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Members of the innate immune system, innate lymphoid cells (ILCs), encompass five major populations (Natural Killer (NK) cells, ILC1s, ILC2s, ILC3s, and lymphoid tissue inducer cells) whose functions include defense against pathogens, surveillance of tumorigenesis, and regulation of tissue homeostasis and remodeling. ILCs are present in the uterine environment of humans and mice and are dynamically regulated during the reproductive cycle and pregnancy. These cells have been repurposed to support pregnancy promoting maternal immune tolerance and placental development. To accomplish their tasks, immune cells employ several cellular and molecular mechanisms. They have the capacity to remember a previously encountered antigen and mount a more effective response to succeeding events. Memory responses are not an exclusive feature of the adaptive immune system, but also occur in innate immune cells. Innate immune memory has already been demonstrated in monocytes/macrophages, neutrophils, dendritic cells, and ILCs. A population of decidual NK cells characterized by elevated expression of NKG2C and LILRB1 as well as a distinctive transcriptional and epigenetic profile was found to expand during subsequent pregnancies in humans. These cells secrete high amounts of interferon-γ and vascular endothelial growth factor likely favoring placentation. Similarly, uterine ILC1s in mice upregulate CXCR6 and expand in second pregnancies. These data provide evidence on the development of immunological memory of pregnancy. In this article, the characteristics, functions, and localization of ILCs are reviewed, emphasizing available data on the uterine environment. Following, the concept of innate immune memory and its mechanisms, which include epigenetic changes and metabolic rewiring, are presented. Finally, the emerging role of innate immune memory on reproduction is discussed. Advances in the comprehension of ILC functions and innate immune memory may contribute to uncovering the immunological mechanisms underlying female fertility/infertility, placental development, and distinct outcomes in second pregnancies related to higher birth weight and lower incidence of complications.
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Introduction

A complex array of immunological interactions takes place in the uterine environment that is crucial for reproductive success, contributing to tissue homeostasis and renewing, placental development, and maternal tolerance (1–3). Immune cells engage in an intense cross-talk with decidual and trophoblast cells at the maternal-fetal interface. Mediated by cell-cell interactions, cytokines, extracellular vesicles, and microRNAs (miRNAs), this communication modulates the recruitment, differentiation, and education of uterine immune cells into unique phenotypes that support pregnancy (4–7).

All innate immune cells, except basophils, are eventually present in the uterus under physiological conditions (8–12). Except for Natural Killer (NK) cells, most innate lymphoid cells (ILCs) have been only superficially investigated in the context of female reproduction and pregnancy. A better characterization of the populations, functions, and mechanisms employed by ILCs in the uterine environment is fundamental to understanding reproductive processes and associated diseases. Emerging evidence demonstrates that innate immune cells, particularly ILCs, can develop memory to pregnancy. In the following sections, we review the characteristics and distribution of ILCs in the uterine compartment, describe innate immune memory, and discuss the potential relevance of this process to reproduction.



Characteristics, Functions, and Distribution of ILCs

Current studies are expanding our knowledge regarding ILC phenotypes, marker expression, transcriptional programs, and functional properties. Based on developmental transcription factor requirements and cytokine output, ILCs can be classified into five main groups: NK cells, ILC1s, ILC2s, ILC3s, and lymphoid tissue inducer (LTi) cells (Figure 1) (18, 19). Recently, regulatory ILCs (ILCregs) were described. However, it is not clear whether they represent a novel or a conventional subset that acquires immunoregulatory roles under certain biological circumstances (19, 20).




Figure 1 | Surface markers, secreted cytokines, presence in the uterine environment, and capacity to develop memory of human decidual Natural Killer (dNK) cells (12–14) and generic human innate lymphoid cells (ILCs) 1 [conventional ILC1s (cILC1s) and intraepithelial (ipILC1s)], ILC2s, ILC3s, and lymphoid tissue inducer (LTi) cells (11, 15–17). Composed with images from: Smart Servier Medical Art (smart.servier.com).



NK and ILC precursors develop independently through the divergence of common lymphoid progenitors. ILCs are considered innate counterparts of adaptive T lymphocytes that lack recombination activating gene (RAG)-dependent antigen receptors. ILC1s, ILC2s, ILC3s, and ILCregs mirror the function and cytokine profile of Th1, Th2, Th17, and regulatory T cells, respectively. Similarly, NK cells are considered counterparts of cytotoxic CD8+ T lymphocytes. ILC1s and Th1 cells play a key role in immune responses to intracellular pathogens (mainly viruses) and tumors; ILC2s and Th2 cells fight against large extracellular parasites and respond to allergens; ILC3s and Th17 cells combat extracellular microbes such as bacteria and fungi. ILCs also contribute to tissue homeostasis and remodeling as well as metabolic regulation (16, 19, 21–23). Although ILCs can circulate (24), they are essentially tissue-resident cells found in mucosal layers continuously exposed to microorganisms and potentially harmful agents. ILC functions at the endometrial mucosa are remarkably challenging since they also mediate unique processes related to fetal tolerance and placental development.



NK Cells

NK cells are the founding members of the ILC family. Generated in the bone marrow and extramedullary sites, including the liver and uterus (25, 26), NK cells can detect and eliminate tumorigenic and virus-infected cells. Target cells are lysed through the release of granules containing granzymes and perforin. Antibody-dependent cell-mediated cytotoxicity, which connects innate and adaptive immunity, also mediates NK cell killing. The expression of eomesodermin (Eomes) and T-bet drives the differentiation of NK cells generating two major populations traditionally distinguished based on their expression of surface markers and cytotoxic capacity. CD3−CD56dimCD16+ NK cells present high cytotoxicity, whereas CD3−CD56brightCD16− NK cells display low cytotoxicity and strong immunomodulatory properties (27). To regulate their functions, NK cells integrate signals from several stochastically expressed activating and inhibitory surface receptors. Among activating receptors present in human NK cells are NKp30, NKp44, NKp46, NKG2D, DNAM-1 and Killer Ig-like Receptors (KIRs), or their orthologs (Ly49 receptors) in mice. Another set of KIRs can also trigger inhibitory responses (12, 14).

NK cells have acquired specialized functions in different organs. In the uterine environment, they do not only fight against pathogens but also deplete senescent decidual cells that accumulate along the menstrual cycle (28). During pregnancy, NK cells act as biosensors of embryo viability and modulate maternal tolerance, endometrial vascular remodeling, and trophoblast invasion (29–34). Generically denominated uterine NK cells can be classified into endometrial (eNK) and decidual NK (dNK) cells present in the non-pregnant endometrium and pregnant decidua, respectively. eNK and dNK cells have different transcriptomic profiles and functional features (35, 36), likely due to distinct conditions present in the uterine environment and maternal body before and during pregnancy.

In humans, CD56+ eNK cells are scattered all over the endometrium and dramatically augment from the proliferative to the secretory phase of the menstrual cycle reaching up to around 70% of endometrial leukocytes (37–39). Large amounts of dNK cells remain in the decidua until the third trimester of pregnancy when they start to decrease (40). In mice, dNK cells concentrate during pregnancy in the mesometrial decidua where the chorioallantoic placenta develops (41, 42). Using an NK cell reporter model, Sojka et al. investigated the dynamics of dNK cells in the mouse uterus during pregnancy. The authors propose that the accumulation of these cells during early pregnancy occurs due to the proliferation of tissue-resident NK cells. Later on, peripheral blood NK cells seem to migrate to the uterine compartment since they are non-proliferative, but increase in numbers, to assist in placentation (43).

Three main subsets of NK cells were described in the human decidua using single-cell sequencing, dNK1 cells (characterized by the expression of CD39, CYP26A1, B4GALNT1, and CSF1); dNK2 (ANXA1, ITGB2, XCL1); dNK3 cells (CD160, KLRB1, CD103, XCL1, CCL5). HLA-C molecules on trophoblast cells can be recognized by both activating KIR2DS1 and KIR2DS4 as well as inhibitory KIR2DL1, KIR2DL2, and KIR2DL3 receptors expressed by dNK1 cells. dNK3 cells in turn contain KLRB1 and TIGIT, which may bind to CLEC2D and PVR present in trophoblast cells, indicating the capacity of these cells to cooperate during pregnancy. Furthermore, molecules produced by dNK1 (SPINK2, CD39, and CD73), dNK2, and dNK3 (ANX1) have anti-inflammatory properties inhibiting immune activation at the maternal-fetal interface (44). Further characterization of dNK cell in the human decidua through the combination of 28 markers assessed by mass cytometry revealed more than 4,700 phenotypes in a single donor. The functional significance of this diversity has not been fully appreciated (12, 45).

Small numbers of CD16+ NK cells are also present in the human endometrium, and increased levels of these cells are associated with infertility (39, 46, 47), potentially generating an aversive environment to embryo development. Single-cell RNA-sequencing (scRNA-seq) also revealed lower concentrations of CD39−CD18− decidual NK (dNK) cells and CSF1+CD59+KIR+ dNK cells in women with unexplained recurrent pregnancy loss (48, 49).



ILC1s

ILC1s were initially identified in tonsils and gut mucosa (50). Similar to Th1 cells, interferon γ (IFNγ) constitutes the main cytokine produced by ILC1s. They do not express Th2- and Th17-associated cytokines, segregating them from ILC2s and ILC3s, respectively (16, 18, 51). Moreover, unlike ILC2s and ILC3s, ILC1s do not express MHC class II molecules and are incapable of directly presenting antigens (52). ILC1 development requires T-box transcription factor (T-bet) (53). Since this feature is shared with NK cells, a proposed classification system includes NK cells as a subgroup of ILC1s. However, while both ILC1s and NK cells are positive for T-bet, only NK cells express the transcription factor Eomes (14), indicating they constitute distinct cell types.

Until now, little is known about ILC1 functions. ILC1s present non- to moderate-cytotoxic capabilities and secrete a broad spectrum of cytokines besides IFNγ, including TNF, IL-2, IL-4, TGF-β and GM-CSF. They also express various cytokine receptors (IL-7R, IL-17RD, IL-21R, TGFBR), suggesting their importance in immune regulation (51, 53, 54). In co-culture experiments, TGF-β and MMP9 produced by ILC1s contribute to epithelial and extracellular matrix remodeling of gut organoids (55). Most findings regarding ILC1s derive from pathological conditions. ILC1-derived IFNγ stimulates mononuclear phagocytes to mount a response to eradicate intracellular infections and contributes to chronic inflammation of the lungs and intestine (50, 51, 56). In addition, TRAIL-mediated ILC1 antiviral response plays a role against cytomegalovirus (CMV) (57). These data suggest that ILCs may participate in the endometrial inflammation and defense against pathogens. In the tumor microenvironment, TGF-β drives the conversion of Eomes+CD49a−CD49b+ NK cells favoring tumor immunosurveillance to EomesintCD49a+CD49b− ILC1s that are unable to control tumor growth, a mechanism by which tumors evade the innate immune system (58). In a similar manner, the conversion between subsets of ILCs could modulate their properties at the maternal-fetal interface.

In humans, ILC1s were identified within the epithelium of the oral and intestinal mucosa, liver, and tonsils (54, 59). There are contrasting data about the presence of uterine Eomes- ILC1s in the human uterus. While some studies report their presence (60, 61), others could not identify them (62). ILC1s, ILC3s, and LTi-like cells are more abundant in the early pregnant human decidua. At term, ILC1s represent a minor subset while ILC2s are more prevalent (61). Based on single-cell transcriptional profiling, three main subpopulations of NK cells and ILC1s were described in the mouse uterus.

Eomes-CD49a+ ILC1s dominate before puberty; Eomes+CD49a+ tissue-resident NK cells resemble human dNK cells and are most abundant during early pregnancy; conventional Eomes+CD49a- cytotoxic NK cells predominate after the establishment of the chorioallantoic placenta at mid-pregnancy (15). Eomes+CD49a+ NK cells can further be subdivided based on CD49b expression. While a population of CD49b+ cells increases during mouse gestation, another composed of CD49b- cells decreases (60). Their functional significance remains to be determined.



ILC2s

ILC2s are characterized by the expression of cell surface markers CD127 and CD161, chemo-attractant receptor homologous molecules expressed on Th2 cells (CRTH2), ST-2, an IL-33 receptor subunit, and IL-17RB, an IL-25 receptor subunit (18, 63). ILC2s require IL-7 and specific transcription factors, such as GATA-binding protein 3 (GATA3) and retinoic acid receptor-related orphan receptor-α (RORα), for their differentiation and function (14, 18). ILC2s respond to cytokines (IL-4, IL-25, IL-33, TL1A, and SCF), inflammatory mediators, neuronal factors, and hormones (64, 65). The production of Th2 cytokines (IL-4, IL-5, IL-9, IL-13) and amphiregulin (AREG) constitutes ILC2 main effector mediators with a diverse range of functions (66).

ILC2s are commonly located in the uterus, skin, lungs, gastrointestinal tract, and at small concentrations in circulating blood. Populations of CD127+ILC2s were described in both mouse and human uteri. In mice, these cells are located in the myometrium and increase during pregnancy (67). They express the IL-33 receptor ST2 and estrogen receptors. Upon estrogen treatment, ILC2s accumulate in the uterus of ovariectomized mice (68). In humans, ILC2 reside in the non-pregnant endometrium and decidua (67). At term, ILC2s seem to be the most abundant ILC type at the maternal-fetal interface after dNK cells. They are localized in both decidua basalis and parietalis (61) and present at higher numbers in the third trimester compared to the first and, therefore, may be more important toward the end of pregnancy. ILC2s secrete tissue repair factors such as AREG and IL-13, which support the homeostasis of the maternal-fetal interface (11). AREG has a tissue repair function by controlling the proliferation and differentiation of epithelial cells and epithelial barrier integrity (69). By releasing IL-5, ILC2s can control eosinophil responses and may promote remodeling of the uterine mucosa (14, 70).



ILC3s

ILC3s express the surface marker CD117 and the transcription factor retinoic-acid-receptor-related orphan nuclear receptor γ t (RORγt). These cells mirror the features of Th17 lymphocytes regarding marker expression and cytokine output. ILC3s and ILC2s express major histocompatibility complex class II (MHCII) and can process and present antigens MHCII+. Two main ILC3 subpopulations are distinguished in humans by the presence of the natural cytotoxic receptor (NCR) NKp44: NKp44+ and NKp44– ILC3s. In mice, the ILC3 population is sub-divided into NKp46– and NKp46+ cells. Each subtype produces different sets of cytokines. NKp44– ILC3s secrete IL-17 and TNF-alpha, whereas NKp44+ ILC3s produce IL- 8, IL-22, and GM-CSF (16, 71, 72). NKp44+ ILC3s expressing the chemokine receptor 6 (CCR6) and its ligand CCL20 also produce IL-17A and IL-22 and promote the accumulation at the inflammatory site of these cells and attraction of others, such as memory CD4+ T cells, regulatory Th17 cells, B cells, and dendritic cells (DCs) (73, 74).

ILC3s are abundant in mucosal compartments where their main functions are the defense against pathogens and epithelial tissue homeostasis. These cells are in constant interaction with the gut microbiota and have a protective effect against pathogenic bacteria via IL-22 secretion (75). Since the uterine environment is exposed to microbiota, ILCs could play a role in the regulation of endometrial homeostasis and response to microorganisms. During pregnancy, ILC3s are engaged in the recruitment of peripheral neutrophils into the uteurs, embryo implantation, and induction of maternal immune tolerance (14, 76). ILC3s were detected in the uterus of both virgin and pregnant mice (77). Likewise, in the human uterus, a population of NKp44+ ILC3s is present in non-pregnant endometrium and first-trimester decidua (62). However, a major difference observed between mice and humans concerns the localization of ILC2s and ILC3s in the uterus. In mouse pregnancy, ILC2 and ILC3s are found in the myometrium and ILC3s in the mesometrial lymphoid aggregate of pregnancy (MLAp) embedded within the uterine wall (62). In contrast, ILC2s and ILC3s are present in both human endometrium and decidua (60). Since these cells are not present in the mouse decidua, their effects on trophoblast cells should be limited compared to other ILCs on this species.

Potentially pro-inflammatory functions of ILCs have been proposed based on their increased proportion in chronic inflammatory conditions during pathological pregnancies. Elevated numbers of decidual ILC2s and ILC3s in the decidua have been associated with spontaneous preterm labor (61). Increased levels of IL-17 were detected in women with unexplained infertility and pregnancies complicated by preeclampsia and gestational diabetes. This process is not due to Th17 cells and may originate from the accumulation of ILC3s in the decidua (78, 79). IL-17 stimulates endometrial stromal cells to secrete IL-8 (80), which promotes the proliferation and survival of endometrial cells and acts on the chemoattraction and activation of neutrophils (81, 82). However, when excessively elevated in endometrial stromal cells, IL-8 impairs their ability to decidualize, leading to a non-receptive endometrium (83).



LTi Cells

LTi cells, ILC3, and Th17 share the expression of RORγt. In addition, ILC3s and LTi cells express aryl hydrocarbon receptor and secrete IL-17 and IL-22, which are characteristic of ILC3s. However, different from ILC3s that depend on the transcription factor promyelocytic leukemia zinc finger (Plzf) to differentiate, LTi cells do not. LTi cells have a distinctive transcriptome and express CCR6, CCR7, CXCR5, CXCR6, IL-7Ra, LTα1β2, and RANKL at the cell surface (84, 85). During embryogenesis, LTi cells are involved in the development of lymph nodes and Peyer’s patches. They support the survival of memory CD4+ T cells via OX40L and CD30L (86, 87). IL-12-stimulated NKp46+ LTi cells encourage leukocyte extravasation in tumors through elevated expression of vascular adhesion molecules (88). CCL21 secreted by melanoma tumors promotes a tolerant environment by recruiting LTi-like cells and other regulatory immune cells (89).

Populations of LTi-like cells were described in the human decidua (CD127+CD117+) as well as in pregnant and non-pregnant mouse uterus (60, 62). Decidual LTi-like cells produce IL-17, tumor necrosis factor (TNF), and interact closely with decidual cells, stimulating the expression of ICAM-1 and VCAM-1(60). Considering the immunomodulatory properties of LTis cells, one could expect their involvement in immunological functions at the maternal-fetal interface.



ILCregs

An ILC subset expressing IL-10 termed ILCreg was identified in both human and murine gut. ILCregs express the transcriptional regulator ID2 (Inhibitor Of DNA Binding 2, HLH Protein), ID3, and SOX4. TGF-β signaling is essential for their survival and expansion. ILCregs contribute to the resolution of intestinal inflammation by suppressing the activation of ILC1s and ILC3s via the secretion of IL-10 (19). Populations of ILCregs were also described in kidney, tonsils, lymph nodes, and cancer (90–92). Whether they are present in the uterus remains to be demonstrated.



Innate Immune Memory

The traditional concepts characterizing innate and adaptive responses have been recently challenged. Innate immune cells present features previously attributed do adaptive immune cells, including clonal-like expansion, contraction, development of memory, and recall responses (17, 93, 94). Compelling evidence shows that innate immune cells can develop long-term adaptations (lasting for months or even years) leading to enhanced or lowered responses after subsequent stimulation, a process defined as innate immune memory or trained immunity (95).

Innate immune memory can be induced by pathogenic agents, microbiota organisms, cytokines such as IL-1, IL-12, IL-15, and IL-18, and hyperglycemia (96–98). Initial proof of the existence of adaptive features and memory formation in innate immune cells came from studies demonstrating that specific subsets of CD94+NKG2C+ NK cells in humans and Ly49H+ NK cells in mice expanded in response to murine CMV (MCMV) infection. After subsequent viral challenge, memory Ly49H+ NK cells triggered a recall response protecting against infection (93, 99, 100). Furthermore, contact hypersensitivity to haptens, regarded as a T cell-dependent process, was generated and maintained for up to four weeks in mice devoid of T cells. In contrast, mice lacking both T and NK cells did not respond. Adoptive transfer of NK cells from sensitized donors promoted a robust response in recipient animals after stimulation with previously encountered haptens (101). Since then, a rising number of reports has demonstrated the existence of trained immunity in other ILCs as well as in monocytes/macrophages, neutrophils, and DCs (17, 102–104).

Trained immunity occurs in liver ILC1s upon infection with MCMV. Viral glycoprotein m12 induces the expression of IL-18 receptor and distinct transcriptional and epigenetic profiles on these cells. Upon re-infection, memory ILC1s respond with higher IFNγ secretion (105). Transdermal hapten application promotes the generation of long-lived IL-7Rα+ memory ILC1s in the liver, which migrate to the effector site and generate robust allergic skin reactions following subsequent hapten contact (106). Trained ILC2s were identified in mouse models of allergic lung responses. After being challenged by allergen or cytokines, these cells display a greater response by increasing proliferation and producing larger amounts of cytokines, such as IL-5 and IL-13, compared to their naïve counterparts (107). The capacity of ILC3s, ILCregs, and LTi cells to develop memory has not yet been described.



Mechanisms Regulating Innate Immune Memory

The development of trained immunity involves extensive epigenetic, transcriptional, and metabolic rewiring (95, 108). The epigenetic mechanisms include remodeling of chromatin architecture, post-translational modification of histones, DNA methylation, and expression of non-coding RNAs. Together they regulate the expression of genes controlling immunological responses. Analysis of chromatin accessibility and transcriptional profiling of differentiating and memory Ly48H+ NK cells challenged with MCMV showed that these two stages have distinct chromatin accessibility states and gene signatures. Memory cells present a poised regulatory program allowing them to respond in a faster way. The comparison between MCMV-stimulated NK and CD8+ T cells revealed that these cells share similar epigenetic processes to acquire memory (109).

Expansion of NKG2Chi NK cells promoted by human CMV (HCMV) leads to epigenetic remodeling of the conserved non-coding sequence (CNS) 1, an enhancer in the IFNG locus, increasing its accessibility to transcription factors and IFNγ expression (110). The development of NK cell memory also involves histone modifications (lysine-4 mono-methylation (H3K4me1)) in an IFNG enhancer to sustain IFNγ production. Pharmacological inhibition of histone methyltransferases erases this epigenetic feature and NK cell memory (111). H3K4me1 modifications remain in NK and macrophages after the loss of signaling, allowing a faster and greater transcriptional response in case of re-stimulation (111, 112). In addition, phosphorylation of ATF7 (Activating Transcription Factor 7) triggers a long-term decrease in repressive histone methylation (H3K9me2) and an elevated expression of ATF7 target genes lasting after the end of stimulation (102).

miRNAs have been implicated in the development of innate memory. Activation of NK cells by MCMV infection elevates the expression of miR-155, which in turn downregulates NOXA and suppressor of cytokine signaling 1 (SOCS1), molecules related to immune cell survival and functions. NK cells deficient in this miRNA present impaired effector and memory properties (113). The development of macrophage memory (tolerance) through continuous exposition to LPS upregulates miR-221 and miR-222 levels. These miRNAs target Brg1 (brahma-related gene 1) to promote the downregulation of a subset of inflammatory genes via chromatin remodeling factors SWI/SNF (switch/sucrose non-fermentable) and STAT (signal transducer and activator of transcription) (114) to promote tolerance.

Cellular metabolism partakes in trained immunity by mediating epigenetics and other cellular processes. Metabolites can influence epigenetic features, conversely, epigenetic mechanisms contribute to maintaining cellular metabolism. When cells first recognize external stimuli, signaling cascades lead to elevated metabolism. The resulting metabolites can function as signaling molecules, cofactors, and substrates to modulate chromatin-modifying enzymes and direct transcriptional processes (115, 116). For example, fumarate and acetyl CoA can modulate epigenetic enzymes, such as histone demethylase lysine-specific demethylase 5 (KDM5) and histone acetyltransferases. Consequently, changes in histone methylation and acetylation of genes important to metabolism and innate immunity occur, resulting in memory establishment (95). Innate immune cells exhibit an up-regulation of metabolic pathways to become primed to secondary exposure. Metabolic rewiring provides for the proper energy needs of the cell, which is supplied by ATP through glycolysis and oxidative phosphorylation.

NK cells regulate their metabolic program to perform effector functions and develop memory. NK cell expansion promoted by MCMV causes mitochondrial depolarization and accumulation of reactive oxygen species. Following, during the development of NK memory, BNIP3 (BCL2/adenovirus E1B 19-kDa interacting protein 3) and BNIP3L (BNIP3-like) mediate the removal of dysfunctional mitochondria and reactive oxygen species through mitophagy promoting cell survival. Autophagy induction via inhibition of mTOR or activation of AMPK in a process dependent on ATG3 (Autophagy Related 3) amplifies the formation of memory NK cells (117). Virus-induced memory NK cells present elevated expression of genes regulating the electron-transport chain and increased oxidative mitochondrial respiration, mitochondrial membrane potential, and reserve respiratory capacity. ARID5B (AT-rich interaction domain 5B), a chromatin-modifying protein stimulated via DNA hypomethylation in memory NK cells, acts as a central regulator of these processes (117).



Innate Immune Memory and Reproduction

Innate immune memory may occur already at hematopoietic stem cell or progenitor level in the bone marrow (118–120). This concept helps to explain the maintenance of long-lasting memory in short-lived immune cells. The transmission of immune memory to the next generation of cells allows stable maintenance of this process. H3K4me1 marks established in the HSC lineage were still present in terminally differentiated myeloid cells after cycles of DNA replication and cell division (121). A population of CD34+ hematopoietic stem cells residing in the human endometrium is committed to the differentiation of NK cells, as observed in vitro upon stimulation with a blend of stem cell factor, FMS-like tyrosine kinase ligand, IL-7, IL-15, and IL-21 or co-cultivation with decidual cells (26). The capacity of endometrial CD34+ cells to develop memory has not been investigated yet. If demonstrated, there may be relevant implications to uterine biology and pregnancy.

Conditions experienced during intrauterine life have a major impact on the development of chronic diseases later in life (122, 123). In connection, multiparity, birth order, and interpregnancy interval are associated with pregnancy outcome as well as health in childhood and adulthood (124–127). Distinct biological factors have been proposed to explain these phenomena. In a comprehensive compilation of reports, Thiele and collaborators (128) calculated a 4.2% increment of birth weight in second pregnancies independent of longer pregnancy duration (128). The gender and order of sibling birth also influence birth weight. A potential effect from male-specific immunological components was speculated (129), suggesting the development of immune memory to pregnancy.

Several reproductive diseases, such as preeclampsia, preterm birth, and intrauterine growth restriction, have a higher incidence in first than in second pregnancies (130–132). It was estimated that first uncomplicated pregnancies reduce the risk of complications in subsequent pregnancies by 35-65%. Contrariwise, complicated first pregnancies raise the risk of similarly affected second pregnancies by 2.2–3.2-fold (128). Although diverse, the aforementioned reproductive diseases may have impaired trophoblast invasion, deficient spiral artery remodeling, and altered immunological features. These processes are intertwined since immune cells can modulate endometrial vascular remodeling and trophoblast invasion. In this way, immunological processes affecting placental development can impact fetal growth and the occurrence of pregnancy complications (133, 134).

Several lines of investigation have been trailed to uncover causes leading to distinct outcomes in succeeding pregnancies encompassing morphological adaptations in the uterus, differences in trophoblast behavior, and immunological responses. For instance, lasting adaptations in the uterus of multiparous women were reported, characterized by changes in the internal elastic lamina and the proportion of muscular and connective tissue in the wall of spiral arteries (135). In addition, enhanced invasion of endovascular trophoblast cells was observed in the decidua of multigravidae versus primigravidae, indicating improved placentation in the former (136).

Exposure to paternal antigens represents a relevant factor for the development of pregnancy complications. Long-term engagement of a couple reduces preeclampsia incidence, however, such protection is lost when partners are changed (137, 138). Short periods of sexual contact, the use of physical contraception, and in vitro fertilization with oocyte or sperm donors, which implies the absence of previous paternal antigen exposition, have the opposite effect (139–142). The positive influence of previous pregnancies on reduced cases of preeclampsia in subsequent pregnancies last for up to eight years (143). Persisting changes in uterine immune cells (i.e. on their memory properties) may be related to improved pregnancy outcomes in second pregnancies. We speculate that innate and adaptive immune responses may be involved since both are stimulated by placental cells and seem to be beneficial to pregnancy (144, 145).

Inceptive evidence concerning the establishment of innate immune memory on pregnancy was obtained in human dNK cells (Figure 2). The phenotype and functionality of dNK cells from first-trimester decidua of primigravid and multigravid women were compared. Through profiling of CXCR3, CXCR4, NKp44, NKp30, NKp46, NKG2D, NKG2C receptors by flow cytometry, a peculiar NKG2Chi NK cell population was revealed and denominated pregnancy-trained decidual Natural Killer cells, which also express LILRB1 (Leukocyte Immunoglobulin Like Receptor B1) (13). CD94-NKG2C heterodimer binds to HLA-E molecules, which are expressed in trophoblast, endometrial, and endothelial cells (146, 147). LILRB1 recognizes HLA-G molecules on trophoblast cells at the maternal-fetal interface. Although this receptor has inhibitory functions on pbNK cells, it acts as an activator on dNK cells (148). NKG2ChiLILRB1hi dNK cells present a distinct transcriptomic profile from NKG2Clow dNK cells. The engagement of NKG2C by HLA-E or LILRB1 by HLA-G promotes the secretion of high amounts of IFNγ and VEGFA in a process associated with epigenetic mechanisms. Conditioned medium from NKG2ChiLILRB1hi dNK cells stimulates angiogenesis in both in vitro and in vivo models (13). IFNγ is a key cytokine required for reshaping decidual vasculature during placentation. Implantation sites in mice lacking IFNγ signaling fail to initiate pregnancy-induced modification of decidual arteries and display hypocellularity or decidual necrosis (29). The properties of PTdNK cells may contribute to explain improved placentation, higher birth weight, and reduced pregnancy complications in second pregnancies. A recent report provides data on the development of memory in ILC1s during mouse pregnancy (Figure 2). Eomes–CD49a+ ILC1s upregulate CXCR6, a receptor related to innate memory, and expand 4-5 times in second pregnancies (15). These cells have not been deeply characterized yet.




Figure 2 | Memory properties of innate lymphoid cells (ILCs) in human and mouse pregnancy. (A) A population of NKG2ChiLILRB1hi uterine Natural Killer (uNK) cells present in the human endometrium expands during subsequent pregnancies and produces high amounts of interferon y (IFNy) and VEGFa, mediators that contribute to placental development. These processes are mediated by NKG2C and LILRB1 on uNK cells that recognize respectively HLA-E and HLA-G molecules expressed by trophoblast cells (13). (B) In mice, a population of innate lymphoid cells 1 (ILC1s) expand during subsequent pregnancies. uNK cells and ILC3’s may be converted to ILC1s under the influence of TGFβ (15). Composed with images from: Smart Servier Medical Art (smart.servier.com).



Although the acquisition of innate immune memory may have positive effects on pregnancy, one may speculate that impairments in the establishment of innate immune memory or the development of memory with inhibitory actions against pregnancy can be related to reproductive complications. Pregnancy induces long-term epigenetic memory in maternal T and NK cells characterized by differential methylation patterns of genes related to their differentiation and functions. These changes are impaired in preeclamptic women, indicating that alterations in innate and adaptive memory are associated with pregnancy diseases (149). The stimuli triggering innate immune memory in the uterine environment, their mechanisms, and repercussions to pregnancy warrant additional studies.



Innate Immune Memory, Microorganisms, and Reproduction

So far, the implications of microbiota, pathogens, and vaccination on innate immune memory and its association with reproduction have been poorly interrogated. Chronic exposition of NK cells to both endogenous and exogenous ligands can modulate their memory properties (150). Such modulation is particularly relevant for the interaction with microbiota. NK cell and DC responses in germ-free mice are impaired when challenged with microbial components. Epigenetic mechanisms (histone acetylation and DNA methylation) were associated with defective expression of inflammatory markers, including type I interferons (151). These data demonstrate a contribution of microbiota to regulating immune responses. The female reproductive system contains a rich diversity of microorganisms, which has been correlated with reproductive health and disease (152). It may be expected that the uterine microbiota influences innate immune cells and their memory properties, consequently impacting fertility.

Pathogenic agents may also influence reproduction via innate immune cells and their memory properties. HCMV infection appears to be a priming factor in the development of pregnancy-trained NK cells. Comparisons between nulligravidae and multigravidae women that were HCMV-seronegative and -seropositive revealed increased percentages of LILRB1+NKG2C+ memory NK cells only in those previously infected by HCMV (153). Moreover, CXCR6 expressed in pregnancy memory ILC1s in mice is also associated with NK cell memory generated by viruses and haptens (15, 154). Further investigations may clarify if viral-induced innate immune memory has favorable or detrimental consequences for reproduction.

Infections and vaccinations can improve cellular responses to a second stimulus unrelated to the initial one. There is evidence that the BCG vaccine trains innate immune cells giving rise to immunity against cancer (155) and pathogens, including malaria, yellow fever, tuberculosis, and respiratory syncytial virus (156–159). A recent study in a mouse model showed that innate immune memory developed via the BCG vaccine previous to pregnancy impaired fetal growth. Reduced numbers of macrophages and NK cells were detected at the maternal-fetal interface together with decreased mRNA levels of CCR3 and LIF (160). This study provides evidence that pregnancy is influenced by immunological challenges experienced during life that develop innate memory responses.



Concluding Remarks

Further studies on ILC biology as well as on the cellular and molecular mechanisms orchestrating innate immune memory and its implications to reproduction promise a fertile terrain of research. The potential existence of memory in other immune cells present in the uterine environment should also be explored. These data will contribute to clarifying the association of immune cells, microbiota, and pathogens with reproductive processes. Furthermore, the interaction of ILCs with trophoblast cells constitutes a central issue for pregnancy establishment, maternal immune tolerance, and placental development. Together, this knowledge may lead to novel therapeutic approaches addressing immune dysregulations that are relevant for infertility and pregnancy complications.



Author Contributions

RF conceptualized the review’s subject. RF, RD-D, KP, and KU wrote the manuscript. RF and UM revised the final draft. All authors contributed to the article and approved the submitted version.



Funding

The Placenta Lab has been supported by a grant from the German Research Society (DFG; grant number MA1550/12-1). RD-D is receiving a Master’s grant from the German Academic Exchange Service (DAAD).



References

1. Mor, G, Aldo, P, and Alvero, AB. The Unique Immunological and Microbial Aspects of Pregnancy. Nat Rev Immunol (2017) 17(8):469–82. doi: 10.1038/nri.2017.64

2. Ander, SE, Diamond, MS, and Coyne, CB. Immune Responses at the Maternal-Fetal Interface. Sci Immunol (2019) 4(31):eaat6114. doi: 10.1126/sciimmunol.aat6114

3. Tong, M, and Abrahams, VM. Immunology of the Placenta. Obstet Gynecol Clin North Am (2020) 47(1):49–63. doi: 10.1016/j.ogc.2019.10.006

4. 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

5. Schumacher, A, Sharkey, DJ, Robertson, SA, and Zenclussen, AC. Immune Cells at the Fetomaternal Interface: How the Microenvironment Modulates Immune Cells To Foster Fetal Development. J Immunol (2018) 201(2):325–34. doi: 10.4049/jimmunol.1800058

6. Solano, ME. Decidual Immune Cells: Guardians of Human Pregnancies. Best Pract Res Clin Obstet Gynaecol (2019) 60:3–16. doi: 10.1016/j.bpobgyn.2019.05.009

7. Favaro, RR, Murrieta-Coxca, JM, Gutiérrez-Samudio, RN, Morales-Prieto, DM, and Markert, UR. Immunomodulatory Properties of Extracellular Vesicles in the Dialogue Between Placental and Immune Cells. Am J Reprod Immunol (2021) 85(2):e13383. doi: 10.1111/aji.13383

8. King, A, Burrows, T, Verma, S, Hiby, S, and Loke, YW. Human Uterine Lymphocytes. Hum Reprod Update (1998) 4(5):480–5. doi: 10.1093/humupd/4.5.480

9. Lee, SK, Kim, CJ, Kim, DJ, and Kang, JH. Immune Cells in the Female Reproductive Tract. Immune Netw (2015) 15(1):16–26. doi: 10.4110/in.2015.15.1.16

10. Liu, S, Diao, L, Huang, C, Li, Y, Zeng, Y, and Kwak-Kim, JYH. The Role of Decidual Immune Cells on Human Pregnancy. J Reprod Immunol (2017) 124:44–53. doi: 10.1016/j.jri.2017.10.045

11. Miller, D, Motomura, K, Garcia-Flores, V, Romero, R, and Gomez-Lopez, N. Innate Lymphoid Cells in the Maternal and Fetal Compartments. Front Immunol (2018) 9:2396(2396). doi: 10.3389/fimmu.2018.02396

12. Huhn, O, Zhao, X, Esposito, L, Moffett, A, Colucci, F, and Sharkey, AM. How Do Uterine Natural Killer and Innate Lymphoid Cells Contribute to Successful Pregnancy? Front Immunol (2021) 12:607669. doi: 10.3389/fimmu.2021.607669

13. Gamliel, M, Goldman-Wohl, D, Isaacson, B, Gur, C, Stein, N, Yamin, R, et al. Trained Memory of Human Uterine NK Cells Enhances Their Function in Subsequent Pregnancies. Immunity (2018) 48(5):951–962.e955. doi: 10.1016/j.immuni.2018.03.030

14. Vacca, P, Chiossone, L, Mingari, MC, and Moretta, L. Heterogeneity of NK Cells and Other Innate Lymphoid Cells in Human and Murine Decidua. Front Immunol (2019) 10:170. doi: 10.3389/fimmu.2019.00170

15. 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

16. Vivier, E, Artis, D, Colonna, M, Diefenbach, A, Di Santo, JP, Eberl, G, et al. Innate Lymphoid Cells: 10 Years on. Cell (2018) 174(5):1054–66. doi: 10.1016/j.cell.2018.07.017

17. Wang, X, Peng, H, and Tian, Z. Innate Lymphoid Cell Memory. Cell Mol Immunol (2019) 16(5):423–9. doi: 10.1038/s41423-019-0212-6

18. Spits, H, Artis, D, Colonna, M, Diefenbach, A, Di Santo, JP, Eberl, G, et al. Innate Lymphoid Cells–A Proposal for Uniform Nomenclature. Nat Rev Immunol (2013) 13(2):145–9. doi: 10.1038/nri3365

19. Wang, S, Xia, P, Chen, Y, Qu, Y, Xiong, Z, Ye, B, et al. Regulatory Innate Lymphoid Cells Control Innate Intestinal Inflammation. Cell (2017) 171(1):201–216.e218. doi: 10.1016/j.cell.2017.07.027

20. Jegatheeswaran, S, Mathews, JA, and Crome, SQ. Searching for the Elusive Regulatory Innate Lymphoid Cell. J Immunol (2021) 207(8):1949–57. doi: 10.4049/jimmunol.2100661

21. Eberl, G, Colonna, M, Di Santo, JP, and McKenzie, AN. Innate Lymphoid Cells. Innate Lymphoid Cells: A New Paradigm in Immunology. Science (2015) 348(6237):aaa6566. doi: 10.1126/science.aaa6566

22. Gasteiger, G, Fan, X, Dikiy, S, Lee, SY, and Rudensky, AY. Tissue Residency of Innate Lymphoid Cells in Lymphoid and Nonlymphoid Organs. Science (2015) 350(6263):981–5. doi: 10.1126/science.aac9593

23. Colonna, M. Innate Lymphoid Cells: Diversity, Plasticity, and Unique Functions in Immunity. Immunity (2018) 48(6):1104–17. doi: 10.1016/j.immuni.2018.05.013

24. Dutton, EE, Gajdasik, DW, Willis, C, Fiancette, R, Bishop, EL, Camelo, A, et al. Peripheral Lymph Nodes Contain Migratory and Resident Innate Lymphoid Cell Populations. Sci Immunol (2019) 4(35):eaau8082. doi: 10.1126/sciimmunol.aau8082

25. Rosmaraki, EE, Douagi, I, Roth, C, Colucci, F, Cumano, A, and Di Santo, JP. Identification of Committed NK Cell Progenitors in Adult Murine Bone Marrow. Eur J Immunol (2001) 31(6):1900–9. doi: 10.1002/1521-4141(200106)31:6<1900::aid-immu1900>3.0.co;2-m

26. Vacca, P, Vitale, C, Montaldo, E, Conte, R, Cantoni, C, Fulcheri, E, et al. CD34+ Hematopoietic Precursors are Present in Human Decidua and Differentiate Into Natural Killer Cells Upon Interaction With Stromal Cells. Proc Natl Acad Sci USA (2011) 108(6):2402–7. doi: 10.1073/pnas.1016257108

27. Cooper, MA, Fehniger, TA, and Caligiuri, MA. The Biology of Human Natural Killer-Cell Subsets. Trends Immunol (2001) 22(11):633–40. doi: 10.1016/s1471-4906(01)02060-9

28. Brighton, PJ, Maruyama, Y, Fishwick, K, Vrljicak, P, Tewary, S, Fujihara, R, et al. Clearance of Senescent Decidual Cells by Uterine Natural Killer Cells in Cycling Human Endometrium. Elife (2017) 6:e31274. doi: 10.7554/eLife.31274

29. Ashkar, AA, Di Santo, JP, and Croy, BA. Interferon γ 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

30. Chakraborty, D, Rumi, MA, Konno, T, and Soares, MJ. Natural Killer Cells Direct Hemochorial Placentation by Regulating Hypoxia-Inducible Factor Dependent Trophoblast Lineage Decisions. Proc Natl Acad Sci USA (2011) 108(39):16295–300. doi: 10.1073/pnas.1109478108

31. Robson, A, Harris, LK, Innes, BA, Lash, GE, Aljunaidy, MM, Aplin, JD, et al. Uterine Natural Killer Cells Initiate Spiral Artery Remodeling in Human Pregnancy. FASEB J (2012) 26(12):4876–85. doi: 10.1096/fj.12-210310

32. Fu, B, Li, X, Sun, R, Tong, X, Ling, B, Tian, Z, et al. Natural Killer Cells Promote Immune Tolerance by Regulating Inflammatory TH17 Cells at the Human Maternal-Fetal Interface. Proc Natl Acad Sci USA (2013) 110(3):E231–240. doi: 10.1073/pnas.1206322110

33. Kong, C-S, Ordoñez, AA, Turner, S, Tremaine, T, Muter, J, Lucas, ES, et al. Embryo Biosensing by Uterine Natural Killer Cells Determines Endometrial Fate Decisions at Implantation. FASEB J (2021) 35(4):e21336. doi: 10.1096/fj.202002217R

34. Wang, F, Qualls, AE, Marques-Fernandez, L, and Colucci, F. Biology and Pathology of the Uterine Microenvironment and Its Natural Killer Cells. Cell Mol Immunol (2021) 18(9):2101–13. doi: 10.1038/s41423-021-00739-z

35. Manaster, I, Mizrahi, S, Goldman-Wohl, D, Sela, HY, Stern-Ginossar, N, Lankry, D, et al. Endometrial NK Cells Are Special Immature Cells That Await Pregnancy. J Immunol (2008) 181(3):1869–76. doi: 10.4049/jimmunol.181.3.1869

36. Kopcow, HD, Eriksson, M, Mselle, TF, Damrauer, SM, Wira, CR, Sentman, CL, et al. Human Decidual NK Cells From Gravid Uteri and NK Cells From Cycling Endometrium are Distinct NK Cell Subsets. Placenta (2010) 31(4):334–8. doi: 10.1016/j.placenta.2010.01.003

37. Flynn, L, Byrne, B, Carton, J, Kelehan, P, O’Herlihy, C, and O’Farrelly, C. Menstrual Cycle Dependent Fluctuations in NK and T-lymphocyte Subsets From non-Pregnant Human Endometrium. Am J Reprod Immunol (2000) 43(4):209–17. doi: 10.1111/j.8755-8920.2000.430405.x

38. Russell, P, Sacks, G, Tremellen, K, and Gee, A. The Distribution of Immune Cells and Macrophages in the Endometrium of Women With Recurrent Reproductive Failure. III: Further Observations and Reference Ranges. Pathology (2013) 45(4):393–401. doi: 10.1097/PAT.0b013e328361429b

39. Chiokadze, M, Bär, C, Pastuschek, J, Dons’koi, BV, Khazhylenko, KG, Schleußner, E, et al. Beyond Uterine Natural Killer Cell Numbers in Unexplained Recurrent Pregnancy Loss: Combined Analysis of CD45, Cd56, CD16, CD57, and CD138. Diagnostics (Basel) (2020) 10(9):650. doi: 10.3390/diagnostics10090650

40. Williams, PJ, Searle, RF, Robson, SC, Innes, BA, and Bulmer, JN. Decidual Leucocyte Populations in Early to Late Gestation Normal Human Pregnancy. J Reprod Immunol (2009) 82(1):24–31. doi: 10.1016/j.jri.2009.08.001

41. Croy, BA, He, H, Esadeg, S, Wei, Q, McCartney, D, Zhang, J, et al. Uterine Natural Killer Cells: Insights Into Their Cellular and Molecular Biology From Mouse Modelling. Reproduction (2003) 126(2):149–60. doi: 10.1530/rep.0.1260149

42. Favaro, R, Abrahamsohn, PA, and Zorn, MT. “11 - Decidualization and Endometrial Extracellular Matrix Remodeling”. In:  BA Croy, AT Yamada, FJ DeMayo, and SL Adamson, editors. The Guide to Investigation of Mouse Pregnancy. Boston: Academic Press (2014). p. 125–42.

43. Sojka, DK, Yang, L, Plougastel-Douglas, B, Higuchi, DA, Croy, BA, and Yokoyama, WM. Cutting Edge: Local Proliferation of Uterine Tissue-Resident NK Cells During Decidualization in Mice. J Immunol (2018) 201(9):2551–6. doi: 10.4049/jimmunol.1800651

44. 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

45. 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

46. Junovich, G, Azpiroz, A, Incera, E, Ferrer, C, Pasqualini, A, and Gutierrez, G. Endometrial CD16(+) and CD16(-) NK Cell Count in Fertility and Unexplained Infertility. Am J Reprod Immunol (2013) 70(3):182–9. doi: 10.1111/aji.12132

47. Giuliani, E, Parkin, KL, Lessey, BA, Young, SL, and Fazleabas, AT. Characterization of Uterine NK Cells in Women With Infertility or Recurrent Pregnancy Loss and Associated Endometriosis. Am J Reprod Immunol (2014) 72(3):262–9. doi: 10.1111/aji.12259

48. Chen, P, Zhou, L, Chen, J, Lu, Y, Cao, C, Lv, S, et al. The Immune Atlas of Human Deciduas With Unexplained Recurrent Pregnancy Loss. Front Immunol (2021) 12:689019(2135). doi: 10.3389/fimmu.2021.689019

49. Guo, C, Cai, P, Jin, L, Sha, Q, Yu, Q, Zhang, W, et al. Single-Cell Profiling of the Human Decidual Immune Microenvironment in Patients With Recurrent Pregnancy Loss. Cell Discov (2021) 7(1):1. doi: 10.1038/s41421-020-00236-z

50. Bernink, JH, Peters, CP, Munneke, M, te Velde, AA, Meijer, SL, Weijer, K, et al. Human Type 1 Innate Lymphoid Cells Accumulate in Inflamed Mucosal Tissues. Nat Immunol (2013) 14(3):221–9. doi: 10.1038/ni.2534

51. Spits, H, Bernink, JH, and Lanier, L. NK Cells and Type 1 Innate Lymphoid Cells: Partners in Host Defense. Nat Immunol (2016) 17(7):758–64. doi: 10.1038/ni.3482

52. Robinette, ML, and Colonna, M. Innate Lymphoid Cells and the MHC. HLA (2016) 87(1):5–11. doi: 10.1111/tan.12723

53. Daussy, C, Faure, F, Mayol, K, Viel, S, Gasteiger, G, Charrier, E, et al. T-Bet and Eomes Instruct the Development of Two Distinct Natural Killer Cell Lineages in the Liver and in the Bone Marrow. J Exp Med (2014) 211(3):563–77. doi: 10.1084/jem.20131560

54. Fuchs, A, and Colonna, M. Innate Lymphoid Cells in Homeostasis, Infection, Chronic Inflammation and Tumors of the Gastrointestinal Tract. Curr Opin Gastroenterol (2013) 29(6):581–7. doi: 10.1097/MOG.0b013e328365d339

55. Jowett, GM, Norman, MDA, Yu, TTL, Rosell Arévalo, P, Hoogland, D, Lust, ST, et al. ILC1 Drive Intestinal Epithelial and Matrix Remodelling. Nat Mater (2021) 20(2):250–9. doi: 10.1038/s41563-020-0783-8

56. Weizman, OE, Adams, NM, Schuster, IS, Krishna, C, Pritykin, Y, Lau, C, et al. Ilc1 Confer Early Host Protection at Initial Sites of Viral Infection. Cell (2017) 171(4):795–808.e712. doi: 10.1016/j.cell.2017.09.052

57. Picarda, G, Ghosh, R, McDonald, B, Verma, S, Thiault, N, El Morabiti, R, et al. Cytomegalovirus Evades Trail-Mediated Innate Lymphoid Cell 1 Defenses. J Virol (2019) 93(16):e00617-19. doi: 10.1128/jvi.00617-19

58. Gao, Y, Souza-Fonseca-Guimaraes, F, Bald, T, Ng, SS, Young, A, Ngiow, SF, et al. Tumor Immunoevasion by the Conversion of Effector NK Cells Into Type 1 Innate Lymphoid Cells. Nat Immunol (2017) 18(9):1004–15. doi: 10.1038/ni.3800

59. Bernink, JH, Krabbendam, L, Germar, K, de Jong, E, Gronke, K, Kofoed-Nielsen, M, et al. Interleukin-12 and -23 Control Plasticity of CD127(+) Group 1 and Group 3 Innate Lymphoid Cells in the Intestinal Lamina Propria. Immunity (2015) 43(1):146–60. doi: 10.1016/j.immuni.2015.06.019

60. Vacca, P, Montaldo, E, Croxatto, D, Loiacono, F, Canegallo, F, Venturini, PL, et al. Identification of Diverse Innate Lymphoid Cells in Human Decidua. Mucosal Immunol (2015) 8(2):254–64. doi: 10.1038/mi.2014.63

61. Xu, Y, Romero, R, Miller, D, Silva, P, Panaitescu, B, Theis, KR, et al. Innate Lymphoid Cells at the Human Maternal-Fetal Interface in Spontaneous Preterm Labor. Am J Reprod Immunol (2018) 79(6):e12820. doi: 10.1111/aji.12820

62. 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

63. Mendes, J, Areia, AL, Rodrigues-Santos, P, Santos-Rosa, M, and Mota-Pinto, A. Innate Lymphoid Cells in Human Pregnancy. Front Immunol (2020) 11:551707. doi: 10.3389/fimmu.2020.551707

64. Xiong, J, Wang, H, He, J, and Wang, Q. Functions of Group 2 Innate Lymphoid Cells in Tumor Microenvironment. Front Immunol (2019) 10:1615. doi: 10.3389/fimmu.2019.01615

65. Klose, CSN, and Artis, D. Innate Lymphoid Cells Control Signaling Circuits to Regulate Tissue-Specific Immunity. Cell Res (2020) 30(6):475–91. doi: 10.1038/s41422-020-0323-8

66. Schuijs, MJ, and Halim, TYF. Group 2 Innate Lymphocytes at the Interface Between Innate and Adaptive Immunity. Ann N Y Acad Sci (2018) 1417(1):87–103. doi: 10.1111/nyas.13604

67. Balmas, E, Rana, BM, Hamilton, RS, Shreeve, N, Kieckbusch, J, Aye, I, et al. Maternal Group 2 Innate Lymphoid Cells Control Fetal Growth and Protect From Endotoxin-Induced Abortion in Mice. bioRxiv (2018), 348755. doi: 10.1101/348755

68. Bartemes, K, Chen, CC, Iijima, K, Drake, L, and Kita, H. Il-33-Responsive Group 2 Innate Lymphoid Cells Are Regulated by Female Sex Hormones in the Uterus. J Immunol (2018) 200(1):229–36. doi: 10.4049/jimmunol.1602085

69. Turner, JE, Morrison, PJ, Wilhelm, C, Wilson, M, Ahlfors, H, Renauld, JC, et al. Il-9-Mediated Survival of Type 2 Innate Lymphoid Cells Promotes Damage Control in Helminth-Induced Lung Inflammation. J Exp Med (2013) 210(13):2951–65. doi: 10.1084/jem.20130071

70. Nussbaum, JC, Van Dyken, SJ, von Moltke, J, Cheng, LE, Mohapatra, A, Molofsky, AB, et al. Type 2 Innate Lymphoid Cells Control Eosinophil Homeostasis. Nature (2013) 502(7470):245–8. doi: 10.1038/nature12526

71. Montaldo, E, Juelke, K, and Romagnani, C. Group 3 Innate Lymphoid Cells (ILC3s): Origin, Differentiation, and Plasticity in Humans and Mice. Eur J Immunol (2015) 45(8):2171–82. doi: 10.1002/eji.201545598

72. Melo-Gonzalez, F, and Hepworth, MR. Functional and Phenotypic Heterogeneity of Group 3 Innate Lymphoid Cells. Immunology (2017) 150(3):265–75. doi: 10.1111/imm.12697

73. Schutyser, E, Struyf, S, and Van Damme, J. The CC Chemokine CCL20 and Its Receptor CCR6. Cytokine Growth Factor Rev (2003) 14(5):409–26. doi: 10.1016/s1359-6101(03)00049-2

74. Takaki-Kuwahara, A, Arinobu, Y, Miyawaki, K, Yamada, H, Tsuzuki, H, Irino, K, et al. CCR6+ Group 3 Innate Lymphoid Cells Accumulate in Inflamed Joints in Rheumatoid Arthritis and Produce Th17 Cytokines. Arthritis Res Ther (2019) 21(1):198. doi: 10.1186/s13075-019-1984-x

75. Björkström, NK, Kekäläinen, E, and Mjösberg, J. Tissue-Specific Effector Functions of Innate Lymphoid Cells. Immunology (2013) 139(4):416–27. doi: 10.1111/imm.12098

76. Croxatto, D, Micheletti, A, Montaldo, E, Orecchia, P, Loiacono, F, Canegallo, F, et al. Group 3 Innate Lymphoid Cells Regulate Neutrophil Migration and Function in Human Decidua. Mucosal Immunol (2016) 9(6):1372–83. doi: 10.1038/mi.2016.10

77. Li, M, Gao, Y, Yong, L, Huang, D, Shen, J, Liu, M, et al. Molecular Signature and Functional Analysis of Uterine ILCs in Mouse Pregnancy. J Reprod Immunol (2017) 123:48–57. doi: 10.1016/j.jri.2017.09.003

78. Barnie, PA, Lin, X, Liu, Y, Xu, H, and Su, Z. Il-17 Producing Innate Lymphoid Cells 3 (ILC3) But Not Th17 Cells Might Be the Potential Danger Factor for Preeclampsia and Other Pregnancy Associated Diseases. Int J Clin Exp Pathol (2015) 8(9):11100–7.

79. Crosby, DA, Glover, LE, Brennan, EP, Kelly, P, Cormican, P, Moran, B, et al. Dysregulation of the interleukin-17A Pathway in Endometrial Tissue From Women With Unexplained Infertility Affects Pregnancy Outcome Following Assisted Reproductive Treatment. Hum Reprod (2020) 35(8):1875–88. doi: 10.1093/humrep/deaa111

80. Hirata, T, Osuga, Y, Hamasaki, K, Yoshino, O, Ito, M, Hasegawa, A, et al. Interleukin (IL)-17A Stimulates IL-8 Secretion, Cyclooxygensase-2 Expression, and Cell Proliferation of Endometriotic Stromal Cells. Endocrinology (2008) 149(3):1260–7. doi: 10.1210/en.2007-0749

81. Arici, A, Seli, E, Zeyneloglu, HB, Senturk, LM, Oral, E, and Olive, DL. Interleukin-8 Induces Proliferation of Endometrial Stromal Cells: A Potential Autocrine Growth Factor. J Clin Endocrinol Metab (1998) 83(4):1201–5. doi: 10.1210/jcem.83.4.4743

82. Sikora, J, Smycz-Kubańska, M, Mielczarek-Palacz, A, and Kondera-Anasz, Z. Abnormal Peritoneal Regulation of Chemokine activation-The Role of IL-8 in Pathogenesis of Endometriosis. Am J Reprod Immunol (2017) 77(4):e12622. doi: 10.1111/aji.12622

83. Peng, Y, Jin, Z, Liu, H, and Xu, C. Impaired Decidualization of Human Endometrial Stromal Cells From Women With Adenomyosis†. Biol Reprod (2021) 104(5):1034–44. doi: 10.1093/biolre/ioab017

84. Withers, DR. Lymphoid Tissue Inducer Cells. Curr Biol (2011) 21(10):R381–382. doi: 10.1016/j.cub.2011.03.022

85. Zhong, C, Zheng, M, Zhu, W, and Stoter, J. Lymphoid tissue inducer-A divergent member of the ILC family. Cytokine Growth Factor Rev (2018) 42 5–12. doi: 10.1016/j.cytogfr.2018.02.004

86. Eberl, G, Marmon, S, Sunshine, MJ, Rennert, PD, Choi, Y, and Littman, DR. An Essential Function for the Nuclear Receptor RORgamma(t) in the Generation of Fetal Lymphoid Tissue Inducer Cells. Nat Immunol (2004) 5(1):64–73. doi: 10.1038/ni1022

87. Onder, L, Mörbe, U, Pikor, N, Novkovic, M, Cheng, HW, Hehlgans, T, et al. Lymphatic Endothelial Cells Control Initiation of Lymph Node Organogenesis. Immunity (2017) 47(1):80–92.e84. doi: 10.1016/j.immuni.2017.05.008

88. Eisenring, M, vom Berg, J, Kristiansen, G, Saller, E, and Becher, B. Il-12 Initiates Tumor Rejection Via Lymphoid Tissue-Inducer Cells Bearing the Natural Cytotoxicity Receptor Nkp46. Nat Immunol (2010) 11(11):1030–8. doi: 10.1038/ni.1947

89. Shields, JD, Kourtis, IC, Tomei, AA, Roberts, JM, and Swartz, MA. Induction of Lymphoidlike Stroma and Immune Escape by Tumors That Express the Chemokine CCL21. Science (2010) 328(5979):749–52. doi: 10.1126/science.1185837

90. Crome, SQ, Nguyen, LT, Lopez-Verges, S, Yang, SY, Martin, B, Yam, JY, et al. A Distinct Innate Lymphoid Cell Population Regulates Tumor-Associated T Cells. Nat Med (2017) 23(3):368–75. doi: 10.1038/nm.4278

91. Cao, Q, Wang, R, Wang, Y, Niu, Z, Chen, T, Wang, C, et al. Regulatory Innate Lymphoid Cells Suppress Innate Immunity and Reduce Renal Ischemia/Reperfusion Injury. Kidney Int (2020) 97(1):130–42. doi: 10.1016/j.kint.2019.07.019

92. O’Connor, MH, Muir, R, Chakhtoura, M, Fang, M, Moysi, E, Moir, S, et al. A Follicular Regulatory Innate Lymphoid Cell Population Impairs Interactions Between Germinal Center Tfh and B Cells. Commun Biol (2021) 4(1):563. doi: 10.1038/s42003-021-02079-0

93. Sun, JC, Beilke, JN, and Lanier, LL. Adaptive Immune Features of Natural Killer Cells. Nature (2009) 457(7229):557–61. doi: 10.1038/nature07665

94. Rapp, M, Wiedemann, GM, and Sun, JC. Memory Responses of Innate Lymphocytes and Parallels With T Cells. Semin Immunopathol (2018) 40(4):343–55. doi: 10.1007/s00281-018-0686-9

95. Netea, MG, Domínguez-Andrés, J, Barreiro, LB, Chavakis, T, Divangahi, M, Fuchs, E, et al. Defining Trained Immunity and Its Role in Health and Disease. Nat Rev Immunol (2020) 20(6):375–88. doi: 10.1038/s41577-020-0285-6

96. Cooper, MA, Elliott, JM, Keyel, PA, Yang, L, Carrero, JA, and Yokoyama, WM. Cytokine-Induced Memory-Like Natural Killer Cells. Proc Natl Acad Sci USA (2009) 106(6):1915–9. doi: 10.1073/pnas.0813192106

97. Burgess, SL, Buonomo, E, Carey, M, Cowardin, C, Naylor, C, Noor, Z, et al. Bone Marrow Dendritic Cells From Mice With an Altered Microbiota Provide Interleukin 17A-Dependent Protection Against Entamoeba Histolytica Colitis. mBio (2014) 5(6):e01817. doi: 10.1128/mBio.01817-14

98. Thiem, K, Keating, ST, Netea, MG, Riksen, NP, Tack, CJ, van Diepen, J, et al. Hyperglycemic Memory of Innate Immune Cells Promotes In Vitro Proinflammatory Responses of Human Monocytes and Murine Macrophages. J Immunol (2021) 206(4):807–13. doi: 10.4049/jimmunol.1901348

99. Gumá, M, Angulo, A, Vilches, C, Gómez-Lozano, N, Malats, N, and López-Botet, M. Imprint of Human Cytomegalovirus Infection on the NK Cell Receptor Repertoire. Blood (2004) 104(12):3664–71. doi: 10.1182/blood-2004-05-2058

100. Gumá, M, Budt, M, Sáez, A, Brckalo, T, Hengel, H, Angulo, A, et al. Expansion of CD94/NKG2C+ NK Cells in Response to Human Cytomegalovirus-Infected Fibroblasts. Blood (2006) 107(9):3624–31. doi: 10.1182/blood-2005-09-3682

101. O’Leary, JG, Goodarzi, M, Drayton, DL, and von Andrian, UH. T Cell- and B Cell-Independent Adaptive Immunity Mediated by Natural Killer Cells. Nat Immunol (2006) 7(5):507–16. doi: 10.1038/ni1332

102. Yoshida, K, Maekawa, T, Zhu, Y, Renard-Guillet, C, Chatton, B, Inoue, K, et al. The Transcription Factor ATF7 Mediates Lipopolysaccharide-Induced Epigenetic Changes in Macrophages Involved in Innate Immunological Memory. Nat Immunol (2015) 16(10):1034–43. doi: 10.1038/ni.3257

103. Hole, CR, Wager, CML, Castro-Lopez, N, Campuzano, A, Cai, H, Wozniak, KL, et al. Induction of Memory-Like Dendritic Cell Responses In Vivo. Nat Commun (2019) 10(1):2955. doi: 10.1038/s41467-019-10486-5

104. Moorlag, S, Rodriguez-Rosales, YA, Gillard, J, Fanucchi, S, Theunissen, K, Novakovic, B, et al. BCG Vaccination Induces Long-Term Functional Reprogramming of Human Neutrophils. Cell Rep (2020) 33(7):108387. doi: 10.1016/j.celrep.2020.108387

105. Weizman, O-E, Song, E, Adams, NM, Hildreth, AD, Riggan, L, Krishna, C, et al. Mouse Cytomegalovirus-Experienced ILC1s Acquire a Memory Response Dependent on the Viral Glycoprotein M12. Nat Immunol (2019) 20(8):1004–11. doi: 10.1038/s41590-019-0430-1

106. Wang, X, Peng, H, Cong, J, Wang, X, Lian, Z, Wei, H, et al. Memory Formation and Long-Term Maintenance of IL-7Rα+ ILC1s Via a Lymph Node-Liver Axis. Nat Commun (2018) 9(1):4854. doi: 10.1038/s41467-018-07405-5

107. Martinez-Gonzalez, I, Mathä, L, Steer, CA, Ghaedi, M, Poon, GF, and Takei, F. Allergen-Experienced Group 2 Innate Lymphoid Cells Acquire Memory-like Properties and Enhance Allergic Lung Inflammation. Immunity (2016) 45(1):198–208. doi: 10.1016/j.immuni.2016.06.017

108. Netea, MG, Joosten, LA, Latz, E, Mills, KH, Natoli, G, Stunnenberg, HG, et al. Trained Immunity: A Program of Innate Immune Memory in Health and Disease. Science (2016) 352(6284):aaf1098. doi: 10.1126/science.aaf1098

109. Lau, CM, Adams, NM, Geary, CD, Weizman, O-E, Rapp, M, Pritykin, Y, et al. Epigenetic Control of Innate and Adaptive Immune Memory. Nat Immunol (2018) 19(9):963–72. doi: 10.1038/s41590-018-0176-1

110. Luetke-Eversloh, M, Hammer, Q, Durek, P, Nordström, K, Gasparoni, G, Pink, M, et al. Human Cytomegalovirus Drives Epigenetic Imprinting of the IFNG Locus in NKG2Chi Natural Killer Cells. PloS Pathog (2014) 10(10):e1004441. doi: 10.1371/journal.ppat.1004441

111. Rasid, O, Chevalier, C, Camarasa, TM, Fitting, C, Cavaillon, JM, and Hamon, MA. H3k4me1 Supports Memory-Like NK Cells Induced by Systemic Inflammation. Cell Rep (2019) 29(12):3933–3945.e3933. doi: 10.1016/j.celrep.2019.11.043

112. Ostuni, R, and Natoli, G. Lineages, Cell Types and Functional States: A Genomic View. Curr Opin Cell Biol (2013) 25(6):759–64. doi: 10.1016/j.ceb.2013.07.006

113. Zawislak, CL, Beaulieu, AM, Loeb, GB, Karo, J, Canner, D, Bezman, NA, et al. Stage-Specific Regulation of Natural Killer Cell Homeostasis and Response Against Viral Infection by Microrna-155. Proc Natl Acad Sci USA (2013) 110(17):6967–72. doi: 10.1073/pnas.1304410110

114. Seeley, JJ, Baker, RG, Mohamed, G, Bruns, T, Hayden, MS, Deshmukh, SD, et al. Induction of Innate Immune Memory Via microRNA Targeting of Chromatin Remodelling Factors. Nature (2018) 559(7712):114–9. doi: 10.1038/s41586-018-0253-5

115. Domínguez-Andrés, J, Joosten, LA, and Netea, MG. Induction of Innate Immune Memory: The Role of Cellular Metabolism. Curr Opin Immunol (2019) 56:10–6. doi: 10.1016/j.coi.2018.09.001

116. Ferreira, AV, Domiguéz-Andrés, J, and Netea, MG. The Role of Cell Metabolism in Innate Immune Memory. J Innate Immun (2020), 14(1):42–50. doi: 10.1159/000512280

117. Cichocki, F, Wu, C-Y, Zhang, B, Felices, M, Tesi, B, Tuininga, K, et al. ARID5B Regulates Metabolic Programming in Human Adaptive NK Cells. J Exp Med (2018) 215(9):2379–95. doi: 10.1084/jem.20172168

118. Yáñez, A, Goodridge, HS, Gozalbo, D, and Gil, ML. Tlrs Control Hematopoiesis During Infection. Eur J Immunol (2013) 43(10):2526–33. doi: 10.1002/eji.201343833

119. Burgess, DJ. Epigenetics: H3K27 Methylation in Transgenerational Epigenetic Memory. Nat Rev Genet (2014) 15(11):703. doi: 10.1038/nrg3848

120. Kaufmann, E, Sanz, J, Dunn, JL, Khan, N, Mendonça, LE, Pacis, A, et al. BCG Educates Hematopoietic Stem Cells to Generate Protective Innate Immunity Against Tuberculosis. Cell (2018) 172(1-2):176–190.e119. doi: 10.1016/j.cell.2017.12.031

121. Natoli, G, and Ostuni, R. Adaptation and Memory in Immune Responses. Nat Immunol (2019) 20(7):783–92. doi: 10.1038/s41590-019-0399-9

122. Barker, DJ. The Fetal and Infant Origins of Disease. Eur J Clin Invest (1995) 25(7):457–63. doi: 10.1111/j.1365-2362.1995.tb01730.x

123. Gluckman, PD, Hanson, MA, Cooper, C, and Thornburg, KL. Effect of In Utero and Early-Life Conditions on Adult Health and Disease. N Engl J Med (2008) 359(1):61–73. doi: 10.1056/NEJMra0708473

124. Ayyavoo, A, Savage, T, Derraik, JGB, Hofman, PL, and Cutfield, WS. First-Born Children Have Reduced Insulin Sensitivity and Higher Daytime Blood Pressure Compared to Later-Born Children. J Clin Endocrinol Metab (2013) 98(3):1248–53. doi: 10.1210/jc.2012-3531

125. Bohn, C, Vogel, M, Poulain, T, Spielau, U, Hilbert, C, Kiess, W, et al. Birth Weight Increases With Birth Order Despite Decreasing Maternal Pregnancy Weight Gain. Acta Paediatr (2021) 110(4):1218–24. doi: 10.1111/apa.15598

126. Dhingra, S, and Pingali, PL. Effects of Short Birth Spacing on Birth-Order Differences in Child Stunting: Evidence From India. Proc Natl Acad Sci USA (2021) 118(8):e2017834118. doi: 10.1073/pnas.2017834118

127. Nilsson, PM, Sundquist, J, Sundquist, K, and Li, X. Sibling Rank and Sibling Number in Relation to Cardiovascular Disease and Mortality Risk: A Nationwide Cohort Study. BMJ Open (2021) 11(6):e042881. doi: 10.1136/bmjopen-2020-042881

128. Thiele, K, Ahrendt, LS, Hecher, K, and Arck, PC. The Mnemonic Code of Pregnancy: Comparative Analyses of Pregnancy Success and Complication Risk in First and Second Human Pregnancies. J Reprod Immunol (2019) 134-135:11–20. doi: 10.1016/j.jri.2019.06.003

129. Côté, K, Blanchard, R, and Lalumière, ML. The Influence of Birth Order on Birth Weight: Does the Sex of Preceding Siblings Matter? J Biosoc Sci (2003) 35(3):455–62. doi: 10.1017/s0021932003004553

130. Hernández-Díaz, S, Toh, S, and Cnattingius, S. Risk of Pre-Eclampsia in First and Subsequent Pregnancies: Prospective Cohort Study. BMJ (2009) 338:b2255. doi: 10.1136/bmj.b2255

131. Shah, PS. Parity and Low Birth Weight and Preterm Birth: A Systematic Review and Meta-Analyses. Acta Obstet Gynecol Scand (2010) 89(7):862–75. doi: 10.3109/00016349.2010.486827

132. Wallace, JM, Bhattacharya, S, Campbell, DM, and Horgan, GW. Inter-Pregnancy Weight Change Impacts Placental Weight and Is Associated With the Risk of Adverse Pregnancy Outcomes in the Second Pregnancy. BMC Pregnancy Childbirth (2014) 14:40. doi: 10.1186/1471-2393-14-40

133. Zhang, J, Chen, Z, Smith, GN, and Croy, BA. Natural Killer Cell-Triggered Vascular Transformation: Maternal Care Before Birth? Cell Mol Immunol (2011) 8(1):1–11. doi: 10.1038/cmi.2010.38

134. Fu, B, Zhou, Y, Ni, X, Tong, X, Xu, X, Dong, Z, et al. Natural Killer Cells Promote Fetal Development Through the Secretion of Growth-Promoting Factors. Immunity (2017) 47(6):1100–1113.e1106. doi: 10.1016/j.immuni.2017.11.018

135. Khong, TY, Adema, ED, and Erwich, JJ. On an Anatomical Basis for the Increase in Birth Weight in Second and Subsequent Born Children. Placenta (2003) 24(4):348–53. doi: 10.1053/plac.2002.0922

136. Prefumo, F, Ganapathy, R, Thilaganathan, B, and Sebire, NJ. Influence of Parity on First Trimester Endovascular Trophoblast Invasion. Fertil Steril (2006) 85(4):1032–6. doi: 10.1016/j.fertnstert.2005.09.055

137. Robillard, PY, Hulsey, TC, Périanin, J, Janky, E, Miri, EH, and Papiernik, E. Association of Pregnancy-Induced Hypertension With Duration of Sexual Cohabitation Before Conception. Lancet (1994) 344(8928):973–5. doi: 10.1016/s0140-6736(94)91638-1

138. Dekker, G. The Partner’s Role in the Etiology of Preeclampsia. J Reprod Immunol (2002) 57(1-2):203–15. doi: 10.1016/s0165-0378(02)00039-6

139. Klonoff-Cohen, HS, Savitz, DA, Cefalo, RC, and McCann, MF. An Epidemiologic Study of Contraception and Preeclampsia. Jama (1989) 262(22):3143–7. doi: 10.1001/jama.262.22.3143

140. Salha, O, Sharma, V, Dada, T, Nugent, D, Rutherford, AJ, Tomlinson, AJ, et al. The Influence of Donated Gametes on the Incidence of Hypertensive Disorders of Pregnancy. Hum Reprod (1999) 14(9):2268–73. doi: 10.1093/humrep/14.9.2268

141. Kho, EM, McCowan, LM, North, RA, Roberts, CT, Chan, E, Black, MA, et al. Duration of Sexual Relationship and Its Effect on Preeclampsia and Small for Gestational Age Perinatal Outcome. J Reprod Immunol (2009) 82(1):66–73. doi: 10.1016/j.jri.2009.04.011

142. Saftlas, AF, Rubenstein, L, Prater, K, Harland, KK, Field, E, and Triche, EW. Cumulative Exposure to Paternal Seminal Fluid Prior to Conception and Subsequent Risk of Preeclampsia. J Reprod Immunol (2014) 101-102:104–10. doi: 10.1016/j.jri.2013.07.006

143. Díaz-Hernández, I, Alecsandru, D, García-Velasco, JA, and Domínguez, F. Uterine Natural Killer Cells: From Foe to Friend in Reproduction. Hum Reprod Update (2021) 27(4):720–46. doi: 10.1093/humupd/dmaa062

144. Goldman-Wohl, D, Gamliel, M, Mandelboim, O, and Yagel, S. Learning From Experience: Cellular and Molecular Bases for Improved Outcome in Subsequent Pregnancies. Am J Obstet Gynecol (2019) 221(3):183–93. doi: 10.1016/j.ajog.2019.02.037

145. Kieffer, TEC, Laskewitz, A, Scherjon, SA, Faas, MM, and Prins, JR. Memory T Cells in Pregnancy. Front Immunol (2019) 10:625. doi: 10.3389/fimmu.2019.00625

146. King, A, Allan, DS, 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

147. Coupel, S, Moreau, A, Hamidou, M, Horejsi, V, Soulillou, JP, and Charreau, B. Expression and Release of Soluble HLA-E Is an Immunoregulatory Feature of Endothelial Cell Activation. Blood (2007) 109(7):2806–14. doi: 10.1182/blood-2006-06-030213

148. Li, C, Houser, BL, Nicotra, ML, and Strominger, JL. HLA-G Homodimer-Induced Cytokine Secretion Through HLA-G Receptors on Human Decidual Macrophages and Natural Killer Cells. Proc Natl Acad Sci USA (2009) 106(14):5767–72. doi: 10.1073/pnas.0901173106

149. Huang, X, Wang, L, Zhao, S, Liu, H, Chen, S, Wu, L, et al. Pregnancy Induces an Immunological Memory Characterized by Maternal Immune Alterations Through Specific Genes Methylation. Front Immunol (2021) 12:686676. doi: 10.3389/fimmu.2021.686676

150. 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

151. Ganal, SC, Sanos, SL, Kallfass, C, Oberle, K, Johner, C, Kirschning, C, et al. Priming of Natural Killer Cells by Nonmucosal Mononuclear Phagocytes Requires Instructive Signals From Commensal Microbiota. Immunity (2012) 37(1):171–86. doi: 10.1016/j.immuni.2012.05.020

152. Benner, M, Ferwerda, G, Joosten, I, and van der Molen, RG. How Uterine Microbiota Might Be Responsible for a Receptive, Fertile Endometrium. Hum Reprod Update (2018) 24(4):393–415. doi: 10.1093/humupd/dmy012

153. Feyaerts, D, van der Meer, A, Joosten, I, and van der Molen, RG. Selective Expansion and CMV-dependency in Pregnancy Trained Human Endometrial NK Cells. Cell Mol Immunol (2019) 16(4):410–1. doi: 10.1038/s41423-018-0193-x

154. Paust, S, Gill, HS, Wang, BZ, Flynn, MP, Moseman, EA, Senman, B, et al. Critical Role for the Chemokine Receptor CXCR6 in NK Cell-Mediated Antigen-Specific Memory of Haptens and Viruses. Nat Immunol (2010) 11(12):1127–35. doi: 10.1038/ni.1953

155. Buffen, K, Oosting, M, Quintin, J, Ng, A, Kleinnijenhuis, J, Kumar, V, et al. Autophagy Controls BCG-induced Trained Immunity and the Response to Intravesical BCG Therapy for Bladder Cancer. PloS Pathog (2014) 10(10):e1004485. doi: 10.1371/journal.ppat.1004485

156. Stensballe, LG, Nante, E, Jensen, IP, Kofoed, PE, Poulsen, A, Jensen, H, et al. Acute Lower Respiratory Tract Infections and Respiratory Syncytial Virus in Infants in Guinea-Bissau: A Beneficial Effect of BCG Vaccination for Girls Community Based Case-Control Study. Vaccine (2005) 23(10):1251–7. doi: 10.1016/j.vaccine.2004.09.006

157. Arts, RJW, Moorlag, S, Novakovic, B, Li, Y, Wang, SY, Oosting, M, et al. BCG Vaccination Protects Against Experimental Viral Infection in Humans Through the Induction of Cytokines Associated With Trained Immunity. Cell Host Microbe (2018) 23(1):89–100.e105. doi: 10.1016/j.chom.2017.12.010

158. Nemes, E, Geldenhuys, H, Rozot, V, Rutkowski, KT, Ratangee, F, Bilek, N, et al. Prevention of M. Tuberculosis Infection With H4:IC31 Vaccine or BCG Revaccination. N Engl J Med (2018) 379(2):138–49. doi: 10.1056/NEJMoa1714021

159. Walk, J, de Bree, LCJ, Graumans, W, Stoter, R, van Gemert, GJ, van de Vegte-Bolmer, M, et al. Outcomes of Controlled Human Malaria Infection After BCG Vaccination. Nat Commun (2019) 10(1):874. doi: 10.1038/s41467-019-08659-3

160. Dang, Y, Souchet, C, Moresi, F, Jeljeli, M, Raquillet, B, and Nicco, C. BCG-Trained Innate Immunity Leads to Fetal Growth Restriction by Altering Immune Cell Profile in the Mouse Developing Placenta. J Leukoc Biol (2022) 111(5) 1009–20. doi: 10.1002/JLB.4A0720-458RR




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


OEBPS/Images/fimmu-13-824263-g002.jpg
1+ pregnancy m 2" pregnancy
-9 9

Q\" vy, szt
® ig''@®
m

- & ® &
e

Differentiation

Coeo==C€0O0O©O

uNK cell

ca

nc3

. Trophoblast

NKG2C

LILRB1

HLA-E

HLA-G

IFNy
VEGFa

CXCR6






OEBPS/Images/fimmu-13-824263-g001.jpg
dNK cells

ILC1s

ILC2s

ILC3s

LTi cells

TNF

Transcription Surface Secreted Presence in Memory
Factors Markers Mediators the uterus properties
CD56* CD16~ CD9* CD49a* IL-1B, IL-4, IL-6, IL-8, IL-10,
Eomes CD69+CD94* KIR2DL1? IL-13, GM-CSF, IFNy, Endometrium Yes
T-bet KIR2D2/3* KIR2DL4* KIR2DS1* RANTES, TNF, Angl, Ang2, Early decidua (Human pregnancy)
KIR2DS4* NKG2A/C/D/E* VEGFc, PIGF, TGFB1, TNF, Term decidua PIEEnancy,
NKp44* NKp46* MIP-1a, MIP-1B
clLCl1s: CD56-CD94-CD117-
Tbet CD127*NKp44- IFNy, TNFa, TGB-$ IL-2, Early Decidua Yes
IL-4, GM-CSF Term Decidua (Mouse pregnancy)
: iplLC1s: CD56* CD103*
BAIAS CD127* CD161* CRTH2* IL-4, IL-5, IL-9, IL-13 ERCOMELH, Yes
ROR«a Term Decidua
NCR* CD56* CD117* CD94~
AhR CD127* CTRH2" NKp44* NKp46* IL-8, IL-17, IL-22, Endometrium ,
CD94~ CTRH2™ NKp44-
‘ RORyt CD117* CD127* CTRH2- LT, Al=22, L, Decidua ?





OEBPS/Images/fimmu.2022.824263_cover.jpg
’ frontiers l Frontiers in Immunology

Emerging Concepts in Innate
Lymphoid Cells, Memory, and
Reproduction





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Emerging Concepts in Innate Lymphoid Cells, Memory, and Reproduction

      

        		

          Introduction

        



        		

          Characteristics, Functions, and Distribution of ILCs

        



        		

          NK Cells

        



        		

          ILC1s

        



        		

          ILC2s

        



        		

          ILC3s

        



        		

          LTi Cells

        



        		

          ILCregs

        



        		

          Innate Immune Memory

        



        		

          Mechanisms Regulating Innate Immune Memory

        



        		

          Innate Immune Memory and Reproduction

        



        		

          Innate Immune Memory, Microorganisms, and Reproduction

        



        		

          Concluding Remarks

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





