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Role of Tim-3 in Decidual Macrophage Functional Polarization During Abnormal Pregnancy With Toxoplasma gondii Infection
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Vertical transmission of the intracellular parasite Toxoplasma gondii (T. gondii) can lead to devastating consequences during gestation. Tim-3, a negative immune regulator, is constitutively expressed on decidual macrophages, but its specific role during T. gondii infection has not yet been explored. In the present study, we discovered that Tim-3 plays an important role in the abnormal pregnancy due to T. gondii infection using Tim-3−/− pregnant mice and anti-Tim-3 neutralizing antibody treated human decidual macrophages. The results showed that abnormal pregnancy outcomes were more prevalent in Tim-3−/− infected pregnant mice than in wild-type infected pregnant mice. Tim-3 expression in decidual macrophages was significantly down-regulated after T. gondii infection both in vitro and in vivo. Tim-3 down-regulation by T.gondii infection could strengthen M1 activation and weaken M2 tolerance by changing the M1 and M2 membrane molecule expression, arginine metabolic enzymes synthesis, and cytokine secretion profiles of decidual macrophages. Moreover, Tim-3 down-regulation by T.gondii infection led to PI3K-AKT phosphorylation inhibition, downstream transcription factor C/EBPβ expression, and SOCS1 activation, which resulted in enzymes synthesis regulation and cytokines secretion. Our study demonstrates that Tim-3 plays an indispensable role in the adverse pregnancy outcomes caused by T. gondii infection.
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INTRODUCTION

Toxoplasmosis, a common parasitic zoonosis occurring worldwide, is caused by the obligate intracellular protozoan parasite, Toxoplasma gondii (T.gondii) (1). In addition to its common transmission route through accidental ingestion of water or food contaminated with oocysts, T. gondii can also be transmitted to humans congenitally during pregnancy. T. gondii infection during pregnancy can result in fetal and neonatal death or various congenital defects, especially when the congenital infection occurs acutely during the first trimester (2). However, the mechanism through which T. gondii infection causes these severe abnormalities during human pregnancy is not clear.

A successful pregnancy requires the maternal immune system to tolerate the semi-allogeneic fetus (3). A balanced immune response mediated by decidual immune cells is critical in this dynamic and highly regulated immunologic process (4). Within the maternal-fetal immune system, decidual macrophages, the second largest population of decidual leukocytes during the first trimester (~20%) after decidual NK cells (~70%), are required for a successful pregnancy, including trophoblast invasion, tissue and vascular remodeling, and permitting maternal-fetal tolerance throughout gestation (5–7). Macrophages are classified into type 1 (M1) and type 2 (M2) macrophages (8). During normal pregnancy, decidual macrophages have an immunosuppressive, M2-like phenotype, characterized by typical M2-associated markers (e.g., CD163, CD206, CD209, IL-10, and Arg-I). M2 cells are immunosuppressive and promote immune tolerance at the maternal-fetal interface (5, 9). The polarization pattern of decidual macrophages skews toward M1 during pregnancy-related disorders such as miscarriages or preeclampsia, as evidenced by their high expression of CD80, CD86, and TNF-α (10, 11). Our previous study has showed that T. gondii infection causes a bias toward M1 decidual macrophages, thus contributing to abnormal pregnancy (12). Moreover, the down-regulation of the inhibitory receptor, LILRB4, can strengthen M1 decidual macrophages activation, and consequently, cause severe adverse pregnancy outcomes during T. gondii infection (13). Whether there is any other immune molecule on macrophage participating in the process and contributing to the adverse pregnancy outcomes during T. gondii infection still needs further exploration.

T cell immunoglobulin domain and mucin domain (Tim)-3 was first described as a molecule specifically expressed on the surface of IFN-γ-producing Th1 and cytotoxic Tc1 cells (14). Tim-3 on T cells transduce apoptotic signals and are involved in tolerance induction (15). Recent studies have reported that Tim-3 is a key mediator in maintaining maternal-fetal immune tolerance and successful pregnancy (16, 17). As a negative immune regulator at the maternal-fetal interface, Tim-3 is constitutively expressed on decidual macrophages, blockage of Tim-3 results in the accumulation of macrophages and up-regulation of pro-inflammatory cytokines such as TNF-α, which elicits local inflammation (18). But whether T. gondii infection regulates Tim-3 expression level on decidual macrophages and contributes to adverse pregnancy outcomes still need to be confirmed.

The signaling pathways involved in macrophage immune regulation in response to Tim-3 dysregulation have been studied extensively. Tim-3 mediates the negative regulation of the innate immune response by inhibiting LPS-TLR4-mediated NF-κB activation; this occurs through an increase in PI3K-AKT phosphorylation, which finally upregulates TNF-α and IL-10 simultaneously (19). Tim-3 also promotes tumor-promoting M2 macrophage polarization by binding to STAT1, and it inhibits SOCS1, leading to a subsequent increase in IL-10 and Arg-I expression (20). However, little is known about the signaling pathway through which Tim-3 regulates the function of macrophages and contributes to adverse pregnancy outcomes due to T. gondii infection. In the present study, T. gondii infected human decidual macrophages and T. gondii infected Tim-3−/− pregnancy mouse model were used to examine the role of Tim-3 and its immune mechanism in the adverse pregnancy outcomes caused by T. gondii infection.

MATERIALS AND METHODS

Animal Models

Wild type (WT) mice (Beijing Vital River Laboratory Animal Technology, Co., Ltd.) and Tim-3−/− mice (Bioray Laboratories Inc.) were maintained in our animal facility according to Institutional and National Institutes of Health guidelines. Six- to eight-week-old females were mated to eight- to ten-week-old males to induce pregnancy and inspected every morning for vaginal plugs. The day of visualization of a plug was designated as day 0 [gestational day (Gd) 0] of pregnancy. The infected group was inoculated intraperitoneally (i.p.) with 400 tachyzoites in 200 ml sterile PBS on Gd 8. The uninfected groups were inoculated with the same value of PBS at the same time. All procedures performed on animals in this study were conducted following the ethical standards formulated by the Ethics Committee and Institutional Animal Experimental Ethics Committee of Binzhou Medical University.

Scanning Electron Microscopy (SEM)

The mice were sacrificed on Gd 14, the fetuses were removed and washed 5–6 times in phosphate buffer (0.1 M); then, the fetuses were immobilized with 2.5% phosphate buffered glutaraldehyde at 4°Cfor 2 days. Immobilized fetuses were placed on polylysine-coated glass coverslips and dehydrated using a graded ethanol series, being immersed for 10 min at each step. The samples were dried by the critical point technique (Quorum K850), attached to specimen holders and coated with gold particles using an ion sputter coater (Quorum Q150RS). The specimens were observed with a scanning electron microscope (ZEISS EVO LS15) operated at 10 KV. All images were obtained using the SmarSEM user interface software.

Genotyping

Genomic DNA was extracted from mouse tails using a tissue DNA extraction kits (Generay, China). The polymerase chain reaction (PCR) was used to synthesize cDNA. After an initial denaturation (3 min at 95°C), PCR was performed with 35 amplification cycles of denaturation for 30 s at 95°C, annealing for 30 s at 55°C, and extension for 60 s at 72°C, followed by a final extension for 5 min at 56°C. Primers for PCR amplification were Tim-3 F, 5′-GGCTGGCTCAAACTCACTACA-3′ and Tim-3 R, 5′-CGGACAATGATAACATGGAAA-3′. After sequencing the PCR products (Shanghai Majorbio Bio-Pharm Technology Co., Ltd), we distinguish the homozygote from heterozygote or WT mice by analyzing the DNA chromatogram. Homozygous Tim-3−/− mice were continually bred for the duration of the study.

Maintenance of T. gondii Tachyzoites (RH Strain)

The T. gondii tachyzoites were cultured in HEp-2 cells growing in minimum essential media (MEM) (Hyclone, United States), 5% fetal bovine serum (FBS; Gibco, United States), and 100 IU/ml penicillin/streptomycin (Sigma-Aldrich, United States). Cultured tachyzoites were centrifuged at 1,500 rpm for 10 min, and purified tachyzoites were resuspended in MEM and counted using a Neubauer chamber. The experiment was carried out in BSL-2 laboratories. All the liquids, consumables, and labwares contaminated with the parasites were collected, steeped immediately in disinfectant, and autoclaved.

Cell Preparation

Uteri and placenta from pregnant mice were separated from the mesometrium and dissected with scissors to remove fetuses, which were washed twice in ice-cold PBS and shredded carefully by using a GentleMACS dissociator (Miltenyi, Germany). Single cell suspensions were obtained by filtration through 48 μm sterile nets, and mononuclear cells was obtained via density gradient centrifugation. The collected cells were washed with PBS and immediately used for flow cytometry analyses. The mouse carcasses were collected in an ice chest and transported out by professional public health workers.

Human Clinical Sample Collection

Decidual tissues were collected from 30 voluntary abortion cases in the first trimester [gestational age at 8–10weeks], after informed consent were given. The sample collection for this study was approved by the Ethics Committee of Binzhou Medical University. All subjects were visiting the Department of Obstetrics and Gynecology, Yantai Affiliated Hospital of Binzhou Medical University, had not used any abortifacient or suffered from any pregnancy complication. The tissues were immediately washed with sterile saline solution 5–8 times and decidual tissues were carefully separated from villi under sterile conditions. These were then cultured in DMEM/high glucose medium (Hyclone, USA) which containing 10% fetal bovine serum (FBS,Gibco, USA), 100 IU/ml penicillin, and 100 IU/ml streptomycin (Sigma-Aldrich, USA).

Isolation and Purification of Human Decidual Macrophages

Pieces of decidual tissue were minced using the Gentle MACS tissue dissociator (Miltenyi Biotec, Germany) according to the manufacturer's instructions, and the resulting suspension was filtered through 48-um nylon mesh filters. The mononuclear cells were subsequently purified on a Ficoll-Hypaque gradient (SigmaAldrich, United States) at 2,000 rpm for 20 min at 20°C. To purify CD14+ decidual macrophages, the mononuclear cells were subjected to immunomagnetic positive selection (Stem Cell Science, USA), resulting in purity levels of more than 95%. Approximately 1.5 × 106 purified decidual macrophages were allocated to uninfected, infected, and Tim-3-neutralized infected groups. CD14+ cells were incubated with 10 μg/mL of an anti-Tim-3 monoclonal antibody (mAb) (eBioscience, USA) in the Tim-3-neutralized infected group. One hour later, T. gondii tachyzoites were added to the Tim-3-neutralized infected group and the infected group at a ratio of 2:1 (T. gondii: cells). Study samples were cultured in RPMI medium supplemented with 10% FBS (FBS; Gibco, USA), 100 IU/ml streptomycin, and 100 IU/ml streptomycin (Sigma, USA) for 24 h at 37°C in a humidified 5% CO2 incubator.

Flow Cytometry

The following mouse-specifc mAbs were used: Pe-cy7-conjugated anti-F4/80, PE-conjugated anti-CD206, APC-conjugated anti-TNF-α (all from Biolegend, USA), APC-conjugated anti-Tim-3, FITC-conjugated anti-CD80, APC-conjugated anti-iNOS (all from eBioscience, USA), PE-conjugated anti-CD86, APC-conjugated anti-IL-10 (all from BD, USA), and APC-conjugated anti-Arg-I (RD, USA).

The following human-specific (mAbs) were used: Pe-cy7-conjugated anti-CD14, APC-conjugated anti-Tim-3, and PE-conjugated anti-TNF-α were purchased from eBioscience; FITC-conjugated anti-CD206, FITC-conjugated anti-CD163, FITC-conjugated anti-CD209, PE-conjugated anti-CD80, PE-conjugated anti-CD86, and PE-conjugated anti-IL-10 were purchased from BD company.

The mice decidual lymphocytes or human decidual macrophages were incubated with corresponding mAbs at 4°C in the dark for 30 min and were then washed once; intracellular cytokine and enzyme staining were performed after cellular fixation and permeabilization as previously described (13). Analysis was performed with a FACScantoTM II instrument (Becton Dickinson, USA).

Western Blot Analysis

Equal amounts of protein from total-cell lysates were separated by 12% SDS-PAGE (Beyotime) and transferred onto polyvinylidene difluoride membranes. The membranes were blocked at room temperature (20–25°C) for 2.5 h in 5% non-fat dry milk in TBS-T. Membranes were incubated with gentle rocking 1.5 h at room temperature with primary antibodies for Tim-3 (1:2,000, Proteintech, China), Arg-I (1:1,000, Proteintech, China), iNOS (1:1,000, Abcam, UK), PTEN (1:600, Proteintech, China), PI3K (1:500, Proteintech, China), AKT (1:500, SAB, USA), pAKT (1:500, SAB, USA), SOCS1 (1:600, Proteintech, China), C/EBPβ (1:750, SAB, USA), TNF-α (1:2,000, Proteintech, China), IL-10 (1:5,000, Proteintech, China); GAPDH (1:40,000, Proteintech, China) was used as a loading control. Membranes were washed 5 times with TBS-T for 10 min each time and then incubated with the appropriate secondary Ab for 2.5 h at room temperature. The immune complex was visualized with an enhanced chemiluminescence (ECL) detection kit (F. Hoffmann-La Roche, Ltd., Switzerland). Protein expression levels were determined using the Image J software (Rawak Software, Inc., Germany).

Enzyme-Linked Immunosorbent Assays (ELISA)

The supernatants of purified human decidual macrophages from uninfected, infected, and Tim-3-neutralized infected groups were obtained and tested for TNF-α and IL-10 levels by ELISA according to the manufacturer's protocols (Enzyme-linked Biotechnology, China). Standard curves were generated using standards for each assay, and all measurements of absorbance were performed in triplicate at 450 nm. Concentrations were calculated according to standard curves and respective formulas.

Statistical Analysis

Data are presented as the mean ± SEM. Statistical analysis was performed using the SPSS statistics software package (SPSS 17.0; SPSS, Inc., Chicago, IL, United States). Unpaired t-tests were used to compare the means of two independent groups after verifying that the data of the groups had a normal distribution using SAS. p < 0.05 was regarded as significant and p < 0.01 was considered as very significant.

RESULTS

Abnormal Pregnancy Outcomes Were More Prevalent in T. gondii-Infected Tim-3−/− Pregnant Mice Than in the Infected Wild-Type (WT) Pregnant Mice

The pregnancy outcomes between Tim-3−/− infected pregnant mice and T. gondii-infected WT mice were compared. The Tim-3−/− infected pregnant mice were unkempt, had less mobility, erect fur, and placentas that were significantly inflamed with hyperemia. Tim-3−/− infected mice were more susceptible to fetal loss as manifested by a decrease in placental and fetal weights and an increased rate of resorption compared with infected wild-type mice (Figure 1D). The placental ischemia, hyperemia, and fetal malformations were more severe in infected WT mice compared with uninfected mice (Figures 1A–C).
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FIGURE 1. The impact of Tim-3 on abnormal pregnancy outcomes caused by Toxoplasma gondii infection in mice. (A) Uninfected mice were healthy and normal fetuses and placentas. (B) Infected mice were lethargic, and fetuses and placentas were inflamed with hyperemia. (C) Tim-3−/− infected mice were spiritual malaise, and showed more absorbed fetuses. (D) The weight of placenta, fetus, and resorption rate were analyzed in uninfected, infected, and Tim-3−/− infected mice. (E,F,G) The differences of fetal development among three groups were observed by scanning electron microscopy (SEM), including the development of fetal size, fingers and toes, fontanelles, spine, and eyeball. Data are presented as means ± SD of 8 pregnant mice per group. Asterisks indicate significant differences for unpaired t-tests; *p < 0.05.



The differences of fetal development among the three groups were observed by scanning electron microscopy (SEM). Fetuses from the Tim-3−/− infected mice were even smaller compared to those from infected pregnant mice (Figures 1E–G), which agrees with the previously observed fetal weight results of pregnancy outcomes. In addition, there were more severe dysplasia and hypoplasia in Tim-3−/− infected mice, indicated by the unformed fingers and toes, early closed or bulged fontanelles, curved spine, and abnormal eyeball development.

Tim-3 Expression on Decidual Macrophages Decreased After T. gondii Infection

Flow cytometry was performed in purified human decidual macrophages or murine decidual lymphocytes after T. gondii infection. The results show that Tim-3 expression levels on decidual macrophages were both significantly decreased both in vitro (Figure 2A) and in vivo (Figure 2B) after T. gondii infection.
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FIGURE 2. Expression changes of Tim-3 on decidual macrophages. (A) Flow cytometry analyses of Tim-3 dynamic expression on CD14+ human decidual macrophages were performed in uninfected, infected, and neutralized infected groups. (B) Flow cytometry analyses of Tim-3 dynamic expression on F4/80+ mouse decidual macrophages were performed in uninfected, infected, and Tim-3−/− infected groups. Data are presented as means ± SD for each group, and differences were identified by unpaired t-test; *p < 0.05, **p < 0.01.



Down-Regulation of Tim-3 by T.gondii Infection Is Associated With Changes of M1 and M2 Membrane Molecules of Decidual

Tim-3 expression on human decidual macrophages was significantly lower in the T. gondii infected group than in the uninfected group. Also, in the T. gondii infected group, M1 membrane-functional molecules CD80 and CD86 were up-regulated (Figures 3A,B), while M2 membrane-functional molecules CD163, CD209, and CD206 were significantly down-regulated compared to the uninfected group. In order to explore whether the down-regulation of Tim-3 by T. gondii infection was associated with changes in M1 and M2 membrane molecules, an anti-Tim-3 neutralized antibody was added to infected human decidual macrophages. In the Tim-3 neutralized infected group, M1 membrane functional molecules were further up-regulated, whereas M2 membrane functional molecules were further down-regulated as compared to the infected cells (Figures 3C–E).
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FIGURE 3. Downregulation of Tim-3 on human decidual macrophages infected with Toxoplasma gondii resulted in changes in the expression of M1 and M2 membrane functional molecules. Flow cytometry and histogram analyses of CD80 (A), CD86 (B), CD163 (C), CD209 (D), CD206 (E), and Tim-3 expression of human decidual macrophages were tested in uninfected, infected, and neutralized infected groups. Flow cytometry and histogram analyses of CD80 (F), CD86 (G), CD206 (H), and Tim-3 expression of mouse decidual macrophages were observed in uninfected, infected, and Tim-3−/− infected groups. Data are presented as means ± SD for each group, and differences were identified by unpaired t-test; *p < 0.05.



Similar to the results of in vitro studies, M1 membrane-functional molecules CD80 and CD86 were both significantly increased after T. gondii infection; and their levels increased further in Tim-3−/− infected mice (Figures 3F,G). On the other hand, the M2 membrane-functional molecule CD206 was significantly decreased after T. gondii infection and its levels decreased further in Tim-3−/− infected mice (Figure 3H).

Tim-3 Down-Regulation by T. gondii Infection Is Involved in the Expression of Arginine Catabolism Enzymes iNOS and Arg-I of Decidual Macrophages

The expression of iNOS and Arg-I in human decidual macrophages were analyzed using western blotting, and the results showed that the arginine catabolism enzyme iNOS was almost undetectable in uninfected human decidual macrophages. After T. gondii infection, the enzyme level increased, and the increase was more significant in Tim-3-neutralizing antibody treated group. Arg-I synthesis was significantly reduced following T. gondii infection and was further reduced in the infected Tim-3-neutralized macrophages (Figures 4A,B). Under in vivo conditions, flow cytometric analyses of iNOS and Arg-I also measured similar expression changes as those seen in vitro. iNOS expression was significantly increased in decidual macrophages of T. gondii infected mice compared with uninfected mice, and a higher expression level was observed in decidual macrophages of Tim-3−/− infected mice compared to WT infected mice. The expression of Arg-I was decreased in decidual macrophages of infected mice compared with uninfected mice, and further decreased in decidual macrophages of Tim-3−/− infected mice compared with WT infected mice (Figures 4C,D).
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FIGURE 4. Downregulation of Tim-3 on decidual macrophages by Toxoplasma gondii infection changed the expression of the arginine catabolism enzymes type-I arginase (Arg-I) and inducible nitric oxide synthase (iNOS). (A) Representative analysis of iNOS and Arg-I protein levels in uninfected, infected, and Tim-3-neutralized infected human decidual macrophages by western blot. (B) Histograms analysis of western blot for iNOS and Arg-I expression in uninfected, infected, and Tim-3-neutralized infected human decidual macrophages. (C) Changes in the expression of iNOS and Arg-I followed Tim-3 on mouse decidual macrophages were compared in uninfected, infected, and Tim-3−/− infected groups. (D) Relativity analysis of Tim-3, iNOS, and Arg-I expression in uninfected, infected and Tim-3−/− infected groups. Data are shown as means ± SD of 8 samples for each group, and differences were identified by unpaired t-test; *p < 0.05.



Effects of Decreased Tim-3 by T. gondii Infection on TNF-α and IL-10 Secretion of Decidual Macrophages

The levels of M1 macrophage-associated cytokine (TNF-α) and M2 macrophage-associated cytokine (IL-10) were analyzed by flow cytometry and ELISA. The in vitro flow cytometry results show that as the expression of Tim-3 lowers, the TNF-α levels significantly elevate following T. gondii infection; however, these levels decrease in infected Tim-3-neutralized cells. Similarly, IL-10 levels within human decidual macrophages were also increased by T. gondii infection and reduced in infected Tim-3-neutralized cells (Figure 5A). TNF-α/IL-10 ratios were higher in infected cells than in uninfected cells and were further increased in infected Tim-3-neutralized cells (Figure 5B). ELISA results show an increased TNF-α secretion in supernatants from infected human decidual macrophages, which was further increased in supernatants from infected Tim-3-neutralized cells. IL-10 secretion was increased after T. gondii infection and was further increased in the infected Tim-3-neutralized group (Figure 5C). However, the TNF-α/IL-10 ratios were higher in infected cells than in uninfected cells and were further increased in infected Tim-3-neutralized cells (Figure 5D). In vivo, as the expression of Tim-3 decreased, TNF-α expression increased significantly in T. gondii infected mice; and the levels of increase was much higher in Tim-3−/− infected mice. On the other hand, IL-10 levels were reduced by T. gondii infection, but increased significantly in Tim-3−/− infected mice (Figure 5E). TNF-α/IL-10 ratios were higher in infected mice than in uninfected cells and were further increased in Tim-3−/− infected mice (Figure 5F).
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FIGURE 5. Downregulation of Tim-3 on decidual macrophages by Toxoplasma gondii infection caused changes of tumor necrosis factor alpha (TNF-α) and interleukin 10 (IL-10) synthesis and secretion by decidual macrophages. (A) Intracellular levels of TNF-α and IL-10 were assessed in uninfected, infected, and Tim-3-neutralized infected human decidual macrophages by flow cytometry analyses. (B) Ratios of TNF-α/IL-10 in uninfected, infected, and Tim-3-neutralized infected human decidual macrophages. TNF-α levels, IL-10 levels (C), and TNF-α/IL-10 ratios (D) in supernatants were analyzed in uninfected, infected, and Tim-3-neutralized infected human decidual macrophages by enzyme-linked immunosorbent assays (ELISA). TNF-α levels, IL-10 levels (E), and TNF-α/IL-10 ratios (F) of mouse decidual macrophages were observed in uninfected, infected, and Tim-3−/− infected groups. Data are presented as means ± SD of 8 samples for each group, and differences were identified by unpaired t-test; *p < 0.05.



Decrease of Tim-3 by T.gondii Infection Led to the Inhibition of PI3K-AKT Phosphorylation, Which Mediates the Transcription Factors C/EBPβ and SOCS1

To obtain more details in the mechanisms of Tim-3-directed decidual macrophage polarization, western blotting was used to analyze the possibility that Tim-3 regulates PTEN/PI3K-AKT signaling, which, in turn, mediates the constitutively regulated promotors, C/EBPβ and SOCS1 of enzymes and cytokines in decidual macrophage. The results show that as the expression of Tim-3 decrease, the expression level of PI3K and phosphorylated AKT (pAKT) were decreased after T. gondii infection (Figures 6A,B). There was a more pronounced reduction of PI3K and pAKT in infected Tim-3-neutralized human macrophages (Figures 6A,B). We also examined PTEN expression, which antagonizes PI3K and reduces the AKT activation (21). With the decrease in Tim-3 levels due to T. gondii infection, PTEN expression increased and increased even further in the infected Tim-3-neutralized cells (Figures 6A,B). We also tested the expression of two crucial transcription factors, C/EBPβ and SOCS1, which are constitutively regulated promotors of macrophage functions related to enzymes and cytokines in human decidual macrophages. C/EBPβ expression decreased after T. gondii infection and further decreased in infected Tim-3-neutralized human decidual macrophages (Figures 6A,B). Analysis of SOCS1 showed that its expression was up-regulated following T. gondii infection and was further up-regulated in the infected Tim-3-neutralized human decidual macrophages (Figures 6A,B). Data also showed that along with decreased Tim-3, M1 functional indicators iNOS, and TNF-α expression were decreased, while M2 functional indicators Arg-I and IL-10 expression were elevated.
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FIGURE 6. Downregulation of Tim-3 on human decidual macrophages leads to expression changes of signaling pathway molecules and macrophages functional indicators. Western blot analysis of Tim-3, PI3K, PTEN, AKT, pAKT, SOCS1, C/EBPβ, iNOS, Arg-I, TNF-α, IL-10, and GAPDH, which performed in uninfected, infected, and Tim-3-neutralized infected groups (A,B). Differences were identified by unpaired t-test; *p < 0.05.



DISCUSSION

The immune micro-environment at the maternal-fetal interface plays an important role in implantation and embryonic and placental development (22, 23). T. gondii infection is known to lead to abnormal pregnancies by disrupting the delicate immunity and tolerance balance at the maternal-fetal interface (24, 25). Previously, we showed that functional molecules and cytokines produced by maternal NK cells, DC, and Tregs are affected by T. gondii infection, which then contributes to abnormal pregnancy (26–28). We also recently observed an important immune-regulatory role of an immune inhibitory molecule, LILRB4, in inducing the functional polarization of decidual macrophages, thus generating abnormal pregnancy outcomes due to T. gondii (13). Tim-3, a newly defined immune inhibitory receptor, down-regulates Th1 responses and is involved in tolerance induction (29). Tim-3 is also constitutively expressed on macrophages and it regulates the innate immune response by altering the function of macrophages (14). Nevertheless, whether Tim-3 participate in abnormal pregnancy outcomes during T. gondii infection and what its precise role is have been unclear.

To evaluate the effect of Tim-3 on abnormal pregnancy outcomes with T. gondii, Tim-3−/− infected pregnant mouse models were established and their pregnancy outcomes were compared to those of T. gondii infected WT pregnant mice. Interestingly, pregnancy outcomes in Tim-3−/− infected pregnant mice were more severe. This results strongly suggests the intimate involvement of Tim-3 in adverse pregnancy outcomes caused by T. gondii infection. Our results further show result showed that Tim-3 expression was significantly down-regulated on both human and mouse decidual macrophages after T. gondii infection. To determine the specific role of Tim-3 on the function of decidual macrophages, the expression levels of decidual macrophages functional molecules, including membrane molecules, arginine metabolic enzymes, and cytokines, were analyzed.

CD80 and CD86 are two important co-stimulatory molecules that reflect the activation status of the macrophages and induce T helper cell differentiation by their levels of expression (30, 31). M1 decidual macrophages are characterized by the high expression levels of CD80 and CD86, which are associated with inflammatory responses and poor maternal-fetal tolerance (7). Excessive expression levels of CD80 and CD86 reportedly give rise to a shift to a Th1 response at the maternal-fetal interface, thus contributing to the occurrence of miscarriage (11). Human decidual macrophages have properties predominantly associated with homeostatic M2 macrophages, including the expression of the homeostatic scavenger receptor CD163 and the pattern recognition receptors CD206 and CD209 (5). M2 cells have immunosuppressive capacities, contributing to tissue remodeling, and promoting Th2 response and maternal-fetal tolerance (32). Our previous study has demonstrated that T. gondii infection can affect M1- and M2- related membrane functional molecules of mouse decidual macrophages (13). In the present study, the results show that the any decrease in Tim-3 expression by T. gondii infection is associated with the up-regulation of M1 membrane functional molecules (CD80, CD86) and the down-regulation of M2 membrane functional molecules (CD206, CD163, CD209) both in vitro and in vivo.

To further explore whether changes in membrane functional molecules of decidual macrophages during T. gondii infection are due to decreased Tim-3 expression, infected human decidual macrophages with Tim-3-neutralized antibody and Tim-3−/− infected pregnancy mouse model were established in vitro and in vivo. The data shows that in infected human decidual macrophages with Tim-3-neutralized antibody and decidual macrophages of Tim-3−/− infected mice, M1 membrane-functional molecules (CD80, CD86) were more up-regulated, while M2 membrane-functional molecules (CD206, CD209, CD163) were more down-regulated than in infected human decidual macrophages and infected WT mice. These results suggest that the changing expression of membrane functional molecules from the M2 type to the M1 type is due to the down-regulation of Tim-3 expression by T. gondii infection. This means that Tim-3 down-regulation due to T. gondii infection promotes M1 decidual macrophage polarization and contributes to the abnormal pregnancy outcomes.

At the most fundamental level, M1/M2 polarity arises from arginine metabolism via two enzymatic pathways: inducible nitric oxide synthase (iNOS) and arginase Arg-I, which are functionally distinct and antagonistic (33). At the maternal-fetal interface, Arg-I is involved in immunosuppression and reportedly promotes polyamine synthesis to enhance placental growth and development (34). Conversely, iNOS has not been detected in normal pregnancy, and its excessive production may give rise to early embryo loss (35, 36). Arg-I and iNOS are increasingly being considered as indicators that differentiate between M2 and M1 decidual macrophages, respectively. In the current study, uninfected human or mouse decidual macrophages expressed little iNOS, which was induced after T. gondii infection. In contrast, Arg-I synthesis was significantly down-regulated in T. gondii-infected decidual macrophages both in vitro and in vivo. Therefore, T. gondii infection induces the expressions of iNOS and Arg-I to simultaneously enhance M1 and impair M2 decidual macrophages activation. T. gondii infected anti-Tim-3 neutralized human macrophages and Tim-3−/− mice were used to determine whether changes in the arginine metabolic enzymes iNOS and Arg-I were due to decreased Tim-3 expression. Following Tim-3 blockage and T. gondii infection, iNOS expression became more enhanced while Arg-I synthesis became more reduced in decidual macrophages than those of infected decidual macrophages. These results suggest that the down-regulation of Tim-3 by T. gondii infection shifts M2 toward M1 decidual macrophage by dysregulating the arginine metabolic enzymes iNOS and Arg-I, which result in abnormal pregnancy outcomes.

IL-10 is constitutively produced by a variety of cells to counteract pro-inflammatory cytokines, which is considered an important homeostatic mechanism to avoid inappropriate T cell activation (37). In the context of normal pregnancy, decidual macrophages show an M2-polarized cytokine secretion pattern with abundant production of IL-10, which plays a vital role in the maternal immune tolerance of an allogeneic fetus (6, 38). Similarly, TNF-α is considered an important indicator of M1 decidual macrophages, and its increased secretion at the maternal-fetal interface leads to severe abnormal pregnancy outcomes (39, 40). Thus, the major cytokines TNF-α and IL-10 are secreted by decidual macrophages at the maternal-fetal interface and are involved in the balance of M1 and M2 phenotypes (5, 12). Studies have confirmed that the production of TNF-α and IL-10 by decidual macrophages change in a T. gondii infected state. TNF-α levels and TNF-α/IL-10 ratios were both increased after T. gondii infection in vitro and in vivo. Experiments were performed to further explore whether changes in TNF-α and IL-10 secretion during T. gondii infection were due to a decrease in Tim-3 expression. Flow cytometry and ELISA were used to analyze the expression of TNF-α and IL-10 expression by anti-Tim-3 human and Tim-3−/− infected mouse decidual macrophages. Results show that TNF-α levels and TNF-α/IL-10 ratios were increased compared to the infected group. These results provide further evidence that Tim-3 down-regulation on decidual macrophages by T. gondii infection results in the previously observed changes in TNF-α and IL-10 expression, which is associated with the prevalence of M1 and impairment of M2 decidual macrophages. Furthermore, this imbalance may contribute to the development of abnormal pregnancy outcomes during T. gondii infection.

The above results reinforce the view that Tim-3 down-regulation by T. gondii infection results in M1 decidual macrophages polarization; however, the mechanism involved still need further exploration. In the current study, several related signaling molecules, all of which have been shown to contribute to the expression of macrophage polarization-associated enzymes and cytokines, were monitored.

Tim-3 signaling may increase PI3K-AKT phosphorylation, which is critical in altering TNF-α and IL-10 productions in macrophages (19). PI3K activation has been considered an essential step toward M2 activation of macrophages (41). The PI3K regulator, a lipid phosphatase known as a phosphatase and tensin homolog (PTEN), also contributes to macrophage polarization by suppressing the levels of Arg-I and M2 polarization, which is mediated by the increased expression and activation of the transcription factors C/EBPβ, suggesting that the regulation of PTEN/PI3K-AKT signaling is a central node for controlling macrophage polarization (42, 43). In addition, another signaling cascade downstream of PI3K-AKT, SOCS1, is a critical mediator in sustaining enhanced PI3K activity, which drives M2 activation. This not only promotes the production of the immunoregulatory cytokine IL-10 and M2 macrophage polarization, but also decreases the level of proinflammatory indicators iNOS and TNF-α (44, 45). However, whether PI3K/AKT signaling plays a role in decidual macrophages polarization due to Tim-3 down-regulation by T. gondii infection is still unclear. Our data shows that along with decreased Tim-3, the degree of phosphorylation of AKT, expression of PI3K and activation of C/EBPβ were suppressed, whereas the expression of PTEN and activation of SOCS1 was enhanced after T. gondii infection. Also, M1 functional indicators iNOS and TNF-α expression were decreased, M2 functional indicators Arg-I and IL-10 expression were elevated along with decreased Tim-3. Our data demonstrates causal relations between decreased Tim-3 expression and downstream signaling molecules, which contribute to the dysregulation of decidual macrophages functional indicators-enzymes (iNOS, Arg-I) and cytokines (TNF-α, IL-10). Our findings will be of great value in understanding how Tim-3 signals controlling decidual macrophage polarization and contribute to the adverse pregnancy outcomes of T. gondii infection.

In summary, Tim-3 down-regulation by T. gondii infection affects PI3K/AKT signaling involved in arginine enzymes expression and cytokine secretion, which results in decidual macrophage polarization toward to M1 phenotype. The imbalances in membrane molecules, arginine enzymes and cytokines of decidual macrophages induced by decreased Tim-3 contribute to abnormal pregnancy outcomes caused by T. gondii infection.

DATA AVAILABILITY

All datasets generated for this study are included in the manuscript and/or the supplementary files.

ETHICS STATEMENT

For human subjects:

This study was carried out in accordance with the recommendations of Ethics Committee of Binzhou Medical University with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Ethics Committee of Binzhou Medical University.

For animal subjects:

This study was carried out in accordance with the recommendations of Institutional and National Institutes of Health guidelines. The protocol was approved by the Ethics Committee and Institutional Animal Experimental Ethics Committee of Binzhou Medical University.

AUTHOR CONTRIBUTIONS

DZ, LR, MZ, and XH designed the experiments. XL, LC, and TL contributed to sample collection. DZ, HZ, MZ, CY, XS, and YJ analyzed the data. DZ, LR, MZ, and XH wrote the manuscript. DZ and XH edited the manuscript.

FUNDING

This work was supported by funds from the National Natural Science Foundation of China (NO. 81871680, NO. 81672049) and Taishan Scholar Foundation of Shandong province (NO. ts201712066).

ACKNOWLEDGMENTS

We thank all the mice who dedicated their lives to our experiments. We thank Aiqun Xu (Department of Obstetrics and Gynecology, Yantai Affiliated Hospital of Binzhou Medical University, China), Jing Zheng (Department of Obstetrics and Gynecology, Yantai Hospital of Traditional Chinese Medicine, China) for collecting clinical specimens.

REFERENCES

 1. Tenter AM, Heckeroth AR, Weiss LM. Toxoplasma gondii: from animals to humans. Int J Parasitol. (2000) 30:1217–58. doi: 10.1016/S0020-7519(00)00124-7 

 2. Lopes FM, Gonçalves DD, Mitsuka-Breganó R, Freire RL, Navarro IT. Toxoplasma gondii infection in pregnancy. Braz J Infect Dis. (2007) 11:496–506. doi: 10.1590/S1413-86702007000500011

 3. Erlebacher A. Immunology of the maternal-fetal interface. Annu Rev Immunol. (2013) 31:387–411. doi: 10.1146/annurev-immunol-032712-100003

 4. Liu S, Diao L, Huang C, Li Y, Zeng Y, 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

 5. Svensson J, Jenmalm MC, Matussek A, Geffers R, Berg G, Ernerudh J. Macrophages at the fetal-maternal interface express markers of alternative activation and are induced by M-CSF and IL-10. J Immunol. (2011) 187:3671–82. doi: 10.4049/jimmunol.1100130

 6. Nagamatsu T, Schust DJ. The immunomodulatory roles of macrophages at the maternalfetal interface. Reprod Sci. (2010) 17:209–18. doi: 10.1177/1933719109349962 

 7. Ning F, Liu H, Lash GE. The role of decidual macrophages during normal and pathological pregnancy. Am J Reprod Immunol. (2016) 75:298–309. doi: 10.1111/aji.12477

 8. Gordon S. Alternative activation of macrophages. Nat Rev Immunol. (2003) 3:23–35. doi: 10.1038/nri978

 9. Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M. Macrophage plasticity and polarization in tissue repair and remodelling. J Pathol. (2013) 229:176–85. doi: 10.1002/path.4133

 10. Xu Y, Romero R, Miller D, Kadam L, Mial TN, Plazyo O, et al. An M1-like macrophage polarization in decidual tissue during spontaneous preterm labor that is attenuated by rosiglitazone treatment. J Immunol. (2016) 196:2476–91. doi: 10.4049/jimmunol.1502055

 11. Wang WJ, Hao CF, Lin QD. Dysregulation of macrophage activation by decidual regulatory T cells in unexplained recurrent miscarriage patients. J Reprod Immunol. (2011) 92:97–102. doi: 10.1016/j.jri.2011.08.004

 12. Liu X, Jiang M, Ren L, Zhang A, Zhao M, Zhang H, et al. Decidual macrophage M1 polarization contributes to adverse pregnancy induced by Toxoplasma gondii PRU strain infection. Microb Pathog. (2018) 124:183–90. doi: 10.1016/j.micpath.2018.08.043

 13. Li Z, Zhao M, Li T, Zheng J, Liu X, Jiang Y, et al. Decidual macrophage functional polarization during abnormal pregnancy due to: role for LILRB4. Front Immunol. (2017) 8:1013. doi: 10.3389/fimmu.2017.01013

 14. Monney L, Sabatos CA, Gaglia JL, Ryu A, Waldner H, Chernova T, et al. Th1-specific cell surface protein Tim-3 regulates macrophage activation and severity of an autoimmune disease. Nature. (2002) 415:536–41. doi: 10.1038/415536a

 15. Zhu C, Anderson AC, Schubart A, Xiong H, Imitola J, Khoury SJ, et al. The Tim-3 ligand galectin-9 negatively regulates T helper type 1 immunity. Nat Immunol. (2005) 6:1245–52. doi: 10.1038/ni1271

 16. Wang SC, Li YH, Piao HL, Hong XW, Zhang D, Xu YY, et al. PD-1 and Tim-3 pathways are associated with regulatory CD8+ T-cell function in decidua and maintenance of normal pregnancy. Cell Death Dis. (2015) 6:e1738. doi: 10.1038/cddis.2015.112

 17. Meggyes M, Lajko A, Palkovics T, Totsimon A, Illes Z, Szereday L, et al. Feto-maternal immune regulation by TIM-3/galectin-9 pathway and PD-1 molecule in mice at day 14.5 of pregnancy. Placenta. (2015) 36:1153–60. doi: 10.1016/j.placenta.2015.07.124

 18. Chabtini L, Mfarrej B, Mounayar M, Zhu B, Batal I, Dakle PJ, et al. TIM-3 regulates innate immune cells to induce fetomaternal tolerance. J Immunol. (2013) 190:88–96. doi: 10.4049/jimmunol.1202176

 19. Yang X, Jiang X, Chen G, Xiao Y, Geng S, Kang C, et al. T cell Ig mucin-3 promotes homeostasis of sepsis by negatively regulating the TLR response. J Immunol. (2013) 190:2068–79. doi: 10.4049/jimmunol.1202661

 20. Jiang X, Zhou T, Xiao Y, Yu J, Dou S, Chen G, et al. Tim-3 promotes tumor-promoting M2 macrophage polarization by binding to STAT1 and suppressing the STAT1-miR-155 signaling axis. Oncoimmunology. (2016) 5:e1211219. doi: 10.1080/2162402X.2016.1211219

 21. Du K, Tsichlis PN. Regulation of the AKT kinase by interacting proteins. Oncogene. (2005) 24:7401–9. doi: 10.1038/sj.onc.1209099

 22. Mor G, Abrahams CIV, Guller S. Inflammation and pregnancy: the role of the immune system at the implantation site. Ann N Y Acad Sci. (2011) 1221:80–7. doi: 10.1111/j.1749-6632.2010.05938.x

 23. Colucci F, Kieckbusch J. Maternal uterine natural killer cells nurture fetal growth: in medio stat virtus. Trends Mol Med. (2015) 21:60–7. doi: 10.1016/j.molmed.2014.12.009

 24. Zhang H, Hu X, Liu X, Zhang R, Fu Q, Xu X. The Treg/Th17 imbalance in Toxoplasma gondii-infected pregnant mice. Am J Reprod Immunol. (2012) 67:112–21. doi: 10.1111/j.1600-0897.2011.01065.x

 25. Liu X, Zhao M, Yang X, Han M, Xu X, Jiang Y, et al. Toxoplasma gondii infection of decidual CD1c (+) dendritic cells enhances cytotoxicity of decidual natural killer cells. Inflammation. (2014) 37:1261–70. doi: 10.1007/s10753-014-9853-x

 26. Xu X. Changes of human decidual natural killer cells cocultured with YFP-Toxoplasma gondii: implications for abnormal pregnancy. Fertil Steril. (2013) 99:427–32. doi: 10.1016/j.fertnstert.2012.09.016

 27. Zhan S, Zheng J, Zhang H, Zhao M, Liu X, Jiang Y, et al. LILRB4 decrease on uDCs exacerbate abnormal pregnancy outcomes following Toxoplasma gondii infection. Front Microbiol. (2018) 9:588. doi: 10.3389/fmicb.2018.00588

 28. Liu Y, Zhao M, Xu X, Liu X, Zhang H, Jiang Y, et al. Adoptive transfer of Treg cells counters adverse effects of Toxoplasma gondii infection on pregnancy. J Infect Dis. (2014) 210:1435–43. doi: 10.1093/infdis/jiu265

 29. Sabatos CA, Chakravarti S, Cha E, Schubart A, Sánchez-Fueyo A, Zheng XX, et al. Interaction of Tim-3 and Tim-3 ligand regulates T helper type 1 responses and induction of peripheral tolerance. Nat Immunol. (2003) 4:1102–10. doi: 10.1038/ni988

 30. Sansom DM, Manzotti CN, Zheng Y. What's the difference between CD80 and CD86? Trends Immunol. (2003) 24:314–9. doi: 10.1016/S1471-4906(03)00111-X

 31. Wagner CJ, Huber S, Wirth S, Voehringer D. Chitin induces upregulation of B7-H1 on macrophages and inhibits T-cell proliferation. Eur J Immunol. (2010) 40:2882–90. doi: 10.1002/eji.201040422

 32. Mantovani A. The chemokine system in diverse forms of macrophage activation and polarization. Trends Immunol. (2004) 25:677–86. doi: 10.1016/j.it.2004.09.015

 33. Mills CD. Macrophage arginine metabolism to ornithine/urea or nitric oxide/citrulline: a life or death issue. Crit Rev Immunol. (2001) 21:399–425. doi: 10.1615/CritRevImmunol.v21.i5.10

 34. Yang Z, Ming XF. Functions of arginase isoforms in macrophage inflammatory responses: impact on cardiovascular diseases and metabolic disorders. Front Immunol. (2014) 5:533. doi: 10.3389/fimmu.2014.00533

 35. Garvey EP, Tuttle JV, Covington K, Merrill BM, Wood ER, Baylis SA, et al. Purification and characterization of the constitutive nitric oxide synthase from human placenta. Arch Biochem Biophys. (1994) 311:235–41. doi: 10.1006/abbi.1994.1232

 36. Haddad EK, Duclos AJ, Baines MG. Early embryo loss is associated with local production of nitric oxide by decidual mononuclear cells. J Exp Med. (1995) 182:1143–51. doi: 10.1084/jem.182.4.1143

 37. Mosser DM, Zhang X. Interleukin-10: new perspectives on an old cytokine. Immunol Rev. (2008) 226:205–18. doi: 10.1111/j.1600-065X.2008.00706.x

 38. Cheng SB, Sharma S. Interleukin-10: a pleiotropic regulator in pregnancy. Am J Reprod Immunol. (2015) 73:487–500. doi: 10.1111/aji.12329

 39. Chaouat G, Dubanchet S, Ledée N. Cytokines: important for implantation? J Assist Reprod Genet. (2007) 24:491–505. doi: 10.1007/s10815-007-9142-9

 40. Alijotas-Reig J, Esteve-Valverde E, Ferrer-Oliveras R, Llurba E, Gris JM. Tumor necrosis factor-alpha and pregnancy: focus on biologics. An updated and comprehensive review. Clin Rev Allergy Immunol. (2017) 53:40–53. doi: 10.1007/s12016-016-8596-x

 41. Beharka AA, Crowther JE, McCormack FX, Denning GM, Lees J, Tibesar E, et al. Pulmonary surfactant protein A activates a phosphatidylinositol 3-kinase/calcium signal transduction pathway in human macrophages: participation in the up-regulation of mannose receptor activity. J Immunol. (2005) 175:2227–36. doi: 10.4049/jimmunol.175.4.2227

 42. Sahin E, Haubenwallner S, Kuttke M, Kollmann I, Halfmann A, Dohnal AM, et al. Macrophage PTEN regulates expression and secretion of arginase I modulating innate and adaptive immune responses. J Immunol. (2014) 193:1717–27. doi: 10.4049/jimmunol.1302167

 43. Kral JB. Sustained PI3K activation exacerbates BLM-induced lung fibrosis via activation of proinflammatory and pro-fibrotic pathways. Sci Rep. (2016) 6:23034. doi: 10.1038/srep23034

 44. Wilson HM. SOCS proteins in macrophage polarization and function. Front Immunol. (2014) 5:357. doi: 10.3389/fimmu.2014.00357

 45. Whyte CS, Bishop ET, Rückerl D, Gaspar-Pereira S, Barker RN, Allen JE, et al. Suppressor of cytokine signaling (SOCS)1 is a key determinant of differential macrophage activation and function. J Leukoc Biol. (2011) 90:845–54. doi: 10.1189/jlb.1110644 

Conflict of Interest Statement: 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.

Copyright © 2019 Zhang, Ren, Zhao, Yang, Liu, Zhang, Jiang, Sun, Li, Cui and Hu. 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.

OPS/images/fimmu-10-01550-g005.gif





OPS/images/fimmu-10-01550-g006.gif





OPS/images/fimmu-10-01550-g003.gif
|






OPS/images/fimmu-10-01550-g004.gif
- & Of= mENs 8
uninfected  infected < = -
Tins D —— D

AL — i 35KD

GAPDI . I a— 6

¢






OPS/images/fimmu-10-01550-g001.gif





OPS/images/fimmu-10-01550-g002.gif
uninfocted

Tms

infected

N+

2.

N
%





OPS/images/cover.jpg
’ frontiers
in Immunology

Role of Tim-3 in Decidual
Macrophage Functional Polarization
During Abnormal Pregnancy With
Toxoplasma gondii Infection









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





