextran-stripped FBS) throughout the experiment.

For hormone experiments, E2, P, or the estrogen receptor (ER) antagonist Raloxifene (Rx) (Calbiochem, Gibbstown, NJ) were dissolved in 100% ethanol for an initial concentration of 1x10-3M, evaporated to dryness and resuspended in complete media containing charcoal dextran-stripped FBS to a concentration of 1x10-5M, as previously described (21, 25, 26). Further dilutions were made to achieve final working concentrations of E2 ranging from 5x10-8M to 5x10-10M. P was used at 1x10-7M. As a control, an equivalent amount of 100% ethanol without dissolved hormone was initially evaporated. For polarized uterine epithelial cells and ECC-1 cells, E2 or P was added to both the apical and basolateral compartments. For ER blockade experiments, cells were pretreated with Raloxifene, a selective estrogen response modulator that antagonizes estrogen effects in uterine cells (27) and has been used by us in other studies (28), at 5x10-6M (100-fold excess) for at least 1 hr prior to the introduction of E2. Raloxifene was maintained in the cell culture media throughout the experiment.

For hormone experiments, and receptor-blockade experiments, cells were transferred from complete medium with 10% defined FBS to complete medium with 10% charcoal dextran-stripped FBS for at least 48 hrs prior to hormone treatment to remove the influence of any steroid hormones present in defined FBS that could otherwise confound the effects of exogenous E2 or P.



TaqMan Real-Time RT-PCR

Total mRNA was isolated and purified using a RNeasy mini kit (Qiagen, Valencia, CA) with on-column DNase digestion using the RNase-Free DNase set (Qiagen) according to the manufacturer’s recommendations. 400ng of total RNA was reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s recommendations. Relative mRNA expression levels of IFNλ1 (Hs00601677_g1), MxA (Hs00895608_m1), OAS2 (Hs00942643_m1), ISG15 (Hs01921425_m1), IL28Rα (Hs00417120_m1), and IL10Rβ (Hs00175123_m1) were measured using the 5’ fluorogenic nuclease assay in real-time quantitative PCR using TaqMan chemistry on the ABI 7300 Prism real-time PCR instrument (Applied Biosystems, Carlsbad, CA). PCR was conducted using the following cycle parameters: 50°C, 2 mins, 1 cycle; 95°C, 10 mins, 1 cycle; 95°C, 15 s, 40 cycles; 60°C, 1 min, 1 cycle. Analysis was conducted using the sequence detection software supplied with the ABI 7300. In several patients, the expression of IFNλ1 was undetectable in untreated samples. In these cases, the expression of IFNλ1 was assigned a Ct value of 40, which is the lowest possible value in our system, for the purposes of calculating the fold-increase in IFNλ1 mRNA expression following treatment with poly (I:C).

Data are presented either as relative expression normalized to β-Actin, or as fold-change in mRNA expression. When presented as relative expression, the expression of the gene of interest is normalized to the expression of housekeeping gene β-Actin. Data are also presented as fold change in mRNA expression, where fold change refers to the change in expression of a gene of interest between the control and treatment group(s) which are both normalized to β-Actin expression and calculated using the formula t. When expressing our data as fold change, the control or untreated group is set to 1. For the purposes of clarity, in some cases the control group is absent from the fold change figures. However, this is noted in both y-axis legends and the figure legends.



Cytokine and Antimicrobial Measurement

Following treatment, conditioned media were recovered from epithelial cells (apical and basolateral) and fibroblasts and centrifuged at 10,000 x g in a microfuge. Supernatants were aliquoted and stored at -80°C. ELISA was used to determine the secretion of IFNλ1, CCL4, elafin, CCL20, RANTES (all R&D Systems, Minneapolis, MN), and HBD2 (Peprotech, Cranbury, NJ) by uterine epithelial cells and fibroblasts according to the manufacturer’s instructions.



Statistical Analysis

Data analysis was performed using the GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA). A two-sided P value <0.05 was considered statistically significant. Comparison of treatment groups vs. control group was performed applying Mann-Whitney U test for non-matched samples or Wilcoxon matched-pairs signed rank test for matched samples. Comparison of three or more groups was performed applying Kruskal-Wallis test for non-matched samples or Friedman test for matched samples, followed by Dunns-post test for multiple comparison correction. Correlations of age with protein secretion or mRNA expression were performed using the nonparametric Spearman correlation with a two-tailed p-value. Best-fit trend lines were generated using a simple linear regression.




Results


Poly (I:C) Induces IFNλ1 Expression and Secretion by Epithelial Cells

We have previously shown that stimulation of FRT epithelial cells and stromal fibroblasts with the synthetic dsRNA viral ligand poly (I:C) induces a potent innate immune response (21, 22, 25, 26, 29, 30). However, whether IFNλ1 is part of the innate immune response of uterine epithelial cells and fibroblasts in response to viral pathogens is unknown. As part of our initial studies, we used uterine ECC-1 epithelial cells. This uterine epithelial cell line, which we have used extensively, displays some of the innate immune characteristics of primary uterine epithelial cells, including polarization and recognition of poly (I:C) (25, 30). We treated polarized uterine ECC-1 epithelial cells with multiple doses of poly (I:C) (0.25, 2.5 & 25 μg/ml) for 3-24 hrs. Poly (I:C) dose-dependently increased the expression of IFNλ1 mRNA in ECC-1 cells with maximum levels reached between 12-24 hrs after stimulation with 25μg/ml (Figure 1A). Based upon these results, we treated primary uterine epithelial cells with poly (I:C) for 24 hrs. Following 24 hrs of poly (I:C) exposure, IFNλ1 mRNA expression was significantly upregulated by an average of 790-fold (Figure 1B) and IFNλ1 secretion in the apical compartment by approximately 4500 pg/ml (Figure 1C). Overall, constitutive apical IFNλ1 protein secretion by untreated samples was low with an average of 20.5 pg/ml. However, in many patient samples there was no detectable IFNλ1 secretion by untreated samples. In contrast to the significantly increased secretion of IFNλ1 in the apical compartment, there was no change in the levels of IFNλ1 in the basolateral compartment following poly (I:C) treatment (Figure 1D). There was a wide range in the increased expression and secretion of IFNλ1 between different patient samples following poly (I:C) exposure. For example, the fold change in epithelial IFNλ1 mRNA expression ranged between 0.04- to 4800-fold after 24 hrs of poly (I:C) treatment (Figure 1B) while the increased secretion of IFNλ1 ranged between 120-12300 pg/ml (Figure 1C).




Figure 1 | Poly (I:C) induces IFNλ1 expression and secretion by uterine epithelial cells. (A) ECC-1 uterine epithelial cells were stimulated with poly (I:C) for 3-24 hrs and IFNλ1 expression measured by RT-PCR. (B, C) Primary uterine epithelial cells were stimulated with poly (I:C) (25μg/ml) for 24 hrs prior to analysis of mRNA expression by real-time RT-PCR (B) and protein secretion (C) by ELISA. Each circle represents an individual patient (n = 34). (D) Percent increase in IFNλ1 secretion in the apical and basolateral compartments of transwell inserts following treatment of uterine epithelial cells with poly (I:C) (25μg/ml) for 24hrs versus untreated wells (n = 34). (E, F) Values for IFNλ1 secretion from panel E by poly (IC)-treated epithelial cells were subtracted from untreated wells to determine the difference in IFNλ1 secretion between matched poly (I:C)-treated and untreated wells (ΔIFNλ1 pg/ml) which was then plotted against patient age (E) (n = 34) or menopausal status (F) (n = 34). Each circle represents an individual patient. Data is shown as mean +/- SEM. Wilcoxon matched-pairs signed rank test (B–D). Non-parametric Spearman correlation analysis (E). Mann-Whitney non-parametric t-test (F). *p < 0.05; **p < 0.01; ****p < 0.0001.





Poly (I:C)-Induced IFNλ1 Secretion by Epithelial Cells Increases With Age

We then calculated the difference in IFNλ1 secretion in the apical compartment between untreated cells and poly (I:C)-treated wells (ΔIFNλ1) and stratified the resulting values by patient age. As seen in Figure 1E, the poly (I:C)-induced secretion of IFNλ1 significantly increases with increasing age suggesting that the contribution of IFNλ1 to innate immune protection increases with age. We then stratified the results based on menopausal status. Consistent with our results in Figure 1E, we found that poly (I:C)-induced secretion of IFNλ1 was significantly higher by epithelial cells recovered from post-menopausal women compared to pre-menopausal women (Figure 1F).



Poly (I:C) Induces IFNλ1 Expression and Secretion by Fibroblasts

We have previously shown that fibroblasts from throughout the FRT are capable of mounting a potent innate immune response following exposure to viral mimics such as poly (I:C) (21, 22, 26). To determine whether IFNλ1 was a part of this innate response, we stimulated primary uterine stromal fibroblasts with poly (I:C) for 24 hrs after which we measured IFNλ1 expression and secretion. There was a significant increase in IFNλ1 mRNA expression by an average of 5247-fold (Figure 2A) and secretion by 1390 pg/ml (Figure 2B) after 24 hrs. Similar to epithelial cells, constitutive IFNλ1 protein secretion by untreated samples was low, with no detectable IFNλ1 secretion in many samples. Furthermore, there was a wide range in both IFNλ1 mRNA expression (1014-13083-fold increase) and protein secretion (0-4832 pg/ml) following treatment with poly (I:C). However, in contrast to epithelial cells (Figure 1E), there was no effect of age on poly (I:C) induced secretion of IFNλ1 by fibroblasts (Figure 2C).




Figure 2 | Poly (I:C) induces IFNλ1 expression and secretion by uterine stromal fibroblasts. Primary uterine fibroblasts were stimulated with poly (I:C) (25 μg/ml) for 24 hrs followed by analysis of (A) mRNA expression by real-time RT-PCR (n = 23) and (B) protein secretion by ELISA (n = 15). Each circle represents an individual patient. (C) Values for IFNλ1 secretion from panel B by poly (IC)-treated fibroblasts were subtracted from untreated wells to determine the difference in IFNλ1 secretion between matched poly (I:C)-treated and untreated wells (ΔIFNλ1 pg/ml) which was then plotted against patient age (n = 15). Data is shown as mean +/- SEM. Wilcoxon matched-pairs signed rank test (A, B). Non-parametric Spearman correlation analysis (C). ***p < 0.001; ****p < 0.0001.





Type I IFN Induces IFNλ1 Secretion by Uterine Epithelial Cells

Previous studies have reported that Type I IFNs, such as IFNβ, can regulate Type III IFN expression (31). To investigate the potential role of IFNβ in regulating IFNλ1 in our system, ECC-1 cells were treated with recombinant human IFNβ for 24 hrs. IFNβ dose-dependently induced expression of IFNλ1, which was inhibited in the presence of an IFNβ neutralizing antibody (Figure 3A). Primary uterine epithelial cells or fibroblasts were then pre-treated with αIFNAR2, a blocking antibody directed against the IFNAR2 subunit of the heterodimeric Type I IFN receptor complex. When stimulated with poly (I:C), αIFNAR2 partially inhibited the upregulation of IFNλ1 secretion in both epithelial cells (Figure 3B) and fibroblasts (Figure 3C). This suggests that IFNλ1 expression in response to incoming poly (I:C) and viral stimuli is mediated partly via the Type I IFNs.




Figure 3 | Blockade of Type I IFN signaling inhibits IFNλ1 secretions and signaling by uterine epithelial cells. (A) ECC-1 uterine epithelial cells were treated with recombinant human IFNβ for 24 hrs in the presence or absence of IFNβ neutralizing antibody after which IFNλ1 mRNA expression was determined (n = 3). (B) Uterine epithelial cells (n = 6) and (C) fibroblasts (n = 6) were pre-treated with a blocking antibody against IFNAR2 (αIFNAR2) or an isotype control (αISO) for 1 hr prior to the introduction of poly (I:C) (25 μg/ml) for 24 hrs, during which αIFNAR2 and αISO were maintained in the culture media. IFNλ1 secretion by epithelial cells (B) and fibroblasts (C) were determined by ELISA. Data is shown as mean IFNλ1 (pg/ml) +/- SEM. (D) Primary human uterine (n = 6) epithelial cells were pretreated with αIFNAR2, αIL-10Rβ, or a combination of both prior to treatment poly (I:C) for 24 hrs, after which mRNA expression of MxA (D), OAS2 (E), and ISG15 (F) was determined by RT-PCR. Data is shown as mean +/- SEM. Wilcoxon matched-pairs signed rank test (B–F). *p < 0.05.



Building upon our past studies demonstrating that uterine epithelial cells upregulate ISGs in response to poly (I:C) (25), we investigated the contribution of IFNλ1 to this antiviral response by using a blocking antibody against IL10Rβ, one half of the heterodimeric IFNλ1 receptor complex. Primary uterine epithelial cells were pre-treated with αIL10Rb, αIFNAR2, or a combination of both prior to treatment with poly (I:C) for 24hrs after which MxA, OAS2, and ISG15 expression levels were measured. As seen in Figures 3D–F, blockade of Type I IFN signaling significantly decreased the expression of MxA, OAS2, and ISG15. However, blockade of Type III IFN signaling had no effect on MxA and OAS2 expression levels. When both Type I and Type III IFN signaling was blocked, expression of MxA, OAS2, and ISG15 was no different than Type I IFN alone. Together this suggests that Type I IFNs are the primary mediators of ISG expression by epithelial cells following exposure to poly (I:C).



Estradiol and Progesterone Have No Effect on IFNλ1 Secretion by Epithelial Cells and Fibroblasts

Previous studies have shown that E2 can upregulate the secretion of secretory leukocyte protease inhibitor (SLPI) and inhibit IL-1β-mediated mRNA expression and secretion of human β-defensin-2 and CXCL8 by primary uterine epithelial cells (19). To determine if E2 regulates IFNλ1 secretion, we treated uterine epithelial cells, fibroblasts, and ECC-1 cells with E2 (5x10-8M – 5x10-10M) for up to 72 hrs. E2 did not alter the expression or secretion of IFNλ1 compared to untreated cells (data not shown). Pretreatment of uterine epithelial cells or stromal fibroblasts with E2 (5x10-8M) for 48 hrs followed by poly (I:C) stimulation also had no effect on IFNλ1 secretion by either cell type (Figures 4A, B). Similarly, we found that P (1x10-7M) either alone or in combination with poly (I:C) had no effect on the expression or secretion of IFNλ1 by epithelial cells and fibroblasts (Figures 4C, D). Together these studies indicate that sex hormones do not modulate the secretion of IFNλ1 by epithelial cells and fibroblasts in the uterine endometrium following exposure to viral pathogens.




Figure 4 | IFNλ1 secretion by uterine epithelial cells and uterine fibroblasts in response to poly (I:C) is independent of estradiol (E2) and progesterone (P). Primary human uterine epithelial cells (A, C) or uterine fibroblasts (B, D) were pretreated with E2 (5x10-8M) (A, B) or P (1x10-7M) (C, D) for 48 hrs after which media was replenished in the presence or absence of poly (I:C) (25 μg/ml) for a further 24 hrs. During this period E2 or P was maintained in the culture media. IFNλ1 secretion was determined by ELISA. Data is shown as mean +/- SEM. n = 3 (A, B). n = 6 (C, D).





IFNλ1 Induces Gene Expression in Uterine Epithelial Cells and Fibroblasts

Key to IFNλ1 sensitivity is the expression of its heterodimeric receptor complex composed of IL28Rα (IFNLR1) and IL10Rβ (IL10R2). While IL28Rα is exclusively used by the Type III IFNs, IL10Rβ is shared with other members of the IL10 family (3). Therefore, we hypothesized that IL28Rα expression would be lower than IL10Rβ. Analysis of mRNA obtained from uterine epithelial cells demonstrated that they express IL28Rα and IL10Rβ, with IL10Rβ being expressed at significantly higher levels than IL28Rα (Figure 5A), with no effect of age on the expression of either receptor (Figures 5B, C), suggesting that uterine epithelial cells can respond to IFNλ1 present in the extracellular environment. To determine if poly(I:C) could upregulate the expression of either subunit in epithelial cells as part of the antiviral response, we measured the expression of IL28Rα and IL10Rβ following 24 hrs of stimulation with poly (I:C). As seen in Figure 5D, poly (I:C) had no effect on expression of either subunit by epithelial cells.




Figure 5 | Uterine epithelial cells express Type III IFN receptors and respond to IFNλ1 by upregulating ISGs and pattern recognition receptors. (A) mRNA from uterine epithelial cells was recovered and analyzed for relative expression of IL28Rα and IL10Rβ normalized to β-Actin. Each circle represents an individual patient (n = 33). Values for IL28Rα (B) and IL10Rβ (C) from panel A were plotted against patient age. Each circle represents an individual patient (n = 33). (D) Fold change in mRNA expression of IL28Rα and IL10Rβ following stimulation of primary uterine epithelial cells with poly (I:C) (25ug/ml) for 24 hrs. Each circle represents an individual patient (n = 24). (E) Transepithelial resistance of primary uterine epithelial cells following dose-response of IFNλ1 (100, 500 ng/ml) stimulation for 24 hrs. (F) mRNA expression of MxA, OAS2, and ISG15 by primary uterine epithelial cells following treatment with IFNλ1 (500 ng/ml) for 24 hrs. Untreated control = 1. Each circle represents an individual patient (n = 13-16) (G) mRNA expression of TLR2, TLR3, TLR4, TLR5, TLR7, TLR9, RIG-I, and MDA5 by primary uterine epithelial cells following treatment with IFNλ1 (500 ng/ml) for 24 hrs. Untreated control = 1. Each circle represents an individual patient (n = 14). (H–J) Values for MxA, OAS2, and ISG15 mRNA expression from panel (F) were plotted against patient age. Each circle represents an individual patient (n = 13-16). mRNA expression data in panels (A–C) is normalized to the housekeeping gene β-Actin. mRNA expression data in panels (D–I) is normalized to the housekeeping gene β-Actin, and then further normalized to the untreated control whose value is then set to 1. Data is shown as mean +/- SEM. Each circle represents an individual patient. Wilcoxon matched-pairs signed rank test (A). Non-parametric Spearman correlation analysis (B, C, H–J). One-sample non-parametric Wilcoxon test (F, G) *p < 0.05; ***p < 0.001; ****p < 0.0001.



To determine if epithelial cells respond to IFNλ1, we stimulated ECC-1 cells for 24 hrs IFNλ1 (1-1000ng/ml) and measured ISG expression (Supplementary Figure 1A). Maximal upregulation of ISG expression was at 1000 ng/ml of IFNλ1 with MxA, OAS2 and ISG15 increasing by approximately 3-, 18-, and 8-fold respectively. There was also no effect of IFNλ1 on barrier function of ECC-1 cells as measured by transepithelial resistance (Supplementary Figure 1B). Building on our ECC-1 findings, we stimulated primary uterine epithelial cells with IFNλ1 (500ng/ml) for 24 hrs. Similar to ECC-1 cells, IFNλ1 had no effect on epithelial barrier function as measured by transepithelial resistance (Figure 5E). We then measured the expression of MxA, OAS2, and ISG15. As shown in Figure 5F, uterine epithelial cells significantly upregulated MxA, OAS2 and ISG15 by an average of approximately 46-, 63- and 37-fold respectively. We also measured the effect of IFNλ1 on the expression of pattern recognition receptors (PRRs) which are essential for the detection of incoming viral, bacterial, and fungal pathogens. IFNλ1 significantly upregulated expression of the viral PRRs TLR3, TLR9, RIG-I and MDA5 by approximately 5-, 3-, 4- and 13-fold respectively (Figure 5G), but had no effect on the expression of TLR2, TLR4, TLR5, and TLR7. As seen in Figures 5H–J, IFNλ1 had no effect on MxA, OAS2 or ISG15 expression with increasing age.

Similar to the epithelial cells, uterine stromal fibroblasts expressed IL28Rα and IL10Rβ, with significantly higher mRNA levels of IL10Rβ compared to IL28Rα (Figure 6A) and no effect of age on their expression (Figures 6B, C). When compared to epithelial cells, fibroblasts expressed significantly lower levels of both subunits (Figure 6D). Poly (I:C) had no effect on the expression of either subunit (Figure 6E). Following stimulation with IFNλ1 (500ng/ml) for 24 hrs, fibroblasts significantly upregulated expression of MxA, OAS2, and ISG15. However, in comparison to epithelial cells, fibroblasts were weakly sensitive to the presence of IFNλ1 (500ng/ml), with MxA, OAS2 and ISG15 upregulation by 6.3-, 4.7-, and 3.1-fold (Figure 6F). Similarly, fibroblasts only weakly upregulated TLR3, TLR9, RIG-I and MDA5 (Figure 6H). As shown in Figures 6H–J, IFNλ1 had no effect on MxA, OAS2 or ISG15 upregulation in stromal fibroblasts with increasing age.




Figure 6 | Uterine stromal fibroblasts express Type III IFN receptors and respond to IFNλ1 by upregulating ISGs and pattern recognition receptors. (A) mRNA from uterine stromal fibroblasts was recovered and analyzed for relative expression of IL28Rα and IL10Rβ normalized to β-Actin. Each circle represents an individual patient (n = 44). Values for IL28Rα (B) and IL10Rβ (C) from panel A were plotted against patient age. Each circle represents an individual patient (n = 44) (D) Comparison of IL28Rα and IL10Rβ mRNA expression between non-matched uterine epithelial cells (n = 33) and uterine stromal fibroblasts (n = 44). Each circle represents an individual patient. (E) Fold change in mRNA expression of IL28Rα and IL10Rβ following stimulation of uterine stromal fibroblasts with poly (I:C) (25ug/ml) for 24 hrs. Each circle represents an individual patient (n = 12). (F) mRNA expression of MxA, OAS2, and ISG15 by primary uterine stromal fibroblasts following treatment with IFNλ1 (500 ng/ml) for 24 hrs. Untreated control = 1. Each circle represents an individual patient (n = 8) (G) mRNA expression of TLR2, TLR3, TLR4, TLR5, TLR7, TLR9, RIG-I, and MDA5 by primary uterine stromal fibroblasts following treatment with IFNλ1 (500 ng/ml) for 24 hrs. Untreated control = 1. Each circle represents an individual patient (n = 4). (I–K) Values for MxA, OAS2, and ISG15 mRNA expression from panel (F) were plotted against patient age. Each circle represents an individual patient (n = 8). mRNA expression data in panels (A–D) is normalized to the housekeeping gene β-Actin. mRNA expression data in panels (E, F–J) is normalized to the housekeeping gene β-Actin, and then further normalized to the untreated control whose value is set to 1. Data is shown as mean +/- SEM. Each circle represents an individual patient. Wilcoxon matched-pairs signed rank test (A). Non-parametric Spearman correlation analysis (B, C, H–J). Mann-Whitney t-test (D). One-sample non-parametric Wilcoxon test (E, F, G). *p < 0.05; **p < 0.01; ****p < 0.0001.



Beyond IFNλ1, poly (I:C) stimulation of uterine epithelial cells and fibroblasts also leads to increased secretion of a broad range of inflammatory cytokines and antimicrobials such as human beta defensin 2 (HBD2), elafin, RANTES, CCL4 and CCL20 (29, 32–34). In addition to being cytokines, these proteins also inhibit survival of pathogens such as HIV (19, 21, 32, 33). To investigate whether poly (I:C)-induced IFNλ1 secretion could be responsible for the upregulation of these antimicrobials and cytokines, we measured the secretion of the HBD2, RANTES, CCL20, elafin and CCL4 in response to IFNλ1 (500ng/ml for 24 hrs). There was no effect of IFNλ1 stimulation on the secretion of HBD2, elafin, RANTES, CCL20 and CCL4 by either epithelial cells or fibroblasts (Supplementary Figure 2). This suggests that the primary effect of IFNλ1 is to upregulate the intracellular expression of antiviral ISGs.



Estradiol Inhibits IFNλ1 Signaling in Epithelial Cells

Since neither E2 or P altered the upregulation of IFNλ1 in response to poly (I:C), we asked whether E2 could affect the stimulatory effect of IFNλ1 on ISG expression by epithelial cells or fibroblasts. We pretreated uterine epithelial cells, fibroblasts, and ECC-1 cells with E2 (5x10-8M) for 48 hrs prior to treatment with IFNλ1 (500ng/ml) for a subsequent 24 hrs in the presence or absence of E2. E2 significantly reduced the upregulation of OAS2 and ISG15 mRNA in ECC-1 cells after IFN treatment from approximately 6- and 4-fold to below 2-fold respectively (Figure 7A). A similar inhibitory effect on OAS2 and ISG15 was observed in primary uterine epithelial cells treated with under the same conditions (Figure 7B). In contrast, there was no E2 effect in uterine fibroblasts (Figure 7C).




Figure 7 | Estradiol (E2) inhibits IFNλ1 signaling in ECC-1 cells and uterine epithelial cells. (A) Polarized ECC-1 cells (n = 5), (B) uterine epithelial cells (n = 8) and (C) uterine fibroblasts (n = 3) were pretreated with E2 (5x10-8M) for 48 hrs after which, media was replenished in the presence or absence of IFNλ1 (500 ng/ml) for a further 24 hrs. During this period, E2 was maintained in the culture media. Subsequently, mRNA was analyzed for OAS2 and ISG15 expression by RT-PCR. mRNA expression data is presented as mean-fold +/- SEM change in gene expression over untreated control and is normalized to the housekeeping gene β-Actin, and then further normalized to the untreated control whose value is set to 1. Wilcoxon matched-pairs signed rank test. *p < 0.05; **p < 0.01.



E2 exerts its effects via estrogen receptor (ER) α and β. To determine the pathway of E2 action in ECC-1 cells, we used the selective estrogen response modulator, Raloxifene (Rx), which blocks ERα signaling. Pretreatment of ECC-1 cells with Rx (5x10-6M, 48 hrs) blocked the inhibitory effects of E2 on the upregulation of OAS2 and ISG15 after treatment with IFNλ1 (Figure 8A). Thus, direct E2-ERα interactions can block IFNλ1 signaling and potentially inhibit the antiviral response.




Figure 8 | Estradiol (E2) inhibits IFNλ1-induced upregulation of OAS2 and ISG15 in ECC-1 cells and uterine epithelial cells via ERα. (A) Polarized ECC-1 cells (n = 3) or (B) uterine epithelial cells (n = 3) were pretreated with Raloxifene (Rx) (5x10-6M) for 1 hr prior to introduction of E2 (5x10-8M) for a subsequent 48 hrs. Following washout, Rx, E2 or IFNλ1 (500 ng/ml) were added to the cells in the combinations listed for a further 24 hrs prior to mRNA analysis of OAS2 and ISG15 expression by real-time RT-PCR. mRNA expression data is presented as mean-fold +/- SEM change in gene expression over untreated control and is normalized to the housekeeping gene β-Actin, and then further normalized to the untreated control whose value is set to 1. Wilcoxon matched-pairs signed rank test. *p < 0.05.



As a part of these studies, Rx was used to block E2 binding to ERα in primary uterine epithelial cells. As seen in Figure 8B, in primary epithelial cells Rx blocked the suppression of OAS2, and ISG15 by E2 following treatment with IFNλ1.



Progesterone Selectively Enhances Upregulation of ISG15 by Epithelial Cells

We then investigated whether P could modulate the IFNλ1-induced upregulation of MxA, OAS2, or ISG15. Epithelial cells and fibroblasts were treated with P (1x10-7M) for 48 hrs prior to treatment with IFNλ1 (500ng/ml) for a subsequent 24 hrs in the presence or absence of P. As seen in Figure 9, P had no effect on the IFNλ1-induced upregulation of MxA or OAS2 in either epithelial cells (Figures 9A, B) or fibroblasts (Figures 9D, E). However, P did significantly potentiate the upregulation of ISG15 by epithelial cells following IFNλ1 treatment (Figure 9C). In contrast, there was no effect of P on the IFNλ1-induced upregulation of ISG15 by fibroblasts (Figure 9F). Together this data shows that the effects of P are selective to specific ISGs and cell type.




Figure 9 | Progesterone (P) enhances IFNλ1-induced upregulation of ISG15 in uterine epithelial cells. Polarized uterine epithelial cells (A–C) (n = 6) or uterine fibroblasts (D–F) (n = 6) were pretreated with P (1x10-7M) for 48 hrs after which media was replenished in the presence or absence of IFNλ1 (500 ng/ml) for a further 24 hrs. During this period, P was maintained in the culture media. Subsequently, mRNA was analyzed for MxA (A, D), OAS2 (B, E), or ISG15 (C, F) expression by RT-PCR. Each symbol represents an individual patient. mRNA expression data is presented as mean-fold +/- SEM change in gene expression over untreated control and is normalized to the housekeeping gene β-Actin, and then further normalized to the untreated control whose value is set to 1. Wilcoxon matched-pairs signed rank test. *p < 0.05.






Discussion

We found that primary human uterine epithelial cells, uterine fibroblasts, and ECC-1 uterine epithelial cells rapidly upregulate IFNλ1 expression and secretion in response to the viral mimic poly (I:C), independently of E2 or P. The quantity of IFNλ1 secreted following poly (I:C) treatment was significantly greater by epithelial cells obtained from older women compared to younger women. In contrast, there was no effect of age on the secretion of IFNλ1 by fibroblasts. IFNλ1 in turn induced the expression of antiviral ISGs and viral PRRs in epithelial cells, but only weakly in fibroblasts. E2 inhibited the upregulation of MxA, OAS2 and ISG15 by IFNλ1 in epithelial cells via ERα but had no effect in uterine fibroblasts. Lastly, P had no effect on MxA and OAS2 expression by either epithelial cells or fibroblasts following IFNλ1 treatment. However, P did significantly increase the upregulation of ISG15 by epithelial cells following treatment with IFNλ1 compared to IFNλ1-treated cells alone.

A fundamental role of the innate immune system is the recognition and response to pathogens present in the external environment. As part of this response, the secretion of IFNs is essential for the induction and propagation of an immune response to viral pathogens via the upregulation of ISGs. We have shown, for the first time, that in response to poly (I:C), IFNλ1 is upregulated in primary uterine epithelial cells and stromal fibroblasts. These findings extend our understanding of the role of IFNλ1 since other studies have shown that poly (I:C) upregulates the expression of IFNλ1 in blood-derived dendritic cells, macrophages, microglia and epithelial cells (nasal, intestinal and alveolar) (13–15, 35). The upregulation of IFNλ1 in response to poly (I:C) demonstrates that IFNλ1 is a part of the early innate immune response to viral pathogens in the uterine endometrium. This builds upon our earlier studies showing that IFNβ (25) and IL-27 (26), which are also stimulators of ISG expression, are upregulated by poly (I:C) in uterine epithelial cells and fibroblasts. Together, these studies demonstrate that viral exposure in the uterine endometrium leads to an immune response characterized by the upregulation antiviral cytokines such as IFNλ1, IFNβ, and IL-27 which in turn can induce the expression of antiviral ISGs.

While the role of Type III IFNs in protecting the mucosal surfaces, particularly the gastrointestinal and lung mucosa is well established, increasing evidence demonstrates that Type III IFNs protect the FRT from incoming pathogens. Studies have shown that IFNλ1 protects the placenta from bacterial (36) and viral infections including ZIKV (17, 18). Blockade of Type III IFN signaling in an endocervical epithelial cell line leads to increased infection by HSV-2 (15). In addition, IFNλ1 and IFNλ2 also reduce HIV infection of macrophages, CD4+ T cells and peripheral blood lymphocytes (37–40). Thus, the potential exists for IFNλs to play a central role in determining the outcome of HIV transmission, as well as other STIs, that enter the FRT. While we have not addressed whether IFNλ1 secretion and signaling prevent infection by pathogens of uterine epithelial cells and fibroblasts, it is likely that the increased expression of ISGs creates an antiviral state within the cells that reduces the possibility of successful infection.

Aging is linked to altered immune function in the FRT (41) but whether increased age leads to a decrease in immune protection in the FRT is unclear. Previous studies by our group have shown that antibacterial activity of apical uterine epithelial cell secretions against Staphylococcus aureus decrease after menopause (42). In the current study, we show for the first time that increased age leads to an increase in IFNλ1 secretion by uterine epithelial cells, but not stromal fibroblasts, following stimulation with the viral mimic poly (I:C). The mechanism behind this increased secretion is unknown, but our observation could suggest that the contribution of IFNλ1 to antiviral protection of the uterine epithelium increases with age. Whether aging has a similar effect with other Type III IFNs requires further study. As we observed no effect of sex hormones on the secretion of IFNλ1, it is unlikely that the reduced levels of sex hormones in post-menopausal women are responsible for the increased secretion following poly (I:C) stimulation.

Since IFNλ1 is secreted apically but not basolaterally by uterine epithelial cells, our findings suggest that IFNλ1 secretion by an epithelial cell is primarily targeted towards adjacent epithelial cells lining the FRT to enhance intracellular protection following pathogen exposure. Additionally, increased IFNλ1 secretion by uterine epithelial cells may compensate for decreased immune protection elsewhere in the FRT (34, 41, 43). Further studies are required to understand the mechanistic basis for differential effects of menopause and aging on IFNλ1 secretion in the different tissues and cell types in the FRT.

In contrast to the increased secretion of IFNλ1 by epithelial cells with age, we found no effect of age on the sensitivity of both uterine epithelial cells and fibroblasts to IFNλ1 stimulation. This suggests that while the production of IFNλ1 by epithelial cells changes with age, the ability of IFNλ1 to induce an antiviral response does not, particularly since the expression of the Type III IFN receptors, IL28Rα and IL10Rβ, also do not change with age. The lack of an aging effect on IFNλ1-induced ISG expression in uterine epithelial cells and fibroblasts does not preclude age-dependent effects on IFNλ1 signaling in other cell types in the FRT, at other mucosal sites, or by other Type III IFNs. However, there are several important caveats to consider in our study. First, is our small population size, particularly for the IFNλ1 stimulation experiments, where we used epithelial cells and fibroblasts from 16 and 8 different women respectively. Given this small population size, and the wide range in ISG expression in our results, any aging effects may not be detectable unless a larger population cohort is used. Second, our analyses were performed after 24 hrs of IFNλ1 stimulation and more extensive time course studies may be useful to determine whether aging affects the response to IFNλ1 beyond 24 hrs, particularly since some studies suggest that Type III IFNs are important in maintaining the antiviral response over longer time periods (44, 45). Third, we used a high dose of IFNλ1 which may have masked any aging effects. Whether aging could exert an effect on gene expression in the presence of a lower concentration of IFNλ1 is important to define. Lastly, we measured ISG mRNA, but not protein, expression in response to IFNλ1 stimulation. While unlikely, it is possible that the mRNA expression does not correlate with protein levels. These questions should be addressed in future studies.

The premenopausal and pregnant uterine endometrium is exposed to changing concentrations of sex hormones that regulate multiple aspects of innate and adaptive immunity within the FRT, including cytokine and antimicrobial secretion, barrier function and immune cell numbers (1). While the secretion of IFNλ1 was unaffected by E2 or P, both hormones altered the actions of IFNλ1 on ISG upregulation in uterine epithelial cells. In response to IFNλ1, E2 suppresses the upregulation of OAS2, and ISG15 by uterine epithelial cells, while P enhances the expression of ISG15. That this stimulatory effect of P was not observed with MxA or OAS2 emphasizes the unique regulatory control of intracellular innate protection in epithelial cells by sex hormones. Others have shown that ISG15 is upregulated at the time of implantation (46, 47) which suggests that it may function in a way that transcends its antiviral effects (48). Our finding builds on this study by demonstrating that P can further increase ISG15 expression following IFNλ1 stimulation through direct effects on epithelial cells in the uterine endometrium. To the best of our knowledge, these findings are the first demonstration that the actions of IFNλ1 in the human uterus are regulated by sex hormones. This suggests that the contribution of IFNλ1 to innate immune protection may vary across the menstrual cycle and at different stages of pregnancy.

We have previously hypothesized that immune protection against HIV and other sexually transmitted infections is downregulated in the uterus at mid-secretory phase of the menstrual cycle (49). Several studies have shown that transmission of pathogens in the FRT varies with sex hormone levels and menstrual cycle stage. For example, vaginal infection of pigtail macaques by SHIV is higher during secretory phase than proliferative phase (50–52). Similarly, HIV infection is greater in cervico-vaginal explants recovered from secretory phase (51). In ovariectomized mice and in vitro there is increased vaginal HSV-2 transmission following treatment with progesterone (53, 54) while in other studies using ovariectomized mice treated with IFNλ1, vaginal, cervical, and uterine ZIKV infection was greater in mice treated with P alone, compared to mice treated with both E2 and P (55). Our findings suggest that the modulatory effect of sex hormones on the action of IFNλ1 can potentially decrease protection against incoming pathogens, and thus increase the risk of successful transmission of pathogens that enter the FRT. However, whether the IFNλ1-mediated antiviral response by uterine epithelial cells is capable of protecting the uterine endometrium against incoming pathogens, and whether its potential contribution changes across the menstrual cycle, is unknown and not addressed in our study. Future studies will need to address whether exposure to IFNλ1 prevents the infection of uterine epithelial cells and fibroblasts by relevant pathogens.

Beyond the FRT, whether sex hormones modulate IFNλ1-mediated responses at mucosal sites outside the FRT such as the lung, skin, and gastrointestinal tracts and thus alter protection against pathogens that enter at these surfaces remains to be determined but is of considerable importance given the ubiquity of pathogens that can enter the body at these locations. Recognizing that the FRT is exposed to higher levels of sex hormones than other mucosal surfaces (56–61), future studies will need to use lower doses of sex hormones that are representative of levels seen at these sites.

Of particular interest is whether, in addition to being upregulated as part of the innate immune response, the secretion or effects of IFNλ1 are increased at the time of implantation when the semi-allogeneic fertilized egg contacts uterine epithelial cells, fibroblasts and decidual cells at the implantation site. Basic reproductive processes are often accompanied by a limited degree of inflammation and Type I IFNs, such as IFNτ, are thought to be important in mediating uterine receptivity in mammals (62). In animal models, Type I IFNs such as IFNτ are upregulated to as part of the implantation process (63). In turn, IFNs induce ISGs such as ISG15 which are essential for successful implantation (46, 47). Since implantation occurs when P levels are high, this could explain why P enhanced the expression of ISG15 following stimulation of epithelial cells with IFNλ1. Whether Type III IFNs have a similar function in regulating the expression of a larger panel of ISGs as part of the reproductive process is unclear.

As part of the reproductive process, the immune system in the FRT is precisely regulated to achieve a balance between immune tolerance which allows the survival of allogeneic sperm and potentially a semi-allogeneic fetus, while maintaining immune protection against external pathogens. High levels of E2 as seen during ovulation and mid-secretory phase in the non-pregnant endometrium could reduce the innate antiviral response increasing the chances for successful fertilization. The dose of P (1x10-7M) at which we observed a stimulatory effect on IFNλ1-induced ISG15 expression is representative of levels at mid-secretory phase in the endometrium when implantation occurs. Therefore, P may modulate IFNλ1-induced ISG15 expression as part of a successful implantation program.

Through its intracellular receptors, E2 is a potent modulator of immune function in the FRT (1). Our investigation of the effects of E2 on IFNλ1-induced gene expression demonstrate reduced the upregulation of OAS2 and ISG15 by IFNλ1 via ERα. While the precise regulation of IFNλ1 signaling downstream of ERα remains unclear, binding of IFNλ1 to IL28Rα and IL10Rβ leads to the phosphorylation of JAK2 as part of the signal transduction cascade (64, 65). In HuH7 and T-47D cells, E2 inhibits growth hormone-induced signaling by preventing phosphorylation of JAK2 via upregulation of Suppressor of Cytokine Signaling (SOCS) 2 (66). Therefore, disruption of JAK-mediated signaling may be a possible mechanism for E2-mediated inhibition of IFNλ1 in uterine epithelial cells.

Consistent with our results previous studies have shown that IFNλ1 expression is regulated by Type I IFNs, and is therefore an ISG itself (31). This suggests that a Type I IFN response is necessary for optimal antiviral protection in uterine epithelial cells. Other studies have shown that ISG expression induced by Type I IFNs peaks earlier and higher than ISG expression induced by Type III IFNs which maintains the antiviral response for longer (44, 45). This suggests that Type I IFNs are responsible for the upregulation of ISGs early in the antiviral response, while Type III IFNs are responsible for increased duration of the antiviral response. Since our studies were performed over an acute timepoint (24 hrs), the possibility remains that IFNλ1 is necessary for long term upregulation of ISGs but is not necessary for the immediate upregulation of ISGs following poly (I:C) stimulation of uterine epithelial cells and fibroblasts. Future studies will need to address the effects of long-term IFNλ1 stimulation on ISG expression in the FRT.

Together our results demonstrate that the FRT is a unique mucosal site in which the endocrine and immune systems intersect to create a unique and complex immune environment that balances protection with procreation. IFNλ1 is an important component of innate immune protection within the human FRT against potential viral pathogens. The selective effects of E2 and P on IFNλ1 function suggests that the antiviral efficacy of IFNλ may vary in women with stage of the menstrual cycle. Since IFNλs are increasingly used in a therapeutic setting, it is important to understand how endogenous (E2 and P) and exogenous (contraceptives and hormone therapy) hormone exposure may alter IFNλ-mediated protection both in the FRT, and at other sites in the body in women of all ages.
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Supplementary Figure 1 | IFNλ1 upregulates MxA, OAS2, and ISG15 expression by ECC-1 cells but does not affect TER. ECC-1 uterine epithelial cells were treated recombinant human IFNλ1 (10, 100, 1000 ng/ml) for 24 hrs prior to analysis of gene expression by real-time RT-PCR (A) or transepithelial resistance (B). Data is shown as mean +/- SEM.

Supplementary Figure 2 | IFNλ1 has no effect on the secretion of HBD2, elafin, CCL20, RANTES, and CCL4 by uterine epithelial cells. Primary human uterine epithelial cells (n = 6) and fibroblasts (n = 5) were treated with recombinant IFNλ1 (500 ng/ml) for 24 hrs after which secretions were recovered and analyzed by ELISA. Data is shown as mean +/- SEM.
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A wealth of innate and adaptive immune cells and hormones are involved in mounting tolerance towards the fetus, a key aspect of successful reproduction. We could recently show that the specific cross talk between the pregnancy hormone progesterone and dendritic cells (DCs) is significantly engaged in the generation of CD4+ FoxP3+ regulatory T (Treg) cells while a disruption led to placental alterations and intra-uterine growth restriction. Apart from progesterone, also glucocorticoids affect immune cell functions. However, their functional relevance in the context of pregnancy still needs clarification. We developed a mouse line with a selective knockout of the glucocorticoid receptor (GR) on DCs, utilizing the cre/flox system. Reproductive outcome and maternal immune and endocrine adaptation of Balb/c-mated C57Bl/6 GRflox/floxCD11ccre/wt (mutant) females was assessed on gestation days (gd) 13.5 and 18.5. Balb/c-mated C57Bl/6 GRwt/wtCD11ccre/wt (wt) females served as controls. The number of implantation and fetal loss rate did not differ between groups. However, we identified a significant increase in fetal weight in fetuses from mutant dams. While the frequencies of CD11c+ cells remained largely similar, a decreased expression of co-stimulatory molecules was observed on DCs of mutant females on gd 13.5, along with higher frequencies of CD4+ and CD8+ Treg cells. Histomorphological and gene expression analysis revealed an increased placental volume and an improved functional placental capacity in mice lacking the GR on CD11c+ DCs. In summary, we here demonstrate that the disrupted communication between GCs and DCs favors a tolerant immune microenvironment and improves placental function and fetal development.
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Introduction

Over the course of gestation, the maternal immune system needs to adapt to the semi-allogenic fetus in order to prevent fetal rejection and promote successful pregnancy maintenance. Both, the innate and adaptive immune system are involved in a synergistic interplay of multiple processes occurring at the fetal-maternal interphase. Essentially hereby is the arrest of dendritic cells (DC) in a tolerogenic state (1, 2), the restricted migration of effector T cells to the feto-maternal interface along with the generation of Treg cells (2, 3). These processes are modulated by pregnancy hormones such as progesterone, glucocorticoids (GCs) and estradiol (4, 5). Although the significance of such hormone-immune cell communication is well established, specific insights on how hormones such as steroids modulate distinct cell subsets are still missing.

By using the cre/lox system, we have recently shown that the specific cross talk between progesterone and DC acts as a decisive factor for the establishment of maternal immune tolerance. Disruption of this cross talk resulted in an impaired maternal immune adaptation, reflected by a decline of tolerogenic DCs and decreased frequencies of CD4+ and CD8+ Treg cells in the uterus. These immune changes were accompanied by altered histomorphological features of the placenta and reduced fetal growth and development, which was independent of fetal sex and genotype (6).

Besides progesterone, other hormones, such as estradiol, human chorionic gonadotropin (hCG) and GCs, are known to affect immune cell functions (7). The latter is also increasing over the course of pregnancy, peaking at parturition (8). GCs acts via the intracellular glucocorticoid receptor (GR), which is expressed in almost every cell (9, 10). However, the functional role of GCs in the context of pregnancy and the establishment of immune tolerance to the fetus has not been comprehensively assessed.

Therefore, we established a mouse model, which allows assessing the impact of GCs in modulating DC function during pregnancy by generating a cell-specific knockout of the GR on DCs.



Materials And Methods


Generation of GRflox/floxCD11ccre/wt Mice

GRflox/flox mice (JAX stock #021021) carrying loxP sites flanking exon 3 of the nuclear receptor subfamily 3, group C, member 1 (Nr3c1) gene (11) and CD11ccre/wt mice (JAX stock #008068) expressing a cre recombinase under control of the integrin alpha X gene (Itgax or Cd11c) promoter region (12) were kindly provided by Manuel Friese (University Medical Center Hamburg-Eppendorf, Hamburg, Germany). In order to generate female mice lacking the GR on CD11c+ dendritic cells, GRflox/flox females and CD11ccre/wt males were mated in the Animal Facility of the University Medical Center Hamburg-Eppendorf (Figure 1A). Subsequently, male GRflox/wt CD11ccre/wt and female GRflox/wt CD11cwt/wt offspring were mated in order to generate GRflox/flox CD11ccre/wt and GRwt/wt CD11ccre/wt animals, respectively. Cre expression was always transmitted from the father in order to avoid a premature impact of an impaired GC-DC-cross talk. Hence, GRwt/wtCD11ccre/wt were obtained by mating male PRwt/wt CD11ccre/wt with PRwt/wt CD11cwt/wt females. For simplicity we will refer to them as WT mice. Mice with the conditional KO were maintained by mating GRflox/flox CD11ccre/wt males with GRflox/flox CD11cwt/wt female and we will refer to them as GRnegCD11c.




Figure 1 | Generation of a selective knockout (KO) of the glucocorticoid receptor (GR) on CD11c dendritic cells (DCs). (A) GRflox/flox mice were crossed with CD11ccre/wt transgenic mice resulting in recombination of the GRflox allele to a GR null allele (GRd) on CD11c+ cells. (B) The selective KO of the GR on CD11c+ cells was confirmed on DNA level. PCR amplicons were visualized using agarose gel electrophoresis and band sizes were 225 bp for the wildtype allele, 275 bp for the floxed allele, and 390 bp for the KO allele, respectively. (C) The selective KO of the GR on CD11c+ DCs harvested from WT and GRnegCD11c mice was confirmed on protein level by means of flow cytometry. Cells were preincubated with either progesterone or corticosterone to enable GR staining. Fluorescence intensity histogram confirms the presence (left) or absence (right) of the GR, respectively.



We are aware that the cre-lox system exhibit certain limitations such as the efficiency of target gene deletion, cre-mediated toxicity and undesired deletions (13). The latter two were avoided by using GRwt/wtCD11ccre/wt mice as controls. Consequently, both groups share the same potential cre-mediated toxicity burden.



Isolation of CD11c+ and CD11neg Cells

For the confirmation of the selective KO of the GR on CD11c dendritic cells, we harvested the spleen from WT and GRnegCD11c mice. Single cell suspensions were obtained as described previously (6). In brief: the tissue was mashed with the plunger of a sterile disposable syringe in circles through a 40 µm cell strainer (Falcon Cell Strainer 40 μm, BD Bioscience, VWR, Germany). The resulting cell suspension was centrifuged for 8 minutes with 450 x g at 4°C and the supernatant was discarded. A red cell blood (RBC) lysis was performed using RBC lysis buffer (eBioscience, San Diego, CA) according to the manufacturer’s instruction. After centrifugation the cell pellet was resuspended in PBS. CD11c+ and CD11neg cells were sorted using a FACS AriaFusion (BD Biosciences) to achieve highest purity.



DNA Isolation and Polymerase Chain Reaction (PCR)

DNA was isolated from mouse tail and CD11c+ and CD11cneg cells obtained from WT and GRnegCD11c mice using the DNeasy Kit (Qiagen) according to the manufacturer’s protocol. PCR analysis was performed as 3-Primer-PCR in 50 μl reactions using the Mastercycler® nexus GX2 (Eppendorf). The following primer sequences 5’-GGCATGCACATTACTGGCCTTCT-3’, 5’-GTGTAGCAGCCAGCTTACAGGA-3’ and 5’-CCTTCTCATTCCATGTCAGCATGT-3’ were ordered from TIB Molbiol. The PCR program consisted of initial 94°C for 10 min followed by 30 cycles: 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min. Amplicons were visualized using Agarose gel electrophoresis. Expected band sizes were 225bp for the wildtype allele, 275 bp for the floxed allele and 390 bp for the KO allele.



Timed Pregnancies

Eight to ten week old GRnegCD11c female mice with a C57Bl/6 background were allogenically mated overnight to Balb/c male mice. Aged-matched Balb/c-mated WT females served as controls. The presence of a vaginal plug in the morning was considered as gestation day (gd) 0.5. Maternal weight was controlled on gd 8.5 and 10.5 to confirm ongoing pregnancy. Animals were kept under 12 h light/dark cycles and received food and water ad libitum. All experiments were carried out in accordance with the animal ethics approval given by the State Authority of Hamburg (ORG_952).



Tissue Harvesting

Mice were anesthetized with CO2/O2 on gd 13.5 or 18.5, respectively. A blood sample was collected by retro bulbar puncture and subsequently mice were sacrificed by cervical dislocation. The harvested uterus-draining lymph node was kept in PBS on ice. The fetuses and corresponding placentas were isolated from the amniotic membranes. After assessment of fetal weight, fetuses were fixed with Bouin’s solution. The empty uterus was stored in HBSS on ice. Placentas were either stored at -20°C in RNAlater (Ambion by Life Technologies GmbH) for subsequent gene expression analysis or embedded in biopsy cassettes and stored in 4% Formaldehyde solution (36.5-38%, Sigma-Aldrich, St, Louis, US) for 24 h before transfer into 1% Formaldehyde solution for long-term storage and histological staining.



Pregnancy Outcome

Number of implantations and abortions were counted per pregnant female. The abortion rate was calculated by the following equation: (number of abortions/number of implantations) * 100.



Tissue Processing

Single cell suspensions of maternal lymph nodes and uteri were obtained as described before (6, 14). In brief, maternal lymph nodes were passed through a cell strainer and after centrifugation at 450 g for 8 minutes at 4°C, the cell pellet was resuspended in PBS. The uterus was enzymatically digested using 200 U/mL hyaluronidase (Sigma-Aldrich), 1 mg/mL collagenase VIII type (Sigma-Aldrich), and 1 mg/mL bovine serum albumin fraction V (Sigma-Aldrich) dissolved in 5 mL HBSS. Subsequently, the uterus was incubated twice for 20 minutes in a 37°C water bath with agitation. Intermediately, the solution was recovered and filtered through a mesh. The solution was centrifuged at 450 x g for 8 minutes at 4°C and resuspended PBS. PBMCs were isolated from blood samples by using 1x Red Blood Cell (RBC) lysis buffer (eBioscience, Invitrogen by Thermo Fisher Scientific) according to the manufacturer’s instructions. Lysis was stopped with PBS and subsequently, samples were centrifuged at 450 x g for 8 minutes at 4°C and resuspended PBS.

Number of viable leukocytes in all tissues was obtained by counting the cells using a Neubauer chamber upon adding Trypan Blue stain (0.4%, Life Technologies GmbH, Darmstadt, Germany).



Flow Cytometry

For flow cytometric analyses, 1.0x106 maternal lymph node and uterus cells and 0.5x106 PBMCs were used for immuno-phenotyping. Non-specific binding was blocked by rat anti-mouse CD16/CD32 Mouse Fragment crystallizable (Fc) Block (1:200, BD Bioscience) and Normal Rat Serum (1:100, eBioscience) for 15 min at 4°C. Subsequently, the cells were incubated with the respective antibodies for 30 min for surface and intracellular staining. Antibodies are summarized in Table 1. In order to identify dead cells, cells were simultaneously stained with eFluor 506 viability dye (eBioscience). For intracellular staining, cells were fixed and permeabilized using Foxp3 Fixation/Permeabilization Concentrate and Diluent (eBioscience) according to the manufacturer’s instructions.


Table 1 | Summary of antibodies used in the present study.



In order to quantify the expression of the GR by flow cytometry, 2x106 cells were first incubated with 10-6 M progesterone or corticosterone or only medium for 15 minutes, respectively. Subsequently, samples were blocked and stained with the respective surface markers for 30 minutes. Afterwards, cells were fixed and permeabilized as stated above and intracellularly stained with an anti-GR antibody directly labelled with AF488 for 30 minutes.

Flow cytometric data were acquired using a BD LSRFortessa II (BD Biosciences) and analyzed using FlowJo (Tree Star, Ashland, OR, USA).



Placental Histology

Paraffin embedded placentas were cut into 4 µm thick histological sections at the mid-sagittal plane using a microtome (SM2010R, Leica, Bensheim, Germany). Slides were dewaxed and rehydrated using xylene and ethanol. Masson-Goldner trichrome staining was performed following standard protocol (15). Subsequently, slides were scanned with a Mirax Midi Slide Scanner. Histomorphological analyses of placental areas were performed by two independent observers using Panoramic Viewer (3DHistech Kft. Budapest, Hungary).



Progesterone Analysis

Maternal blood samples were centrifuged at 10.000 g for 20 min at 4°C and the supernatant plasma was immediately frozen at -20°C. For progesterone analysis, plasma samples were diluted 1:200 using ELISA Buffer and measured with a competitive immunoassay (Progesterone ELISA Kit, Cayman Chemical, Michigan, USA) on a NanoQuant (Tecan Group AG, Männedorf, Switzerland) according to manufacturer’s instructions.



Theiler Scoring of Fetuses on gd13.5

Fetal development of mouse embryos was determined by investigation of Bouin-fixed fetuses under a Zeiss Stemi 2000-C stereomicroscope according to Theiler’s description (16). Main criteria to differentiate the developmental stages at gd 13.5 have been the formation of the pinna, fingers and feet, and the presence or absence of 5 rows of whiskers.



RNA Isolation and cDNA Synthesis

RNA from placenta tissue was isolated as described previously (6). Briefly, tissue was homogenized using micro packaging vials with ceramic beads (1.4 mm) in a Precellys® 24 Tissue Homogenizer (Peqlab). RNA isolation and DNA digestion were conducted by utilizing the RNeasy Plus Universal Mini Kit (QIAGEN) and DNA-free Kit (Applied Biosystems by Thermo Fisher) respectively. cDNA synthesis was conducted with random primers (Invitrogen by Thermo Fisher). Concentration and purity of RNA and cDNA were assessed employing the Multiskan SkyHigh Microplate Spectrophotometer (ThermoFisher Scientific).



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Gene expression analyses of placental tissue were carried out using gene expression assays (Applied Biosystems by Thermo Fisher) for the following targets: insulin like growth factor 1 (Igf1, Mm00439560_m1), hydroxysteroid 11-beta dehydrogenase (Hsd11b) 1 and 2 (Mm00476182_m1 and Mm01251104_m1), placental growth factor (Pgf, Mm00435613_m1), epidermal growth factor (Egf, Mm00438696_m1), vascular endothelial growth factor A (Vegf, Mm00437306_m1), B cell leukemia/lymphoma 2 (Bcl2, Mm00477631_m1) and soluble FMS-like tyrosine kinase 1 (sFlt1, Mm00438980_m1), heme oxygenase 1 (Hmox1, Mm00516005_m1), galectin-1 (Gal-1, Mm00839408_g1), and placental lactogen II (Prl3b1, Mm00435852_m1). RNA polymerase II subunit A (Polr2a, Mm00839502_m1) and ubiquitin C (Ubc, Mm02525934_g1) served as endogenous controls (17). All reactions were performed in 50 cycles using a standard two-step RT-PCR: initial 50°C for 2 min and 95°C for 10 min, 15 s denaturation at 95°C and 60 s annealing and extension at 60°C with the NanoQuant5 Real-Time PCR System (Applied Biosystems) and the corresponding software. The fold change of GRnegCD11c over WT control expression was calculated using the ΔΔCt method (18).



Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 7.0 (GraphPad Software, La Jolla, CA, USA). All results are expressed as means ± standard error of the mean (SEM). Means between groups were compared using Student’s t-test, after confirming Gaussian distribution.




Results


Confirmation of the Selective Knockout of the GR on CD11c+ DCs

First, we confirmed the selective knockout of the GR on CD11c+ DCs on DNA level. Therefore, we performed genotyping of tail biopsies and CD11c+ and CD11neg cells of WT and GRnegCD11c mice, respectively. The expected band size of amplicons from WT animals is 225 bp, a size of 275 bp was expected for the GRnegCD11c mice and could be confirmed (Figure 1B left). Subsequently, CD11c+ and CD11cneg cells were sorted from GRflox/flox animals with and without cre expression. PCR-based DNA segment amplification of sorted CD11cneg spleen cells from these animals resulted in the 275 bp amplicon. CD11cneg spleen cells from mice with the conditional knockout exhibit additionally a slight band at 390 bp, the expected band size of the KO allele, suggesting minor unspecificity. In contrast, PCR of sorted CD11c+ spleen cells from GRnegCD11c mice resulted in a 390 bp amplicon resembling the KO allele while the band for the floxed allele was mostly gone. These analyses confirmed the selective KO of the GR on DCs on a molecular level.

In order to confirm this selective KO also on the protein level, we used a monoclonal antibody against the GR for detection by flow cytometry. Splenic cells from WT and GRnegCD11c mice either remained unstimulated or were stimulated with progesterone and corticosterone, respectively, in order to ensure binding to the GR which was necessary for subsequent staining (19). Flow cytometry analysis demonstrated the presence of the GR on CD11c+ DCs derived from WT animals after stimulation with progesterone and corticosterone in comparison to unstimulated cells (Figure 1C). In contrast, CD11c+ DCs originating from GRnegCD11c mice failed to generate a positive GR signal confirming the selective KO (Figure 1C).



Selective Knockout of the GR on CD11c+ DCs Results in Improved Fetal Outcome

Pregnancy outcome assessed on gd 13.5 showed no differences between WT and GRnegCD11c dams with regards to the number of implantation (Figure 2A) and fetal loss rate (Figure 2B). However, fetal weight was higher in offspring derived from GRnegCD11c compared to WT mothers (Figure 2C). Representative photographs of fetuses from WT and GRnegCD11c female mice are shown in Figure 2D. The observed change in fetal weight was not dependent on fetal sex (Figure 2E) nor on fetal genotype, which is different between litter mates due to the heterozygosity of the cre (Figure 2F). Additionally, Theiler staging revealed a slightly advanced fetal development in GRnegCD11c dams (Figure 2G).




Figure 2 | Selective knockout of the GR on CD11c+ dendritic cells results in improved fetal outcome. WT and GRnegCD11c female mice were allogenically mated to Balb/c males and pregnancy outcome was assessed on gestational day (gd) 13.5, maternal phenotype is always indicated below: number implantation (A), abortion rate (B) and fetal weight (C). A representative picture from gd 13.5 fetuses of WT (left) and GRnegCD11c (right) mice is shown in (D), white line in the picture denotes 10mm. Fetal weight of fetuses from GRnegCD11c dams is further shown dependent on fetal sex (E) and fetal genotype (F). (G) Fetal development was scored on gd13.5 according to Theiler criteria. Scatter-bar-plots represent mean ± SEM, Student’s t test, **p ≤ 0.01. Each dot in the scatter plot represents a single animal.





Impaired Glucocorticoid-Responsiveness of CD11c+ DCs Improves Placenta Function

In order to assess the placental ratio (labyrinth/junctional zone) as a proxy for placental function, we performed Masson-Goldner trichrome staining on mid-sagittal sections on gd 13.5. We could observe that the overall placenta surface area was significantly increased in GRnegCD11c females compared to WT controls (Figure 3A). This increase was equally distributed between labyrinth and junctional zone, because both areas were detected to be enlarged also individually (Figures 3B, C). Consequently, the placental ratio did not differ between groups (Figure 3D). Representative photomicrographs from gd 13.5 placentas are shown in Figure 3E. These placental changes were not accompanied by changes in serum progesterone levels (Figure 3F).




Figure 3 | Impaired Glucocorticoid-Responsiveness of CD11c+ dendritic cells improves placenta function. WT and GRnegCD11c female mice were allogenically mated and placentas harvested on gestation day (gd) 13.5 were evaluated by Masson-Goldner trichrome staining allowing the differentiation of the labyrinth and junctional zone. Total placenta area (A), area of the labyrinth (B) and the junctional zone (C) have been assessed and the placental ratio (D, labyrinth/junctional zone) was calculated. (E) Representative photomicrographs illustrating mid-sagittal sections of gd 13.5 placental tissue from WT (top) and GRnegCD11c (bottom) mothers, black line in the picture denotes 1mm, blue lines encircle the labyrinth, green lines surround the junctional zone. (F) Plasma progesterone levels of WT and GRnegCD11c female mice on gd 13.5 as analyzed by ELISA. Scatter-bar-plots represent mean ± SEM, Student’s t test, *p ≤ 0.05. Each dot in the scatter plot represents a single placenta (A–D) or a single animal (F), respectively. (G) Heatmap summarizing the placental expression of insulin like growth factor 1 (Igf1), hydroxysteroid 11-beta dehydrogenase 1 and (Hsd11b1 and 2), placental growth factor (Pgf), epidermal growth factor (Egf), vascular endothelial growth factor A (Vegfa), B cell leukemia/lymphoma 2 (Bcl2), soluble FMS-like tyrosine kinase 1 (sFlt1), heme oxygenase 1 (Hmox1), Galectin-1 (Gal-1), and placental lactogen II (Prl3b1) calculated by qPCR from gd 13.5 placentas. The fold change over WT control expression was calculated using RNA polymerase II subunit A (Polr2a) and ubiquitin C (Ubc) as endogenous control and employing the δδCt method.



We further analyzed the differential expression of placental genes that have been linked to placental function (Figure 3G). Here, we could demonstrate that placental growth factor (Pgf), vascular endothelial growth factor A (Vegfa) and B cell leukemia/lymphoma 2 (Bcl-2) were significantly increased in placentas from GRnegCD11c mothers. In addition, hydroxysteroid 11-beta dehydrogenase 1 and 2 (Hsd11b1 and 2), heme oxygenase 1 (Hmox), and galectin-1 (Gal-1) showed a trend toward increased expression in GRnegCD11c placentas, but did not reach levels of significance. Insulin like growth factor 1 (Igf1), epidermal growth factor (Egf), soluble FMS-like tyrosine kinase 1 (sFlt1), and placental lactogen II (Prl3b1) were not affected by the selective KO of the GR on DCs.



Impaired Glucocorticoid-Responsiveness of CD11c+ DCs Mitigates a Pregnancy-Protective Immune Environment

Flow cytometry analyses were performed for PBMCs, the uterus-draining lymph nodes and leukocytes isolated from the uterus on gd 13.5. Frequencies of CD11c+ DCs are rather low in PBMCs and the uterus-draining lymph nodes. However, we did observe higher frequencies of CD11c+ DCs among PBMCs in GRnegCD11c dams compared to WT, which was not present in the uterus-draining lymph nodes. In comparison, CD11c+ DCs are more abundant in the uterus, but similar frequencies were detected in both groups (Figure 4A). The expression of co-stimulatory molecules were found to be differentially modulated, with an immature, tolerogenic phenotype of CD11c+ DCs more frequently present in cells derived from GRnegCD11c dams. MHCII co-expression was significantly decreased in PBMCs, while no changes could be detected in the uterus and the draining lymph node (Figure 4B). In contrast, the co-expression of CD80/86 was similar in PBMCs, but significantly reduced in the draining lymph node and the uterus itself (Figure 4C). Representative t-SNE plots are shown in Figures 4D.




Figure 4 | Impaired glucocorticoid-responsiveness of dendritic cells (DCs) beneficially affects maternal immune adaption. WT and GRnegCD11c female mice were allogenically mated and flow cytometric analysis of peripheral blood mononuclear cells (PBMCs), the uterus-draining lymph node (LN) and the uterus was performed on gestation day 13.5. Box plots present the frequencies of (A) CD11c+ DCs, (B) the co-expression of the major histocompatibility complex (MHC) II and (C) CD80 and CD86. Representative tSNE plots are shown in (D) Box plots present the frequencies of CD4+FoxP3+ Treg cells (E) and CD122+ expression in CD8+ T cells (F) of WT and GRnegCD11c mice. Representative TSNE are shown in (G) Box plots represent mean ± SEM, Student’s t test, *p ≤ 0.05, unless otherwise stated, cell frequencies are expressed as percentage of living CD45+ cells.



As immature, tolerogenic DCs are involved in the generation and activation of CD4 Treg cells, we further analysed the frequencies of this cell subset and identified increased frequencies of CD4+ FoxP3+ Treg cells among PBMC, uterus-draining lymph nodes and in uterus of GRnegCD11c dams compared to WT animals. However, levels of significance were not reached in PBMCs (Figure 4E). In addition, we could also detect increased CD122+ expression on CD8 T cells in PBMCs and the uterus-draining lymph node of in GRnegCD11c mothers, but not in the uterus (Figure 4F). Representative t-SNE plots are shown in Figure 4G.



Improved Fetal and Placental Outcomes Remains Till the End of Pregnancy

In order to evaluate if the observed immune and placental alterations are carried through until the end of pregnancy, we also assessed the reproductive outcome on gd 18.5. Similar to gd 13.5, we did not observe changes in implantation rate (Figure 5A) and abortion rate (data nor shown) between GRnegCD11c and WT dams. However, fetal weight was again significantly higher in offspring from GRnegCD11c mother compared to WT dams (Figure 5B). Opposed to the observations on gd 13.5, placental morphology showed no differences in the overall placental surface area on gd 18.5 in GRnegCD11c and WT dams (Figures 5C). However, we did observe a skew toward an increased labyrinth at the expense of the junctional zone in GRnegCD11c females, compared to WT females (Figures 5D, E) resulting in a significantly increased placental ratio (Figure 5F) (20). Representative photomicrographs from gd 18.5 placentas are shown in Figure 5G.




Figure 5 | Improved fetal and placental outcome due to an impaired glucocorticoid-responsiveness of CD11c+ dendritic remains till the end of pregnancy. WT and GRnegCD11c female mice were allogenically mated to Balb/c males and pregnancy outcome was assessed on gestational day (gd) 18.5: number implantation (A), fetal weight (B) and overall placental area (C). Area of the labyrinth (D) and the junctional zone (E) have been assessed and the placental ratio (F) was calculated. (G) Representative photomicrographs illustrating mid-sagittal sections of gd 18.5 placental tissue from WT (top) and GRnegCD11c (bottom) mothers, black line in the picture denotes 1mm, blue lines encircle the labyrinth, green lines surround the junctional zone. Scatter-bar-plots represent mean ± SEM, Student’s t test, *p ≤ 0.05, ***p ≤ 0.001. Each dot in the scatter plot represents a single animal (A, B) or a single placenta (C–F), respectively.






Discussion

In the context of reproduction, maternal GCs are well known for their crucial role accommodating the maternal energy demand associated with pregnancy (21). GC also promote fetal lung maturation, which mitigates neonatal survival after birth. The latter has been observed in knockout mice, where offspring lacking the GR showed a severe lung phenotype and a 100% mortality at birth or shortly afterwards (22, 23). Consequently, GR knockout mice were identified not to be a suitable research tool. Hence, the availability of GRflox/flox mice became essential to investigate GC-dependent pathways in highly target-specific approaches (11). However, investigations of cell- or tissue-specific function of the GR in the reproductive system is still very limited. To date, GRflox/flox mice had been used to selectively deplete the GR in the uterus, which led to subfertility due to defects in implantation-related to inadequate remodeling of the endometrial stroma (24).

DCs have been shown to play a crucial role for pregnancy success as depletion of uterine DCs was associated with impaired decidual proliferation and differentiation as well as with perturbed angiogenesis leading to fetal resorptions (25). An impaired progesterone-DC cross talk is associated with intra-uterine growth restrictions, while implantation remains unaffected (6). Conversely, the disruption of GC action on DCs resulted in an improved fetal growth and placental formation, as shown in our present study.

Similar to progesterone, GCs can exert strong immuno-modulatory functions, ranging from pro- to anti-inflammatory effects (26). It is argued that GC-mediated pro-inflammatory activity is essential to respond sufficiently to pathogens (27) and that GC deficiency is associated with a defective immune response and recurrent infections (28). However, preliminary results on H1N1 influenza virus infection of pregnant GRnegCD11c mice did not indicate an increased morbidity (data not shown). The anti-inflammatory effects of GCs are generally more widely accepted. These effects include the induction of apoptosis of T and B cells, mature dendritic cells, basophils, and eosinophils (29) or the re-establishment of tissue homeostasis after inflammatory processes (30) by repressing pro-inflammatory genes encoding cytokines, chemokines, cell adhesion molecules and inflammatory enzymes (26). Further, GCs are reported to drive macrophages toward the M2 phenotype (31) and to prevent the differentiation and maturation of DCs (32). In our study, also mice lacking the GR on DCs exhibit a reduced expression of maturation marker and co-stimulatory molecules on DCs. These contradictory findings to previously published findings of a decreased GC-induced maturation of DCs (32) may be explained by the unilateral perspective of an in-vitro study while our in-vivo model considers the complexity of the endocrine and immune system in its entirety. Hence, although the communication between GCs and DCs via the GR is blocked, potential negative consequences might be outshined by alternative pathways.

In order to evaluate the impact of steroids on DC function during pregnancy, we previously investigated the consequences of an impaired progesterone responsiveness of DCs during pregnancy, taking advantage of the selective knockout of the PR on CD11c+ DCs in mice (6). Interestingly, almost all effects we observed in this previous study regarding fetal growth, placenta formation and maternal immune adaptation represented to be the direct opposite to the findings of our present study, as depicted in Figure 6A. Initially it may be confusing that two steroid hormones, which exhibit the same immunomodulatory phenotype towards immune tolerance, show opposite effects when they are depleted individually. Hereby, receptor availability and affinity might play a role. While the GR is almost ubiquitously expressed on all immune cells (9), the expression of the PR on T cells and NK cells is still not conclusively clarified (33, 34). Hence, while a hormone mediated immune response via the GR might be utilized with T cell and NK cell, that alternative option may be limited for the PR. On the other hand, GC exert their function mainly via binding to the GR with a relative binding affinity (RBA) of 100% for dexamethasone or 85% for corticosterone (35), but alternative receptors such as membrane progestin receptors (mPR), progesterone receptor membrane components (PGRMC) or even the PR [RBA of 0.2% for Dexamethasone (36) and 2.6% for corticosterone (35)] only play a minor role (37). In contrast, progesterone can bind with highest affinity to the PR (RBA 100%), but also to the GR (RBA between 1-6% (38) or 40% (36) and the mPR and PGRMC (33, 34). Another signaling pathway of progesterone and GC is effected by means of the mineralocorticoid receptor and both hormones show similar RBAs of 22% for progesterone, 21% for dexamethasone and 18% for corticosterone in comparison to aldosterone (35). Consequently, it seems that progesterone has more options to ensure its function than GCs. The expression of mPR and PGRMC on DCs has not been clarified yet. Considering these receptors might not be expressed on DCs, the negative effect of an impaired progesterone-responsiveness of DCs on fetal development could be explained.




Figure 6 | A graphical summary comparing (A) the effects of a dendritic cell (DC)-specific knockout of the progesterone receptor (PR, left) and the glucocorticoid receptor (GR, right) and (B) potential compensatory pathways available to the immune system. (A) The inability to respond to either progesterone (P4) or glucocorticoids (GC) resulted in opposite effects regarding fetal growth and development, placental histomorphology and function, the immune cell phenotype of DCs and the generation of pregnancy-protective CD4+ and CD8+ regulatory T cells, respectively. Left: The conditional knockout of the PR on DCs led to a significantly reduced fetal weight and histomorphological and functional impairment of the placenta. Immune adaptational processes were negatively affected as observed by an increased frequency of co-stimulatory molecules CD80/86 on CD11c+ DCs along with reduced frequencies of CD4+ FoxP3+ and CD8+ CD122+ regulatory T (Treg) cells, although serum progesterone concentrations were elevated (6) Right: In contrast, the conditional knockout of the GR on DCs improved fetal growth and placenta function. An augmented tolerant immune microenvironment was demonstrated by decreased expression of co-stimulatory molecules major histocompatibility complex (MHC) II and CD80/86 on CD11c+ dendritic cells and increased frequencies of CD4+ and CD8+ Treg cells despite similar serum progesterone levels. (B) The inability of progesterone or glucocorticoids to exert their function via the preferred receptor may foster the utilization of compensatory pathways. Left: A dysfunctional PR can be partly compensated by progesterone and glucocorticoids acting via the GR. Right: The binding affinity of glucocorticoids to the PR is rather low, but a disrupted GR may be counterbalanced by progesterone binding to the PR. Additionally, hormonal signaling directly via T cells and natural killer (NK) cells may be feasible, although the expression of the PR on T cells and NK cells is still debatable. Pgf, placental growth factor; Vegfa, vascular endothelial growth factor A; Gal1, galectin-1; Hmox1, heme oxygenase 1.



Another explanation may be indirect compensatory mechanisms and the efficiency of progesterone and GC action on DCs. A disrupted progesterone-DC cross talk via the PR cannot be compensated by GCs and progesterone acting via the GR (Figure 6B). Hence, although GCs exhibit immunomodulatory function towards immune tolerance, it might not be as efficient as progesterone. In addition, the binding affinity of progesterone to the GR may be too low to compensate for the missing PR, although increased serum progesterone level have been observed (6). As a result, the expression of co-stimulatory molecules on DCs is not suppressed leading to a reduced generation of regulatory T cells which negatively affects placental vascularization and fetal development.

In contrast, a disrupted GC-DC cross talk via the GR may be overcompensated by progesterone acting via the PR (Figure 6B). This would strengthen the significance of our previous findings (6) and highlights that progesterone-DC cross talk is crucial for the induction of a tolerogenic DC phenotype (6, 39, 40). In this context, also the previously described Gal-1-mediated induction of tolerogenic DCs (2), which subsequently leads to CD4+ Treg expansion, may be primarily progesterone dependent as placental expression of Lgals-1 is increased in GRnegCD11c mice. Further, placental Hmox1 expression does not seem to be exclusively dependent on progesterone or the PR, respectively, as suggested by our previous findings (15), but may be specifically enabled by a functional progesterone-DC cross talk. Consequently, increased placental Hmox1 expression observed in GRnegCD11c mice might induced CD8+ CD122+ Treg cell generation supporting fetal development.

Concurrently, also placental formation and functionality was improved in GRnegCD11c mice which could also be explained by increased placental Hmox1 expression (15). Overall placental size is increased on gd 13.5, equally distributed between labyrinth and junctional zone. In contrast, towards the end of pregnancy there is a shift towards the labyrinth at the expense of the junctional zone, but equal overall placenta size. Since the placenta is not fully developed before gd 14.5 (41), differences in placental size may result from different rates of placental development due to hormone-mediated signaling (Figure 6). Subsequently, extensively branched villi in the labyrinth are formed by the trophoblast and fetal vasculature until birth (42) to further supports fetal supply with nutrients and oxygen while coincidently the impact of hormone production in the junctional zone may be receding in importance.

Interestingly, in both conditional KO mice, GRnegCD11c and PRnegCD11c, we observed an increased placental expression of Pgf, suggesting that progesterone as well as GCs are able to upregulate PGF to promote placental angiogenesis, especially low resistance vascular network during mid- to late pregnancy (43). In contrast, VEGF, another endothelium-specific molecule supporting placental vasculogenesis by initiating the branching of blood vessels, was only found to be upregulated in GRnegCD11c mice and downregulated in PRnegCD11c mice, suggesting the necessity of a progesterone-DC mediated induction of placental Vegfa expression.

GCs are critically required to ensure reproductive success (7). Hereby, levels of GCs need to be tightly regulated. Sufficient levels are necessary to meet the increasing energy demands throughout pregnancy (8) hereby avoiding fetal growth impairment. Further, GCs are needed for fetal organ maturation, e.g. the lung (44) and even clinically utilized to improve intra-uterine environment before conception (45) and to improve neonatal outcome by threatening preterm labor (46). However, on the other hand, excess levels of GCs, e.g. due to maternal stress perception during pregnancy, lead to adverse fetal outcome such as intra-uterine growth restriction (8) and dysfunction of the cardiovascular, metabolic, endocrine, nervous, and reproductive systems later in life of the offspring (47). Further, progesterone levels are reduced by prenatal stress which may account for the attenuation of the maternal immune system to establish fetal tolerance (15). Hence, the interaction of GCs and progesterone in a cell-specific manner and their involvement in generating immune tolerance towards the fetus needs further investigation. It would be too easy to conclude that a disrupted communication between progesterone and DCs is detrimental and vice versa the knockout of the GR on DCs would be beneficial for pregnancy. In order to further elucidate the mechanisms of a DC-mediated adaptive immune response during pregnancy, a PR and GR double knockout on dendritic cells with subsequent specific cell transfers might facilitate such investigations in mice. Recently, we already proposed that a tight equilibrium between progesterone and GCs may be critically required to ensure a tolerogenic immune profile to promote placental vascularization and healthy fetal growth while a disequilibrium might lead to an altered intrauterine immune profile and subsequently cause placental insufficiency and pregnancy complication (37). This notion is now underpinned by scientific data presented here and in our previous paper (6).

In summary, we successfully generated a DC-specific knockout of the GR in mice by utilizing the cre/flox system. We could demonstrate that an impaired GC-responsiveness of DCs facilitates the generation of pregnancy-protective CD4+ and CD8+ Treg cells, leading to improved placentation and fetal development. However, these effects may be mediated by compensatory mechanisms of progesterone acting via the PR. The potential role of GCs for the induction of immune tolerance during pregnancy needs further clarification, which also includes the impact of estrogens which exhibits antagonistic features in the uterus (48) and the impact of the mineralocorticoid receptors (49). The identification of underlying mechanisms of tissue-specific effects of GCs may also improve selective glucocorticoid therapies during pregnancy.
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Successful implantation requires the coordinated migration and invasion of trophoblast cells from out of the blastocyst and into the endometrium. This process relies on signals produced by cells in the maternal endometrium. However, the relative contribution of stroma cells remains unclear. The study of human implantation has major technical limitations, therefore the need of in vitro models to elucidate the molecular mechanisms. Using a recently described 3D in vitro models we evaluated the interaction between trophoblasts and human endometrial stroma cells (hESC), we assessed the process of trophoblast migration and invasion in the presence of stroma derived factors. We demonstrate that hESC promotes trophoblast invasion through the generation of an inflammatory environment modulated by TNF-α. We also show the role of stromal derived IL-17 as a promoter of trophoblast migration through the induction of essential genes that confer invasive capacity to cells of the trophectoderm. In conclusion, we describe the characterization of a cellular inflammatory network that may be important for blastocyst implantation. Our findings provide a new insight into the complexity of the implantation process and reveal the importance of inflammation for embryo implantation.
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Introduction

Despite advances in fertility treatments and assisted reproductive technologies (ART), infertility is still a major global health concern that affects nearly 15% of all couples (1–4). Embryo implantation is an essential prelude for successful pregnancy. Nevertheless, implantation failure is the most common fate of the human embryo (5) and recurrent implantation failure (RIF) is one of the most frequent causes of infertility (6, 7). Implantation will only take place in a receptive uterus thus, endometrial uterine receptivity is still the major rate limiting factor for successful pregnancies (2, 8, 9). The endometrium becomes receptive between days 19 – 23, of a normal human menstrual cycle, which is referred to as the window of implantation (WOI). This window is induced through increased levels of 17-b-estradiol and progesterone and results in several endometrial changes (10–12). Endometrial receptivity requires a well-orchestrated interplay of various cell types, such as epithelial cells (hEC), stromal (hESC), immune cells, and trophoblasts. Furthermore, several different cellular components, including cytokines, chemokines, growth factors, and adhesion molecules, are required for implantation (8, 13, 14).

Implantation can be divided into 4 unique stages: apposition, attachment, migration, and invasion (15). Apposition takes place generally about 2-4 days after the morula enters the uterine cavity and it is associated with blastocyst differentiation into an inner cell mass (embryo) and the trophectoderm (placenta). During the attachment phase, the layer of mucin on the epithelial cells is removed, which allows trophoblasts to attach to the receptive endometrial epithelium (16). Attachment is facilitated by the expression of various adhesion molecules on the blastocyst and uterus, including integrins, cadherins, selectins, and immunoglobulins (15, 17, 18). The next two steps are invasion and migration. These two processes involve the movement of trophoblasts out from the trophectoderm of the blastocyst and into the stroma through a chemotactic gradient (19, 20). While invasion and migration are closely related events, there are distinct differences between these two stages (21). While cell migration is the directed movement of cells in response to a chemical response (e.g. chemokines); invasion is the ability of cells to become motile and to navigate through the extracellular matrix within a tissue (22–24). Cell migration is a multi-step process while invasion proceeds through ECM degradation and proteolysis (25). Cell migration is important for tissue formation during embryonic development, wound healing, and immune response while invasion is important in tumor progression (26). Notably, both processes, migration and invasion, are present during embryo implantation. Unfortunately, it has being a challenge to understand how physical, chemical, and molecular aspects regulate and affect cell motility; therefore in vitro assays are excellent approaches to extrapolate to in vivo situations and study live cells behavior.

Another important characteristic for a successful implantation is inflammation (27). An inflammatory microenvironment within the stroma of the uterus has been shown to be highly critical for implantation (8, 28, 29). Different immune cells will migrate to the site of endometrium and site of implantation, such as macrophages (MAC), dendritic cells (DC), and natural killer cells (NK) (8). Moreover, the receptive endometrium will express different cytokines, chemokines, growth factors, and adhesion molecules; all of which are thought to be directly or indirectly necessary for implantation (30–32). The changes detailed above will facilitate proper embryo-endometrium interaction and, thus, enable implantation (33, 34). Alterations in any of these factors will negatively affect implantation and lower the chances of pregnancy.

Inflammation is a critical component of the wound/repair process by promoting the recruitment of immune cells, neovascularization and differentiation of stem cells (35). It has being postulated that a biopsy of the endometrium triggers an wound/repair inflammatory process that indirectly resembles the natural inflammation necessary for blastocyst implantation (8, 29) and consequently enhance uterine receptivity, which lead to increased pregnancy rates (14, 36–40). Gnainsky et al. reported an increased expression of pro-inflammatory cytokines, including GRO-α, IL-15, MIP-1B, and TNF-α in endometrium samples from biopsied women (14). Importantly, these women were more likely to have a successful pregnancy. Consistent with a wound/repair proinflammatory environment, endometrial biopsy increases the number of immune cells near the site of implantation; particularly DCs and macrophages (41), which are critical for the removal of the mucin layer on the epithelium (42). Depletion of uterine DCs (uDC) is associated with impaired decidual proliferation and differentiation, as well as perturbed angiogenesis (42).

TNF-α plays a pivotal role in early implantation (34, 43–45) and it is expressed by local macrophages or endometrial epithelial cells (46–50). TNF-α receptors, TNFR1 and TNFR2, are both expressed by majority of endometrial cells taking part in inflammatory processes but is found preferentially in endometrial stroma cells (51–54). Gnainsky et al. showed that conditioned media from TNF-α treated hESC that were isolated from IVF patients on days 12 and 21 of a spontaneous menstrual cycle are capable of increasing monocyte recruitment and differentiation into dendritic cells, thus leading to higher expression of adhesion molecules and downregulation of adhesion-interfering factors on HECs (14). Moreover, the presence of monocyte-derived macrophages is associated with an upregulation of implantation-associated genes (14). Therefore, the presence of inflammation-associated cellular and secreted factors is beneficial for the process of early implantation and further pregnancy success (8, 14) and any type of manipulation, such as biopsy, that could restore/promote the inflammatory process will impact the preparation of the endometrium for embryo implantation. However, the mechanisms by which stroma derived inflammation promotes a successful implantation is not clearly defined.

A large gap in knowledge in the field of reproductive sciences is the pathology and mechanisms behind a non-receptive endometrium. Furthermore, the effects of a non-receptive endometrium on trophoblast function and differentiation are poorly understood. Ethical restraints and a lack of alternative methods have delayed and even precluded studies on embryo-uterine interactions in humans. In order to overcome these limitations, we developed 3D in vitro models to evaluate the interaction between trophoblasts and stromal cells, which may help us to elucidate the molecular mechanisms of early implantation (19).

In this study we tested the hypothesis that TNFα promotes the expression of inflammatory factors by endometrial stroma cells in order to foster trophoblast differentiation acquiring the capacity to migrate and invade the uterine compartment. The objective of this study was to elucidate the inflammatory signals that regulate trophoblast migration and invasion. Using a 3D model, we demonstrate that TNF-α enhances hESC secretion of inflammatory cytokines and chemokines that promotes trophoblast migration and invasion.



Materials and Methods


Human Samples

Human peripheral blood mononuclear cells (PBMCs) were isolated from whole blood obtained from consenting healthy non‐pregnant female donors as approved by the Human Investigation Committee of the Yale University Institutional Review Board (IRB) with no written consent requirement (#20000021607).



Reagents

Dulbecco’s Modified Eagle’s medium (DMEM), McCoy’s 5A medium, and RPMI-1640 medium, OptiMEM medium were purchased from Thermo Fisher Scientific (Waltham, MA, USA). DMEM/F-12 from Invitrogen (Life Technologies, Inc., Carlsbad, CA), heat-inactivated fetal bovine serum (FBS) from Sigma-Aldrich (St. Louis, MO, USA), Charcoal dextran-stripped heat-inactivated FBS from Gemini Bio Products (West Sacramento, CA, USA).



Cytokines and Antibodies

Human TNF-α (Cat. No. 300-01), GM-CSF (Cat. No. 300-03), GCSF (Cat. No. 300-23), IP-10 (Cat. No. 300-12), and RANTES (Cat. No. 300-06) were purchased from PeproTech (Rocky Hill, NJ, USA). Human TNFR1 (Cat. No. L-005197-00-0005), TNFR2 (Cat. No. L-003934-00-0005), and non-targeting control (NTC; Cat. No. D-001810-10-05) ON-TARGET plus SMART pool small interfering RNA (siRNA) were obtained from GE Healthcare Dharmacon (Little Chalfont, UK). The predesigned 384-well Cytokines and Chemokines panel assay (Cat. No. 10034472) was purchased from BioRad Laboratories (Hercules, CA, USA).



Luminex Multiplex Assay

After culture and treatment, the supernatant was collected, centrifuged, aliquoted, and stored until use. The samples were thawed only once immediately prior to running the assay. The samples were run on the Luminex Multiplex Assay (R&D Systems, Minneapolis, MN) for the following cytokines and chemokines: GROα, IL-1β, IL-6, IL-8, IL-10, IL-12, IL-17, G-CSF, GM-CSF, IFN-γ, CXCL-10,CCL2, MIP-1α, MIP-1β, RANTES, TNF-α, and VEGF.



Cell Lines

The cell lines used in the experiments were the first trimester trophoblast cell line Swan 71 (55); Immortalized human endometrial stromal cells (hESC) (56–58) and endometrial epithelial cells (HEC-1A and RL95-2) obtained from ATCC. hESC were grown in DMEM medium, Swan 71 and RL95-2 were grown in DMEM-F12 medium, while HEC-1A were grown in McCoy’s 5A medium with additional 10ug/mL insulin and cultured at 37°C with 5% CO2. All the complete culture media were supplemented with 10% FBS, 1000 U/ml penicillin, 100 ug/ml streptomycin, 10 mM HEPES, 100 nM non-essential amino acids, and 1mM sodium pyruvate.



Formation of Blastocyst-Like Spheroids

BLS were obtained as previously described (19), In brief, first trimester trophoblast Sw.71 cells were trypsinized and then 4,000 of these cells were added to each well of a Costar ultra-low attachment 96-well microplate (Corning Incorporated, Corning, NY, USA). Cells were incubated for 48 hr until achieved a compact morphology (spheroid). Morphology was monitored using the IncuCyte Zoom (Essen Biosciences, Ann Arbor, MI, USA). The differential cellular characteristics of trophoblast cells as a 3D model or monolayer are described in details elsewhere (19).



Isolation of Peripheral Blood Mononuclear Cells

Human peripheral blood mononuclear cells (PBMCs) were isolated from normal non-pregnant female donors via density centrifugation. Briefly, whole blood collected in EDTA-coated vacutainers was diluted 1:2 with PBS and carefully overlayed into a tube containing equal volume of Lymphoprep™ (StemCell Tech, Vancouver, CA). Cells were spun at 2000 rpm without brake and acceleration for 25 mins at room temperature with resultant mononuclear cells harvested from the interface of plasma and Lymphoprep™ and washed twice with large volumes of PBS.



B Cell, T Cells and Macrophage Cells Isolation

B cells were then purified by negative selection from the PBMCs using the MojoSort™ Human Pan B Cell Isolation Kit (BioLegend, San Diego, CA, USA) following the manufacturer’s instructions, resulting in highly purified population of CD19+ Cells (> 90% purities) (59). T cells were purified from isolated PBMCs by negative selection using the EasySep™ Human T cell Isolation Kit (StemCell Tech) following the manufacturer’s instructions resulting in purity of >95% CD3+ cells. CD14+ monocyte isolation was performed as previously described (60). Briefly, peripheral mononuclear cells were separated using the density centrifugation technique with lymphocyte separation medium. CD14+ monocytes were further isolated by magnetic affinity cell sorting using an EasySep™ human CD14 positive selection kit II (EasySep, Vancouver, CA, USA).



Generation of hESC and HEE Cells Conditioned Media Preparation

hESC and HEE cells were plated at 5×10^5 cells/100 mm dish with 10% FBS DMEM-F12 media and allowed to attach overnight. Media was then changed to 1% FBS DMEM-F12 media and incubated for 48 hrs. Cell supernatant was collected and spun down to remove any cellular debris. Cell free supernatant was aliquoted and stored at -80°C until use.



Generation of Naïve B-Cell and T-Cell Conditioned Media

CD19+ B cells and CD3+ cells T cells were resuspended in RPMI-1640 media with 10% FBS (Gibco Invitrogen, Carlsbad, CA, USA) and seeded at 1 x 106 cells/well in a 24-well flat-bottom plate and incubated at 37°C with 5% CO2. After 24hr, cells were centrifuged at 1500 RPM for 5 minutes and changed to 1% FBS RPMI Medium for 24 hours. Cell supernatant was collected and spun down to remove cellular debris in the collection of cell-free supernatant.



Generation of Macrophage Conditioned Media

CD14+ monocytes were resuspended in DMEM/F-12 media supplemented with 1% FBS and 10ng/ml GM-CSF and seeded at 2 x 106 cells/well in a 6-well flat-bottom plate at 37°C with 5% CO2. Media and GM-CSF were refreshed every 2 days for a total of 6 days. Cell supernatant was collected and spun down to remove cellular debris in the collection of cell-free supernatant.



Wound Assay

hESC and HEC-1A cells (80,000 cells/well) were plated in a 24-well Image Lock Plate (Essen Bioscience). After 24 h, the 100% confluent cells were wounded using a semi-manual wound maker tool (61). Wound width was calculated by imaging plates using the Incucyte system (Essen Instruments), during around-the-clock kinetic imaging. After wound, cells were washed once with 1X PBS to remove dislodged cells and media was replaced with phenol red-free media containing 10% stripped heat-inactivated FBS supplemented as described in cell culture conditions. Conditioned Media (CM) was collected at 6 and 24 hr following scratch, and cells were lysed for RNA isolation.



Trophoblast Migration Assay

A total of 200,000 hESC Cells or 200,000 HEC-1A were cultured in a 6-well plate for 24 hours in 1% FBS DMEM/F-12 medium. Single BLS was transferred into individual wells of a flat-bottom, tissue-culture treated 96-well plate (Corning Incorporated) containing 200 µL control or conditioned media from hESC or HEC-1A cells. Attachment and migration of the BLS to the well surface was monitored by live imaging using the IncuCyte Zoom (19). The extension of trophoblast migration was determined by measuring the radius of migrated trophoblast cells out of the center of the spheroid. The diameter of the original spheroids and the expansion (radius) were measured and quantified by Incucyte Zoom software (Sartorius, 2015A).



Trophoblast Invasion Assay

HEC-1A cells or hESC transfected with TNFR1 or NTC siRNA hESC cells were plated in flat bottom 96‐well plates (Corning) for 24 hours. Matrigel (Corning) was then diluted at a 1:1 ratio with 10% FBS DMEM growth medium and added on top of the HEC-1A or hESC monolayer. Following the addition of Matrigel, the 96-well plate was returned to the 37°C incubator for 30 minutes or until the Matrigel had solidified. Then, a single BLS was transferred to the top of the Matrigel layer in a volume of 150 μL DMEM‐F12 growth medium. Images were taken every 24 hours to monitor the invasion of trophoblast cells from BLS using the Echo Revolve Microscope (Echo Laboratories, San Diego, CA, USA) (19). The number of invading cells (BLS projections) were quantified by using Fiji Image J(GPL v2) for the analysis.



RNA Interference

hESC cells that were plated to approximately 70% confluency were transfected with TNFR1, TNFR2, or NTC siRNA using DharmaFECT 1 transfection reagent as recommended by the manufacturer (GE Healthcare Dharmacon). The following day, cells were passaged for experimental endpoint.



RNA Isolation and Quantitative RT-PCR Analysis

Total RNA was harvested from hESC and HEC-1A cells using the QIAGEN RNeasy mini kit and RNase-Free DNase Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. RNA samples were quantified using the Nanodrop One spectrophotometer (ThermoFisher). The purity of the RNA was assessed through the A260/A280 and A260/A230 levels. Individual mRNA abundance was determined using TaqMan one-step RT-PCR procedures on the CFX Connect Real-Time System (Bio-Rad Laboratories). Primer-probe sets for TaqMan assays were purchased from Applied Biosystems (ThermoFisher). Relative expression values for each gene were calculated using a standard curve and the reference gene peptidylprolyl-isomerase B (PPIB). Transcript levels of specific cytokines and chemokines were measured in hESC transfected with TNFR1 or NTC siRNA and treated for 6 hr with TNF-α using a predeveloped human cytokine and chemokine 384-well panel assay from Bio-Rad Laboratories. Assay data was analyzed using the delta-delta Ct method with Bio-Rad CFX Manager 3.1 software.



Whole-Genome Analysis

200,000 hESC cells were cultured in each well of 6-well plate until reach 70% confluence and treated with vehicle or 25 ng/ml TNF-α in OptiMEM for 24 hours. Cells were collected for RNA extraction, and conditional medium were collected for the BLS treatment. BLS were obtained by plating 200,000 first trimester trophoblast Sw.71 cells with 10% FBS DMEM/F12 into each well of Costar ultra-low attachment 6-well microplate (Corning Incorporated, Corning, NY, USA) for 48 hours. 50% TNF-α Stroma Conditional medium was obtained by diluting collected conditional stroma medium with 1% FBS DMEM/F12 medium in a ratio of 1:1. As control, OptiMEM medium was diluted with 1% FBS DMEM/F12 medium in a ratio of 1:1. BLS was treated by 50% OptiMEM Medium or 50% TNF-α stromal conditional medium for 6 hours. Total RNA was harvested using the QIAGEN RNeasy mini kit (Qiagen) with an on-column deoxyribonuclease (DNase) treatment. RNA purity and yield were assessed based on the absorbance ratios of 260 to 280 nM and 260 to 230 nM. RNA sequencing was performed on a total of 6 samples, n=3 for each treatment. Samples were sequenced at the Yale Center for Genome Analysis using 1 X 75 bp strand-specific sequencing with the Illumina HiSeq 2500 sequencing system according to the manufacturer’s recommended protocol. Sequence reads were aligned to the human reference genome GRCh38 using the splice junction mapper for RNA-sequencing reads in the TopHat 2 software package (62). Sequencing depth for RNA-sequencing samples averaged 30 million reads per biological sample with 95% overall alignment rate. After alignment, read counts were determined with HTSeq-count and relative RNA abundance was measured as Transcripts Per Million Transcripts (TPM), as recommended. TPM data were analyzed by the EBSeq/Bioconductor software, based on empirical Bayesian methods, to identify differentially expressed genes (63). Differentially expressed genes were imported to the Ingenuity Pathway Analysis software program (IPA; Qiagen) and iPathwayGuide (Advaita) to identify gene ontology terms and KEGG pathways. Gene set enrichment p values were determined in IPA using the Fisher’s exact test with a cutoff of p<0.05.



Statistical Analysis

All the Data for qPCR were generated by Bio-Rad CFX manager 3.1 software and calculated the Fold Change of gene expression with 2^(–ΔΔCt). Statistics were performed using the Prism 9 Software.

Data represent the average of at least three biological replicates and are presented as means ± SEM. Normality was determined by the Shapiro-wilk method. Statistical significance was determined by student’s t-test or ANOVA with Tukey’s post-hoc analysis. Statistical significance is defined as p<0.05 (*),p<0.01 (**), p<0.001 (***), or p<0.0001 (****).




Results


Endometrial Stromal Cells Regulate Trophoblast Attachment and Migration

Our first objective was to investigate the individual contribution of the endometrial epithelium (HEC) and stroma (hESC) cells in the regulation of trophoblast attachment and trophoblast migration. In order to achieve this objective, we used our previously described 3D in vitro model using blastocyst-like spheroids (BLS) formed by first trimester trophoblast Swan.71 cell line (Sw.71) (19) and the conditioned media (CM) from epithelial HEC-1A and stromal hESC cells (19, 56). Trophoblast cells when form the spheroid are characterized by a mesenchymal phenotype (19) which recapitulate the characteristics of the trophoectoderm. Indeed, it is well established that the trophectoderm at the time of implantation express mesenchymal markers (19, 64, 65). During the adhesion of the embryo to the endometrium, the embryonic trophectoderm upregulates the expression of genes characteristic of an epithelial to mesenchymal transition (EMT) in order to be able to migrate and invade the uterine cavity (64, 66–68). Thus, BLS were transferred into individual wells of a 96-well plate containing CM from HEC-1A, hESC, or DMEM/F-12 growth medium supplemented with low serum (1% FBS) as a control (Conditioned Media for all the cells was prepared using 1% FBS). Attachment of BLS to the plate and trophoblast migration was monitored using live cell imaging (Figure 1A). BLS transferred into wells containing hESC CM attached to the bottom of the plate within 2 hours, after which, the trophoblasts equally and symmetrically migrated out of the spheroid after 24h (Figure 1A). Importantly, attachment and trophoblast migration were not evident in wells containing low serum or HEC-1A CM. To further investigate the differential effects between stromal and endometrial epithelial cells, we performed an attachment and migration assay with RL95-2 cell line: an alternative in vitro model of endometrial epithelial cells (69). Unlike the hESC CM, the CM from RL95-2 cells did not induce BLS attachment or trophoblast migration (Figure S1A). To determine whether specific immune cell populations were required for the process of attachment and trophoblast migration, BLS were transferred into wells containing CM from B-cells, T-cells, or macrophages (Figure S1B). While some trophoblast migration was seen in BLS treated with B-cell CM, the number of migrating cells was considerably lower than that observed within the hESC CM group. Furthermore, no migration was found in the models of BLS exposed to T-cell or macrophage CM (Figure S1B). These results imply that endometrial stroma cells secrete specific factors with the capacity to promote trophoblast migration. Indeed, evaluation of the cytokine/chemokine content released by stroma cells at basal conditions showed the presence of several cytokines and chemokines potentially associated with trophoblast migration and invasion such as IL-6, IL-8, IL-17, GM-CSF and MCP-1 (Table 1).




Figure 1 | Trophoblast migration from blastocyst-like spheroids in response to endometrial cell-type. (A) Blastocyst-like spheroids (BLS) were transferred to individual wells of a 96-well plate containing DMEM/F-12 media supplemented with low serum (1% FBS), 50% hESC conditioned media or HEC-1A conditioned media. Images of the transferred BLS were obtained at 0, 12, and 24 hrs post-transfer using the IncuCyte Zoom with 4X objective. (B) Quantification of trophoblast migration. The distance of migrated trophoblast was determined by measuring the radius of the migrated cells from center of BLS over time. (C) BLS in the presence of hESC conditioned media (green line) attached to the plate and migrate with in the well in a time dependent manner. No attachment or migration is observed in wells containing either low serum (1% FBS) or HEC-1A conditioned media. Line graphs represent the mean ± SEM of 6 independent experiments. Migration was calculated from the center of the spheroid. Statistical significance was determined by ANOVA and is denoted as p < 0.0001 (****).




Table 1 | Cytokine/chemokine expression by hESC treated with TNFα.



In order to quantify the process of trophoblast migration, we established a standardized method that could determine the rate and distance of trophoblast migration by measuring the diameter of migrated cells over time (Figure 1B). We observed a time-dependent migration of trophoblast cells when BLS were exposed to hESC CM. At 12 and 24 hours, the diameter of migrated trophoblasts was significantly larger when BLS were incubated with hESC CM compared to BLS incubated with HEC-1A CM (Figure 1C). This suggests that factors derived from stromal cells are involved in trophoblast migration.



Endometrial Stromal Cells Promote Trophoblast Invasion

Following migration from the trophectoderm, trophoblast cells invade the endometrium. This stage is critical for the establishment of the placenta (20, 70, 71). In order to test the hypothesis that factors secreted by endometrial stroma cells have the potential to regulate trophoblast invasion, we employed the 3D assay that evaluates trophoblast active movement through ECM (19). For this assay, a monolayer of either hESC or HEC-1A cells was seeded into individual wells of a 96-well plate and Matrigel mixed with growth medium at a 1:1 ratio was added on top of the cells (Figure 2A). Wells without cells below the Matrigel layer served as controls. BLS were transferred to individual wells, and trophoblast invasion was monitored by either live imaging (IncuCyte) or microscopy (ECHO Revolve). We showed that trophoblasts migrated out from BLS and invaded the Matrigel only if wells containing hESC at the bottom (Figure 2B). Moreover, the number and length of the trophoblast projections increased over time when hESC were present. In the absence of stromal cells, there was no migration or invasion of trophoblast cells (Figure 2C). In agreement with this finding, trophoblast invasion was not present in wells seeded with RL95-2 cells (Figure S2). We quantified the number of invading cells under all three culture systems, confirming that only the presence of stromal cells promoted trophoblast invasion (Figure 2D). These data suggest that hESC is responsible for the migration and invasion of trophoblast cells through the secretion of specific factors.




Figure 2 | Trophoblast invasion into a matrix stimulated is promoted by hESC derived factors. (A) Model of blastocyst-endometrial cells interaction. Blastocyst-like spheroids (BLS) were transferred to individual wells of a 96-well plate that contained Matrigel alone or a monolayer of hESC or HEC-1A cells seeded below the Matrigel matrix. (B) Trophoblast migration from the BLS into the Matrigel was visualized at days 1, 2, and 3 using the Echo Revolve Microscope (10X). Note the presence of projections emerging from the BLS with in the Matrigel in wells containing hESC in the bottom of the well. No invasion is observed in wells containing low serum (1% FBS) or HEC-1A conditioned media. (C) Higher magnification (20x) image of BLS transferred to Matrigel alone, Matrigel + hESC, and Matrigel + HEC-1A. (D) The number of invading cells were quantified from all experimental conditions at Day 1, Day 2, and Day 3. Bar graphs represent the mean ± SEM of 3 independent experiments. Statistical significance was determined by ANOVA and is denoted as p < 0.0001 (****).



To determine whether there are differences between stroma cells and differentiated decidual cells, we exposed BLS to condition media to in vitro differentiated decidual cells (72). Interestingly, we did not observed differences on the capacity to promote trophoblast migration between the stroma and decidual cells (Figure S3).



Human Endometrial Stromal Cell-Regulated Trophoblast Migration Is Mediated by Inflammatory Cytokines

To further examine whether a wound/repair process induces the expression of inflammatory cytokines that can promote trophoblast migration, we utilized an in vitro “wound-repair” model (13, 73) where we induce a “wound” in monolayer cultures of either hESC or HEC-1A cells. Cell wounding was achieved by making a grid of scratches across confluent cells growing in a 6-well plate, and followed by mRNA extraction at 0, 6, and 24 hours later. We found that transcript levels of IL-8, RANTES, CCL4, CCL2, and Csf2 were significantly upregulated in hESC 6 hours after wound induction (Figure 3A). The expression of IL-8, CCL4, CCL2, and CSF2 remained significantly higher at 24 hours in hESC compared to baseline levels (0 hours) or to HEC-1A cells. The wound in HEC-1A cells induced a transient up-regulation of only IL-8 at 6 hours. Interestingly, cell wounding repressed CCL2 expression in HEC-1A cells (Figure 3A). In addition to the above chemokines, we observed increased levels of inflammatory signaling genes, such as TNFR1 and TNFR2, in hESC at 6- and 24-hours post-wounding. However, increased expression of TNFr2 was only observed in HEC-1A cells (Figure 3B).




Figure 3 | Transcriptional response to cell wounding in hESC and HEC-1A cells. (A) Transcript levels of IL-8, RANTES (CCL5), CCL4 (MIP-1b), and CCL2 (MCP-1) measured by quantitative RT-PCR from hESC and HEC-1A cells 0, 6, and 24 hrs after cell wounding. Quantified mRNA values were normalized to the reference gene PPIB and set relative to the 0 hr sample for each respective cell line. Statistical significance when compared to 0 hr was determined by ANOVA with Tukey’s post-hoc analysis and is denoted with p <0 .01 (**). (B) Transcript levels of TNFR1 and TNFR2 measured by quantitative RT-PCR from hESC and HEC-1A cells 0, 6, and 24 hrs after cell wounding. Quantified mRNA values were normalized to the reference gene PPIB and set relative to the 0 hr sample for each respective cell line. Statistical significance when compared to 0 hr was determined by ANOVA with Tukey’s post-hoc analysis and is denoted with p < 0.01 (**). Bar graphs represent mean of at least five independent experiments ± SEM. HESC, human endometrial stroma cells. HEC, human endometrial epithelial cells.





TNF-α Exposure Induces a Robust Transcriptional Response in hESC

Since we observed upregulation in the expression of TNFR1 and TNFR2, in hESC, we next determined whether TNF-α signaling could be a factor regulating the expression of pro-inflammatory cytokines in hESC. Thus, hESC cells were treated for 6 hours with 25 ng/mL TNF-α or vehicle (Veh) and the mRNA expression of IL-8 and CCL4 was evaluated by qPCR. As shown in Figure S4, transcriptional levels of CXCL8 (IL-8) and CCL4 were significantly higher following treatment with TNF-α (Figure S4).

We next performed RNA-sequencing analysis of hESC treated with vehicle or 25 ng/ml TNF-α and observed 652 genes being upregulated and 184 being downregulate (Figure 4A). As expected, the top overrepresented biological pathways induced by TNFα were related to inflammatory signals, including cytokine-cytokine receptor interactions, NOD-like receptors, and TNF signaling pathways (Figure 4B). The top upregulated genes included chemokines, such as CXCL9, CXCL10, CXCL11, and CCL5 (Figure 4C). We also observed that genes related to dendritic cell maturation, such as RSAD2, amongst the top upregulated genes (Figure 4C).




Figure 4 | Pathway analysis of regulated genes in hESC treated with TNF-α. hESC were treated with vehicle or 25 ng/ml TNF-α for 24 hr. mRNA was isolated from three independent experiments and analyzed by RNA-sequencing. (A) Volcano plot of the statistically significant differentiated genes by Log (Fold Change) vs -Log (adjusted P-value). TNF-α induced genes are shown in red and repressed genes are shown in blue. (B) Pathway analysis of TNF-α-regulated genes in hESC identify the top 10 activated KEGG Pathway. Functions were ranked by the associated p-value and graphed by -log (p-value) using iPathwayGuide software. (C) Top 10 significantly upregulated and downregulated genes were plotted by Log (Fold Change). (D) Validation of the array was done by determining the expression of TNFSF18 and INHBA in hESC cells treated with vehicle or 25 ng/ml TNF-α for 6 hr and 24 hr. Expression is determined relative to the control not treatment. Statistical significance when compared to control was determined by a two-tailed t-test and is denoted with p < 0.0001 (***), p < 001 (**).



For validation of the RNA-sequencing results, we performed qRT-PCR on an independent set of hESC treated for 6 or 24 hours with either vehicle or 25 ng/mL TNF-α. In agreement with our RNA-sequencing data, TNF-α treatment enhanced the transcript levels of TNFSF18 and INHBA at 6 and 24 hours (Figure 4D).



TNF-α Signaling in hESC Is Mediated by TNFR1

The pathway analysis suggested the involvement of TNFR1/2 in the regulation of cytokines/chemokines expression in hESC. In order to elucidate the specific function of these receptors, we knocked down TNFR1 and TNFR2 via siRNA. Transfection of TNFR1 siRNA significantly reduced expression of TNFR1 by 98% when compared to cells transfected with non-targeting control (NTC siRNA) but did not alter the expression of the TNFR2. Knockdown of TNFR2 was efficient and reduced levels of TNFR2 by 92%, although TNFR2 siRNA had a modest effect on the transcript levels of TNFR1 (Figure 5A).




Figure 5 | Receptor-specific knockdown to determine the mechanism of TNF-α action. (A) Transcript levels of TNFR1 and TNFR2 measured by quantitative RT-PCR from hESC transfected with control scrambled siRNA, TNFR1 siRNA, or TNFR2 siRNA. Quantified mRNA values were normalized to the reference gene PPIB and set relative to the scrambled siRNA sample. Statistical significance when compared to scrambled siRNA was determined by ANOVA with Tukey’s post-hoc analysis and is denoted with p < 0.05 (*) or p < 0.01 (**). (B) Transcript levels of IL-8 and CCL-4 (MIP-1B) measured by quantitative RT-PCR from hESC transfected with scrambled siRNA, TNFR1 siRNA, or TNFR2 siRNA. Quantified mRNA values were normalized to the reference gene PPIB and set relative to the scrambled siRNA sample. Statistical significance when compared to scrambled siRNA was determined by ANOVA with Tukey’s post-hoc analysis and is denoted with p < 0.01 (**). (C) Cytokine and Chemokine PrimePCR Pathway panel array was used to measure mRNA expression in 4 independent replicates of hESC transfected with TNFR1 or NTC siRNA and treated with vehicle (Veh) or 25 ng/mL TNF-α for 6 hr. Green denotes downregulated genes, red denotes upregulated genes, and black boxes indicate that the transcript was not detected.



We next evaluated the differential response to TNFα in hESC depleted of TNFR1 (hESC-TNFR1KD) and TNFR2 (hESC-TNFR2KD). Treatment with TNF-α resulted in a significant up-regulation of CXCL8 and CCL4 in both wt-hESC and hESC-TNFR2KD (Figure 5B) but not in hESC-TNFR1KD demonstrating that only TNFR1 is required for TNF-α mediated upregulation of CXCL8 and CCL4 (Figure 5B). We further validated the cytokine/chemokine profile regulated by TNFα/TNFR1 by using a cytokines/chemokines qRT-PCR panel array. In wt-hESC cells transfected with scrambled siRNA, TNF-α treatment induced the expression of 21 pro-inflammatory cytokines (21 of 88 cytokines/chemokines that were included in the panel array) (Figure 5C). However, TNF-α had no effect on the expression of these 21 cytokines in hESC-TNFR1KD. These data established the specificity of TNFα/TNFR1 cytokine/chemokine regulation in hESCs.

To further confirm the results from the cytokine/chemokine array, we determined the protein concentrations of inflammatory cytokines in the supernatant of wt-hESC treated with vehicle (Veh) or 25 ng/mL TNF-α for 24 hours. As shown in Table 1, TNFα treatment induced a significant increase on the protein expression of cytokines and chemokines, including IL-17, CXCL8, GM-CSF, CXCL-10, TNF-α, G-CSF, VEGF, CCL5, IL-6, and CCL2 (Table 1).

To determine the specificity of the TNFα receptor, we evaluated CCL2 and CCL5 in the wt-hESC and hESC-TNFR1KO treated with vehicle (Veh) or 25 ng/mL TNF-α for 24 hours. TNF-α treatment enhanced the secretion of CCL2 (538.7 ± 39.9 pg/mL vs 45. 3± 3.4 pg/mL in vehicle) and CCL5 (225.5 ± 39.6 pg/mL vs 0 pg/mL in vehicle) in the wt-hESC (Table 1 and Figure 6). In contrast, the TNF-α-dependent expression of CCL2 and CCL5 was abolished in cells lacking TNFR1 (Figure 6).




Figure 6 | Regulation of CCL2 and CCL5 expression by TNFR1. The presence of CCL2 and CCL5 in the conditioned media of hESC transfected with TNFR1 or NTC siRNA and treated with vehicle (Veh) or 25 ng/mL TNF-α for 24 hr was analyzing using by multi-plex assay. Note the absence of CCL2 and CCL5 expression in hESC lacking TNFR1. Statistical significance when compared to vehicle treated NTC siRNA was determined by ANOVA with Tukey’s post-hoc analysis and is denoted with p < 0.01 (**).





TNFα Signaling in Stromal Cells Promotes Trophoblast Invasion

Next, we tested whether factors secreted by hESC treated with TNF-α may enhance trophoblast activity. Again, we utilized the 3D invasion assay described above (19). BLS were transferred individually to a 96-well plate containing Matrigel alone, a monolayer of hESC seeded below the Matrigel matrix, or a 24 hour TNF-α treated (20 ng/ml) hESC seeded below the Matrigel matrix (Figure 7A). The presence of hESC below the Matrigel matrix enhanced invasion of trophoblast cells from the BLS on Day 2 and 4 when compared to Matrigel alone and this effect was further enhanced in hESC treated with TNF-α (Figure 7A). Quantification of the invasion process reveled that the addition of TNF-α to hESC doubled the number of invading projections on day 2 when compared to vehicle treated hESC (Figure 7B). On Day 4, the average number of trophoblasts invading projections was significantly higher in the TNF-α treated hESC wells (131.2 ± 11.7) compared to the Matrigel alone wells (1.5 ± 2.14) or the vehicle treated hESC wells (69.8 ± 6.97) (Figure 7B).




Figure 7 | Trophoblast invasion in response to TNF-α-stimulation of hESC. (A) Blastocyst-like spheroids (BLS) were transferred to individual wells of a 96-well plate that contained Matrigel alone, a monolayer of hESC seeded below the Matrigel matrix, or a monolayer of hESC treated with 20 ng/ml TNF-α for 24 hr prior to the addition of the Matrigel. Outgrowths of trophoblast cells were visualized on Day 2 and 4 using the 10X objective on the Echo Revolve Microscope. (B) The number of invading cells were quantified from all experimental conditions on Day 2 and 4. Bar graphs represent the mean of 6 independent experiments ± SEM. Statistical significance was determined by ANOVA and is denoted as p < 0.0001 (****).



To further demonstrate the role of TNFα in the above results, wt-hESC or hESC-TNFR1KD were treated with either vehicle or TNF-α (25 ng/mL) prior to seeding below the Matrigel matrix (Figure 8A). BLS were then transferred to wells containing wt-hESC treated with either vehicle or TNF-α and to hESC-TNFR1KO treated with either vehicle or TNF-α. Trophoblast invasion was monitored, and number and length of projections was quantified by life imaging after 2 and 4 days. At both time points, the number of invasive trophoblast cells was greater in wells plated with TNF-α treated wt-hESC compared to vehicle treatment (Figures 8B, C). However, in cells lacking TNFR1 (hESC-TNFR1KD), trophoblast invasion was significantly reduced on Day 2 and 4 (Figures 8B, C). While the addition of TNF-α to wt-hESC significantly increased the migration of trophoblast cells (Figures 8B, C), it did not have a comparable effect in wells containing hESC-TNFR1KO. These results suggest that TNF-α enhances the expression of hESC-secreted factors responsible for trophoblast invasion in a TNFR1-dependent manner.




Figure 8 | Trophoblast invasion in response to TNFR1 siRNA treated hESC. (A) Blastocyst-like spheroids (BLS) were transferred to individual wells of a 96-well plate that contained monolayer of hESC seeded below the Matrigel matrix. hESC were either transfected with NTC siRNA or TNFR1 siRNA. Transfected cells were then treated with vehicle or 20 ng/ml TNF-a for 24 hrs prior to the addition of Matrigel. (B) Trophoblast cell outgrowths were visualized on Day 2 and Day 4 using the 10X objective on the Echo Revolve Microscope. (C) The number of invading cells were quantified from all experimental conditions on Day 2 and 4. Bar graphs represent the mean of 3 independent experiments ± SEM. Statistical significance was determined by ANOVA and is denoted as p < 0.032 (*) and p < 0.0002 (***). n.s., non significant.





Stromal-Derived Factors Are Responsible for Trophoblast Invasion

To further determine that the signals necessary for the promotion of trophoblast invasion are factors secreted from hESC in response to TNF-α, we used the same 3D invasion model as described above. However, we substituted the hESC cells with conditioned media (CM). BLS were transferred to wells containing Matrigel alone, Matrigel mixed in a 1:1 ratio with hESC-CM, or Matrigel mixed in a 1:1 ratio with CM obtained from TNF-α (20 ng/mL)-treated hESC (24 hours) (Figure 9A). While the addition of hESC CM enhanced trophoblast outgrowth compared to that of Matrigel alone, the CM from hESC exposed to TNF-α increased the number of invading cells by approximately 3-fold on day 2 as compared to that of Matrigel alone (Figures 9B, C). Furthermore, at each time point, the factors secreted from hESC in response to TNF-α enhanced trophoblast invasion by 2.8-fold compared to the factors secreted from hESC under basal conditions (Figure 9C). We did not observe trophoblast migration in wells containing media with TNF-α alone (data not showed).




Figure 9 | Effect of hESC conditioned media on trophoblast invasion. (A) Blastocyst-like spheroids (BLS) were transferred to individual wells of a 96-well plate that contained 1) Control: Matrigel alone or Matrigel with 20 ng/ml TNF-α, 2) Matrigel mixed in a 1:1 ratio with conditioned media from hESC, or 3) Matrigel mixed in a 1:1 ratio with conditioned media from hESC treated with 20 ng/ml TNF-a for 24 hrs. (B) Trophoblast cells migrating out from the BLS were visualized on Day 2 and 4 using the 10x objective on the Echo Revolve Microscope. Note the presence of projections on the group containing Matrigel mixed in a 1:1 ratio with conditioned media from hESC treated with 20 ng/ml TNF-a for 24 hrs. No invasion is observed in the control group with either media alone or media with TNFα. (C) The number of invading cells were quantified from all experimental conditions on Day 2 and 4. Bar graphs represent the mean of 3 independent experiments ± SEM. Statistical significance was determined by ANOVA and is denoted as p< 0.0001 (****).





Effect of hESC-Derived Cytokines on Trophoblast Motility

To understand the potential molecular mechanics by which hESC-derived factors enhance trophoblast migration and invasion, we performed RNAseq on BLS exposed to CM from TNF-α treated hESC. Our data shows that 229 genes were upregulated, and 322 genes were downregulated when BLS were exposed to CM produced by TNF-α treated hESC (Figure 10A). Signal receptor activity, cell signaling, communication, and cell receptor activities and cell motility were the main biological processes enriched by CM of TNF-α treated hESC (Figure 10B). KEGG pathway analysis showed an association with activation of inflammatory pathways, such as cytokine-cytokine receptor interaction, TNF-α, IL-17, and NF-κ signaling pathways (Figure 10C).




Figure 10 | Genes regulated by TNF-α stromal conditional medium (SCM). (A) BLS were treated with 50% Optimum or 50% TNF-α stromal conditional medium (SCM) for 6 hr. mRNA was isolated from three independent experiments and analyzed by RNA-sequencing. The number of genes regulated by TNF-α SCM are separated into induced or repressed. Differentiated genes maps were shown as dot-plot by Log (Fold Change) vs -Log (adjusted P-value). iPathwayGuide software was used to analyze the TNF-α SCM regulated gene list and identify the top 10 activated GO biological process (B) GO molecular function. (C) KEGG Pathway analysis of stroma cells treated with TNFα.



Since we observed IL-17 expression by hESC treated with TNFα (Table 1) and IL-17 pathway as one of the KEGG pathways enriched in the trophoblast, we investigated whether IL-17 could be one of the factors produced by hESC that is necessary to promote trophoblast migration and invasion. Using gene pathway analysis, we investigated the downstream genes induced by IL-17 that could promote trophoblast migration. We identified several chemokines and cytokines known to induce cell motility that were upregulated in trophoblast cells exposed to hESC condition media, including CCL2, CXCL6/IL6, CXCL1/GROα, IL-1β, CSF2/GMCSF, CXCL8/IL8, MMP3, and MMP9 (Figure 11A). These genes are all involved in cell motility function (Figure 11B).




Figure 11 | Genes regulated by IL17 in Trophoblast cells. Activated genes in IL17 signaling pathway that are associated with Cell Motility. Analysis of RNA seq from BLS exposed to hESC CM. (A) Gene Expression of IL-17 target genes increased in trophoblast cells exposed to hESC conditioned media. (B) The activated genes in IL17 signaling pathway that are associated with Cell Motility.



To test the hypothesis that IL-17 has a regulatory function on trophoblast gene expression and function, we treated trophoblast cells with IL-17 (200 ng/ml) and determined the cytokines/chemokines mRNA expression levels by qPCR. Our data showed that IL-17 significantly enhanced the mRNA expression of IL6, CXCL8, PDL1, CXCL1, CSF2/GMCSF, MMP3, and MMP9 in trophoblast cells (Figure 12). Finally, we tested whether IL-17 could impact trophoblast migration and invasion. We exposed BLS to IL-17 (200 ng/ml) and monitored attachment and migration. Interestingly, addition of IL-17 to the medium promoted trophoblast attachment and migration (Figure 13); a process that is not observed in the absence of IL-17 (Figure 13).




Figure 12 | IL-17 induce the expression of genes associated with motility in trophoblast. Sw71 cells were treated with vehicle or 200 ng/ml IL17 for 24 hr, Quantified mRNA values were normalized to the reference gene GAPDH and set relative to the NT sample. Statistical significance when compared to NT was determined by t-test and is denoted with p < 0.05 (*) or p < 0.01 (**), p > 0.001 (***).






Figure 13 | IL17 induce the migration of BLS. BLS were pretreated with vehicle or IL17 for 24 hrs and performed the migration assay and quantify the diameters of migrated cells from BLS. IL-17 treatment promotes trophoblast attachment and migration. Statistical significance when compared to NT BLS was determined by ANOVA and is denoted with p<0.05 (**) or p<0.01 (***).






Discussion

We report the characterization of an inflammatory network that is modulated by endometrial stroma cells, which is responsible for the regulation of trophoblast migration and invasion. We show that TNF-α regulates the expression and secretion of inflammatory factors from endometrial stroma cells that will then confer trophoblast cells with migratory and invasive capacity. We demonstrate, for the first time, that target genes regulated by TNF-α modulate hESC signaling and induce a favorable environment for trophoblast migration and early invasion. The findings from this study demonstrate the presence of an inflammatory network lead by TNF-α promoting the expression and secretion of cytokines, such as IL-17 in hESC. IL-17 then interacts with trophoblast cells and induces the expression of genes responsible for promoting trophoblast migration and invasion (Figure 14).




Figure 14 | Model of an inflammatory network responsible for embryo implantation. M1 macrophages secrete TNFα, which binds to its receptor, TNFR1, in hESC and promotes the expression of inflammatory cytokines, such as IL17. IL-17 by acting on trophoblast cells prompts the expression of factors necessary to confer trophoblast cells with the capacity to attach, migrate and invade the endometrial tissue.



Pregnancy success depends on proper communication between endometrial and trophoblasts cells (74, 75). hEC, hESC, and immune cells are the most important cellular components of the human endometrium, which take part in orchestrating early implantation through intercellular signaling (8, 27, 76). Cytokines and chemokines, such as IL-1β, TNFα, CSF-1, IL6, LIF, IL-17 and prostaglandins, are expressed before and during implantation. These factors work to establish an inflammatory environment responsible for uterine endometrial receptivity (8, 29, 77). While it is now well established that early stages of pregnancy are associated with an inflammatory process (75), the cellular and molecular components regulating inflammation are still not fully elucidated. Unfortunately, the understanding of the biological networks responsible for the early process of human blastocyst implantation is limited by legal and ethical regulations. Thus, there is a need to establish multicellular models that mimic the process of implantation. To overcome these limitations, several investigators have developed in vitro models of embryo/endometrium interaction where two or more cellular components are evaluated (69, 78–81). We established a 3D in vitro model of the human endometrium consisting of hESC within an extracellular matrix and trophoblast cells as the main component of a BLS that lacks the inner cell layer (19, 33). All in vitro models have their limitations and ours is not an exception. We use a first trimester trophoblast cell line which as a monolayer has the characteristics of EVT. However, as we previously reported (19), when Sw. 71 cells are cultured in low attachment plates and form the spheroids, we observed a decrease in the expression of epithelial markers and concomitant increase in expression of mesenchymal genes such as Snail and Slug as well as stem cell markers like Sox2 and KLF4 (19). Therefore, the trophoblast cells forming the spheroids are different from the monolayer. Similar results are observed with trophoblast primary cultures isolated from first trimester placentas (19).

Using these in vitro models, we were able to separate the process of trophoblast migration and invasion. An important finding using this model is the observation that trophoblast migration/invasion only occurs under the appropriate signaling and it is not an intrinsic characteristic of these cells. Furthermore, we found that factors secreted by hESC seem to regulate a major part of BLS attachment and trophoblast migration. Moreover, this exclusive role of hESC was also observed in trophoblast invasion using the 3D invasion assay (19, 33). Interestingly, CM from hESC treated with TNF-α showed a significant improvement in trophoblast migration and invasion. Previous studies have correlated the cytokine levels in endometrial secretions with pregnancy outcome (82, 83). Our findings further support the role of endometrial secretions, cytokines, and chemokines, as regulators of trophoblast invasion and provide the evidence for the role of and TNF-α as a critical inducer of their expression, which are necessary for successful implantation. While the addition of hESC CM enhanced trophoblast outgrowth compared to Matrigel alone, the CM from hESC exposed to TNF-α increased the number of invading cells by approximately 5-fold. Furthermore, at each time point, the factors secreted from hESC in response to TNF-α enhanced trophoblast invasion compared to the factors secreted from hESC under basal conditions. However, deletion of TNFR1 in stroma cells abolished the capability of hESC to promote trophoblast migration and invasion. The fact that we see an effect from hESC derived factors, but not in the hESC TNFR-KD cells can be explained by the constitutive, although low, expression of TNF-α by these cells.

Decidual macrophages are considered the main source of TNFα expression (41, 84); however, the glandular epithelium is also a source of TNFα and its synthesis and secretion is regulated by ovarian steroid hormones (85).

Using a wound assay that mimics the inflammation seeing during wound/repair process, we could demonstrate that hESC showed significantly higher transcription of IL-8, RANTES, CCL4 (MIP-1b), and CCL2 (MCP-1) compared to HEC. Interestingly, the exact same elevated pro-inflammatory cytokine-profile was found within endometrial samples from women who conceived after endometrial biopsy, also a wound/repair process (14). Moreover, the observed increase of TNFR1 and TNFR2 after hESC wounding further support our hypothesis of the potential involvement of TNF-α in the regulation of pro-inflammatory factors that are necessary for embryo implantation. This was confirmed when TNF-α treatment of hESC showed a significantly higher expression of IL-8 and CCL4. Furthermore, knocking down TNFR1 or TNFR2 in hESC revealed the involvement of TNFR1 in TNF-mediated signaling for the expression of IL-8 and CCL4. Using this approach, we demonstrated the specificity of TNFR1/2 in cytokine/chemokine regulation providing a tool to identify the specific tissue and cell functionality for each receptor.

Almost twenty years ago it was reported that endometrial biopsies taken during the spontaneous cycle preceding the IVF treatment substantially increase the rates of implantation, clinical pregnancies, and live births (36). The positive effects of local endometrial injury have been confirmed by later multiple studies (37–40, 86, 87). However, more recent studies have challenged the efficacy of endometrial biopsy to enhance receptivity (88). A possible explanation for the distinct outcomes could be based on the type of inflammation induced by the biopsy. Our results highlight a potential mechanism by which endometrial biopsy, by inducing a wound repair inflammatory process, restores endometrial receptivity (13, 14, 27). The beneficial effect of the biopsy represents the ability of this intervention to successfully promote a local inflammatory response in preparation for implantation. Furthermore, the specificity of this response may depend on the induction of TNF-α signaling in hESC (14). In this study, we demonstrate that TNF-α signaling is capable of activating biological cell functions in hESC, which leads to a highly favorable environment for trophoblast migration and early invasion.

After showing the importance of TNF-α signaling in the activation of inflammation-associated cytokine and chemokine production, we evaluated the pathways that were activated in the trophoblast by hESC secreted factors stimulated by TNF-α. Gene analysis revealed an increase in the expression of genes regulated by IL-17, a potent proinflammatory cytokine (89) produced by a specific subset of T Helper cells (TH), Th17, as well as by other cell types such as γδT cells, NK cells, stroma and epithelial cells. IL-17 binds the IL-17R to trigger inflammatory response by inducing proinflammatory cytokines and chemokines and play important biological functions that include protection against infection, tissue remodeling, and cell migration (89, 90).

In cancer metastasis, a biological process similar to trophoblast invasion, IL-17 has been shown to promote migratory capacity to cancer cells via the STAT3 pathway (91–93). Furthermore, Xu et al. reported that Th17 cells were present in decidua and were increased in the peripheral blood during clinically normal pregnancies (94). Additionally, they reported that Th17 cell supernatants promoted trophoblast proliferation, and that anti-IL-17 neutralizing antibody abolished the Th17 cell-induced trophoblast proliferation (94). In this study, we show that hESC cells, following stimulation by TNF-α, also express and secrete IL-17. Since we observed, IL-17-induced genes in trophoblast exposed to hESC CM, we hypothesized that IL-17 may be an essential component of hESC-induced trophoblast migration. Indeed, addition of IL-17 to BLS, promotes trophoblast migration. It is also associated with trophoblastic expression of chemokines and inflammatory cytokines, such as CXCL8, CXCL10, CSF1, CXCL1, which are necessary for implantation. Based on these findings, we postulated that, TNF-α enhances IL-17 expression and secretion by hESC, which then promotes trophoblast migration and invasion thought the expression of genes necessary for this process (Figure 14).

Upon completion of implantation, as the levels of TNF-α decrease, IL-17 expression also drops down. This decrease is concomitant with the differentiation of stroma cells into decidual cells and the establishment of an anti-inflammatory environment (76). Recent studies have observed a correlation between low levels of IL-17 in the peripheral blood of women just after spontaneous abortion, which highlights IL-17 as a regulatory cytokine essential to the initiation and maintenance of a successful pregnancy (95). We present a biological role for IL-17 during early pregnancy, in facilitating trophoblast migration and invasion. We postulate that in the lack of IL-17, implantation failure would occur due to abnormal trophoblast invasion. Additional studies are necessary to demonstrate the role of IL17 during human implantation.

Conversely, due to the strong pro-inflammatory effect, chronic high levels of IL-17 may also become detrimental for the later stages of pregnancy. Indeed, higher levels of IL-17 has been associated with pregnancy complications, such as miscarriages (96, 97).

In summary, we describe the characterization of a cellular network that promotes trophoblast migration and invasion and might play an important role during embryo implantation. We demonstrate that hESC promotes trophoblast migration and invasion through the generation of an inflammatory environment modulated by TNF-α. We also show the role of stromal derived IL-17 as a promoter of trophoblast migration through the induction of essential genes that confer migratory capacity to cells of the trophectoderm. Our findings provide a new insight into the complexity of the implantation process and reveal the importance of inflammation for embryo implantation.
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CD8+ T cells are the most frequent T cell population in the immune cell compartment at the feto-maternal interface. Due to their cytotoxic potential, the presence of CD8+ T cells in the immune privileged pregnant uterus has raised considerable interest. Here, we review our current understanding of CD8+ T cell biology in the uterus of pregnant women and discuss this knowledge in relation to a recently published immune cell Atlas of human decidua. We describe how the expansion of CD8+ T cells with an effector memory phenotype often presenting markers of exhaustion is critical for a successful pregnancy, and host defense towards pathogens. Moreover, we review new evidence on the presence of long-lasting immunological memory to former pregnancies and discuss its impact on prospective pregnancy outcomes. The formation of fetal-specific memory CD8+ T cell subests in the uterus, in particular of tissue resident, and stem cell memory cells requires further investigation, but promises interesting results to come. Advancing the knowledge of CD8+ T cell biology in the pregnant uterus will be pivotal for understanding not only tissue-specific immune tolerance but also the etiology of complications during pregnancy, thus enabling preventive or therapeutic interventions in the future.
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Introduction

Sir Peter Medawar, a pioneer in transplantation biology, was the first to identify the immunological paradox of pregnancy. By formulating the research question 60 years ago “how does the pregnant mother contrive to nourish within itself, for many weeks or months, a fetus that is an antigenically foreign body?’’, he set the ground for the field of reproductive immunology. In pregnancy, the fetus remains protected from maternal immune responses as the multilayered placental villi acts as a semi-permeable barrier for the bi-directional migration of immune cells from fetal and maternal blood (1). However, the semi-allogenic placental trophoblast cells are in direct contact with the leucocyte-rich uterine mucosa, referred to as decidua. Medawar’s hypotheses to solve this paradox included the anatomical separation between the mother and the fetus, fetal antigenic immaturity and the immunological indolence of the mother (2, 3). Although these hypotheses have been tested across the years, this question remains incompletely answered, and investigation on this complex topic is still ongoing. As yet, a fine tuning of uterine leucocyte function has become evident. Systemic changes synergize with the intra-uterine microenvironment to shift the differentiation of antigen presenting cells (e.g. macrophages and dendritic cells) towards tolerogenic responses that promote the accumulation of regulatory T cells while restricting local cell activation and cytotoxicity. Of particular abundance in the early pregnant uterus, NK cells are critical for vascular changes and trophoblast invasion in early pregnancy (4). Less well understood to date is the role of CD8+ T cells. Due to their cytotoxic nature towards allogenic cells, the presence of uterine CD8+ T cells is of high interest in the context of fetal immune tolerance. In organ transplantation, CD8+ T cells are important effectors mediating allograft tissue damage. By contrast, in the pregnant uterus, CD8+ T cells despite being the most abundant T cell subset do not trigger lytic responses towards the allogenic placental trophoblast. Within the nonpregnant human uterus, CD8+ T cells have cytotoxic capabilities with fluctuating activity through the menstrual cycle  (5). In first trimester pregnancy, T cells constitute approximately 5-20% of total decidual leucocytes of which CD8+ T cells are approximately 45% (6, 7). Although decidual NK cells have received great attention, their frequencies remain stable throughout pregnancy,  whereas T cells actively increase (8–10). In the past few years, studies on decidual CD8+ T cells have kept pace as new findings on CD8+ T cell properties are emerging, which characterize CD8+ T cells by e.g. expression of functional receptors, secretion profile and antigen specificity. Due to the heterogeneity of CD8+ T cells and current methodological approaches, classification of CD8+ T cell subsets remains a dilemma as controversy colors the scientific community within CD8+ T cell biology (11–13). With that in mind, in this review, we aim to provide an overview of the phenotypes and function of CD8+ T cells in the pregnant uterus. In particular, we seek to highlight recent findings of human decidual CD8+ T cells and their role in pregnancy, including their contribution to the immunological paradox of pregnancy. When required, we will refer to translational aspects, for example in mouse models. We will focus on conventional CD8+ T cells, which express the ɑ and β chains of the T cell receptor (TCR), although the decidua contains also unconventional CD8+ T cells, such as those expressing the γ and δ chains of the TCR (14). We will discuss the most relevant issues limiting our understanding of CD8+ T cell biology in the context of pregnancy and highlight the gaps in knowledge that are required to be bridged, in order to advance this field. In general, investigations of the decidual CD8+ T cell compartment have largely complied with a selection of methods and markers (Supplementary Table 1, Supplementary Figure 1) that allows for a relatively unifying interpretation of their differentiation profile. In order to compare this information about decidual CD8+ T cell subsets, we re-analysed data on first trimester CD8+ T cell single cell transcriptome, published by Chen et al. (15) and report the findings about equivalent populations that are described in the literature.



CD8+ T Cell Subsets and Differentiation Trajectories in Decidua

T cells are atypical somatic cells as after enduring quiescence for years, they can initiate massive proliferation and differentiation, resulting in multitude of heterogeneous cell subpopulations with diverse properties (16). Supplementary Table 1 and Supplementary Figure 1 contain information on the different CD8+ T cell subsets with a breakdown of CD8+ T cell subsets, their abbreviation, and cell-specific markers listed throughout the manuscript. The differentiation profile of CD8+ T cells populating the decidua (Figure 3) differs largely from that in peripheral blood (Table 1), indicating a highly tuned homeostasis of decidual CD8+ T cells.


Table 1 | CD8+ memory populations in human decidua.



According to the “circular” or “effector first” model, T cells undergo a “naïve->effector->memory” differentiation hierarchy. This model indicates that cells activated by a primary antigen exposure differentiate towards cytotoxic effector cells. Upon antigen clearance, a large subset of effector cells undergo apoptosis/clonal deletion (short-lived effector cells, SLEC), whereas a small fraction (memory precursors effector cell, MPEC) survive, give rise to long lived memory cells (17) (Supplementary Figure 1). This proposed lineage relationships is currently under debate, and the so-called “linear model”, or “memory first model” places memory cells as an intermediate stage in T cell development, proposing that naïve cells can directly develop into memory cells, some of which later develop effector function (18–22). In first and third trimester decidua the frequency of naïve cells within CD8+ T cells is generally lower than in peripheral blood (6, 7, 23–27) as expected in a peripheral tissue (Supplementary Table 2). Limited information on effector subsets is available due to the scarce use of the markers CD127 and KLRG1 that could serve to discriminate MPEC from SLEC in the immune phenotyping of decidual T cells (28). Our analysis of single cell sequencing data pinpoints that the small cluster (3%) number 7 includes SLEC (Figure 1), as indicated by the negativity for CD127, and the expression of KLRG1, granzyme H, B, perforin 1, CD160 and additional killer cell lectin-like receptors. Whether these cells are recently activated in the context of the current pregnancy or recruited to the uterus after previous antigen exposure i.e. in secondary lymphoid organs remains unclear. Bridging these gaps in knowledge could further elucidate important steps in the immune responses towards fetal/placental antigens in pregnancy.




Figure 1 | Single-cell transcriptomic analysis of decidual CD8+ T cells from publicly available database. (A) UMAP visualization of ∼735 live MS4A7- CD3E+ CD8A+ single cell transcriptomes obtained from the decidua of three healthy first trimester pregnancy samples (15). Each symbol (circle) represents a cell, and the colors indicate the eight clusters identified by Seurat. (B) Violin plots show the gene expression of selected genes in each cluster, particularly of TRM-associated transcription factors Hobit and Blimp1, as well as Tbet and BATF, associated with effector differentiation (11). More detailed information in the expression of relevant markers is provided as heatmaps (Supplementary Figure 2).



More data is available on the heterogeneous memory CD8+ T cells subsets within human decidua, as summarized in Table 1. After responding to their cognate antigen, memory CD8+ T cells acquire distinct phenotypes and migration potential and endure long-term. They can quickly respond to re-stimulation by vigorous proliferation, cytotoxicity and secretion of effector cytokines (11). Compared to other memory CD8+ T cells, the stem cell memory (SCM) subset represents a naïve-like memory cell population with enhanced capacity to self-renew that serves as a precursor of other memory cell subsets (29). Due to the massive expansion of memory T cells across pregnancy and the long-term maintenance of robust T cell-memory to former pregnancies (30), it is tempting to hypothesize that fetal specific SCM are induced in pregnancy. To date it remains uninvestigated whether SCM cells are present in the decidua or more likely in uterus draining lymph nodes, as SCM are mainly found in lymphoid organs (31). A further elucidation of the transcriptional signature of this cell subset may allow its identification in the future, which is currently challenging e.g. in our single cell sequencing data analysis due to the limited number of cells analyzed and the low expression of key transcription factors. In this regard, within cluster 1, now defined as CM/TPM, we observed an enhanced expression of the mRNA encoding TCF-1 and CCR7, suggesting that, if present in the uterus, SCM could also cluster here (Figures 1 and  2).




Figure 2 | Currently reported decidual CD8+ T cell subsets present overlapping features. (A) Expression of inhibitory molecules is present in multiple cell populations in the decidua and appears insufficient to determine whether a given cell is exhausted, dysfunctional or has regulatory capabilities. Inhibitory receptors are co-inhibitory molecules that hinder T cell activation and functions, those include i.e. PD1, CTLA4, Tim3 (32). Effector function applies to activate CD8+ T cells that is mediated with i.e. secretion of effector cytokines and/or cytolytic molecules in order to resolve a given threat. (B) Violin plots show the gene expression of inhibitory receptors (PD1 and Tim3) and transcription factors associated with exhausted cells (TOX and TCF1) in each cluster, which fall in many of the clusters shown in the UMAP plot (right). TF, transcription factors.



The relative presence of two long-standing and divergent memory populations namely central memory (CM) and effector memory (EM) cells is well described in the uterus (6, 7, 23–27, 33). Due to expression of lymphoid homing receptors, CM cells are highly prevalent in secondary lymphoid organs and circulate through blood and lymph. They only account for a small fraction in decidua that ranges from 3-15% of CD8+ T cells in first and third trimesters as shown by flow cytometry data (6, 7, 23–26, 34, 35). Recently, an additional memory population capable of circulating in blood and lymph nodes but also of trafficking within peripheral tissues was identified and referred to as peripheral memory (Tpm) T cells (11, 36). Tpm cells display intermediate CX3CR1 expression, which has not yet been studied in the decidua and appears as a novel and important marker for distinguishing the distinct migratory patterns that define EM, CM and Tpm CD8+ T cells (11). Analysis of the existing scRNA sequencing data for decidual immune cells reveals a rather large cluster (21%) characterized by high levels of CD127 and CCR7, which could be indicative of CM-like and Tpm subsets, advocating a more prevalent population than shown by flow cytometry data in the pregnant uterus (Figure 1). As intermediate expression range of CX3CR1 was not detectable on mRNA level, we cannot separate CM and Tpm subsets. It remains to be elucidated whether these observations are due to a potential contamination with PBMCs or due to particular migration patterns of peripheral cells to the uterus during pregnancy.

EM cells, expressing receptors necessary for entering local inflammation sites, circulate through non-lymphoid tissues and exhibit higher cytolytic activity. It is not surprising that EM cells accumulate in the decidua (6, 7, 23–27) to account as the most prevalent CD8+ T cell population in first and third trimester, ranging from 48-83% of CD8+T cells (6, 7, 23–27, 33, 34, 37, 38). Decidual CD8+ EM T cells possess elevated expression of inhibitory receptors such as Programmed cell death protein 1 (PD1), T-cell immunoglobulin mucin family member 3 (Tim3), Cytotoxic T-lymphocyte-associated protein 4 (CTLA4), Lymphocyte activation gene 3 (Lag3) and CD39 compared to peripheral CD8+ T cells (6, 24, 25, 27, 39). Among the EM subset, the less differentiated EM1 population (CD27+CD28+) is of the highest frequency in the first trimester decidua (25, 26). In contrast, in the third trimester decidua, EM1 are outnumbered by more differentiated EM2 and EM3 (Table 1), whose frequency is significantly increased compared to first trimester (25). An additional terminally differentiated EM cell population defined by the re-expression of CD45RA are the so-called effector memory re-expressing CD45RA (EMRA) cells. EMRA cells are found in decidua, ranging from 11-45% (6, 7, 25, 26, 34, 38) among which the more differentiated phenotype (CD27-CD28-) is the most prevalent (26). Similarly to EM, cell surface membrane expression of inhibitory receptors such as PD1 and Tim3 have been detected on EMRA cells (39). The accumulation of particular subpopulations of EM and EMRA subsets may mirror a dynamic differentiation throughout pregnancy e.g. in response to increasing antigen levels. Notably, defining markers for EMRA (CD45RA+CCR7-CD127-), would also include effectors, which should be kept in mind when relying on such gating strategy (11).

Remarkably, this notion of a dominating EM CD8+T cell profile in the decidua is challenged by the recognition of tissue resident memory (TRM) subsets which share some markers with EM. TRM migrate to non-lymphoid tissues and enter specific differentiation programs under the influence of tissue specific signals. TRM cells infrequently re-enter the circulation and account therefore for the first line of defense within tissues upon re-encounter with antigens, by subsequent secretion of proinflammatory cytokines or lysis of infected cells (40). TRM can have overlapping properties with other CD8+T cells including effector functions and/or high levels of inhibitory receptors (12, 40) and it is still debated whether TRM cells are terminally differentiated or not (16). TRM CD8+ T cells have been recently identified in mucosa of the whole human reproductive tract (41, 42) and in the decidua (6, 24–26, 33, 34) by the single or co-expression of the mucosal/tissue retention markers CD103 and CD69 (11). Among decidual CD8+ T cells ~26% are CD69+CD103+, which likely include the true tissue resident memory cell population, whereas ~50% are CD69+CD103-. CD69+CD103+ TRM cells expressed significantly higher levels of the inhibitory molecules PD1 and CD39 (34). These observations invite to reevaluate the relative abundance of EM and TRM subsets in the decidua, their similarities as well as differences, as reports before the identification of TRM may have mistakenly referred to them as EM.

The single cell transcriptome analysis scattered four further clusters of CD8+ memory T cells. Among them the most abundant cluster 0 (22%) represents TRM cells (Figure 1), further supporting recent flow cytometry data on the high prevalence of TRM cells in the uterus. The TRM profile was evident by the high expression of mRNA coding for TRM markers CD69, CXCR6 and Hobit, although the markers CD103 and Blimp1 were not particularly co-expressed in this or other clusters. Markers such as Hobit, CD69, and IFNy are also abundant in Cluster 2, which defines a population of stressed and/or dying cells. Hence, Cluster 2 may also contain TRM cells, which are known to be extremely susceptible to ATP-induced cell death (43). In contrast, the clusters 3 and 4 presented mixed gene signatures of EM and TRM subsets (Figure 1 and Supplementary Figure 2). Here the prevalence of EMRA cells could not be described since CD45RA cannot be determined at the mRNA level. Memory cells scattered in cluster 3 presented a pattern of regulatory/inhibitory and pro-angiogenic genes together with Hobit, whereas cluster 4 was enriched in markers for effector function and low in Hobit. These observations suggest that under the complex stimuli at the decidual microenvironment TRM and EM may gain similar functional signatures that complicate their discrimination.

Collectively, the continuous progress in research on differentiation, phenotypical and functional features of CD8+ T cell subsets (16) opens new questions on the CD8+ T cell compartment in the pregnant uterus. The current findings indicate that decidual CD8+ T cells are largely antigen-experienced cells, on a path of enhanced differentiation (24). The progress of pregnancy and likely the chronic exposure to allo-antigens favor the accumulation of EM cells with a highly differentiated phenotype, with high expression of inhibitory receptors, which however remain as EM3 rather than transitioning to EMRA. Many of these previously called EM and EMRA cells express markers for tissue residency, indicating that they are retained in the tissue, instead of recirculating to blood and that previous observations about decidual EM cells may apply to more recently identified TRM cells.



Antigen Specificity of Decidual CD8+ T Cells

The accumulation of antigen experienced CD8+ T cells in the uterus opens questions about their antigen specificity. The clonal repertoire of the TCR of decidual CD8+ T cells indicated that clonally expanded EM CD8+ T cells were more abundant in the decidua than in blood (27, 44) although it could not be tested if an expansion occurred in response to fetal-derived antigens. Along with these findings, CD8+ EM T cells expanding clonally in decidua during healthy pregnancy expressed high levels of PD1 underpinning the importance of the modulation of CD8+ T cell responses to promote immune tolerance (27). In line with these observations, the detection of CD8+ T cells specific for peptides derived from the HY chromosome allowed to identify a local expansion of fetal (HY) specific CD8+ T cells particularly in the decidua of women carrying male but not female offspring (24). HY-specific T cells were enriched in EM and EMRA subsets expressing high levels of PD1 and CD69 indicating a highly differentiated and tissue resident-like profile, likely in response to local antigen stimulation (24). Also compared to blood, an enrichment of CD8+ T cell clones specific for the frequent human cytomegalovirus (HCMV) and Epstein Barr (EBV) viruses (38) has been reported, pinpointing an increased capacity of decidual CD8+ T cell to fight these maternal infections.

In conclusion, while particular clones of CD8+ T cells, e.g. specific for fetal and viral antigens, are enriched at the decidua, their function may be modulated by the expression of PD1 and other inhibitory receptors to promote fetal immune tolerance. Intriguingly, it is to date unclear whether these selected clones are specifically recruited to the uterus, or if they undergo clonal proliferation locally in an antigen specific or unspecific fashion (45).



Cellular Functional/Responsive States

During T cell development in the thymus, the incomplete deletion of self-reactive T cells makes further peripheral tolerance checkpoints crucial (46). Those include the generation of distinct responsive states to a given stimulus, that is, its functional state which can confer tolerance in the case of quiescence, ignorance, anergy, exhaustion, dysfunction and senscence. Hence, CD8+ T cell fate could be considered to follow two parallel and overlapping developmental courses/trajectories, one being the differentiation of a naïve cell to a variety of effectors and memory cells, the other being the functional state of the cell. These functional states may hold relevance at the feto-maternal interface to support a successful pregnancy, as Sir Peter Medawar’s hypothesis about the anatomical separation between maternal immune cells and fetal cells has been refuted. Tolerance states can be recognized in diverse CD8+ T cell subsets, thus rather than discussing how these states are attained, we will revisit current information about their presence and importance in the decidua.


Quiescence, Ignorance and Anergy

Quiescent and ignorant CD8+ T cells have in common that they are naïve T cells while anergic cells have previously encountered their respective antigen. While quiescence applies to all naïve T cells, regardless of their antigen specificity, ignorance applies to self-reactive T cells avoiding activation due to a low density of their cognate antigen or the antigen being spatially not available. In contrast, anergic CD8+ T cells have experienced a defective TCR stimulation due to the lack of co-stimulation during TCR activation (47). In the mouse endometrium, fluctuations in clonal anergy during the reproductive cycle support endometrial receptivity for implantation (48). During pregnancy, a role of T cell anergy at the feto-maternal interface is supported by the local lack of necessary T cell co-stimulators (48). Furthermore, hypo-responsiveness and ignorance contribute to CD8+ T cell tolerance to fetal antigens in mice (49–51). Taken together, although their extent in decidual CD8+ T cells has not been investigated in depth, the general tolerance mechanisms of quiescence, ignorance and anergy are likely to play a role at the feto-maternal tolerance.



Exhaustion and Dysfunction

Following activation and differentiation into classical effector T cells, a cell can acquire an exhausted state if antigen stimulation persists chronically. Exhausted T cells can also arise early in infection, advocating that additional paths of development are also possible (52). Although there is no definitive marker to distinguish exhausted cells from other subsets (53) recent findings have pinpointed TOX as a key transcriptional regulator of T cell exhaustion. In chronic infection two populations of exhausted cells have been identified based on the expression of TCF1: one comprising TCF1high stem cell-like progenitors that self-renew, give rise to and maintain the second population, a terminally differentiated exhausted T cell subset, which lack TCF1 expression (54). Besides that, exhaustion is often defined by the expression of a set of multiple inhibitory molecules, including PD1, Tim3, Lag3, Tigit, and CTLA4 (53). However, very high levels of inhibitory molecules suggest dysfunction rather than exhaustion (53). Important specific features of exhausted T cells are likely due to signals arising from the different microenvironments. Although in certain conditions exhausted T cells may retain the production of effector molecules, their atypical immune responses may prevent immunopathology in the host e.g. by control of infections (53, 55, 56). In other microenvironments, such as in tumors, exhausted T cells generally lack effector function and fail to control tumor growth acquiring a dysfunctional state (57). Importantly, although exhausted T cells may be dysfunctional, not all dysfunctional T cells are exhausted (53) and furthermore, dysfunction is as state that can arise from other cell fates, such as from anergy (25).

Despite the differences between the feto-maternal interface, chronic infections and tumors’ microenvironment, constant fetal antigen exposure in the decidua may trigger similar exhaustion signatures in CD8+ T cells. As summarized in Table 1, the expression of inhibitory receptors indicative of exhausted or dysfunctional states have been reported in diverse decidual CD8+ T cell subsets (6, 7, 24–27, 34, 37). A dynamic induction of exhaustion states may take place in the intrauterine environment, as PD1 and Tim3 expression increased in decidual CD8+ T cells through gestation (37). The majority of uterine exhausted-like cells gather within the EM compartment, although some were present within the CM and EMRA subsets (37). In contrast, the expression of TCF1 and TOX remains to be investigated in the decidua. So far, our analysis of single cell sequencing data showed that TOX is scarcely expressed in the EM and TRM clusters (Figure 2 and Supplementary Figure 2). This expression did not coincide with the one of PD1 or Tim3 questioning the suitability of using these markers to define exhaustion (Supplementary Figure 2).

Taken together, difficulties in the identification and differentiation of exhausted and dysfunctional T cells have limited the progress in this field of research. The detection of exhausted cells by the expression of inhibitory markers may be misleading as various functional and competent CD8+ T cells, including effectors and regulatory cells, or dysfunctional cells express comparable sets of inhibitory molecules.



Senescence and Deletional Tolerance

Senescence refers to a state in which highly differentiated CD8+ T cells have reached the end of their proliferative potential after repeated TCR stimulation but maintain their effector function (58, 59). Hence, senescence is more prevalent in advanced differentiation subsets, such as in EM3 cells (60), and generally correlates with cellular aging, partly due to reduced telomere length (59). Senescent CD8+ T cells are present in the human decidua, as identified by their positivity for CD57 and KLRG1 (37, 58). Because the presence of the CD57 epitope cannot be detected in transcriptome analysis, we could not verify these results in the transcriptome dataset. At last, CD8+ T cells can undergo deletional tolerance that removes the antigen specific expanded CD8+ T cell clones and favors the termination of the immune response (61). In mice, deletional tolerance takes place at the uterus-draining lymph nodes (50), thereby restraining antigen-specific responses at the feto-maternal interface. Therefore, both senescence and deletional tolerance appear as mechanisms at play in the pregnant uterus. However, their relative contribution to sustaining immune tolerance towards the fetus e.g. by limiting extensive proliferation of decidual CD8+ T cells specific for fetal antigens due to senescence or by reducing them by deletion during and after pregnancy (59) requires further investigations.




Regulatory/Suppressive CD8+ T Cells

Decades before the discovery of the CD4+ Treg cells, CD8+ T cells embarked as the first T cell subset with a suppressive potential (62). However, difficulty in confidently distinguishing them phenotypically from other CD8+T cell subsets halted the progress of this research topic while research on CD4+ Treg cells bloomed following the identification of the transcription factor Foxp3 (63). In recent years, findings on suppressive CD8+ T cells, also called CD8+ Treg cells have underscored their importance in biological contexts such as in tumor tolerance, organ transplantation, autoimmune diseases in mice and humans (64–70). Yet, due to the overlapping characteristics with other effectors, memory and exhausted T cells populations, there is no general consensus about markers to unambiguously identify CD8+Treg cells (Figure 2). To date, CD8+ Treg cells have been identified based on the expression of FOXP3, the CD8aa receptor, the absence of CD28, and the specificity for hemoxygenase (HMOX)-1 derived peptides in humans (64, 71–75) as well as by CD122 positivity and restriction to Qa1 in mice. Inhibitory molecules, such as PD1, Tim3, CTLA4, Ly49, Lag3 and Tigit have also served to identify CD8+ Treg cells (63, 64). The expression of such inhibitory receptors was also described in CD8+HLA-DR+ cells with regulatory properties, whose enhanced positivity for IFNy and TNFα and degranulation ability appear related to induction of tolerance rather than exhaustion (76). Under the influence of environmental cues and of the particular immune phenomenon, diverse regulatory pathways were described for CD8+ Treg subsets (67) including suppression of proliferation of cytotoxic/autoreactive T cells, e.g. by triggering apoptosis of target cells, and by inhibition of their secretion of inflammatory cytokines. These actions may be mediated via cell-cell contact, suppression of costimulatory molecules in dendritic cells, Fas/FasL pathway, secretion of inflammatory (perforin 1, granzyme B (GrzB), IFNy) and/or immunosuppressive molecules (IL-10, TGFβ) (71). Due to the heterogeneity of the findings available, the great phenotypical and functional overlap of CD8+ Treg cells and conventional subsets (Figure 2) their classification and nomenclature as “regulatory” has been brought into question (71). However, the immune regulatory properties of CD8+ T cells in important biological phenomena cannot be denied.

To date, studies on decidual CD8+ T regulatory cells, as such, are scarce. In humans, the regulatory subsets CD8+HLA-DR+CD8+ T cells (76) and CD8+CD28- T cells (77–79) were enriched in decidua, compared to peripheral blood. Additionally, decidual CD8+ T cells expressing inhibitory receptors have been referred to as having a regulatory function in the decidua in mice and humans (39, 80) colliding with those studies that defined exhausted cells by the expression of the same inhibitory markers (e.g. PD1+ Tim3). In mouse pregnancy, a regulatory function for CD8+CD122+ T cells was evident as their adoptive transfer prevented inflammation-induced intrauterine growth restriction (IUGR) restoring placenta and fetal growth (72).

Taken together, the possibility of distinguishing CD8+ Treg from exhausted cells and other subsets is urgently needed for unifying the scientific community and the progress of the field of CD8+ T cell biology. Coupling an in-depth analysis of markers with functional assessment of candidate subpopulations may serve to dissect unambiguously the potential functional states and suppressive capabilities (25).



CD8+ T Cell Function in Pregnancy


Immune Tolerance and Homeostasis

Besides providing immunity towards pathogens invading this mucosal area, decidual CD8+ T cells execute tailored responses to the dynamic changes of the pregnant uterus (42). Intriguingly, CD8+ T cells are pivotal for immune tolerance and pregnancy success, as both a deregulation of CD8+ T cell recruitment and differentiation as well as their depletion in pregnancy can hamper immunotolerance and the success of pregnancy (72, 81–83). Hence, the frequency, differentiation, enrichment of markers for exhausted/regulatory function and particular cytokine secretion profile, allude to a tight regulation of the CD8+ T cell compartment at the intrauterine niche as a pivotal mechanism of immune homeostasis and tolerance towards the fetus, which are tilted in pathological contexts. In preeclampsia (35, 84), miscarriage (39, 80, 85) and intrauterine growth restriction (IUGR) (84, 86) increased CD8+ T cell counts have been observed at the feto-maternal interface. Additionally, in inflammatory conditions, such as miscarriage and preterm labor, the differentiation of decidual CD8+ T cells shifts towards a relative expansion of TRM in cases of miscarriages, as well as enhanced EM and EMRA in pregnancies undergoing preterm labor (Table 1) with detriment of CM subsets that appear reduced in both pathologies (87). The respective expansion of TRM and EM/EMRA CD8+ T cells with potent activation potential may in turn contribute to the pathophysiology of inflammation in these conditions.

Decidual CD8+ T cells express high levels of inhibitory receptors. Although it remains still unclear whether this reflects an exhausted state, this expression pattern can certainly influence CD8+ T cell activation to modulate their function (Supplementary Table 3). Concomitantly, the feto-maternal interface provides an environment rich in the respective ligands, pinpointing an important role for these immune checkpoint mechanisms in the success of pregnancy (Supplementary Table 3). In particular, PD1 in CD8+ T cells may bind programmed death-ligand 1 (PD-L1) at the feto-maternal interface (88) and inhibit their own T cell activation (89), alter the duration of the contact of CD8+ T cell with APC or target cell and enhance the proliferation of the PD1 expressing CD8+ T cells (90). Additional inhibitory functions can be mediated for example by blockage of antigen presentation in the case of Lag3, or of the interaction with costimulatory molecules in the case of CTLA4 and Tigit. The crosstalk of a selective combination of inhibitory receptors simultaneously expressed may further contribute to the unique function of CD8+ T cells in pregnancy. Particularly, co-expression of PD1 might modulate the function of Tim3 in pregnancy, that upon Gal9 binding drives to cell proliferation (39) rather than to the well described triggering of apoptosis in other contexts (91, 92). Such a modulation has been found in the tumor environment where PD1 reduces the Tim3/Gal9-mediated apoptosis (91). Also, CTLA4 synergizes with Tim3 pathways to promote anti-inflammatory cytokine release and healthy pregnancy (85). An additional player to consider in this context may be IFNy, that upregulates PD-L1 expression by trophoblast cells (93) and has also been shown to promote Gal9 expression (91).

In pregnancy complications, particular derangements within the CD8+ T cell compartment are observed. Indeed, while senescent CD8+ T cells are reduced in preterm labor accompanied by placental inflammation, exhausted cells are reduced in patients with placental inflammation at term labor (37). Also in preeclampsia, clonally expanded PD1+CD8+ EM are underrepresented (27), and exhausted decidual CD8+ T cells (co-expressing inhibitory receptors) diminished in women with recurrent miscarriage (39, 80, 94). In miscarriage, exhausted T cells additionally further displayed a deregulated transcriptome, secretion, and proliferation profile, which occurred together with enhanced clonal expansion of CD8+ EM cells, suggestive of a shift towards effector and inflammatory responses. The importance of inhibitory molecules was demonstrated experimentally by their blockade in mice, which resulted in miscarriage (39, 80, 94). Such plasticity for reversion of the exhausted state and regain of function of CD8+ T cells in intrauterine environment may be an important mechanism of host defense, for example in the case of intrauterine infections (37, 88), although it ultimately results in pregnancy pathology.

Functional features of the decidual CD8+ T cell have further been assembled by investigating their secretion profile (Table 1). Decidual CD8+ T cells are active producers of cytokines, and high levels of IFNy and TNFα were reported in decidual CM, EMRA, and EM CD8+ T cells (6, 25). Whilst these studies did not consider markers for tissue residency, a recent report indicated that TRM cells possess higher capacity than other CD8+ T cells to produce IFNy, TNFα, IL-4 and the regulatory cytokine TGFβ (34). In line with this, the single cell transcriptome analysis pointed to the TRM cell cluster as the one with highest IFNy mRNA levels (Figure 1 and Supplementary Figure 2). IFNy secretion by decidual NK cells (95) and CD4+ Treg cells (96) affects uterine vasculature and stroma gene expression, leading to vessel instability and remodeling of decidual arteries (97) whereas TNFα may enhance apoptosis of vascular smooth muscle cells of the spiral arteries and synthesis of matrix metalloproteinases (MMPs) facilitating trophoblast invasion into the spiral arteries and placentation (98). These vascular changes are critical to ensure the increasing demands of blood flow into the uterus and placenta through pregnancy. Although unknown, it is plausible that decidual CD8+ T cells may also contribute to these processes not only through the secretion of IFNy and TNFα, but also other mediators such as IL-11, which may further favor placentation and decidualization (25, 99). In our single cell RNA sequencing analysis, cluster 3 highly expressed Gal3 and IL-32, which have both been associated with pro-angiogenic functions in tumor biology (100, 101), however whether these cells have a role in placental vascularization can only be speculated at this point. In fact, adoptive transfer of CD8+ CD122+ T cells into pregnant mice suffering from placental insufficiency significantly improved placental vascularization (72), although the intervening mechanisms require still further elucidation.

Contrasting results have been reported with regards to the production of cytolytic mediators as well as the degranulation potential of decidual CD8+ T cells. This is particularly complex when considering the CD8+ T cell differentiation states and comparisons to peripheral blood counterparts (7, 26, 34). Generally, accumulated data suggest that EM3, EMRA CD8+ T cells are important producers of GrzB in the decidua (7, 25) with more recent data pinpointing that TRM cell subset present a still higher production of GrzB. This high cytotoxic potential is in an agreement with the role of these cell subsets in host defense against infections. Noteworthy, some evidence supports that in healthy conditions cytotoxicity may be specifically reduced in distinct decidual CD8+ T cell subsets. For example, when compared to blood counterparts, stimulated decidual CD8+ naïve T cells presented lower GrzB (Table 1) and CD107a+ cytolytic degranulation (7, 25), and decidual EM3 and EMRA presented drastically lower basal content of GrzB and perforin (7). Suppression of cytolytic mediators may respond to the induction of tolerogenic responses in the intrauterine environment, as co-culture of TRM CD8+ T cells with trophoblasts suppressed their GrzB expression. Importantly, in vitro stimulation effectively upregulated the expression of perforin 1 and GrzB in the decidual CD8+ T cells, which degranulate in levels equal or higher than blood counterparts (6, 25, 26). As previously said, such retention of CD8+ T cell cytotoxic capacity might hold significant relevance for example for host defense in the case of severe infections.

Collectively, decidual CD8+ T cells, especially the EM subset, often display an exhausted profile and tissue specific features, which in homeostasis favor an intense production of cytokines (37) rather than cytolytic programs. The contribution of CD8+ T cell derived cytokines and other mediators to pregnancy processes require further empirical investigation. Decidual CD8+ T cells retain the potential for robust cytotoxicity and their dysregulation is associated with multiple pregnancy complications and thus, are critical for pregnancy success.



Immune Surveillance and Host Defense

Through recognition and lysis of cells carrying MHC-I receptors bound to foreign peptides, CD8+ T cells are instrumental to adaptive immune responses to pathogens (102). As research on decidual CD8+ T cells have focused on their immune tolerance to fetal antigens, their function in immune surveillance and host defense has been dragged behind (103). Immune surveillance involves circulation of CD8+ T cells in the blood stream and/or lymphoid organs, trafficking into peripheral tissues as well as a localized immune surveillance in peripheral tissues. The above mentioned enrichment of clones specific for HCMV and EBV viruses (38) in HLA-A and HLA-B restricted CD8+ T cells at the feto-maternal interface support an increased capacity of decidual CD8+ T cell to fight maternal infections, although a potential role in placental infections is not clear. Extra villous trophoblast cells only express HLA-C, HLA-G and HLA-E molecules (104) and HLA-C restricted CD8+ T cells can be found in the decidua. However, questions on potential HLA-C pathogen recognition in the placenta overlap with the long-standing dilemma about the absence of inflammatory responses to allogenic HLA-C molecules in healthy conditions at the feto-maternal interface (38).

Distinct CD8+ T cell subsets possess distinct migratory patterns (11). Hence, the differentiation trajectories and functional states within the decidua are likely to influence the immune surveillance. The response of decidual CD8+ T cells to infections have been best investigated in mouse models of pregnancy affected by intracellular Listeria monocytogenes (Lm), and Lymphocytic choriomeningitis virus (LCMV). Infections with these pathogens are often associated with serious pregnancy complications, such as miscarriage, stillbirth or adverse effects for the baby (105, 106). The poor pregnancy outcomes may respond to the persistent Lm or LCMV infection of the placenta and consequent local inflammatory responses (107). Intriguingly, in the case of Lm, rather than by pathogen specific CD8+ T cells, significant immune damage was inflicted by fetal specific CD8+ T cells with an inflammatory profile accumulating at the decidua (106, 108). In turn, the clearance of pathogens in peripheral organs may be also impaired during pregnancy (106, 108, 109) suggesting that the interaction of systemic and local mechanisms might also underlie the morbidities of infection. Although in transgenic mouse models, a limited trafficking of peripheral CD8+ T cells to the decidua, e.g. due to epigenetic silencing of chemokine factors, was described (51), a CXCR3 dependent recruitment to the uterus takes place e.g. in the case of Lm infection (106, 107). Additionally, in the context of re-infection, memory CD8+ T cell proliferation was also observed in the female reproductive tract (110).

Taken together, further research on the regulation of decidual effector responses and the activation threshold would be beneficial to improve interventions for infections critical for pregnancies. The observation that maternal infections affect the pregnancy outcome by resulting in miscarriage, preterm birth, fetal malformations or enhanced risk for pregnancy complications, e.g. in the context of HCMV, ZIKV, and COVID19 infections (111–114) highlights the urgent need for further research in this field.



Immunological Memory in Pregnancy

Maternal immune cells are exposed to foreign antigens before pregnancy: from the seminal fluid, during pregnancy: from fetal antigens, and after pregnancy: phenomenon called microchimerism (115). Seemingly, paternal-antigen specific CD8+ T cells are first primed upon encounter with the seminal fluid during coitus and are recruited into the cervix during subsequent coitus in order to prepare the uterus for and facilitate implantation (116). Whether these cells play a further role later in pregnancy and constitute the expanding decidual CD8+ T cell memory populations, and to what extent, is not known.

Immunological memory of CD8+ T cells is established upon pregnancy as fetal specific CD8+ T cells are found in the maternal circulation after pregnancy in mice and humans (24, 30, 117–119) and are suggested to play a beneficial role in subsequent pregnancies. Indeed, longer duration of paternal seminal fluid exposure reduces the risk for preeclampsia in pregnancies with that particular paternity (120, 121) and the same clonally expanded CD8+ EM cells were found in subsequent pregnancy of the same paternity (27). Furthermore, the frequency of pregnancy complications is lower in second pregnancies compared to the first pregnancy, but only with the same partner (120, 122–126). In addition to partner change, pregnancy intervals over 10 years and conception methods lacking seminal plasma priming the pregnancy (e.g. IVF) result in a higher risk of pregnancy complications, including preeclampsia (127, 128), miscarriage (129) preterm birth (130) and IUGR (131). Thus, inadequate paternal antigen-specific tolerance may be the causative factor of preeclampsia (27, 132). In mice, fetal-specific CD8+ T cells that exhibited an activated and functionally exhausted phenotype accumulated in mouse lymphoid tissues during pregnancy and in the postnatal period. These CD8+ T cells acquired a memory profile with increased expression of PD1 and Lag3 and were hyporesponsive in a second pregnancy, supporting the existence of a unique CD8+ population induced by pregnancy. Whether the circulating fetal-specific CD8+ T cells are recruited to the decidua in the second pregnancy, or whether fetal-specific CD8+ TRM cells are the primary players in the secondary response is however not clear.




Final Remarks

Rather than from a widespread suppression of the immune responses, immune tolerance to fetal antigens results from a fine-tuned immune regulation. CD8+ T cell differentiation and responses are primarily influenced by the intra-uterine microenvironment. The local expression of regulatory ligands, the particular cytokine milieu (9, 24, 26, 33, 34, 37, 93), and the high levels of steroid hormones (133, 134) are critical for the establishment of immune tolerance towards the fetus (Figure 3). Further, the allogenic placental trophoblasts in direct contact with maternal tissues (135) may interact with maternal CD8+ T cells to upregulate their PD1 and Tim3 expression (39), whereas decidual stromal cells can promote a differentiation of peripheral CD8+CD69+ T cell into decidual TRM (34), as shown in vitro studies.




Figure 3 | A schematic overview of CD8+ T cells at the feto-maternal interface. CD8+ T cells may migrate from blood (top, left), and whether they differentiate previously or subsequently to seeding in the decidual microenvironment remains unclear (dashed lines). Naive and memory CD8+ T cell populations have been detected in human decidua, whereas information about effector subsets is missing, indicated by a question mark. Among memory populations, TRM, EM, EMRA and CM were reported, and TPM or SCM subsets have not yet been studied. Particular features of decidual memory CD8+ T cells include unique cytokine secretion profile, elevated expression of inhibitory receptors, low basal cytotoxicity and the enrichment in clones specific for fetal antigens and viruses. Ligands for inhibitory receptors are expressed both in the decidua stroma (orange) and placenta (pink). EVT, extravillous trophoblasts.



The independent studies here reported underscore the relevance of CD8+ T cell modulation in immune tolerance towards the fetus. The abundance of CD8+ T cells at the decidua together with their particular tissue-specific attributes portraits a heterogeneous cell compartment with varied functional features (Figure 3). Decidual CD8+ T cells in healthy pregnancies are cytolytic to a low extent due to low basal secretion of perforin and GrzB, despite their activated phenotype with effector and/or memory potential. Also, the potent secretory profile of decidual CD8+ T cell e.g. with regards to IFNy suggests an active response to pregnancy and a potential involvement e.g. in vascular processes in the decidua. These profiles along with the enriched expression of co-inhibitory molecules in highly differentiated cell subsets, mainly EM and TRM, appear as general features of decidual CD8+ T cells. Clearly, not only the trajectory but the functional states of decidual CD8+ T cells are tightly modulated in the intrauterine compartment, which may account as local mechanisms of tolerance towards the allogenic trophoblast. It is argued that the decidual CD8+ T cell compartment include dysfunctional, exhausted or regulatory T cells, however, a definitive characterization remains still missing. With recent advances in transcriptome analysis of single cells and in CD8+ T cell biology, overlaps of what previously was commonly accepted cellular trajectories are coming to light. This diversification is likely due to the small number of markers that can be simultaneously detected in different biological settings, such as different stages of pregnancy and pathologies, resulting in arbitrary new findings or markers and cytokines, not completely grasping the whole picture. The publicly available single cell RNA sequencing datasets on decidual immune cells include insufficient CD8+ T cells for an in-depth analysis (15). Therefore, single cell RNA sequencing tailored to CD8+ T cells, e.g. by improving cell isolation methods, including higher amounts of cells, antibody tags to identify relevant carbohydrate epitopes (CD45RA, CD57) may overcome current limitations for a better comparison to existing flow cytometry data.

Unifying their characterization and shedding light on CD8+ T cells mechanisms of pregnancy success and which components of these processes are at fault in pregnancy failure or complications, will allow to introduce new tools into current prevention strategies for pathologies such as IUGR, preeclampsia, miscarriage and preterm birth.
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Lectin-glycan interactions, in particular those mediated by the galectin family, regulate many processes required for a successful pregnancy. Over the past decades, increasing evidence gathered from in vitro and in vivo experiments indicate that members of the galectin family specifically bind to both intracellular and membrane bound carbohydrate ligands regulating angiogenesis, immune-cell adaptations required to tolerate the fetal semi-allograft and mammalian embryogenesis. Therefore, galectins play important roles in fetal development and placentation contributing to maternal and fetal health. This review discusses the expression and role of galectins during the course of pregnancy, with an emphasis on maternal immune adaptions and galectin-glycan interactions uncovered in the recent years. In addition, we summarize the galectin fingerprints associated with pathological gestation with particular focus on preeclampsia.
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Overview: Galectin-Glycan Interactions at the Maternal Immune Function

Almost fifty years ago (mid-1970s), galectins were first described as a family of evolutionarily conserved animal ß-galactoside binding lectins (1). Since then, the importance of galectins has been recognized in many biomedicine disciplines including inflammation, malignancy and reproductive biology. Galectins have extensive roles in the regulation of cell differentiation and function, but it is their ability to control the innate and adaptive immune system in healthy and disease states which has attracted significant interest. Galectins are well established regulators of lymphocytes, especially T lymphocyte development, differentiation, activation and effector function (2). Multiple members of the galectin family are widely expressed at the maternal-fetal interface where they play important roles in implantation, placental and fetal development, including in the regulation of maternal-fetal tolerance. Here, we review uterine and placental galectin expression, function, and glycan interactions at the maternal-fetal interface and highlight placental pathologies associated with an aberrant galectin signature.



Galectins: Structure and Function

Galectins are a highly evolutionarily conserved family, of which more than 20 galectins have been identified in mammals (3) and 12 in humans (4, 5). Galectins are found on many chromosomes including human chromosomes 1, 11, 14, 17, 19 and 22. A cluster of galectins found on chromosome 19 includes the placental-specific galectins (gal-13, -14, -16) (6), which are thought to be important in the formation of the highly invasive placenta found in humans. Galectins possess a characteristic carbohydrate recognition domain (CRD) and are classified according to their structure as prototype, chimera or tandem-repeat type (Figure 1) (7). Prototype galectins (gal-1, -2, -5, -7, -10, -11, -13, -14, -15 and -16) contain one CRD and typically form non-covalently linked homodimers (3). The only chimera-type galectin (gal-3) consists of a C-terminal CRD connected to a N-terminal ‘tail’ that facilitates oligomerization into trimers and pentamers (8). Tandem-repeat type galectins (gal-4, -6, -8, -9, -12) contain two distinct CRDs connected by a linker peptide (2, 3).




Figure 1 | Types of galectins and general mechanisms. Shown is an illustration of the galectins structure and the functional interactions of this type of lectins with cell-surface and extracellular glycoconjugates.



Following synthesis in the cytoplasm, galectins are predominantly secreted into the extracellular space where they bind to carbohydrate ligands on the cell surface or in the extracellular matrix. Alternatively, they can be translocated to the nucleus, where they form part of the spliceosome (3). Galectins lack a classical secretion sequence; thus, galectin secretion is non-classical, bypassing the Golgi complex, likely effected by direct transport across the plasma membrane (3). Whilst the N-acetyllactosamine-enriched glycoconjugates binding capacity of galectins led to their discovery (9), galectins generally only weakly bind to β-galactoside-containing glycans (7). Due to the unique nature of their CRDs, galectins selectively bind to specific ligands, but this binding is complex, regulated in part by the physiological concentration of the lectin and multivalency and oligomeric state of the galectin and ligand (7). Indeed, the physiological ligands of many galectins are unknown. Altogether, this means that the functions of galectins are highly contextual and reflect a dynamic mechanism to regulate cell function (2).



Galectin-1

The first member of the galectin family to be identified, gal-1, is a homodimeric protein that belongs to the prototype subgroup and is composed of two subunits of 14.5 kDa (10). Gal-1 is synthesized on cytosolic ribosomes and translocated to the extracellular compartment through a non-classical secretory pathway. Recently, it is been described that upon sensing cytosolic lipopolysaccharide (LPS), gal-1 is released from the cell by caspase-11 associated mechanisms, a process which is dependent on gasdermin D (11). Thus, gal-1 acts as a danger-associated molecules pattern (DAMP) in the extracellular space to enhance the inflammatory response elicited by intracellular LPS. However, the gal-1 secretion pathway in a physiological situation such as pregnancy and placentation has not been determined. Intracellularly, gal-1 is predominantly monomeric and participates in protein-protein interactions in a carbohydrate-independent manner (e.g. with H-Ras (12), protocadherin-24 (13) and gemin4 (14) among others). Once in the extracellular compartment, gal-1 spontaneously dimerizes and binds to numerous glycoproteins mostly in a glycan-dependent manner (15). Thus, gal-1 recognizes galactose-β1-4–N-acetyl-glucosamine [N-acetyl-lactosamine (LacNAc)] units present on the branches of N- or O-linked glycans on diverse cell surface receptors (e.g. CD45 on lymphocytes) and extracellular matrix (ECM) proteins including laminin and fibronectin (16–18) (Figure 1). Gal-1 displays broad anti-inflammatory properties and targets multiples immune cell types. This review focuses on gal-1’s significance within the maternal immune system during pregnancy and its influence on pregnancy outcome.

At the feto-maternal interface, a wide range of immune and non-immune cells synthetize and secrete gal-1 (3). Gal-1 was shown to be the most abundantly expressed in the endometrium –when compared to all other human tissues (19), where it is mainly localized to decidual stromal cells. Gal-1 expression is sex hormone-dependent, therefore its expression is increased in the late secretory phase endometrium and it is further elevated in the decidua (20). In vivo evidence also confirmed that sex hormones (estrogens and progesterone) regulate the expression of uterine gal-1, which is strongly increased during embryo implantation (21) and then sustained through pregnancy. Interestingly, in the course of the emergence of placental mammals, conserved cis motifs were gained including an estrogen responsive element in the 5′ promoter of LGALS1 (gal-1 gene) accounting for this sex steroid regulation of LGALS1 expression (19). Of importance, gal-1 is one of the most strongly expressed proteins in the decidua, mainly in decidual stromal cells, at term gestation, with decreased expression in laboring women (22). Taken together with its anti-inflammatory actions in decidual cells, measured by its inhibition of LPS-induced IL-6 production in decidua-derived mesenchymal cells (23), gal-1 may regulate decidual immune cell populations and sustain a local anti-inflammatory microenvironment that favors pregnancy maintenance, and its decreasing expression at term may allow the pro-inflammatory changes in the decidua needed for the onset of labor.

Besides maternal decidual stromal cells, another major source of gal-1 are the fetal trophoblasts as observed in various species. Early in mouse and human embryogenesis, gal-1 is detected starting in the fourth/five day of development and its expression is limited to the inner cells mass and outer cells (which includes the trophectoderm) (24, 25). The trophectoderm of the blastocyst exhibits highly differentiated functions and participates in a complex dialogue with maternal cells that enables implantation. Indeed, gal-1 expression is strong in the trophectoderm-derived giant cells (GC) and in spongiotrophoblast subsets, layers of the placenta that are involved in placental invasion and have endocrine functions (26, 27). Despite differences between mouse and human placentation, gal-1 expression is also prominent in the human trophoblast populations that carry out interstitial and endovascular invasion, and regulate the ability of extravillous trophoblasts to secrete immunoregulatory proteins such as HLA-G (25, 26, 28–30). Moreover, early-gestation chorionic villus–derived placenta mesenchymal stromal cells express prominent gal-1 on the surface and this lectin is abundant in secreted exosomes, which has been recently suggested to have neuroprotective effect (31). This opens up new avenues in the field of gal-1 as critical signaling molecule in the placenta secretome.

Decidual NK (dNK) cells are one of the best examples of how maternal immune-privileged sites shape the phenotype of leukocytes (32). dNK cells have increased gal-1 expression when compared to peripheral NK cells (33, 34). Toscano M et al. showed that gal-1 selectively controls the fate of Th1 and Th17 cells, due to the glycan-repertoire expressed by these T cells that is compatible with gal-1 binding, whereas Th2 cells are resistant to this lectin as a result of increased α2,6-sialylation of their cell surface glycoproteins (35). Based on their ability to secrete gal-1, dNK cells have been proposed to induce apoptosis of activated Th1/Th17 cells (33). It is not clear, however, whether the gal-1 expressed on dNK cells is also present in cytotoxic granulates as has been recently showed in CD8+ cytotoxic T lymphocytes (CTLs) (36). Interestingly, under inflammatory conditions such as during the course of preeclampsia, peripheral NK cell-subsets depicted a less prominent gal-1 expression, which may be responsible for the exacerbated Th1/Th17 systemic response (37). Although dNK cells generally have a less inflammatory phenotype compared to their peripheral counterparts, there is evidence for anti-viral activity of dNK cells (38).

With regards to antigen presenting cells in the decidua (e.g. dendritic cells, DCs), we found that exogenous gal-1 fine tunes the DC immunoregulatory properties (39). Specifically, gal-1 treated decidua DCs induced an IL-10 expressing Treg cell subset that is compatible with healthy gestation (39). In contrast, during a failing pregnancy, an uncontrolled Th1 response is accompanied by an immunogenic DC phenotype and decreased decidual gal-1 expression (39, 40). Although several gal-1 cell surface receptors including CD45, CD43, CD69, the pre-BCR, and vascular endothelial factor receptor 2 have been characterized, further studies are needed to identify the gal-1 receptor(s) at the feto-maternal interface responsible for the extracellular function of this lectin. In addition, characterization of the glycosylation profile of the potential decidual gal-1 ligands, will provide their functional relevance in the gal-1-glycan axis that fine tunes the immune response during gestation. Mast cells are found in mucosal and epithelial tissues including the feto-maternal interface and these cells secrete gal-1 during the course of pregnancy. Although mast cells are a small population, these cells are known to regulate vasodilation, vascular homeostasis, and angiogenesis. Therefore, the expression of gal-1 in this particular cell subtype can be related to increased angiogenesis and may indirectly regulate placentation (41).

Given the important immunomodulatory and anti-inflammatory roles of gal-1, it is unsurprising that dysregulated gal-1 production is found in complications of pregnancy associated with impaired immune tolerance including early pregnancy loss (42–44). Specifically, placental gal-1 expression and maternal blood gal-1 levels are downregulated in the first trimester in women who miscarry (25). In preeclampsia, another disease associated with inflammation, decreased maternal blood levels of gal-1 are found in the second trimester, while its increased expression in the placenta and elevated maternal blood concentrations can be detected at the time of clinical diagnosis (42–44). In murine models, loss of gal-1 causes preeclampsia-like features, exemplified by exacerbated inflammation and an anti-angiogenic maternal response, which is associated with reduced placental labyrinth area and impaired spiral artery remodeling (39, 45). Overall, these data suggest that a substantial decrease in gal-1 expression in early pregnancy may lead to the complete loss of tolerance and result in miscarriage in both species, while a lower level of inhibition of gal-1 expression at the feto-maternal interface, may enable the further progression of pregnancy but with disturbed maternal-fetal immune interactions, leading to preeclampsia and chronic rejection of the fetal semi-allograft. The observed discrepancy in gal-1 levels between the second and third trimesters in preeclampsia may reflect an initially inhibited expression of gal-1, which may result in a compensatory overexpression later in pregnancy similar to what is detected in rejected kidney allografts (46). Because preeclampsia and early and recurrent pregnancy loss (RPL) are syndromes rather than unique entities with diverse etiologies (47), is it important to emphasize that only a portion of the clinical cases exhibit the above immune/anti-angiogenic pathologies related to gal-1 dysregulation.



Galectin-2

Galectin-2 (gal-2, encoded by the LGALS2 locus) belongs to the prototype subtype and its function at the feto-maternal interface is less understood than that of other galectins (1, 48). This lectin has been linked with pro- as well as anti-inflammatory actions (49, 50). The cellular binding sites for gal-2 are β1 integrin on T cells or closely associated glycoproteins (51). Binding of gal-2 to leukocytes results in cell-specific responses including apoptosis of activated T cells and regulation of leukocyte turnover (52, 53). In mice, gal-2 suppresses contact allergy reactions by inducting the apoptosis of activated CD8+ T cells; however, it has no significant effect on resting CD8+ T cells (54). Additionally, gal-2 has been attributed important inhibitory functions in monocyte and macrophage physiology, acting to inhibit monocyte migration and preventing macrophage-induced T cell activation (55). Thus, gal-2 was shown to shift T-cell cytokine profiles towards a Th2 phenotype, which is accompanied by downregulation of interferon (INF)-γ, tumor necrosis factor (TNF)-α and upregulation of IL-5 (52). In activated neutrophils, gal-2 induced externalization of phosphatidylserine leading to phagocytosis (53). The therapeutic potential of gal-2 has been demonstrated in acute and chronic mouse colitis disease models, where gal-2 induced a reduction in inflammation (49).

In the normal first trimester placenta, gal-2 is strongly expressed in the syncytiotrophoblasts (STB) with its cellular localization mainly found at the sites of interaction with the maternal blood. However, gal-2 expression is not restricted to the STBs as nuclear gal-2 expression has also been described in decidual cells (56). Expression of gal-2 within the placenta is reduced in pregnancy complications including miscarriages, preeclampsia and intrauterine growth restriction (IUGR) pregnancy (56–59). Preeclampsia not only causes a dysregulation of the placental gal-2 expression, but Charkiewicz et al. have shown that alterations of gal-2 levels can also be detected in the maternal circulation (60). However, whether gal-2 expression is causal for the development of miscarriage, preeclampsia or IUGR or if it is a consequence of failed trophoblast invasion is yet to be elucidated (61). Interestingly, gal-2 expression during normal pregnancy varies with fetal sex. Male placentas show more prominent gal-2 expression in the extravillous trophoblast compartment when compared to the age-matched female placentas (58). Thus, only male placentas suffering from IUGR showed a reduced gal-2 expression in this trophoblast population, whilst female placentas remained unchanged. A gender-specific role for gal-2 in the aetiology of preeclampsia and IUGR should be considered and further investigated.

DNA methylation in the LGALS2 gene may be an important mechanism to regulate gal-2 expression. It has been shown that maternal eating disorders affect offspring cord blood DNA methylation (62). In this context, offspring of women with active restrictive eating disorders in pregnancy had lower whole-genome methylation compared to offspring of women with past restrictive eating disorders (62). In addition, increased methylation at the LGALS2 locus could be identified in offspring of women with past eating disorder compared to controls (62).



Galectin-3

Galectin 3 (gal-3, encoded by the LGALS3 locus) is the only chimera-type member of the family identified so far (8). Via its CRD, which is shaped as a cleft open at both ends, gal-3 exerts high affinity binding to poly LacNAc extensions of core 2 O- and complex N-glycans as well as to ABH blood group oligosaccharides (63).

Gal-3 is present both extracellularly and in various subcellular compartments including the cell membrane, nucleus and cytoplasm; where its unique chimeric structure allows it to interact with a variety of ligands to modulate specific processes including cell growth and survival, adhesion, migration, invasion, immune function and angiogenesis, all of which play a significant role during maternal adaptation to pregnancy. In the context of immune adaptations, a dual role in the regulation of apoptosis depending on its subcellular localization has been proposed for gal-3, promoting T cell apoptosis when secreted to the extracellular milieu (64, 65) and showing protective effects when acting intracellularly (66, 67). In addition, gal-3 has been shown to exert potent inhibitory effects on NK cell activation and function, by either binding specific core 2 O- glycan moieties on target cells (68, 69) or by directly interacting with NK cell activating receptors [i.e., NKp30, (70)]. Gal-3 is recognized as a potent modulator of innate and adaptive responses, being involved in the activation and differentiation of a variety of immune cell subsets. It can regulate several components of the acute inflammatory response including neutrophil activation and rolling (71, 72), chemoattraction of monocytes/macrophages (73) and mast cell degranulation (74). Among other mechanisms, gal-3 modulates adaptive immunity by enhancing tolerogenic (i.e., regulatory) IDO-expressing DC that support Treg expansion (75), acting extracellularly to inhibit TCR signaling at the immunological synapse (76) and by interfering with co-inhibitory receptor signaling [i.e., PD-1 and LAG-3, (77)]. Intracellularly, gal-3 appears to be critical for supporting OX-40 mediated development of memory CD8+ T cells following antigen exposure (78). Additionally, under sustained tissue damage, gal-3 can promote the transition to chronic inflammation, quenching T cell responses (64, 79) and facilitating the walling off of tissue injury with fibrogenesis and organ scarring (80). In damaged cells, the lectin can also function as a receptor for advanced glycation end products promoting accumulation of reactive oxygen species and endothelial dysfunction (81, 82), which are both considered a hallmark of preeclampsia pathogenesis. More recently, intracellular galectins including gal-3 have emerged as important mediators sensing tissue damage in the context of infections given their ability to recognize host glycans exposed to the cytosolic milieu upon rupture of endocytic vesicles or organelles (83), which in turn leads to activation of autophagy pathways and recruitment of antimicrobial factors. These functions, along with its proven ability to control immune responses through DAMP and (pathogen-associated molecular patterns) PAMP pathways (84, 85), make gal-3 an important mediator in both defense from microbial infections and development of autoimmune conditions. Determining whether these novel functions of gal-3 play a significant role during the resolution of infections at the maternal fetal interface represents an attractive subject for further research.

Despite considerable research over the past years, the functional implications of gal-3 in the context of pregnancy are only just emerging. In humans, gal-3 mRNA and protein can be detected in maternal decidual cells (86) and also in all trophoblast lineages of the placenta (87), with increased expression levels associated with differentiation of the cytotrophoblasts along the invasive extravillous trophoblast pathway (87, 88). In line with these findings, recent in vitro studies have identified gal-3 as part of the trophoblast invasion machinery (89) as well as a positive modulator of crucial trophoblast cell functions including capillary tube formation and syncytialization (88). In mice, gal-3 is detected primarily in the uterine luminal and glandular epithelium, where its timely up-regulation appears to be a requisite for successful implantation (90). A role for this lectin in driving proper placental function is further emphasized in a recent study, which demonstrated that Lgals3 deficiency is associated with impaired differentiation of trophoblast layers, enhanced decidual NK cell infiltration and cytotoxic degranulation, and defective vascularization resulting in asymmetric growth restriction due to placental insufficiency (91). Interestingly, these studies revealed a differential contribution of gal-3 to placental function depending on its source of expression, as the IUGR phenotype was only reproduced in mating models with Lgals3 deficiency of maternal origin. Furthermore, dysregulated placental expression of gal-3 associated with enhanced activation of cellular stress pathways was recently reported preceding the establishment of the maternal syndrome in an experimental model of preeclampsia superimposed on chronic hypertension (92).

During the course of pregnancy, maternal circulating gal-3 levels increase as pregnancy progresses (91). Dysregulation of systemic levels of gal-3 have been described in pregnancy complications, particularly the so-called ‘Great Obstetrical Syndromes’ including preeclampsia (42, 93), IUGR (91), preterm birth and premature rupture of membranes (94, 95), and spontaneous pregnancy loss (96), all of which are associated with disorders of deep placentation. However, an important limitation of these studies is the diversity of criteria used to establish patient cohorts, which leads to conflicting results that make it difficult to determine whether dysregulated gal-3 levels reflect a causative link or appear as consequence of the placental pathology. In this context, future studies evaluating placental biology, the regulation of vascular responses and maternal adaptations in experimental models with altered gal-3 expression represent exciting avenues of research to establish the precise physiological role of this lectin during pregnancy as well as its potential application in diagnosis and interventions in pathological settings.



Galectin-7

Galectin-7 (gal-7) is a prototype galectin initially identified as a marker of stratified epithelia that is also expressed by many other types of epithelia and other cell types including lymphocytes (97). The LGALS7 gene is found on chromosome 19 (98), in a cluster of galectins which includes gal-4 and the placental-specific galectins gal-13, -14 and -16. In humans there is a duplicate copy of LGALS7 (LGALS7B) located adjacent to LGALS7 but on the opposite strand of chromosome 19 (99). Gal-7 is able to form homodimers with a ‘back-to-back’ organization and can be secreted despite having no cell secretion motif (97, 98). Gal-7 acts intracellularly via interactions with c-Jun N-terminal kinases, Ras or Bcl-2 and extracellularly via paracrine mechanisms to induce gene transcription, including autocrine amplification (100, 101, 102–106).

Gal-7 production is regulated by p53, TNF-α and NFĸB (97), but based on upstream promotor region sequencing it is predicted that LGALS7 and LGALS7B may each be regulated by different transcription factors (97, 99, 107). Studies to date suggest that gal-7 has key functions in epithelial cell homeostasis, including cell growth, differentiation and apoptosis as well as functions in cell adhesion, migration and immune cell regulation (101, 108;97, 105, 106, 109–116). The specific function of gal-7 likely relates to its cellular localization as gal-7 has been detected in the nuclear, cytosolic, mitochondrial and extracellular compartments (117).

Gal-7 has been suggested to play a key role in the intracellular immune response against infection. Gal-7 is recruited by Tollip to the autophagosome in HaCaT cells undergoing bacterial autophagy following group A Streptococcus infection (118). Gal-7 may also be considered an alarmin as it is released from human epithelial keratinocytes via an IL-4/IL-13/STAT6 dependent mechanism, it polarizes CD4+ T cells towards a Th1 phenotype and was found to be overexpressed in a murine model of cardiac allograft rejection (111, 115, 119).

In vivo administration of exogenous gal-7 to pregnant mice during mid-gestation results in a pro-inflammatory response with elevated placental IL-1β and IL-6 and reduced IL-10 mRNA production (120). Other reports however, indicate that gal-7 has anti-inflammatory actions treatment of PMA-stimulated Jurkat cells with gal-7 inhibits IL-2 and INF-γ production (112), gal-7 silencing elevates IL-17A-stimulated HaCaT cell secretion of IL-6 and IL-18 (107) and gal-7 is down-regulated in a mouse model of psoriasis (107). Therefore, the immune regulatory role of gal-7 may be cell-type specific and/or may depend on its cellular localization.

The absence of detectable gal-7 mRNA in term placenta (6) and the discovery that Lgals7 deficient mice are fertile and give rise to normal and fertile offspring initially suggested that gal-7 might not play an important role in female reproduction (121). More recently, immunohistochemical studies localized gal-7 to endometrial luminal and glandular epithelial cells, menstrual phase stromal cells and 1st trimester and term placental trophoblast including STB, cytotrophoblasts and extravillous trophoblasts (113, 114, 122, 123). The published reports also suggest that gal-7 localizes to uterine/decidua-resident immune cells however, the identity of the immune cells was not confirmed by dual staining (114, 122).

Exogenous gal-7 promotes endometrial epithelial cell adhesion and migration in vitro (113, 114). Gal-7 is present in menstrual fluid and in vitro studies suggest that it enhances re-epithelialization during endometrial repair after menstruation by promoting epithelial cell migration in a fibronectin/integrin dependent manner (113). Exogenous gal-7 enhances adhesion between human endometrial epithelial cells and the HTR-8/SVneo trophoblast cell line, suggesting that gal-7 may facilitate blastocyst adhesion to the uterine luminal epithelium during implantation. However, as gal-7 production is not up-regulated during the receptive phase of the menstrual cycle, it is unlikely that gal-7 is a critical mediator of blastocyst adhesion (114). Rather, somewhat paradoxically, endometrial epithelial production of gal-7 is increased in women with a history of multiple early pregnancy losses (114). Gal-7 is also abnormally elevated in maternal serum at 6 weeks gestation from women who subsequently miscarry but is not altered after week 7 of gestation (114, 124). The impact of even slightly increased gal-7 during early pregnancy may be substantial and sustained as it exhibits high stability due to the its protease resistance and increased stability following ligand binding (125). Elevated endometrial gal-7 may alter endometrial function leading to early pregnancy loss by increasing blastocyst-luminal epithelial adhesion allowing lower quality embryos to implant and altering the endometrial inflammatory environment by polarizing T cells towards a Th1 phenotype (114, 126–130).

Increased gal-7 production is found in early pregnancy chorionic villous samples (CVS; collected at 11-14 weeks gestation) from women who subsequently develop preterm preeclampsia (<37 weeks gestation) compared to women with uncomplicated pregnancies (120). A small retrospective cohort study also identified abnormally elevated gal-7 in maternal serum (collected at 10-20 weeks gestation) from women who subsequently developed preeclampsia (122). In vivo, gal-7 administration to pregnant mice causes preeclampsia-like features including hypertension, albuminuria and impaired placentation (120). Non-pregnant mice treated with gal-7 do not develop hypertension or albuminuria, demonstrating that gal-7 acts via the placenta to cause preeclampsia-like features in this model. Gal-7 regulates placental expression of many pathways thought to underlie the etiology of preeclampsia, including stimulating human placental villous production of sFlt-1-e15a, the sFlt-1 splice variant present only in the placenta of higher-order primates (120, 131). In mice, exogenous gal-7 induces a pro-inflammatory placental state (elevated IL-1β, IL-6 and reduced IL-10 mRNA) and alterations in the circulating and tissue renin-angiotensin-(aldosterone)-system (RAS) homeostasis (120, 132–137). To our knowledge this is the only mouse model of preeclampsia which causes alterations to RAS homeostasis without interventions to silence/overexpress specific RAS factors or surgically reducing uteroplacental perfusion and therefore could be a useful model to understand the role of RAS in the etiology of preeclampsia. Murine and ex vivo primary human trophoblast outgrowth experiments demonstrate that elevated placental gal-7 impairs trophoblast invasion (120) as is reported in preeclampsia (138). Gal-7’s inhibition of trophoblast invasion may occur via regulation of Pappalysin-2 and Disintegrin and metalloproteinase domain-containing protein 12 (ADAM12) (120) which are well established regulators of trophoblast migration (139–141).

Altogether these studies suggest that gal-7 likely has a role in the uterine and placental innate immune response and that it is produced at low levels during uncomplicated pregnancies. Elevated production of gal-7 during any stage of pregnancy may reflect or induce a pro-inflammatory state leading to poor pregnancy outcomes including RPL and preeclampsia.



Galectin-9

This “tandem-repeat type” galectin encoded by the LGALS9 gene located on human chromosome 17 is a 34-39 kDa protein (142). Gal-9 undergoes post-transcriptional splicing to form many splice variants. Among tandem-repeat galectins, gal-9 has a wide expression pattern including the nuclear, cytoplasmic and extracellular compartments (143, 144). The exact mechanism of secretion for gal-9 is poorly understood, however, it is most likely to be secreted by one of the following non-classical secretory pathways: direct translocation across the plasma membrane, release via packaging in exosomes, or export via lysosomes, endosomes, and microvesicles (145, 146).

Among several identified gal-9 receptors, T-cell immunoglobulin mucin 3 (Tim-3) is the most extensively studied. TIM-3 was first discovered in 2002 on interferon IFN-γ producing CD4+ (Th1) and CD8+ T cytotoxic cells (147). TIM-3 expression was verified in various immune cells, including Th1, Th17, NK cells, NKT-like cells, γ/δ T cells, Tregs, MAIT-like cells, dendritic cells, monocytes and also on trophoblast such as giant cells (148–151). A growing body of evidence supports a role of Tim-3 signaling in shaping both the adaptive and innate immune responses (152). There is evidence that engagement of Tim-3 by its ligand gal-9 leads to the death of Th1 and Th17 cells, influencing the ability to induce T cell tolerance in both mice and humans (153–156). CD4+ T cells secrete gal-9 upon T-cell receptor activation resulting in the regulation of Th17/Treg development (157). Gal-9 suppresses Th17 cell differentiation and induces the apoptosis of Th1 and cytotoxic T cells while in mice, it has been shown to enhance regulatory T cell differentiation, suggesting immunosuppressive functions (158). Moreover IL-6 abrogates the increase of gal-9+ Th cells in vitro and indicates that the neutralization of IL-6 may be a strategy to increase gal-9+ Th cells to ameliorate Th1/Th17-skewed immunity (157). Thus, engagement of TIM-3 by gal-9 may function as a negative regulator, abrogating Th1- and Th17-driven immune responses and may modulate the Th1/Th2 balance. The outcome of this interaction could have essential roles in human pregnancy.

Gal-9 is highly expressed in the female reproductive tract and at the maternal-fetal interface (86, 159) (160). In mouse models, gal-9 plays a role in cell-to-cell interactions and the establishment of an immune-privileged local environment for implantation and early fetal development, as well as the mediation of decidual cell migration and chemotaxis (159). Both murine placental spongiotrophoblast and decidual regulatory T cells express gal-9: decidual gal-9+ Th cells are an important source of a secreted, soluble form of gal-9 (161). Endometrial stromal cells secrete gal-9 to suppress inflammatory reactions of uterine NK cells via Tim-3 [23]. The predominant gal-9 splice variant (Lgals9 D5) was found to downregulate IFN-γ production mouse dNK cells and therefore gal-9 may limit Th1 cell numbers (158). Available evidence also supports a similar role for gal-9 in human pregnancy. Gal-9 is expressed by human endometrial glandular epithelial cells (uterodomes) during the window-of-implantation. Post-implantation, gal-9 is highly produced by epithelial cells and stromal cells of the decidua during early pregnancy and by syncytiotrophoblast and cytotrophoblasts (160, 162, 163). Gal-9 is implicated in the regulation of dNK cell function and the maintenance of normal pregnancy as the expression of gal-9 by primary human trophoblasts induces the transformation of peripheral NK cells into dNK-like cells via the interaction with Tim-3 molecule (164). Treg cells increase their gal-9 expression as pregnancy progressed-coinciding with the increasing gal-9 level in maternal blood, suggesting that expression of gal-9 in the Tregs subset may have important roles in the maintenance of pregnancy (165).

The evidence discussed above suggests that gal-9 is implicated in the modulation of maternal immune tolerance to support fetal growth and development, therefore it is important to consider its role in pathologic pregnancies like spontaneous miscarriage, RPL, or preeclampsia. Normal pregnancy and cases of spontaneous abortions differ significantly in terms of endometrial gal-9 splice variant profiles in both a mouse model of spontaneous abortion (CBA/J females with DBA/2J males) and in humans (158). Placentas from abortion-prone mice had lower mRNA levels of gal-9 compared to the normal placenta (158). Tim-3 expression by dNK cells from human miscarriages and abortion-prone mouse models is also reduced compared to healthy pregnancies, and the function of Tim-3+ dNK cells has been shown to be impaired (164). Moreover, decreased Th2 cytokine and increased Th1 cytokine levels were observed in Tim-3+ dNK cells, but not in those Tim-3- dNK cells derived from human and murine miscarriages (164). These data indicate that both the frequency and the function of Tim-3+ dNK cells are abnormal in miscarriage. In addition, women with a history of RPL have lower levels of circulating gal-9 compared to healthy pregnant women and reduced Tim-3 expression by peripheral NK cells (166, 167). The dysregulation on the gal-9/Tim-3 axis is accompanied by a decrease of systemic TGF-β1 levels, which has been implicated in the upregulation of Tim-3 expression (162, 168). Besides these changes, an increase of soluble Tim-3 (sTim-3) in addition to the reduced gal-9 circulating levels has been reported in these patients, which could enhance the competitive binding of gal-9 by sTim-3 leading to failed inhibitory signals controlling inflammation (166). A therapeutic potential of recombinant (r)gal-9 has been shown in preclinical models of several diseases like transplant rejections and autoimmune condition (169). The use of rgal-9 in RPL patients might be an effective therapeutic strategy to restore maternal-fetal immune tolerance.

The gal-9/Tim-3 pathway has also been implicated in maternal systemic inflammation in early-onset preeclampsia, however further analyses are urgently needed for a better understanding of this axis (170, 171). Decreased Tim-3 expression by T cells, cytotoxic T cells, γ/δ T cells, NK cells, and CD56dim NK cells, as well as increased frequency of gal-9+ peripheral lymphocytes is detected in women with early-onset preeclampsia (148, 170). Hao et al. found that the gal-9 expression detected by immunofluorescence in decidual tissues from preeclamptic patients was significantly higher compared to the control group (171). These data suggest that the impairment of the gal-9/Tim-3 pathway can result in an enhanced systemic inflammatory response, including the activation of Th1 lymphocytes in early-onset preeclampsia. Furthermore, Li et al. demonstrated that exogenous rgal-9 administration alleviates the preeclampsia-like manifestations (characterized by insufficient trophoblast cell invasion and impaired spiral artery remodeling) in a rat model of preeclampsia induced by LPS by upregulating Tim-3 expression in decidual macrophages (172). This finding may be related to the activation of the gal-9/Tim-3 signaling pathway, which promotes decidual macrophage polarization shifting to M2 subtype (172). Thus, the gal-9/Tim-3 axis may provide a valuable target for clinical interventional immunotherapy for early-onset preeclampsia although the findings that the interaction of gal-9 with Tim-3 in innate immune cells such as monocytes and dendritic cells induces the secretion of pro-inflammatory cytokines including TNF-α and can synergize with Toll-like receptors should be taken into consideration (173). Further functional evidence is needed to better understand the in vivo extracellular functions of gal-9.



Primate-Specific Placental Galectins (Gal-13, -14 and -16)

Gal-13 was discovered by Bohn et al. as Placental Protein 13 (PP13) when systematically isolating >50 pure proteins from the human placenta and characterizing them with physico-chemical methods (174). Using the purified PP13 protein and anti-PP13 antisera, Than et al. isolated and sequence analyzed the full-length cDNA encoding PP13, and described PP13 to be placenta-specifically expressed (175). They also discovered close placenta-specific galectin relatives of gal-13, and first characterized their evolution, structure, expression and functions (6, 176–182). Other groups, pioneered by Meiri et al. explored the clinical utilization of gal-13/PP13 immunoassays in maternal blood in normal and complicated pregnancies (183–186), as well as the potential use of gal-13/PP13 therapy for preeclampsia (187–193). As a result of systematic work, almost four decades of increasing international collaboration delineated the pivotal role of placental galectins in maternal-fetal immune-interactions and their promising diagnostic and therapeutic potentials for pregnancy complications.

The gene encoding gal-13 (LGALS13) is located on chromosome 19 within a cluster of galectin genes and pseudogenes, which emerged via birth-end-death evolution in anthropoid primates. Evolutionary analysis suggested that this cluster were originated from an ancestral mono-CRD galectin and underwent multiple gene duplications, rearrangements and losses as well as sequential divergence and subfunctionalization (4, 6). In humans, five genes belong to this galectin cluster, out of which three (LGALS13, LGALS14, LGALS16) are uniquely expressed by the placenta (4, 6). RNA and protein level evidences demonstrated predominant expression of these galectins in the syncytiotrophoblast but not in the underlying progenitor cytotrophoblast, with lower expression in extravillous trophoblasts, amnion epithelium and fetal endothelium (6, 177, 178, 181). The expression of these galectin genes is developmentally regulated during villous trophoblast differentiation and syncytialization, with the strongest expression observed for LGALS14 and LGALS13 due to promoter evolution (181). The insertion of a primate-specific transposable element into the upstream region of an ancestral galectin gene introduced several binding sites for transcription factors fundamental for placental gene expression, leading to the gain of placental expression of these galectins. Further promoter changes via duplication or insertion of transposable elements led to varying placental expression levels of these galectin genes (181). For gal-13, it is released from the syncytiotrophoblast into the maternal circulation by secretion or shedding of microparticles (178, 179, 183, 194, 195). Due to their similar structural and expressional characters, we may suppose that gal-14 and gal-16 behave similarly to gal-13 regarding their placenta-maternal transfer.

The placenta-specific galectins structurally belong to the “proto-type” sub-group of galectins, which have a single CRD (6, 176, 177, 196). The topologies of these CRDs revealed by homology modelling are similar to other prototype galectins, often called as “jelly-roll” structure, although their amino acid sequence has considerably diverged during evolution (4, 6, 176, 197). In fact, adaptive evolution occurred in the CRDs of newly emerged genes in the LGALS13 clade, followed by conservation of residues in descendant lineages, suggesting that placenta-specific galectins have acquired and sustained important novel functions in anthropoids (4, 6). From the eight conserved residues in the CRD, three that are key for overall sugar binding were subject to strong purifying selection, while five residues crucial for the binding of galactose or glucose moieties were replaced in several lineages following gene duplications, which have contributed to differences in their CRDs (6). In accordance with this evolutionary evidence, in vitro sugar-binding assays and in silico ligand docking simulations showed that placenta-specific galectins have sugar-binding capabilities different from other galectins (6, 176, 177, 180), which was recently also supported by X-ray crystallographic studies (198–201).

The first in vitro functional assays with recombinant placenta-specific galectins demonstrated their pro-apoptotic capability on activated T lymphocytes in a similar extent as gal-1, thus, it was proposed that these galectins emerged to reduce the danger of maternal immune attacks on the fetal semi-allograft and to confer additional immune tolerance mechanisms in anthropoid primates, supporting their hemochorial placentation during long gestation (6, 197). Later, gal-13/gal-14 were shown to increase the rate of late-apoptotic T cells irrespective of their activation status (182). Since the surface expression of CD95 was also induced by gal-13/gal-14 treatment, these galectins may increase the sensitivity of activated T cells for activation-induced cell death (182). T cytotoxic cells bound more galectins and were more susceptible to gal-13/gal-14 induced apoptosis than T helper cells, probably due to their differential glycosylation patterns (182). An interesting observation was made on extracellular gal-13 aggregates localized around decidual veins in the first trimester (202). These crystal-like aggregates were associated with immune cell-containing zones of necrosis. It was hypothesized that syncytiotrophoblast-secreted gal-13 drains from the intervillous space into decidual veins, where it forms perivenous aggregates, which attract, activate and kill maternal immune cells while facilitating local tolerance for trophoblasts to invade and convert maternal spiral arterioles.

Unlike T cells, neutrophils cultured with recombinant gal-13 do not undergo apoptosis (203). Gal-13 did not interfere either with neutrophil extracellular trap (NET) release, degranulation, phagocytosis, or bacteria-induced reactive oxygen species (ROS) response, but induced increased expression of programmed death-ligand 1 (PD-L1), hepatocyte growth factor (HGF), vascular endothelial growth factor (VEGF), matrix metalloproteinase 9 (MMP-9), and TNFα (203). Thus, gal-13 may shift neutrophils towards a placental-growth-permissive phenotype, while maintaining all their primary functions and abilities to respond to bacterial invasion (203). In addition, gal-13/gal-14 stimulated IL-8 production in non-activated T cells (182), which is interesting in the context of the pro-angiogenic effect recombinant (204), decidual neutrophil-secreted or dNK cell secreted IL-8 (205–207). Since the pro-angiogenic effects of other galectins has been established as reviewed elsewhere (208), it is tempting to hypothesize that gal-13/gal-14 may induce angiogenesis at the maternal-fetal interface via the induction of T-cell secreted IL-8. Indeed, recent in vivo studies showed that exogenous gal-13 can induce 1) the vasodilatation of rat isolated uterine arteries by activating the endothelial prostaglandin and nitric oxide (NO) pathways (188, 189); 2) expansive remodeling of uterine veins and arteries (192); 3) drop in the blood pressure of rats (187, 188); and the 4) increase of placental and pup weights (188). These functional properties of placental galectins are remarkable especially in the context what we have learnt from the placental origins of pregnancy complications, especially preeclampsia, a multifactorial syndrome, in which disturbances in trophoblast-immune cell interactions and vascular remodeling are in the center of pathologies (209, 210).

Placental expression of gal-13 has been shown to be dysregulated before and after the preeclampsia onset, as evidenced at the RNA level in CVS first trimester samples, and remains at lower expression patterns by the time of disease diagnosis (178, 179, 181, 211, 212). A similar placental down-regulation was observed for gal-14 at the third trimester, and since its regulation of expression is strongly linked to that of gal-13 (181), we hypothesize that placental gal-14 behaves similarly to gal-13 in early pregnancy. Their down-regulation may lead to disturbed immune cell interactions and reduced trophoblast invasion as well as abnormal spiral artery remodeling and angiogenesis, leading to the ischemic stress of the placenta, which are central to the pathogenesis of preterm preeclampsia. In parallel with this, lower gal-13 concentrations are detected in the maternal circulation during the first trimester of women who subsequently developed preterm preeclampsia compared to healthy pregnant women by many international clinical studies, with some earliest ones referenced here (183–186, 197, 213–216). Due to its superior biomarker properties, gal-13 was assessed to be included into first trimester risk assessment of preterm preeclampsia by these and other studies. A seemingly conflicting observation was made, with preterm preeclamptic pregnancies showing a steep increase in maternal blood gal-13 concentrations during the second trimester, reaching significantly higher levels in the third trimester compared to healthy pregnancies (197). This phenomenon was elucidated to be due to the ischemic placental stress and the consequently augmented shedding of gal-13 from the placenta into the maternal circulation via trophoblastic microvesicles (178, 179, 195, 197, 217). Thus, placental galectins, especially gal-13, turned out to be promising early biomarkers of abnormal deep placentation. Moreover, encouraging studies are being performed for the replenishment of gal-13 to restore immune balance and inhibit the development of one of the most severe obstetrical syndrome, preeclampsia.



Galectins and Pregnancy-Specific Glycoproteins

In addition to placental galectins, the fetus-derived syncytiotrophoblast, which is the major interface with the material circulation and represents the endocrine tissue of the placenta, secretes the pregnancy-specific glycoproteins (PSGs). PSG1 or Schwangerschafts protein 1 (SP1), as it was originally called, is one of 10 human PSGs and is increasingly secreted into the maternal circulation with advancing gestation. PSGs have been studied regarding their potential for being a biomarker for pregnancy complications and trophoblastic diseases for more than four decades although specific antibodies for the different PSGs are not available (218, 219). Recently, PSG expression was also observed in a subpopulation of extravillous trophoblasts at the mRNA and protein levels (220, 221). The presence of invasive trophoblast cells and the direct contact of maternal immune cells with fetal tissue as found in species with hemochorial placentas and in equine endometrial cups is hypothesized to have favored the evolution and expansion of PSGs, which exist only in a minority of mammals (222). The number of PSG genes varies greatly; while new world monkeys have 3 PSG genes, some old world monkeys have 17 (222). Humans have 10 PSG-encoding genes and splice variants that differ by the number of Ig-like domains or length of the cytoplasmic tail have been described (223). Interestingly, copy number variations are common in the human PSG locus and while some functions are shared by all members of the family, it remains to be determined whether during evolution, some members of the family have adopted new functions and bind to different ligands (224, 225). Therefore, whether higher PSG gene dosage and expression levels of individual PSGs confers an adaptive advantage or it is detrimental during pregnancy remains unknown (226).

Within the human PSGs, PSG1 is one of the highest expressed and the best studied (222, 227, 228). PSG1 has pro-angiogenic activity and immunomodulatory actions by binding to the latency-associated peptides of the anti-inflammatory cytokines TGF-β1 and TGF-β2 resulting in their activation and increase in the number of T regulatory cells (229–232). PSG1 also interacts with two integrins, α5β1 and αIIbβ3, resulting in its ability to modulate extravillous trophoblast adhesion and migration and the interaction of platelets with fibrinogen, respectively (221, 227). We found that the concentration of PSG1 is lower in African American women diagnosed with preeclampsia when pregnant with a male fetus (233).

The high expression level of PSG1 during the third trimester permitted the isolation of native PSG1 from pooled serum of pregnant women using affinity chromatography allowing for a comprehensive glycomic and glycoproteomic investigation of the native protein (234). PSG1 has seven potential N-linked glycosylation sites across its four Ig-like domains designates as N, A1, A2 and B2 but only four sites mapping to the N, A1 and A2 domains of the protein were confirmed to be occupied by glycans (234). The presence of multiantennary and poly-N-acetyl-lactosamine (LacNac) elongated moieties with mainly alpha2,3-linked sialic acid terminals, suggested that PSG1 could interact with members of the galectin family. Because gal-1 has a well-established modulatory role in pregnancy-associated processes, the interaction between PSG1 and gal-1 has been investigated in detail (3, 39). Gal-1 binds to native and recombinant PSG1 in a carbohydrate-dependent manner, demonstrated by the inhibition of PSG1-gal-1 binding by lactose and failure of PSG1 generated in insect cells or N-acetylglucosaminlytransferase I (GnTI)-deficient cells, which carry only mannose-type glycans, to interact with gal-1. In addition, removal of N-linked oligosaccharides from the N- and A2- PSG1 domains by treatment with the amidase PNGase F prevented their binding to gal-1 (234). Changes in glycosylation could add further complexity to the regulation of important biological processes in pregnancy known to be regulated by both extracellular galectins and their ligands, including the PSGs. At present, whether glycosylation of PSGs and its ability to interact with galectins differs with gestational age or during pathological pregnancies has not been investigated. In addition, whether all members of the PSG family within a species or in the different species in which these proteins are expressed interact with gal-1 or other members of the galectin family has not been established and should be further explored.



Conclusion and Perspective

Galectins’ extracellular functions are mainly believed to be the result of their lectin properties, but intracellular functions, which are independent of their ability to bind glycans, result from protein-protein interactions (Figure 2 and Table 1). The interaction of placental- or maternal- derived glycoproteins with galectins could potentially modulate the activity of some galectins once they are secreted from a cell. The final outcome of galectin-pregnancy specific glycoproteins interactions will depend on their concentration, that of other galectin ligands, and the affinity of the interactions. In addition, while only investigated for a few glycoproteins, the presence of specific glycan structures in proteins may vary at different times during gestation or under pathological pregnancy conditions. In this review, we have focused on the role of galectins in controlling the maternal immune adaptation to gestation; however, the galectins-glycans axis could modulate maternal immune response in the context of inflammation induced by microbes which requires further investigation. Deciphering those interactions will help to understand the critical role of glycoimmunology in the maternal adaptations and provide novel diagnostic and therapeutic targets for pregnancy complications characterized by aberrant glycosylation and imbalance of galectins.




Figure 2 | Localization of galectins within the placental and maternal compartment.




Table 1 | Galectins in the regulation of immune responses in pregnancy.
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Although the concepts related to fetal immune tolerance proposed by Sir Peter Medawar in the 1950s have not withstood the test of time, they revolutionized our current understanding of the immunity at the maternal-fetal interface. An important extension of the original Medawar paradigm is the investigation into the underlying mechanisms for adverse pregnancy outcomes, including recurrent spontaneous abortion, preterm birth, preeclampsia and gestational diabetes mellitus (GDM). Although a common pregnancy complication with systemic symptoms, GDM still lacks understanding of immunological perturbations associated with the pathological processes, particularly at the maternal-fetal interface. GDM has been characterized by low grade systemic inflammation that exacerbates maternal immune responses. In this regard, GDM may also entail mild autoimmune pathology by dysregulating circulating and uterine regulatory T cells (Tregs). The aim of this review article is to focus on maternal-fetal immunological tolerance phenomenon and discuss how local or systemic inflammation has been programmed in GDM. Specifically, this review addresses the following questions: Does the inflammatory or exhausted Treg population affecting the Th17:Treg ratio lead to the propensity of a pro-inflammatory environment? Do glycans and glycan-binding proteins (mainly galectins) contribute to the biology of immune responses in GDM? Our understanding of these important questions is still elementary as there are no well-defined animal models that mimic all the features of GDM or can be used to better understand the mechanistic underpinnings associated with this common pregnancy complication. In this review, we will leverage our preliminary studies and the literature to provide a conceptualized discussion on the immunobiology of GDM.
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Introduction

Obesity, diabetes, insulin treatment, stress, and hypertension are words that attract the general public’s attention. The existence of these conditions during pregnancy may endanger the health of the unborn baby and the mother (1–3). Pregnancy toward the second trimester induces a state of mild insulin resistance which resembles the condition imparted by inflammatory responses in non-pregnant individuals. During pregnancy, this condition results in sustained transplacental nutrient flux required for fetal growth and development (4). Compared to women with normal plasma glucose responses to carbohydrate ingestion, women with clinically significant glucose intolerance often demonstrate both increased insulin resistance and impaired insulin release and are diagnosed with gestational diabetes mellitus (GDM) (5, 6). In this respect, GDM may represent a prelude to type 2 diabetes. Indeed, a very significant number of women with GDM have been reported to develop type 2 diabetes later in life (7, 8). In pregnancy-induced diabetes, most patients are not insulin deficient, rather they have insulin resistance and high glucose levels (9). Gestational diabetes can sometimes be controlled by diet and exercise (10, 11). As a consequence of a new international detection method of diabetes as recommended by the International Association of the Diabetes and Pregnancy Study Groups (IADPSG), the incidence of GDM may be diagnosed in much higher numbers (15-18%) than currently diagnosed (5-8%) (12). Since the IADPSG method identifies increased numbers of patients with the GDM features, it has been debated whether this method is cost-effective, as compared to the current methods of diagnosis. Several studies have now concluded that the IADPSG recommendation for glucose screening during pregnancy is worthwhile and may help in preventing the onset of future diabetes (13, 14). However, the economic benefit of the IADPSG recommendation has been significantly compromised by the lack of post-delivery care. Moreover, there is a 35-40% recurrence of pregnancy-associated diabetes during a second pregnancy (15). Better screening, post-delivery counseling, and standard of care are needed to avail the benefits of the current standard of care and the IADPSG screening method. Regardless of the methods of glucose screening and the standard of clinical care, we believe improvement in the mother’s condition is due to the removal of the placenta, thus stopping the production of placental hormones resulting in severe insulin resistance. Further, we hypothesize that GDM is associated with inflammation and dysregulated immune cell activity. The placenta plays several critical roles during pregnancy: (1) transporting nutrients and waste products between mother and fetus; (2) producing and providing hormones; (3) maintaining pregnancy supportive immune environment. It is, therefore, important to determine whether pregnancy-associated diabetic conditions influence the placenta and the immune responses or vice versa.

Although GDM is a transient condition, it is a common pregnancy complication with health consequences for the mother and the fetus. It has been suggested that both the mother and the offspring are susceptible to developing chronic diseases, including obesity, diabetes, and psychological complications (16). GDM increases the risk of hypertension, fetal macrosomia, neonatal jaundice, and hypoglycemia (17). In this regard, it is critical that the contributing factors, underlying mechanisms, and therapeutic intervention strategies are identified and applied to control and treat GDM. Our novel preliminary data on proteinopathy (18), dysregulated autophagy (19, 20), and glycans-galectins (21, 22) provide insights for new mechanistic underpinnings and in vitro and in vivo models to better understand treatment modalities for GDM.



Do Sir Peter Medawar’s Concepts Explain the Immunological Dysregulation in GDM?

Sir Peter Medawar proposed that an “immune tolerant” physiological state must exist during pregnancy to protect the allogeneic fetus from the mother’s immune cells (23, 24). Using the basic rules of tissue transplantation, it was proposed that a semi-allograft embryo should induce a maternal immune response that should lead to its rejection. This formed the basis for the Medawar’s “immune tolerance” or “immune privileged” hypothesis at the maternal-fetal interface (25). Since the pregnant uterus is replete with diverse immune cell types, predominately Natural Killer (NK) cells (26, 27), how is it then possible that the semi-allograft fetus is immunoprotected? It was proposed that the placenta provides a physiological barrier and that the maternal-fetal interface is an immune sterile site (28, 29). However, although the original concept of “fetal immune tolerance” is still a well-accepted phenomenon, the early theories of immune privilege and/or long-term immunosuppression at the maternal-fetal interface have been proven incorrect. If these concepts were correct, how could the in utero programming of spontaneous miscarriage, preterm birth, preeclampsia, and GDM be explained? We propose that an important extension of the original Medawar paradigm is the investigation into the underlying mechanisms of these adverse pregnancy outcomes. It is important to evaluate Sir Peter Medawar’s original concepts in the context of compromised metabolic pathways in the placenta, mild or acute inflammation, maternal infections, stress, starvation, michrochimerism, and diverse paternal antigen challenges.

In this review, we will focus on GDM and address the etiological issues that may disrupt immune tolerance and placental functions while not leading to fetal growth restriction, prematurity, and stillbirth. Rather, they result in excessive fetal growth, delivery complications, and post-partum health risks. These diverse effects of local immunity and inflammation in different pregnancy complications are another example of diverse triggers and pathways that impact the highly choreographed and balanced cross-talk between the maternal immune system and the placenta.



Possible Contributory Factors to GDM

The etiology of GDM is possibly influenced by the multi-factorial pathways as discussed in Figure 1. Although the pathologic glucose intolerance in pregnant women is diagnosed at 24 weeks of gestation or later, it is imperative that the in utero programming begins much earlier (30, 31). Below, we discuss possible contributory factors that have attracted attention in the literature including old and new concepts such as inflammation, angiogenesis, regulatory T cell dysregulation, proteinopathy, and galectins/glycans. We will also explore immune cell dysregulation in GDM, particularly new mechanistic insights on regulatory T cells, their exhausted phenotype and include a summary of new cutting-edge concepts. Most studies highlight a nexus between excessive free glucose, gut microbiota, inflammation and dysregulated functions of immune cell types that contribute to programming of GDM (32–34). Recent birth cohort studies have implicated GDM coupled with maternal immune activation in increasing the risk of autism and schizophrenia in the offspring (35, 36). Using rodent models, GDM has also been shown to be associated with a wide range of neurodevelopmental, behavioral, and cognitive anomalies (37). The important connecting pathology here appears to be the maternal immune activation which can negatively impact placental functions, glucose tolerance, and fetal growth (38).




Figure 1 | Multi-factorial etiology of gestational diabetes mellitus (GDM). Several pathways and factors that may contribute to the pathogenesis of GDM are depicted. Mild inflammation and glucose intolerance have been discussed in the literature. We propose that proteinopathy, a hallmark feature of neurodegenerative diseases, regulatory T cell dysregulation, and galectin-glycan anomalies significantly contribute to the etiology of GDM.



a. Inflammation: Recent evidence suggests that GDM is not only an issue of increased insulin resistance and glucose intolerance, but also a condition of low-grade systemic and placental inflammation (39). This composite pathology can lead to long term complications, including increased risk for the metabolic syndrome (obesity, insulin resistance, hypertension, dyslipidaemia and glucose intolerance) in both mother and offspring (40). Normal pregnancy has been associated with tightly regulated inflammatory reactions that are critical to implantation and the process of spontaneous labor. To sustain fetal-placental growth, the mother increases glucose intake, becomes partially glucose intolerant, and exhibits insulin resistance, which results in the body shifting from lipid storage to lipolysis in order to achieve enough energy to sustain normal metabolism (41). In GDM, maternal immune tolerance as well as placental balance of inflammation and anti-inflammation is disrupted and may program excessive insulin resistance (42). Recent findings further suggest that both placental and visceral adipose tissue play critical part in instigating and mediating this low-grade inflammatory response which involves altered infiltration, differentiation and activation of maternal innate and adaptive immune cells. Adipose tissue is a complicated organ made up of several different cell types that have different energy storage, metabolic control, and immunological activities (43). It includes a variety of immune cells, both adaptive immune cells (B and T lymphocytes; regulatory T cells) and innate immune cells (primarily macrophages and myeloid-derived suppressor cells) (44). At the crossroads of metabolism and immunity, adipose tissue is increasingly recognized as a legitimate immune organ. It secretes IL-1, IL-6, IL-8, IL-10, TNF-α, and monocyte chemoattractant protein-1 (MCP1) (43). MCP1 also affects insulin sensitivity, increases macrophage recruitment, and contributes to inflammation (45). When the balance is skewed toward the production of inflammatory effectors such as leptin, TNF-α, and IL-6 with reduced production of adiponectin, it may lead to insulin resistance and the onset of diabetic condition (46). Inflammation caused by secreted inflammatory cytokines is believed to be linked to increased insulin resistance in GDM (47). It is believed that adipocytes release pro-inflammatory cytokines that act on local immune cells to induce further excessive production of pro-inflammatory cytokines, culminating in local and systemic inflammation (48). This may also affect systemic and local immune cell numbers and functions. Based on these observations, the management of GDM may also be achieved by targeting normalization of inflammation and immune cell profiles and functions.

b. Adaptive immunity and regulatory T cells in GDM: Type 2 diabetes and GDM entail similar diagnostic and etiological features. In type 2 diabetes, both innate and adaptive immunity responses have been shown to play a role in maintaining low grade inflammation and immune cytotoxic environment (49, 50). Similarly, in GDM, the hyperglycemic condition generates a proinflammatory environment capable of changing the phenotype of NK cells and cytokines in the maternal circulation and the placental-fetal unit (51). Hara et al. analyzed peripheral blood NK cells and their counterparts in the decidua and reported that increased presence of both cytotoxic and cytokine-secreting NK subsets was observed at the maternal-fetal interface in GDM patients as compared to women undergoing a normal pregnancy (52). Similar observations were made by Chiba et al. in that the proportion of IFNγ- and TNF-α-producing CD56+ NK cells was increased, whereas the number of TGF-β- and VEGF-producing CD56+ NK cells decreased in GDM patients. These findings suggest that GDM patients have an elevated number of cytotoxic NK cells (53, 54). In normal pregnancy, the decidua contains macrophages of predominantly the M2 subtype (anti-inflammatory). In contrast, recent studies reported that M2 macrophages switch to M1 macrophages of pro-inflammatory phenotype in GDM patients (55, 56). Although these innate immune responses have been documented in GDM patients, literature on NK cells and macrophages is still debatable. For example, in GDM patients NK cells and NKCD56bright/NKp46+ were shown to be higher than that in controls, suggesting GDM patients have an increased number of non-cytotoxic NK cells (57). Uterine CD56brightCD16dim NK cells are hallmark of normal pregnancy and present in very high numbers in the decidua during early pregnancy. However, it is not clear why CD56bright NK cell subpopulation increases in GDM. Likewise, the influence of GDM on the quantity and function of placental macrophages is a subject of debate. Some studies reported that in pregnancies with infection and diabetes, placental Hoffbauer cells (mostly M2) appear to be converted to a pro-inflammatory M1 phenotype (57). It is still not known what happens to decidual or adipocyte macrophages. Thus, the main emphasis continues to be placed on dysregulation of CD4+ T cells, particularly CD4+CD25+FoxP3+ regulatory T cells (Tregs) and their modulation by checkpoint molecules or propagation of Th17 cells, as these cells are also embedded in adipose tissue and contribute to control of inflammation and mild autoimmune reactions (58).

Regulatory T cells (Tregs) were first identified in rodents as thymus-derived naturally occurring suppressive CD4+CD25+ T cells actively controlling the maintenance of peripheral self-tolerance as their depletion led to spontaneous development of several types of autoimmune conditions similar to those diagnosed in humans (59, 60). Their role in controlling autoimmunity was further confirmed by prevention of such conditions by reconstituted Tregs (61, 62). These Tregs were later found to uniquely express the transcription factor forkhead box protein 3 (FoxP3) (63, 64). The research over the last three decades or so suggest that Tregs control a variety of pathological and physiological immune responses, including tumor immunity, autoimmunity, microbial immunity, and most importantly for this discussion fetal immune tolerance (65, 66). GDM is an ideal clinical setting where Tregs can be targeted to suppress low-grade inflammation and adverse immune responses.

Recent research has focused on the mechanisms that contribute to dysregulated functions of Tregs. Since thymic Tregs are antigen responsive as recognized by intrinsic CD25 and CTLA-4 expression, they can be easily activated and can recognize self-antigens in the periphery to maintain immune tolerance (67). Are these cells functionally compromised in GDM is a topic of considerable debate. Although subtypes of Tregs have been shown to be diminished in numbers, preliminary results from our lab support the notion that peripheral Tregs numbers remain almost the same in normal pregnancy and GDM pregnancies (68). Both peripheral and decidual Tregs increase during pregnancy and play an important role in implantation; however, it is not clear what role they play beyond implantation as their depletion in pregnant mice on gestational day 7 or beyond does not seem to affect pregnancy outcome. We propose that in GDM, Tregs either lose their immunosuppressive functions or acquire an inflammatory phenotype by virtue of producing inflammatory cytokines. In type 2 diabetes patients, decreased Treg numbers have been observed and this has been associated with high glucose and high-density lipoproteins in blood (69). We propose that elevated expression of immune checkpoint molecules on Tregs, such as PD-1, as a result of epigenetic modifications imparts non-functional phenotype of these cells in GDM. It is quite possible that disrupted metabolic pathways in GDM may induce epigenetic changes or inflammatory phenotype in Tregs. A recent study provides a novel link between the receptor activator of NF-kB ligand (RANK) and the onset of GDM (70). It is proposed that the pregnancy hormone progesterone drives expansion of natural Tregs through RANK and its thymic deletion may result in impaired accumulation of Tregs in visceral adipose tissue. This accumulation may be associated with enlarged adipocyte size, tissue inflammation, enhanced maternal glucose intolerance, fetal macrosomia, and long-lasting alteration in glucose homeostasis, all key features of GDM. This study also suggests that reduced RANK expression in GDM is associated with reduced number of Tregs in the human placenta. Other reports suggest that in third trimester of pregnancy GDM patients had a higher proportion of Tregs compared to normal pregnancy controls. It is quite possible that Treg numbers may fluctuate in a trimester-dependent manner and be accordingly affected by metabolic anomalies. Accordingly, it has recently been shown that the content of a newly identified immunosuppressive cytokine IL-35 which is exclusively produced by Treg cells is decreased in GDM patients (71). Taken together, these observations clearly point to an important role of Tregs in GDM. Further investigation is warranted to delineate any correlation between Treg number/proportion and their functional phenotype such as immune checkpoint molecule expression.

Recent investigations also suggest that there is expansion of Th17 cells in GDM. These cells express the transcription factor RORγT and produce IL-17, a cytokine involved in inducing inflammation and recruitment of neutrophils. In normal pregnancy, Th17 cells are not present at the maternal-fetal interface in any significant numbers (58). These observations raise the question whether these CD4+ T cells increase in response to metabolic changes and recruited to the maternal-fetal interface or whether they are differentiated from Tregs due to local inflammation. In addition, a question can also be posed whether peripheral Th17 cells contribute to the systemic symptoms in GDM. It is known that IL-6 is an upstream regulator of IL-17 (72, 73), and recent studies suggest distinct elevated production of IL-6 in GDM patients. It is then possible that there is an excessive peripheral and decidual presence of Th17 cells in pregnant women with metabolic syndromes. Th17 cells are pro-inflammatory and enhance the phagocytic or cytotoxic activity of macrophages and neutrophils by secreting IL-17. These observations suggest that a threshold ratio of Tregs and Th17 may be a critical parameter to gauge the onset of GDM-like pathology.

c. Galactins-Glycans and GDM: Galectins consist of an endogenous family of β-galactoside-binding animal proteins defined by a conserved carbohydrate recognition domain (CRDs) of approximately 130 amino acids (74). This glycan binding proteins family of 15 members exert regulatory functions at the feto-maternal interface with implications in implantation, trophoblast development, placentation, maternal immune and vascular adaptations (22). Based on their structure, galectins have been classified in three groups: the proto-, chimeric- and tandem-repeat type. Prototype galectins contain only one CRD that may self-associate to form homodimers (e.g. gal-1, -2, -13 among others). Tandem-repeat galectins consist of two distinct CRDs linked by up to 70 amino acids (e.g. gal-9). Finally, gal-3, the only chimeric type galectin, is characterized by a single CRD linked to a N terminal domain. Galectins act as endogenous decoders translating glycan-containing information into an extensive spectrum of cellular responses including immune and vascular signaling programs via receptor clustering, reorganization and endocytosis (74). Metabolism and inflammation are fine-tuned events regulated by members of the galectin family. For instance, gal-1 depicts a critical role during the initiation of the adaptive response by limiting the capability of antigen presenting cells and inducing apoptosis in activated T cells (Th1/Th17). The high gal-1 expression on the Treg subset further modulates the adaptive response upon immune activation (74). Other members, e.g. gal-3, interacts with chemokines involved in the late stage of inflammation which may attenuate or resolves inflammation (75). Placental specific galectin (gal-13) induced apoptosis of T cells conferring additional immune tolerance mechanisms to sustain the semi allograft fetus (76).

Several galectin members (e.g. gal-1, -3, -9 and -13) gradually increase their concentrations in the bloodstream as normal pregnancy progressed (77–79). However, women with pregnancy complications specifically those suffering from GDM failed to upregulate gal-1 concentration during gestation (21). Moreover, Unverdorben L. and colleagues showed a systemic decrease in another prototype galectin member (gal-13) in women diagnosed with GDM (80). A failure to up-regulate gal-3 concentrations in the bloodstream after the onset of GDM has been described (78). However, two different investigations have shown increased circulation of gal-3 in women diagnosed with GDM (69, 81). In addition, the Talmor-Barkan Y et al. study also showed elevated gal-3 levels in the bloodstream during the first trimester in women who subsequently developed GDM (81). Furthermore, neonates from GDM mothers have higher gal-3 level in cord blood when compared to those from uneventful pregnancies (82). Studies investigating the chimera type galectin mainly differ in the population included in the clinical cohort used (especially in the BMI and ethnicity of the GDM group) and also in the pairs of antibodies used in the ELISA determination. Therefore, the augmentation of gal-3 systemic levels observed in women suffering from GDM could be related to the higher BMI of these patients rather that the pregnancy complication itself. Nevertheless, galectins have been already implicated in several metabolic diseases including diabetes, obesity, and atherosclerosis. For instance, it has been shown that gal-3 causes insulin resistance in certain stages of diabetes reducing the glucose tolerance and insulin sensitivity in muscle cells, hepatocytes, and adipose cells. Therefore, the increased levels of gal-3 and other placental hormones in the bloodstream caused cellular and systemic insulin dysfunction during gestation. Actions of circulating galectins in the bloodstream of pregnant women are not yet fully understood and represent a metabolic target to prevent or reverse gestational diabetes (Figure 2).




Figure 2 | Galectins-Glycans circuits in GDM. The galectin family members are divided into three types: the prototype (e.g. galectin-1 (gal-1)) with one carbohydrate recognition domain (CRD), the tandem–repeat type (gal-9) with two CRDs connected by a non-conserved linker and the chimeric type with one CRD and a non-lectin N-terminal domain (gal-3). Some galectins can self-associate into dimers or oligomers. During GDM an aberrant galectin signature characterizes the maternal circulation and the placental niche (e.g. within the extravillous trophoblast (ETV) and Syncytiotrophoblast (STB). Arrows denoted up-regulated (↑) or down-regulated (↓) expression compared to the uneventful gestation. Heatmap based on the relative levels expression of the glycome in the maternal circulation (left) and placenta compartment (right) during the course of GDM. Changes in glycosylated protein composition (e.g. Transferrin or Glycodelin-A (GdA)) in gestational diabetes are summarized. Dysregulation of sialic acid (SA) dynamics might contribute to the pro-inflammatory milieu in maternal circulation and placental dysfunction.



Placenta homeostasis requires an adequate and balanced trophoblast metabolism to ensure a proper fetal development. However, metabolic disorders such as gestational diabetes cause complications. Over the past decade, a distinguished trophoblast galectin fingerprint was found to be associated with this metabolic disorder (Figure 2). For instance, we were able to show that GDM is characterized for a decreased gal-1 expression in extra-villous trophoblast cells (ETV) within the maternal decidua (21). Moreover, placental gal-1 secretion was less sensitive to high glucose concentration compared to low concentration glucose, demonstrating the inverse correlation between glucose and gal-1 found in GDM patients. We also proposed that the inverse correlation between glucose and gal-1 is associated with the maternal exacerbated immune response (e.g. TNF-alpha, IL-6 and adipocytokines), which might aggravate the metabolic disorder. Interestingly, expression of gal-2 is increased in the syncytiotrophoblast (STB) layer of the placentas from GDM patients compared to uneventful gestations (83). Although sex-specific differences are common in placental disorders, the increase of gal-2 expression during the gestational diabetes was not influenced by the gender of the fetuses. At the maternal decidua, the majority of gal-2 expressing cells were identified as ETV in women who suffered from GDM. Association between LGALS1 (gal-1 gene) and GDM complicated pregnancy (21), LGALS2 (gal-2 gene) and fasting insulin and glucose has been reported (84), however, further studies are necessary to understand their roles in the development of metabolic disorder during gestation. In addition, gal-13 expression in STB and ETV/decidua was reported to be downregulated in term GDM placentas (80). However, when placentas derived from GDM patients were analyzed, gal-3 was not found to be dysregulated compared to uneventful gestations (78). Together these studies indicate that the galectin fingerprint is likely related metabolic complication during gestation through multiple mechanisms including the regulation of pro-inflammatory cytokines and placenta function.

Women with GDM are at risk of pathological outcome associated with impaired immune regulation and abnormal carbohydrate metabolism, leading to alteration of gene expression and activities of the cellular glycosyltranferases and glycosidases. In addition, the dynamic of sialic acid (SA) determines the function of cells and is highly associated with human health and disease. The sialylation is regulated by sialyltransferases which installs the SA group, whereas desialylation (sialidases) removes it. During diabetes, the sialyltransferase activity is reduced and an increased free sialic acid level in serum has been observed. In addition, placental sialidase activity is increased in patients with GDM (85, 86). Moreover, challenge of JEG-3 cells (a choriocarcinoma cell line) with high glucose (25mM) medium significantly decreased the α2,3-sialylation (determined by Maackia amurensis lectin; MAA) and core 1 O-glycans (identified by Arachis hypogaea lectin; PNA) as compared to JEG-3 cells maintained in low glucose (5.5mM) medium (Figure 2). Changes in the glycosylation process of proteins in GDM influences the immunomodulatory function of glycoproteins during pregnancy. For instance, an increase in N-glycosylation is associated with decreased transferrin binding capacity of transferrin placenta receptor (87). Differentially glycosylated placenta proteins include human chorionic gonadotropin (88). In addition, hyperglycemia causes the production of advanced glycation end products, leading to glycomodification of decidual proteins, e.g. glycodelin-A (GdA), an abundant secretory glycoprotein of the decidua. Although changes in glycosylation of placental and decidual proteins occurs during normal pregnancy, reduction of α2,6 sialylation of GdA during GDM provokes a reduced apoptosis-inducing activity on lymphocytes, thus decreasing GdA immunomodulatory function (89). Taking these findings into account, we hypothesize that alteration in the placental/decidual carbohydrate composition during GDM development results in impaired binding activities including the galectin-glycan interactions. We further propose that alteration in placental glycan composition could potentially be useful as a biomarker in cases of GDM.

d. Proteinopathy: There have been suggestions in the literature that patients with chronic type 2 diabetes are at high risk of developing Alzheimer’s disease (AD) (90, 91). A hallmark diagnostic feature of AD is defined by seeded growth and histopathological evidence of extracellular amyloid β (Aβ) plaques and intracellular neurofibrillary tangles involving diverse hyperphosphorylated tau isoforms in the post-mortem brain (92, 93). The process of protein aggregation is termed proteinopathy. It is unknown whether proteinopathy is also induced in response to the metabolic syndrome conditions such as GDM. We have recently developed a novel blood test to detect protein aggregates in serum samples from preeclampsia, GDM, and AD patients (18). Our preliminary results suggest that there is evidence of proteinopathy in GDM; however, protein aggregate components differ among these conditions, suggesting that these pathologies share a common mechanistic pathway, albeit with diverse protein aggregate complexes. This is a novel finding and warrants a thorough study not only in GDM but other conditions.



Animal Models of GDM That Mimic the Features of the Human Condition

Several mouse and rat models have been developed to better understand the pathophysiology of GDM (94–96). These models further highlight the maternal and fetal outcomes resembling the human condition induced by multiple factors, including nutritional, pharmacological, and stress as well as placental signaling and fetal outgrowth. Interestingly, a mouse model has been developed to study the maternal immune activation and its effects in the developing brain (97). This model suggests that the GDM-like condition and the maternal immune activation resulted in altered inflammatory and neurodevelopmental transcriptome profiles. One caveat with several of these models is the use of high fat diet during the pre-pregnancy period and throughout the pregnancy period (98). This approach could program inflammatory conditions with pregnancy-incompatible visceral fat and cytokines. In addition, both systemic and uterine immune profiles could be skewed toward inflammatory milieu that can induce insulin resistance with or without pregnancy. Nevertheless, these models provide important insights in understanding the pathophysiology of GDM-like metabolic syndromes.

We have recently developed a semi-humanized mouse model of GDM by injecting serum from normal pregnancy controls and GDM patients. Our model requires a single serum injection at a defined gestational age, and serum from GDM, not normal pregnancy, induces all the features of GDM in humans. As shown in Figure 3, the fetal growth is excessive in units from mice that were administered serum from GDM patients. These mice also exhibit glucose intolerance, Treg dysregulation, insulin resistance in the placenta, and proteinopathy. Our model does not require any pre-pregnancy feeding of high fat diet, suggesting that serum from GDM patients contains key factors that can cause GDM-like features in pregnant mice.




Figure 3 | Serum-based proposed animal model of GDM. Schematic presentation describes a strategy for a humanized mouse model of gestational diabetes mellitus mimicking metabolic and immune pathologies of the human pregnancy complication. It is a human serum-based model of GDM. Analysis of serum, placental tissue, fetal weight and size, placental insulin resistance signaling, and peripheral and uterine immune profiles is expected to recapitulate all the features associated with GDM.





Conclusions

We have presented a comprehensive overview of the literature on GDM and proposed new ideas with discussion of our experimental strategy to better understand the GDM etiology. We highlight the fact that the maternal-fetal tolerance choreography is not a uniform event in normal pregnancy vs. adverse pregnancy outcomes such as GDM. The mechanisms that dysregulate the maternal immune system, placental metabolic pathways, fetal growth, and fetal neurodevelopment in GDM are vastly different than those in normal pregnancy and even those proposed for normal pregnancy by Sir Peter Medawar and should be further studied. We emphasize the importance of low-grade inflammation, dysregulated Tregs and Th17 cells, galectins-glycans signaling pathways, and proteinopathy in the programming of GDM (see Figure 1). We have referred to some published information on mouse and rat models of GDM and briefly described a humanized mouse model of this common pregnancy complication with health risk for both mother and offspring later in life. We believe that important insights to better understand the pathophysiology of GDM can be derived from well-defined animal models.
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Parturition signals the end of immune tolerance in pregnancy. Term labour is usually a sterile inflammatory process triggered by damage associated molecular patterns (DAMPs) as a consequence of functional progesterone withdrawal. Activation of DAMPs recruits leukocytes and inflammatory cytokine responses in the myometrium, decidua, cervix and fetal membranes. Emerging evidence shows components of the inflammasome are detectable in both maternal decidua and placenta. However, the activation of the placental inflammasome with respect to mode of delivery has not been profiled. Placental chorionic villus samples from women delivering at term via unassisted vaginal (UV) birth, labouring lower segment caesarean section (LLSCS, emergency caesarean section) and prelabour lower segment caesarean section (PLSCS, elective caesarean section) underwent high throughput RNA sequencing (NextSeq Illumina) and bioinformatic analyses to identify differentially expressed inflammatory (DE) genes. DE genes (IL1RL1, STAT1, STAT2, IL2RB, IL17RE, IL18BP, TNFAIP2, TNFSF10 and TNFRSF8), as well as common inflammasome genes (IL1B, IL1R1, IL1R2, IL6, IL18, IL18R1, IL18R1, IL10, and IL33), were targets for further qPCR analyses and Western blotting to quantify protein expression. There was no specific sensor molecule-activated inflammasome which dominated expression when stratified by mode of delivery, implying that multiple inflammasomes may function synergistically during parturition. Whilst placentae from women who had UV births overall expressed pro-inflammatory mediators, placentae from LLSCS births demonstrated a much greater pro-inflammatory response, with additional interplay of pro- and anti-inflammatory mediators. As expected, inflammasome activation was very low in placentae from women who had PLSCS births. Sex-specific differences were also detected. Placentae from male-bearing pregnancies displayed higher inflammasome activation in LLSCS compared with PLSCS, and placentae from female-bearing pregnancies displayed higher inflammasome activation in LLSCS compared with UV. In conclusion, placental inflammasome activation differs with respect to mode of delivery and neonatal sex. Its assessment may identify babies who have been exposed to aberrant inflammation at birth that may compromise their development and long-term health and wellbeing. 
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Introduction

Pregnancy is a time of immunological challenge and change. Implantation and placentation are defined as pro-inflammatory phases, followed by an anti-inflammatory stage associated with fetal development and growth. Finally, parturition signals the end of immunological tolerance in pregnancy, indicating another pro-inflammatory stage which mediates labour (1). Although inflammation at the fetomaternal interface is often associated with pregnancy complications (2), inflammation and the expression of pro-inflammatory cytokines in the uterus are critical for cervical ripening and labour initiation for healthy delivery (3–6).

Labour at term follows functional progesterone withdrawal, inducing a normally sterile inflammatory process characterised by signals of cellular stress (damage-associated molecular patterns [DAMPs]). DAMPs, often expressed in response to rupture of membranes, are recognised by pattern recognition receptors (PRRs), leading to innate immune system activation of the inflammasome (7–9). The inflammasome is a cytosolic multi-subunit protein complex that consists of a sensor molecule, typically a PRR, an adaptor protein apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), and pro-CASP-1 (7–9). While there are multiple inflammasome pathways, five have been well-characterised; NLR and pyrin domain-containing protein (NLRP)-1 (10); NLRP3 (11); NLR family caspase activation and recruitment domain (CARD) domain-containing protein-4 (NLRC4) (12, 13); absent in melanoma-2 (AIM2) (14); and pyrin (15).

Activation of the nuclear factor kappa B (NF-κB) pathway leads to assembly of the inflammasome complex, as well as independently leading to increased pro-interleukin (IL)-1β and pro-IL-18 expression (9, 16, 17). Assembly of the inflammasome complex leads to a proteolytic inflammatory cascade mediated by cleavage of procaspase-1 (pro-CASP-1) into its active form, CASP-1, which cleaves pro-IL-1β and pro-IL-18 into the active cytokines, IL-1β and IL-18 (7, 8, 16, 18), contributing to the labour cascade. For this reason, IL-1β and IL-18 can be measured as markers of inflammasome activation.

Key molecules in the inflammasome, plus generalised inflammatory pathways, have been localised to the chorioamniotic membranes, in which spontaneous term labour is associated with greater inflammasome assembly than those without spontaneous labour (7). Significantly increased concentrations of CASP-1 and IL-1β were also identified in amniotic fluid of women who underwent spontaneous labour at term compared to women who did not undergo labour at term (19). Additionally, it has been suggested that inflammasome overactivation can also contribute to the progression of pregnancy complications such as preeclampsia (8, 20–24), premature rupture of membranes (PROM) (25), fetal growth restriction and preterm labour (9).

Whilst characterising the expression of inflammasome-related molecules has mostly been confined to the chorioamniotic membranes and the amniotic fluid, not the placenta, there is evidence to suggest that the placenta can serve as a proxy for uterine inflammation (5, 26) (see Discussion).

Even for term births, delivery can be spontaneous and unassisted, operative vaginal delivery, in labour emergency caesarean section or planned prelabour caesarean section. The latter can be for medical indications but there are increasing numbers planned for non-medical reasons. It is not known whether these different modes of delivery affect the placental inflammasome. In this study, we profiled the expression of these pro-inflammatory cytokines, as well as other inflammatory molecules, in the placentae of women who delivered via unassisted vaginal birth (UV), emergency caesarean section [labouring lower segment caesarean section (LLSCS)] and elective caesarean section [prelabour lower segment caesarean section (PLSCS)]. Elucidating the inflammasome activation in the placentae from women with different modes of delivery would allow inferences to be made regarding potential overactivation of the inflammasome and an exaggerated inflammatory response in certain modes of delivery and, in turn, the potential effects on mothers and their neonates.



Materials and Methods


Tissue Samples

Term placentae were obtained at the Lyell McEwin Hospital in Elizabeth, South Australia, from women recruited as part of the SCreening fOr Pregnancy Endpoints (SCOPE) (2005–2008) and Screening Tests to predict poor Outcomes of Pregnancy (STOP) (2015–2018) cohort studies (27). Both SCOPE and STOP studies were registered with the Australian and New Zealand Clinical Trials Registry (ACTRN 12607000551493 and ACTRN 12614000985684, respectively).

All placentae were associated with uncomplicated pregnancies and defined by the following methods of delivery: UV, LLSCS, and PLSCS. Samples from LLSCS deliveries underwent emergency Caesarean section due to failure to progress in labour, and/or detection of fetal distress (lowered heartrate or presence of meconium). Tissue biopsies from placentae were washed in phosphate-buffered saline (PBS) before being submerged in RNAlater Stabilisation Solution (Thermo Fisher Scientific, Massachusetts, USA) and stored at -80°C. Ethics approvals were obtained from the Queen Elizabeth Hospital Human Research Ethics Committee (TQEH/LMH HREC/1712/5/2008; SCOPE) and Women’s and Children’s Health Network Human Research Ethics Committee (HREC/14/WCHN/90; STOP). All women provided written informed consent.



RNA Extraction

Term placental tissues (0.25g) were weighed and washed with phosphate-buffered saline (PBS). Tissue was disrupted by homogenizing for 3.5 mins at 30 Hz (TissueLyser, QIAGEN) in 600 μL Buffer RLT Plus (RNeasy Plus Mini Kit; QIAGEN, Victoria, Australia). Total RNA was extracted from the supernatant using the RNeasy Plus Mini Kit (QIAGEN) according to the manufacturer’s protocol. The purity and integrity of extracted RNA samples were determined using the Experion™ (BioRad, New South Wales, Australia) and samples used had a RIN ≥ 8.



Sequencing and Bioinformatic Analyses

High Throughput Sequencing was performed at Flinders University using a NextSeq Illumina sequencer. Alignment was performed using BWA version 0.7.17-r1188 (GRCh37) and output generated in FASTQ format (28). Quality control metrics were assessed using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to check for per base sequence quality, sequence length distribution and duplication levels. Differential expression analyses were conducted in the R statistical environment (v.4.0.5), using the edgeR (v.3.16.5) (29) and limma (v.3.30.11) (30) packages. Briefly, edgeR was used to filter mRNA with low expression and normalise for library composition bias. All samples were then normalised using the Trimmed Mean of M values (TMM). Sample-weights and log transformation were performed using the limma package with the voom function used to estimate the mean-variance relationship between individual observations and then applied to the normalised log-counts data. Differential expression analyses including moderated F-statistic evaluation, adjusted p-value estimation and log2 fold change analysis were performed using a moderated t-test (31) with Benjamini-Hochberg (BH) multiple hypothesis test corrections (32). After adjustment, gene expression was considered significantly different at FDR ≤ 0.05.



cDNA Synthesis and Quantitative Polymerase Chain Reaction (qPCR)

Synthesis of complementary DNA (cDNA) was conducted beginning with 1μg of total RNA using the QuantiNova Reverse Transcription Kit (QIAGEN) according to the manufacturer’s protocol. qPCR was conducted with SYBR Green (QIAGEN) according to manufacturer’s instructions, with YWHAZ and β-actin as housekeeping genes (primer sequences in Table 1). Denaturation was performed at 95°C for 10 secs, annealing at 53°C for 45 secs, and extension at 72°C for 30 secs, for a total of 50 cycles. qPCR results were analysed using the 2-ΔΔCT method (33). Samples were sorted into groups depending on mode of delivery (see Table 2 for numbers and characteristics of women’s and infants’ samples used).


Table 1 | Sequences for qPCR primers.




Table 2 | Characteristics of women and infants from the study by mode of delivery (UV, LLSCS, PLSCS) and analytic technique (RNA sequencing, qPCR analysis and Western Blotting).





Western Blotting


Protein Extraction

Term placental tissues (0.25g) were weighed into Powerlyzer tubes and disrupted in 400 μL ice cold RIPA (Radio Immuno Precipitation Assay) buffer. Samples (see Table 2 for numbers and characteristics of women’s and infants’ samples used) were homogenised (3.5 mins at 30 Hz) using the TissueLyser (QIAGEN). After homogenisation, samples were diluted with 400 μL RIPA buffer. Protein concentration was measured via a Bradford Assay using the SpectraMax iD5 (Molecular Devices) at 595 nm absorbance, prior to sample storage at -80°C.



SDS-PAGE

Samples (25 μg each) were denatured and reduced in Laemmli 4x buffer (GTX16355, GeneTex) and 8% 2-mercaptoethanol for 5 mins at 95°C. Samples were then loaded onto either a 4–20% Mini-PROTEAN® TGX Stain-Free™ Protein Gel (4568094, Bio-Rad) or 4–20% Mini-PROTEAN® TGX™ Precast Protein Gel (4561094, Bio-Rad), along with a molecular weight marker (GTX49384, GeneTex). SDS-PAGE was carried out for 1 h at 100 V in 1x Running buffer (pH 8.3) using a Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad). Stain-Free Protein gels were checked for complete protein separation using the ChemiDoc Touch Imaging System (Bio-Rad).



Transfer

Protein was transferred to a PVDF membrane over 16 hours at 27V and 4°C in transfer buffer (25 mM Trizma Base, 190 mM glycine, 20% methanol; pH 8.3) using the Criterion™ blotter (Bio-Rad). Successful transfer of protein was checked by Ponceau S staining of the membrane, as well as either Coomassie Blue staining (for the TGX Precast Protein Gel) or the ChemiDoc Touch Imaging System (Bio-Rad) (for the TGX Stain-Free™ Protein Gel).



Blotting

Membrane was blocked in Tris Buffered Saline Tween20 (TBST) with 5% skim milk for 2 h at room temperature. Membrane was then incubated in blocking buffer for 1 h with either IL-1β Polyclonal Antibody (P420B, Invitrogen) at 1:200 dilution, or IL-18 Polyclonal Antibody (PA5-110679, Invitrogen) at 1:300. Membrane was washed 3-4 times with TBST, then incubated with a goat anti-rabbit Immunoglobulins/HRP secondary antibody (P044801-2, Dako) at 1:5000 in the blocking buffer. Membrane was washed 3-4 times in TBST, then incubated in Clarity Western ECL Substrate (1705060, Bio-Rad) for 5 mins and imaged. The density of each band (determined by the ChemiDoc Touch Imaging System) was determined prior to analysis using ImageLab software from Bio-Rad™. Analysis controlled protein loading for each sample by normalizing using stain-free total protein quantification (34) and was further normalized to an internal control sample (pooled term placentae) on each membrane. Samples were run in duplicate and averaged for final analysis.




Statistical Analysis

Statistical analysis for differences between groups from qPCR and Western Blotting data was undertaken using SPSS Statistics Software. Outliers were removed from the data using a Grubbs’ test. Data were assessed for normality distribution and a two-way ANOVA test was conducted. Differences between groups were considered significant for p ≤ 0.05. All tests of statistical significance are two-sided, and adjustments were made for multiple comparisons.




Results


Cohort Characteristics With Respect to Mode of Delivery (UV, LLSCS or PLSCS)

RNA sequencing data was available for 50 placentae from uncomplicated pregnancies where mode of delivery was known. Mode of delivery and birth characteristics are presented in Table 2.



Genes Are Differentially Expressed in a Sex-Specific Manner in Term Placenta

In a larger study to investigate gene expression in human placentae, we performed double-stranded RNA-Seq on 96 (35 early and 61 term gestation) samples with an average of ~35.8 million paired-end reads per sample. For the purposes of the current study, the 35 early gestation samples were excluded, and 1 term sample was removed due to ambiguous labelling, leaving a total of 50 [26 samples from the SCOPE cohort (11 male, 15 female) and 24 samples from the STOP cohort (9 male, 15 female)] samples for downstream analyses. FASTQ files were aligned to human genome GRCh37 (hs37d5) using STAR (35) and RNA-Seq data was summarised to the gene level using featureCounts (36) from which we detected 20654 genes with an official gene symbol. After removing genes from the X- and Y-Chromosomes, and mitochondrial genes (706 genes removed), and filtering for genes with low expression (<2 counts per million in 6 samples), 12903 genes remained for downstream analyses.

Sex-specific differential expression analysis between male LLSCS and PLSCS showed 33 up- and 5 down-regulated genes (lower expression in LLSCS: FDR < 0.05) including up-regulation of IL18R1, IL1RL1, IL20RA (Figure 1). There were no significantly differentially expressed genes in the female comparison. It is important to note that the RNA-Seq differential expression experiment was performed to guide targets of our PCR experiments. The small number of samples used in this comparison, male LLSCS (n = 7), male PLSCS (n = 3) limit the stand-alone interpretation of these results.




Figure 1 | Analysis of differential gene expression determined by RNA sequencing between labouring lower segment Caesarean section (LLSCS) (n = 7) and prelabour lower segment Caesarean section (PLSCS) (n = 3) in male-bearing pregnancies only. Volcano plot shows the level of change (log transformed normalised counts); differentially expressed genes (false discovery rate (FDR) < 0.05 & log fold change (logFC) > |1|) indicated in red and green. Horizontal dotted line corresponds to FDR of 0.05 (-log10 scaled). Vertical dotted lines correspond to logFC > |1|.





Markers of Inflammasome Activation, IL-1β and IL-18, Are Significantly Increased at mRNA Level in LLSCS Births

Activation of any inflammasome complex results in the production of mature IL-1β and IL-18 pro-inflammatory cytokines. Expression of IL1B and IL18 mRNA (Figures 2A, D, respectively) was significantly upregulated in placentae from LLSCS births compared with UV for both female- (pIL1B < 0.0001; pIL18 < 0.0001) and male-bearing (pIL1B < 0.0001; pIL18 < 0.0001) pregnancies, as well as in placentae from LLSCS births compared with PLSCS for both female- (pIL1B < 0.0001; pIL18 < 0.0001) and male-bearing (pIL1B < 0.0001; pIL18 < 0.0001) pregnancies. Expression of IL1B and IL18 mRNA was also upregulated in UV births compared with PLSCS for both female- (pIL1B < 0.0001; pIL18 < 0.0001) and male-bearing (pIL1B < 0.0001; pIL18 < 0.0001) pregnancies.




Figure 2 | The mRNA expression of (A) Interleukin 1β (IL1B), (B) Interleukin 1 Type 1 Receptor (IL1R1), (C) Interleukin 1 Type 2 Receptor (IL1R2), (D) Interleukin 18 (IL18), (E) Interleukin 18 Binding Protein (IL18BP) and (F) Interleukin 18 Type 1 Receptor (IL18R1) in placentae from female- and male-bearing pregnancies classed by delivery mode (as determined by qPCR). Data are presented as a 10-90 percentile interleaved box-and-whisker plot. The same letter above bars indicates that groups are not different from each other. A different letter above bars indicates that groups are different (all p < 0.05). Dark grey colour denotes placenta samples from female fetal sex; light grey colour denotes placenta samples from male fetal sex. (Number of samples: unassisted vaginal (UV) 20/fetal sex; labouring lower segment Caesarean section (LLSCS) = 10/fetal sex; prelabour lower segment Caesarean section (PLSCS) = 5/fetal sex).



Expression of both IL1B and IL18 mRNA was significantly decreased in placentae delivered via UV method in male compared to female-bearing pregnancies (pIL1B = 0.0002; pIL18 = 0.0018). IL1B mRNA expression was significantly decreased in placentae delivered via LLSCS method in male- compared to female-bearing pregnancies (p < 0.0001) and IL18 mRNA expression was significantly decreased in placentae delivered via PLSCS method in female- compared to male-bearing pregnancies (p = 0.0132).



Receptors for IL-1β and IL-18 Are Significantly Increased in LLSCS Births

IL-1β can exert its inflammatory effects by binding to the IL1R1. IL1R1 mRNA expression (Figure 2B) was significantly increased in placentae from LLSCS births compared with UV for both female- and male-bearing pregnancies, as well as from LLSCS births compared with PLSCS for both female- and male-bearing pregnancies and from UV births compared with PLSCS for both female- and male-bearing pregnancies (all p < 0.0001).

IL1R1 mRNA expression was significantly increased in placentae delivered via UV birth in male- compared to female-bearing pregnancies (p = 0.0348).

IL-1β binding to the IL1R2 can have anti-inflammatory effects. IL1R2 mRNA expression (Figure 2C) was significantly increased in placentae from LLSCS births compared with UV for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies, as well as from LLSCS births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies.

IL18BP is a potent inhibitor of IL-18 activity. IL18BP mRNA expression (Figure 2E) was significantly increased in placentae from LLSCS births compared with UV for female-bearing (p < 0.0001) pregnancies only, as well as from LLSCS births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies. IL18BP mRNA expression was significantly increased in placentae from UV births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies.

IL18BP mRNA expression was significantly increased in placentae delivered via LLSCS method in female- compared to male-bearing pregnancies (p < 0.0001) and significantly decreased in placentae delivered via UV method in female- compared to male-bearing pregnancies (p = 0.0408).

Finally, IL18R1 is the receptor by which IL-18 binding exerts inflammatory effects. IL18R1 mRNA expression (Figure 2F) was significantly increased in placentae from LLSCS births compared with UV for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies, as well as from LLSCS births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies. IL18R1 mRNA expression was significantly increased in placentae from UV births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies.

IL18R1 mRNA expression was significantly increased in placentae delivered via UV in female- compared to male-bearing pregnancies (p < 0.0001).



Expression of Pro-Inflammatory IL6, IL2RB, IL17RE, TNFAIP2, TNFSF10, and TNFRSF8 Is Increased in LLSCS Births

IL-6 is commonly used as a marker of inflammation. IL6 mRNA expression (Figure 3A) was significantly increased in placentae from LLSCS births compared with UV for female- (p < 0.0001) and male-bearing (p = 0.0035) pregnancies, as well as from LLSCS births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies, and from UV births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies.




Figure 3 | (A) Interleukin 6 (IL6), (B) Interleukin 2 Receptor β (IL2RB), (C) Interleukin 17 Receptor E (IL17RE), (D) Tumour Necrosis Factor Alpha Induced Protein 2 (TNFAIP2), (E) Tumour Necrosis Factor Super Family Member 10 (TNFSF10) and (F) Tumour Necrosis Factor Receptor Super Family Member 8 (TNFRSF8) mRNA expression in placentae from female- and male-bearing pregnancies classed by delivery mode (qPCR). Data are presented as a 10-90 percentile interleaved box-and-whisker plot. The same letter above bars indicates that groups are not different from each other. A different letter above bars indicates that groups are different (all p < 0.05). Dark grey colour denotes placenta samples from female fetal sex; light grey colour denotes placenta samples from male fetal sex. (Number of samples: unassisted vaginal (UV) 20/fetal sex; labouring lower segment Caesarean section (LLSCS) = 10/fetal sex; prelabour lower segment Caesarean section (PLSCS) = 5/fetal sex).



IL6 mRNA expression was significantly increased in placentae delivered via LLSCS in female- compared to male-bearing pregnancies (p = 0.0392) and significantly decreased in placentae delivered vaginally in female- compared to male-bearing pregnancies (p = 0.0359).

IL2RB (IL-2Rβ) refers to the β subunit of the interleukin-2 receptor. It is involved in the inflammatory response by activating T and NK cell subsets (37). Specifically, the human IL2RB gene has been shown to use an LTR alternative promoter to drive expression, specifically in the placenta (38). IL2RB mRNA expression (Figure 3B) was significantly increased in placentae from LLSCS births compared with UV for female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies, as well as from LLSCS births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies and from UV births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies.

IL2RB mRNA expression was significantly increased in placentae delivered via LLSCS method in female- compared to male-bearing pregnancies (p < 0.0001).

IL17RE is part of the IL-17C pathway and functions as a pivotal regulator of innate immunity (39). Interestingly, IL-17C induces inflammation, but also promotes tissue healing (40). IL17RE mRNA expression (Figure 3C) was significantly increased in placentae from LLSCS births compared with UV for female-bearing (p < 0.0001) pregnancies only, as well as from LLSCS births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies; and from UV births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies.

IL17RE mRNA expression was significantly increased in placentae delivered via LLSCS in female- compared to male-bearing pregnancies (p < 0.0001).

TNFAIP2 expression is induced by other cytokines, including IL-1β, and plays essential roles in inflammation as a primary response gene (41), as well as angiogenesis and cell migration (42). TNFAIP2 mRNA expression (Figure 3D) was significantly increased in placentae from LLSCS births compared with UV for female- (p < 0.0001) and male-bearing (p = 0.0443) pregnancies, as well as from LLSCS births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies and from UV births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies.

TNFAIP2 mRNA expression was significantly increased in placentae delivered via LLSCS method in female- compared to male-bearing pregnancies (p = 0.0071).

TNFSF10 is a cytokine belonging to the TNF-ligand family. The main role for TNFSF10 is in apoptosis of mutated cells, as it does not kill non-malignant cells (43). However, it is also expressed as an inflammatory marker in most healthy tissues. TNFSF10 mRNA expression (Figure 3E) was significantly increased in placentae from LLSCS births compared with UV for female- (p < 0.0001) and male-bearing (p = 0.0035) pregnancies, as well as from LLSCS births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies and from UV births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies.

TNFSF10 mRNA expression was significantly increased in placentae delivered via LLSCS in female- compared to male-bearing pregnancies (p < 0.0001) and significantly decreased in placentae delivered via UV method in female- compared to male-bearing pregnancies (p < 0.0001).

Finally, TNFRSF8 (another member of the TNF-receptor superfamily) is a marker of inflammation as it is thought to be expressed only on activated T and B cells, not on resting cells. Activation of this receptor leads to signaling via the NF-κB pathway. TNFRSF8 mRNA expression (Figure 3F) was significantly increased in placentae from LLSCS births compared with UV for female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies, as well as from LLSCS births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies; and from UV births compared with PLSCS for both female- (p = 0.0020) and male-bearing (p = 0.0316) pregnancies.

TNFRSF8 mRNA expression was significantly increased in placentae delivered via LLSCS in female- compared to male-bearing pregnancies (p < 0.0001).



Expression of Transcription Factors STAT1 and STAT2 Is Increased in Female UV Births Only

STAT1 and STAT2 are transcription factors which mediate type I and III interferon signalling via the JAK-STAT pathway; as such they play essential roles in the adaptive immune response (44). STAT1 and STAT2 mRNA expression (Figures 4A, B, respectively) was significantly increased in placentae from UV births compared with LLSCS for female-bearing (pSTAT1 < 0.0001; pSTAT2 < 0.0001) pregnancies only, as well as from LLSCS births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies and from UV births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p < 0.0001) pregnancies.




Figure 4 | (A) Signal transducer and activator of transcription 1 (STAT1) and (B) 2 (STAT2) mRNA expression (qPCR) in placentae from female- and male-bearing pregnancies classed by delivery mode. Data are presented as a 10-90 percentile interleaved box-and-whisker plot. The same letter above bars indicates that groups are not different from each other. A different letter above bars indicates that groups are different (all p < 0.05). Dark grey colour denotes placenta samples from female fetal sex; light grey colour denotes placenta samples from male fetal sex. (Number of samples: unassisted vaginal (UV) 20/fetal sex; labouring lower segment Caesarean section (LLSCS) = 10/fetal sex; prelabour lower segment Caesarean section (PLSCS) = 5/fetal sex).



STAT1 and STAT2 mRNA expression was significantly increased in placentae delivered via UV delivery in female- compared to male-bearing pregnancies (pSTAT1 < 0.0001; pSTAT2 < 0.0001).



Expression of Anti-Inflammatory Interleukin IL-10 Is Increased in Male LLSCS Births Only

IL-10 is a cytokine with potent anti-inflammatory roles; indeed, absence of IL-10 leads to immunopathologies that are detrimental to the host, without any effect on pathogen load (45–47). IL10 mRNA expression (Figure 5) was significantly increased in placentae from LLSCS births compared with UV for male-bearing (p = 0.0063) pregnancies only, as well as from LLSCS births compared with PLSCS for female-bearing (p = 0.0003) pregnancies only, and from UV births compared with PLSCS for both female- (p < 0.0001) and male-bearing (p = 0.0001) pregnancies.




Figure 5 | The mRNA expression (as determined by qPCR) of Interleukin 10 (IL10) in placentae from female- and male-bearing pregnancies classed by delivery mode. Data are presented as a 10-90 percentile interleaved box-and-whisker plot. The same letter above bars indicates that groups are not different from each other. A different letter above bars indicates that groups are different (all p < 0.05). Dark grey colour denotes placenta samples from female fetal sex; light grey colour denotes placenta samples from male fetal sex. (Number of samples: unassisted vaginal (UV) 20/fetal sex; labouring lower segment Caesarean section (LLSCS) = 10/fetal sex; prelabour lower segment Caesarean section (PLSCS) = 5/fetal sex).



IL10 mRNA expression was significantly increased in placentae delivered via LLSCS method in male- compared to female-bearing pregnancies (p = 0.0474).



Expression of Alarmin IL-33, and Receptor IL1RL1, Is Increased in Male LLSCS Births Only

IL-33 (a member of the IL1 family) is mainly secreted by damaged barrier cells as an alarmin cytokine (48); that is, it is used as an alarm to signal cellular damage or stress. Its receptor, IL1RL1, can be membrane-bound or soluble, and acts as an inhibitor of IL-33 functioning as a decoy receptor (49). IL33 and IL1RL1 mRNA expression (Figures 6A, B, respectively) was significantly increased in placentae from LLSCS births compared with UV for female- (pIL33 < 0.0001; pIL1RL1 = 0.0112) and male-bearing (pIL33 < 0.0001; pIL1RL1 < 0.0001) pregnancies, as well as from LLSCS births compared with PLSCS for female- (pIL33 < 0.0001; pIL1RL1 < 0.0001) and male-bearing (pIL33 < 0.0001; pIL1RL1 < 0.0001) pregnancies, and from UV births compared with PLSCS for both female- (pIL33 < 0.0001; pIL1RL1 < 0.0001) and male-bearing (pIL33 < 0.0001; pIL1RL1 = 0.0004) pregnancies.




Figure 6 | (A) Interleukin 33 (IL33) and (B) Interleukin 1 Receptor Like 1 (IL1RL1) mRNA expression in placentae from female- and male-bearing pregnancies classed by delivery mode, and by indication of fetal distress (FD) [(C) IL33 in FD, (D) IL1RL1 in FD)] during labour (qPCR). Data are presented as a 10-90 percentile interleaved box-and-whisker plot. The same letter above bars indicates that groups are not different from each other. A different letter above bars indicates that groups are different (all p < 0.05). Dark grey colour denotes placenta samples from female fetal sex; light grey colour denotes placenta samples from male fetal sex. (Number of samples: unassisted vaginal (UV) 20/fetal sex; labouring lower segment Caesarean section (LLSCS) = 10/fetal sex; prelabour lower segment Caesarean section (PLSCS) = 5/fetal sex. Samples with FD = 9, samples with no FD = 51).



IL33 and IL1RL1 mRNA expression was significantly increased in placentae delivered via LLSCS in male- compared to female-bearing pregnancies (pIL33 < 0.0001; pIL1RL1 < 0.0001). IL1RL1 mRNA expression was also significantly decreased in placentae delivered via UV delivery in male- compared to female-bearing pregnancies (p = 0.0007).



Expression of Alarmin IL33, and Receptor IL1RL1 Is Only Increased in Male LLSCS Births With Fetal Distress During Labour

Fetal distress (FD) was ascertained from clinical notes indicating meconium presence in the amniotic fluid, and/or obstetrician’s decision to use a Ventouse cap or forceps, or proceed to LLSCS due to failure to progress. Interestingly, IL33 expression (Figure 6C) was only significantly increased in placentae from male babies with FD compared with births where no FD was detected (p < 0.0001), regardless of delivery mode. IL1RL1 mRNA expression (Figure 6D) was significantly increased in placentae from both female- (p = 0.0329) and male-bearing (p < 0.0001) births with FD compared with births where no FD was detected.

IL33 and IL1RL1 mRNA expression was significantly increased in placentae from male- compared to female-bearing deliveries where FD was detected (pIL33 < 0.0001; pIL1RL1 < 0.0001). IL1RL1 mRNA expression was also significantly decreased in placentae from male- compared to female-bearing deliveries where no FD was detected (p = 0.0129).



Expression of IL-1β Protein Is Significantly Increased in LLSCS Females Only

IL-1β protein expression (Figures 7A, C) was significantly increased in placentae from LLSCS births compared with UV for female-bearing pregnancies only (p = 0.0031).




Figure 7 | The mRNA expression of Interleukin 1β (IL-1β) (A, C) and Interleukin 18 (IL-18) (B, D) protein in placentae from female- and male-bearing pregnancies classed by delivery mode. For (A, B), Data are presented as a 10-90 percentile interleaved box-and-whisker plot. The same letter above bars indicates that groups are not different from each other. A different letter above bars indicates that groups are different (all p < 0.05). Dark grey colour denotes placenta samples from female fetal sex; light grey colour denotes placenta samples from male fetal sex. (C, D) show representative images of staining with an IL-1β antibody (molecular weight ~35 kDa) and an IL-18 antibody (molecular weight ~20 kDa), respectively. Below this is a representative image of stain-free Total Protein staining as a control. (Number of samples: unassisted vaginal (UV) = 6/fetal sex; labouring lower segment Caesarean section (LLSCS) = 4/fetal sex; prelabour lower segment Caesarean section (PLSCS) = 2/fetal sex).



IL-18 protein expression (Figures 7B, D) was higher in placentae from LLSCS births compared with UV for female-bearing pregnancies only but was not statistically significant (p = 0.0602).

IL-1β and IL-18 protein expression in placentae from PLSCS births is illustrated in Figure 7, however statistical analyses could not be performed due to low sample numbers (n = 2/fetal sex).




Discussion

This study has shown that there is a general increase in inflammasome activation (as evidenced by the expression of genes encoding IL-1β and IL-18), and inflammatory molecule expression, in placentae from LLSCS births compared to UV and PLSCS births. This result was consistent with our hypothesis that, as emergency caesarean sections in labour are conducted due to maternal or fetal distress, placental gene expression in LLSCS births would reflect increased inflammation.

Inflammasome activation, and inflammatory molecule expression, is also increased in placentae from LLSCS compared with PLSCS births, and in UV compared with PLSCS deliveries. This was also consistent with our hypothesis that placentae from PLSCS births would show very low levels of inflammation compared with other modes of delivery, given that they do not experience the inflammatory response associated with labour. However, whilst we did not see the degree of inflammatory molecule expression that was observed in labouring births, there was some inflammatory molecule expression in placentae from PLSCS births as would be expected. Although all of the women with PLSCS in our study had uncomplicated pregnancies, these deliveries are often scheduled due to a pregnancy complication such as preeclampsia or gestational diabetes.

The initiation of labour is reliant on the functional withdrawal of progesterone and a significant increase in myometrial progesterone receptor A (PR-A), leading to an overall rise in the PR-A/PR-B expression ratio (50). This functional withdrawal allows estrogen signalling to dominate inducing upregulation of contraction-associated proteins (CAPs), prostaglandins, oxytocin receptors in the myometrium, and collagenases and metalloproteinases in the cervix that cause its ripening. These uterotonins lead to coordinated uterine contractions. Whilst the exact mechanism inducing progesterone withdrawal is not completely understood, progesterone has long been known to be anti-inflammatory and maintains myometrial quiescence. Upon progesterone withdrawal, prostaglandins have also been implicated in labour (51), potentially by establishing a positive-feedback loop in the uterus with prostaglandins and inflammatory cytokines released by infiltrating leukocytes in the myometrium (3, 52). Furthermore, an association has long been established between inflammatory cell infiltration of the fetal membranes and decidua in labour and release of increased prostaglandins and leukotrienes (53, 54). Indeed, the fetal membranes are essential for allowing glucocorticoid signalling, leading to stimulation of prostaglandin production (55).

Whilst parturition is associated with an influx of leukocytes into the myometrium (26), this same phenomenon has been observed in the decidua (56) as well as in the cervix, where they potentially play a role in cervical ripening (57). Previous studies have shown that these leukocytes express pro-inflammatory cytokines IL-1β, IL-18 and IL-6 (58), and while inflammatory cells have not been detected in the placenta during parturition, this increase in pro-inflammatory cytokines that is observed in the myometrium and uterus is also in the chorio-decidua (26), as well as in amniotic fluid (59). Our data imply that expression of inflammatory cytokines and inflammation observed in the placenta following delivery could serve as an indication of molecular changes occurring within the uterus.

Not only did this study find that pro-inflammatory cytokines are increased in the placenta in labour compared to no labour, but patterns of expression were also noted which were fetal sex specific (Table 3). The expression of genes encoding inflammatory cytokines IL-1β and IL-18 was higher in placentae from female bearing pregnancies compared to male, indicating increased inflammasome activation in females.


Table 3 | Expression patterns of inflammasome and inflammatory molecules in placentae from female and male-bearing pregnancies, classified by mode of delivery.



Many inflammatory genes and/or receptors (IL1B, IL6, IL2RB, IL17RE, TNFAIP2, TNFSF10 and TNFRSF8; for interactions see Figure 8) also followed a pattern of upregulation in placentae from LLSCS compared with UV and PLSCS births, but also were significantly upregulated in placentae from female compared to male bearing LLSCS births. These clearly indicate heightened inflammation in placentae from female-bearing LLSCS births. Interestingly, IL18BP mRNA expression was also significantly increased in placentae from female-bearing LLSCS births compared with UV births, where this was not observed in males. As IL18BP functions as an inhibitor of IL-18 activity by competitively binding to IL-18, impeding IL-18/IL18R1 binding, it is classified as an anti-inflammatory molecule. The upregulation of IL18BP in female but not male-bearing placentae could indicate a strategy to minimize damage from a large inflammatory response, given the clearly larger inflammatory reaction observed in placentae from female compared to male-bearing LLSCS births. This is important as excess inflammasome activation is associated with extensive pyroptosis (60). However, in the placenta it is not known what impact this may have for these female babies.




Figure 8 | Diagrammatic representation of the interactions of inflammasome and inflammatory molecules explored in this study.



In addition to the relatively lower expression of inflammasome and inflammatory molecules in placentae from male compared with female-bearing LLSCS births, anti-inflammatory cytokine IL10 mRNA expression was significantly increased. IL-10 plays an essential role in preventing pathological inflammation (45), as well as preventing chronic inflammatory conditions (61). In fact, the levels of IL10 expression in placentae from male-bearing LLSCS births was no different to that in PLSCS births, potentially controlling the inflammatory response in LLSCS births to ensure there is not overactivation of the inflammasome. This was not observed in female-bearing placentae, which had the same level of IL10 expression in LLSCS and UV births.

Furthermore, IL33 and IL1RL1 mRNA were significantly upregulated by approximately 2.5-fold in placentae from male compared with female-bearing LLSCS births. As briefly mentioned above, IL-33 does not function as a typical inflammatory cytokine but instead as an alarmin, providing an indication to surrounding tissue of damage or stress.

Previous studies have identified that male-bearing pregnancies are more likely to end in LLSCS compared with female-bearing (62); however, this is not due to failure to progress through labour but instead due to signs of fetal distress (63). In conjunction with our data, this could indicate that placentae from male-bearing LLSCS births upregulate IL-33 as a signal of fetal distress, inducing IL1RL1 expression and mediating inflammation. This is not seen in placentae from female-bearing LLSCS births, where the magnitude of the IL33 expression is significantly reduced, and inflammatory markers are more highly expressed compared with males. Indeed, when samples were separated by clinical notes indicating fetal distress, a large increase in IL33 and IL1RL1 expression was observed in placentae from male, but not female-bearing births, suggesting enhanced signalling for damage and stress in problematic male-bearing labours compared with female-bearing.

A major limitation of this study is its opportunistic nature that relied on data from a larger unrelated study that profiled the placental transcriptome across gestation. Data for uncomplicated pregnancies at term for whom mode of delivery was known were selected. Therefore, the data may not represent the whole population. Furthermore, data was available for a relatively small number of placentae from PLSCS births. Information about intra-partum medications were not available so data may be influenced by these for both emergency and planned caesarean delivery. Moreover, all data are from analysis of chorionic villus samples, and the specific cell types present in these samples were not quantified. Future studies should be larger and designed specifically to determine differences in the inflammasome between different modes of delivery with attention to all details of the labour and delivery including medications, analgesia and anaesthesia.

Overall, increased activation of the placental inflammasome in LLSCS, which is often a life-saving intervention, likely also indicates greater exposure of the fetus during labour and delivery to inflammation. Perinatal inflammation and caesarean delivery are known to impact post-natal health of the infant. The former associates with brain injury in preterm labour and subsequent neurological disorders the best known of which is cerebral palsy (2).

Caesarean section not only has implications for maternal mortality, morbidity, recovery and future pregnancy but it also has been implicated in long term health and wellbeing for children [reviewed in (64)]. Specifically, children who were delivered by caesarean section are at greater risk of immune disorders such as asthma, atopy, allergy with evidence for an altered gut microbiome and potentially they are at risk of childhood obesity and metabolic disorders (64). A recent systematic review and meta-analysis of over 20 million births has demonstrated increased risk for autism spectrum disorders (ASD) and attention deficit hyperactivity disorder (ADHD) in children delivered by caesarean section with similar effects for both in labour and planned (65). Compression of the fetus as it traverses the birth canal causes a surge in glucocorticoids that is believed to be beneficial to the quick transition to extrauterine life that the neonate must make. Previously it was thought that negative effects of caesarean delivery are due to the lack of the big squeeze experienced during vaginal delivery. However, more recent thinking on the mechanisms of adverse effects of caesarean delivery on child development implicate altered epigenetic state and changes to the gut microbiome (66). Inflammation could be a factor in these. Here we have identified changes in placental expression of inflammatory mediators in both LLSCS and PLSCS deliveries. With further studies and follow up of children, these could potentially be used as indicators of perinatal exposure to inflammation that may impact child development, even for term deliveries where future risks to the child are generally not suspected.

To summarise our findings, placentae from female-bearing LLSCS deliveries had the highest inflammasome activation, followed by male-bearing LLSCS deliveries and UV deliveries. Placentae from PLSCS deliveries had the lowest inflammasome activation, though some expression of inflammatory genes was detected. Compared to babies delivered UV, the most common method of delivery, those delivered by LLSCS may be more at risk of inflammatory insult. The placental inflammasome may be useful for non-invasively identifying those babies most at risk. Conversely, PLSCS placentae reflect low level inflammation that may also disadvantage the baby who may not be optimally primed for their transition to extrauterine life, but this requires further investigation.

Our study shows that inflammation is indeed evident in the placenta in term uncomplicated UV births, accompanying the loss of immune tolerance at parturition. Not only is this necessary to mediate the labour cascade but inflammasome expression in the placenta without significant infiltration by maternal leukocytes may aid in placental separation, blood clotting and closure of maternal spiral arteries which are further compressed by uterine contractions following delivery of the placenta. We have certainly demonstrated that placental inflammasome activation at delivery reflects the end of tolerance. However, clearly the end of tolerance is not the same for all pregnancies and mode of delivery and its impact on the placental inflammasome are clear indicators of that. Placental inflammation associated with UV delivery may help not only labour but also the rapid transition to extrauterine life that babies must make. Reductions in the placental inflammasome in PLSCS may be associated with the reduced ease with which these babies, so delivered, make that transition.

Signal Transducer and Activator of Transcription 1 and 2 (STAT1 and STAT2) dimerise in response to Type 1 Interferon (IFN) signalling. This signalling can itself inhibit inflammasome activation or can inhibit inflammasome activation via Interleukin-10 (IL-10), which then leads to the production of STAT3. The blue boxes in the centre of the image depict the basic inflammasome activation pathway: a sensor molecule is stimulated which leads to activation of the inflammasome complex by pro-caspase-1. This leads to the production of active caspase-1, which promotes the conversion of pro-IL-1β and pro-IL-18 into their mature forms. The release of mature IL-1β and IL-18 signal activation of the inflammasome. Their release also initiates the NF-κB pathway. Mature IL-18 acts upon the IL-18 Receptor 1 (IL18R1), where its binding stimulates a pro-inflammatory response. Interleukin 18 Binding Protein (IL18BP) acts as an inhibitor of IL-18. Mature IL-1β can bind to the Interleukin 1 Type 1 Receptor (IL1R1) to initiate a pro-inflammatory response, or to the Interleukin 1 Type 2 Receptor (IL1R2) to induce anti-inflammatory activity. The orange box lists other inflammatory molecules explored within this study which are not specifically associated with this inflammasome activation pathway: Tumour Necrosis Factor Receptor Superfamily Member 8 (TNFRSF8), Tumour Necrosis Factor Superfamily Member 10 (TNFSF10), Tumour Necrosis Factor Alpha Induced Protein 2), Interleukin 6 (IL-6), Interleukin 2 Receptor β (IL2RB), Interleukin 33 (IL-33) and Interleukin 1 Receptor Like 1 (IL1RL1).
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Reproductive immunology has moved on from the classical Medawar question of 60 years ago “why doesn’t the mother reject the fetus?”. Looking beyond fetal-maternal tolerance, modern reproductive immunology focuses on how the maternal immune system supports fetal growth. Maternal uterine natural killer (uNK) cells, in partnership with fetal trophoblast cells, regulate physiological vascular changes in the uterus of pregnant women and mice. These vascular changes are necessary to build the placenta and sustain fetal growth. NK cell functions in the uterus and elsewhere, including anti-viral and anti-tumour immunity mediated mostly by blood NK cells, are modulated by NK cell education, a quantifiable process that determines cellular activation thresholds. This process relies largely on interactions between self-MHC class I molecules and inhibitory NK cell receptors. By getting to know self, the maternal immune system sets up uNK cells to participate to tissue homeostasis in the womb. Placentation can be viewed as a form of natural transplantation unique in vertebrates and this raises the question of how uNK cell education or missing-self recognition affect their function and, ultimately fetal growth. Here, using combinations of MHC-sufficient and -deficient mice, we show that uNK cell education is linked to maternal and not fetal MHC, so that MHC-deficient dams produce more growth-restricted fetuses, even when the fetuses themselves express self-MHC. We also show that, while peripheral NK cells reject bone marrow cells according to the established rules of missing-self recognition, uNK cells educated by maternal MHC do not reject fetuses that miss self-MHC and these fetuses grow to their full potential. While these results are not directly applicable to clinical research, they show that NK education by maternal MHC-I is required for optimal fetal growth.
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Introduction

Natural killer (NK) cells clear diseased cells, secrete immune mediators and regulate placentation. NK cell receptors (NKR) can be inhibitory or activating and provide a balance of signalling cues upon engagement with their ligands on neighboring cells and thus ensure appropriate responses (1). Some of these NKR, such as human KIR and mouse Ly49 are expressed stochastically resulting in a variegated repertoire of NK cell subsets with diverse functional potentials and activation thresholds (2–5). NK cells in different tissues are also heterogeneous in terms of the expression patterns of other receptors, including integrins and adhesion molecules. Conventional NK cells (cNK) are characterized by expression of the integrin CD49b (i.e. DX5) and are the major NK cell in the blood and spleen. Tissue resident NK cells typically express CD49a and are found in many organs including the liver, skin, lungs, gut and in the pregnant and non-pregnant uterus (6). Strikingly, NK cells in the decidua (dNK) can account for up to 70% of leukocytes during early human pregnancy, and up to 30% in early mouse pregnancy (7, 8). Uterine NK cells in both human and mouse comprise discrete subsets, which can broadly be divided into dNK1, dNK2 and dNK3 in humans and type 1 innate lymphoid cells (ILC1), conventional NK (cNK), and tissue-resident (trNK) cells in mice (9–12).

The hypothesis that NK cells recognise abnormal cells by their lack of self-molecules, known as the missing self-hypothesis (13), was elegantly demonstrated in 1990 using the first ever KO mice, which carried an homozygous deletion for β2 microglobulin (β2m), the accessory molecule necessary for cell surface expression of all MHC class I molecules by human and mouse cells (14, 15). β2m KO bone marrow cell-transfer failed to reconstitute WT mice immuno-depleted by irradiation, while WT bone marrow cell-transfer did. Recipient mice rejected the β2m KO bone marrow cells because these failed to express MHC class I molecules and therefore could not engage inhibitory NKR on host NK cells. This experiment was key to proving the missing-self hypothesis correct (13). In early 2000’s, the concept of NK cell education (also called licensing) was formulated after discovering that peripheral NK cells lacking self-specific inhibitory receptors were hyporesponsive (16–18). This proposed that NK cells expressing self-specific inhibitory receptors become functional because they can also be inhibited and therefore their response is tightly controlled. NK cells that do not express such receptors fail to reach their functional potential and become anergic to avoid potential auto-immune reaction. Hitherto, the mechanism(s) through which NK cells become educated remains unclear. One model hypothesizes that NK cells are initially unresponsive and become functional during development via interaction of their NKR with self MHC class I (16). A second model suggests, in contrast, that NK cells are initially responsive, but become anergic as they are chronically stimulated by self-MHC class I expressed by healthy cells (19). In both cases, NK cell functional potential is finely tuned by the number of self- MHC class I inhibitory NKR and their affinity for self-MHC I (20). Current evidence suggests that NK cell education is not static and can be rapidly tuned by changes in local MHC levels (21, 22).

Although NK cell education was described in 2005, its physiological relevance has remained elusive. Education is not essential for murine NK cell responses to viral or bacterial infection and uneducated NK cells can sometimes function more effectively than their educated counterparts (23–25). However, we demonstrated recently that NKG2A-mediated education of uNK improves pregnancy outcome in mice and humans (26). Others have recently shown a role for NK-cell education in responses to viral infections in mice (27, 28).

NK cell education during pregnancy is unique because uNK cells are exposed to both maternal and fetal MHC-I molecules (29). Human and mouse placentation is characterized by the invasion of fetal trophoblast cells into the maternal decidua where they encounter maternal uNK (Figure 1). Extravillous trophoblast (EVT) in humans and trophoblast giant cells (TGC) in mice express an unusual array of MHC molecules. EVT expresses HLA-C, HLA-E and HLA-G whilst murine TGC express H2-K (30–33). This MHC-I repertoire seems to engage with receptors on cells of the innate immune system, including NK cells and macrophages. Interactions between NKR and maternal or paternal MHC class I molecules can therefore affect uNK cell functions through both education and inhibition.




Figure 1 | Interaction between uNK cells and HLA class I positive cells at the feto-maternal interface. Humans: Spiral arteries develop through the decidua and fill the intervillous space with blood that supplies the placenta. Placenta villi are lined with villous cytotrophoblast (VT) under a layer of syncitiotrophoblast (ST), both of which are HLA class I and HLA class II negative. The villi are attached to the decidua via fetal extravillous trophoblast (EV). Some EVT migrate and line the spiral arteries as endovascular trophoblast (ENDVT) and other EVT invade the decidua where they interact with maternal lymphocytes such as dNK cells. Both EVT and ENDT express non classical HLA class I -E/C/G but do not express classical HLA- class I -A/-B and are HLA class II negative. Mice: Invasive trophoblast giant cells (TGC) from fetal origin form the boundary of the implantation site. They invade the maternal decidua and remodel the spiral arteries (Spa) by displacing the endothelial cells (EC) and allow the maternal blood flow through the spongiotrophoblast (SPT) layer to the labyrinth (not shown here). The spongiotrophoblast (SPT) and the glycogen cells (GC) are the major endocrine compartment of the placenta. In B6 mice, TGC lack expression of non-classical MHC-I but express classical MHC-I H2-K which can interact with maternal lymphocytes in the decidua such as uNK cells.



Despite the difference between mice and human placentation, uNK are major lymphocytes in the decidua in both species and both EVT and TGC can interact directly with uNK. Given the limited availability of human samples, the mouse model is a useful tool to study the role of uNK cells in pregnancy. Because it is possible to engineer mice that completely lack MHC-I expression, the contribution of paternal from maternal MHC-I to uNK education on reproductive success can be dissected and the hypothesis that excessive inhibition of uNK by paternal MHC-I impairs reproductive success can be tested.

Evidence from human and mouse studies supports the idea that uNK cells regulate placental development and hence fetal growth (26, 34–37). Although mice lacking fully functional NK cells are fertile and produce litters of normal size, fetal weights are lower, possibly as a consequence of insufficient transformation of uterine arteries seen in these models (38–40). Fetal growth is tightly controlled and even small alterations from normal growth trajectories come at a cost; low birth weight is associated with increased susceptibility to cardiovascular disease and metabolic syndrome through fetal programming (41). This risk is further increased by deviations from the normal postnatal growth trajectory, due to ‘catch-up’ neonatal growth (42, 43).

Here, we used mice lacking MHC-I expression to examine the contribution of paternal and maternal MHC-I to uNK education. This model allows the effects of education on uNK functions and reproductive success to be dissected separately from the effects of excessive inhibition of uNK when they encounter paternal MHC-I expressed on fetal TGC. We examined uNK function and fetal growth using the same mouse model that was used to demonstrate the missing-self hypothesis; so β2m-/- mice, and β2m+/- heterozygous mice are compared to wild-type (WT) C57BL/6 (B6) controls. While cells of WT and heterozygous β2m+/- mice have MHC-I on their surface, those of homozygous β2m-/- mice lack it. To isolate the effect of maternal and fetal MHC on either education or uNK inhibition by MHC class I molecules, we generated crosses where either one or both parents and/or the conceptuses lack MHC class I molecules (Figure 2). We show that education dependent on maternal MHC class I molecules is essential for uNK cell functions because it programs uNK cells to drive fetal growth. The hyporesponsiveness of uneducated uNK cells resulted in reduced uterine arterial remodeling and increased incidence of fetal growth restriction (FGR), followed by rapid postpartum catch-up growth. FGR was also observed in pregnancies in which uNK cells were both uneducated by maternal MHC-I and not inhibited by trophoblast MHC-I, suggesting that lack of inhibition when uNK encounter trophoblast does not compensate for lack of education in uNK cells. This contrasts with peripheral NK cell responses to infection (25). Our results provide further evidence of the physiological importance of NK cell education and they confirm the link between uNK cell education with both female reproductive fitness and health of the offspring.




Figure 2 | Representation of the crosses used in this study and impact on the fetal growth restriction (FGR). Females and male mice expressing either two alleles of β2m (black), one (blue) or none (grey) were mated in various crosses. The resulting fetal genotype is indicated according to the same color code. Whether the dam uNK cells were educated via maternal  self-MHCI or inhibited via fetal MHC-I is indicated with plus or minus symbol. The impact of each cross on fetal growth restriction is indicated on the bottom line where a + indicates presence of FGR and – its absence.





Results


Enhanced Functional Responsiveness of Educated uNK Cells

NK cells are typically identified as CD3- NKp46+ NK1.1+ cells in B6 mice (44, 45). In the uterus, both trNK cells (Eomes+ CD49a+), which are uniquely found in the uterus, and cNK cells (Eomes+ CD49a-), which are similar to mouse peripheral NK cells, express T-bet and produce IFN-γ, which is the key NK-produced cytokine in mice that drives arterial remodelling necessary for optimal placentation and fetal growth (12, 46, 47) (Figure 3A). In addition to uterine trNK and cNK cells, tissue-resident uILC1 (T-bet+ Eomes- CD49a+) also produce IFN-γ. We have previously shown that mouse uterine cNK cells are educated by maternal MHC class I molecules (48). Here we wanted to determine the effect of education on the functions of tissue resident uNK cells and uILC1. To do this, we analysed the expression of educating inhibitory NKR for self MHC class I molecules on all three cell types. The major educating NKR in B6 mice (H-2b MHC background) are Ly49C (preferentially binds H-2Kb), Ly49I (binds H-2Db), and NKG2A (binds Qa-1b) (49). Large fractions of tissue-resident uNK cells, uterine cNK cells and uILC1 express at least one of these self-specific NKR at mid-gestation (Figure 3B). To investigate the functional consequences of NK education, we compared NK cell responsiveness upon ex vivo crosslinking of the activating receptor NK1.1, in cells expected to be educated or not based on their NKR expression profile (Figure 3C). The expression of NK1.1 is equivalent in educated and uneducated NK cells (Figure S1). In both trNK and cNK cell subsets, cells expressing inhibitory receptors for self-MHC class I responded with a greater percentage of IFN-γ+ or CD107+ cells, demonstrating their ability to be educated by their MHC environment (Figures 3D, E). There were too few uneducated uILC1 for this comparison. These results show that the interaction of maternal MHC class I molecules with inhibitory NKR educates both trNK and cNK cells in the uterus and unlocks their full functional responsiveness.




Figure 3 | Enhanced function of educated mouse uNK cells. (A) Gating strategy for uterine group 1 ILC and delineation into three subsets including uterine ILC1 (uILC1), conventional NK cells (cNK) and tissue-resident CD49a+ NK. (B) Representative staining of all three group 1 ILC subsets for self-receptors in C57BL/6 mice. cNK, trNK or uILC1 subsets were stained for Ly49C/I, and NKG2A. Coloured line shows proportion of each subset positive for one or more of these educating inhibitory receptors. Grey line indicates staining with isotype matched negative control antibody. (C) Assessment of the functional responsiveness (intracellular IFN-γ and surface CD107a) after crosslinking by plate bound anti-NK1.1 antibody in cells expressing inhibitory NK receptors for self MHC compared to those that do not. Shown are the % of cells in each quadrant (grey text in corners) as well as the relative percentage of responders among cells expressing receptors for self and responders that do not have self-receptors (in bold). The relative percentage in the top left (Q1) and right (Q2) quadrants were calculated from the raw values as follows: Q1/(Q1+Q3) and Q2/(Q2+Q4). (D, E) Enumeration of IFN-γ producing (D) and CD107a+ NK cells (E) among cells expressing at least one receptor for self MHC class I (educated subset, self-receptor +) and those that do not (uneducated, self-receptor -). uILC1 are not depicted due to the paucity of uneducated cells in this subset. Data representative of 3 (A, B) or 2 (C-E) experiments with n = 6 mice per group. P-values in (D, E), comparing cells in cNK or CD49a+ NK subsets expressing an educating self-receptor with those that do not, within each mouse using paired two-tailed Student’s t-tests.





Effect of Maternal MHC Class I Molecules on uNK Cell Development and Function

To better understand the downstream effects of uNK cell interactions with maternal MHC class I molecules during placentation, we used β2m-/- mice, which have a C57BL/6 (B6) genetic background. These mice lack cell surface expression of classical (H-2K and H-2D) as well as non-classical (Qa-1) MHC class I molecules (Figure S2B), and their trophoblast cells differ from those of B6 mice which do express H2-K and, to a lesser extent H-2D (30–33, 50) (Figures S2C–D).Their NK cells are thus uneducated but can be activated by cytokines (16) and respond well to cytomegalovirus infection (51). The frequencies and numbers of uNK cells in β2m-/- mice were not significantly different to those in wild-type B6 mice (Figures 4A–D). We stained for KLRG1 and Ki-67 to assess terminal maturation and proliferation of cells ex vivo. The cNK cell pool in β2m-/- mice contained lower frequencies of mature (KLRG1+) and proliferating (Ki-67+) cells compared to controls. The pool of CD49a+ uNK cells had also reduced frequencies of mature KLRG1+ but comparable frequencies of proliferating Ki-67+. cells (Figures 4E, F). Thus, maternal MHC class I molecules are not required for the development of uNK cells, but their absence affects maturation and proliferation of cNK cells in the uterus, which may be a consequence of failed education. In contrast, lack of MHC class I molecules did not affect phenotype or development of uILC1 (Figure S3).




Figure 4 | Maternal MHC class I molecules are dispensable for the development of uNK cells. (A) Mating strategy to assess the impact of MHC class I on uNK by comparing wildtype females with β2m-/- mice that lack surface expression of MHC-I, both mated with B6 males. (B, C) Comparison of abundance of all uNK cells in terms of absolute number per implantation site (B), and relative frequency among CD45+ cells (C). uNK numbers were measured at gestational age Total uNK were gated as shown in Figure 3A. (D) Relative abundance of the 2 main subsets of uNK within NK1.1+ NKp46+ Eomes+ cells. (E, F) Phenotypic assessment of uNK for Ki-67 (E) which is associated with cell proliferation and KLRG1 which marks terminal maturation and correlates with education in cNK cells (F). Data representative of 3 experiments with n = 6-7 mice per group. Means ± SEM. P-values from unpaired two-tailed Student’s t-tests. See also Figure S1.



NK cell-derived IFN-γ plays an important role in the transformation of the arteries during pregnancy in mice (40). We next studied how the lack of NK education in β2m-/- mice affected IFN-γ production by uNK cells. After NK1.1 crosslinking, both the percentage of cells producing IFN-γ (Figures 5A, B) and the mean amount of IFN-γ produced per cell (Figure 5C) were reduced in both subsets of uNK cells in β2m-/- mice. IFN-γ production by uILC1 remained largely unaffected, Figure S4. The percentage of CD107a+, a proxy for degranulating cells, was also reduced in both uNK subsets in β2m-/- mice (Figures 5D, E). Thus, similarly to peripheral NK cells, both cNK and CD49a+ uNK subsets require interaction with MHC class I molecules to achieve normal responsiveness (Figures 5F, G). In the absence of MHC-I expression, cNK responses are more significantly downregulated than CD49a+ uNK cells (Figures 5F, G).




Figure 5 | Surface expression of maternal MHC class I molecules is necessary for uNK cell function. (A) Representative density plots for detection of intracellular IFN-γ and surface CD107a on uNK subsets from β2m-/- or B6 controls at gd10.5 after crosslinking in vitro with α-NK1.1. Gates were set on samples where the antibodies for both parameters were omitted. (B) Fold-change in fraction of each subset of uNK from β2m-/- mice that is positive for IFN-γ compared to B6 controls. (C) Fold-change in mean fluorescence intensity among IFN-γ+ uNK compared to B6 controls. (D) Fold-change in fraction of subsets of uNK positive for CD107a compared to B6 controls. (E) Fold-change in mean fluorescence intensity among CD107a+ uNK compared to B6 controls. (F, G) Downmodulation of IFN-γ (F) and CD107 (G) in uNK cells. This metric combines the number of cells responding and the reduction in GMFI, as indicated in the methods. Data representative of three independent experiments with n=5-8 mice per group. Means ± SEM. P-values from unpaired two-tailed Student’s t-tests. GMFI, geometric mean fluorescence intensity. See also Figure S2. *p<0.05 , **p<0.01, ****p<0.0001. ns, not significant.





Absence of Maternal MHC Class I Molecules Affects Uterine Arterial Morphology

During the normal transformation of uterine arteries, medial smooth muscle is lost with dilatation of the vessel, and this process is dependent on the presence of NK cells (39, 52). We assessed how arterial transformation is altered in the absence of educated NK cells. Although the size of the spiral artery lumen at midgestation in β2m-/- mice did not change (Figure 6A), the relative thickness of the smooth muscle media was greater, suggesting higher arterial stiffness (Figure 6B). In addition, actin within the media was retained in β2m-/- mice (Figure 6C). These findings correlated with less detectable IFN-γ in the decidua and myometrium of β2m-/- mice in 3/5 pregnancies (Figure S5). Taken together, these results show that the absence of educated uNK cells is associated with failure to undergo normal arterial remodelling during murine pregnancy.




Figure 6 | Reduced arterial remodelling in females lacking MHC class I (A, B) Quantitative assessment of blood vessel size (A) and relative vessel wall thickness (B) at gd9.5 in mice of the indicated genotype (all mated with B6 males). Data representative of n=11-12 conceptuses from 4 litters each. (C) Qualitative assessment of disappearance of smooth muscle actin at gd9.5 by immunohistochemistry. Bars = 1mm (left panel), 250µm (right panel). Means ± SEM. P-values from unpaired two-tailed Student’s t-tests. See also Figure S3.





Fetal Growth Restriction in Pregnancies Where Maternal uNK Cells Are Uneducated

Low birth weight followed by rapid catch up growth post-partum predisposes to a range of morbidities including premature death (42), reduced cognitive function (53), cardiovascular conditions and metabolic syndrome (41). To determine how lack of education of maternal uNK cells affected birth weight in our mouse model, we assessed the distribution of fetal weights at term and determined the incidence of fetal growth restriction using the 5th percentile of controls as a cutoff (Figures 7A-C). Weights of fetuses carried by β2m-/- mothers with uneducated uNK cells were shifted to the lower end of the spectrum with a >8-fold increase in very small fetuses (<5th percentile). This was also reflected in a moderate, but robust change in mean fetal weight (Figure 7D). Reduced growth was not limited to the intrauterine period but extended to at least day 7 post-partum (Figures 7E, F). However, the weights of newborn mice born from dams with uneducated uNK cells caught up during the second week of life (not shown). The reduction in birth weights was not associated with changes in the number of viable offspring (data not shown). We conclude that education of uNK cells is required for normal fetal growth. Because the fetuses in our model lack only one allele of β2m, they should in principle have a normal growth potential. To test this, we used the reverse cross, i.e. wild-type B6 females mated with β2m-/- males (Figure 7G). Heterozygous fetuses in this cross showed normal growth (Figure 7H), demonstrating that FGR in β2m-/- mothers was due to the maternal, not the fetal genotype.




Figure 7 | Fetal growth restriction in pregnancies where mothers lack MHC class I molecules. (A) Mating strategy to assess the impact of maternal MHC class I expression on fetal growth. (B) Weight distribution of fetuses carried by females with or without MHC class I surface expression. Dashed vertical line demarcates 5th percentile of B6 controls. (C) Categorical analysis of fetuses within or below the 5th percentile of controls. P-value from Fisher’s exact test. (D) Comparison of mean fetal weights. P-values from a mixed model analysis taking into account the clustering of observations by gestational age and/or litter. P-values above data points are indicative of comparison between crosses on the given time point. (B-D) data representative of 42 – 59 fetuses from 6 – 8 litters per time point per cross. (E) Mating strategy to assess the effect of maternal MHC class I surface expression on post partum growth of isogenic offspring compared to homozygous wildtype controls. (F) Comparison of weight on post partum day 7 between isogenic F1 fetuses with maternal or paternal β2m-/- compared to wildtype B6 controls. Means ± SEM, data representative of 17 – 54 pups per group from 4 – 7 litters. P-value from an unpaired two-tailed Student’s t-test. (G) Mating strategy to control for fetal genotype. (H) Comparison of isogenic fetuses carried by females with or without MHC class I surface expression relative to B6 controls. n = 46-68 fetuses from 7 – 9 litters per group. Fetal weight measured at term. P-value from a mixed model analysis taking the clustering of observations by litter into account.





Fetal Growth Restriction in β2m-/- Mice Cannot Be Reversed by Removing Inhibition of Maternal uNK Cells

We have shown before that increased uNK cell inhibition by paternal MHC class I on trophoblast impedes fetal growth both in mice (48) and humans (54). It is thus possible that uNK cell inhibition contributes to reduced fetal growth in β2m-/- dams carrying β2m+/- fetuses, because the latter do express MHC and can therefore inhibit maternal uNK cells. To establish the contribution of uNK cell inhibition by MHC on trophoblast, we used a mating combination where MHC is missing in both mother and fetus (β2m-/- females x β2m-/- males). In this cross, maternal uNK cells will be uneducated but also disinhibited by the lack of MHC on trophoblast. In this setting, uneducated uNK cells could be activated by the missing self MHC on trophoblast, and thus drive fetal growth, despite the lack of education. However, we found that FGR persisted in this setting (Figure S6), emphasising the importance of uNK education for full functional responsiveness. This is in contrast to uneducated peripheral NK cells which do respond to either cytokine stimulation in vitro (16), or infection in vivo with both cytomegalovirus and Listeria monocytogenes (25, 51, 55, 56). These results also excluded the possibility that the few residual CD8+ T cells in β2m-/- mice could contribute to FGR by responding to paternal MHC on trophoblast (57).



Educated Maternal uNK Cells Do Not Target Feto-Placental Units That Lack Self MHC

One consequence of uNK cell education is the generation of NK cell subsets that can efficiently sense and remove cells not displaying the normal array of self MHC class I molecules (58). Our mouse model offers the opportunity to assess the consequences of the interactions between educated uNK cells and fetal trophoblast cells lacking all MHC class I molecules. When mated with β2m-/- males, heterozygous β2m+/- females will have educated uNK cells that interact with both β2m+/- and β2m-/- fetal trophoblast cells in the same litter. Loss of the inhibitory signal to uNK cells resulting from the absence of paternal MHC class I molecules in β2m-/- placental cells might trigger activation of uNK cells by missing-self recognition, which could result in either fetal loss or altered growth in β2m-/- embryos, compared to their β2m+/- litter-mates (Figure 8). β2m-/- cells do express equivalent amounts of ligands for activating receptors NKG2D and DNAM-1 (Figure S7) and so are able to activate NK cells. We found, however, the same number of β2m+/- and β2m-/- fetuses and these had similar weights in 11 litters tested (Figure 8B, C). These results show that educated uNK cells are not ‘hyperactive’ towards β2m-/- embryos and their placentas, but instead drive normal fetal growth. In contrast, peripheral NK cells in β2m+/- mice do reject transplanted splenocytes from β2m-/- mice (Figure 8D-F) (59).




Figure 8 | Educated uNK cells do not harm fetuses lacking self MHC class I (A) Mating strategy to assess the effect of absent placental/fetal MHC class I expression in MHC sufficient hosts. (B) Enumeration of fetuses either sufficient or deficient for MHC class I surface expression carried by MHC sufficient females. (C) Weight distribution of fetuses either sufficient or deficient for MHC class I surface expression carried by MHC sufficient females. Data representative of 11 litters. (D) Experimental layout to assess ability of heterozygous β2m+/- mice to reject MHC class I-deficient haematopoietic cells (splenocytes). (E) Representative histograms showing in vivo rejection of MHC class I deficient splenocytes by MHC class I sufficient hosts. (F) Comparison of specific rejection of MHC-deficient conceptuses and splenocytes. Means ± SEM. Data representative of 84 offspring (A-C) and 5 mice per experiment (D-F). P-value from an unpaired two-tailed Student’s t-test. CFSE, Carboxyfluorescein succinimidyl ester.






Discussion

A long-standing conundrum in NK cell biology is that the same inhibitory signals can regulate both education and inhibition of NK activation. Despite extensive investigation, the molecular basis and physiological relevance of NK education remain uncertain. The remodelling of the lysosomal compartment in NK cells is a plausible mechanism to reconcile education and inhibition. The inhibitory signal would let granule contents accumulate during education, upon inhibitory NKR ligation by self MHC, and then, when MHC is missing, the granule content would be powerfully released to kill the missing-self target (60, 61). While this is an elegant explanation, it may not pertain to uNK cells, which have low cytotoxic activity. Here, we set out to resolve the relative contribution of the two processes of education and inhibition on uNK cells during pregnancy.

Our study shows that education by maternal MHC class I molecules enhances uNK cell responsiveness in mice and promotes fetal growth. Absence of an educating maternal NKR/MHC interaction leads to hypofunctional uNK cells in vitro and it affects arterial transformation in vivo (Figure S8). Furthermore, neither uneducated nor educated uNK cells seem to be activated by missing-self recognition of β2m-/- fetal trophoblast cells encountered in the decidua. To a certain extent, our findings differ from previous data in immunity to infections and cancer obtained using peripheral NK cells, where MHC class I education might be redundant (51). Uneducated NK cells can be even more effective than educated NK cells in fighting viral infections (25). This suggests that NK cell education may have tissue-specific functions.

Whilst the impact on fetal growth may seem subtle, it is likely to have biological relevance as fetal growth restriction is closely tied to lifetime health outcome. In our mouse model lacking all MHC-mediated educating interactions of NK cells, more than half of fetuses did not reach their genetic growth potential in any given litter. This is not only disadvantageous for the fitness of offspring at the time of birth, but is also detrimental because the rapid, compensatory catch-up growth that follows predisposes to morbidity (53, 62) and early death (42, 43). Thus, maternally educated uNK cells contribute to an optimal start in life. Further, we detected no obvious morphological abnormalities of placentas carried by β2m-/- (data not shown), suggesting rapid compensation. We previously showed that lack of education via CD94/NKG2A also results in FGR, but placental weight was unaffected in NKG2A deficient dams and the placental transcriptome showed limited alterations (26). FGR in β2m-/- females is probably due to faulty uterine arterial remodeling, a process known to be mediated by uNK cell-derived IFN-γ (40). Retention of smooth muscle actin in the vessel walls and increased wall thickness found previously have been shown to affect resistance index and blood flow characteristics in uterine arteries, which will affect the essential transfer of nutrients and oxygen (26).

Our study has also allowed us to investigate the long-standing issue of how much paternal MHC-I molecules contribute to uNK education. Both human and murine studies show that excessive inhibition of uNK by paternal MHC-I expressed on invading fetal trophoblast impairs reproductive success (34). Mice expressing a single additional MHC class I molecule on fetal trophoblast, that engages more inhibitory NKR on maternal uNK than in wild-type mice display FGR and reduced uterine arterial remodelling (48). However, it has been difficult to ascertain whether the effects of paternal MHC-I on trophoblast result from direct inhibition or effects on education of maternal uNK cells. Comparison of fetal growth in B6 and β2m-/- dams both bearing β2m+/- offspring clearly shows that uNK education by maternal MHC affects fetal growth. Indeed the interactions of inhibitory maternal NKR with paternal MHC are the same in B6 and β2m-/- dams, however only the latter, who fail to educate their uNK cells, experience fetal growth restriction.

The implications of these findings for human pregnancy is not yet clear. To understand the contribution of uNK education to pregnancy outcome, we will need to pinpoint the molecular mechanisms regulating uNK cell function. Human genetic studies show that certain genetic combinations of maternal NKR and fetal HLA class I molecules that favour strong uNK inhibition, associate more frequently with pregnancy complications such as pre-eclampsia, recurrent abortion and low birth weight (29, 48, 54, 56, 63). It therefore seems paradoxical that almost all uNK cells express at least one inhibitory receptor for self MHC class I, something not seen in other tissues. But if one considers that uNK cell education might confer an advantage to uNK cells, then the ubiquitous expression of inhibitory NKR by uNK cells may explain this paradox. On the other hand, it may be that the presence of at least one inhibitory NKR (i.e. NKG2A) on 95% uNK cells, may secure maternal tolerance of the fetus. Future work could include studying the relative contribution of the different uNK and ILC1 populations to the phenotype we observed.

Several important questions remain unanswered. It is not clear how uNK cell education impacts on human reproduction. In women, uNK cells are educated by interactions between their inhibitory receptors and MHC, but the effects of specific receptor/ligand combinations suggest NK education may differ between tissue and blood NK cells (64). We have recently shown that genetically determined NKG2A-education in humans confers a small but significant advantage in the process leading to development of pre-eclampsia, because women genetically programmed to use the HLA-E-NKG2A pathway are exposed to a 7% smaller relative risk for this condition (26). This provides indirect evidence that uNK education may also impact the outcome of pregnancy in humans.

More broadly, another area that has not been extensively studied is the contribution of NK education by MHC-I independent pathways, whether education of uNK cells occurs via interaction in -cis or in -trans, or a combination of both, and finally, the intracellular pathways and mechanisms leading to NK education also remain elusive, although SHP-1, a cytosolic protein involved in NK cell inhibition signalling, appears to be an important mediator of the process (65–67).

Overall, our results clearly demonstrate that maternal education is key to normal uNK function. They contribute to further our understanding of NK cell education in the context of pregnancy. As well as the previously described effects of inhibitory interactions of NKR binding to MHC-I on trophoblast (68), these results show that education of uNK by maternal MHC-I is also required for a successful pregnancy.



Methods


Mice

All animal experiments were approved by the University of Cambridge Ethical Review Panel and carried out in accordance with Home Office Project License PPL 70-8222. C57BL/6 (B6) mice were purchased from Charles River UK. Mice with B2M tm1Unc targeted mutation (β2m-/-) have been described before (14) and were backcrossed to B6 background for >10 generations. Mice were 8–12 weeks of age. For pregnancy experiments, female mice were randomly introduced to males and the timing of conception was determined by detection of a copulation plug representing gd0.5. Number of mice used are as in the following: Figure 3: data representative of 3 (A+B) or 2 (C-E) experiments with n=6 mice per group; Figure 4: data representative of 3 experiments with n=6-7 mice per group; Figure 5: data representative of three independent experiments with n=5-8 mice per group; Figures 6A, B: Data representative of n=11-12 conceptuses from 4 litters each; Figures 7B-D: data representative of 42 – 59 fetuses from 6 – 8 litters per time point per cross; Figure 7F: data representative of 17 – 54 pups per group from 4 – 7 litters; Figure 7H: n=46-68 fetuses from 7 – 9 litters per group; Figure 8: data representative of 84 offspring (A-C) and 5 mice per experiment (D-F).



Cell Preparation and Functional Assays

Cells suspensions of mouse spleens and uterine tissues were prepared as described previously using Liberase TM (69) or DH (47) (both Roche). Generally, the Liberase TM protocol was used for enumeration and phenotyping of cells as it does not introduce a bias through a density gradient. The Liberase DH protocol was used for functional assays to discard dead cells prior to incubation. For in vitro stimulation, cells were cultured on plates pre-coated with 10 μg ml−1 anti-NK1.1 for 9.5 h (PK136, BioLegend). Brefeldin A and monensin (eBioscience, 1x concentration) were added 1 h after the start of the experiment. Samples were acquired on an LSRFortessa (BD) and analysed using FlowJo (Treestar). Downmodulation of effector functions was calculated according to the following formula: -100% x [1-(fold-changeresponders x fold-changeGMFI)].



Flow Cytometry

Cells were typed using biotin- or fluorochrome-conjugated antibodies with specificity for CD45 (30-F11), NK1.1 (PK138), CD11b (M1/70), CD49a (HMα1), CD49b (DX5), IFN-γ (XMG1.2), KLRG1 (MAFA), CD3ϵ (145-2C11), NKp46 (29A1.4), CD107a (1D4B), and Ki-67 (B56), Eomes (Dan11mag), Ly49C (4LO3311), Ly49I (YLI-90), NKG2A (16a11), PVR (TX56), B2M (S19.8), H2-Db (KH95), H2-Kb (AF6-88.5), Qa1-b (6A8.6F10.1A6), pan-cytokeratin (C11), Rae pan (REA273), purchased from BD PharMingen, BioLegend, Invitrogen, Miltenyi or eBioscience. Clone 4LO3311 was a gift by Jennifer Laurent. Dead cells were excluded using fixable viability dyes (eBioscience) and the Foxp3 staining buffer set (eBioscience) was used for detection of intracellular and intranuclear antigens.



Histology and Stereology

Implantation sites of pregnant females at gd9.5 were fixed in formalin, embedded in paraffin and then cut in serial sections of 7 µm. Sections at 49 µm intervals were stained with hematoxylin and eosin following the standard procedure and stained for smooth muscle actin as previously described (70, 71). To determine tissue volumes from the serial sections, the Cavalieri method was used as previously described (70, 71). A nanozoomer slide scanner (Hamamatsu) and NDP view2 software (Hamamatsu) were used to scan the slides and quantitate the lumen area and vessel-to-lumen ratios.



Statistical Analyses

Normally distributed, independent, and unmatched data were analyzed with two-tailed, unpaired Student’s t-tests. Comparisons of cell populations within the same individual (e.g. two NK cell subsets within the same organ) were analysed with two-tailed, paired Student’s t-tests. Data clustered by litter (fetal/placental weights) that violate the assumption of independence of data points were analyzed using a mixed-model approach taking into account the fixed effect of parental cross and the random effect of litter variability (38, 48). Categorical data were analyzed using Fisher’s exact test. p < 0.05 was taken as statistically significant for all tests. Analyses were performed using GraphPad Prism, GraphPad QuickCalcs, and IBM SPSS.



Cytokine Tissue Quantification

Tissue from pregnant females at gd10.5 were snap frozen. 150mg tissue from the antimesometrial side of implantation sites were added to 1mL lysis buffer and processed with a tissue homogenizer. After centrifugation of the homogenate, the supernatant was collected and analysed with MesoScale Ultra Sensitive platform as described previously (69). Total protein concentration was determined by Bradford assay (Pierce).




Author Contributions

JK and FC conceived the study and JK, DD, DH, NS, AS, and FC designed, performed, or analysed experiments. BM and RB generated RNA seq data as in ref. 50 and data are shown in Figures S2, S7. DD, JK, and FC wrote the manuscript. All authors critically read the manuscript.



FUNDING

This work was supported by the Cambridge NIHR BRC Cell Phenotyping Hub and by grants from the Wellcome Trust (094073/Z/10/Z), the MRC (MR/P001092/1) and the Centre for Trophoblast Research.



Acknowledgments

We would like to thank previous and current members of the Colucci lab for helpful discussions, and the staff of the NIHR Cambridge BRC Cell Phenotyping Hub for their support. Artwork used was adapted from the Powerpoint Image Bank by Servier Medical Art (www.servier.com/powerpoint-image-bank) and used under CC BY 3.0.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.808227/full#supplementary-material



References

1. Lanier, LL. Up on the Tightrope: Natural Killer Cell Activation and Inhibition. Nat Immunol (2008) 9(5):495–502. doi: 10.1038/ni1581

2. Held, W, and Kunz, B. An Allele-Specific, Stochastic Gene Expression Process Controls the Expression of Multiple Ly49 Family Genes and Generates a Diverse, MHC-Specific NK Cell Receptor Repertoire. Eur J Immunol (1998) 28(8):2407–16. doi: 10.1002/(SICI)1521-4141(199808)28:08<2407::AID-IMMU2407>3.0.CO;2-D

3. Moretta, A, Bottino, C, Fau - Pende, D, Pende, D, Fau - Tripodi, G, Tripodi, G, et al. Identification of Four Subsets of Human CD3-CD16+ Natural Killer (NK) Cells by the Expression of Clonally Distributed Functional Surface Molecules: Correlation Between Subset Assignment of NK Clones and Ability to Mediate Specific Alloantigen Recognition. (0022-1007 (Print)) J Exp Med (1990) 172(6):1589–98. doi: 10.1084/jem.172.6.1589

4. Valiante, NM, Uhrberg, M, Shilling, HG, Lienert-Weidenbach, K, Arnett, KL, D'Andrea, A, et al. Functionally and Structurally Distinct NK Cell Receptor Repertoires in the Peripheral Blood of Two Human Donors. Immunity (1997) 7(6):739–51. doi: 10.1016/S1074-7613(00)80393-3

5. Raulet, DH, Held, W, Correa, I, Dorfman, JR, Wu, MF, and Corral, L. Specificity, Tolerance and Developmental Regulation of Natural Killer Cells Defined by Expression of Class I-Specific Ly49 Receptors. Immunol Rev (1997) 155:41–52. doi: 10.1111/j.1600-065X.1997.tb00938.x

6. Carrega, P, and Ferlazzo, G. Natural Killer Cell Distribution and Trafficking in Human Tissues. Front Immunol (2012) 3:347. doi: 10.3389/fimmu.2012.00347

7. Bulmer, JN, Morrison, L, Longfellow, M, Ritson, A, and Pace, D. Granulated Lymphocytes in Human Endometrium: Histochemical and Immunohistochemical Studies. Hum Reprod (1991) 6(6):791–8. doi: 10.1093/oxfordjournals.humrep.a137430

8. King, A, Wellings, V, Gardner, L, and Loke, YW. Immunocytochemical Characterization of the Unusual Large Granular Lymphocytes in Human Endometrium Throughout the Menstrual Cycle. Hum Immunol (1989) 24(3):195–205. doi: 10.1016/0198-8859(89)90060-8

9. Sojka, DK, Yang, L, and Yokoyama, WM. Uterine Natural Killer Cells. Front Immunol (2019) 10:960. doi: 10.3389/fimmu.2019.00960

10. Huhn, O, Ivarsson, MA, Gardner, L, Hollinshead, M, Stinchcombe, JC, Chen, P, et al. Distinctive Phenotypes and Functions of Innate Lymphoid Cells in Human Decidua During Early Pregnancy. Nat Commun (2020) 11(1):381. doi: 10.1038/s41467-019-14123-z

11. Vento-Tormo, R, Efremova, M, Botting, RA, Turco, MY, Vento-Tormo, M, Meyer, KB, et al. Single-Cell Reconstruction of the Early Maternal-Fetal Interface in Humans. Nature (2018) 563(7731):347–53. doi: 10.1038/s41586-018-0698-6

12. Filipovic, I, Chiossone, L, Vacca, P, Hamilton, RS, Ingegnere, T, Doisne, JM, et al. Molecular Definition of Group 1 Innate Lymphoid Cells in the Mouse Uterus. Nat Commun (2018) 9(1):4492. doi: 10.1038/s41467-018-06918-3

13. Ohlen, C, Kling, G, Hoglund, P, Hansson, M, Scangos, G, Bieberich, C, et al. Prevention of Allogeneic Bone Marrow Graft Rejection by H-2 Transgene in Donor Mice. Science (1989) 246(4930):666–8. doi: 10.1126/science.2814488

14. Koller, BH, Marrack, P, Kappler, JW, and Smithies, O. Normal Development of Mice Deficient in Beta 2M, MHC Class I Proteins, and CD8+ T Cells. Science (1990) 248(4960):1227–30. doi: 10.1126/science.2112266

15. Zijlstra, M, Bix, M, Simister, NE, Loring, JM, Raulet, DH, and Jaenisch, R. Beta 2-Microglobulin Deficient Mice Lack CD4-8+ Cytolytic T Cells. Nature (1990) 344(6268):742–6. doi: 10.1038/344742a0

16. Kim, S, Poursine-Laurent, J, Truscott, SM, Lybarger, L, Song, YJ, Yang, L, et al. Licensing of Natural Killer Cells by Host Major Histocompatibility Complex Class I Molecules. Nature (2005) 436(7051):709–13. doi: 10.1038/nature03847

17. Yokoyama, WM, and Kim, S. Licensing of Natural Killer Cells by Self-Major Histocompatibility Complex Class I. Immunol Rev (2006) 214(0105-2896(0105-2896 (Print):143–54. doi: 10.1111/j.1600-065X.2006.00458.x

18. Anfossi, N, Andre, P, Guia, S, Falk, CS, Roetynck, S, Stewart, CA, et al. Human NK Cell Education by Inhibitory Receptors for MHC Class I. Immunity (2006) 25(2):331–42. doi: 10.1016/j.immuni.2006.06.013

19. Gasser, S, and Raulet, DH. Activation and Self-Tolerance of Natural Killer Cells. Immunol Rev (2006) 214:130–42. doi: 10.1111/j.1600-065X.2006.00460.x

20. Joncker, NT, Fernandez, NC, Treiner, E, Vivier, E, and Raulet, DH. NK Cell Responsiveness Is Tuned Commensurate With the Number of Inhibitory Receptors for Self-MHC Class I: The Rheostat Model. J Immunol (2009) 182(8):4572–80. doi: 10.4049/jimmunol.0803900

21. Brodin, P, Lakshmikanth, T, Johansson, S, Karre, K, and Hoglund, P. The Strength of Inhibitory Input During Education Quantitatively Tunes the Functional Responsiveness of Individual Natural Killer Cells. Blood (2009) 113(11):2434–41. doi: 10.1182/blood-2008-05-156836

22. Höglund, P, and Brodin, P. Current Perspectives of Natural Killer Cell Education by MHC Class I Molecules. Nat Rev Immunol (2010) 10(10):724–34. doi: 10.1038/nri2835

23. Hsu, KC, Keever-Taylor, CA, Wilton, A, Pinto, C, Heller, G, Arkun, K, et al. Improved Outcome in HLA-Identical Sibling Hematopoietic Stem-Cell Transplantation for Acute Myelogenous Leukemia Predicted by KIR and HLA Genotypes. Blood (2005) 105(12):4878–84. doi: 10.1182/blood-2004-12-4825

24. Tarek, N, Le Luduec, JB, Gallagher, MM, Zheng, J, Venstrom, JM, Chamberlain, E, et al. Unlicensed NK Cells Target Neuroblastoma Following Anti-GD2 Antibody Treatment. J Clin Invest (2012) 122(9):3260–70. doi: 10.1172/JCI62749

25. Orr, MT, Murphy, WJ, and Lanier, LL. 'Unlicensed' Natural Killer Cells Dominate the Response to Cytomegalovirus Infection. Nat Immunol (2010) 11(4):321–7. doi: 10.1038/ni.1849

26. Shreeve, N, Depierreux, D, Hawkes, D, Traherne, JA, Sovio, U, Huhn, O, et al. The CD94/NKG2A Inhibitory Receptor Educates Uterine NK Cells to Optimize Pregnancy Outcomes in Humans and Mice. Immunity (2021) 54(6):1231–44.e4. doi: 10.1016/j.immuni.2021.03.021

27. Gamache, A, Cronk, JM, Nash, WT, Puchalski, P, Gillespie, A, Wei, H, et al. Ly49R Activation Receptor Drives Self-MHC-Educated NK Cell Immunity Against Cytomegalovirus Infection. Proc Natl Acad Sci USA (2019). 116(52):26768–78. doi: 10.1073/pnas.1913064117

28. Parikh, BA, Bern, MD, Piersma, SJ, Yang, L, Beckman, DL, Poursine-Laurent, J, et al. Control of Viral Infection by Natural Killer Cell Inhibitory Receptors. Cell Rep (2020) 32(4):107969. doi: 10.1016/j.celrep.2020.107969

29. Hiby, SE, Walker, JJ, O'Shaughnessy, KM, Redman, CW, Carrington, M, Trowsdale, J, et al. Combinations of Maternal KIR and Fetal HLA-C Genes Influence the Risk of Preeclampsia and Reproductive Success. J Exp Med (2004) 200(8):957–65. doi: 10.1084/jem.20041214

30. Madeja, Z, Yadi, H, Apps, R, Boulenouar, S, Roper, SJ, Gardner, L, et al. Paternal MHC Expression on Mouse Trophoblast Affects Uterine Vascularization and Fetal Growth. Proc Natl Acad Sci USA (2011) 108(10):4012–7. doi: 10.1073/pnas.1005342108

31. Proll, J, Blaschitz, A, Hutter, H, and Dohr, G. First Trimester Human Endovascular Trophoblast Cells Express Both HLA-C and HLA-G. Am J Reprod Immunol (1999) 42(1):30–6. doi: 10.1111/j.1600-0897.1999.tb00462.x

32. Goldman-Wohl, DS, Ariel, I, Greenfield, C, Hanoch, J, and Yagel, S. HLA-G Expression in Extravillous Trophoblasts Is an Intrinsic Property of Cell Differentiation: A Lesson Learned From Ectopic Pregnancies. Mol Hum Reprod (2000) 6(6):535–40. doi: 10.1093/molehr/6.6.535

33. King, A, Allan, DSJ, Bowen, M, Powis, SJ, Joseph, S, Verma, S, et al. HLA-E Is Expressed on Trophoblast and Interacts With CD94/NKG2 Receptors on Decidual NK Cells. Eur J Immunol (2000) 30(6):1623–31. doi: 10.1002/1521-4141(200006)30:6<1623::AID-IMMU1623>3.0.CO;2-M

34. Moffett, A, and Colucci, F. Uterine NK Cells: Active Regulators at the Maternal-Fetal Interface. J Clin Invest. (2014) 124(5):1872–9. doi: 10.1172/JCI68107

35. Brosens, I, Pijnenborg, R, Vercruysse, L, and Romero, R. The "Great Obstetrical Syndromes" Are Associated With Disorders of Deep Placentation. Am J Obstet. Gynecol. (2011) 204(3):193–201. doi: 10.1016/j.ajog.2010.08.009

36. Williams, PJ, Bulmer, JN, Searle, RF, Innes, BA, and Robson, SC. Altered Decidual Leucocyte Populations in the Placental Bed in Pre-Eclampsia and Foetal Growth Restriction: A Comparison With Late Normal Pregnancy. Reproduction (2009) 138(1):177–84. doi: 10.1530/REP-09-0007

37. Cartwright, JE, Fraser, R, Leslie, K, Wallace, AE, and James, JL. Remodelling at the Maternal-Fetal Interface: Relevance to Human Pregnancy Disorders. Reproduction (2010) 140(6):803–13. doi: 10.1530/REP-10-0294

38. Barber, EM, and Pollard, JW. The Uterine NK Cell Population Requires IL-15 But These Cells Are Not Required for Pregnancy Nor the Resolution of a Listeria Monocytogenes Infection. J Immunol (2003) 171(1):37–46. doi: 10.4049/jimmunol.171.1.37

39. Ashkar, AA, Black, GP, Wei, Q, He, H, Liang, L, Head, JR, et al. Assessment of Requirements for IL-15 and IFN Regulatory Factors in Uterine NK Cell Differentiation and Function During Pregnancy. J Immunol (2003) 171(6):2937–44. doi: 10.4049/jimmunol.171.6.2937

40. Ashkar, AA, Di Santo, JP, and Croy, BA. Interferon Gamma Contributes to Initiation of Uterine Vascular Modification, Decidual Integrity, and Uterine Natural Killer Cell Maturation During Normal Murine Pregnancy. J Exp Med (2000) 192(2):259–70. doi: 10.1084/jem.192.2.259

41. Barker, DJ. The Developmental Origins of Well-Being. Philos Trans R. Soc Lond. B. Biol Sci (2004) 359(1449):1359–66. doi: 10.1098/rstb.2004.1518

42. Ozanne, SE, and Hales, CN. Lifespan: Catch-Up Growth and Obesity in Male Mice. Nature (2004) 427(6973):411–2. doi: 10.1038/427411b

43. Geiger, S, Le Vaillant, M, Lebard, T, Reichert, S, Stier, A, LEM, Y, et al. Catching-Up But Telomere Loss: Half-Opening the Black Box of Growth and Ageing Trade-Off in Wild King Penguin Chicks. Mol Ecol. (2012) 21(6):1500–10. doi: 10.1111/j.1365-294X.2011.05331.x

44. Glimcher, L, Shen, FW, and Cantor, H. Identification of a Cell-Surface Antigen Selectively Expressed on the Natural Killer Cell. J Exp Med (1977) 145(1):1–9. doi: 10.1084/jem.145.1.1

45. Lanier, LL, Phillips, JH, Hackett, J Jr., Tutt, M, and Kumar, V. Natural Killer Cells: Definition of a Cell Type Rather Than a Function. J Immunol (1986) 137(9):2735–9.

46. Montaldo, E, Vacca, P, Chiossone, L, Croxatto, D, Loiacono, F, Martini, S, et al. Unique Eomes(+) NK Cell Subsets Are Present in Uterus and Decidua During Early Pregnancy. Front Immunol (2015) 6:646. doi: 10.3389/fimmu.2015.00646

47. Doisne, JM, Balmas, E, Boulenouar, S, Gaynor, LM, Kieckbusch, J, Gardner, L, et al. Composition, Development, and Function of Uterine Innate Lymphoid Cells. J Immunol (2015) 195(8):3937–45. doi: 10.4049/jimmunol.1500689

48. Kieckbusch, J, Gaynor, LM, Moffett, A, and Colucci, F. MHC-Dependent Inhibition of Uterine NK Cells Impedes Fetal Growth and Decidual Vascular Remodelling. Nat Commun (2014) 5:3359. doi: 10.1038/ncomms4359

49. Hanke, T, Takizawa, H, McMahon, CW, Busch, DH, Pamer, EG, Miller, JD, et al. Direct Assessment of MHC Class I Binding by Seven Ly49 Inhibitory NK Cell Receptors. Immunity (1999) 11(1):67–77. doi: 10.1016/S1074-7613(00)80082-5

50. Marsh, B, and Blelloch, R. Single Nuclei RNA-Seq of Mouse Placental Labyrinth Development. Elife (2020) 9:e60266 doi: 10.7554/eLife.60266

51. Tay, CH, Welsh, RM, and Brutkiewicz, RR. NK Cell Response to Viral Infections in Beta 2-Microglobulin-Deficient Mice. J Immunol (1995) 154(2):780–9.

52. Guimond, MJ, Luross, JA, Wang, B, Terhorst, C, Danial, S, and Croy, BA. Absence of Natural Killer Cells During Murine Pregnancy Is Associated With Reproductive Compromise in TgE26 Mice. Biol Reprod (1997) 56(1):169–79. doi: 10.1095/biolreprod56.1.169

53. Fisher, MO, Nager, RG, and Monaghan, P. Compensatory Growth Impairs Adult Cognitive Performance. PloS Biol (2006) 4(8):e251. doi: 10.1371/journal.pbio.0040251

54. Hiby, SE, Apps, R, Sharkey, AM, Farrell, LE, Gardner, L, Mulder, A, et al. Maternal Activating KIRs Protect Against Human Reproductive Failure Mediated by Fetal HLA-C2. J Clin Invest (2010) 120(11):4102–10. doi: 10.1172/JCI43998

55. Fernandez, NC, Treiner, E, Vance, RE, Jamieson, AM, Lemieux, S, and Raulet, DH. A Subset of Natural Killer Cells Achieves Self-Tolerance Without Expressing Inhibitory Receptors Specific for Self-MHC Molecules. Blood (2005) 105(11):4416–23. doi: 10.1182/blood-2004-08-3156

56. Hiby, SE, Apps, R, Chazara, O, Farrell, LE, Magnus, P, Trogstad, L, et al. Maternal KIR in Combination With Paternal HLA-C2 Regulate Human Birth Weight. J Immunol (2014) 192(11):5069–73. doi: 10.4049/jimmunol.1400577

57. Freland, S, and Ljunggren, HG. Beta 2-Microglobulin/CD8 -/- Mice Reveal Significant Role for CD8+ T Cells in Graft Rejection Responses in Beta 2-Microglobulin -/- Mice. Scand J Immunol (2000) 51(3):219–23. doi: 10.1046/j.1365-3083.2000.00712.x

58. Karre, K. Natural Killer Cell Recognition of Missing Self. Nat Immunol (2008) 9(5):477–80. doi: 10.1038/ni0508-477

59. Wagner, AK, Wickstrom, SL, Tallerico, R, Salam, S, Lakshmikanth, T, Brauner, H, et al. Retuning of Mouse NK Cells After Interference With MHC Class I Sensing Adjusts Self-Tolerance But Preserves Anticancer Response. Cancer Immunol Res (2016) 4(2):113–23. doi: 10.1158/2326-6066.CIR-15-0001

60. Orr, MT, and Lanier, LL. Natural Killer Cell Education and Tolerance. Cell (2010) 142(6):847–56. doi: 10.1016/j.cell.2010.08.031

61. Goodridge, JP, Jacobs, B, Saetersmoen, ML, Clement, D, Hammer, Q, Clancy, T, et al. Remodeling of Secretory Lysosomes During Education Tunes Functional Potential in NK Cells. Nat Commun (2019) 10(1):514. doi: 10.1038/s41467-019-08384-x

62. Kelishadi, R, Haghdoost, AA, Jamshidi, F, Aliramezany, M, and Moosazadeh, M. Low Birthweight or Rapid Catch-Up Growth: Which Is More Associated With Cardiovascular Disease and Its Risk Factors in Later Life? A Systematic Review and Cryptanalysis. Paediatr Int Child Health (2015) 35(2):110–23. doi: 10.1179/2046905514Y.0000000136

63. Hiby, SE, Regan, L, Lo, W, Farrell, L, Carrington, M, and Moffett, A. Association of Maternal Killer-Cell Immunoglobulin-Like Receptors and Parental HLA-C Genotypes With Recurrent Miscarriage. Hum Reprod (2008) 23(4):972–6. doi: 10.1093/humrep/den011

64. Sharkey, AM, Xiong, S, Kennedy, PR, Gardner, L, Farrell, LE, Chazara, O, et al. Tissue-Specific Education of Decidual NK Cells. J Immunol (2015) 195(7):3026–32. doi: 10.4049/jimmunol.1501229

65. Doucey, MA, Scarpellino, L, Zimmer, J, Guillaume, P, Luescher, IF, Bron, C, et al. Cis Association of Ly49A With MHC Class I Restricts Natural Killer Cell Inhibition. Nat Immunol (2004) 5(3):328–36. doi: 10.1038/ni1043

66. Andersson, KE, Williams, GS, Davis, DM, and Hoglund, P. Quantifying the Reduction in Accessibility of the Inhibitory NK Cell Receptor Ly49A Caused by Binding MHC Class I Proteins in Cis. Eur J Immunol (2007) 37(2):516–27. doi: 10.1002/eji.200636693

67. Viant, C, Fenis, A, Chicanne, G, Payrastre, B, Ugolini, S, and Vivier, E. SHP-1-Mediated Inhibitory Signals Promote Responsiveness and Anti-Tumour Functions of Natural Killer Cells. Nat Commun (2014) 5(2041-1723):5108. doi: 10.1038/ncomms6108

68. Colucci, F. The Immunological Code of Pregnancy. Science (2019) 365:862–3. doi: 10.1126/science.aaw1300

69. Kieckbusch, J, Balmas, E, Hawkes, DA, and Colucci, F. Disrupted PI3K P110delta Signaling Dysregulates Maternal Immune Cells and Increases Fetal Mortality In Mice. Cell Rep (2015) 13(12):2817–28. doi: 10.1016/j.celrep.2015.11.050

70. Kieckbusch, J, Gaynor, LM, and Colucci, F. Assessment of Maternal Vascular Remodeling During Pregnancy in the Mouse Uterus. J Vis Exp (2015) 106):e53534. doi: 10.3791/53534

71. Boulenouar, S, Doisne, JM, Sferruzzi-Perri, A, Gaynor, LM, Kieckbusch, J, Balmas, E, et al. The Residual Innate Lymphoid Cells in NFIL3-Deficient Mice Support Suboptimal Maternal Adaptations to Pregnancy. Front Immunol (2016) 7:43. doi: 10.3389/fimmu.2016.00043




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


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Depierreux, Kieckbusch, Shreeve, Hawkes, Marsh, Blelloch, Sharkey and Colucci. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 01 July 2022

doi: 10.3389/fimmu.2022.837281

[image: image2]


Synergies of Extracellular Vesicles and Microchimerism in Promoting Immunotolerance During Pregnancy


José M. Murrieta-Coxca, Paulina Fuentes-Zacarias, Stephanie Ospina-Prieto, Udo R. Markert * and Diana M. Morales-Prieto *


Placenta Lab, Department of Obstetrics, Jena University Hospital, Jena, Germany




Edited by: 

Maria Emilia Solano, University Medical Center Regensburg, Germany

Reviewed by: 

Berta Puig, University Medical Center Hamburg-Eppendorf, Germany

Ina Annelies Stelzer, Stanford University, United States

*Correspondence: 

Udo R. Markert
 markert@med.uni-jena.de 

Diana M. Morales-Prieto
 diana.morales@med.uni-jena.de

Specialty section: 
 This article was submitted to Immunological Tolerance and Regulation, a section of the journal Frontiers in Immunology


Received: 16 December 2021

Accepted: 16 May 2022

Published: 01 July 2022

Citation:
Murrieta-Coxca JM, Fuentes-Zacarias P, Ospina-Prieto S, Markert UR and Morales-Prieto DM (2022) Synergies of Extracellular Vesicles and Microchimerism in Promoting Immunotolerance During Pregnancy. Front. Immunol. 13:837281. doi: 10.3389/fimmu.2022.837281



The concept of biological identity has been traditionally a central issue in immunology. The assumption that entities foreign to a specific organism should be rejected by its immune system, while self-entities do not trigger an immune response is challenged by the expanded immunotolerance observed in pregnancy. To explain this “immunological paradox”, as it was first called by Sir Peter Medawar, several mechanisms have been described in the last decades. Among them, the intentional transfer and retention of small amounts of cells between a mother and her child have gained back attention. These microchimeric cells contribute to expanding allotolerance in both organisms and enhancing genetic fitness, but they could also provoke aberrant alloimmune activation. Understanding the mechanisms used by microchimeric cells to exert their function in pregnancy has proven to be challenging as per definition they are extremely rare. Profiting from studies in the field of transplantation and cancer research, a synergistic effect of microchimerism and cellular communication based on the secretion of extracellular vesicles (EVs) has begun to be unveiled. EVs are already known to play a pivotal role in feto-maternal tolerance by transferring cargo from fetal to maternal immune cells to reshape their function. A further aspect of EVs is their function in antigen presentation either directly or on the surface of recipient cells. Here, we review the current understanding of microchimerism in the feto-maternal tolerance during human pregnancy and the potential role of EVs in mediating the allorecognition and tropism of microchimeric cells.
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Introduction

The Nobel Prize Laureate Sir Peter Medawar has become known for the formulation of the so-called immunological paradox of pregnancy. He found it surprising that, despite expressing foreign paternal antigens, the fetus remains in the mother’s uterus instead of being rejected in the way that a skin graft of paternal tissue would be (1, 2). He proposed three mechanisms by which the fetus could avoid recognition by the maternal immune system: the anatomical separation between mother and fetus by the placenta, the immaturity of fetal antigens which impairs their ability to elicit a maternal immune response, and the immunological inertness of the maternal immune system during pregnancy (3, 4). Medawar’s work has set the first milestone in the study of reproductive immunology, but despite his efforts and those of several medical scientists throughout the last decades, the mechanisms that govern feto-maternal tolerance are still only partly understood.

During normal human pregnancy, a natural bidirectional immune regulation allows an intimate contact between maternal and fetal cells at the maternal-fetal interface in a way that a state of immune non-reactivity specific to particular antigens is established. Thereby, the developing immune system of the fetus tolerates protein products derived from polymorphic genes that are expressed by the mother but are not inherited, so-called non-inherited maternal antigens (NIMAs), while the maternal immune system tolerates the inherited paternal antigens (IPAs) expressed by the fetus (5, 6).

Although the placenta represents an important physical barrier between mother and fetus, it is permeable to a multitude of signal substances and cellular types which also contribute to the establishment of immune tolerance. Small quantities of both, mature and progenitor cells can cross the placenta in a two-way cell trafficking. These cells are known as microchimeric cells and play a key role in the regulation of alloresponses towards NIMAs and IPAs (5). Additionally, the communication between placental cells and maternal immune cells mediated by extracellular vesicles (EVs) is one of the mechanisms involved in allotolerance that is a current research focus. EVs secreted by fetal tissues have the potential to transfer fetal proteins and nucleic acids to maternal cells reshaping their function. Here, we review the current understanding of microchimerism in the feto-maternal tolerance during human pregnancy and the role of EVs in mediating alloresponses, cell trafficking, and tropism of microchimeric cells.



History of Microchimerism

Back in 1945, Ray Owen reported the presence of two distinct blood groups in fraternal twin cows: their own and that of their twin (7). To explain this, he proposed a cell interchange between the bovine twin embryonal cells in utero, ancestral to the erythrocytes of the adult animal. The exchanged cells could become established in the hematopoietic tissues of their co-twin hosts, providing a source of blood cells distinct from those of the host, presumably throughout its life, which is the conceptual foundation of acquired immunological tolerance (7). A second publication of the same group years thereafter stated that the actively acquired Rh tolerance to Rh antigens displayed by Rh-negative women was related to their Rh-positive mothers. The possible explanation was the prenatal exposure to Rh antigens or Rh-positive cells derived from the mother (8).

Owen´s research was picked up by Burnet and Fenner as evidence of a phenomenon they named “tolerance”, placing it in the context of the “self or non-self” hypothesis whereby an organism recognizes “self” and actively defends against pathogens and tissues that are non-self (9, 10). This hypothesis was also tested by Sir Medawar and Billingham by inoculating fetuses of one mouse strain with cells from a second and later in mice adulthood, performing skin homografts from the original donor strain. These grafts were accepted, but those from a third, unrelated mouse strain, were rejected, agreeing with the fact that “self” is defined during embryonic development as Burnet and Owen had hypothesized (10, 11). Contemporarily, the British physician Dunsford found two separate blood types in the blood of a donor who had a twin brother that had died young; a phenomenon he called “blood group chimera” (12, 13). These studies helped lay the groundwork for understanding the process by which two different cell populations can be found in an individual. This became a fundamental discovery in immunology, providing new ideas for organ transplantation but it also resulted fundamental in understanding human pregnancy as actively acquired tolerance that may occur naturally by the incorporation of maternal cells into a fetus during normal development (11). These studies also set the definition of chimera as an organism whose cells derive from two or more distinct zygote lineages (14), which continues to be the meaning of the term at present times.



Pregnancy-Derived Microchimerism

Currently, microchimerism is understood as the presence of less than 1% allogeneic cells or DNA housed by an individual or an organ (5, 15). Tissue microchimerism is considered to be primarily pregnancy-derived, as a bidirectional cross-placental cell trafficking occurs between fetus and mother. The decidua-trophoblast interface plays a permissive role allowing stem cells and leukocytes, among others, to be transferred from maternal tissues to fetal tissues giving rise to maternal microchimerism, and from fetal tissues to maternal tissues generating fetal microchimerism (5, 15–18). Cell-free fetal DNA can be detected in maternal blood from the fourth week of gestation (19, 20), increasing in concentration as pregnancy progresses, with a sharp increase over the last 8 weeks of pregnancy (21), but becoming undetectable at day 1 after delivery, implying that its presence is limited to the current pregnancy (22). Conversely, pregnancy-derived microchimerism has proven to be long-lasting as a small number of maternal cells persist in her offspring until adulthood, and fetal cells can be found in the mother decades after parturition (23–29). Further, microchimerism is asymmetrical, as more fetal cells are transferred to the mother - than maternal cells to the fetus (15, 16, 30, 31). Yet, the microchimeric cells seem to be more decisive for the development of the fetus than for the mother possibly due to its nascent immune system (32).

The transfer of fetal material into the maternal system was first identified in 1893 as the presence of multinucleated cells with characteristic morphology of placental cells in diverse tissues of pregnant women who died from eclampsia (33). Nowadays, it is proven that the number of fetal microchimeric cells rises in the maternal body according to the gestational age. They consist of numerous cell types such as trophoblast cells, lymphocytes, hepatocytes, erythroblasts, and mesenchymal progenitor stem cells (30). In humans, fetal microchimeric cells infiltrate maternal tissues as early as seven weeks of gestation, differentiate, replicate and proliferate therein (19). In mice, fetal microchimeric cells appear detectable in the mother in the second week of pregnancy (34–36). Remarkably, the distribution of fetal microchimeric cells in the organs of pregnant women is not homogeneous, with the lung being the most chimeric organ followed by the spleen, liver, kidney, brain, and heart (37). Combining results from humans describing the specific localization of fetal cardiomyocytes in the maternal heart (24) and from mice locating fetal cells in maternal lungs, spleen, heart, liver, kidney, and brain (36), suggest the existence of specific mechanisms driving fetal cell tropism.

Likewise, maternal cells expressing surface markers of T and B lymphocytes, and leukocytes, leukocytes have been found in fetal tissues from the second trimester of pregnancy (38), and in immunocompetent adult offspring (25). Yet, some questions are still raised related to their involvement in the context of tolerance induction, inflammatory and autoimmune disorders in the offspring (36, 38–41).

During pregnancy, maternal microchimerism induces fetal allotolerance towards NIMAs, whereas fetal microchimerism is associated with maternal tolerance towards IPAs (36, 39–41). These effects could become long-lasting on the fetal immune system, while they seem to be only temporary on the maternal side (42, 43). The majority of NIMAs and IPAs are encoded by polymorphic genes belonging to the major histocompatibility complex (MHC) class I and II (5, 44). These molecules define the degree of maternal-fetal mismatch and the immune response against non–self tissues or allogeneic products.

In a normal immune scenario, microchimeric cells can be recognized and eliminated by the host immune system, but during pregnancy, a set of immunological adaptations is triggered to guarantee allotolerance both locally and systemically (4, 29, 45). On cellular level, the generation of Treg cells plays a fundamental role in development of immune tolerance. It occurs upon stimulation of thymus-derived naive CD4+CD44low cells with cell-extrinsic stimuli including pregnancy-related hormones, such as progesterone and glucocortocoids, Transforming growth factor β - TGF-β TGF-β, and semiallogeneic fetal antigens (46). A potential mechanism of immune tolerance driven by fetal antigen-specific Treg cells is the suppression of decidual inflammation (46). It has been proposed that these cells could persist in mother tissues as "memory cells" and can expand in subsequent pregnancies enforcing fetal immune tolerance (46).

Also CD8+ regulatory or suppressor T cells may contribute to fetal tolerance [summarized in (46)], which is more pronounced in later pregnancy (47, 48). In mice, proliferation of CD8+ T cells increases at midgestation in mice, simultaneously with increased detection of systemic fetal antigens (49). CD8+ T regulatory or suppressor cells may reduce antibody production in B cells (50).

Additionally, alike malignant, microchimeric cells have developed strategies to invade normal tissue including blood vessels and to avoid destruction by the host immune system by acquiring surveillance and adaptive properties for immune evasion (4). This is partly caused by unique, specific subsets of HLA molecules on trophoblast cells: syncytiotrophoblast (STB) and villous cytotrophoblast lack all MHC Class I and MHC Class II molecules, so that T cells cannot bind to the main placental interface. Although invasive extravillous trophoblast cells (EVT) do express HLA class I, they lack HLA-A and HLA-B antigens. Instead, they express the non-classical HLA-E, HLA-F, and HLA-G. Likewise, EVT lack MHC Class II antigens so they cannot act as antigen presenting cells (APC) initiating direct allo-recognition by CD4+ T helper cells (4, 51). This non-classical pattern of HLA expression partly explains the maternal immunotolerance to paternal HLA molecules in the fetus (4).

Additional mechanisms to avoid maternal rejection include the expression of HLA-G receptor ILT2 by decidual T cells, which after recognition of fetal expressing HLA-G cells, drives a tolerogenic response. HLA-G also inhibits cytolytic T cell functions (52), and some isoforms of HLA-G could be transported from trophoblast to maternal immune cells via EVs, which can induce immune tolerance (53) or alter immune cell proliferation. Likewise, via specific ligands dNK cells are also modulated by non-classical HLA patterns on EVT, which switch their cytotoxic function to a tolerogenic behavior (4, 54, 55). The mechanisms of maternal tolerance induction to other microchimeric cells than trophoblast cells are still unknown.

It has been proven that the exposure of the fetal immune system to NIMAs by placental cell trafficking gives rise to an early NIMA-specific regulation through the induction and maintenance of allospecific CD4+CD25+ regulatory and CD8+ T cells during fetal life (5, 56, 57). These cells produce TGF-β an immune regulatory cytokine that suppresses the anti-NIMA response of fetal T effector cells, mitigating maternal–fetal conflict to enforce tolerance (7, 56, 57). Other functional roles that may be partially attributable to pregnancy-derived microchimerism include the amelioration of autoimmune disorders in women with a higher number of prior pregnancies (46, 58, 59), the replacement of injured human and murine maternal cells by fetal microchimeric cells that migrate to the site of damage and proliferate locally (60–65), and the potential adaptation of the maternal breast physiology and induction of milk supply suggested by the presence of fetal microchimeric cells (66, 67). Likewise, maternal cells may support fetal immune cell development, these potential protective effects of maternal microchimeric have been evidenced in mice by the presence of maternal cells in primary and secondary lymphoid organs before the fetal immune system is fully developed in healthy and immune-deficient offspring (29, 56). In humans this has been suggested by the presence of expanded populations of circulating maternal T cells which improve the health of offspring by augmenting host defense against microorganisms (68). Nevertheless, as the number of microchimeric cells is very low per definition, factors secreted by these cells should play a pivotal role in their function.



Historical Milestones of Research on EVs in Pregnancy

The beginning of the field of EV biology could be dated to the early research on blood coagulation, with the discovery of Chargaff & West in the 1940s of a “particulate fraction” that sedimented at high speed and contained breakdown products of blood corpuscles with clotting potential (23, 69). It was only until the report of pioneering experiments with platelets that the presence and structure of those cell-free particles and their biological relevance began to be described. In 1967, Peter Wolf published electron microscopy images of a particle-like material originating from platelets, which could be high-speed sedimented and was distinguishable from intact platelets. These particles named “platelet dust” are currently known as EVs (70). Later in 1971, Neville Crawford published further images of EVs, this time being named “microparticles”, described partially their cargo, and suggested that EVs originated either in the surface membrane or within the intracellular membrane structures (71). Over the following decade and with the parallel improvement of analytic techniques, the biogenesis of different populations of EVs was described (72, 73) and the nomenclature of EVs including the term exosomes started to be coined (74, 75).

Summarizing the study of EVs in the context of pregnancy is also challenging due to the heterogeneous nomenclature used in the first studies. It can be argued that it dates back to 1974, when a simple procedure was proposed to obtain “membrane-bound bodies” from human placental villous by mechanical disruption (76). This method with minor modification is still in use for the isolation of EVs from placenta explants. Following that discovery, several groups reported both stimulatory and suppressor immune responses upon the treatment of mixed lymphocyte cultures with these preparations, which suggested their role in the regulation of immune responses and maternal allogeneic recognition during pregnancy (77, 78). Probably, one of the breakthrough events in the field was the finding of placental EVs in the maternal peripheral plasma, and the elevated levels in women suffering of Preeclampsia (PE) (79). This suggested a role of EVs in the systemic alterations for immune tolerance during pregnancy but also opened the field to the use of EVs as biomarkers for pregnancy pathologies.

In 2005 the first EV meeting took place, and since then there are regular meetings of the formed International Society for Extracellular Vesicles (ISEV) housing thousands of participants working in the study of EVs in different contexts including pregnancy. The ISEV endorses the description of EV as the generic term for particles naturally released from cells, which are delimited by a lipid bilayer, do not contain functional nucleus and cannot replicate (80). Cumulative evidence has demonstrated that EVs contribute to the transfer of functional elements, which constitutes a pivotal mechanism of cell-cell communication (81). EVs carry functional molecules including lipids, proteins, RNA (mRNA, miRNA, lncRNA), as well as DNA molecules (frequently related to pathological states) (81–84). EVs are released in an evolutionarily conserved manner by cells ranging from organisms such as prokaryotes to higher eukaryotes and plants. Based on their physical characteristics such as size and density, or specific markers of the intracellular origin, different EV subtypes can be defined (80). Depending on their biogenesis, three main EV populations have been described: Apoptotic bodies, which are released by plasma membrane blebbing occurring during apoptosis; microvesicles (also known as microparticles or ectosomes), which include vesicles of different sizes that are released from the plasma membrane; and exosomes, which are generated from intraluminal vesicles (ILV) by invagination of the endosomal membrane and accumulate in multivesicular bodies (MVB). Upon fusion of MVB with the plasma membrane, exosomes are released into the extracellular environment (85–87). This classification often overlaps with that by size because small (sEVs; <200nm) and medium/large EVs (m/lEVs; >200nm) are in most cases enriched fractions of exosomes and microvesicles, respectively (80). To identify and isolate trophoblast-derived EVs, specific placenta markers such as placental alkaline phosphatase (PLAP) (88), syncitin-1/2 (89), and HLA-G (90) are used. Likewise, tetraspanin CD63, ALIX, and TSG101 are considered general markers for exosomes as they localize predominantly to late endosomes and play an important role in sorting ILV (91, 92). Nevertheless, there is still a lack of appropriate and ubiquitous markers to differentiate other EV types and trace their cellular origin.



EVs as Mediators of Immunological Adaptations During Pregnancy

The human placenta releases rising concentrations of EVs during pregnancy, which are distributed to other organs and cells (93). The major producer of placental EVs is the STB covering the maternal villi and directly in contact with the maternal bloodstream (79). The STB also releases a particular population of large vesicles denominated syncytial nuclear aggregates (SNAs) containing fetal DNA, RNA, and organelles (94, 95). A cross-talk between the placenta and the maternal immune system is established via EVs, as placenta-derived EVs are incorporated by neighboring and distant maternal immune cells (96–99), while EVs produced by maternal immune cells modulate placental responses (100, 101).

Studies on placental EVs have characterized their surface and internal cargo revealing the presence of immunomodulatory factors [e.g. Fas ligand, TRAIL (102)], minor histocompatibility antigens [e.g. RPS4 (103)], glycoproteins [e.g. syncytin-1 (89)] and miRNAs (104), among others. Transfer of these signals from fetal tissues to maternal T cell, NK cell and macrophages via EVs may influence maternal immune responses and induce epigenetic reprogramming (Figure 1). Uptake of placental EVs in vitro has been demonstrated to occur in nearly every tested cell, and in most cases, it has been associated to measurable effects, however this can be different when other cell types and signals are also present as it is the situation in vivo (106–109). Recent studies have suggested that the EV uptake ratio could be cell-dependent with some cells such as macrophages and mature dendritic cells incorporating more EVs than monocytes and immature dendritic cells (110). However, the literature is heterogeneous when comparing other cell populations: a study reported T lymphocytes incorporating more placental-lEVs than B and NK cells (90), while in a second study, uptake of trophoblast-derived lEVs and sEVs is higher in NK compared to T cells (107). Standardization of the sample collection, isolation, and characterization protocols will allow comparisons between studies to clarify the specificity and mechanisms of placental- and trophoblast-EV uptake by immune cells.




Figure 1 | Structure and immunological functions of fetal EVs in pregnancy. Fetal cells, including endothelial, immune, dendritic, and CTB cells, and especially STB, release great amounts of EVs to the maternal circulation. Upper: EV surface and internal cargo. Middle: Fetal EVs transfer their cargo to maternal immune cells by different mechanisms including endocytosis, phagocytosis and membrane fusion. Lower: EVs can act as APCs directly interacting with maternal T cells and trigger immunotolerance or activation. STB, syncytiotrophoblast; CTB, cytotrophoblast; IC, immune cell; EC, endothelial cells; DC, dendritic cells. For the sake of clear illustration, the size of structures is not displayed in realistic proportions. The figure was drawn using pictures from 105 (http://smart.servier.com/).



The function of placental EVs remains largely unclear but most of the studies report their involvement in immune responses related to induction of immune tolerance by different mechanisms. Most of the immunoregulatory surface molecules of the STB have been detected on its EVs where they are supposed to fulfil similar functions. In the following we list several examples that have been investiagted. Trophoblast-derived EVs containing FasL might eliminate activated maternal T cells (102, 111). Human placenta explants release exosomes bearing ligands (MHC class I chain-related (MIC) proteins A and B, UL-16 binding proteins) of the NKG2D receptor on NK cells, cytotoxic T cells and γδ T cells. Binding of the ligands to NKG2D leads to reduced in vitro cytotoxicity without affecting the perforin-mediated lytic pathway (97). Furthermore, placental exosomes suppress in T cells the expression of CD3-zeta chain and Janus kinase 3 (JAK3) but induce suppressor of cytokine signalling 2 (SOCS2) which may favor the expansion of lymphocytes with suppressive phenotypes, such as Treg cells (112).

Previously, we have shown that EVs enriched from choriocarcinoma cell lines transfected with a specific miRNA carry large amounts of this miRNA. Upon co-incubation with T and NK cells in vitro, the presence of specific miRNAs is able to influence their proliferation. This suggests a specific role of EVs depending on their specific cargo (107, 113). Specific features of EVs seem to be also involved in pathological conditions. A recent study reported a different effect for STB-derived small and large EVs, which upregulate pro-inflammatory cytokines in THP-1 macrophages when isolated from normal pregnancy and further increase significantly when isolated from serum of patients with PE (114). More specific effects of placental EVs on immune cell populations have been reviewed in detail previously (55, 98, 114, 115) and will not be further addressed here.

An additional aspect of EVs in feto-maternal tolerance is their function in the antigen presentation (Figure 1). This can occur either directly via MHC-peptide complexes on the EV surface, or indirectly via MHC cross-dressing of antigen (Ag)-presenting cells (APCs), a process that refers to the acquisition of intact MHC molecules pre-loaded with antigen (Ag)-derived peptides by leukocytes, in particular APCs (116). These mechanisms are of interest in the establishment and maintenance of pregnancy-derived microchimerism and will be described in detail in the next section.



Conceivable Mechanisms of Microchimerism-Induced Allorecognition and Immunotolerance Involving EVs

Classically, there are two distinct and non-exclusive mechanisms used by host immune cells to recognize alloantigens: the indirect and direct pathways (Figure 2). In the direct pathway, antigen presenting cells (APC) from the graft (in the context of pregnancy the embryo/fetus) present alloantigen complexes via MHC Class I and Class II that are recognized respectively by CD8 and CD4 T cells CD8+ and CD4+ T cells of the host (the mother). In the indirect pathway, graft alloantigens (typically MHC antigens) are internalized by host APC (mostly dendritic cells), processed, and presented as peptide fragments associated to host MHC molecules for recognition by its T cells (117). Direct and indirect allorecognition pathways are poorly studied in pregnancy, being a unique situation where an allogeneic tissue escapes rejection despite extensive contact with the host. Data from mouse models suggest that maternal T cells recognize fetal antigens through the indirect mechanism, indicating that T cell response results from the uptake and processing of fetal antigen by maternal APCs (118). However, in the context of microchimerism, it is valid to speculate that a T cell response could be also induced by antigen presentation by migratory fetal cells themselves or by the shedding of fetal MHC complexes and their subsequent uptake and retention as intact molecules on the cell surface of maternal APCs (5, 119).




Figure 2 | Potential scenarios of EV involvement in the fetal allorecognition by maternal T cells. Maternal cells are shown in blue and fetal cells and EVs are shown in red. Up: Direct pathway. Fetal APCs, which secrete EVs to the intercellular space, present peptides (auto- or alloantigens) via MHC (I or II) molecules to immunocompetent maternal T cells. Middle: In the semi-direct pathway, fetal allogeneic MHC molecules (I or II) are acquired via capture and uptake of fetal cells (entire or only their cell membrane) or their secreted EVs, and then recycled and expressed on the maternal APC surface. APC can present antigens bound to fetal MHC molecules to maternal T cell receptors. The indirect pathway implies the processing of fetal proteins from EVs or cells and the presentation of deriving peptides by maternal MHC II complexes to T maternal cells. Down: Fetal-derived EVs cross-decorate maternal APCs with intact MHC-peptide complexes that can be recognized by T cells similar to the semi-direct pathway. All displayed processes involve co-stimulatory interactions between APCs and T cells which are decisive for subsequent reactions, which may be tolerogenic, immunoregulatory or –stimulatory. The figure was drawn using pictures from 105 (http://smart.servier.com/) and was based on previous revisions (5, 116).



Recently, it has been demonstrated that intact antigens can be transferred between different cell types including T cells, macrophages, B cells and DCs. DCs can capture and retain unprocessed antigen and can transfer it to naive B cells to initiate a specific response (120, 121). This evidence raises the possibility that presentation and recognition of intact alloantigens may also occur on the surface of host APCs without the use of the so called classical mechanisms. In this semi-direct allorecognition, allogeneic MHC molecules from the graft (potentially the fetus) are acquired by host APCs, where they are not processed to allopeptides, but integrated in the membrane as conformationally intact MHC complex presenting graft antigens. This phenomenon is also known as membrane alloantigen acquisition or cross-dressing depending on the cell types involved in the exchange and the experimental model (122–124). Although host T cells recognize “intact” graft antigens, this is discussed as a distinct pathway. This results in activation of the same T cell clones as those which respond via direct pathway allorecognition (125). However, the mechanisms by which intact MHC-alloantigen complexes are transferred between cells remain poorly understood.

In the field of transplantation, early studies have suggested that cell-to-cell contact is required for host cells to acquire foreign antigens, but recent publications have proposed additional mechanisms involving EVs (126, 127). These are based on the observations that despite finding only very few and in some cases no donor cells in the lymph nodes of mice after skint, heart or islet transplantation, many host cells can be found therein cross-dressed with donor MHC molecules (127). Donor EVs may represent here a source of donor MHC for T (including Treg) cell activation suggesting an additional role for EVs in the generation of an immune response against the allograft (126, 127). The intact foreign MHC molecules pre-loaded with antigen-derived peptides that are integrated into the surface of murine host DCs after uptake of graft-derived EVs, can be later recognized by host T cells, which is in essence, semi-direct allorecognition (Figure 2 middle panel) (120, 121). An additional mechanism of EV-mediated allorecognition, which does not require intracellular processing, is based on the confocal microscopy observation of a fraction of exosomes secreted by migrating mouse DCs that remain at least 4h as clusters on the surface of conventional host DCs in lymphoid organs (126). In dendritic cells, this ability to retain most exosomes on the surface is characteristic of mature but not immature cells (128). With the appropriate orientation, the donor EVs may provide the MHC complex whereas the host APCs provide the required T-cell costimulatory molecules allowing the presentation without further processing to stimulate T cells (Figure 2 lower panel) (116).The capacity of mature DCs to retain EVs organized in clusters at the surface may prevent the dilution of the specific MHC complexes and support the formation of functional immune synapses (116). This mechanism of cross-dressing has not been confirmed yet in the context of human pregnancy but some studies including ours have provided evidence of clusters of trophoblast- and placental-derived EVs attached to immune cells (107, 109, 114).

Maternal microchimerism can generate a so-called “split tolerance” in the offspring. This term has two different meanings: it may refer to simultaneous acceptance or rejection of 2 different tissues or organs from one donor or to divers reactions of different components of the immune system on the same antigen (129, 130). In pregnancy, this occurs as either an effector or a tolerogenic response in T cells depending on the origin of the antigen-presenting molecules and the presence of costimulatory factors (43). The different response to maternal microchimeric cells in a mouse model was explained through two potential mechanisms: In the first one, allomolecules from maternal microchimeric cells are released as soluble factors or via EVs an taken up by fetal DCs. After intracellular processing, antigens can be presented to fetal T cells in a self-MHC–restricted manner inducing the indirect pathway of allorecognition (43). In the second one, EV membranes containing costimulatory factors and allo-MHC molecules presenting alloantigens are integrated in fetal DC and activate T cells. Depending on the molecules and costimulatory factors present in the antigenic microdomains, either regulatory or effector T cell clones will be specifically induced, driving to split tolerance (43). Similarly, fetal microchimeric IPA+ cells may exert an allorecognition mechanism mediated by fetal-derived EVs carrying HLA-G complexes. However, there is no evidence for cross-dressing mechanism via EVs in the context of maternal immunotolerance to fetal cells yet.



EVs as Enhancers of Tropism of Microchimeric Cells

Metastasizing is the process by which cancer cells are dispersed from the primary tumor and travel via blood or lymph system to form a new tumor in other tissues (131). It includes a cascade of separate events that begins with disruption of the original microenvironment, local invasion through extracellular matrix and stromal cell layers, intravasation into the lumina of blood vessels, survival in blood circulation, and subsequent arrest at distant organ sites where they extravasate into the parenchyma. Finally, metastatic cells re-start their proliferative features generating macroscopic, clinically detectable neoplastic growths, which is referred to as metastatic colonization (132–135). Studies in the field of cancer indicate that tumor-derived EVs play a significant role in the cascade of metastasis and can induce the formation of the pre-metastatic niche strengthening the tropism and establishment of new tumors (81, 136, 137).

The pre-metastatic niche is a preformed microenvironment prepared for the colonization and dissemination of cancer cells in specific organs (138, 139). It is characterized by immunosuppression as well as enhanced inflammation, angiogenesis, and vascular permeability (140, 141). EVs released by primary tumors contain proteins and other active molecules which, after internalization by cells in secondary organs, can alter these processes to generate a supportive microenvironment prior to widespread metastasis (81, 136, 137, 142). Analog to tumor-derived EVs, the specific surface and composition of fetal-derived EVs may promote cell trafficking and may induce in distant maternal organs an immunotolerant niche that allows the establishment of microchimerism (Figure 3).




Figure 3 | Proposed supportive effect of fetal EVs on microchimerism during pregnancy. 1. Fetal EVs are secreted mainly by the placenta and reach the maternal circulation. 2. Fetal EVs are taken up by endothelial cells (EC), alter their morphology and function, and cause vessel permeabilization. 3. EVs can also reach distant organs, influence their immune cell environment and induce changes in their extracellular matrix (ECM). 4. Fetal cells can trespass the placental barrier and access maternal vessels. 5. Profiting from the EC alterations, fetal cells can extravasate maternal vessels and 6. Access the parenchyma of distant organs as microchimeric cells. Processes indicated with a red question mark are yet to be confirmed. The figure was drawn using pictures from 105 (http://smart.servier.com/).



EVs from placenta and their tumoral counterparts are similar in their cargo. For instance, several miRNAs known as regulators of angiogenesis, EMT, and invasion in cancer were also reported in placenta- and trophoblast-derived EVs (107, 143–145). Transfer of this miRNA cargo to endothelial cells can cause endothelial dysfunction by inducing oxidative stress and membrane damage. In breast cancer, EVs carrying miR-105 cause destruction of tight junction protein ZO-1 in recipient endothelial cells which increases vascular permeability and susceptibility for metastatic invasion (136). Exposure to EVs from first trimester human placenta affect endothelium-dependent vasodilation of mesenteric arteries in pregnant mice (146). Further, STB-derived EVs transfer miRNAs to endothelial cells affecting target gene expression therein and in pregnancy pathologies such as PE, STB-derived EVs cause extensive cell membrane damage (104). This suggests that placental EVs participate in the regulation of maternal vascular adaptations in pregnancy which is relevant for the trafficking of cells across the endothelial barriers (Figure 3).

EV content can also be affected by additional conditions such as stress stimuli. Hypoxia-derived sEVs from human prostate cancer cells are loaded with increased amounts of TGF-β, TNF1-α, and IL-6 and have elevated  matrix metalloproteinase (MMP)-2/9 activity. These sEVs induce expression of ECM proteins, and promote CD11b+ cells at selected organ sites (147). During the first trimester of pregnancy, a hypoxic environment is maintained in the placenta. In response to low oxygen tension, the release of sEVs from trophoblastic cells (148) and first-trimester primary trophoblast cells (149) increases. Under hypoxic conditions, trophoblastic EVs contain a specific set of miRNAs that could potentially target genes involved in cell migration and inflammatory responses (143, 148). Uptake of these EVs may facilitate or impede vascular remodeling by inducing changes in cell migration and TNF-α secretion of endothelial cells (148).

Cancer- and trophoblast-derived EVs also share their potential to induce immunotolerance and cell migration. EVs derived from metastatic melanomas carry programmed death 1-ligand 1 (PD-L1) on their surface which interacts with programmed cell death protein 1 (PD-1) on CD8+ T cells and induces their inactivation. Stimulation of melanoma cells with IFN-γ increases the amount of PD-L1 on the surface of sEVs enhancing CD8+ T cell suppression and facilitating tumor growth (150–152). Akin to cancer EVs, those secreted by trophoblastic cells and placenta explants may modulate the immune environment by regulating, either positively or negatively, proliferation and apoptosis of T cells (107, 113, 153). EVs derived from trophoblast cells also modulate cytokine secretion and migration of macrophages, which may contribute to the immunoregulation of the recipient tissues (154, 155). Further, sEVs containing activated matrix MMP-2 2 derived from cancer cells modulate extracellular matrix by degrading collagen and fibronectin to promote cell invasion and metastasis (156). Comparably, EVs derived from trophoblast spheroids can modulate major pathways in endothelial cells including extracellular matrix organization (157).

The membrane of tumor-derived EVs expresses protein “zip-codes”, formed by specific integrin profiles, addressing specific target organs, and thus, determining metastatic organotropism (158). This may also occur during pregnancy and may explain how tropism can be directed to specific organs. Although this area is still largely unknown, a recent study has demonstrated that exogenously administered pregnancy-associated EVs traffic specifically to interstitial lung macrophages and liver Kupffer cells and associate in an integrin-dependent manner (159). Further, 24 h after intravenous injection, human placental sEVs have been localized in the lung, kidney, and liver of mice (146). This preliminary evidence supports a specific EV tropism in pregnancy to maternal organs that are most prone to harbor microchimeric cells, indicating synergies of EV and cell tropism.



Conclusion and Future Directions

In the last decades, based on the observations of Peter Medawar and other scientists, several mechanisms employed by fetal cells to induce immunotolerance in the mother have been elucidated. The findings summarized in this review suggest that pregnancy-induced microchimerism and exchange of EVs play a pivotal role in modulating T cell responses. Recent studies in transplantology have proposed mechanisms linking the acquisition of graft MHC class II antigens through microchimerism and EVs, with induction of immunotolerance, and in oncology, with preparation of immunotolerant niches in distant organs to accept metastases. In the context of pregnancy, similar mechanisms may occur to induce or support immunotolerance between mother and fetus. These include tolerogenic signals contained in EVs or antigen presentation mediated by microchimeric cells and EVs, as well as the preparation of niches for subsequent intentional or incidental acceptance of microchimeric cells. There is evidence for some of these mechanisms, mostly in the fetus-to-mother direction, but more studies are needed to confirm they occurrence and relevance in the bidirectional communication. Understanding these processes in pregnancy is of relevance as they are potentially altered or involved in pathologies. Further, novel technologies to modify surface and cargo of fetal EVs may selectively influence maternal APC via uptake or co-dressing and lead to the development of novel therapeutic strategies.
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Antibodies Clone Isotype Company Catalog No.
PE Rat Anti-mouse CD45 30-F11 Rat/lgG2b, kappa BD Pharmingen 553081
eFluor 450 Anti-mouse CD3 17A2 Rat/IlgG2b, kappa Invitrogen 48-0032-82
Super Bright 600 Anti-mouse CD8a 53-6.7 Rat/lgG2a, kappa Invitrogen 63-0081-82
eFluor 450 Anti-mouse CD8a 53-6.7 Rat/lgG2a, kappa Invitrogen 48-0081-82
Mouse CD44 Alexa Fluor 405 IM7.8.1 Rat/lgG2b Invitrogen RM5726
Anti-mouse CD62L Super Bright 600 MEL-14 Rat/lgG2a, kappa Invitrogen 63-0621-82
Anti-mouse CD366 (TIM3) PE-Cyanine7 RMT3-23 Rat/lgG2a, kappa Invitrogen 25-5870-82
Anti-mouse IFN gamma PE-Cyanine7 XMG1.2 Rat/IgG1, kappa Invitrogen 25-7311-82
Anti-mouse TNF alpha PE-Cyanine7 MPB-XT22 Rat/lgG1, kappa Invitrogen 25-7321-82
Anti-mouse IL-4 Alexa Fluor 488 11B11 Rat/IlgG1, kappa Invitrogen 53-7041-82
Anti-mouse IL-13 Alexa Fluor 488 eBio13A Rat/IgG1, kappa Invitrogen 53-7133-82
CD8 alpha recombinant rabbit monoclonal antibody —_— Rabbit / IgG Invitrogen MA5-29682
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Average 34.76
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Pregnancy Characteristics N=15, n=48* Percentage or Median (Interquartile Range)
Age (years) 15 33 (29, 34)
Body mass index (BMI) 8 trimester (kg/m?) 13 33 (27, 35)
Gestational age at delivery, all (weeks) 15 39.6 (39.1, 41)
Gravity 15 1.0(1.0,2.0)
Parity (% nulliparous) 15 13 (86.7)
Fetal sex (% female) 15 12 (80)
Birthweight (g) 15 3320 (3049, 3556)
5-min Apgar score 15 9(8.75,9)
Race
Asian 7 46.7
African-American 0 0
Native Hawaiian/Pacific Islander 1 0.066
Middle Eastern 0 0
White 6 40
Two or more races 1 0.066
Ethnicity
Hispanic 4 26.7
Non-Hispanic 1" 733
Labor and Delivery
Induction of labor 15 100
Indication
Beyond estimated day of delivery i 46.7
Elective 1 0.066
History of chronic hypertension 3 20
Advanced maternal age 1 0.066
Other 3 20
Initial Medication
Misoprostol 11 733
Oxytocin 3 20
Oxytocin and cervical balloon 1 0.066
Cervidil 1 0.066
Time elapsed since induction at sampling (in min)
1 hr post-induction 15 65 (95% Cl 5)
Regular uterine contractions 74 410 (95% Cl 329)
Cervical change 3 560 (95% Cl 74)
Start of active labor 8 1277 (95% Cl 276)
Labor Complications 6 40
Arrest of dilation and cesarean section 3 20
Arrest of descent after full cervical dilation and cesarean delivery 1 6.7
Chorioamnionitis, arrest of dilation, and cesarean delivery 1 6.7
Chorioamnionitis and vaginal delivery 1 6.7
Mode of Delivery
Vaginal delivery 10 66.7
Cesarean delivery 5 33.3
Comorbidity
Gestational diabetes 1 0.066
Polycystic ovary syndrome 0 0
Gestational hypertension 2 13.4
Preeclampsia without severe features 1 0.066
Anxiety/depression 1 0.066
History of preterm birth/Progesterone treatment 0 0

*N, number of patients; n, total number of samples.
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6hpi 24hpi
Stillborn rate vs.

Tet Tc2 Tci/Tc2 Tel Tc2 Tci/Tc2
r 0.5534 -0.3025 0.4115 0.6051 -0.2896 0.2707
R squared 0.3063 0.09148 0.1693 0.3662 0.08388 0.07325
P (two-tailed) 0.0323 0.2732 0.1276 0.0168 0.2951 0.3292
P value summary % ns ns " ns ns
Significant? (alpha = 0.05) Yes No No Yes No No
Number of XY Pairs 15 15 16 15 15 15
P <0.05.

ns, not significant (p > 0.05).
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Age (years)

Pre- eclamptic (1=22)

Average 35.04

sD +604
Normal pregnant (1=22)

Average 32,00

sD +4.97
P 0.12

GA, gestational age at delivery; Max SBP, maximum systolic blood pressure;

Vakses in bold are statistically significant.

GA delivery (weeks)

31.18
+5.36

39.41
£2.11
<0.0001

Nulliparous(%)

59 (n=13)

23 (n=5)

0.01

Birth weight (g)

1507.14
+941.89

3327.64
+372.58
<0.0001

Percentile (°)

25.14
+25.42

52.08
+29.60
<0.0001

DBP, diastolic biood pressure; IUGR, intrauterine growth restriction.

1UGR(%)

55 (n=12)

0(n=0)

<0.001

Max SBP (mmHg)

174.38
+16.42

111.86
+4.35
<0.0001

Max DBP (mmHg)

118.00
+£10.15

71.35
+7.28
<0.0001

Proteinuria (/L)

3.00
+3.58

0.00
+0.00
<0.001
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Target antigen Fluorochrome Clone Dilution Source
anti-CD45 Allophycocyanin (APC)-Cyanine (Cy)7 30-F11 1:400 BD
anti-CD3 R-phycoerythrin (PE) Cy7 145-2C11 1:200 Biolegend
anti-CD8 Brilliant Violet (BV) 650 53-6.7 1:100 Biolegend
anti-CD4 Pacific Blue RM4-5 1:400 Biolegend
anti-FoxP3 PE FJK-16s 1:200 eBioscience
anti-CD122 PerCP eFluor 710 TM-b1 1:100 eBioscience
F4/80 BV421 BM8 1:100 Biolegend
anti-CD11c BV785 N418 1:100 Biolegend
MHCII APC Mb5/144.15.2 1:200 BD
anti-CD80 BV605 16-10A1 1:100 Biolegend
anti-CD86 BV605 GL-1 1:100 Biolegend
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1! trimester
1! trimester
1% trimester
1% trimester
1% trimester

Evidence for causal role

Mouse model
Mouse model

Mouse model (maternal deficiency)
Mouse model

In vitro cell adhesion
Mouse model; CVS
Mouse model

Rat model

Rat model; CVS
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Number of Women

Age (years) (mecian and range)

Gestational age (days) (median and range)

Birth weight (gram) (median and range)

Fetal gender (n Female/Male)

HLA dlass | antibody () (percentage positive)

HLA diass Il anibady () percentage positve)

HLA diass | and class Il antibody () (percentage positive)
DSA HLA cass | anibody (1) (percentage pastive)
DSA HLA class Il antibody () (percentage positive)
HLA class | antibody with complement activation (n)
(percentage positive)

HLA class Il antibody with complement activation (n)
percentage posiive)

IgG4 (IW/m) (mean and SD)

8

28(18-40)
281 (236-299)
3638 (1730-5000)
3551
21 24%)

21 4%)
10(11%)
18(21%)
18(21%)
15.(17%)

46%)

895 (= 829)
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£01:06 8.4% n=7/89)
HLAG HO2 (15.1%;
HLAG HO4 (18.6%: n=16/86)
HAG H21 (3.6%; 0=386)
9G4 QUimL)

Presence.

200% (1=4720)
286% (0=621)

5027 (2 583)

1.5% (1=1/65)
0867 (+8232)

OR (95% Ci) (*Univariable; "Mltvariable)

50(1.0:24.6:p = 0048
33(10-113;p=0056"
02(0.4-1.3;p = 0003
670678.4)p=0128"
09(08-1.0;p=007"
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Activation No activation OR (95% C) (“Univariable; "Multivariable

01,0301 27.8% (1=5/18) 167% (=2/12) 500% (1=316) 01(001-097; p = 0046
MG UTRA 31.6% (0-6/19) 167% (-2/12) 57.1% =) 0100108 p = 0028

Sangios weh a HLA | antody werincucd 1 th anaysis (=21), missig genetc daa Jd 1 tho @xcsion o the conoamad sampl from anahss. No ks mputatn was used
S0ok: Feonasked.
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Presence Apsence P-value

HAG UTRI 12002 (2 9759) 6715 (= 5527) 008
F01:03:01 11656 (= 959.5) 6818(2519.4) 005
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Cell Frequency in trimester

Cytoki ibi
population = prZ:icht?sn Cytotoxicity Imnrc:ll:::tSIZs Pathology
(Abbrev.) irst Third

N <
Effector Dy ++/,'f N
memory > 1 (7,23-25 ++ct()10)7a i
1 J 143—4, 25
(EM) (6,25-27,36) 7 57 35 38)
+HFNy ¢¢ PRFiou*
EM1 +TNFa GZMB;,*
(25) (7) ﬂ;::; %T =PE (27,32)
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n  EM2 +TNFa GZMB,,* 4 +lag3
) (25) ) +PD1*Tim3*
8 (6,24,25,27,38)
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EM3 +TNFa T GZMB; *
(25) @)
+IFNy = PRFiou*
EM4 +TNFa = GZMB;*
(25) (7)
) = PRFi,* ¥
EM re-expressing NG ow +PD1&Tim3
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\, . +++FNy, PD1
Tissue resident .+ ND L THINFo, “;i?B tgosg ~PE(32)
memory (TRM) 4 AT | esa 33) i)
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Central memory 3 A - CD107a | 4pp1&Tim3 LPEE2)
i bl (25) (38) L PTL(86)

(Cm) / (6,25 26)///(7 23-25,32) / (25)

The comparison is based on published flow cytometry analysis using markers CD45RA/RO and CCR7 as well as inhibitory markers and cytokine expression that allow for direct
comparison. No data from second trimester was available fulfiling these criteria. Increased intensity of an orange background in EM2 and EM3 populations indicates their significant
increase from first to third trimester. Black symbols 1, |, and = indicate significantly higher, lower or not significantly different compared to CD8+ T cells in peripheral blood. - very low (0-
5%); + low: 6-20%; ++ high: 21-55%; +++ very high >56% of the reference population. The symbol /" represents diverging values. N/D: data not determined. Red symbols 1, |, = show
populations significantly increased, significantly decreased, and not significantly different, respectively in a named pathology compared to normal pregnancy. Cytokine secretion/cytoxicity
was measured following PMA/lomycin stimulation except those marked with “*". PRF, perforin-1; GrzB, granzyme B; PE, preeclampsia; PTL, pretermlabor; MC, miscarriage.
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(pg/mL)

IP-10
TNF-o.
G-CSF
VEGF
RANTES
IL-6

IL-8
IL-17
GM-CSF
MCP-1

Vehicle

ococoooo

0.28 (+ .06)
81.63 (+ 6.10)
2.06 (+.34)
26.98 (+ .31)
45.33 (+ 3.37)

TNF-o

47.23 (+ 8.47)
174.79 (+ 33.12)
6.56 (+ 1.92)
2.85 (+ 1.29)
225.5 (+ 39.58)
492 (+ .56)
15150.60 (+ 517.67)
10.57 (« .68)
40,54 (+ 1.60)
538.73 (+ 39.98)

p-value

0.0005
0.001
0.005

0.03
0.0005
0.00009
0.0000001
0.00003
.0005
0.00001
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Peripherral blood
Total Tregs
effector Tregs
clonal tregs

clonal CTLs
PD-1*clonal CTLs
Decidua or Intratumor
Total Tregs
effector Tregs
clonal tregs

Clonal CTLs
PD-1*clonal CTLs

Normal pregnancy

1st trimester

very few

1
1
1
1

3rd trimester

T
1
very few

"
"
"
"
"

Miscarriage

Abnormal fetal karyotype

very few

QPRI

Normal fetal karyotype

very few

!

=

Preeclampsia

1

1
very few

-

e
-3 e

Cancer

unknown, 1: up-requlated, —: no change, |: down-requlated, 11: extremely up-requlated.
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Characteristics Exosomes Shed Microvesicles/Microparticles Apoptotic blebs/bodies
Size 30-150 nm 0.1-2 um 50 nm -5 um
Density in sucrose 1.13-1.19 g/ml Undetermined 1.16-1.28 g/ml

Sedimentation (xg)
Morphological shape

100,000 -110,000
Cup shaped, electron translucent

in electron

microscopy

Lipid membrane Cholesterol-, shingomyelin-, and
composition ceramid-rich lipid rafts, expose

phosphatidylserine

Tetraspanins (CD63, CD9, CD81),
ESCRT complex members (Alix,
TSG101)

Endosomal compartment - multivesicular
bodies (MVB)

ESCRT-complexes dependent pathway
linked to syndecans: syndecan-syntenin-
ALIX

Ceramid-dependent pathway

Others suggested: tetraspanins CD9,
CD82, CD63;

SIMPLE/LITAF

Inward budding of MVB's limiting
membrane

Specific marker(s)
for identification

Origin in the cell

Mechanism of
sorting

Biogenesis

Intracellular storage
Mode of release/
secretion

Yes
Exocytosis by fusion of MVB with the
plasma membrane

10,000 -100,000
Various shapes, round, elongated and cylinder-like, electron-
dense and/or electron translucent

Expose phosphatidylserine, some enriched in cholesterol and
diacylglycerol, some undetermined

Integrins, selectins, CD40* and others, depending on the cell type

Plasma membrane

Budding from the plasma membrane

Fragmentation and detachment of the cytoskeleton, cleavage by
activated seine proteases causing destabilization of the plasma
membrane

No

Plasma membrane blebbing

1,500 - 100,000
Irregular and heterogeneous in
shape

Undetermined, expose
phosphatidylserine

Histones, DNA

Fragments of dying cells,
undetermined
Fragments of dying cells,
undetermined

Actin — myosin fibril
contraction, release of lactate
dehydrogenase

No

Plasma membrane blebbing
and cellular fragmentation

*CD40 is not expressed by STBM but is suggested for other shed microvesicles.
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Protein group

Tetraspanins

MVB biogenesis

Adhesion, targeting

Cytoskeleton proteins

Apoptosis regulation

Protein biosynthesis and degradation

Signal transduction

Enzymes

Other membrane transport and fusion
proteins

Others

Members

CD9

CD63

Ubiquitin

TSG101

Alix

Vacuolar sorting protein 29 (ESCRT)
Charged MVB proteins 1B and 4B
(ESCRT)

Integrins a5, oV, B1, B3

CD47

Transferrin receptor

Epidermal growth factor receptor
Liprin b-2

Actin

Myosin

Tubulin

Ezrin

Profilin 1

Cofilin 1

Programmed cell death proteins 6 and
10

60S ribosomal proteins

408 ribosomal proteins

Elongation factors 1-a1, 02, a3 and y
Proteasome a4 subunit
Proteasome a5 subunit
Proteasome 26S non-ATPase subunit
14-3-3 proteins

Rab 1A, 1B, 35

Ras-related proteins 1B and R
Guanine nucleotide binding protein
Ras GTPase-activating protein
Transforming protein RhoA

Sorcin

o-enolase

5" nucleotidase

Dipeptidyl peptidases

Annexins

Rab proteins: 2A, 5A, 5B, 5C, 6, 7, 10,
14

Clatrin heavy chain

Copine-3

Dysferlin

Testilin

Myoferlin

Syntaxin

Vesicle transport through interaction
protein 1B

Histones

LAMP2 (CD107B)

Multidrug resistence protein 1
S-100 proteins

Lysosomal membrane protein 2
Protein DI-1

ESCRT, Endosomal-sorting complexes required for transport; MVB, Multivesicular body.
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UV(female vs male) LLSCS(female vs male) PLSCS(female vs male) LLSCS vs UV LLSCS vs PLSCS PLSCS vs UV

IL1B 1 1 - 1 both 1 both 1 both
IL1R1 s = - 1 both 1 both | both
IL1R2 = - e 1 both 1 both i
IL18 il — 1 1 both 1 both | both
IL18BP i 1 - 1 only 1 both | both
IL18R1 1i = - 1 both 1 both | both
IL6 1 1 - 1 both 1 both | both
IL2RB = 1 & 1 both 1 both | both
IL17RE - 1 . 1 only 1 both | both
TNFAIP2 s i) = 1 both 1 both | both
TNFSF10 = 1 = 1 both 1 both | both
TNFRSF8 = 1 - 1 both 1 both | both
STAT1 0 - - 1 only 1 both | both
STAT2 1 — = 1 only 1 both | both
IL10 - i - 1 only 1 only 1 both
IL33 = 1 = 1 both 1 both 1 both
IL1RL1 P 1 - 1 both 1 both | both

Orange indicates a result seen only in placentae from female-bearing pregnancies. Blue indicates a result seen only in placentae from male-bearing pregnancies. Both indicates altered
expression in both female and male placentae. UV, unassisted vaginal: LLSCS, labouring lower sagittal Caesarean section; PLSCS, prelabour lower sagittal Caesarean section.
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RNA sequencing (n = 50 total)

GPCR (n = 70 total)

Western Blotting (n = 24 total)

Mode of delivery UV(n=28) LLSCS(n=16) PLSCS(n=6) p-value UV(n=40) LLSCS(n=20) PLSCS(n=10) p-value UV(n=12) LLSCS(n=8) PLSCS (n=4) p-value
Maternal age (years) 244341 256558  278:337 008 259x415 2612497 272:285 0051 245317 255:498 262.:171 008
Maternal BMI (kg/m?) ~ 264+553  802:932  20.4.+404 01 2492602 263:7.15 28553 0054 257:430 259+661 300491 02
Smoking Yes (N %) 23(82.1) 10 (62.5) 4(66.7) 03 7(17.5) 4(20) 0 05 2(16.6) 1(125) 00 1.0
Gestational age (weeks) 39.4:12  392:153  87.5:302 04  39:147 398161 39.0 £2.10 02  39x199 394:105 39.0:140 009
Birthweight (g) 3520+415  3493:470 3435956 08  3601:451 3781342 3746 + 592 03 86122216 3607454  3765:500 0.4
Fetal sex XX =20 =9 XX=3 04 XX =20 XX =10 XX=5 1.0 XX=6 XX=4 Xx=2 1.0
XY =8 XY=7 XY =3 XY =20 XY =10 XY=5 XY=6 XY =4 XY=2
Fetal distress (N %) - - 5(12.5) 4(20) 00 03 - - -

Modes of delivery: unassisted vaginal (UY), labour lower segment Caesarean section (LLSCS), and prelabour LSCS (PLSCS). Maternal age, matemal BM), gestational age, and birthweight are presented as mean + standard deviation. For
smoking status (recorded at time of recruitment, 9-16 weeks" gestation) the number of smokers is shown, followed by the percentage of smokers in parentheses. For fetal sex, the number of female (XX) and male (XY) infants is shown. Al
samples used for RNA sequencing were included in GPCR analysis, with the ad(ition of 20 extra samples to validate our findings. A subset of samples used for RNA sequencing were used for Western Blotting, due to quality and quantity of

teet s available,
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Gene

IL1B
IL1R1
IL1R2
IL18
IL18BP
IL18R1
IL6
IL2RB
IL17RE
TNFAIP2
TNFSF10
TNFRSF8
STAT1
STAT2
IL10

IL33
IL1RLT
YWHAZ
ACTINB

Forward primer

CCACAGACCTTCCAGGAGAATG
GTGCTTTGGTACAGGGATTCCTG
GGCTATTACCGCTGTGTCCTGA
GATAGCCAGCCTAGAGGTATGG
GTGTCCAGCATTGGAAGTGACC
GGAGGCACAGACACCAAAAGCT
AGACAGCCACTCACCTCTTCAG
GGTGGAACCAAACCTGTGAGCT
CCTACCTGCAAGAGGACACTGT
TGCTCCAGAACCTGCATGAGGA
TGGCAACTCCGTCAGCTCGTTA
ATCTGTGCCACATCAGCCACCA
ATGGCAGTCTGGCGGCTGAATT
CAGGTCACAGAGTTGCTACAGC
TCTCCGAGATGCCTTCAGCAGA
GCCTGTCAACAGCAGTCTACTG
CTCTGTTTCCAGTAATCGGAGCC
ACCGTTACTTGGCTGAGGTTGC
CACCATTGGCAATGAGCGGTTC

Reverse primer

GTGCAGTTCAGTGATCGTACAGG
CACAGTCAGAGGTAGACCCTTC
GAGAAGCTGATATGGTCTTGAGG
CCTTGATGTTATCAGGAGGATTCA
GGAGGTGCTCAATGAAGGAACC
AGGCACACTACTGCCACCAAGA
TTCTGCCAGTGCCTCTTTGCTG
GGTGACGATGTCAACTGTGGTC
CCATCTGAGTGTGCTGGCTGTA
AACTCAGGCAGCCTCGTGTCTA
AGCTGCTACTCTCTGAGGACCT
AAGGTGGTGTCCTTCTCAGCCA
CCAAACCAGGCTGGCACAATTG
CGGTGAACTTGCTGCCAGTCTT
TCAGACAAGGCTTGGCAACCCA
TGTGCTTAGAGAAGCAAGATACTC
GCAGCCAAGAACTGAGTGCCTT
CCCAGTCTGATAGGATGTGTTGG
AGGTCTTTGCGGATGTCCACGT
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