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Abstract

:

Background: Immune checkpoints are molecules that regulate the function of immune cells and control inflammation processes. An important role in this regard is played by TIM-3/Gal-9 and PD-1/PDL-1 interactions. Previous research performed in a mouse model of pregnancy loss confirmed that blocking TIM-3 could induce fetal loss. Similarly, the PD-1 molecule maintains protective interactions between the mother’s immune cells and the fetus. The purpose of this study was to assess the expression of these molecules on a range of T lymphocyte subpopulations from non-pregnant women with recurrent spontaneous abortion (RSA) versus healthy fertile women. Methods: PBMCs were isolated by gradient centrifugation of blood obtained from 12 healthy women and 24 women with RSA and immediately stained for flow cytometry analysis. Standard immunophenotyping of PBMC was performed with the antibodies against classical lymphocyte markers: CD3, CD4, CD8, and CD56. Immune checkpoints were investigated using antibodies against PD-1(CD279) and TIM-3(CD366). Results: We found that expression of TIM-3 was significantly decreased on CD8+ T lymphocytes in the RSA group, and expression of PD-1 was upregulated on CD4+ T lymphocytes in the RSA group in comparison to the healthy controls. Conclusions: Considering our findings, therapeutic intervention towards immune checkpoints may be a promising treatment option for recurrent spontaneous abortion.
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1. Introduction


Immune checkpoints (ICPs), negative (co-inhibitory) or positive (co-stimulatory), play an important role in the regulation and maintenance of immune homeostasis. They are extensively studied in the context of the re-establishment of immune reactivity to cancer cells; however, they also play a substantial role in numerous biological processes [1]. Co-inhibitory receptors binding with ligands may actively deliver inhibitory signals to mute T cells’ activation or counterbalance effects of positive signals delivered to them [2,3]. Moreover, co-inhibitory receptors promote the state of anergy in T lymphocytes that eventually leads to immune tolerance [3]. Negative ICPs prevent exaggerated effector T cell activation, which may eventually result in autoimmunity [2]. Co-inhibitory molecules can also indirectly affect T lymphocytes by promotion of the suppressive attributes of regulatory T cells and by regulating the ability of antigen-presenting cells (APCs) to prime T lymphocytes [2,4]. Distinct ICPs and their path of activation by ligands may control the secretion of various cytokine productions from T cells [2,5].



Immune checkpoints, such as T cell immunoglobulin-3 (TIM-3) and programmed cell death protein 1 (PD-1), are co-inhibitory receptors expressed on the surface of T lymphocytes (cytotoxic, helper, and regulatory), monocytes, macrophages, dendritic cells, and abundantly on natural killer (NK) cells [6,7]. TIM-3 is a type I transmembrane protein that is primarily described as a specific marker for T helper cells type 1 (Th1) and T cytotoxic cells type 1 (Tc1). There are two main ligands for TIM-3: C-type lectin galectin-9 (Gal-9) and CEACAM1 protein [8,9]. Galectin-9 binds to the N-linked sugar moieties in the TIM-3 IgV domain. The interaction leads to the activation of the apoptotic pathway in Th1 and Tc1 cells [9,10]. CEACAM1 is co-expressed together with TIM-3 on the surface of T lymphocytes. Cis-interaction between these molecules triggers the inhibitory function of TIM-3 [2]. Trans-interaction TIM-3–CEACAM1 also suppresses T cell function [8]. Two more ligands for TIM-3, phosphatidyl serine (PtdSer) and high mobility group protein B1 (HMGB1), were also described [11,12,13]. Numerous studies have shown that the TIM-3/Gal-9 pathway is involved in the regulation of immune responses and induction of tolerance during pregnancy [14,15,16]. Gal-9 is vastly expressed on decidual and trophoblast cells. The engagement of TIM-3 with Gal-9 is involved in the regulation of maternal tolerance toward trophoblast cells by inducing the exhaustion or apoptosis of effector T cells [17,18]. Studies performed on mice showed that blockade of the Tim-3/Gal-9 interaction resulted in an increment of Th1 cytokines released at the maternal–fetal interface and fetal rejection [19]. Alteration in Tim-3 expression has been reported in studies concerning women with pregnancy loss and preeclampsia [19,20,21,22,23].



Programmed cell death protein 1 (PD-1) is a transmembrane protein that belongs to the B7-CD28 family [24,25]. PD-1 is expressed on the membrane of activated immune cells such as helper T cells, cytotoxic T cells, natural killer T-cells (NKT) cells, and regulatory T cells. Moreover, PD-1 molecules are expressed on B lymphocytes, monocytes, and dendritic cells [24,26,27]. Interactions of PD-1 with PDL-1 and PDL-2 induce inhibitory signals that maintain the balance between T cell activation and tolerance [26]. Wang noted that reduced expression of PD-1 and Tim-3 on decidual CD4+ T cells in mice might be linked with miscarriage [28]. The relations between T cells, APC, and trophoblast cells’ immune checkpoint expression are illustrated in Figure 1 and Figure 2.



During pregnancy, a special type of immunological process occurs [7]. To achieve a successful pregnancy, it is necessary to keep an immunological balance between mother and fetus. A mother’s immunity allows normal trophoblast invasion, which is a semi-allograft from an immunological point of view [7,29]. Dysregulation of maternal–fetal immunity is significantly linked to pregnancy loss [30,31].



Miscarriage is a fatal complication of pregnancy, and the problem is increasing worldwide. If there are more than two miscarriages, it is defined as recurrent spontaneous abortion (RSA) [31]. Despite well-described causes of RSA such as chromosomal abnormalities, uterine anatomical malformations, endocrine dysfunctions, thrombophilic factors, and immune disorders, in approximately 50% of RSA cases, the reasons remain unknown [32]. Currently, increasing numbers of studies correlate recurrent miscarriages with alterations in the maternal immunological system [32]. Still, the immunological crosstalk between the maternal immune system and fetal cells is poorly understood, and studies in these area remain necessary [29]. In this regard, finding differences in expression of ICP molecules and better understanding the role of co-inhibitory molecules and their immunoregulatory function may be utilized in the diagnosis and treatment of pregnancy loss. In line with this thought, our study aimed to determine the expression of two major immune checkpoint receptors, TIM-3 and PD-1, on T lymphocyte subpopulations and NK and NKT cells of non-pregnant women with a history of RSA in comparison with non-pregnant healthy, fertile women. Studies were performed on freshly isolated peripheral blood to prevent the influence of storage (freezing and thawing) on the structure of the molecule.




2. Materials and Methods


2.1. Ethical Considerations


The study was approved by the Bioethics Committee of the Medical University of Warsaw. Number of Bioethics Committee approval: KB/13/2020. All measurements, interventions, and blood collections were performed after obtaining informed consent. All the procedures were followed in accordance with the Helsinki Declaration of 1975, as revised in 2013.




2.2. Study Group


Twenty-four patients with RSA were included in the study group. The recurrent pregnancy loss was defined as two or more consecutive spontaneous miscarriages before the 20th week of gestation. All patients included in the study were at least 6 months after the last miscarriage, so the immunological status of patients was normalized before the research. Moreover, the study group had peripheral blood chromosome assessments that revealed normal karyotypes. Patients with anatomic, genetic, microbiological, immunological, and hormonal causes of abortions were excluded from the research.




2.3. Control Group


The control group consisted of 12 fertile, non-pregnant women without disorders in their obstetric–gynecological and internal medicine histories. All women in the control group had had at least one childbirth without complication; all subjects declared a normal course of pregnancy and delivery. None of the women in the control group had had a miscarriage. In addition, none of the control subjects had been treated for any internal disorders.




2.4. Cell Preparation


Blood was vested in heparin tubes. PBMCs were isolated by gradient centrifugation, 800× g, 12 min on Histopaque-1077 (MERCK, Darmstadt, Germany). The cells from the interphase were harvested and washed in phosphate-buffered saline (PBS) (Aqua-Med, Łódź, Poland) 600× g, 10 min. This step was repeated twice. Then cells were resuspended in RPMI enriched with 10% heat-inactivated fetal calf serum (MERCK, Darmstadt, Germany), 2 mM glutamine (MERCK, Darmstadt, Germany), antibiotic-antimycotic solution 100 I.U., penicillin, 100 µg/mL Streptomycin, and 0.25 µg/mL Amphotericin (Corning, New York, BD, USA).




2.5. Flow Cytometry Staining


Cells were counted in the light microscope; 1 × 106 cells were used for staining. Cells were washed by centrifugation in 1 mL PBS without Ca2+ and Mg2+ with 0.01% sodium azide (Aqua-Med, Łódź, Poland). Cells were resuspended in 100 μL PBS without Ca2+ and Mg2+ with 0.01% sodium azide and stained with antibodies against specific surface antigens: CD4-APC-Cy7 (SK3 clone, Becton Dickinson, Franklin Lakes, NJ, USA), CD3-PerCP (SK7 clone, Becton Dickinson, USA), CD8-APC (SK1 clone, Becton Dickinson, USA), CD56-PE-Cy7 (B159 clone, Becton Dickinson, Franklin Lakes, NJ, USA), CD279-BV480 (EH12.1 clone, Becton Dickinson, Franklin Lakes, NJ, USA), and CD366-PE (7D3 clone, Becton Dickinson, Franklin Lakes, NJ, USA). Samples were incubated in the dark for 15 min, room temperature. Next, cells were rinsed in 1 mL of PBS without Ca2+ and Mg2+ with 0.01% sodium azide, 2000 rpm, 5 min, then resuspended in 200 μL PBS without Ca2+ and Mg2+ with 0.01% sodium azide. The gating strategy was established based on fluorescence minus one (FMO) experiments (please refer to Supplementary Materials, Figures S1 and S2). A Becton Dickinson FACSCanto II cytometer (BD FACS Canto II, Becton Dickinson, Franklin Lakes, NJ, USA) was used to collect data, then analysis was performed with BD FACS Diva 6.1.3. software. Relative frequencies of TIM-3 and PD-1 expression were assessed on T helper lymphocytes (CD3+CD4+), T cytotoxic lymphocytes (CD3+CD8+), NK cells (CD3-CD56+), and NKT cells (CD3+ CD56+).




2.6. Statistical Analyses


All statistical analyses were performed with Graph Pad Prism 8.4.1, and the results were shown as mean plus/minus standard deviation (SD). Gaussian distribution was determined with the Shapiro–Wilk test. The analyses between sets of data with Gaussian distribution were performed considering the F-test. For groups with the same SD, the unpaired t-test was used. For groups with different SDs, an unpaired t-test with Welch’s correction was used. The analyses between groups without Gaussian distribution were performed with the Mann–Whitney test. P values below 0.05 (p < 0.05) were considered statistically significant and marked on the graphs as *.





3. Results


We found significantly higher expression of PD-1 on T helper (CD4+) cells in women with RSA (p < 0.05). Elevated expression of PD-1 expanded on all studied lymphocyte populations in the RSA group (Figure 3). Significant differences in TIM-3 expression were found on T cytotoxic phenotype (CD8+) of lymphocytes (Figure 4), where the expression was emphasized in the control group. The expression of studied ICPs was similar between groups considering NK and NKT cells.




4. Discussion


During the physiological development of pregnancy, from a very early stage, significant changes in the maternal immune system occur to tolerate the presence of the fetus and provide an optimal environment. In our study, we demonstrate that PD-1 expression on CD4+ lymphocytes in women with RSA was elevated in comparison to the healthy women, which may suggest that expression of cytokines or chemokine involved in pregnancy progression is excessively suppressed.



Meggyes et al. found that PD-1 expression on peripheral Tc and Th lymphocytes was decreased in the first trimester of pregnant women in comparison to non-pregnant women [24]. The Meggyes et al. findings suggest that, during the first trimester of pregnancy, the immune system is inhibited, and this change is necessary to warrant proper development of the pregnancy [24]. Further functional studies of immune cells are necessary to prove this suggestion. Moreover, Wang et al. observed a tremendous decrease in PD-1 and TIM-3 expression on Th cells of RSA women at the time of miscarriage; however, researchers did not notice changes in expression of a single population of TIM-3 or PD-1 positive lymphocytes [28]. Wang et al., in their recent study considering women with RSA, show that expression of PD-1 was significantly decreased on Th1 and Th17 cells, but not on Treg cells [33]. Hofmeyer et al. and Blackburn et al., similarly to our studies, found that overexpression of PD-1 can cause T cell dysfunction and exhaustion accompanied by impaired IFN-γ secretion [34,35]. Moreover, PD-1 activation may impair effector T cell proliferation and function while promoting regulatory T cell differentiation and its suppression function [7,36]. Overexpression of dysfunctional Treg cells was reported in women with RSA and preeclampsia [37]. In addition, in our previous study performed on a similar group of patients, we noticed significantly impaired Th1 cytokine production in RSA patients compared to fertile women, which may suggest immune system exhaustion [38]. Thus, we can speculate that blockade of PD-1 molecule could restore immune-cell function and help to achieve positive pregnancy outcomes in RSA patients with an exhausted immune system.



The second ICP molecule studied in our research was TIM-3. Enninga et al. found that the level of soluble Gal-9 increases throughout pregnancy [39]. Decreased expression of TIM-3 probably leads to impaired interaction with Gal-9 in women with RSA, which causes Th1/Th2 and Tc1/Tc2 dysregulation. On the other hand, decreased expression of immune checkpoints might be correlated with elevated cytotoxicity of Tc cells [15,40]. We observed a significant decrease in TIM-3 on Tc cells in RSA patients. Wang et al., which demonstrated that Tim-3 blockade, performed in a mouse-pregnancy model (female CBA/J × male BALB/c), caused higher susceptibility to fetal loss, and was associated with Th1/Th2 and Tc1/Tc2 imbalances in the cytokine production from CD4+ and CD8+ T cells [28,41]. Chabtini et al. demonstrated that Tim-3 blockade in the female CBA × male B6 mouse model caused ex vivo upregulation of proinflammatory IFN-γ and TNF-α cytokine production [19]. Considering previously mentioned studies, decreased expression of TIM-3 on Tc lymphocytes in our study group may lead to fetal loss. Moreover, Wang et al. found that the number of TIM-3+ cytotoxic T lymphocytes is decreased in miscarriage patients compared to pregnant women [42], which corresponds with our results. At the maternal–fetal interface, CD8 T cells should not exist as exhausted cells but show high proliferative activity and an anti-inflammatory cytokine profile [15]. The blockade of TIM-3 in vitro results in impaired proliferation of CD8+ T cells and shifts their cytokine profile to an increase in IFN-γ production and cytotoxic capacity. These changes can cause trophoblast cell death [42]. Zhuang et al. assessed TIM-3 mRNA expression in PBMCs and Th1 cells obtained from RSA patients and normal pregnant females. They found that TIM-3 expression in PBMCs was significantly higher in the RSA group in comparison to normal pregnant women [43]. Flow cytometry results obtained in this experiment reveal that the ratio of the CD4+TIM3+/CD4+ cells in PBMCs was significantly higher in the RSA group than in the control group [43]. We did not notice such correlation and changes in TIM-3 expression on CD4+ cells in our studied groups.



The most abundant population of immune cells in MFI are NK cells. Sun et al. reported a strong correlation with the protector function of decidual NK cells and TIM-3 expression during the first trimester of pregnancy; furthermore, TIM-3-positive NK cells were mainly found in decidua, not in peripheral blood [44]. Decidual TIM-3+ NK cells display a Th2 profile with low cytotoxicity [45,46]. Unfortunately, there are no data describing differences in expression of TIM3 or PD-1 on pbNK cells between non-pregnant RSA and fertile women. Nevertheless, our research suggests a lack of alterations in studied molecules in non-pregnant fertile and RSA women.



Our research sheds new light on the role of ICPs in reproductive immunology. Further exploration of this area may also allow for a more detailed explanation of the previously known disorders (shift of cytokine production toward Th1 profile, increased cytotoxicity, and proliferation of immune cells) during pregnancy.



The topic of this work requires further investigation, since this study is limited by the small group size and the inclusion of only two membrane ICPs determined only on main T cell subsets. A study of ICP ligands and soluble counterparts of ICPs and their ligands will be valuable. The TIM-3 and PD-1 represent two of many immune checkpoints; thus, additional studies on a larger variety of co-inhibitory molecules (LAG-3, VISTA, TIGIT, CTLA-4, BTLA) might elucidate the role and function of ICP molecules in maternal–fetal immune interactions. To define whether the expression of ICPs is associated with a miscarriage, it would be useful to examine women at the time of the miscarriage to reflect their immune status during the pathological process, in comparison to women who develop normal pregnancies. The wider analysis of ICPs may also yield new biomarkers for the diagnosis and prevention of RSA.




5. Conclusions


Our observations indicate that specific shifts in expression of TIM-3 and PD-1 might either be related to the pathogenesis of recurrent spontaneous abortions or be a repercussion of them. Nevertheless, differences that we observed in TIM-3 expression led to the conclusion that specific RSA women’s lymphocytes are shifted toward Tc1 and impaired Th response in comparison to fertile women. Further studies of the expression and function of ICPs in RSA women might shed new light on the reasons for pregnancy loss, as well as provide new trends in therapy and diagnosis.
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Figure 1. Distribution of immune checkpoints and their ligands on antigen-presenting cells (APCs), trophoblast cells, and activated T lymphocytes: PD-1—programmed cell death protein 1, TIM-3—T cell immunoglobulin-3, PDL1—programmed death-ligand 1, PDL-2—programmed death-ligand 2, PtdSer—phosphatidyl serine, Gal-9—galectin-9. 
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Figure 2. Interactions and their effects between immune checkpoints and their ligands expressed on immunocompetent cells with effector mechanism: PD-1—programmed cell death protein 1, TIM-3—T cell immunoglobulin-3, PDL-1—programmed death-ligand 1, PDL-2—programmed death-ligand 2, PtdSer—phosphatidyl serine, Gal-9—galectin-9. 
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Figure 3. Expression of PD-1 on T cell subsets. A higher percentage of PD-1 expression on T helper lymphocytes was shown in the RSA group. The error bars represent the standard deviation (SD). Abbreviations: RSA group—women with recurrent spontaneous abortion, control group—healthy fertile women, Th—helper T lymphocyte (CD4+), Tc—cytotoxic T lymphocyte (CD8+), * p < 0.05 (RSA group n = 24, control group n = 12). Please refer to the Supplementary Information for gating strategy (Figures S1 and S2). 
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Figure 4. Percentage expression of TIM-3 on cells subsets. A higher percentage of TIM-3 expression on cytotoxic T lymphocytes was shown in RSA than in the control group. The error bars represent the standard deviation (SD). Abbreviations: RSA group—women with recurrent spontaneous abortion, control group—healthy fertile women, Th—helper T lymphocyte (CD4+), Tc—cytotoxic T lymphocyte (CD8+), * p < 0.05 (RSA group n = 24, control group n = 12). Please refer to the Supplementary Information for gating strategy (Figures S1 and S2). 
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