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promotes T cell growth

e GSH supports mTOR and NFAT activity and drives glycolysis
and glutaminolysis

e Gclc-derived GSH buffers ROS and regulates Myc-
dependent metabolic reprogramming
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In Brief

Upon activation, T cells adapt their
metabolism to meet their increased
bioenergetic and biosynthetic needs.
Activated T cells produce ROS, which
trigger the antioxidative GSH response to
prevent cellular damage. Mak et al. report
that the GSH pathway plays an
unexpected role in metabolic integration
during inflammatory T cell responses.
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SUMMARY

Activated T cells produce reactive oxygen species
(ROS), which trigger the antioxidative glutathione
(GSH) response necessary to buffer rising ROS and
prevent cellular damage. We report that GSH is
essential for T cell effector functions through its
regulation of metabolic activity. Conditional gene
targeting of the catalytic subunit of glutamate
cysteine ligase (Gclc) blocked GSH production
specifically in murine T cells. Gclc-deficient T cells
initially underwent normal activation but could not
meet their increased energy and biosynthetic re-
quirements. GSH deficiency compromised the acti-
vation of mammalian target of rapamycin-1 (mTOR)
and expression of NFAT and Myc transcription
factors, abrogating the energy utilization and Myc-
dependent metabolic reprogramming that allows
activated T cells to switch to glycolysis and glutami-
nolysis. In vivo, T-cell-specific ablation of murine
Gclc prevented autoimmune disease but blocked
antiviral defense. The antioxidative GSH pathway
thus plays an unexpected role in metabolic integra-
tion and reprogramming during inflammatory T cell
responses.
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INTRODUCTION

T cells are activated when their T cell receptors (TCRs) are
engaged by cognate peptide-MHC complexes. TCR triggering
initiates activation, proliferation, and differentiation associated
with effector function acquisition. Coordinated activation of
ERK, JNK, NFAT, and NF-«B signaling and responses to mito-
gens such as IL-2 are critical for T cell functionality (Brownlie
and Zamoyska, 2013). Activated T cells undergo clonal expan-
sion that dramatically raises their bioenergetic needs and re-
quires increased glucose and glutamine utilization (Carr et al.,
2010; Frauwirth et al., 2002; Pollizzi and Powell, 2014). This
heightened metabolic activity drives increased production of
reactive oxygen species (ROS) by the mitochondrial electron
transport chain (Gulow et al., 2005; Sena et al., 2013; Yi et al,,
2006). Whereas low concentrations of ROS support cell survival
and proliferation, high concentrations of ROS initiate DNA dam-
age and cell death (Cairns et al., 2011; Gorrini et al., 2013; Sena
and Chandel, 2012). Activated T cells control their rising concen-
trations of ROS by using endogenous antioxidants, particularly
glutathione (GSH) (Meister, 1983). The rate-limiting step in
GSH synthesis is catalyzed by glutamate cysteine ligase (GCL),
composed of catalytic (GCLC) and modifier (GCLM) subunits
(Chen et al., 2005). Gene-targeting of Gclc in mice is embryoni-
cally lethal (Chen et al., 2007), precluding analysis of GSH func-
tions in adult mice.
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In this study, we analyzed conditional mutant mice lacking
Gclc (and thus GSH) specifically in T cells, and we report that
GSH is essential for the energy metabolism changes required
for T cell effector functions. GSH-deficient T cells initially un-
dergo normal activation but cannot reprogram their metabolism
to meet their rising energy needs. As a result, autoimmune re-
sponses are prevented, and antiviral defenses are inhibited
in vivo. Our data position the GSH pathway as a central meta-
bolic integrator in inflammatory responses mediated by T cells.

RESULTS

GSH Is Dispensable for Early T Cell Activation but
Promotes T Cell Growth

Because proliferating T cells accumulate ROS (Devadas et al.,
2002; Gulow et al., 2005; Jackson et al., 2004; Yi et al., 2006),
we speculated that the GSH pathway might be upregulated in
these cells. We activated naive wild-type (WT) murine T cells
in vitro with anti-CD83 plus anti-CD28 antibodies (2CD3+aCD28)
and measured Gclc and Gelm mRNAs by quantitative RT-PCR.
Gclc mRNA, but not Ge/m mRNA, was upregulated upon TCR
triggering (Figure 1A). This Gclc upregulation was inhibited by
the addition of buthionine sulfoximine (BSO), a specific inhibitor
of GCL activity (Figure S1A in the Supplemental Information on-
line), indicating that the GSH pathway is activated by TCR trig-
gering. We then crossed Cd4cre-expressing mice with Gelc™
mice to generate progeny (Cd4cre-Gelc™ mice) in which Gele
was deleted specifically in T cells (Figure S1B). GSH was minimal
in naive CD4" and CD8" T cells isolated from spleen and lymph
nodes (LNs) of these mutants but increased sharply in these cells
after activation with «CD3+aCD28 in vitro for 24 hr (Figure 1B) or
when the mice had been injected with anti-CD3 or Staphylo-
coccal enterotoxin B (SEB) so that T cells would be activated
in vivo (Figure 1C and Figure S1C). Cd4cre-Gelc™ mice showed
normal thymocyte development but reduced peripheral CD8*
and CD4™ T cells (Figures S1E and S1F). Thus, Gcelc is important
for T cell homeostasis and GSH synthesis.

We expected that Cd4cre-Gelc™ T cells would accumulate
high concentrations of ROS, but DCF-DA staining and flow-cyto-
metric examination of activated control and mutant CD4* and
CD8"* T cells showed that the concentrations of ROS were only
modestly increased in Gelc-deficient T cells activated in vitro (Fig-
ure 1D) or in vivo (Figure 1E and Figure S1D). CD69 and CD44
expression were comparably induced on T cells of both genotypes
in vivo (Figure 1F) and in vitro (Figure 1G), indicating that Gclc is
not crucial for the initial stages of T cell activation. Accordingly,
immunoblotting revealed similar activation kinetics of TCR-prox-
imal signaling molecules in control and Cd4cre-Gelc™ T cells,
although p38, ERK and JNK phosphorylation were slightly greater
in the mutant cells (Figures S2A and S2B). However, the ability of
activated T cells to become large blasts was reduced by Gclc defi-
ciency both in vitro (Figure 1H) and in vivo (Figure S2C), and cell
death was increased upon 48 hr stimulation (Figure S2D). Thus,
GSH is dispensable for initial T cell activation but governs T cell
homeostasis in vivo and promotes activation-dependent growth.

T-Cell-Intrinsic Gclc Is Required for mTOR Activation
T cell blasts exhibit an increase in cell volume that is controlled
by mammalian target of rapamycin complex-1 (mTORC1) (Lap-
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lante and Sabatini, 2012). We investigated whether Gclc
deficiency reduced mTOR activity in CD4" and CD8" T cells
stimulated with «CD3+aCD28 in vitro. Flow cytometry and
immunoblotting confirmed that Gclc deficiency blocked mTOR
S2448 phosphorylation as well as phosphorylation of the
mTORC1 targets S6 and 4E-BP1 (Figures 2A-2C). Addition of
the mTOR inhibitor rapamycin confirmed that the effect was
mTOR specific. Cells control mTOR activity via inhibitory phos-
phorylation of tuberous sclerosis complex 2 (TSC2) by AKT or
GSKB3B (Inoki et al., 2006), but we found no differences in AKT
or GSK3p activation between control and mutant T cells (Fig-
ure S2B). To test whether elevated ROS reduced mTOR activity
in Cd4cre-Gelc™ T cells, we stimulated T cells of both geno-
types with «CD3+aCD28 and treated them with GSH or another
antioxidant, N-acetyl-cysteine (NAC). The elevated concentra-
tions of ROS in activated Gclc-deficient T cells were reduced
to near-WT concentrations by NAC or GSH (Figure S2E). Both
mTOR activation and S6, p70, and 4E-BP1 phosphorylation
were partially restored (Figures 2D-2F), suggesting that these
signaling alterations in Gclc-deficient T cells were largely due
to a lack of ROS buffering.

Gclc Supports Glutamine Metabolism
mTOR responds to nutrient deficiency by stimulating the synthe-
sis of proteins, nucleotides, and lipids (Laplante and Sabatini,
2012). We speculated that Gelc deficiency in T cells might inhibit
mTOR activation and glutamine utilization. CD98 is a heterodi-
meric amino acid transporter that is induced in activated
T cells and crucial for glutamine uptake (Nicklin et al., 2009).
We found that activated Gclc-deficient T cells expressed less
surface CD98 than controls (Figure 3A). We then measured
glutamine anaplerosis into the TCA cycle by calculating the
molar difference between glutamine uptake and glutamate
secretion. The net influx of glutamine-derived carbon was
decreased in activated mutant T cells compared to controls
(Figure 3B). Next, we activated mutant and control T cells with
aCD3+aCD28 in the presence of U-'3C-glutamine and deter-
mined its incorporation into downstream metabolites by
analyzing mass isotopomer distributions (MIDs) of TCA cycle in-
termediates under metabolic and isotopic steady-state condi-
tions (Figure 3C, left). Although the relative flux of glutamine
into TCA intermediates in activated T cells of both genotypes
was higher than steady-state values, this increase was less in
Gclc-deficient T cells (Figure 3C). Citrate M4 mass isotopomers
indicate oxidative TCA metabolism of glutamine. A subsequent
cycle generates M2 mass isotopomers (oxidative decarboxyl-
ation by isocitrate dehydrogenase and 2-oxoglutarate dehydro-
genase). An increased ratio of M2 to M4 citrate isotopologues
thus represents heightened TCA activity (Figure S3A). The ratio
of M2 to M4 citrate in activated mutant T cells was higher than
that in controls (Figure S3B), suggesting an increase in overall
TCA flux in the absence of GSH. However, because glutamine
anaplerosis is decreased in Gclc-deficient T cells, this increased
TCA activity must be driven by another carbon source.
Because glutamine is essential for T cell proliferation (Carr
et al., 2010; Horig et al., 1993; Newsholme et al., 1985; Yagoob
and Calder, 1997), we compared the proliferative capacities
of activated Cd4cre-Gelc™” and control T cells. The mutant
T cells showed a striking lack of growth upon aCD3+aCD28
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Figure 1. Gclc Deficiency Increases ROS Concentration in T Cells

(A) Quantitative RT-PCR analysis of Gclc and Gelm mRNAs in CD4™ T cells that were isolated from spleen and LN of WT mice and stimulated with «CD3+2CD28
for the indicated times. Data are means + SEM (n = 3) and representative of two independent trials. *p < 0.05.

(B) LC-MS determination of GSH in Gelc™" and Cd4cre-Gelc™" CD4* and CD8* T cells that were stimulated with «CD3+aCD28 for 24 hr. Results are expressed as
relative amounts of GSH per 1 x 10° T cells. Data are means + SD for CD4* (n = 3) and CD8" (n = 2) T cells and representative of two independent trials.

(C) Determination of GSH in splenic and LN T cells isolated from Gelc™" and Cd4cre-Gelc™ mice 24 hr after i.p. injection with anti-CD3. Data are means + SEM
(n = 3) and representative of two independent trials.

(D) Flow-cytometric determination of ROS in Gelc™” and Cd4cre-Gelc™ CD4* and CD8* T cells that were stimulated with PMA and ionomycin for 24 hr and
stained with DCF-DA. Data are means + SEM (n = 3) and representative of three independent trials.

(E) Flow-cytometric determination of ROS in splenic and LN CD4* T cells that were isolated from Gelc™ and Cd4cre-Gelc™" mice at 24 hr after injection with anti-
CD3, followed by DCF-DA staining. Data are means + SEM (n = 3) and representative of two independent trials.

(F and G) Flow-cytometric determination of surface expression of CD69 and CD44 by T cells that were either (F) isolated from Gelc™" and Cd4cre-Gelc™ mice
24 hr after injection with anti-CD3 or (G) stimulated in vitro for 24 hr with the indicated concentrations of «CD3+aCD28. Data are means + SEM (n = 6) and
representative of two (F) or six (G) independent trials.

(H) Flow-cytometric FSC and SSC measurements of the cells in (G). Data are representative of six independent trials. See also Figures S1 and S2.
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Figure 2. T-Cell-Intrinsic Gclc Drives mTOR Activation

(A and B) Intracellular flow-cytometric determination of phosphorylated mTOR (A) and phospho-S6 (B) in Gelc™ and Cd4cre-Gelc™” CD4* and CD8* T cells that
were stimulated with «CD3+2CD28 + rapamycin for 24 hr. Data are means + SEM (n = 3) and representative of three independent trials.

(C) Immunoblot showing phospho-4EBP1 in Gelc™" and Cd4cre-Gelc™” CD4* and CD8* T cells that were stimulated for the indicated times with «CD3+2CD28 +
rapamycin. Loading control: actin. Data are representative of three independent trials.

(D and E) Intracellular flow-cytometric determination of p-mTOR (D) and p-S6 (E) in Gelc™” and Cd4cre-Gelc™ CD4* T cells that were stimulated with
aCD3+aCD28 for 24 hr, with or without (w/0) NAC or GSH. Data are means + SEM (n = 5) and representative of three independent trials.

(F) Immunoblot showing p-4EBP1 and p-p70 in Gelc™" (control) and Cd4cre-Gelc™ (KO) CD4* T cells that were stimulated with «CD3+aCD28 for 24 hr + NAC.

Data are representative of three independent trials.

stimulation, and this lack was not due to increased cell death
(Figure 3D and Figure S3C). However, this proliferation deficit
could not be rescued by excess glutamine or a cell-permeable
a-ketoglutarate (xKG) derivative (dimethyl-aKG, DMK) (Figures
S3D and S3E). Thus, Gcelc deficiency not only impairs glutaminol-
ysis but has other effects on T cells.

Gclc Regulates Metabolic Reprogramming

Proliferating T cells require fatty acids for lipid and membrane
synthesis. These components are provided by increased glycol-
ysis and glutaminolysis, which also fill the cellular energy pool
with ATP (Frauwirth et al., 2002; Gerriets and Rathmell, 2012;
Pearce and Pearce, 2013). To investigate whether Gclc loss
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affected the energy pool, we measured ATP in activated control
and mutant T cells. Intracellular ATP was decreased in resting
mutant T cells compared to controls and did not increase upon
activation (Figure 4A).

To determine whether Gclc regulates aerobic glycolysis, we
applied a glycolysis stress test to mutant and control CD4*
and CD8" T cells that had been activated in vivo with SEB for
48 hr prior to isolation, as well as to isolated T cells that had
been activated in vitro with «CD3+aCD28 for 24 hr. Measure-
ment of the extracellular acidification rate (ECAR) revealed that
Gclc ablation reduced glycolysis in mutant T cells activated
in vivo or in vitro (Figures 4B and 4C). Thus, GSH has an unex-
pected role in regulating glucose metabolism.
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Figure 3. Gclc Is Required for Glutaminolysis in Activated T Cells
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(A) Flow-cytometric determination of surface CD98 expression by Gelc™” and Cd4cre-Gelc™” CD4* T cells that were stimulated for 24 hr with «CD3+2CD28. Data
on the right are means + SEM (n = 3) and representative of three independent trials.
(B) Determination of glutamine anaplerosis in Gelc™” and Cd4cre-Gelc™” CD4* and CD8* cells that were stimulated for 24 hr with «CD3+2CD28. Data are

means + SEM (n = 3) and representative of three independent trials.

(C) Fluxmap of mammalian central carbon metabolism (left) and mass isotopomer distribution of citrate (right) for Gelc™” and Cd4cre-Gelc™” CD4* T cells that
were incubated with U-'3C-glutamine and stimulated with «CD3+2CD28 for 24 hr. Data are means + SEM (n = 3) and representative of three independent trials.
(D) Proliferation assessment by ®H-thymidine incorporation of Gelc™” and Cd4cre-Gelc™ T cells that were stimulated with «CD3+2CD28 for 24 hr. Data are
means + SEM (n = 3) and representative of three independent trials. See also Figure S3.

We next measured glucose consumption and lactate
secretion by Gclc-deficient and control T cells activated with
aCD3+aCD28 over 24 hr. Mutant T cells consumed less glucose
and produced less lactate than controls (Figure 4D), and the ratio
of secreted lactate to consumed glucose (a measure of glycolytic
ATP production) was decreased (Figure 4E). Thus, Gclc defi-
ciency reduced the flux of glycolysis-derived pyruvate through
lactate dehydrogenase (LDH) over the 24 hr activation period,
indicating an altered glucose flux through pyruvate dehydroge-
nase (PDH) into the TCA cycle. When resting control and
Cd4cre-Gelc™ T cells were incubated with U-'3C-glucose,
equivalent fractions of M2 isotopologues of citrate, which repre-
sent the relative flux of glucose-derived carbon through PDH,

were observed (Figure 4F). Upon activation, flux through PDH
increased strongly in T cells of both genotypes, but reduced
M2 citrate isotopologues were found in Cd4cre-Gelc™ T cells,
indicating decreased PDH activity. In contrast to M2 citrate,
there was no decrease in TCA cycle-derived M1 citrate isotopo-
logues in the absence of Gclc. M1 citrate is produced by subse-
quent cycling of M2 citrate, and the M1:M2 citrate ratio indicates
TCA cycling activity (Figure S3F). Thus, overall TCA cycle activity
was increased in the mutant T cells despite their GSH deficit, in
line with our glutamine tracing experiments (Figure 3C and
Figure S3B).

Although the relative contributions of glucose and glutamine
carbons to the TCA cycle were decreased in the absence of
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GSH, the overall activity of the cycle was increased. This result
can only be explained by constant replenishment of the mito-
chondrial acetyl-CoA pool by another carbon source. To test
whether this source was increased fatty-acid oxidation, we incu-
bated mutant and control CD4* T cells with U-'3C-palmitate,
which is transported into mitochondria and oxidized to yield
acetyl-CoA. Indeed, fatty-acid B-oxidation was increased in
Gclc-deficient T cells compared to controls (Figure 4G). How-
ever, there was still a large contribution to TCA cycle intermedi-
ates by carbon sources other than glutamine, glucose, and
palmitate, and this contribution was greater in Cd4cre-Gcelc™"
T cells than in controls. Such sources might be fatty acids
(including palmitate) derived from FBS in the culture medium or
generated by the catabolism of branched-chain amino acids.
During metabolic reprogramming of activated T cells, mitochon-
drial oxidative phosphorylation is increased (Chang et al., 2013).
However, in accordance with their reduced ATP, the oxygen
consumption rate (OCR) in activated Gclc-deficient T cells lower
than that in controls (Figure S3G). Thus, the unknown additional
carbon sources cannot compensate for the energy gap in Gelc-
deficient T cells. GSH is therefore critical for metabolic reprog-
ramming during T cell activation.

Ablation of Gclc Impairs TCR-Induced Myc Expression
and NFAT Activation

The transcription factor Myc is involved in activation-induced
glycolysis and glutaminolysis in T cells (Douglas et al., 2001;
Verbist et al., 2016; Wang et al., 2011). To determine the role
of Gclc in Myc expression, we activated control and mutant
T cells with aCD3+0CD28 and visualized Myc protein by
immunoblotting. Gelc deficiency reduced TCR-driven Myc upre-
gulation (Figure 5A), revealing an unanticipated function for GSH
in the Myc-regulated switch of T cell metabolism to glycolysis. To
mimic Gclc deficiency in WT T cells, we treated them with BSO.
Activated BSO-treated WT T cells showed reduced GSH after
24 hr and accumulated higher ROS than untreated WT T cells
(Figure S4A and S4B). BSO-treated WT T cells also showed
decreased Myc that was restored by NAC co-incubation (Fig-
ure 5B) and ROS scavenging (Figure S4C). Myc controls the
alternative-splicing-mediated shift from pyruvate kinase (PKM)
1 to PKM2 expression (David et al., 2010) and facilitates glyco-
lytic lactate production (Wang et al., 2011). Indeed, PKM2 pro-
tein was downregulated in Cd4cre-Gelc™" T cells (Figure S4D),
in line with the altered glucose flux through PDH and reduced
lactate production in these cells.

Next, we sought to determine which pathway mediates
GSH-dependent Myc expression in T cells. Although NFAT can
promote Myc production in cancer cells (Buchholz et al., 2006;
Kdenig et al., 2010; Singh et al., 2010), the situation in T cells
is unclear. NFAT also drives mTOR expression, and mTOR
stabilizes Myc translation (Babcock et al., 2013; Duvel
et al., 2010; Hosoi et al., 1998). We stimulated WT T cells with
aCD3+aCD28 plus the calcineurin inhibitor FK506 (which impairs
NFAT activation) or rapamycin. Immunoblotting showed that in-
hibition of either NFAT or mTOR reduced Myc protein (Figure 5C)
and that S6 phosphorylation was inhibited by FK506 (Figure 5C).
Thus, NFAT controls mTOR activity and Myc production in
T cells. Moreover, nuclear accumulation of NFAT was drastically
reduced in activated Gclc-deficient T cells compared to controls
(Figure 5D), despite comparable Ca®* mobilization (Figure S4E).
Consequently, Gelc-deficient T cells secreted less IL-2, an NFAT
target and T cell mitogen (Figure 5E). However, addition of IL-2 to
Cd4cre-Gelc™™ T cell cultures did not restore normal proliferation
(Figure S4F), indicating that a lack of IL-2 is not the main factor
blocking mutant T cell expansion. BSO reduced nuclear but
not cytoplasmic NFAT in activated WT T cells (Figure 5F). Calci-
neurin normally dephosphorylates NFAT to allow its nuclear en-
try (Rusnak and Mertz, 2000). Calcineurin contains iron and zinc
in its active site, and these are sensitive to high ROS (Namga-
ladze et al., 2002). We found that BSO-exposed WT T cells
that we had treated with NAC to induce ROS scavenging easily
initiated NFAT nuclear translocation (Figure 5F and Figure S4C).
Accordingly, ROS buffering in Gclc-deficient T cells restored
NFAT expression and nuclear translocation, as well as activa-
tion-induced IL-2 secretion (Figures 5G and 5H). Lastly, addition
of NAC or GSH to Cd4cre-Gelc™™ T cells increased expression of
both Myc and its target CD98 in a manner sensitive to FK506 in-
hibition (Figure 5I). Thus, an antioxidative environment is needed
for NFAT activation, Myc expression, and CD98 production in
activated T cells. Our data show that ROS buffering by Gclc-
derived GSH allows NFAT and mTOR to control the metabolic
regulator Myc.

ROS Buffering Ensures the Integrity of T Cell Energy
Metabolism

To investigate the impact of antioxidants on T cell metabolism,
we activated Cd4cre-Gelc™" and control T cells in the presence
of NAC or GSH and measured glucose consumption and lactate
secretion. Gclc-deficient cells consumed less glucose and
produced less lactate than controls, but they increased their

Figure 4. Gclc Mediates Metabolic Reprogramming and Glycolysis in Activated T Cells
(A) Luminescence determination of ATP in Gelc™ and Cd4cre-Gelc™” CD4* T cells that were stimulated with «CD3+xCD28 for 24 hr. Data are means = SEM

(n = 8) and representative of three independent trials.

(B) Extracellular acidification rates (ECAR) of V8" CD4* and CD8" T cells that were isolated by cell sorting 48 hr after Gelc™ and Cd4cre-Gelc™ mice were
injected with 150 png SEB. Data are means + SEM (n = 3) and representative of two independent trials.
(C) ECAR determination of Gelc™” and Cd4cre-Gelc™” CD4* and CD8* T cells that were stimulated with «CD3+4CD28 in vitro for 24 hr. Data are means + SEM

(n = 6) and representative of two independent trials.

(D and E) Extracellular glucose and lactate secretion rates (D), and the ratio of molecules of lactate produced per molecules of glucose consumed (E), in Gelc

fl/fl

and Cd4cre-Gelc™" CD4* and CD8" cells that were stimulated with «CD3+aCD28 for 24 hr. Data are means = SEM of triplicate measurements of pooled cells

from four mice/genotype and are representative of three independent trials.

(F) Fluxmap of mammalian carbon metabolism (left) and mass isotopomer distribution of citrate (right) for Gelc™” and Cd4cre-Gelc™" CD4* T cells that were
incubated with U-"3C-glucose and stimulated with «CD3+aCD28 for 24 hr. Data are means = SEM (n = 3) and representative of three independent trials.

(G) Fractional carbon contribution of glucose, glutamine, and palmitate to citrate and malate in Gelc™" and Cd4cre-Gelc™” CD4* T cells that were stimulated with
2CD3+aCD28 for 24 hr. Data are means + SEM (n = 3) and representative of two independent trials.
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Figure 5. NFAT Activation and Myc Expression Rely on Gclc
(A) Immunoblot showing Myc expression in Gelc™" and Cd4cre-Gelc™" CD4* and CD8* T cells that were stimulated with «CD3+xCD28 for 24 hr. High and low

exposures of one blot representative of four independent trials are shown.
(B) Immunoblot to detect Myc expression in cytosolic (C) and nuclear (N) subcellular fractions of the T cells stimulated as in (A) with or without BSO or NAC. USF2

and GAPDH, loading controls. Data are representative of two independent experiments.
(C) Immunoblot showing Myc expression in WT CD4* and CD8* T cells that were left untreated, or stimulated with «CD3+2CD28 for 24h and treated (or not) with

FK506 (FK) or rapamycin (Rap). Data are representative of two independent trials.
(D) Immunoblot showing NFAT expression in cytoplasmic (CYT) and nuclear (NUC) fractions of Gelc™ and Cd4cre-Gelc™” CD4* T cells that were stimulated with

«CD3+aCD28 for 24 hr. Data are representative of four independent trials.
(E) ELISA of IL-2 secretion by Gelc™" and Cd4cre-Gelc™” CD4* and CD8* T cells that were stimulated with «CD3+xCD28 for 24 hr. Data are means + SEM (n = 3)

and representative of two independent trials.
(F) Immunoblot showing cytoplasmic and nuclear NFAT expression in T cells that were stimulated, fractionated, and analyzed as in (B). Data are representative of

two independent experiments.
(G) Immunoblot showing cytoplasmic and nuclear NFAT expression in Gelc™ and Cd4cre-Gelc™” CD4* T cells that were stimulated, fractionated, and analyzed
for NFAT expression as in (D). T cells were also treated + the ROS scavenger Trolox. Data are representative of four independent trials.

(legend continued on next page)
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glycolytic activity in the presence of NAC or GSH (Figures 6A and
6B; see also Figures S5A and S5B). Measurement of glutamine
flux into the TCA cycle via U-'3C-glutamine confirmed these
findings (Figure 6C). We next assayed glucose and glutamine
fluxes in activated WT T cells treated with BSO plus NAC or
GSH. As was true for Cd4cre-Gelc™™ T cells, pharmacological
inhibition of GCL in activated WT T cells reduced glucose and
glutamine fluxes, which were restored by NAC or GSH (Figures
S5C and S5D). Thus, GSH is critical for ROS buffering that allows
metabolic reprogramming during T cell activation.

ROS scavenging in activated Gclc-deficient T cells also
increased ATP and “recharged” these cells in a manner sup-
pressed by FK506-mediated NFAT inhibition (Figure 6D). Anti-
oxidant-treated “recharged” Gclc-deficient T cells mounted an
activation-induced proliferative response and contained less
ROS than untreated activated control T cells (Figure 6E and
Figure S5E). BSO-treated WT T cells showed reduced prolifera-
tion that was restored by NAC (Figure 6F). As expected, the
proliferation of NAC-treated activated Cd4cre-Gelc™" T cells
was inhibited by FK506 or rapamycin, indicating that prolifera-
tion in the presence of antioxidants is NFAT- and mTOR-depen-
dent (Figures S5E and S5F).

One of our central hypotheses was that Gclc-controlled Myc
was crucial for T cell functionality. We had already shown that
both mTOR and NFAT control Myc in a manner influenced by an-
tioxidants. To confirm that Myc is indeed affected by Gclc loss,
we transduced Cd4cre-Gelc™ T cells with a Myc-expressing
retrovirus for 24 hr (Figure 6G). Surface expression of the Myc
target CD98 was upregulated on Myc-expressing Gcelc-deficient
T cells compared to GFP-transduced controls (Figure 6G).
Retroviral Myc expression also restored the proliferation of
activated Gcelc-deficient T cells (Figure 6H). Because the prolifer-
ation of Myc-expressing Cd4cre-Gelc™" cells depends on NFAT,
there must be a tight interaction between these pathways in
T cells. We conclude that GSH preserves T cell metabolic integ-
rity by supporting expression of Myc, which is closely linked to
T cell functionality.

Ablation of Geclc in T Cells Leads to EAE Resistance

in Mice

We next explored the consequences of the metabolic imbalance
in Gelc-deficient T cells in vivo. Because Gclc activity affects
T cell homeostasis, which is drastically disturbed in autoimmune
diseases, we investigated whether targeting the GSH-depen-
dent pathway might be a promising means of treating auto-
immunity. Experimental autoimmune encephalomyelitis (EAE)
is a mouse model of multiple sclerosis in which CD4* T cells
are the major inflammatory drivers (Brustle et al., 2007; Langrish
et al., 2005). We induced EAE in age-matched Gelc™” (control)
and Cd4cre-Gelc™" mice and immunized them subcutaneously
(s.c.) with MOG peptide emulsion (MOG) plus pertussis toxin
(PT) to induce disease (Briistle et al., 2012). Gelc™ mice devel-
oped severe EAE by day 30 (d30) post-induction, as expected,

whereas no Cd4cre-Gelc™ mouse showed any signs of EAE

during this period (Figure 7A). Histopathological analyses of
brain tissue at d30 post-MOG immunization revealed immune
cell infiltrates in control brains and spinal cords but not in those
from Cd4cre-Gelc™" mice (Figure 7B and Figure S6A). The infil-
trates in the white matter of control (but not mutant) brains and
spinal cords consisted mainly of CD3* T cells and activated
macrophages or microglia (Figure 7B and Figure S6A). Because
inflammatory T helper-17 (Th17) and Th1 cells are important for
EAE (Brustle et al., 2012), we analyzed these cells in control
and Cd4cre-Gelc™ mice at d12 post-EAE induction. Cd4cre-
Gcelc™™ CD4* T cells showed dramatically reduced IL-17 and
IFN-y secretion in comparison to controls (Figure 7C). Thus,
Gclc is crucial for mounting an inflammatory T cell response in
an autoimmune context.

Clearance of Acute Viral Infections Depends on Gclc
Function in T Cells
The inability of Cd4cre-Gelc™" mice to develop EAE suggested
that they might lack a natural T cell-mediated defense against
viral infections. We therefore measured T cell activation
in vivo after a challenge with lymphocytic choriomeningitis virus
(LCMV-Armstrong). We labeled CD8" T cells isolated from
LCMV-specific (GP33 antigen) TCR transgenic (P14) Gelc™" or
Cd4cre-Gelc™ mice with CFSE or violet cell trace (VCT), respec-
tively, and transferred equal numbers of these cells into recipient
mice. Activation of splenic T cells was measured at 36 and 60 hr
post-LCMV infection of these recipients. In line with our in vivo
results (Figure 1F), Gclc deficiency did not block the initial
activation of LCMV-specific T cells in vivo (Figure 7D). However,
when we infected Cd4cre-Gelc™" and control mice with LCMV
and monitored frequencies of antigen-specific CD8* T cells by
tetramer staining (GP33, NP396) and flow cytometry, we found
dramatic differences in the anti-viral response. In control mice,
LCMV-reactive (GP33*, NP396™) T cells peaked at d8 post-infec-
tion, but only very low numbers of such T cells were detected in
Cd4cre-Gelc™ mice (Figure 7E), and very few of these produced
inflammatory cytokines (Figure 7F). Accordingly, whereas
control mice cleared the virus by d8 post-infection, viral titers
remained high in the mutants (Figure 7G). At d60 post-infec-
tion, LCMV-specific memory CD8" T cells (CD44"9" CD62L"9",
CD127M9" KLRG1'°%) and cytokine-producing cells were still
drastically reduced in Cd4cre-Gelc™" mice compared to controls
(Figure 7H and Figure S6B). In contrast, activation of the innate
immune system was not obviously affected by T cell loss of
Gclc; equivalent secretion of type | IFN was detected in the
serum of control and mutant mice on d3 post-infection
(Figure S6C).

Our earlier data showed that Cd4cre-Gcelc™ mice have fewer
T cells (Figure S1F). To rule out the possibility that this altered
T cell homeostasis affected the response of Cd4cre-Gelc™"
mice to LCMV, we adoptively transferred P14-specific,
VCT-labeled Cd4cre-Gelc™” CD8* T cells and P14-specific,

fl/fl

(H) ELISA of IL-2 secretion by Gelc™" and Cd4cre-Gelc™" CD4* T cells that were stimulated for 24 hr with «CD3+2CD28 and with or without (w/0) NAC or GSH.

Data are means + SEM (n = 3) and representative of two independent trials.

(I) Left: Immunoblot showing Myc accumulation in Gelc™ and Cd4cre-Gelc™” CD4* T cells that were stimulated and treated as in (H). Middle and right: Flow-
cytometric analysis of CD98surface expression. Data on the right are means + SEM (n = 3). Results are representative of three independent trials. See also

Figure S4.
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Figure 6. T-Cell-Intrinsic Gclc Controls the Integrity of T Cell Metabolism in a Myc-Dependent Manner

(A and B) Measurement of glucose and lactate secretion rates (A), and the ratio of molecules of lactate produced per molecules of glucose consumed (B), in
Gclc™" and Cd4cre-Gelc™ CD4* T cells that were stimulated with aCD3+aCD28 for 24 hr + NAC. Data are means = SEM of triplicate measurements of pooled
cells from four mice/genotype and representative of three independent trials.

(C) Mass isotopomer distribution of fumarate for Gelc™” and Cd4cre-Gelc™” CD4* T cells that were incubated with U-'3C-glutamine and stimulated with
aCD3+aCD28 for 24 hr + NAC or GSH. Data are means + SEM (n = 3) and representative of three independent trials.

(D) Determination of intracellular ATP concentrations in Gelc™" and Cd4cre-Gelc™ T cells that were stimulated for 24 hr with «CD3+aCD28 alone (w/0) or + NAC,
GSH, or NAC+FK506. Data are means + SEM (n = 3) and representative of two independent trials.

(E) Left: Proliferation assessment by *H-thymidine incorporation of Gelc™” and Cd4cre-Gelc™ T cells that were stimulated with CD3+aCD28 for 24 hr + NAC.
Middle, right: ROS concentrations were assessed by DCF-DA staining and flow cytometry. Data are means + SEM (n = 3) and representative of three
independent trials.

(F) Proliferation assessment by H-thymidine incorporation of WT T cells that were treated + BSO (low, 200 uM; high, 1,000 uM) and stimulated with «CD3+aCD28
for 24 hr + NAC. Data are means + SEM (n = 3) and representative of two independent trials.

(legend continued on next page)

684 Immunity 46, 675-689, April 18, 2017



CFSE-labeled CD8* T cells into recipient mice and infected these
animals with LCMV. Although the transferred cells were antigen-
specific (P14) and showed a similar degree of T cell activation (Fig-
ure 7D), P14-Cd4cre-Gelc™™ mice did not mount an anti-viral pro-
liferative response (Figure S6D). Thus, intrinsic Gclc expression in
T cells is required for antigen-specific anti-viral immunity.

DISCUSSION

Although moderate concentrations of ROS act as signaling mes-
sengers and modify protein function or structure by oxidation,
high concentrations of ROS lead to cell death, mutagenesis, or
tumorigenesis (Gorrini et al., 2013; Harris et al., 2015; Sena and
Chandel, 2012). TCR stimulation induces mitochondrial ROS pro-
ductionthatinfluences T cell activation, proliferation, and effector
functions (Devadas et al., 2002; Gulow et al., 2005; Jackson et al.,
2004; Sena et al., 2013; Yi et al., 2006). Prevention of lipid oxida-
tion by glutathione peroxidase 4 (Gpx4) is crucial for T cell survival
and activation (Matsushita et al., 2015). However, prior to our
study, the importance of GCL function in T cells was unclear.
By targeting Gelc in T cells, we have demonstrated that antioxida-
tion by GSH supports an environment essential for activation-
induced metabolic reprogramming in T cells.

Cd4cre-Gelc™™ T cells did not proliferate upon TCR ligation,
and mTORC1 activation was impaired. These findings are in
line with mTOR’s regulation of cell growth, which is controlled
by a glutamine flux dependent on CD98 upregulation (Nakaya
et al., 2014; Nicklin et al., 2009; Sinclair et al., 2013). Glutamine
enters the TCA cycle as aKG. However, addition of glutamine
or DMK to cultures of Gclc-deficient T cells did not rescue their
metabolic deficit, indicating that GSH might be a master regulator
of metabolism in this cell type and is not limited to controlling
mTORC1 or glutaminolysis. Indeed, GSH is critical for Myc
expression in activated T cells, and Myc is linked to the glutami-
nolysis and glycolysis characteristic of metabolic reprogramming
(Verbist et al., 2016; Wang et al., 2011). Gclc-deficient T cells
accumulate moderate concentrations of ROS, which can inhibit
phosphatases via oxidation of their catalytic residues (Kamata
et al., 2005; McCubrey et al., 2006) and can block the phospha-
tase-sensitive MAPK- and NFAT-involving pathways that drive
Myc expression (Buchholz et al., 2006; Kéenig et al., 2010; Singh
et al., 2010). Calcineurin dephosphorylates NFAT in the cytosol,
initiating NFAT nuclear translocation (Rusnak and Mertz, 2000).
Technical reasons prevented us from demonstrating inactivity
of calcineurin under conditions involving high concentrations of
ROS, but we did show that BSO treatment of activated WT cells
decreased NFAT nuclear translocation and led to the accumula-
tion of NFAT in the cytoplasm. This reduction in NFAT activity
suppressed Myc and CD98 expression and was directly linked
to elevated concentrations of ROS. Consequently, Cd4cre-
Gcelc™ T cells displayed dramatically reduced Myc, did not shift
their metabolism to glycolysis and glutaminolysis, and instead
utilized fatty-acid B-oxidation. Proliferation and functionality of

Gclc-deficient T cells was restored by retroviral Myc expression,
identifying Myc as the central effector in this pathway.

Our data further imply that T cell activation imposes a metabolic
burden that slowly depletes the energy pool of Gclc-deficient
T cells, as confirmed by their decreased ATP. Low ATP abundance
can interfere with the mTOR pathway (Hardie et al., 2012), in line
with the reduced mTOR activation in Cd4cre-Gelc™" T cells.
Notably, there is a ying-yang relationship between mTOR and
Myc. Myc represses transcription of TSC2, increasing mTOR ac-
tivity (Schmidt et al., 2009), but mTOR phosphorylates 4E-BP1
and releases the translation initiation factor elF-4e, which drives
Myc translation (West et al., 1998).Thus, the low Myc expression
in Gelc-deficient T cells might negatively affect mTOR activation
and vice versa. Alternatively, AKT, which is regulated by PI3K
and PTEN (Laplante and Sabatini, 2012), can suppress mTOR ac-
tivity (Hahn-Windgassen et al., 2005; Inoki et al., 2002). However,
AKT activation was not altered by the loss of Gclc in T cells.

Gclc-deficient T cells underwent normal early activation
in vitro and in vivo but were unable to proliferate. Increased
glucose metabolism is important for proliferation, but mitochon-
drial respiration prior to proliferation is sufficient for T cell activa-
tion (Sena et al., 2013). High concentrations of ROS are known
to inhibit glyceraldehyde-3-phosphatase dehydrogenase and
thereby impede glycolysis (Hwang et al., 2009). During early pro-
liferation (24 hr after TCR ligation), activated T cells require fatty
acids for lipid and membrane synthesis. These components are
provided by metabolic reprogramming that increases acetyl-
CoA synthesis from glucose and glutamine and fuels the cellular
energy pool (Pearce and Pearce, 2013). Without Gclc and thus
GSH, this process is disturbed, and the fatty-acid oxidation
required for driving energy production and cell growth repre-
sents a severe metabolic burden to the T cell. If GSH-deficient
T cells cannot compensate for their ongoing deficit in acetyl-
CoA by using either glucose or glutamine as a carbon source,
they eventually succumb to cell death. In vivo, T cell-specific
ablation of the GSH pathway manifests as dysregulated autoim-
mune responses and impaired antiviral defense. Our results
demonstrate that the GSH antioxidative system tightly links the
metabolic reprogramming in activated T cells to the regulation
of immune homeostasis.

EXPERIMENTAL PROCEDURES

Mice

Gclc™" mice were generated as described (Chen et al., 2007) and crossed with
Cd4cre-expressing mice obtained from K. Rajewsky’s lab and generated in C.B.
Wilson’s lab (Wolfer et al., 2001). C57BL/6 mice were from The Jackson Labora-
tory. All experiments used age- and sex-matched mice (6-12 weeks old).

T Cell Isolation, Activation, and Proliferation

CD4" and CD8" T cells were isolated from spleen and LNs by magnetic bead
sorting (Miltenyi). T cells were stimulated in vitro with PMA (Sigma, 200 ng/mL)
and calcium ionophore A23187 (lono; Sigma, 200 ng/mL), with anti-CD3 anti-
body (BD Biosciences, 4 ng/mL) plus anti-CD28 antibody (BD Biosciences,

(G) Cd4cre-Gelc™™ T cells were stimulated with «CD3+2CD28 and infected with control or Myc-expressing retrovirus. T cells were sorted by flow cytometry and
reactivated in vitro with «CD3+aCD28 for 24 hr. Left: Immunoblot showing Myc accumulation. Right: Flow-cytometric determination of CD98 surface expression.

Data are representative of three independent trials.

(H) Proliferation assessment by ®H-thymidine incorporation of Cd4cre-Gelc™" T cells that were infected and sorted as in (G). Data are means + SEM (n = 3) and

representative of three independent trials. See also Figure S5.
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Figure 7. Autoimmune and Anti-viral Responses Depend on Gclc in T Cells

(A) EAE induction time course in Gelc™ (n = 8) and Cd4cre-Gelc™” (n = 8) mice that were immunized with MOG peptide. Data are means + SEM and representative
of two independent trials.

(B) Histological analyses of brains of the mice in (A) on d30 post-EAE induction. Cross-sections of the same brain area were stained with H&E, anti-CD3 antibody
(for detection of T cells), or anti-Mac-1 antibody (macrophages, activated microglia). Scale bars represent 400 um. Results are for one mouse/genotype
representative of three mice/group. Data are representative of two independent trials.
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2 ng/mLy), or with MOG peptide for the times or at the concentrations indicated
in the Figures.

In Vivo T Cell Activation

Mice were injected intraperitoneally (i.p.) with 150 pg/mouse Staphylococcal
enterotoxin B (Sigma). After 48 hr, T cells were analyzed for ROS as described
in the main text, analyzed for GSH amounts as described below, or sorted by
standard flow cytometry so that VB8* T cells could be isolated. Alternatively,
mice were injected i.p. with 50 pg/anti-CD3 (Biolegend). After 24 hr, T cells
were analyzed for ROS as described in the main text or analyzed for GSH
amounts as described below.

Proliferation

For assessment of cell proliferation, >H-thymidine incorporation was
measured with a Matrix 96 Direct p Counter (Canberra Packard) 24 hr after
stimulation, as described previously (Brenner et al., 2014).

EAE Induction

Mice were injected s.c. with MOG 35-55 peptide (Washington Biotech) plus
CFA (Difco) emulsion, followed by two intraperitoneal injections of pertussis
toxin (PT, List Biological), as described (Bristle et al., 2012). Clinical scores
were determined as described (Bristle et al., 2012). Brains and spinal cords
were obtained 30 days after EAE induction, and histological sections were
analyzed as described (Brenner et al., 2014; Bristle et al., 2012).

LCMYV Infection

Mice were infected i.p. with 5 x 10° PFU LCMV-Armstrong. LCMV-specific
T cells were identified in peripheral blood or spleen via staining with GP33-,
NP396-, or GP276-specific tetramers (National Institutes of Health) followed
by flow cytometry. Virus titers were determined by plaque-forming assays
as described (Ahmed et al., 1984).

Intracellular ROS

T cells were stimulated with PMA (10 ng/mL) plus lono (10 ng/mL) or with anti-
CD83 plus anti-CD28 antibodies (1pg), for 24 hr before 30 min incubation with
5 uM dichlorofluorescein diacetate (DCF-DA, Sigma). Cells were analyzed by
flow cytometry as described (Gulow et al., 2005).

Isotopic Labeling

T cells were incubated for 24 hr in RPMI 1640 containing [U-'3C]-glucose
(11.1 mmol/L; Cambridge Isotope Laboratories); [U-'3C]-glutamine (2 mmol/L;
Cambridge Isotope Laboratories); or [U-'3C]-palmitate (0.1 mmol/L, Sigma)
conjugated to bovine serum albumin (Sigma). Extraction of intracellular metab-
olites, GC-MS measurement, and calculation of mass isotopomer distributions
and fractional carbon contributions were performed as described (Battello
et al.,, 2016). Glucose, lactate, glutamine, and glutamate concentrations
were determined with a YSI 2950D Biochemistry Analyzer (YSI Incorporated).

Statistics

Data are means + SEM, and p values were determined by unpaired Student’s
t test or two-way Anova test with Prism 7.0 (GraphPad). p values < 0.05 were
considered significant.

Study Approval

Animal procedures were approved by the University Health Network Institu-
tional Animal Care and Use Committee in Toronto and/or the Animal Welfare
Structure at the Luxembourg Institute of Health.
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and six figures and can be found with this article online at http://dx.doi.org/
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