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Abstract

:

The biologically significant phenomenon that the fetus can survive immune attacks from the mother has been demonstrated in mammals. The survival mechanism depends on the fetus and placenta actively defending themselves against attacks by maternal T cells, achieved through the localized depletion of the amino acid L-tryptophan by an enzyme called indoleamine 2,3-dioxygenase. These findings were entirely unexpected and pose important questions regarding diseases related to human pregnancy and their prevention during human pregnancy. Specifically, the role of this mechanism, as discovered in mice, in humans remains unknown, as does the extent to which impaired activation of this process contributes to major clinical diseases in humans. We have, thus, elucidated several key aspects of this enzyme expressed in the human placenta both in normal and abnormal human pregnancy. The questions addressed in this brief review are as follows: (1) localization and characteristics of human placental indoleamine 2,3-dioxygenas; (2) overall tryptophan catabolism in human pregnancy and a comparison of indoleamine 2,3-dioxygenase expression levels between normal and pre-eclamptic pregnancy; (3) controlling trophoblast invasion by indoleamine 2,3-dioxygenase and its relation to the pathogenesis of placenta accrete spectrum.
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1. Introduction


The enzyme indoleamine 2,3-dioxygenase (IDO) (EC 1.13.11.42), widely expressed in a variety of tissues of mammals, catalyzes the oxidative cleavage of the essential amino acid L-tryptophan [1]. One tissue with particularly high activity is the human placenta [2]. With regard to the role of placental IDO, Munn et al. established the hypothesis in mouse that expression of this enzyme at the maternal–fetal interface regulates the maternal immune response to the fetal allograft and prevents its immunological rejection [3]. We showed that the same mechanism is available at the maternal–fetal interface of human pregnancy as in mice [4]. Thus, IDO-mediated localized depletion of tryptophan in human pregnancy can regulate proliferation of human peripheral blood mononuclear cells at the maternal–fetal interface [5].



The maternal syndrome of pre-eclampsia is a major complication of human pregnancy with significant morbidity and mortality. Although the cause of pre-eclampsia is still unknown, there is strong evidence linking the clinical condition to abnormalities in placental development, leading to increased oxidative stress [6,7] and dysfunction in maternal endothelial cells [8]. In addition to endothelial dysfunction, systemic activation of maternal inflammatory cell populations has been observed [9]. Munn et al.’s hypothesis suggests that placental IDO suppresses the maternal immune response against the fetus by depleting tryptophan at the maternal–fetal interface. It is possible to suggest that alterations in IDO activity or levels in the placenta may be involved in the pathogenesis of pre-eclampsia.



Placenta accreta spectrum (PAS) is a serious complication of pregnancy in which trophoblasts invade the myometrial layer. In normal implantation, trophoblast invasion into the maternal tissue is thought to be controlled by mechanisms in the decidual layer [10]. Immune cells, including macrophages and uterine natural killer cells, colonize the decidua and have been thought to be involved in the control of trophoblast invasion [11]. It has been suggested that tryptophan depletion by IDO expressed in decidual macrophages may be involved in inducing apoptosis of extravillous cytotrophoblast cells and controlling trophoblast invasion [12].



IDO is being investigated for its involvement not only in reproductive biology but also in various pathophysiological conditions of medical importance, such as inflammatory and autoimmune diseases, infectious diseases, neuropathology, cancer, and organ transplantation [13,14,15,16]. This brief review aims to focus on discussing the expression of IDO in the human placenta and its involvement in normal and abnormal human pregnancy.




2. Indoleamine 2,3-Dioxygenase (IDO)


The enzyme IDO is a heme-containing protein that catalyzes the oxidative cleavage of the pyrrole ring of the indole nucleus of various indoleamines derivatives (e.g., tryptophan, 5-hydroxytryptophan, tryptamine and serotonin) (Figure 1) upon the insertion of two oxygen atoms of molecular oxygen [1]. IDO is widely expressed in a variety of tissues of mammals such as rabbit [17], rat [18], mouse [19], and humans [2]. One tissue with particularly high activity is the human placenta [2]. Although the precise physiological roles of IDO are still unknown, the enzyme is induced under pathological conditions including virus infection [20], parasitic infestation [21], and tumor transplantation into allogenic animals [22,23], resulting in the rapid degradation of tryptophan to kynurenine in the infected or the tumor cells. Interferon-γ, which has potent immunomodulatory and antiproliferative effects, strongly induces the expression of the gene encoding IDO [24]. The antiproliferative effect of interferon-γ on tumor cells and its inhibitory effect on intracellular pathogens are thought to be, at least in part, due to the depletion of the essential amino acid L-tryptophan following induction of IDO.



A novel IDO isozyme has been identified and designated as indoleamine 2,3-dioxygenase-2 (IDO2) [25,26]. The original IDO is now referred to as indoleamine 2,3-dioxygenase-1 (IDO1). While these two proteins exhibit similar enzymatic activities, their distinct expression patterns within tissues suggest unique roles for each protein [25,27]. Due to the recent identification of IDO2, the physiological role of IDO has not been categorized into that of IDO1 and IDO2, and the term “IDO” in most published studies may imply a collective functional activity of IDO.



With regard to the role of placental IDO, Munn et al. [3] proposed the hypothesis that expression of this enzyme at the maternal–fetal interface is crucial to avoid immune rejection of the fetal allograft. To examine this hypothesis, they treated pregnant mice (carrying syngeneic or allogeneic fetuses) with 1-methyl-tryptophan (Figure 1), a pharmacological agent that inhibits IDO activity [28]. They observed that treating pregnant mice with the inhibitor resulted in rapid T cell-induced rejection of allogeneic concepti (but not syngeneic ones). However, fetal allograft rejection was not observed when RAG-1 (recombination activating gene 1)-deficient mothers, unable to develop lymphocytes, were treated with 1-methyl-tryptophan. They also demonstrated that adoptive transfer of splenocytes from genetically modified mice caused fetal allograft rejection in these mothers lacking lymphocytes. This rejection occurred when the cells specifically targeted a paternally inherited fetal MHC class I alloantigen. They next showed that massive deposition of complement and hemorrhagic necrosis occurred at the maternal–fetal interface when pregnant mice carrying an allogeneic fetus were exposed to 1-methyl-tryptophan and that this inflammation is driven by T cell recognition of fetal antigens [29]. Moreover, this complement deposition and fetal allograft rejection occurred in the absence of maternal B cells, suggesting that complement activation was antibody-independent. Thus, by catabolizing tryptophan, the mouse conceptus suppresses T cell activity and defends itself against rejection. However, several issues arise from their hypothesis, such as how the developing fetus is well supplied with tryptophan when cells at the maternal–fetal interface degrade it. It is possible that IDO-mediated tryptophan catabolism may produce an immunosuppressive metabolite. Quinolinic acid, for example, is a potent neuroexcitatory toxin that putatively could serve as a mediator of cell destruction in a variety of neurodegenerative disorders [30]. Additionally, IDO-mediated tryptophan catabolism consumes oxygen radicals [1] and this might influence T cell responsiveness.



In human tissue, IDO is detectable immunohistochemically from day 6 human blastocysts and thereafter throughout pregnancy in syncytiotrophoblasts, cytotrophoblasts, and macrophages in the villous stroma and in the fetal membranes [4]. Other tryptophan catabolizing enzymes in humans are tryptophan 2,3-dioxygenase (EC 1.13.11.11) and tryptophan hydroxylase (EC 1.14.16.4) (Figure 2). Tryptophan 2,3-dioxygenase is found only in the liver and is induced by administration of tryptophan. Tryptophan hydroxylase, which is expressed by neuronal cells of the brain and adrenal gland, is the first step in the synthesis pathway for serotonin and its derivatives.




3. Paradox of Immunological Tolerance toward the Fetus during Pregnancy


It is recognized as paradoxical that a genetically different mammalian conceptus, expressing both paternal and maternal gene products, evades any maternal immune response during pregnancy. Medawar [31] proposed three hypotheses to explain this paradox of maternal immunological tolerance to the fetus: anatomical separation of mother and fetus, antigenic immaturity of the fetus, and suppression or modification of the maternal immune system. The first two hypotheses cannot fully explain fetal allograft survival, as the maternal–fetal interface is not an absolute barrier and fetal cells can migrate into the maternal circulation [32]. The second hypothesis is also nearly ruled out because both fetal and placental cells express major histocompatibility complex molecules (MHCs) [33,34]. Therefore, major interest has been focused on the third mechanism, where the survival of the genetically different fetus depends on active defense by the fetus and placenta against attack by maternal immune cells. The following are among the processes proposed which allow the maternal immune system to be tolerant of the fetal allograft. Progesterone, which is synthesized at high rates in the placenta, has been shown to reduce the immune response [35]. Immunosuppressive molecules may be expressed on the placental surface, e.g., the nonclassical MHC class I antigen human leukocyte antigen (HLA)-G is expressed by the syncytiotrophoblast. Binding of natural killer cells to this molecule may downregulate its activity [36], e.g., the Fas ligand (or CD95 ligand) expressed on the surface of the syncytiotrophoblast induces the apoptosis of activated T cell by binding to its Fas receptor (or CD95) [37,38]. It has also been suggested that the population of helper T cells, namely, Th1 and Th2 balance, has an implication for maintaining normal pregnancy which is chiefly viewed as Th2-type T helper cell response predominant [39,40]. Munn et al. [3] added IDO as a new candidate to the list of potential immunosuppressive mechanisms in pregnancy. These authors’ hypothesis is that in the mouse, the expression of IDO, a major tryptophan-catabolizing enzyme, in the placenta is crucial to prevent immunological rejection of the fetal allograft. They suggested that T cells are inhibited by a mechanism involving IDO-dependent localized depletion of tryptophan at the site of placentation.



However, it seems likely that by themselves, none of these mechanisms will be sufficient to explain the maternal immune tolerance to the allogeneic fetus. Integration of these and other mechanisms is almost certainly required for the success of mammalian viviparity.




4. Localization and Characterization of Human Placental IDO


We have previously demonstrated that in the first trimester, placenta immunohistochemical staining for IDO was found in syncytiotrophoblast, extravillous cytotrophoblast and macrophages in the villous stroma [4]. Staining was also seen in the glandular epithelium and stromal cells of the first trimester decidua [41]. Sedlmayer et al. [42] also found IDO to be strongly expressed in the glandular epithelium with some positive cells in the decidual stroma. They did, however, find that staining of the syncytiotrophoblast was comparatively rare. Interestingly, both of these studies used the same monoclonal antibody as IDO [43]. The question of trophoblastic expression of IDO has been a continuous controversial issue.



As mentioned above, a novel IDO isozyme was identified and assigned the name IDO2, while the original IDO is referred to as IDO1 [25,26]. We therefore mapped the immunohistochemical distribution of the IDO1 and IDO2 proteins at the human maternal–fetal interface using a rare early pregnancy sample from a women at seven weeks of gestation who underwent hysterectomy for cervical cancer with gestational sac in utero [44].



Obvious expression of IDO1 and IDO2 is seen at the maternal–fetal interface in the seven-week placenta (Figure 3). There is strong expression of IDO1 on the glandular epithelium, endothelium of spiral artery, and on CD68-positive macrophages in the decidua with little immunopositivity in the villous core (fetal vessel endothelial cells). The cellular expression of IDO2 shows obvious syncytiotrophoblastic expression. The results of the immunohistochemistry mentioned above were obtained using the antibody to either human IDO1 or IDO2 raised against a recombinant protein for each enzyme, respectively. The previous studies, including ours, were conducted before discovery of IDO2, and the authors used the monoclonal antibody to IDO prepared by Takikawa et al. [43] for immunohistochemical analysis [4,42,45,46]. Since Takikawa’s antibody to human IDO was raised by using human IDO protein purified from human placenta, it is possible that this antibody may react with both IDO1 and IDO2 proteins, potentially accounting for the discrepant result described above.



Expression of IDO2 in syncytiotrophoblasts is also confirmed functionally by immunohistochemistry of kynurenine. Kynurenine is the immediate downstream product of IDO-mediated tryptophan catabolism. Immunostaining for kynurenine is found in the syncytiotrophoblast and in the glandular epithelium and some cells (extravillous cytotrophoblasts) in the decidua. This kynurenine immunoreactivity has essentially the same localization as that of IDO1 and IDO2, indicating that the IDO proteins appear to be functional enzymes. Interferon-γ added to placental villous explant culture markedly stimulated expression level of both mRNA and immunoreactivity of IDO1. In contrast, IFN-γ showed no stimulatory effect on both mRNA expression level and immunoreactivity of IDO2 [44].




5. Tryptophan Catabolism by Placental IDO in Human Pregnancy: A Comparison of Normal Pregnancy and Pre-Eclampsia


In healthy pregnant women tryptophan concentration in blood declines progressively as a function of gestational age, and the decrease has been postulated to be related to the maternal immune response to the fetus [47,48]. Considering that the maternal syndrome of pre-eclampsia is distinguished by an excessive systemic inflammatory response induced by pregnancy [49], it is plausible that placental IDO may exhibit reduced efficacy in modulating local and, consequently, circulating tryptophan concentrations in these pregnancies. We investigated placental IDO activity and indices of tryptophan catabolism, specifically the ratios of the IDO product (plasma kynurenine) to substrate (plasma tryptophan), in pregnant women with and without pre-eclampsia, as well as in nonpregnant women of reproductive age [50].



Table 1 summarizes the results of high-performance liquid chromatography analysis of tryptophan and kynurenine concentrations in plasma. Samples from 12 women with pre-eclampsia, 12 appropriately matched women with normal pregnancy, and 9 healthy nonpregnant women were studied. Pre-eclampsia was defined as new hypertension (diastolic > 90 mmHg) accompanied by new proteinuria after 20 weeks of gestation. The normal pregnant and pre-eclamptic women were well matched for age, parity, and gestation age. The concentrations of plasma tryptophan were significantly lower in pregnant women compared to nonpregnant women, regardless of their pregnancy status. Furthermore, women with normal pregnancies exhibited significantly lower tryptophan concentrations than those with pre-eclampsia. Plasma kynurenine concentrations showed the converse patterns; hence, the ratios of plasma kynurenine to tryptophan, an index of tryptophan catabolism, were significantly increased in normal pregnant women compared either to women who were not pregnant or to women with pre-eclampsia. The ratios of kynurenine to tryptophan for women with pre-eclampsia were not different from those for women who were not pregnant.



The IDO activities in fresh placental villous tissue were significantly lower in pre-eclampsia compared to normal pregnancy (normal pregnancy, 0.48 ± 0.06 nmol/mg protein/min; pre-eclampsia, 0.29 ± 0.04 nmol/mg protein/min). When villous tissue explants were cultured for 36 h with interferon-γ at 1000 unit mL−1 (the condition maximally stimulating IDO activity), both IDO activity (normal pregnancy, 1.58 ± 0.04; pre-eclampsia, 0.76 ± 0.14 nmol/mg protein/min) and the percentage stimulation (normal pregnancy, 329.1 ± 43.3; pre-eclampsia, 258.8 ± 48.3) were still significantly lower in villous tissue from pre-eclampsia than was found for tissue from normal pregnancy. Consequently tryptophan concentration in the conditioned medium was higher when culture had been conducted using villous tissue from pre-eclampsia as compared with that from normal pregnancy either in the presence or in the absence of interferon-γ. When peripheral blood mononuclear cells were cultured in the conditioned medium of villous tissue explants, inhibition of peripheral blood mononuclear cell proliferation activity was less with medium previously conditioned by culture of villous explants from pre-eclampsia [50]. These differences are more marked in media conditioned in the presence of interferon-γ. Flow cytometric analysis showed that proliferation of CD4 positive T helper lymphocytes is specifically suppressed by IDO-mediated tryptophan depletion [5].



The level of IDO mRNA expression was decreased by 44.2% in fresh villous tissue from pre-eclampsia compared with that from normal pregnancy [50]. The regulation of the IDO mRNA expression by interferon-γ in the pre-eclamptic placenta is also disturbed. Specifically, interferon-γ does not induce the expression of the gene in the same way as it does in normal pregnancies (normal pregnancy, 2.1-fold; pre-eclampsia, 1.7-fold), although in pre-eclampsia, interferon-γ does activate expression of other genes (i.e., signal transducer and activator of transcription1 and tryptophanyl-tRNA synthetase) normally. Signal transducer and activator of transcription1 is required for interferon-γ-dependent transcription [51], and tryptophanyl-tRNA synthetase expression is also induced by interferon-γ through the same pathway as IDO [52]. These observations specifically implicate the IDO gene in the etiology of pre-eclampsia. The results of sequencing of the IDO gene in babies from pre-eclamptic pregnancies show that sequences corresponding to the promoter region in which signal transducer and activator of transcription1 binding site, interferon-γ activation site [53], or interferon-stimulated response element [54] is present, and exon 1 to exon 10 of the human IDO gene [55] appear normal.




6. Placental IDO and Trophoblast Invasion: Implications for the Pathogenesis of PAS


In normal implantation, trophoblast invasion into the maternal tissue is thought to be controlled by mechanisms in the decidual layer [10]. During implantation, cytotrophoblast cells of chorionic villi contact the maternal decidua and differentiate into extravillous cytotrophoblast cells and invade across the maternal decidua as interstitial extravillous cytotrophoblasts. Factors responsible for regulating the extent of extravillous cytotrophoblast invasion are poorly understood [11]. In vitro experiments demonstrated that IDO expressed by macrophages have the potential to actively induce apoptosis in extravillous cytotrophoblast cells by IDO-mediated tryptophan depletion [12]. They suggested that tryptophan depletion by IDO expressed in decidual macrophages in vivo also may be involved in inducing apoptosis and controlling trophoblast invasion.



It is well recognized that a cesarean delivery is one of the predisposing factors for placental pathologies, including PAS, in subsequent pregnancies. Placental implantation at the site of a previous cesarean scar is an extremely serious complication of pregnancy in which trophoblasts invade the myometrial layer, resulting in placenta accreta and percreta. We therefore redefine in vivo IDO localization using a rare early pregnancy sample from a woman at 9 weeks of gestation who underwent hysterectomy for placental implantation on the scar of a previous cesarean section [56]. This case, thus, sheds light on the pathophysiology of placental implantation over a previous cesarean scar.



The section of this sample includes the placental–decidual interface as well as myometrial tissue, and at a scar of cesarean section, decidual tissue was disrupted between placental villous tissue and myometrium (Figure 4A). These were used for immunohistochemical analysis. IDO immunoreactivity was seen to be strongly expressed on the glandular epithelium in the decidua (Figure 4B(a)). Some IDO-positive cells were also seen in the decidual stroma, which are CD68-positive macrophages. HLA-G-positive extravillous cytotrophoblast cells were observed only within the decidua and they did not invade the myometrium; however, extravillous cytotrophoblast cells obviously invaded the myometrium at a site of cesarean scar where decidual tissue was not present (Figure 4B(b)).



To further confirm the possibility that IDO regulates trophoblast invasion, we conducted a co-culture experiment with trophoblast cells (HTR-8/SVneo cells) and cells (Ishikawa cells) that overexpressed IDO. This experiment utilized a transwell migration assay, involving two medium-filled chambers separated by a porous membrane. When trophoblast HTR-8 cells were co-cultured with cells overexpressing IDO, trophoblast migration was suppressed compared to when trophoblast cells were co-cultured with cells not expressing IDO. This co-culture experiment also suggests that IDO expressed in the decidua may be involved in controlling trophoblast invasion.




7. Conclusions


Experiments described in this short review were conducted to investigate the role of the placental enzyme IDO in normal and abnormal human pregnancy. We demonstrated the obvious expression of IDO1 and IDO2, a more recently identified novel isoform of IDO, at the human maternal–fetal interface at seven weeks of gestation obtained from hysterectomy for cervical cancer with a pregnancy in situ. The findings of our study, that the distribution of IDO2 are dissimilar to those of IDO1 at the human maternal–fetal interface, suggest involvement of IDO2 in normal human pregnancy. We would like to suggest that IDO2 expressed in the syncytiotrophoblasts is responsible for regulating maternal immune response to the fetal allograft at the maternal–fetal interface. That the IDO2 may be involved in immune evasion by tumor has also been suggested in tumor biology [26].



Our study showed that in pre-eclamptic placenta there is suppressed expression of placental IDO and its regulation by interferon-γ are disturbed. Consequently IDO-mediated inhibition of peripheral blood mononuclear cell proliferation activity is less in pre-eclampsia. In the peripheral blood of women with pre-eclampsia leukocyte (including lymphocyte) activation is known to be exaggerated compared with that in normal pregnancy [49,57]. These findings therefore provide evidence for a connection between abnormal regulation of the maternal inflammatory response in pre-eclampsia and disrupted IDO-mediated manipulation of tryptophan at the maternal-fetal interface. Flow cytometry analysis showed that it is CD4-positive lymphocytes which are specifically influenced by IDO-mediated tryptophan depletion [5]. Helper T cells are major source of cytokines and further subdivided into Th1 and Th2. Healthy pregnancy is chiefly regarded as Th2 dominant phenomena; a strong Th2 response is necessary to modify the Th1 cellular response in utero to reduce the risk of miscarriage [58]; Th1 is predominant in pre-eclamptic pregnancy [59]. It is possible to speculate that disturbed regulation of IDO by cytokines is related to abnormal setting of the pathway of T helper cell differentiation which is likely to underlie the abnormal inflammatory response in pre-eclampsia.



The reason for the reduced expression level of IDO in pre-eclamptic placenta has yet to be determined. However, it is probable that the elevated plasma tryptophan concentration in women with pre-eclampsia, along with tryptophan-dependent proliferation of lymphocytes, suggests a causative link between suppressed IDO expression and the exaggerated inflammatory response observed in this maternal syndrome. A proposal for the role of placental IDO in suppressing the maternal systemic inflammatory response during human pregnancy and in the pathogenesis of pre-eclampsia is illustrated in Figure 5 [50]. If the IDO-mediated mechanism were not present, the systemic inflammatory response would be exaggerated. In normal pregnancy, placental IDO suppresses this exaggerated inflammatory state to a normal level. However, in pre-eclampsia, decreased placental IDO activity is not sufficient to suppress the immune inflammatory response to the level found in normal pregnancy. These assumptions also raise the possibility that novel therapeutic interventions in pre-eclampsia might be effectively focused on manipulating plasma tryptophan concentration.



It has been suggested in an in vitro model that IDO-mediated tryptophan depletion induces apoptosis of extravillous trophoblast cells, thereby controlling trophoblast invasion and leading to normal placentation [12]. We have shown, using a cesarean scar pregnancy specimen, that IDO expressed in the decidua may control extravillous cytotrophoblast invasion at the site of implantation, and absence of its expression may be involved in the pathogenesis of over-invaded placenta [56]. We identified certain features of cesarean scar pregnancy that could help in understanding the mechanism of PAS. However, it is uncertain if cesarean scar pregnancy is representative of all PAS cases, as our data are based on a single case. Further research is required, but this case allowed us to add IDO to the list of mechanisms causing abnormal placental implantation.



Although there are still fundamental questions about the role of IDO in human pregnancy, we think that the data described in this short review by studying IDO expression at the maternal–fetal interface and its involvement in the pathogenesis of pre-eclampsia and PAS may help address some of these. The most straightforward experimental strategy to delineate the significance of IDO in mammalian reproductive physiology and the pathogenesis of pathological pregnancy might be the use of knockout animals for this enzyme. In humans, no nucleotide polymorphism of the gene encoding these enzymes has been reported; this needs to be studied, particularly in relation to pathological human pregnancy.







Funding


We are grateful to the Grant-in-Aid for Scientific Research (17K11238), Japan Society for the Promotion of Science for financial support.




Conflicts of Interest


The authors declare that we have no conflict of interest in connection with this paper.




References


	



Yoshida, R.; Hayaishi, O. Indoleamine 2,3-dioxygenase. Methods Enzymol. 1987, 142, 188–195. [Google Scholar] [PubMed]

	



Yamazaki, F.; Kuroiwa, T.; Takikawa, O.; Kido, R. Human indolylamine 2,3-dioxygenase. Its tissue distribution, and characterization of the placental enzyme. Biochem. J. 1985, 230, 635–638. [Google Scholar] [CrossRef] [PubMed]

	



Munn, D.H.; Zhou, M.; Attwood, J.T.; Bondarev, I.; Conway, S.J.; Marshall, B.; Brown, C.; Mellor, A.L. Prevention of allogeneic fetal rejection by tryptophan catabolism. Science 1998, 281, 1191–1193. [Google Scholar] [CrossRef] [PubMed]

	



Kudo, Y.; Boyd, C.A.R.; Spyropoulou, I.; Redman, C.W.G.; Takikawa, O.; Katsuki, T.; Hara, T.; Ohama, K.; Sargent, I. Indoleamine 2,3-dioxygenase: Distribution and function in the developing human placenta. J. Reprod. Immunol. 2004, 61, 87–98. [Google Scholar] [CrossRef] [PubMed]

	



Kudo, Y.; Boyd, C.A.R.; Sargent, I.L.; Redman, C.W.G. Tryptophan degradation by human placental indoleamine 2,3-dioxygenase regulates lymphocyte proliferation. J. Physiol. 2001, 535, 207–215. [Google Scholar] [CrossRef] [PubMed]

	



Pijnenborg, R.; Anthony, J.; Davey, D.A.; Rees, A.; Tiltman, A.; Vercruysse, L.; Van Assche, A.N.D.R.E. Placental bed spiral arteries in the hypertensive dis-orders of pregnancy. Br. J. Obstet. Gynaecol. 1991, 98, 648–655. [Google Scholar] [CrossRef] [PubMed]

	



Davidge, S.T. Oxidative stress and altered endothelial cell function in preeclampsia. Semin. Reprod. Med. 1998, 16, 65–73. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, J.M.; Taylor, R.N.; Musci, T.J.; Rodgers, G.M.; Hubel, C.A.; McLaughlin, M.K. Preeclampsia: An endothelial cell disorder. Am. J. Obstet. Gynecol. 1989, 161, 1200–1204. [Google Scholar] [CrossRef] [PubMed]

	



von Dadelszen, P.; Wilkins, T.; Redman, C.W. Maternal peripheral blood leukocytes in normal and pre-eclamptic pregnancies. Br. J. Obstet. Gynaecol. 1999, 106, 576–581. [Google Scholar] [CrossRef] [PubMed]

	



Jauniaux, E.; Collins, S.; Burton, G.J. Placenta accreta spectrum: Pathophysiology and evidence-based anatomy for prenatal ultra-sound imaging. Am. J. Obstet. Gynecol. 2018, 218, 75–87. [Google Scholar] [CrossRef]

	



Jauniaux, E.; Burton, G.J. Placenta accreta spectrum: A need for more research on its aetiopathogenesis. BJOG 2018, 125, 1449–1450. [Google Scholar] [CrossRef] [PubMed]

	



Reister, F.; Frank, H.G.; Kingdom, J.C.; Heyl, W.; Kaufmann, P.; Rath, W.; Huppertz, B. Macrophage-induced apoptosis limits endovascular trophoblast invasion in the uterine wall of preeclamptic women. Mod. Pathol. 2001, 81, 1143–1152. [Google Scholar] [CrossRef] [PubMed]

	



Grohmann, U.; Fallarino, F.; Puccetti, P. Tolerance, DCs and tryptophan: Much ado about IDO. Trends Immunol. 2003, 24, 242–248. [Google Scholar] [CrossRef] [PubMed]

	



Mellor, A.L.; Munn, D.H. IDO expression by dendritic cells: Tolerance and tryptophan catabolism. Nat. Rev. Immunol. 2004, 4, 762–774. [Google Scholar] [CrossRef] [PubMed]

	



Muller, A.J.; DuHadaway, J.B.; Donover, P.S.; Sutanto-Ward, E.; Prendergast, G.C. Inhibition of indoleamine 2,3-dioxygenase, an im-munoregulatory target of the cancer suppression gene Bin1, potentiates cancer chemotherapy. Nat. Med. 2005, 11, 312–319. [Google Scholar] [CrossRef] [PubMed]

	



Takikawa, O. Biochemical and medical aspects of the indoleamine 2,3-dioxygenase-initiated l-tryptophan metabolism. Biochem. Biophys. Res. Commun. 2005, 338, 12–19. [Google Scholar] [CrossRef] [PubMed]

	



Hirata, F.; Hayaishi, O. New degradative routes of 5-hydroxytryptophan and serotonin by intestinal tryptophan 2,3-dioxygenase. Biochem. Biophys. Res. Commun. 1972, 47, 1112–1119. [Google Scholar] [CrossRef] [PubMed]

	



Cook, J.S.; Pogson, C.I.; Smith, S.A. Indoleamine 2,3-dioxygenase. A new, rapid, sensitive radiometric assay and its application to the study of the enzyme in rat tissues. Biochem. J. 1980, 189, 461–466. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, R.; Nukiwa, T.; Watanabe, Y.; Fujiwara, M.; Hirata, F.; Hayaishi, O. Regulation of indoleamine 2,3-dioxygenase activity in the small intestine and the epididymis of mice. Arch. Biochem. Biophys. 1980, 203, 343–351. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, R.; Urade, Y.; Tokuda, M.; Hayaishi, O. Induction of indoleamine 2,3-dioxygenase in mouse lung during virus infection. Proc. Natl. Acad. Sci. USA 1979, 76, 4084–4086. [Google Scholar] [CrossRef] [PubMed]

	



Dai, W.; Pan, H.; Kwok, O.; Dubey, J.P. Human indoleamine 2,3-dioxygenase inhibits Toxoplasma gondii growth in fibroblast cells. J. Interferon Res. 1994, 14, 313–317. [Google Scholar] [CrossRef] [PubMed]

	



Takikawa, O.; Habara Ohkubo, A.; Yoshida, R. Induction of indoleamine 2,3-dioxygenase in tumor cells transplanted into allogene-ic mouse: Interferon-gamma is the inducer. Adv. Exp. Med. Biol. 1991, 294, 437–444. [Google Scholar] [PubMed]

	



Yoshida, R.; Park, S.W.; Yasui, H.; Takikawa, O. Tryptophan degradation in transplanted tumor cells undergoing rejection. J. Immunol. 1988, 141, 2819–2823. [Google Scholar] [CrossRef] [PubMed]

	



Dai, W.; Gupta, S.L. Molecular cloning, sequencing and expression of human interferon-gamma-inducible indoleamine 2,3-dioxygenase cDNA. Biochem. Biophys. Res. Commun. 1990, 168, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Ball, H.J.; Sanchez-Perez, A.; Weiser, S.; Austin, C.J.D.; Astelbauer, F.; Miu, J.; McQuillan, J.A.; Stocker, R.; Jermiin, L.S.; Hunt, N.H. Characterization of an indoleamine 2,3-dioxygenase-like protein found in humans and mice. Gene 2007, 396, 203–213. [Google Scholar] [CrossRef]

	



Metz, R.; Duhadaway, J.B.; Kamasani, U.; Laury-Kleintop, L.; Muller, A.J.; Prendergast, G.C. Novel tryptophan catabolic enzyme IDO2 is the preferred biochemical target of the antitumor indoleamine 2,3-dioxygenase inhibitory compound D-1-methyl-tryptophan. Cancer Res. 2007, 67, 7082–7087. [Google Scholar] [CrossRef] [PubMed]

	



Fukunaga, M.; Yamamoto, Y.; Kawasoe, M.; Arioka, Y.; Murakami, Y.; Hoshi, M.; Saito, K. Studies on tissue and cellular distribution of indoleamine 2,3-dioxygenase 2: The absence of IDO1 upregulates IDO2 expression in the epididymis. J. Histochem. Cytochem. 2012, 60, 854–860. [Google Scholar] [CrossRef]

	



Cady, S.G.; Sono, M. 1-Methyl-DL-tryptophan, beta-(3-benzofuranyl)-DL-alanine (the oxygen analog of tryptophan), and be-ta-[3-benzo(b)thienyl]-DL-alanine (the sulfur analog of tryptophan) are competitive inhibitors for indoleamine 2,3-dioxygenase. Arch. Biochem. Biophys. 1991, 291, 326–333. [Google Scholar] [CrossRef] [PubMed]

	



Mellor, A.L.; Sivakumar, J.; Chandler, P.; Smith, K.; Molina, H.; Mao, D.; Munn, D.H. Prevention of T cell–driven complement activation and inflammation by tryptophan catabolism during pregnancy. Nat. Immunol. 2001, 2, 64–68. [Google Scholar] [CrossRef] [PubMed]

	



Stone, T.W. Neuropharmacology of quinolinic and kynurenic acids. Pharmacol. Rev. 1993, 45, 309–379. [Google Scholar] [PubMed]

	



Medawar, P.B. Some immunological and endocrinological problems raised by evolution of viviparity in vertebrates. Symp. Soc. Exp. Biol. 1953, 7, 320–328. [Google Scholar]

	



Bonney, E.A.; Matzinger, P. The maternal immune system’s interaction with circulating fetal cells. J. Immunol. 1997, 158, 40–47. [Google Scholar] [CrossRef] [PubMed]

	



Hutter, H.; Hammer, A.; Dohr, G.; Hunt, J.S. HLA Expression at the maternal-fetal interface. Dev. Immunol. 1998, 6, 197–204. [Google Scholar] [CrossRef]

	



King, A.; Boocock, C.; Sharkey, A.M.; Gardner, L.; Beretta, A.; Siccardi, A.G.; Loke, Y.W. Evidence for the expression of HLAA-C class I mRNA and protein by human first trimester trophoblast. J. Immunol. 1996, 156, 2068–2076. [Google Scholar] [CrossRef] [PubMed]

	



Stites, D.P.; Siiteri, P.K. Steroids as Immunosuppressants in Pregnancy. Immunol. Rev. 1983, 75, 117–138. [Google Scholar] [CrossRef] [PubMed]

	



Moreau, P.; Paul, P.; Rouas Freiss, N.; Kirszenbaum, M.; Dausset, J.; Carosella, E.D. Molecular and im0munologic aspects of the non-classical HLA class I antigen HLA-G: Evidence for an important role in the maternal tolerance of the fetal allograft. Am. J. Reprod. Immunol. 1998, 40, 136–144. [Google Scholar] [CrossRef] [PubMed]

	



Bamberger, A.M.; Schulte, H.M.; Thuneke, I.; Erdmann, I.; Bamberger, C.M.; Asa, S.L. Expression of the apoptosis-inducing Fas ligand (FasL) in human first and third trimester placenta and choriocarcinoma cells. J. Clin. Endocrinol. Metab. 1997, 82, 3173–3175. [Google Scholar] [CrossRef]

	



Zorzi, W.; Thellin, O.; Coumans, B.; Melot, F.; Hennen, G.; Lakaye, B.; Igout, A.; Heinen, E. Demonstration of the expression of CD95 ligand transcript and protein in human placenta. Placenta 1998, 19, 269–277. [Google Scholar] [CrossRef] [PubMed]

	



Raghupathy, R. Th 1-type immunity is incompatible with successful pregnancy. Immunol. Today 1997, 18, 478–482. [Google Scholar] [CrossRef] [PubMed]

	



Wegmann, T.G.; Lin, H.; Guilbert, L.; Mosmann, T.R. Bidirectional cytokine interactions in the maternal-fetal relationship: Is successful pregnancy a TH2 phenomenon? Immunol. Today 1993, 14, 353–356. [Google Scholar] [CrossRef] [PubMed]

	



Kudo, Y.; Hara, T.; Katsuki, T.; Toyofuku, A.; Katsura, Y.; Takikawa, O.; Fujii, T.; Ohama, K. Mechanisms regulating the expression of indoleamine 2,3-dioxygenase during decidualization of human endometrium. Hum. Reprod. 2004, 19, 1222–1230. [Google Scholar] [CrossRef]

	



Sedlmayr, P.; Blaschitz, A.; Wintersteiger, R.; Semlitsch, M.; Hammer, A.; MacKenzie, C.R.; Walcher, W.; Reich, O.; Takikawa, O.; Dohr, G. Localization of indoleamine 2,3-dioxygenase in human female reproductive organs and the placenta. Mol. Hum. Reprod. 2002, 8, 385–391. [Google Scholar] [CrossRef] [PubMed]

	



Takikawa, O.; Kuroiwa, T.; Yamazaki, F.; Kido, R. Mechanism of interferon-gamma action. Characterization of indoleamine 2,3-dioxygenase in cultured human cells induced by interferon-gamma and evaluation of the enzyme-mediated tryptophan deg-radation in its anticellular activity. J. Biol. Chem. 1988, 263, 2041–2048. [Google Scholar] [CrossRef] [PubMed]

	



Kudo, Y.; Koh, I.; Sugimoto, J. Localization of Indoleamine 2,3-dioxygenase-1 and indoleamine 2,3-dioxygenase-2 at the human maternal-fetal interface. Int. J. Tryptophan Res. 2020, 13, 1178646920984163. [Google Scholar] [CrossRef] [PubMed]

	



Ligam, P.; Manuelpillai, U.; Wallace, E.; Walker, D. Localisation of indoleamine 2,3-dioxygenase and kynurenine hydroxylase in the human placenta and decidua: Implications for role of the kynurenine pathway in pregnancy. Placenta 2005, 26, 498–504. [Google Scholar] [CrossRef] [PubMed]

	



Santoso, D.; Rogers, P.; Wallace, E.; Manuelpillai, U.; Walker, D.; Subakir, S.B. Localization of indoleamine 2,3-dioxygenase and 4-hydroxynonenal in normal and pre-eclamptic placentae. Placenta 2002, 23, 373–379. [Google Scholar] [CrossRef] [PubMed]

	



Fuchs, D.; Schrocksnadel, H.; Baier Bitterlich, G.; Dapunt, O.; Wachter, H. Activated cellular immunity and decreased serum trypto-phan in healthy pregnancy. Adv. Exp. Med. Biol. 1996, 398, 149–153. [Google Scholar] [PubMed]

	



Schröcksnadel, H.; Baierbitterlich, G.; Dapunt, O.; Wachter, H.; Fuchs, D. Decreased plasma tryptophan in pregnancy. Obstet. Gynecol. 1996, 88, 47–50. [Google Scholar] [CrossRef] [PubMed]

	



Redman, C.W.; Sacks, G.P.; Sargent, I.L. Preeclampsia: An excessive maternal inflammatory response to pregnancy. Am. J. Obstet. Gynecol. 1999, 180, 499–506. [Google Scholar] [CrossRef] [PubMed]

	



Kudo, Y.; Boyd, C.A.R.; Sargent, I.L.; Redman, C.W.G. Decreased tryptophan catabolism by placental indoleamine 2,3-dioxygenase in preeclampsia. Am. J. Obstet. Gynecol. 2003, 188, 719–726. [Google Scholar] [CrossRef]

	



Contursi, C.; Wang, I.M.; Gabriele, L.; Gadina, M.; O’Shea, J.; Morse, H.C., 3rd; Ozato, K. IFN consensus sequence binding protein potentiates STAT1-dependent activation of IFNgamma-responsive promoters in macrophages. Proc. Natl. Acad. Sci. USA 2000, 97, 91–96. [Google Scholar] [CrossRef]

	



Tolstrup, A.B.; Bejder, A.; Fleckner, J.; Justesen, J. Transcriptional regulation of the interferon-gamma-inducible tryptophanyl-tRNA synthetase includes alternative splicing. J. Biol. Chem. 1995, 270, 397–403. [Google Scholar] [CrossRef] [PubMed]

	



Darnell, J.E., Jr. STATs and gene regulation. Science 1997, 277, 1630–1635. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, N.; Marks, M.S.; Driggers, P.H.; Ozato, K. Interferon consensus sequence-binding protein, a member of the interferon regu-latory factor family, suppresses interferon-induced gene transcription. Mol. Cell Biol. 1993, 13, 588–599. [Google Scholar] [PubMed]

	



Kadoya, A.; Tone, S.; Maeda, H.; Minatogawa, Y.; Kido, R. Gene structure of human indoleamine 2,3-dioxygenase. Biochem. Biophys. Res. Commun. 1992, 189, 530–536. [Google Scholar] [CrossRef] [PubMed]

	



Kudo, Y.; Koh, I.; Yamazaki, T.; Oomori, Y.; Mukai, Y.; Sugimoto, J. Indoleamine 2,3-dioxygenase and trophoblast invasion in caesare-an scar pregnancy: Implications for the aetiopathogenesis of placenta accreta spectrum. J. Reprod. Immunol. 2020, 138, 103099. [Google Scholar] [CrossRef] [PubMed]

	



Sacks, G.P.; Studena, K.; Sargent, K.; Redman, C.W. Normal pregnancy and preeclampsia both produce inflammatory changes in peripheral blood leukocytes akin to those of sepsis. Am. J. Obstet. Gynecol. 1998, 179, 80–86. [Google Scholar] [CrossRef] [PubMed]

	



Piccinni, M.P.; Beloni, L.; Livi, C.; Maggi, E.; Scarselli, G.; Romagnani, S. Defective production of both leukemia inhibitory factor and type 2 T-helper cytokines by decidual T cells in unexplained recurrent abortions. Nat. Med. 1998, 4, 1020–1024. [Google Scholar] [CrossRef] [PubMed]

	



Saito, S.; Sakai, M.; Sasaki, Y.; Tanebe, K.; Tsuda, H.; Michimata, T. Quantitative analysis of peripheral blood Th0, Th1, Th2 and the Th1:Th2 cell ratio during normal human pregnancy and preeclampsia. Clin. Exp. Immunol. 1999, 117, 550–555. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 04577 g001] 





Figure 1. Structure of tryptophan analogues. 
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Figure 2. A diagram of catabolic pathways for tryptophan. 
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Figure 3. Immunohistochemistry of IDO at the maternal–fetal interface of seven weeks of gestation. (A) Implantation site of seven weeks of gestation. (B) Immunohistochemical localization of IDO. Reproduced from Kudo et al. [44]. Scales for images are as indicated. 






Figure 3. Immunohistochemistry of IDO at the maternal–fetal interface of seven weeks of gestation. (A) Implantation site of seven weeks of gestation. (B) Immunohistochemical localization of IDO. Reproduced from Kudo et al. [44]. Scales for images are as indicated.



[image: Ijms 25 04577 g003]







[image: Ijms 25 04577 g004] 





Figure 4. Immunohistochemical localization of IDO in decidua. (A) HE staining. (B) Immunostaining for IDO (a) and HLA-G (b). Reproduced from Kudo et al. [56]. Scales for images are as indicated. 
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Figure 5. A schematic representation of the role of placental IDO in human 