
disease by restricting OXPHOS. In this study, we showed that oli-
gomycin, a specific and potent inhibitor of OXPHOS, reduced key
Th17 cytokines produced by human and murine cells, is effective in
blocking Th17 effector functions in cells from sites of colonic in-
flammation, and controls disease in murine TNBS-induced colitis
and psoriasis. The differences in the metabolic pathways available
to Th17 effector cells generated in vitro and in vivo highlight the
importance of studying metabolism in vivo, particularly with re-
spect to designing interventions that exploit cellular bioenergetics
and support the concept that modulation of OXPHOS has thera-
peutic potential for diseases driven by Th17 cells.
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M. Tschirschmann, A. Scheffold, A. Radbruch, G. R. Burmester, and F. Buttgereit.
2008. Human CD4+ T cells maintain specific functions even under conditions of
extremely restricted ATP production. Eur. J. Immunol. 38: 1631–1642.

45. Siska, P. J., and J. C. Rathmell. 2015. T cell metabolic fitness in antitumor
immunity. Trends Immunol. 36: 257–264.

The Journal of Immunology 11

 by guest on M
ay 28, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


46. Doedens, A. L., A. T. Phan, M. H. Stradner, J. K. Fujimoto, J. V. Nguyen,
E. Yang, R. S. Johnson, and A. W. Goldrath. 2013. Hypoxia-inducible factors
enhance the effector responses of CD8+ T cells to persistent antigen. Nat.
Immunol. 14: 1173–1182.

47. Gubser, P. M., G. R. Bantug, L. Razik, M. Fischer, S. Dimeloe, G. Hoenger,
B. Durovic, A. Jauch, and C. Hess. 2013. Rapid effector function of memory
CD8+ T cells requires an immediate-early glycolytic switch. Nat. Immunol. 14:
1064–1072.

48. Araki, K., A. P. Turner, V. O. Shaffer, S. Gangappa, S. A. Keller,
M. F. Bachmann, C. P. Larsen, and R. Ahmed. 2009. mTOR regulates memory
CD8 T-cell differentiation. Nature 460: 108–112.

49. Pearce, E. L., M. C. Walsh, P. J. Cejas, G. M. Harms, H. Shen, L. S. Wang,
R. G. Jones, and Y. Choi. 2009. Enhancing CD8 T-cell memory by modulating
fatty acid metabolism. Nature 460: 103–107.

50. Kryczek, I., E. Zhao, Y. Liu, Y. Wang, L. Vatan, W. Szeliga, J. Moyer,
A. Klimczak, A. Lange, and W. Zou. 2011. Human TH17 cells are long-lived
effector memory cells. Sci. Transl. Med. 3: 104ra100.

51. Muranski, P., Z. A. Borman, S. P. Kerkar, C. A. Klebanoff, Y. Ji, L. Sanchez-
Perez, M. Sukumar, R. N. Reger, Z. Yu, S. J. Kern, et al. 2011. Th17 cells are
long lived and retain a stem cell-like molecular signature. Immunity 35: 972–
985.

52. Sukumar, M., J. Liu, Y. Ji, M. Subramanian, J. G. Crompton, Z. Yu,
R. Roychoudhuri, D. C. Palmer, P. Muranski, E. D. Karoly, et al. 2013. Inhibiting
glycolytic metabolism enhances CD8+ T cell memory and antitumor function.
J. Clin. Invest. 123: 4479–4488.

53. Kawalekar, O. U., R. S. O’Connor, J. A. Fraietta, L. Guo, S. E. McGettigan,
A. D. Posey, Jr., P. R. Patel, S. Guedan, J. Scholler, B. Keith, et al. 2016. Distinct
signaling of coreceptors regulates specific metabolism pathways and impacts
memory development in CAR T cells. [Published erratum appears in 2016 Im-
munity 44: 712.] Immunity 44: 380–390.

54. Gattinoni, L., C. A. Klebanoff, and N. P. Restifo. 2012. Paths to stemness:
building the ultimate antitumour T cell. Nat. Rev. Cancer 12: 671–684.

55. Sharon, G., N. Garg, J. Debelius, R. Knight, P. C. Dorrestein, and
S. K. Mazmanian. 2014. Specialized metabolites from the microbiome in health
and disease. Cell Metab. 20: 719–730.

56. De Rosa, V., M. Galgani, A. Porcellini, A. Colamatteo, M. Santopaolo,
C. Zuchegna, A. Romano, S. De Simone, C. Procaccini, C. La Rocca, et al. 2015.
Glycolysis controls the induction of human regulatory T cells by modulating the
expression of FOXP3 exon 2 splicing variants. Nat. Immunol. 16: 1174–1184.

57. Semenza, G. L. 2013. HIF-1 mediates metabolic responses to intratumoral
hypoxia and oncogenic mutations. J. Clin. Invest. 123: 3664–3671.

58. Patel, M. S., N. S. Nemeria, W. Furey, and F. Jordan. 2014. The pyruvate de-
hydrogenase complexes: structure-based function and regulation. J. Biol. Chem.
289: 16615–16623.

59. Kaplon, J., L. Zheng, K. Meissl, B. Chaneton, V. A. Selivanov, G. Mackay,
S. H. van der Burg, E. M. Verdegaal, M. Cascante, T. Shlomi, et al. 2013. A key
role for mitochondrial gatekeeper pyruvate dehydrogenase in oncogene-induced
senescence. Nature 498: 109–112.

60. Xu, J., J. Han, P. N. Epstein, and Y. Q. Liu. 2006. Regulation of PDK mRNA by
high fatty acid and glucose in pancreatic islets. Biochem. Biophys. Res. Commun.
344: 827–833.

61. Diaz-Ruiz, R., M. Rigoulet, and A. Devin. 2011. The Warburg and Crabtree
effects: on the origin of cancer cell energy metabolism and of yeast glucose
repression. Biochim. Biophys. Acta 1807: 568–576.

62. Guppy, M., E. Greiner, and K. Brand. 1993. The role of the Crabtree effect and
an endogenous fuel in the energy metabolism of resting and proliferating thy-
mocytes. Eur. J. Biochem. 212: 95–99.

63. Monteleone, I., M. Sarra, F. Pallone, and G. Monteleone. 2012. Th17-related
cytokines in inflammatory bowel diseases: friends or foes? Curr. Mol. Med. 12:
592–597.

64. Mease, P. J., I. B. McInnes, B. Kirkham, A. Kavanaugh, P. Rahman, D. van der
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Supplemental Figure 1. Comparable expression of ROR, IL-17a and IFN in in vivo and in vitro 
differentiated TH17 
 (A) Gating strategy for FACS profile of in vitro and in vivo TH17 cells. In vitro cells were first 

gated on live cells then the cytokines of interest.  In vivo cells were first gated on live cells, than 

on CD45.2+CD4+ population and then on the cytokines of interest.  Representative plot 

analyzing the expression of IL-17a and IFN in cells stimulated with PMA/Ionomycin. (B) In 

vivo (red) and in vitro (blue) differentiated TH17 cells were stimulated with PMA/Ionomycin at 

the indicated time. The percentage of CD4+IL17a+ cells was determined by FACS. (C and D) In 

vivo-differentiated TH17 (CD45.2+ CD4+) and in vitro cells differentiated with CD3 and CD28 

or OT-II + OVA were stimulated with PMA/Ionomycin. The expression of ROR and IL-17 was 

analyzed by FACS. Each dot represent a separate mouse (B,C) Results are representative of three 

independent experiments. *p < 0.05 (unpaired Student’s t-test) (error bars, mean ± SEM).  
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Supplemental Figure 2. Energetic profile of in vitro and in vivo differentiated TH17 

 (A) Metabolic profile of naïve CD4 controls (CD4+CD62L-, oval), in vivo TH17 cells (CD45.2+CD4+, 

triangles), in vitro TH17 cells (CD45.1+CD4+, square) was analyzed to measure OCR and ECAR. Where 

indicated cells were treated with oligomycin (1 mM), FCCP (1.5 mM) and antimycin A (1 mM). (B) 

OCR/ECAR profile of in vivo differentiated TH17 (CD45.2+ CD4+), or naïve CD4 differentiated in vitro into 

TH17 by anti-CD3/anti-CD28, or OT-II splenocytes differentiated in vitro into TH17 by OT-II peptide 

stimulation, with or without PMA/Ionomycin stimulation. (A,B) Results are representative of three 

independent experiments. *p < 0.05 (unpaired Student’s t-test) (error bars, mean ± SEM). 
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Supplemental Figure 3. In vitro differentiated TH17 are insensitive to oligomycin treatment 
(A) At the indicated time after the induction of the differentiation in vivo or in vitro, effector TH17 cells were treated for one hour 

with DMSO or oligomycin (1 µM) and then stimulated with PMA/ionomycin. IL-17A expression in CD4+ cells was analyzed by 

FACS. Results are representative of two independent experiments; *p < 0.05 (unpaired Student’s t-test; error bars, mean ± SEM. 

(B and C) Naïve CD4 cells were differentiated into TH17 cells with TGF and IL6, with or without the addition of IL-1 and IL23, 

treated with DMSO or oligomycin (1 µM) for three hours and then stimulated with PMA/ionomycin. IL-17A expression in CD4+ 

cells was analyzed by FACS (B) and IL-17 production in cell-free supernatant by ELISA (B and C) Representative of two 

independent experiments. (D) Naïve CD4 cells were differentiated into TH17 cells with or without anti-IL-2 blocking antibodies. In 

vitro and in vivo effector TH17 cells were treated for one hour with DMSO or oligomycin (1 µM) and then stimulated with 

PMA/ionomycin. IL-17A expression in CD4+ cells was analyzed by FACS. (E) Splenocytes from OT-2 mice were differentiated 

into TH17 cells by OVA peptide and polarizing cytokines in the presence, or absence, of MDP (muramildipepdide)   In vitro and in 

vivo effector TH17 cells were treated for one hour with DMSO or oligomycin (1 µM) and then stimulated with PMA/ionomycin. 

IL-17 production in cell-free supernatant from triplicate cultures was analyzed by ELISA (D and E) Results are representative of 

three independent experiments; *p < 0.05 (unpaired Student’s t-test; error bars, mean ± SEM. (F) Gene expression in vivo-

differentiated TH17 cells was analyzed by RT-PCR at the indicated time points. Representative of three independent experiments 

(G) In vitro-differentiated TH17 cells nucleofected with siRNA scramble or siRNA targeting HIF1α were treated for one hour with 

DMSO or oligomycin (1 µM) and then stimulated with  PMA/ionomycin. Lactate concentration in cell-free supernatant from 

triplicate cultures was determined by a colorimetric assay. Representative of two independent experiments. 
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Supplemental Figure 4. OXPHOS controls IL-17 production in IBD. 

LPMC isolated from mice treated with ethanol (A), TNBS (B and C), DSS (E), or from human IBD patients (D) 

were exposed for 1 h to DMSO or oligomycin (1 mM) and then stimulated with PMA/Ionomycin. (a-e) IL-17 and 

IFN production in CD45+CD3+ (A,B,D) and CD45+CD3+CD8+ (C) was evaluated by FACS analysis. (A-D) 

Representative dot plot. (E) Each dot represents an individual mouse, target cell populations expressed as 

percentage of total CD3+ cells (E) Representative of two independent experiments *p<0.05 (paired Student’s t-

test) (error bars, mean ± SEM).  

 


