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L-Arginine-Dependent Epigenetic Regulation of Interleukin-10, but Not Transforming Growth Factor-β, Production by Neonatal Regulatory T Lymphocytes
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A growing number of diseases in humans, including trauma, certain cancers, and infection, are known to be associated with L-arginine deficiency. In addition, L-arginine must be supplemented by diet during pregnancy to aid fetal development. In conditions of L-arginine depletion, T cell proliferation is impaired. We have previously shown that neonatal blood has lower L-arginine levels than adult blood, which is associated with poor neonatal lymphocyte proliferation, and that L-arginine enhances neonatal lymphocyte proliferation through an interleukin (IL)-2-independent pathway. In this study, we have further investigated how exogenous L-arginine enhances neonatal regulatory T-cells (Tregs) function in relation to IL-10 production under epigenetic regulation. Results showed that cord blood mononuclear cells (CBMCs) produced higher levels of IL-10 than adult peripheral blood mononuclear cells (PBMCs) by phytohemagglutinin stimulation but not by anti-CD3/anti-CD28 stimulation. Addition of exogenous L-arginine had no effect on transforming growth factor-β production by PBMCs or CBMCs, but enhanced IL-10 production by neonatal CD4+CD25+FoxP3+ Tregs. Further studies showed that IL-10 promoter DNA hypomethylation, rather than histone modification, corresponded to the L-arginine-induced increase in IL-10 production by neonatal CD4+ T cells. These results suggest that L-arginine modulates neonatal Tregs through the regulation of IL-10 promoter DNA methylation. L-arginine supplementation may correct the Treg function in newborns with L-arginine deficiency.
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INTRODUCTION

L-Arginine is a semi-essential amino acid; it can be synthesized from glutamine, glutamate, and proline by enzymes in the human intestinal–renal axis, but must be supplemented in the diet at times of physiological or pathological stress, including during pregnancy to aid fetal development (1). Both experimental and clinical studies have shown that certain human conditions, such as infertility, poor fetal growth, necrotizing enterocolitis in infants, cancer, trauma, and certain liver diseases, are associated with L-arginine deficiency (1–4).

L-Arginine can be metabolized to the cytotoxic and antimicrobial effector molecule nitric oxide through inducible nitric oxide synthase (iNOS). L-arginine can also be hydrolyzed by the enzyme arginase to ornithine and urea (1, 5), which depletes L-arginine. Arginase and iNOS compete for L-arginine. Induction of iNOS or arginase alone will result in reversible suppression of T cell proliferation. When both enzymes are induced, iNOS will generate peroxynitrites, which induce apoptosis of activated T cells. Therefore, relative changes in iNOS and arginase 1 activities may affect L-arginine metabolism and control specific types of T cell responses (6). L-arginine is also required for host defense against various pathogens and malignant cells. L-arginine modulates immune responses; it is critical for expression of the ζ-chain subunit of the T cell receptor complex, production of antibodies by B cells, and development of memory B cells (4, 7). Recently, L-arginine was also shown to regulate glycolysis and mitochondrial activity and enhance T cell survival and antitumor responses (8). Polymorphonuclear granulocytes and myeloid-derived suppressor cells have been shown to suppress T and natural killer cell proliferation and responses through arginase-mediated L-arginine depletion during activation (5, 9, 10). Moreover, dietary L-arginine supplementation in tumor-bearing or septic rats can increase thymus weight; interleukin (IL)-2/IL-2 receptor-mediated lymphocyte proliferation; cytotoxicity of T lymphocytes, macrophages, and natural killer cells; and delayed-type hypersensitivity responses (1).

Helper T cells are generally categorized based on their cytokine secretion profiles and their functions within the immune system (11–14). Th1 cells produce interferon-γ and play an important role in intracellular defense against microorganisms. Th2 cells produce IL-4, IL-5, and IL-13 and are responsible for allergic reactions and responses to parasitic infections (15). Regulatory T cells (Tregs), which produce IL-10 and transforming growth factor (TGF)-β, play key roles in the regulation of Th1/Th2-immune responses and peripheral tolerance (13, 14). Tregs suppress activated effector T cells and prevent pathological self-reactivity (16). They control effector T cell activation, proliferation, differentiation, and effector functions (17). Tregs can suppress effector T cells through the secretion of regulatory cytokines such as TGF-β and IL-10 (18). Other possible mechanisms of Treg-mediated T cell suppression include IL-2 deprivation via high surface CD25 expression and release of soluble CD25 (19). Although Tregs play a crucial role in immune responses, few studies have investigated their status and plasticity in neonatal blood.

Few reports have described L-arginine nutrition in neonates, especially preterm infants with L-arginine deficiency (20). We have previously shown that, compared to adults, neonates have lower plasma arginine levels and more abundant arginase 1 expression in leukocytes, which are associated with reduced lymphocyte proliferation (21). Additionally, we provided evidence that L-arginine modulates neonatal lymphocyte proliferation through an IL-2-independent pathway (22). Thus, L-arginine has distinct immune regulatory effects on neonatal and adult lymphocytes. In this study, we further investigated how L-arginine affects neonatal Tregs. Understanding the biological effects of L-arginine deficiency on T cell function may enable the design of novel treatments for neonatal immunodeficiency.

MATERIALS AND METHODS

Collection of Human Umbilical Cord Blood (CB) and Adult Peripheral Blood

Human umbilical CB was collected at the time of elective cesarean section or normal spontaneous delivery from healthy mothers, after informed consent was obtained from the subjects as previously described (22). Adult peripheral blood samples were obtained from healthy volunteers aged 20–40 years. The leukocyte separation protocol has been described previously (23). In brief, leukocytes and red blood cells were separated from whole blood using 4.5% (w/v) dextran sedimentation. Polymorphonuclear cells and mononuclear cells (MNCs) were further separated by density gradient centrifugation with Ficoll-Paque™ (Amersham Pharmacia, Biotech AB, Uppsala, Sweden). This protocol was approved by the Institutional Review Board of Chang Gung Memorial Hospital, Kaohsiung Medical Center (104-7809C1) and the study was carried out in accordance with their recommendations.

Induction of Cytokine Release by MNCs

We performed the cytokine induction protocol as previously described (24, 25). In brief, adult peripheral blood mononuclear cells (PBMCs) and cord blood mononuclear cells (CBMCs) (2 × 106 cells/mL) were stimulated with or without purified phytohemagglutinin (PHA) (10 µg/mL), or 1 µg/mL anti-CD3 (HIT3a, Cat. #300314, BioLegend, San Diego, CA, USA) in combination with 1 µg/mL anti-CD28 (CD28.2, Cat. #302914, BioLegend), in 1-cm tissue culture plates with L-arginine-free medium (SILAC R1780 SIGMA, RPMI-1640 Medium) supplemented with 10% heat-inactivated fetal bovine serum, 1 mM glutamine, 1 mM sodium pyruvate, 50 mg/L L-leucine, 40 mg/L L-lysine, and 1× non-essential amino acids (Gibco cat. # 11140-035), 100 IE/mL penicillin, and indicated L-arginine (Sigma-Aldrich, St. Louis, MO, USA). After 72 h, cell-free culture supernatants were collected and assayed for cytokine production by enzyme-linked immunosorbent assay: TGF-β1 (R&D systems Inc., MN, USA) and IL-10 (R&D Systems).

Isolation of CD4+ T Cells

CD4+ T cells were separated from MNCs using an IMag™ Cell Separation System (BD Biosciences, San Jose, CA, USA) as previously reported (26). In brief, MNC pellets were incubated with anti-human CD4 magnetic particles (BD Biosciences) for 30 min. Then, the labeled cells were resuspended in BD IMag™ buffer and isolated using a BD IMagnet™ (BD Biosciences).

RNA Isolation and Real-time Reverse Transcription-Polymerase Chain Reaction (RT-qPCR) Analysis

Total RNA was extracted from cells using TRIzol® Reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instructions. Purified RNA was quantified by assessment of optical density at 260 nm using a NanoDrop® ND-1000 spectrophotometer (Thermo Fisher Scientific) and qualitatively analyzed using a 2100 Bioanalyzer with RNA 6000 Nano Labchip Kit (Agilent Technologies, Palo Alto, CA, USA). RT-qPCR was then conducted as previously reported (22). In brief, a total of 200 ng of RNA was mixed with dNTPs and oligo-dTs (Invitrogen, San Diego, CA, USA) for 5 min at 65°C to reverse transcribe cDNA. The cDNA products were subjected to PCR amplification with specific primers (Table S1 in Supplementary Material), followed by SYBR Green quantification in an ABI Prism 7500 sequence detection system (Applied Biosystems, Foster City, CA, USA). For the relative quantification of gene expression, we employed the comparative threshold cycle (Ct) method (27).

Flow Cytometric Analysis of Intracellular FoxP3 and IL-10 Expression

We assessed the phenotype of Tregs by flow cytometry. CBMCs and PBMCs were cultured with PHA and the indicated concentration of L-arginine at 37°C for 48 h, then washed with fluorescence-activated cell sorting (FACS) buffer prior to evaluation of their Treg subsets. At the end of the stimulation, the cells were stained with anti-CD4-PerCP (BD Biosciences, Franklin Lakes, NJ, USA) and anti-CD25-FITC (Beckman Coulter, Brea, CA, USA) for 30 min, then fixed with paraformaldehyde/phosphate-buffered saline (PBS), and permeabilized using FACS permeabilizing solution (Sigma-Aldrich, St. Louis, MO, USA). For intracellular staining of FoxP3 and IL-10, cells were stained with anti-human FoxP3-PE (eBioscience, San Diego, CA, USA) and IL-10-APC (BD Biosciences). We analyzed the percentages of human CD4+CD25−, CD4−CD25+, and CD4+CD25+ cells, and the intracellular expression of FoxP3 and IL-10 in the subsets, using a FACSCalibur flow cytometer (BD Biosciences).

Chromatin Immunoprecipitation (ChIP) Assay

Chromatin immunoprecipitation assays were performed as previously described (28). In brief, cell pellets (1 × 107) were fixed with warmed 1% formaldehyde at 37°C, washed with ice-cold PBS, then assayed using an EZ-Magna ChIP™ A Kit (Millipore, Billerica, MA, USA), according to the manufacturer’s instructions. After the DNA was sheared to an average length of 200–1,000 bp by sonication, 5 µL of the supernatant (the input) was removed and stored at 4°C. The supernatant was then incubated overnight at 4°C with 5 µg of the indicated antibodies for immunoprecipitation. The antibodies used in the immunoprecipitation were as follows: acetyl histone H3 (Millipore), acetyl histone H3 lysine 4 (Cell Signaling, Danvers, MA, USA), monomethyl histone H3 lysine 4 (Abcam, Cambridge, UK), acetyl histone H3 lysine 9 (Cell Signaling), trimethyl-histone H3 lysine 36 (Abcam), and trimethyl-histone H3 lysine 4 (Abcam). The immunoprecipitated DNA was eluted and quantitated by RT-qPCR, performed at an annealing temperature of 57°C for 45 cycles with the indicated primers (Table S1 in Supplementary Material). The Ct values of the diluted input were adjusted to 100% of the input by subtracting 3.322 cycles (log 2 of 10) from the Ct value of the diluted input. One percent of starting chromatin was used as input. The amount of DNA precipitated by the indicated antibodies was calculated as percentage of the input using the following formula: % of input = 2ΔCt × 100, where ΔCt = Ct input—Ct IP.

Genomic DNA Extraction, Bisulfite Conversion, and Pyrosequencing

Genomic DNA was isolated from CD4+ T cells using the PUREGENE® DNA Purification Kit (Gentra Systems, Minneapolis, MN, USA), according to the manufacturer’s instructions. Bisulfite conversion of genomic DNA was performed using the EZ DNA Methylation™ Kit (Zymo Research, Orange, CA, USA), according to the manufacturer’s instructions. In brief, 500 ng of genomic DNA was added to M-Dilution Buffer, which was adjusted to a total volume of 50 µL with water, and incubated for 15 min at 37°C. CT Conversion Reagent was then added to the denatured DNA and incubated for 16 h at 50°C. We washed and eluted the DNA by centrifugation for 30 s, then performed PCR amplification of the target regions using a PyroMark PCR Kit (Qiagen, Valencia, CA, USA). Each PCR mix (25 µL) contained 2 × PyroMark PCR Master Mix, 10 × CoralLoad Concentrate, 5 µL Q-Solution, 5 µM primers, and 100 ng bisulfite-treated DNA. The cycling protocol was as follows: 95°C for 15 min, 45 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 30 s, followed by a final extension of 72°C for 10 min. The biotin-labeled PCR products were captured by Streptavidin Sepharose high performance beads (Amersham Pharmacia). We purified the bead-bound PCR products, which were made single-stranded using a Pyrosequencing Vacuum Prep Tool (Qiagen). The sequencing primers were annealed to the single-stranded PCR products and pyrosequencing was performed using the PyroMark Q24 system (Qiagen). Quantitation of cytosine methylation was determined using PyroMark Q24 Software 2.0.6 (Qiagen). PCR amplification conditions were determined and sequencing primers were designed using PyroMark Assay Design Software (Qiagen). The primer sequences are listed in Table S1 in Supplementary Material.

Statistics

Differences in parameters between PBMCs and CBMCs were analyzed using the Mann–Whitney U-test. Differences in parameters between different L-arginine conditions were analyzed using a one-way analysis of variance with Fisher’s least significant difference post hoc test. Data are expressed as the mean ± SEM. The correlation between IL-10 promoter DNA methylation levels and IL-10 mRNA levels in CB CD4+ T cells at the indicated concentrations of L-arginine was calculated as Pearson’s correlations. Differences with a p-value of less than 0.05 were considered statistically significant in all tests. All statistical tests were performed using SPSS 15.0 for Windows XP (SPSS, Chicago, IL, USA).

RESULTS

Effects of L-Arginine on IL-10 and TGF-β Production by CBMCs

To clarify the modulatory effects of L-arginine on the Treg response, we determined the levels of TGF-β and IL-10 production by CBMCs and PBMCs, which were exposed to differential L-arginine levels in their respective origins, upon PHA stimulation. As shown in Figure 1, CBMCs produced less TGF-β1, but an equivalent amount of IL-10, compared to PBMCs in L-arginine-free culture medium. The addition of different concentrations of L-arginine had no effect on the production of TGF-β by CBMCs or PBMCs (Figure 1A). Thus, TGF-β production by human MNCs was L-arginine-independent (Figure 1A). Interestingly, exogenous L-arginine enhanced IL-10 production by neonatal, but not adult, MNCs in a dose-dependent manner (Figure 1B) upon PHA stimulation. Given that PHA stimulates leukocytes through CD2-mediated activation (29), we also used anti-CD3/anti-CD28 to specifically stimulate T cells (30). TGF-β1 production by PBMCs and CBMCs upon anti-CD3/CD28 stimulation was similar to that upon PHA stimulation. Anti-CD3/CD28-induced TGF-β1 production by human MNCs was also L-arginine-independent (Figure 1C). However, PBMCs and CBMCs behave in similar manner concerning the IL-10 production upon anti-CD3/CD28 stimulation (Figure 1D). The reason why CBMCs produce higher levels of IL-10 than PBMCs by PHA stimulation but not by anti-CD3/anti-CD28 stimulation may be because that PHA stimulation, which has been shown to mediate through CD2 activation (29), may be different from the combination of anti-CD3 and anti-CD28 stimulation (31). In order to explore the unique L-arginine-dependent PHA-induced IL-10 production of CBMCs, further studies were conducted on the cellular and molecular mechanisms of neonatal Tregs in CBMCs stimulated by PHA.
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FIGURE 1 | Effects of L-arginine supplementation on transforming growth factor (TGF)-β and interleukin (IL)-10 production by adult and neonatal mononuclear cells (MNCs). MNCs isolated from adult peripheral blood and cord blood (CB) were suspended at a concentration of 2 × 106/mL in 24-well plates and treated with 10 µg of phytohemagglutinin and the indicated concentrations of L-arginine for 72 h. The culture supernatants were collected and then levels of (A) TGF-β and (B) IL-10 were determined by enzyme-linked immunosorbent assay (ELISA). In a separate experiment, MNCs were treated with anti-CD3 (1 µg/mL) in combination with anti-CD28 (1 µg/mL) and the indicated concentrations of L-arginine for 72 h. The culture supernatants were collected and the levels of (C) TGF-β and (D) IL-10 were determined by ELISA (n = 6–9 for adult and 8–14 for CB as indicated). *p < 0.05 compared to the control with 0 µM L-arginine by ANOVA. ζp < 0.05 compared to the adult control without addition of L-arginine by Mann–Whitney U-test.



L-Arginine-Induced IL-10 Production by Neonatal Tregs (Tregs)

To study the modulatory effects of L-arginine on Tregs, we assessed the expression of cell surface CD4 and CD25, and intracellular expression of the transcription factor FoxP3, in cells cultured in L-arginine. As shown in Table 1, neonates had a higher proportion of CD4+CD25+ lymphocytes than adults, and L-arginine supplementation enhanced the proportion of CBMCs expressing CD4 and CD25. We evaluated the expression of intracellular FoxP3 by flow cytometry. Exposure to L-arginine was associated with higher MFI expression of FoxP3 in neonatal CD4+CD25+ T cells (Figure 2A). In order to identify the cell population associated with IL-10 production, CD4+CD25+ cells were gated for intracellular FoxP3 and IL-10. As shown in Figure 2B, CD4+CD25+FoxP3+ cells were responsible for the majority of IL-10 production in CD4+CD25+ CBMCs that were supplemented with L-arginine.

TABLE 1 | CD4 and CD25 cell surface expression upon L-arginine treatment.
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FIGURE 2 | Expression of intracellular FoxP3 and interleukin (IL)-10 in CD4+CD25+ T cells. Mononuclear cells isolated from adult peripheral blood and cord blood were treated with 10 µg of phytohemagglutinin and the indicated concentrations of L-arginine for 48 h, then samples were stained with PerCP- and FITC-labeled antibodies specific for CD4 and CD25 cell surface markers, respectively. The cells were then permeabilized and stained with sheep antibodies specific for human FoxP3 and IL-10. (A) The flow plots show the effects of L-arginine supplementation on cell surface CD4 and CD25 expression in cord blood mononuclear cells, and the intracellular FoxP3 and IL-10 expression of CD4+CD25+ cells. The results are representative of four replicate experiments. (B) The bars illustrate the percentage of CD4+CD25+FoxP3−IL-10+ cells and CD4+CD25+FoxP3+IL-10+ cells in the presence of the indicated concentrations of L-arginine (n = 6 for each group). *p < 0.05 compared to the control without L-arginine by analysis of variance.



L-Arginine-Induced IL-10 Production by Neonatal CD4+ T Cells Correlated with IL-10 Promoter Hypomethylation but Not Histone Modification

To investigate the mechanism of Treg IL-10 production, we treated isolated adult and CB CD4+ T cells with L-arginine and PHA as indicated, and studied their expression of IL-10 mRNA. As shown in Figure 3, consistent with IL-10 protein production, CB CD4+ T cells had significantly higher IL-10 mRNA levels in L-arginine-supplemented conditions than in the non-supplemented condition. However, L-arginine supplementation did not significantly enhance IL-10 mRNA expression by adult CD4+ T cells.
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FIGURE 3 | Quantitative reverse transcription-polymerase chain reaction (RT-qPCR) analysis of interleukin (IL)-10 mRNA expression in CB and adult blood CD4+ T cells. CD4+ T cells isolated from adult peripheral blood and CB were suspended at a concentration of 2 × 106/mL in 24-well plates, then treated with 10 µg of phytohemagglutinin and the indicated concentrations of L-arginine for 48 h. Cell pellets were subjected to RT-qPCR analysis. IL-10 mRNA levels shown are relative to levels in 0 μM L-arginine (n = 6 for each group). AD CD4+, adult peripheral blood CD4+ T cells; CB CD4+, cord blood CD4+ T cells. *p < 0.05 compared to the control without L-arginine by ANOVA.



Given that DNA methylation and histone modification can influence the expression of IL-10 mRNA, we next studied the epigenetic regulation of IL-10. First, we investigated the effect of L-arginine treatment on IL-10 promoter histone modification. We performed ChIP assays on nuclear extracts of CB CD4+ T cells using antibodies directed against acetyl-histone H3 lysine 9 (Ac-H3K9), Ac-H3K14, Ac-H3K27, Ac-H4K5, phospho-histone H3 serine 10, and trimethyl-histone H3K4, which are promoter activation markers (32, 33). We then used RT-PCR to determine the amount of IL-10 promoter input DNA that was bound to each protein. We designed four pairs of IL-10 primers for RT-PCR analysis (Figure 4A). As shown in Figure 4B, there were no differences in IL-10 promoter binding to these active histone markers in any of the L-arginine treatment conditions. We also investigated if repression of histone modification altered L-arginine-induced IL-10 transcription. ChIP assays were performed on the nuclear extracts of CB CD4+ T cells using antibodies directed against H3K9me3 and H3K27me3 (34). As with the other histone markers, there were no differences in H3K9me3 and H3K27me3 association with the IL-10 promoters among the L-arginine treatment conditions (Figure S1 in Supplementary Material). Thus, we did not detect either activating or repressing histone modifications of the IL-10 promoters in CB CD4+ T cells with exogenous L-arginine treatment.
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FIGURE 4 | Assessment of histone activation markers at the interleukin (IL)-10 promoters in cord blood (CB) CD4+ T cells with and without L-arginine supplementation. CD4+ T cells isolated from CB were treated with 10 µg of phytohemagglutinin and the indicated concentrations of L-arginine for 48 h. (A) The diagram indicates the primer positions in the IL-10 promoters; “+1” indicates a transcription initiation site. IL-10 promoter 1 was 2,014–1,865 bp upstream of the transcription site. (B) Chromatin in the cell pellet was immunoprecipitated using anti-acetyl-histone H3 lysine 9 (ac-H3K9), anti-ac-H3K14, anti-ac-H3K27, anti-ac-H4K5, anti-phospho-histone H3 serine 10 (ph-H3S10), or anti-trimethyl-histone H3 lysine 4 antibodies. The bar graphs show the levels of the indicated histone markers at the various IL-10 promoters. Results are expressed as percentage of the input (mean ± SEM; n = 4).



To test whether changes in DNA methylation contributed to IL-10 expression in neonatal CD4+ T cells, we analyzed the methylation content of CG pairs in the 192-bp CpG island (position +3119 to +3310) within the intron 4 enhancer element of the IL-10 gene, which contains the transcriptional activator STAT5-binding site (35, 36). Figure 5A shows the average methylation content of eight CG sites in the IL-10 promoter from 10 CB and 10 adult CD4+ T cell samples. The position +3281 CG site was hypomethylated in both adult and CB CD4+ T cells. However, the methylation content of the other seven CG sites (positions +3144, +3162, +3170, +3200, +3229, +3261, and +3265) was significantly greater in CB CD4+ T cells than in adult CD4+ T cells. The methylation content of six of the CG sites (positions +3144, +3162, +3229, +3261, +3265, and +3281) decreased significantly in CB CD4+ T cells at the indicated exogenous L-arginine concentrations (Figure 5B). Moreover, we found that the average degree of methylation of the eight methylated CG pairs within the intron 4 CpG islands negatively correlated with the levels of IL-10 mRNA expression in CB CD4+ T cells (Figure 5C).
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FIGURE 5 | Interleukin (IL)-10 enhancer methylation patterns in CD4+ T cells from adult and cord blood (CB). (A) The mean level of methylation for each of the eight CG pairs in intron 4 of the IL-10 locus in CD4+ T cells from adult (AD) and CB (n = 10). *p < 0.05 in a comparison between AD and CB by Mann–Whitney U-test. (B) The average level of methylation for the eight CG pairs (positions +3144, +3162, +3170, +3200, +3229, +3261, +3265, and +3281) in IL-10 intron 4 in CB CD4+ T cells with exposure to the indicated concentrations of L-arginine for 48 h (n = 6). *p < 0.05 compared to expression by cells treated with 0 μM L-arginine by analysis of variance (ANOVA). (C) The average levels of IL-10 promoter DNA methylation correlated with the relative IL-10 mRNA levels in CB CD4+ T cells at the indicated concentrations of L-arginine (r = −0.66; p < 0.0001). *p < 0.05 compared to the expression without addition of L-arginine by ANOVA.



DISCUSSION

Although it is well known that L-arginine modulates T cell proliferation and immune responses, its mechanism of action is still not fully understood. Tregs can control improper activation, proliferation, and differentiation of effector T cells through several mechanisms in addition to the IL-2 signaling pathway (18). In previous studies, we have found that L-arginine modulates neonatal lymphocyte proliferation through an IL-2-independent pathway (22). In this study, we investigated how exogenous L-arginine enhances neonatal Tregs function in relation to IL-10 production and epigenetic regulation under PHA and anti-CD3/anti-CD28 stimulations. L-Arginine supplementation has been reported not to affect Treg frequency or IL-10 production by mouse splenocytes (37). To our knowledge, no experiments have focused on the modulatory mechanisms of L-arginine on human Tregs. In this study, we found that neonates, in contrast to adults, had impaired TGF-β, but not IL-10-related Treg responses. For both adults and neonates, the production of TGF-β1 was L-arginine-independent. IL-10 production by neonatal MNCs was mainly dependent on L-arginine-induced FoxP3 expression and hypomethylation of the IL-10 promoter in CB CD4+CD25+ T cells. Thus, we concluded that exogenous L-arginine modulates IL-10 production by neonatal Treg through demethylation of the IL-10 promoter.

The importance of L-arginine in the immune system was initially identified by the association of impaired T cell function and low-serum L-arginine levels in trauma patients (4). This low L-arginine-related T cell dysfunction could be rapidly reversed by L-arginine supplementation (4). L-Arginine depletion by arginase 1 and/or nitric oxide produced by granulocytes and myeloid-derived suppressor cells has been observed in certain cancers and infections (9, 38). The existence of myeloid-derived suppressor cells that produce arginase in cancer patients suggests that arginase production is a tumor evasive mechanism (39). L-Arginine depletion can result in inhibition of T lymphocyte proliferation, interferon-γ production, and CD3ζ downregulation, leading to impaired adaptive immune responses (7, 9). In addition to T lymphocytes, L-arginine depletion also suppresses the proliferation of natural killer cells and their production of IL-12/IL-18-mediated interferon-γ (5). Here, we provide evidence of L-arginine modulation of Tregs through epigenetic regulation. This is a novel finding, which may enable pharmacological regulation of Treg functions by inhibition of DNA methylation.

Interleukin-10 is an anti-inflammatory cytokine. It regulates innate and adaptive immune responses and limits immunopathologies (40). IL-10 is produced by many different immune cells, including dendritic cells, macrophages, and Tregs (40). Tregs include diverse immune cell populations that regulate the adaptive immune response. CD4+CD25+FoxP3+ T cells, natural Tregs (nTregs), are thymically derived. The two major types of induced Tregs are Treg type 1 cells and Th3 Treg cells (41). Treg type 1 cells have a CD4+CD25+FoxP3− phenotype and specialize in IL-10 production (41, 42). Th3 cells express FoxP3 in the periphery and secrete TGF-β and IL-10 (41). Different conditions induce the various Treg subsets to produce IL-10. Induced Treg cells are known to be the major producers of IL-10 in filarial infections (43), whereas CD4+CD25+ Tregs produce IL-10 in Leishmania major and several other infections (40, 44, 45). In our study, we found that CD4+CD25+FoxP3+ cells were responsible for the majority of IL-10 production. There is no specific marker to differentiate nTregs from Th3 cells, as both show a CD4+CD25+FoxP3+ phenotype (41, 46); however, the IL-10-producing CD4+CD25+FoxP3+ T cells that responded to L-arginine supplementation in CBMCs were likely nTregs because Th3 differentiation is induced by TGF-β, and we did not observe a change in TGF-β production with L-arginine treatment.

In a previous report, we had illustrated that the L-arginine levels in CB plasma (about 50 μM) were less than those in adult plasma (about 100–150 μM) (22). CBMCs presenting overexpression of arginase significantly upregulated surface CD25, the IL-2 receptor, upon PHA stimulation after the exogenous supplementation with L-arginine (22). In this study, we have further determined that the increase of surface CD25 on CBMCs is mainly on CD4+ T cells, associated with higher IL-10 production through the regulation of IL-10 promoter DNA hypomethylation, but not histone modification. We also demonstrated that TGF-β1 production by PBMCs or CBMCs was L-arginine independent. The reason why CBMCs produce higher levels of IL-10 than PBMCs by PHA stimulation but not by the anti-CD3/anti-CD28 stimulation may be because that PHA stimulation, which has been shown to mediate through CD2 activation (29), may be different from the combination of anti-CD3 and anti-CD28 stimulation (31). Further studies to clarify the distinct signal transductions for IL-10 production by PBMCs and CBMCs between PHA and anti-CD3/CD28 stimulations are needed.

Our study is the first to show the effect of L-arginine on IL-10 promoter DNA methylation in neonatal CD4+CD25+ T cells, although the mechanism driving IL-10 DNA hypomethylation with L-arginine supplementation has not been determined. DNA methylation of CpG dinucleotides is an important epigenetic mechanism for gene regulation. Protein arginine methylation is a common posttranslational modification that regulates protein function in the cell. DNA methylation and protein arginine methylation are catalyzed by DNA methyltransferases and protein arginine methyltransferases, respectively (47, 48). Methyltransferases utilize S-adenosylmethionine (SAM) as a methyl group donor to form S-adenosylhomocysteine (SAH) and methylated substrates (including DNA and proteins). SAM treatment has been shown to increase global DNA methylation in human macrophages (49). Supplementation with L-arginine, a cofactor for SAM, can increase the production of SAH from SAM through the methylation-dependent generation of creatine (50). As SAH is a competitive inhibitor of SAM-dependent methyltransferases (51), L-arginine supplementation may cause IL-10 DNA hypomethylation through methyl group consumption and SAH production.

In conclusion, we studied the modulatory effects of L-arginine on Tregs in adults and neonates in depth. For both adult and neonatal MNCs, the production of TGF-β1 was L-arginine-independent. Neonatal MNCs produced higher levels of IL-10 than adult MNCs upon PHA stimulation. The frequency of IL-10-producing CD4+CD25+FoxP3+ T cells was increased by L-arginine supplementation in newborns. L-Arginine may modulate neonatal Treg IL-10 production through DNA hypomethylation. Given that Treg activation is a major mechanism for establishing immune regulation, L-arginine supplementation has the potential to correct the Treg function in newborns with L-arginine deficiency.
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FIGURE S1 | Assessment of histone repression markers at the interleukin (IL)-10 promoter in cord blood (CB) CD4+ T cells with and without L-arginine supplementation. CD4+ T cells isolated from CB were treated with 10 µg of phytohemagglutinin and the indicated concentrations of L-arginine for 48 h. The primer positions in the IL-10 promoters are shown in Figure 4. Chromatin from the cell pellet was immunoprecipitated using anti-trimethyl-histone H3 lysine 9 (H3K9me3) or H3K27me3 antibodies. The bar graphs show the levels of histone activation markers at the different IL-10 promoters. Results are expressed as percentage of the input (mean ± SEM; n = 4).
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