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Figure S1.  CrT-KO mice show impeded control of tumor growth. Related to Fig. 1. (A-H) Characterization of CrT-KO mice. (A) Breeding strategy for the
generation of CrT-KO mice. (B-H) Characterization of CrT-KO mice in comparison with their CrT-WT littermate controls (n = 3-4). (B) CrT-KO mice showed
reduced body weight. (C) CrT-KO mice contained normal numbers of immune cells proportional to their body weight. (D and E) CrT-KO mice showed normal
T cell development in thymus. (D) FACS plot showing the developmental stages of thymocytes defined by CD4/CD8 coreceptor expression. (E) Quantification
of D. (F and G) CrT-KO mice contained normal levels of CD4 and CD8 T cells in the periphery. (F) FACS plots showing the detection of CD4 and CD8 T cells in
the periphery. (G) Quantification of F. (H) Peripheral T cells in the CrT-KO mice displayed a normal naive T cell phenotype (CD25°CD69°CD62LMCD44%°). FACS
plots of peripheral blood T cells are shown. (I and J) Study of B16-OVA tumor growth in CrT-WT and CrT-KO littermate mice without creatine supplementation.
(1) Experimental design. (J) Tumor growth (n = 3). (K) Study of CrT gene expression in tumor-infiltrating CD8 T cell subsets. B6 mice were inoculated with B16-
OVA tumor cells. On day 19, Tlls were isolated, and CD8 T cells (pregated as CD45.2*TCRB*CD8* cells) were sorted into three subsets: PD-1°, PD-1" (Tim-3/
LAG-3)°, and PD-1" (Tim-3/LAG-3)". CD8 T cells (gated as CD45.2*TCRB*CD8" cells) sorted from the spleen of age-matched, tumor-free B6 mice were in-
cluded as a control. gPCR analysis of CrT mRNA expression in the indicated CD8 T cells is presented (n = 3). Representative of two experiments (A-K). Data are
presented as the mean + SEM. ns, not significant; ***, P < 0.001; ****, P < 0.0001 by Student’s t test (B, C, E, G, and ), or one-way ANOVA (K).
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Figure S2. Creatine uptake deficiency directly impairs antitumor T cell immunity. Related to Fig. 2. (A-D) Studying B16-OVA tumor growth in Boy) mice
receiving adoptive transfer of BM cells from CrT-WT or CrT-KO donor mice (BMTTWT or BMTC7-XO mice). (A) Experimental design. (B and C) Characterization
of BMTCT-WT and BMTCT-K0 mice. CrT deficiency did not impair the capacity of BM cells to reconstitute the T cell compartment in Boy] recipient mice. (B) FACS
plots showing the detection of CD4 and CD8 T cells in blood (gated as CD4* and CD8* cells, respectively). (C) Quantification of B (n = 4-6). (D) Tumor growth
(n = 4-6). (E-1) Studying the antitumor capacity of CrT-WT and CrT-KO OT1 Tg T cells (related to Fig. 2, A-H). (E) Breeding strategy for the generation of OT1 Tg
(0T1 Tg) mice deficient in CrT gene (OT1Tg"™KO mice), in contrast to the conventional OT1 Tg mice (OT1Tg™WT mice). (F) FACS plots showing the isolation of
OT1 Tg T cells (>99% purity, gated as CD4-CD8*TCR Va2*TCR VB5* cells) from OTITgE™WT mice (OT1¢TWT cells) and OTITg" O mice (OT17-KO cells) using
MACS. (G-1) On day 20 after tumor inoculation, B16-OVA tumors were collected from experimental mice, and Tlls were isolated for further analysis. OT1 Tg
T cells were identified as CD45.2*CD8* cells. (G) Studying the impact of CrT deficiency on OT1 T cell infiltration into tumor. Representative FACS plots were
presented. Compared with OT19TWT cells, OT1¢TKO cells displayed a similar antigen-experienced phenotype (CD44"CD62L'°) but exhibited a more
exhaustion-prone characteristic, as shown by the higher expression of PD-1. (H and 1) Studying the impact of CrT deficiency on functionality of tumor-
infiltrating OT1 T cells. (H) FACS plots showing the measurements of intracellular IFN-y. Before intracellular cytokine staining, Tlls were stimulated with PMA
and ionomycin in the presence of GolgiStop for 4 h. (I) Quantification of H (n = 8). Representative of two experiments (A-1). Data are presented as the mean +
SEM. ns, not significant; *, P < 0.05; **, P < 0.01 by Student’s t test.
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Figure S3. Creatine uptake regulates CD8 T Cell response to antigen stimulation. Related to Fig. 3. (A) Creatine levels in standard T cell culture medium,
measured using a Creatine Assay Kit (Abcam). Note FBS was the source of creatine. (B-J) Study of creatine uptake regulation of antigen-specific CD8 T cell
response. OVA-specific 0T1 Tg CD8 T cells were isolated from the OTITgt™WT or OT1Tg""-*C mice (denoted as OT1<™WT or OT1ST-KO cells, respectively) and
then stimulated in vitro with anti-CD3. (B) Schematic of the experimental design to isolate OT17WT and OT1¢7KO cells for in vitro stimulation. (C-J) The
analyses of cell proliferation (C; n = 3), cell viability (D; n = 4), effector cytokine production (E and F; n = 6), surface CD25 activation marker expression (G and H;
n = 4), and cytotoxic molecule production (I and J; n = 4) are shown. Data of E-] were collected at 48 h after stimulation. MFI, mean fluorescence intensity. (K
and L) Study of CrT-KO CD8 T cells transduced with MIG-CrT retrovector (related to main Fig. 3, 0-S). (K) FACS plots showing the intracellular staining of IFN-y
effector cytokine in GFP* CrT-KO CD8 T cells 96 h after anti-CD3 stimulation and MIG-CrT transduction. (L) Quantification of K (n = 3). Representative of two
experiments (A-L). Data are presented as the mean + SEM. ns, not significant; *, P < 0.05; **, P < 0.03; ***, P < 0.00L; ****, P < 0.0001 by Student’s t test.
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Figure S4. Creatine uptake regulates CD8 T cell response by regulating T cell ATP/energy buffering. Related to Fig. 4. (A and B) Study of CrT-WT CD8
T cell activation with ATP supplementation. CrT-WT CD8 T cells were stimulated with anti-CD3, with or without ATP supplementation (100 pM) in the culture
medium, and analyzed for surface CD25 activation marker at 48 h. (A) FACS plots showing CD25 expression. (B) Quantification of A (n = 3). Note that ATP
supplementation further increased the activation of CrT-WT CD8 T cells. MFI, mean fluorescence intensity. (C and D) Study of CrT-WT and CrT-KO CD8 T cell
activation with or without AICAR treatment. CrT-WT and CrT-KO CD8 T cells were pretreated with DMSO or AICAR (250 uM) for 30 min followed by
stimulation with anti-CD3 for 16 h. DMSO, solvent used to dissolve AICAR. (C) CD25 activation marker expression measured using flow cytometry (n = 3). (D)
IL-2 production measured using ELISA (n = 3). (E) Study of TCR proximal signaling events in CrT-WT and CrT-KO CD8 T cells with or without creatine sup-
plementation. Purified CrT-WT and CrT-KO CD8 T cells were stimulated in vitro with anti-CD3 in the presence or absence of creatine supplementation (0.5 mM)
for 48 h, rested at 4°C for 2 h, then restimulated with anti-CD3 in the presence or absence of creatine (0.5 mM) for 10 min. Representative Western blot images
showing the analysis of Zap-70 phosphorylation were presented. Representative of two experiments (A-E). Data are presented as the mean + SEM. ns, not
significant; *, P < 0.05; ***, P < 0.00L; **** P < 0.0001 by Student’s t test (B) or one-way ANOVA (C and D).

Di Biase et al. Journal of Experimental Medicine
Creatine powers antitumor T cell immunity https://doi.org/10.1084/jem.20182044

S5


https://doi.org/10.1084/jem.20182044

A Post anti-CD3 injection

Day 3

0.70

B *kkk
30 —
< 5l
< 20
-
(e
£ 104
b=
O
0 .

B16-OVA MC38

150+

-
o
£

Ckb mRNA (A.U.)
()]
o

B16-OVA

CHH-O—
MC38

Figure S5. Creatine supplementation for cancer immunotherapy. Related to Figs. 5 and 6. (A) Studying the requirement of T cells for cancer therapy
effects (related to Fig. 5, ] and K). Anti-CD3 monoclonal antibody (aCD3, clone 17A2) was used for in vivo depletion of T cells. FACS plots are presented showing
the depletion of T cells, in particular CD8 T cells (gated as TCRB*CD8*), in peripheral blood of experimental mice after receiving i.p. injection of anti-CD3. (B)
Studying CrT and Ckb mRNA expression in B16-OVA and MC38 tumor cells using qPCR. n = 4. A.U,, artificial unit relative to Actb. Representative of two
experiments (A and B). Data are presented as the mean + SEM. **** P < 0.0001 by Student’s t test.

Di Biase et al.
Creatine powers antitumor T cell immunity

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20182044

S6


https://doi.org/10.1084/jem.20182044

	Creatine uptake regulates CD8 T cell antitumor immunity
	Introduction
	Results
	Creatine transporter gene (CrT) is up
	CrT
	Creatine uptake deficiency directly impairs antitumor T cell immunity
	Creatine uptake regulates CD8 T cell response to antigen stimulation
	Creatine uptake modulates CD8 T cell activation by regulating T cell ATP/energy buffering
	Creatine supplementation for cancer immunotherapy
	Creatine supplementation for combination cancer therapy

	Discussion
	Materials and methods
	Mice
	Antibodies and flow cytometry
	Mouse tumor models
	BM transfer
	Isolation of OT1 Tg T cells and adoptive T cell transfer
	TII cell isolation and analysis
	CD8 T cell isolation, in vitro culture, and analysis
	MIG mock and MIG
	mRNA qPCR analysis
	ELISA
	Western blot
	ATP quantification
	Creatine quantification
	In vivo study of creatine supplementation for cancer immunotherapy
	Histological analysis
	Quantification and statistical analysis
	Online supplemental material

	Acknowledgments
	References

	jem20182044si.pdf
	Outline placeholder
	Supplemental material
	Di Biase et al., https://doi.org/10.1084/jem.20182044





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 299
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 299
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




