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BMP4 is a key growth factor well known in promoting bone regeneration and has been reported to be able to regulate T cell development in the thymus. Here, we showed that BMP4 downregulates the activation of naïve CD4+ T cells and the IFN-γ production of CD4+ T cells without increasing regulatory T cells. BMP4 could also moderate glycolysis of T cells and regulate Hif1α expression. Furthermore, BMP4 showed a suppressive function on the IFN-γ production of CD4+ T cells in vivo. These findings indicating a mechanism by which BMP-4 may regulate activation and IFN-γ production in CD4+ T cells via metabolism moderation and suggests that BMP4 may be a potential therapeutic supplement in autoinflammatory diseases.
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Introduction

Bone morphogenetic proteins (BMPs) are an important member of the transforming growth factor-β superfamily and play an important role in bone metabolism (1). They were initially identified as osteoinductive components in extracts derived from bone (2, 3), and now it has been discovered that different members of the BMP family have more extensive biological activities in a multitude of processes. These processes occur during embryonic development and adult homeostasis by regulating cellular lineage commitment, morphogenesis, differentiation, proliferation, and apoptosis of various types of cells throughout the body (4). Importantly, recent studies showed that some BMPs may regulate early thymocyte differentiation (5) and inhibit early T cell development (6), and also may inhibit T cell activation and differentiation (7). However, the mechanism behind this pathway is still unknown.

Aerobic glycolysis, which is the first of three stages that make up aerobic cellular respiration, is a hallmark property of T cells where the cells rely on glycolytic pathways to meet their high demand for energy and for the proliferation of Interferon-gamma (IFN-γ) cytokine production (8). Glycolysis is a common cellular respiratory pathway that takes place in the cytoplasm. It begins with a molecule of glucose and is progressively broken down via various enzymes with final yields of 2 ATPs, 2 NADH2, and 2 pyruvic acid molecules. There are 10 enzymes that act as catalysts in different steps of the process of glycolysis, which may potentially be regulated by Hif1a and c-Myc. Studies have identified that BMPs regulate hypoxia-inducible factor 1 alpha (Hif1α) (9) and c-Myc (10), indicating that BMPs may regulate T cell proliferation and cytokine production via metabolism moderation.

BMP4 is a member of the BMP family and is of special interest due to its well-studied osteoinductive properties. Here, we showed the effects of BMP4 on the activation and differentiation of CD4+ T cells, so as to analyze the possible mechanisms of how BMP4 affects T cells metabolism. Moreover, administration of BMP4 in vivo can also suppress the IFN-γ production in CD4+ T cells in lymph nodes. Our findings reveal the possible mechanism of the regulatory function of BMP4 on CD4+ T cells and may have implications for the development of immunotherapy for clinical use.



Materials and Methods


Mice

C57BL/6 mice were obtained from Vital River, CD45.1 mice and OTII mice were obtained from Cyagen and bred in our facility under specific-pathogen-free conditions. All mice used for experiments were aged 6-12 weeks. All animal studies were performed according to guidelines for the use and care of live animals and were approved by the Animal Care and Use Committees of Capital Medical University.

For In Vivo experiment, totally 18 CD45.1 transgenic C57BL/6 mice (male, 8 weeks old) were separated into 3 groups (n=6) and served as recipients, 3 OTII (male, 8 weeks old) mice were served as donors of CD4+ T cells. OVA peptide (pOVA 323-339, Sangon Biotech) was injected in footpads 10 μg/mouse. BMP4 (PeproTech) was administrated in 25 ng/µL for footpad injection in 10 µL. BMP4 neutralizing antibody (R&D system) was used in 10mg/kg for i.p.



T Cell Culture

Naïve mouse (CD4+CD62L+CD44−) T cells were purified by magnetic cell sorting (Miltenyi Biotec) and stimulated with indicated concentration of plate-bound anti-CD3 and anti-CD28, in complete DMEM with 10% FBS, 2mM L-glut, 100 units/mL penicillin G, 100 µg/mL streptomycin, 1 mM sodium pyruvate, 10mM HEPES and Non-Essential Amino Acid (NEAA), cultured at 37°C for the indicated durations. BMP4 (PeproTech) was used in 10ng/ml for cell culture.



Real-Time PCR

Total RNA was derived from cells using RNAsimple Kit (Tiangen) following the manufacturer’s instructions, and complementary DNA (cDNA) was synthesized from 100 ng of total RNA using the Reverse Transcription Kit (ThermoFisher). Quantitative real-time PCR was analyzed using the δδ-Ct method. Primer were used as follows: Hprt (Mm03024075_m1; Invitrogen), Il2ra (Mm01340213_m1; Invitrogen), Cd69 (Mm01183378_m1; Invitrogen), Cd44 (Mm01277165_m1; Invitrogen), Ifng (Mm01168134_m1; Invitrogen), Il4 (Mm00445259_m1; Invitrogen), Foxp3 (Mm00475162_m1; Invitrogen), Hk1 (Mm01145244_m1; Invitrogen), Hk2 (Mm00443385_m1; Invitrogen), Hk3 (Mm01341942_m1; Invitrogen), Pfkl (Mm00435597_m1; Invitrogen), Myc (Mm00487804_m1; Invitrogen), Hif1a (Mm00468869_m1; Invitrogen).



Flow Cytometry Analysis

Antibodies for FACS were purchased from ThermoFisher eBioscience: Anti-CD4 mAbs, clone: RM4-5; Anti-CD25 mAbs, clone: PC61.5; Anti-CD69 mAbs, clone: H1.2F3; Anti-CD44 mAbs, clone: IM7; Anti-IL-4 mAbs, clone: 11B11; Anti-IFN-g mAbs, clone: XMG1.2; Anti-FoxP3 mAbs, clone: FJK-16S. Intranuclear staining was carried out using the Fixation/Permeabilization buffer solution (eBioscience) according to manufacturer’s instruction. For intracellular cytokine staining, cells were stimulated with PMA (50 ng/ml), Ionomycin (250 ng/ml) and Golgi-Plug (1:1000 dilution, BD PharMingen) at 37°C for 3 hr, followed by fixation with the Fixation/Permeabilization buffer solution (BD Biosciences) according to manufacturer’s instruction. Stained cells were analyzed on a LSRFortessa (BD Biosciences) and data was analyzed with FlowJo software.



Metabolic Analysis

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) of CD4+ T cells were measured using a Seahorse XFe96 Analyzers. T cells were cultured with or without BMP4 (10ng/ml, PeproTech) for 24 hours, and then were prepared in XF RPMI medium supplemented with 10 mM glucose, 1 mM pyruvate and 2 mM L-glutamine, added 2 × 105 T cells into each well of Seahorse XF96 cell culture microplates (Coated with 22.4 μg/ml Corning® Cell-Tak Cell and Tissue Adhesive), spined down and preincubated at 37°C for around 30 min in the absence of CO2, then ran the program of the Seahorse XF Cell Mito Stress Test.



Statistical Analysis

Comparison between two different groups was done by unpaired two-tailed Student’s t test; Comparisons between more than two groups were done by one-way ANOVA (with Tukey’s multiple-comparisons post-tests). All P values less than 0.05 were considered significant. Statistical analysis was done with GraphPad Prism 7.




Results


BMP4 Downregulates the Activation of Naïve CD4+ T Cells

We first examined the effects of BMP4 on the activation of naïve CD4+ T cells. CD25, CD69, and CD44 are commonly used activation markers of the CD4+ T cells. After T cell receptor (TCR) stimulation for 24 hours, usually, more than 90% of the naïve T cells become CD25+ (Figures 1A, B) when analyzed by flow cytometry. BMP4 treatment along with TCR activation could downregulate the expression of CD25 on T cells (Figures 1A, B). The gene expression of Il2ra was also checked by PCR, although it was not found to be significant and it showed a trend of decrease in Il2ra after BMP4 treatment (Figure 1C). T cells also have high levels of CD69 and CD44 expression 24 hours after TCR stimulation (Figures 1D, G), and the frequency of CD69+ or CD44+ T cells declined while BMP4 was administered in the culture system (Figures 1E, H). We also double-checked the gene expression of Cd69 and Cd44 (Figures 3F, I), which also significantly decreased after BMP4 treatment. Taken together, our data showed that BMP4 could downregulate the activation of naïve CD4+ T cells.




Figure 1 | BMP4 downregulates the activation of naïve CD4+ T cells. (A) The expression of CD25 on T cells tested by flow cytometer 24 hours after TCR activation with or without BMP4 treatment. (B) The frequency of CD25+ T cells. (C) The gene expression of Il2ra checked by Quantitative real-time PCR. (D) The expression of CD69 on T cells. (E) The frequency of CD69+ T cells. (F) The gene expression of Cd69 checked by Quantitative real-time PCR. (G) The expression of CD44 on T cells. (H) The frequency of CD44+ T cells. (I) The gene expression of Cd44 checked by Quantitative real-time PCR.





BMP4 Downregulates the IFN-γ Production of CD4+ T Cells Without Increasing Tregs

We next examined the administration of BMP4 and its effects upon IFN-γ production of CD4+ T cells. After activation together with treatment of BMP4 for 3 days, the production of IFN-γ was decreased. Our flow cytometry data showed that the ratio of IFN-γ producing CD4+ T cells significantly decreased after BMP4 administration compared with blank control (Figures 2A, B). The BMP4 treated CD4+ T cells also showed a decreasing trend in the ratio of IL-4 production (Figures 2A, C). The ELISA test for supernatants (Figures 2D, E) and PCR for Ifng and Il4 gene expression (Figures 2F, G) also confirmed that BMP4 could downregulate the IFN-γ production of CD4+ T cells.




Figure 2 | BMP4 downregulates the IFN-γ production of CD4+ T cells without increasing Tregs. (A) The expression of IFN-γ and IL-4 on T cells were tested by flow cytometer 3 days after TCR activation with or without BMP4 treatment. (B) The frequency of IFN-γ+ T cells. (C) The frequency of IL-4+ T cells. (D) The concentration of IFN-γ+ in the supernatant of T cells culture medium 3 days after TCR activation with or without BMP4 treatment. (E) The concentration of IFN-γ+ in the supernatant of T cells culture medium. (F) The gene expression of Ifng checked by Quantitative real-time PCR. (G) The gene expression of Il4. (H) The expression of FoxP3 on T cells tested by flow cytometer. (I) The frequency of FoxP3+ T cells. (J) The gene expression of Foxp3.



It is well known that TGF-β can induce T cells to differentiate into regulatory T cells (Tregs) (11), which can dramatically suppress the T cells activation and IFN-γ production (12). Since BMP4 is a member of the TGF-β superfamily, we hypothesize that the BMP4 may also induce Tregs. Surprisingly, the expression FoxP3, which is a crucial intracellular marker and also a key developmental and functional factor for CD4+CD25+ Tregs, did not show any significant change in CD4+ T cells after BMP4 treatment when compared to blank control, as analyzed by flow cytometry (Figures 2H, I) and PCR (Figure 2J). These data demonstrate that BMP4 downregulates the activation and IFN-γ production of CD4+ T cells without increasing Tregs.



BMP4 Moderates Glycolysis of T Cells After Activation

The activation and cytokine production of T cells relies upon glycolytic pathways to meet their high energy demand. To further investigate the mechanism of regulatory effects on T cells by BMP4, we investigated the glycolysis of T cells that had been activated for 24 hours. Glycolysis stress test measuring extracellular acidification rate (ECAR) is completed by injecting glucose to glucose-starved cells, followed by oligomycin and 2-deoxyglucose injections showing significantly lower glycolytic capacity in BMP4 treated T cells (24 hours) compared to blank control T cells (Figures 3A, B). PCR data showed that BMP4 may decrease the gene expression of hexokinases (Hk2) and pyruvate dehydrogenase kinase, isozyme 1 (Pdk1) in CD4+ T cells (Figures 3C–F), which are two important enzymes for glycolysis. Moreover, BMP4 also decreased the gene expression of Hif1a, which is one of the most important moderators of glycolysis, bother than c-Myc (Figures 3G, H). Taken together, our data suggested that BMP4 may moderate glycolysis of T cells via regulating Hif1α.




Figure 3 | BMP4 moderates glycolysis of T cells after activation. (A, B) Extracellular acidification rate of T cells 24 hours after TCR activation with or without BMP4 treatment. (C–H) The gene expression of Hk1, Hk2, Hk3, Pfkl, Myc and Hif1a checked by Quantitative real-time PCR.





BMP4 Suppresses the IFN-γ Production in CD4+ T Cells In Vivo

To investigate the effects of BMP4 on CD4+ T cells in vivo, we adoptively transferred OT-II CD4+ T cells to CD45.1 transgenic C57BL/6 mice and injected OVA peptides into the footpads. Administration of BMP4 treatment significantly reduced the IFN-γ production in CD4+ T cells from the draining lymph nodes of footpads, while anti-BMP4 antibody injection induced the IFN-γ production to slightly increased (Figures 4A, B). The IL-4 production was also checked, however no significant change could be observed (Figures 4A, C). To further confirm the effects of BMP4 on glycolysis, total CD4+ T cells were isolated from draining lymph nodes by magnetic cell isolation, and PCR showed that the metabolism-related genes (Hif1a, Hk2, and Pdk1) in the T cells from BMP4 treated mice have lower expression than both blank control and anti-BMP4 treated mice (Figures 4D–F). Together, these data showed that BMP4 could suppress the IFN-γ production in CD4+ T cells in vivo.




Figure 4 | BMP4 suppresses the IFN-γ production in CD4+ T cells in vivo. (A) OT-II CD4+ T cells were adoptively transferred to CD45.1 transgenic C57BL/6 mice and injected OVA peptides into the footpads. The expression of IFN-γ and IL-4 on T cells from the draining lymph nodes of footpads with or without administration of BMP4 or anti-BMP4 antibody treatment. (B) The frequency of IFN-γ+ T cells. (C) The frequency of IL-4+ T cells. (D–F) The gene expression of Hif1a, Hk2, Pfkl checked by Quantitative real-time PCR.






Discussion

BMP4 is a key growth factor well known to promote bone regeneration, and was reported to regulate T cell development in the thymus (5, 6). However, it was not clear whether BMP4 moderates the peripheral T cells or how the possible mechanism proceeds. In this study, we revealed that BMP4 downregulates the activation of naïve CD4+ T cells and the IFN-γ production of CD4+ T cells. It was unclear how BMP4 achieves the regulatory function since Tregs may not be induced by BMP4. We showed here that BMP4 moderated glycolysis of T cells via regulating Hif1α expression. Furthermore, BMP4 could suppress the IFN-γ production in CD4+ T cells in vivo. Therefore, our in vitro and in vivo results demonstrate that BMP4 regulates activation and IFN-γ production in CD4+ T cells via metabolism moderation.

It is already known that glycolysis is required for IFN-γ cytokine production in T cells (8), and that it promotes T helper 1 cell differentiation through an epigenetic mechanism (13). T cells also require pyruvate, which is majoritively produced during aerobic glycolysis, to initial oxidative phosphorylation and support the T cells activation (8). Moreover, activated T cells need the energy produced by glycolysis to fuel proliferation (8). Our data showed that BMP4 could moderate glycolysis of CD4+ T cells and significantly downregulate the activation of naïve CD4+ T cells. The IFN-γ production of CD4+ T cells was also dramatically downregulated by BMP4 without increasing Tregs. Together, these data suggested that BMP4 downregulates the activation and production of IFN-γ by moderating the glycolysis of CD4+ T cells.

Hypoxia-inducible factor 1-alpha (Hif1α) is a transcription factor that plays an important role in the cellular response to systemic oxygen levels in mammals (14). Metabolomics analysis showed that Hif1α could induce glycolysis metabolism and pentose phosphate pathway (15) by controlling the expression of members of the glycolytic cascade, including hexokinase II (HK2) (16, 17) and pyruvate dehydrogenase kinase, isozyme 1 (PDK1) (18). Hexokinases phosphorylate glucose to produce glucose-6-phosphate, which is the first step in most glucose metabolism pathways, and the PDK1 controls the switch of glucose metabolism from aerobic oxidation to glycolysis. Our data showed that BMP4 could downregulate the glycolysis and the expression of Hif1a, Hk2, and Pdk1, indicating that BMP4 may moderate glycolysis of CD4+ T cells by controlling Hif1α and glycolysis related enzymes. Further studies were needed to address the mechanisms of how BMP4 regulates the expression and function of Hif1α.

It is well known that the TGF-β superfamily has powerful regulatory functions on T cells. Different TGFβ superfamily members may have overlapping functions, but they can also be highly specific or even oppose the functions of each other (19). TGF-β can dramatically induce T cells to differentiate into Tregs (11) and suppress the activation and proliferation of T cells (20). BMPs also play a role in the differentiation and proliferation of mature T cells in the periphery (19), however, the mechanisms still need to be elucidated. Here, we presented that BMP4 regulates activation and IFN-γ production of CD4+ T cells, we also showed BMP4 may moderating glycolysis and Hif1α expression. Our results might help us to understand the molecular mechanisms of BMPs on T cells and identify the new therapeutic targets for autoimmune diseases and tumors.
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