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            Abstract
Genetic regulators and environmental stimuli modulate T cell activation in autoimmunity and cancer. The enzyme co-factor tetrahydrobiopterin (BH4) is involved in the production of monoamine neurotransmitters, the generation of nitric oxide, and pain1,2. Here we uncover a link between these processes, identifying a fundamental role for BH4 in T cell biology. We find that genetic inactivation of GTP cyclohydrolase 1 (GCH1, the rate-limiting enzyme in the synthesis of BH4) and inhibition of sepiapterin reductase (the terminal enzyme in the synthetic pathway for BH4) severely impair the proliferation of mature mouse and human T cells. BH4 production in activated T cells is linked to alterations in iron metabolism and mitochondrial bioenergetics. In vivo blockade of BH4 synthesis abrogates T-cell-mediated autoimmunity and allergic inflammation, and enhancing BH4 levels through GCH1 overexpression augments responses by CD4- and CD8-expressing T cells, increasing their antitumour activity in vivo. Administration of BH4 to mice markedly reduces tumour growth and expands the population of intratumoral effector T cells. Kynurenine—a tryptophan metabolite that blocks antitumour immunity—inhibits T cell proliferation in a manner that can be rescued by BH4. Finally, we report the development of a potent SPR antagonist for possible clinical use. Our data uncover GCH1, SPR and their downstream metabolite BH4 as critical regulators of T cell biology that can be readily manipulated to either block autoimmunity or enhance anticancer immunity.
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                    Fig. 1: The BH4 pathway is indispensable for effective T cell proliferation in vitro and in vivo.


Fig. 2: Pharmacological inhibition of the BH4 pathway ameliorates T-cell-mediated inflammation.


Fig. 3: Development of an orally available, potent, small-molecule SPR inhibitor to limit BH4 production.


Fig. 4: Enhanced BH4 production results in enhanced T cell proliferation and anticancer immunity.
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Extended data figures and tables

Extended Data Fig. 1 Upregulation of Gch1 and BH4 in activated T cells.
a, Percentage of CD62Llo GFP+ cells from purified Gch1-Gfp CD4+ T cells stimulated for 24 h with phorbol myristate acetate and ionomycin (50 ng ml−1 each). Data are shown as means ± s.e.m., from n = 3 samples. The experiment was repeated two independent times. ***P < 0.001 (two-tailed Student’s t-test). b, c, Representative Gch1-Gfp expression in 16-h-activated (CD62Llow) CD4+ T cells after anti-CD3/CD28 stimulation (b) and representative dose–response of anti-(α)CD3/CD28 stimulation of purified CD4+ Gch1-Gfp T cells for 24 h (c). The experiment was repeated two independent times with similar results. d, Cell numbers of various immune populations in the thymus (left) and spleen (right) from control (n = 3) and Gch1;Lck (n = 3) 8-week-old mice. Data from individual mice are shown as means ± s.e.m. NS, not significant (two-tailed Student’s t-test). e, f, CD4+ (e) and CD8+ (f) T cell proliferation after three days of anti-CD3/28 stimulation, from control and Gch1;Lck mice. g, Representative histogram depicting the proliferation of DN3a thymocytes from control and Gch1;Lck mice cultured on OP9-Dl1 stromal cells for five days. The experiment was repeated two independent times with similar results. h, i, Representative FACS blot depicting the differentiation into CD4+ and CD8+ T cells of DN3a thymocytes from control and Gch1;Lck mice cultured on OP9-Dl1 stromal cells for five days (h), and quantification of the differentiated cell types from n = 3 animals (i). Data from individual mice are shown as means ± s.e.m. NS, not significant (two-tailed Student’s t-test).


Extended Data Fig. 2 Normal T cell development and B cell biology in the absence of Gch1.
a, Thymocyte cell death induced over 24 h by various stimuli: anti-CD3 (0.5 μg ml−1 and 5 μg ml−1), Fas ligand (0.2 μg ml−1 and 2 μg ml−1), dexamethasone (Dex, 0.1 μg ml−1 and 0.5 μg ml−1) and γ-irradiation (1 Gray (Gy)). Data are shown as means ± s.e.m. n = 3 for each genotype. NS, not significant (two-tailed Student’s t-test). b, Death by neglect of purified CD4+ T cells cultured without stimulation for up to 56 h. Data are shown as means ± s.e.m. n = 3 for each genotype. NS, not significant (two-tailed Student’s t-test). c, d, Proliferation of CD4+ T cells from control and Gch1;RORc mice after three days of anti-CD3/28 stimulation. Panels show representative FACS proliferation traces (c) and representative dose response (d). Experiments were repeated independently more than six times with similar results. e, Representative FACS plots from spleens of control and Gch1;MB1 mice. MB1-Cre is an early B cell deleter Cre line using endogenous CD79a B cell specific expression. The experiment was repeated two independent times with similar results. f, g, Representative FACS histogram depicting the proliferation of wild-type B cells treated with vehicle (DMSO) or SPRi3 (50 μM) (f), and of B cells from control and Gch1;MB1 mice in response to LPS (1 μg ml−1) after three days (f). Shaded grey peaks represent unstimulated cells. FACS plots are representative of two independent experiments showing similar results. n = 3 mice per group. h, Class-switch recombination. FACS analysis of splenic CD43− B cells from control and Gch1;MB1 mice stimulated with LPS (20 μg ml−1) for five days to induce class-switch recombination to IgG3. FACS plots are representative of two independent experiments showing similar results.


Extended Data Fig. 3 Development of regulatory T cells and their function in Gch1-ablated mice.
a, b, Representative FACS plot depicting CD4+FoxP3+ regulatory T cells (T regs; a) and quantification of T-reg proportions as well as absolute numbers in the spleen (b) of control and Gch1;RORc mice (n = 6 each). Data are shown as means ± s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant (two-tailed Student’s t-test). c, d, In vitro T-reg suppression assay, in which naive, wild-type CD4+ T cells were activated in the presence of varying ratios of T-reg cells from control and Gch1;RORc mice for four days. Representative histogram showing the suppressive capacity of control and Gch1;RORc T-reg cells (c) and quantification of proliferation with various ratios of T-reg cells (d). n = 4 samples. Data are shown as means ± s.e.m. *P < 0.05; **P < 0.01; NS, not significant (two-tailed Student’s t-test with multiple comparisons). Tconv, conventional CD4+ T cells (CD4+, CD25− CD45RBhigh). e, Naive CD4+ transfer colitis model, with co-transfer of FACS-purified T-reg cells from control (n = 4) and Gch1;RORc (n = 4) mice. As a control, Tconv cells (from n = 16 mice) with no co-transfer of T-reg cells were used. Changes to initial body weight (BW) were scored over five weeks. Data are shown as means ± s.e.m. *P < 0.05; ***P < 0.001; NS, not significant (two-way ANOVA with Tukey’s multiple comparison test). f, Total numbers of CD4+ splenic T cells at two weeks post-transfer in mice (n = 3) transferred with naive CD4+ cells only (‘no T regs’) and mice transferred with T regs from control or Gch1-ablated (Gch1;RORc) mice. Data are shown as means ± s.e.m. ***P < 0.001; ****P < 0.0001; NS, not significant (one-way ANOVA with Dunnett’s multiple comparison test). g, Transfer colitis model of intestinal autoimmunity. Body-weight changes are plotted relative to initial weight in mice transferred with naive CD4+ T cells from control or Gch1;Lck mice (n = 10 each). Data are shown as means ± s.e.m. NS, not significant (two-way ANOVA with Sidak’s multiple comparisons). h, i, Proportion of CD4+ T cells in the draining mesenteric lymph nodes in week 4 (h), and profiles of ntracellular cytokines (IFN-γ and IL-17) from transferred control and Gch1;Lck cells (i). Data are shown as means ± s.e.m. n = 10 for each genotype for h and n = 5 for each genotype for i. ***P < 0.001; NS, not significant (two-tailed Student’s t-test).


Extended Data Fig. 4 Blockage of GCH1–BH4 abrogates T-cell-mediated autoimmunity.
a, OVA immunization of control and Gch1;Lck mice. T-cell-dependent IgG responses and T-cell-independent IgM responses are shown two weeks after OVA immunization (left panels, 100 μg OVA in 200 μg alum) as well as two weeks after re-challenge (right panels). n = 5 for control mice; n = 6 for Gch1;Lck mice. Data are shown as means ± s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant (two-tailed Student’s t-test with multiple comparisons). b, c, EAE model of autoimmunity towards the central nervous system. Data are shown as means ± s.e.m. b, EAE scores of control and Gch1;Lck mice. n = 6 for each genotype. ****P < 0.0001 (linear regression analysis was performed on the slope of each curve). c, Mean maximal EAE severity in control and littermate Gch1;Lck mice. *P < 0.05 (Mann–Whitney test). d, Schematic of the de novo, salvage and recycling arms of the BH4 pathway. The dotted arrow indicates non-enzymatic reactions; solid arrows indicate enzymatic reactions. DHFR, dihydrofolate reductase; GTP, guanosine triphosphate; PCDB, pterin-4α-carbinolamine dehydratase; PTPS, 6-pyruvoyl tetrahydropterin synthase; QDPR, quinoid dihydropteridine reductase; SPR, sepiapterin reductase. e, Representative FACS plots depicting activation marker profiles of purified wild-type control CD4+ T cells left unstimulated or stimulated with anti-CD3/28 antibodies for 16 h and then treated with vehicle (DMSO), SPRi3 (50 μM) or sepiapterin (5 μM). The experiment was repeated two independent times with similar results. f, Cell survival as defined by the percentage of DAPI−annexinV− cells from purified CD4+ T cells stimulated for 24 h or 48 h with anti-CD3/28 antibodies and then treated with vehicle (DMSO), SPRi3 (50 μM) or sepiapterin (5 μM). The experiment was repeated two independent times with similar results. g, h, Representative FACS blots depicting EdU cell-cycle analysis after 28 hours anti-CD3/CD28 stimulation of control, Gch1;RORc and SPRi3-treated control CD4+ T cells. EdU was pulsed for the last 4 hours (g) and quantification of S-phase entry (h). Data from individual mice are shown ± s.e.m. ***P < 0.001 (one-way ANOVA with Dunnett’s multiple comparisons test). i, Quantification of subG1 (dead cells) populations after 24- and 48-h stimulation. EdU was pulsed for the last 4 hours of each time point. Data from individual mice are shown ± s.e.m.). **P < 0.01; NS, not significant (multiple t-test comparisons). j, k, Amino acid profiles in the supernatants (j) and cell pellets (k) from 24-h anti-CD3/CD28-stimulated CD4+ T cells from control and Gch1;Lck mice. n = 3 for each genotype. Data are shown as means ± s.e.m. NS, not significant (two-tailed Student’s t-test).


Extended Data Fig. 5 Mitochondrial dysfunction in BH4-depleted T cells after activation.
a, b, ATP measurements in control (n = 3) and Gch1;Lck (n = 3) CD4+ T cells (a) and in wild-type CD4+ T cells treated with DMSO vehicle (n = 3) or SPRi3 (50 μM; n = 3) (b), either left unstimulated or assayed at the indicated time points after T cell activation with anti-CD3/28 antibodies. Data are shown as means ± s.e.m. n = 3 for each genotype. *P < 0.05; **P < 0.01 (two-tailed Student’s t-test with multiple comparisons). c, Metabolomic measurements of lactate and pyruvate levels in cell pellets of 16-h anti-CD3/28-activated CD4+ T cells from control and Gch1;Lck mice. Data are shown as means ± s.e.m. n = 4 for each genotype. *P < 0.05 (two-tailed Student’s t-test). d, Routine and total capacitance oxygen respiration in intact, 16-h anti-CD3/CD28-stimulated CD4+ T cells from control and Gch1;Lck mice. Data from individual mice are indicated ± s.e.m. n = 4 for each genotype. **P < 0.01 (two-tailed Student’s t-test). e, f, Oxygen uptake rate in permeabilized, 16-h anti-CD3/CD28-stimulated CD4+ T cells from control (n = 4) and Gch1;RORc (n = 4) mice (e) and wild-type CD4+ T cells treated with DMSO or SPRi3 (50 μM (n = 5 each) (f). Data from individual mice are indicated ± s.e.m. *P < 0.05; **P < 0.01 (two-tailed Student’s t-test). g, Left, representative oxygen consumption traces of complex-I-linked and complex-II-linked ETC activity from 16-h-activated wild-type CD4+ T cells treated with vehicle or SPRi3 (50 μM). Right, relative complex-I- and complex-II-linked activities in activated control cells treated with vehicle (n = 4) or SPRi3 (50 μM; n = 4). Data are shown as means ± s.e.m. NS, not significant; *P < 0.05 (two-tailed Student’s t-test).


Extended Data Fig. 6 Enhanced superoxide levels independent of iNOS coupling observed in BH4-deficient activated T cells.
a, b, Representative FACS histogram (a) and quantification of the mean fluorescent intensity (MFI; b) showing levels of DHE (dihydroethidium, a superoxide ROS indicator) in unstimulated and 20-h anti-CD3/28-activated CD4+ T cells from control and GCH1;RORc mice as well as control cells treated with SPRi3 (50 μM). n = 3 samples per group. The experiment was repeated three independent times with similar results. c, d, Proliferation of control (n = 6) and Gch1;Lck (n = 9) CD4+ T cells and treatment with the superoxide scavenger NAC (500 μM; n = 4 each). Representative three-day proliferation histograms are shown in c; quantification is shown in d. Data are given as means ± s.e.m. Individual mice for each genotype are shown. ****P < 0.0001 (one-way ANOVA with Tukey’s multiple comparison test). e, Total iron content from unstimulated or 24-h anti-CD3/28-stimulated CD4+ T cells (untreated or treated with 500 μM NAC) from control (n = 17, 4, respectively) and Gch1;RORc (n = 22, 6, respectively) mice. Data are shown as means ± s.e.m. Individual mice for each genotype are shown. **P < 0.01 (two-tailed Student’s t-test with Tukey’s multiple comparisons). f, ATP measurements from stimulated wild-type CD4+ T cells treated with DMSO, sepiapterin and NAC for 24 h. Data are shown as means ± s.e.m. n = 5 for each genotype. *P < 0.05; **P < 0.01 (two-tailed Student’s t-test with multiple comparisons). g, Intracellular iNOS expression in purified CD4+ control T cells left untreated or anti-CD3/CD28-stimulated for 12 h, 24 h or 72 h. The experiment was repeated two independent times with similar results. h, i, Representative histogram showing iNOS expression in control and Gch1-ablated CD4+ T cells stimulated with anti-CD3/CD28 antibodies for 72 h (h) and the percentage of iNOS+ cells was quantified over time (i). n = 4 for each genotype. Data are shown as means ± s.e.m. NS, not significant (two-tailed Student’s t-test). j, Nitrite measurements in the supernatant of stimulated cells from i. Peritoneal, thioglycollate-elicited macrophages stimulated with LPS (100 ng ml−1) for 24 h were used as a positive control. Data are shown as means ± s.e.m. n = 4 for each genotype. NS, not significant (two-tailed Student’s t-test).


Extended Data Fig. 7 Functional evaluation of the SPR blocker QM385.
a, The BH4 pathway, indicating how QM385 acts on SPR, limiting BH4 production and correspondingly increasing sepiapterin levels, which can be used as a biomarker for QM385-mediated SPR inhibition. b, c, A representative concentration–response curve showing the binding affinity of QM385 to human SPR, tested in vitro by TR-FRET (b); and reduction of BH4 levels upon QM385 treatment in anti-CD3/28-stimulated mouse splenocytes (left panel, two independent experiments) and human PBMCs (right panel, two independent experiments) (c). The calculated half maximal inhibitory concentration (IC50) values for each assay are indicated in red. The binding-effect assay was repeated 162 independent times with similar results. d, The oxygen-uptake rate in permeabilized, 16-h anti-CD3/CD28-stimulated wild-type CD4+ T cells treated with DMSO or QM385 (2.5 μM). Data from individual mice (n = 3) are indicated ± s.e.m. ***P < 0.001 (two-tailed Student’s t-test). e, ATP measurements of unstimulated (n = 8) and 24-h-activated wild-type CD4+ T cells treated with DMSO vehicle (n = 4) or varying doses of QM385 (n = 4 for each dose). Data are shown as means ± s.e.m. NS, not significant; **P < 0.01 (one-way ANOVA with Dunnett’s multiple comparisons). f, Fold changes in DHE levels between CD4+ T cells treated with DMSO or QM385 (2.5 μM) and activated for 20 h. Data from individual mice (n = 4) are indicated ± s.e.m. **P < 0.01 (two-tailed Student’s t-test). g, Allergic airway inflammatory disease model and quantification of inflammatory cells in bronchoalveolar lavage fluids (BALFs). Data are shown as box-and-whisker plots (running from minimal to maximal values); individual data points are shown. n = 15 for vehicle-treated mice; n = 17 for QM385-treated mice. QM385 (1 mg kg−1) was administered orally (peritoneally) twice a day for three consecutive days as depicted in the diagram. *P < 0.05; **P < 0.01 (two-tailed Student’s t-test). h, Proliferation of human CD4+ T cells from two donors performed in triplicate samples. Anti-CD3/28 T cells were stimulated with varying doses of QM385 and total counts were measured. Data are shown as means ± s.e.m. **P < 0.01; P < 0.05 (one-way ANOVA with Dunnett’s multiple comparisons).


Extended Data Fig. 8 Increased numbers of effector T cells in naive mice overexpressing Gch1, and enhanced T cell proliferation after stimulation.
a, Representative immunoblot to detect GCH1 and the HA tag in naive CD4+ T cells from control and GOE;Lck-overexpressing mice. The experiment was repeated three times with similar findings. b, c, The proportion of splenic T and B cells (b) and the proportion of CD4+ and CD8+ T cells among the splenic T cell (TCRβ+) population (c), from control (n = 4) and GOE;Lck (n = 4) mice. Data for individual mice aged eight weeks are shown as means ± s.e.m. NS, not significant (two-tailed Student’s t-test). d, Quantification of naive (CD44lowCD62Lhigh), memory (CD44highCD62Lhigh) and effector (CD44highCD62Llow) T cell subtypes from the spleen of control (n = 6) and GOE;Lck (n = 10) mice. Data for individual mice are shown as means ± s.e.m. **P < 0.01; ***P < 0.001; NS, not significant (two-tailed Student’s t-test). e, Cell numbers for B cells, T cells, and CD4+ and CD8+ T cells in the spleens of control and GOE;Cd4 mice. Data from individual mice (n = 4 for each genotype) are shown as means ± s.e.m. NS, not significant (two-tailed Student’s t-test). f, Proportion of CD4+ and CD8+ naive, memory and effector T cells in the spleens of naive control and GOE;Cd4 mice. Data for individual mice (n = 4 for each genotype) are shown as means ± s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant (two-tailed Student’s t-test). g, Representative histograms depicting dose-dependent proliferation of control and GOE;Cd4 CD4+ T cells stimulated for three days with anti-CD3/28 antibodies. Experiments were repeated more than three times with comparable results. h, IL-2 and IFN-γ secretion after three days of stimulation (with anti-CD3/28 antibodies) of control and GOE;Cd4 CD4+ T cells. Data are shown as means ± s.e.m. n = 3 for each genotype. *P < 0.05; ***P < 0.0001 (two-tailed Student’s t-test). i, j, Cells from control (n = 3) and GOE;ERT (n = 3) mice were stimulated with anti-CD3/28 antibodies for three days and treated with 4-hydroxytamoxifen (4-OHT; 0.5 μM) to induce Gch1 overexpression in vitro. i, Quantification of proliferation of CD4+ T cells; j, cytokine secretion. Data from individual mice are shown as means ± s.e.m. **P < 0.01; ***P < 0.001 (two-tailed Student’s t-test).


Extended Data Fig. 9 T cells overproducing BH4 display enhanced ATP production, proliferation and autoimmunity.
a, Allergic airway inflammatory disease model and fold change of inflammatory cells in BALFs, comparing control and GOE;Lck mice. Data are shown as means ± s.e.m. n = 18 for control mice; n = 17 for GOE;Lck mice. *P < 0.05; **P < 0.01 (two-tailed Student’s t-test). b, Transfer colitis model. Changes in body weight of Rag2−/− mice transferred with control (n = 6 animals) or GOE;Cd4 (n = 5) naive CD4+ T cells. Data are shown as means ± s.e.m. *P < 0.05; ***P < 0.001; NS, not significant (two-way ANOVA with Tukey’s multiple comparison test). c, Total numbers of activated (CD62LlowCD44high) CD4+ splenic T cells at three weeks post-transfer in mice transferred with control or GOE;Cd4 naive CD4+ T cells. Data for two mice from each group are shown. d, Transfer colitis model, involving transfer of naive CD4+ T cells (150,000 cells) and co-transfer of FACS-purified T-reg cells from control (n = 5) and GOE;Cd4 (n = 6) mice. Changes to initial body weights were scored over seven weeks. Data are shown as means ± s.e.m. ***P < 0.001; NS, not significant (two-way ANOVA with Tukey’s multiple comparison test). e, Representative histograms depicting the proliferation of purified unstimulated and anti-CD3/28-stimulated CD4+ and CD8+ wild-type and Gch1;RORc T cells treated for three days with sepiapterin (5 μM). The profile for the unstimulated T cells of each genotype is shown in grey. Experiments were repeated three independent times with comparable results. f, g, Representative FACS plots showing EdU-based cell-cycle analysis following 28-h anti-CD3/28 stimulation of control CD4+ T cells, GOE;Cd4 CD4+ T cells, control CD4+ T cells treated with sepiapterin (5 μM), and GCH1;RORc CD4+ T cells treated with sepiapterin (5 μM) (f); and quantification of the S-phase-entry population (g). EdU was pulsed for the last 4 h of stimulation. n = 4 mice for control; n = 3 mice for all other genotypes. ***P < 0.001 (one-way ANOVA with Dunnett’s multiple comparisons test). h, i, Effect of BH4 on the proliferation (3H-thymidine incorporation; h) and IL-2 secretion (i) of CD4+ wild-type T cells activated with anti-CD3/28 antibodies for 24 h and treated with vehicle (n = 3/4) or BH4 (10 μM; n = 3/4). Data are shown for individual mice as means ± s.e.m. **P < 0.01 (two-tailed Student’s t-test). j, Representative histograms depicting the proliferation of control and Gch1;RORc CD4+ T cells after three days of anti-CD3/28 stimulation supplemented with BH4 (10 μM). FACS blots are representative of two independent experiments with comparable results.


Extended Data Fig. 10 Overactivation of the GCH1–BH4 pathway leads to enhanced anti-tumour immunity.
a, Total iron content from 24-h anti-CD3/28 stimulated CD4+ T cells (untreated or treated with 5 μM sepiapterin) from control (n = 5/4) and Gch1;RORc (n = 5) mice. Data are shown as means ± s.e.m.; individual mice for each genotype are shown. *P < 0.05 (one-way ANOVA with Tukey’s multiple comparisons. b, Representative FACS histogram depicting DHE levels (left) and quantification of the mean fluorescent intensity (right) in unstimulated and 20-h anti-CD3/28-activated CD4+ T cells from control and GOE;Cd4 littermates as well as wild-type cells treated with sepiapterin (5 μM). n = 3 for each condition. Data are shown as means ± s.e.m. **P < 0.01; ***P < 0.001 (one-way ANOVA with Tukey’s multiple comparisons test). c, ATP measurements for stimulated wild-type CD4+ T cells treated with DMSO, sepiapterin (5 μM) or SPRi3 (50 μM) for 24 h. Data are shown as means ± s.e.m. n = 3 for each genotype. *P < 0.05; **P < 0.01 (two-tailed Student’s t-test with multiple comparisons). d, Quantification of intratumoral effector CD4+ T cells (CD44+CD62Llow) assayed from E0071 tumours on day 28 for vehicle- and BH4-treated mice. Data are shown as means ± s.e.m. n = 5 mice for each condition. *P < 0.05; **P < 0.01 (two-tailed Student’s t-test). e, Effect of BH4 supplementation on H-Ras-transformed TC-1 tumour growth. TC-1 tumour cells were orthotopically injected; once the tumours were palpable (day 7), BH4 (35 mg kg−1; n = 15) or vehicle (saline; n = 10) was therapeutically administered for seven days as indicated. Data are shown for individual mice as means ± s.e.m. ***P < 0.001; ****P < 0.0001 (two-way ANOVA with Sidak’s multiple comparisons). f, Quantification of intratumoral effector CD8+ T cells (CD44+CD62Llow) assayed from TC-1 tumours on day 21 in vehicle- or BH4-treated mice (n = 9 mice for each genotype). Data are shown as means ± s.e.m. **P < 0.01 (two-tailed Student’s t-test). g, Effect of BH4 supplementation on TC-1 tumour growth in Rag2−/− hosts. TC-1 tumour cells were orthotopically injected into Rag2−/− female mice; once the tumours were palpable (day 7), BH4 (35 mg kg−1; n = 5) or vehicle (saline; n = 5) was administered. BH4 and vehicle supplementation was carried out for seven days as indicated on the graph. Data are shown for individual mice as means ± s.e.m. NS, not significant (two-way ANOVA with Sidak’s multiple comparisons). h, Sepiapterin levels in the supernatant of wild-type CD4+ T cells stimulated with anti-CD3/28 antibodies for 20 h and treated with vehicle or kynurenine (KYN; 150 μM). Culture medium was also included for comparison. BQL, below quantifiable levels. Data are shown as means ± s.e.m. n = 4 independent samples for each condition. ***P < 0.001 (one-way ANOVA with Tukey’s multiple comparisons test). i, Representative histogram depicting proliferation of three-day anti-CD3/28-activated wild-type CD4+ T cells treated with vehicle or kynurenine (50 μM). j, Representative FACS histograms depicting DHE levels in anti-CD3/28-stimulated wild-type CD4+ T cells treated with vehicle (DMSO), kynurenine alone (50 μM) or kynurenine (50 μM) plus BH4 (10 μM) for 20 h. The experiment was repeated three independent times with comparable results.
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