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Abstract

The synthesis of glutathione, a major cellular antioxidant with a critical role in T cell proliferation, is limited by
cysteine. In this study, we evaluated the contributions of the xC

- cystine transporter and the transsulfuration
pathway to cysteine provision for glutathione synthesis and antioxidant defense in naı̈ve versus activated T cells
and in the immortalized T lymphocyte cell line, Jurkat. We show that the xC

- transporter, although absent in
naı̈ve T cells, is induced after activation, releasing T cells from their cysteine dependence on antigen-presenting
cells. We also demonstrate the existence of an intact transsulfuration pathway in naı̈ve and activated T cells and
in Jurkat cells. The flux through the transsulfuration pathway increases in primary but not in transformed T cells
in response to oxidative challenge by peroxide. Inhibition of the transsulfuration pathway in both primary
and transformed T cells decreases cell viability under oxidative-stress conditions. Antioxid. Redox Signal. 15,
39–47.

Introduction

T cells play important roles in innate and adaptive
immune responses, and their dysfunctions, due to ex-

cessive sensitivity to self-antigens or to deficiency, are asso-
ciated with pathologies. Redox modulation has emerged as a
key strategy in regulation of T cell functions (18, 28). Glu-
tathione (GSH), a major cellular antioxidant and a cysteine
reservoir, is an important component of redox signaling
pathways and plays an essential role in T cell function. An
increase in intracellular GSH levels is needed for the prolif-
erative response of T cells to mitogens and antigens (24).
Perturbation of intracellular GSH levels and the GSH=GSSG
redox status dramatically affects DNA synthesis, T cell pro-
liferation, and the cytotoxic T cell response (8, 17).

Low cysteine levels allow activation of NF-kB–dependent
transcription in the early G1 phase of the cell cycle, whereas in
the late G1 and S phases, IL-2–dependent cell proliferation is
correlated with higher cysteine=GSH levels (3). GSH deple-
tion restricts cell-cycle progression from the G1 to the S phase
(13). Cysteine, the limiting amino acid for GSH synthesis, can
be obtained from metabolism through the transsulfuration
pathway, or via transport. The ASC system imports cysteine,
whereas the xC

- antiporter uses the transmembrane glutamate
gradient to drive import of cystine into the cell, where it is
subsequently reduced to cysteine (Fig. 1). The xC

- cystine
transporter is composed of two subunits, the transmembrane

xCT light chain, which houses the transporter activity, and the
regulatory extracellular 4F2 heavy chain (22). In the extra-
cellular compartment, cysteine exists predominantly in its
oxidized form, and the concentration of plasma cysteine (10 to
25mM) is significantly lower than of cystine (100 to 200 mM)
(28).

Naı̈ve T cells reportedly lack the xC
- transporter and are

thus metabolically dependent on antigen-presenting cells
(APCs) for meeting their cysteine needs during activation and
proliferation (1, 16, 29). Endowed with the xC

- transporter,
APCs take up cystine, and using a convoluted metabolic route
involving conversion to GSH followed by its secretion and
cleavage, furnish extracellular cysteine for uptake by T cells
(29). GSH levels in APCs influence T cell response patterns,
with low GSH favoring a Th1- over a Th2-associated cytokine-
secretion pattern (19). The contribution, if any, of the trans-
sulfuration pathway, which converts methionine to cysteine,
to redox metabolism in naı̈ve T cells is not known. Methionine
is an essential amino acid that is converted via the methionine
cycle to homocysteine. Two enzymes in the transsulfuration
pathway, cystathionine b-synthase (CBS) and g-cystathionase,
convert homocysteine to cysteine and play a quantitatively
significant role in supplying cysteine needed for GSH syn-
thesis in several cell types (5, 15).

In the present study, we evaluated changes in the trans-
sulfuration pathway and the xC

- system during transforma-
tion of naı̈ve T cells to the activated state. We demonstrate, by
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using metabolic labeling and pharmacologic inhibition stud-
ies, the presence of an intact transsulfuration pathway in both
naı̈ve and activated T cells and in Jurkat cells. We found that
the expression of xCT is induced on T cell activation, weaning
T cells off their metabolic dependence on APCs. Under oxi-
dative-stress conditions, the transsulfuration pathway is up-
regulated in naı̈ve but not transformed T cells, whereas its
inhibition enhances cellular susceptibility to death in both
naı̈ve and transformed cells.

Materials and Methods

Mice and cell lines

Male BALB=c mice (7 to 10 weeks) were obtained from the
Jackson Laboratory (Bar Harbor, ME) and maintained in
pathogen-free animal facilities at the University of Michigan.
The University’s Committee on Use and Care of Animals
approved the protocol for animal handling used in this study.
Jurkat cells were obtained from ATCC (Manassas, VA).

Isolation and preparation of murine primary cells

CD3þ T lymphocytes were prepared from lymph nodes
and spleen that were harvested and mashed. T cells were
enriched by negative selection on T cell columns (R&D Sys-
tems, Minneapolis, MN) as per the vendor’s protocol (6). For
in vitro activation, as isolated naı̈ve T cells were suspended in
RPMI medium containing 2.5% heat-inactivated fetal bovine

serum (FBS), 2 mM l-glutamine, 1�penicillin=streptomycin
(Invitrogen), 50 mM 2-mercaptoethanol (T cell media), and
incubated with either anti-CD3þ anti-CD28 antibodies
(eBiosciences) or with anti-CD3 antibodyþdendritic cells or
irradiated splenocytes (as APC, 1:4 ratio) for 48 to 72 h. After
incubation, activated T cells were separated from APCs by
gentle pipetting, and T cells were collected with low-speed
centrifugation at 200 g for 10 min at 48C. Activation of T cells
was assessed by monitoring the activation markers CD25 and
CD69 with flow cytometry (Fig. 2). Numbers inside panels
indicate the percentage of naı̈ve and activated CD3þ T cells
positive for CD25-FITC and CD69-PE.

Dendritic cells were obtained from femurs and tibias re-
moved from adult male mice and from the bone marrow were
flushed out with Ca2þ- and Mg2þ-free phosphate-buffered
saline (PBS). Red blood cells were lysed with ACK buffer
(Lonza, Walkersville, MD). Bone marrow cells were plated at
2–5�106 cells=ml in a 250-ml flask (total, 15 ml) in DMEM
supplemented with 100 mg=ml penicillin=streptomycin, 2 mM
l-glutamine, 50mM b-mercaptoethanol, 1 mM pyruvate, 1:100
nonessential amino acids, and 10% heat-inactivated FBS
(dendritic cell medium). Recombinant murine granulocyte
macrophage colony-stimulating factor and recombinant mu-
rine interleukin 4 (R&D Systems), at 20 ng=ml each, were
added on day 0. On days 2 and 4, the culture medium was
replaced with dendritic cell medium supplemented with cy-
tokines, and floating cells were discarded. On day 7, cells were
collected with Accutase (eBioscience) to harvest adherent cells
and were centrifuged; the pellet was resuspended in fresh
dendritic cell medium and used in T cell co-cultures as APCs.

Cell-culture conditions

Jurkat cells were cultured in DMEM medium containing
10% FBS, 2 mM l-glutamine, and 1�penicillin=streptomycin
( Jurkat medium). To activate Jurkat cells, phorbol 12-
myristate 13-acetate (PMA) was added to the culture medium
at a final concentration of 100 ng=ml for 48 h. PMA was wa-
shed out, and cells were incubated with fresh culture medium
at the start of the experimental treatment. Naı̈ve or pre-
activated T cells were cultured in T cell medium, and at the
indicated time points, an aliquot of the medium was collected
for extracellular cysteine, cystine, and glutamate measure-
ment, rapidly frozen, and stored at�808C until further use. To
measure the intracellular thiol concentration and to estimate
flux through the transsulfuration pathway, naı̈ve or activated
T cells were incubated with 2 mCi=ml l-[35S]-methionine
(specific activity of 1,175 Ci=mmol; Perkin Elmer) in the
presence or absence of 2.5 mM propargylglycine (PPG) for 6
or 12 h. The final concentration of l-[35S]-methionine was
2 nM, and the final specific activity, 20 mCi=mmol. To measure
the effect of oxidative stress on the transsulfuration flux, the
same experiments were repeated except in the presence of
20 mM and 100mM t-BuOOH for naı̈ve and activated T cells,
respectively. At the indicated time points, cells were washed
with ice-cold PBS, harvested, and frozen at �808C until fur-
ther use.

Metabolite analysis

Samples for analysis of extracellular cysteine, cystine, and
glutamate were prepared by mixing conditioned media with
an equal volume of metaphosphoric acid solution, and the

FIG. 1. Glutathione homeostasis in T cells by the xC
-

transporter and the transsulfuraton pathway. PPG, SAS, and
azaserine are inhibitors of g-cystathionase, the xC

- transporter,
and the neutral amino acid transporter ASC, respectively.
CBS, CSE, and GCL denote cystathionine b-synthase,
g-cystathionase, and g-glutamylcysteine ligase, respectively.
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precipitated proteins were sedimented by centrifugation at
13,000 g for 10 min at 48C. Protein-free extracts were alkylated
with monoiodoacetic acid, derivatized with 2,4-dinitrofluoro-
benzene solution, and analyzed with HPLC, as previously de-
scribed (6, 15). The concentration of metabolites in the control
medium was subtracted from the final values. Intracellular GSH
and [35S]-methionine incorporation into GSH was quantified as
described previously (6, 15). The intracellular values were nor-
malized to the protein concentration in each sample.

Western blot analysis

T cells (naı̈ve or activated T cells) and Jurkat cells were
harvested and lysed on ice, as described previously (5). An-
tibodies against methionine synthase, CBS, xCT (Novus), g-
glutamylcysteine ligase (g-GCL, Lab Vision) and actin (Sigma)
were used to monitor expression of the respective protein
antigens and detected by using the Dura chemiluminescent
horseradish peroxidase system (Pierce), as per the vendor’s
protocol.

[14C]Cystine-uptake assay

Naı̈ve or activated T cells (2�106) were incubated with
0.1mCi=ml, [14C]-cystine (250 mCi=mmol, Perkin Elmer,) in the
presence or absence of 500mM sulfasalazine (SAS) for the indi-
cated times. The final concentration of [14C]-cystine was 400 nM,
and the final specific activity was 0.5mCi=mmol. Cells were
collected, washed 3 times with ice-cold phosphate-buffered sa-

line, and then lysed with 400ml of 500 mM NaOH. Scintillation
cocktail was added, and total intracellular [14C] radioactivity was
recorded. Data were normalized to cell number.

Cell-viability assay

Cells were incubated with the indicated concentrations of
tertiary butyl hydroperoxide (t-BuOOH) in the presence or
absence of 2.5 mM PPG for 12 to 14 h. Cell viability was
determined by incubating the cells with 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide dye (0.5 mg=ml), fol-
lowed by washing, solubilizing in dimethylsulfoxide, and
reading the optical density at 553 nm.

Statistical analyses

Comparison between groups was done by using the Stu-
dent t test. A value of p< 0.05 was considered to be statisti-
cally significant.

Results

The xC
- transporter is induced during

APC-independent activation of T cells

Although T cells depend on APCs for their cysteine needs
(1, 29), it is known that T cells can be activated ex vivo in
an APC-independent fashion (i.e., by antibodies to the T cell
receptor, CD3, and to the co-stimulatory molecule, CD28).
This raises the obvious question as to how cysteine needs are

FIG. 2. Upregulation of
activation-associated mark-
ers on T cell surfaces. Naı̈ve
and dendritic cell-activated
T cells were stained with
anti-CD25-PE and anti-CD69-
FITC or the corresponding
isotype controls and analyzed
with flow cytometry. Num-
bers inside the boxes indicate
percentage of CD3þ naı̈ve
and activated T cells positive
for CD25-FITC and CD69-PE.
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met under these activation conditions. To assess the involve-
ment of the xC

- transporter in cystine uptake, we used Western
blot analysis to monitor expression of the xCT subunit in
naı̈ve and anti-CD3=anti-CD28 activated T cells. As reported
previously (25), xCT expression was not detectable in naı̈ve T
cells but was highly induced in activated T cells (Fig. 3a).

To evaluate whether induction of xCT is correlated with a
functional difference in cystine transport in activated but
not naı̈ve T cells, we measured the kinetics of cystine con-
sumption. During incubation with anti-CD3 and anti-CD28
antibodies, T cells progressively consume increasing amounts of
cystine and accumulate cysteine in the extracellular compart-
ment (Fig. 3b), consistent with the induction of the xC

- trans-
porter. Cysteine accumulation plateaued after 48 h, at which
time, the extracellular cystine concentration was very low.

The xc
- transporter is induced during APC-dependent

activation of T cells

Next, we examined whether xC
- expression is also induced

in T cells activated in the presence of dendritic cells and anti-
CD3. We found that xCT was strongly induced after 48 h of
incubation (Fig. 4a). We focused the remainder of the study on
APC-activated T cells.

Cystine=glutamate exchange is mediated
by the xc

- transporter

We compared the kinetics of [14C]-cystine uptake in naı̈ve
versus activated T cells. Under these conditions, activated T

cells showed a time-dependent increase in intracellular ra-
diolabel accumulation (Fig. 4b), which was sensitive to inhi-
bition by SAS, an inhibitor of xC

- (Fig. 4c). In contrast,
negligible uptake of radioactivity was observed with naive T
cells. Because xC

- is an antiporter that exchanges cystine
stoichiometrically with glutamate, we assessed extracellular
glutamate levels in the conditioned media from activated T
cells cultured after their separation from APCs. Under these
conditions, activated T cells showed a time-dependent in-
crease in extracellular glutamate levels, which was sensitive to
SAS treatment (Fig. 4d and e). Naı̈ve T cells do not export
glutamate, and the basal concentration in the culture medium
(*100mM) is unchanged over a 24-h incubation time (Fig. 4d).

The endogenous transsulfuration pathway is a source
of cysteine for GSH in naı̈ve T cells

Because naı̈ve T cells do not express xC
-, we wondered

whether the endogenous transsulfuration pathway is a source
of cysteine needed for GSH and other biosynthetic purposes
in these cells. To test this, we measured the transfer of ra-
dioactivity from [35S]-methionine to GSH in the presence and
absence of PPG, a suicide inhibitor of g-cystathionase, the
second enzyme in the transsulfuration pathway (Fig. 1). The
transsulfuration pathway is clearly intact in both naı̈ve and
activated T cells, as evidenced by the incorporation of radio-
label from [35S]-methionine into GSH and its inhibition by
PPG (Fig. 5a). Radiolabel incorporation in naı̈ve cells was
inhibited to *50% and *33% of the untreated values at
6 h and 12 h, respectively, by PPG. In activated T cells, accu-
mulation of radioactivity in GSH was less sensitive to PPG
inhibition.

The 100% increase in [35S]-labeling of GSH in naı̈ve T cells
between 6 and 12 h was accompanied by an *40% increase
in GSH concentration during the same time period (Fig. 5b).
The GSH concentration was higher at 6 h in activated com-
pared with naı̈ve T cells and increased only marginally
(*12%) at 12 h. We examined the expression of some key
regulatory enzymes in sulfur metabolism: methionine syn-
thase, CBS, and g-GCL in naive and activated T cells.
Whereas methionine synthase expression was unchanged,
activation was accompanied by increased expression of CBS
and g-GCL (Fig. 5c).

T cells activate the transsulfuration pathway
on peroxide challenge

Mammalian cells are known to upregulate flux through the
transsulfuration pathway with oxidative-stress conditions
and, in the short term, increase GSH concentration by *40%
(12, 27). We assessed whether the transsulfuration pathway
responds similarly in naı̈ve and activated T cells to peroxide
challenge. For this, naı̈ve or APC-activated T cells were in-
cubated with [35S]-methionine and challenged with the indi-
cated concentration of t-BuOOH in the presence or absence
of PPG for 6 h and 12 h (Fig. 6). t-BuOOH treatment induced
a 50% increase in radiolabel incorporation in naı̈ve T cells
both at 6 and 12 h after stimulation, which was completely
inhibited by PPG (Fig. 6a). Activated T cells showed a modest
increase (*25%) in radiolabel incorporation into GSH at 6 h
and a more sizeable increase (*65%) after 12 h of t-BuOOH
exposure (Fig. 6b). These results demonstrate that T cells

FIG. 3. T cells induce the cystine transporter during ac-
tivation. (a) xCT expression increases upon activation of T
cells by anti-CD3=anti-CD28 antibodies. Cell lysate from ei-
ther naı̈ve T cells or T cells activated by anti-CD3=anti-CD28
antibodies for 6, 24, and 72 h were subjected to immuno-
blotting and probed with anti-xCT antibody. Actin is shown
as an equal loading control. (b) Naı̈ve CD3þ T cells were
incubated with anti-CD3 and anti-CD28 antibodies, and the
concentrations of cystine and cysteine were measured at
the indicated time points. Data are shown as mean� SD and
are representative of two (a) and three (b) independent ex-
periments performed in triplicates (b).
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FIG. 4. Activated but not naı̈ve T
cells mediate cystine=glutamate
exchange via xC

-. (a) xCT expres-
sion increases upon activation of T
cells by dendritic cells. Cell lysate
from either naı̈ve T cells or T cells
collected from a dendritic cell and
T cell co-culture were subjected to
immunoblotting and probed with
anti-xCT antibody. Actin is shown
as an equal loading control. Naı̈ve
(b, d) or activated (b, c, d, e) T cells
were incubated with 0.1 mCi=ml
[14C]cystine in the presence or ab-
sence of 500 mM SAS (c, e) for the
indicated times. An aliquot of the
medium at indicated times was re-
moved for glutamate analysis (d,
e), and cells were collected for in-
tracellular radioactivity measure-
ment (b, c). For this, cells were
collected in a tube, washed 3 times
with cold phosphate-buffered sa-
line, and then lysed with 400ml
NaOH (500 mM). Scintillation
cocktail was added, and total in-
tracellular [14C] radioactivity was
recorded and normalized to the cell
number. Data are shown as mean�
SD and are representative of two
(a, b, e) and three (c, d) indepen-
dent experiments performed in
duplicates. *p� 0.05; **p� 0.01; and
***p� 0.001.

FIG. 5. The transsulfuration pathway is intact in both naı̈ve and activated T cells. Naı̈ve (gray) and activated (black bar) T
cells were incubated with 2mCi=ml l-[35S]-methionine in the presence or absence of 2.5 mM PPG for 6 and 12 h. At the
indicated time, cells were harvested, and radioactivity incorporation in GSH (a) and the intracellular GSH concentration (b)
were measured and normalized to protein. Data are shown as mean� SD and are representative of three independent
experiments performed on different batches of cells. Statistical analysis with the Student t-test revealed significant changes in
intracellular GSH synthesis and radioactive labeling over time in both naı̈ve and activated T cells and its inhibition by PPG.
*p� 0.05; ***p� 0.001; and ns, not significant. Panel c shows the comparison of expression level of CBS, methionine synthase,
and gGCL (heavy subunit) between naı̈ve and activated T cells with Western blot analysis.
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activate the transsulfuration pathway in response to peroxide-
induced oxidative stress.

Transformed T cells do not activate
the transsulfuration pathway with peroxide challenge

Jurkat cells are commonly used as a model for T cells in
laboratory experiments. Because the metabolism of trans-

formed cells is often distinct from that of the primary cells
from which they are derived, we investigated whether Jurkat
cells have an intact transsulfuration pathway that is respon-
sive to oxidative-stress conditions. A time-dependent increase
in radiolabel incorporation from [35S]-methionine into GSH
that was sensitive to PPG inhibition confirmed the presence of
an intact transsulfuration pathway in these cells (Fig. 7a). The
intracellular GSH concentration initially increased (50%) be-

FIG. 6. Peroxide stress activates the
transsulfuration pathway in both
naı̈ve and activated T cells. Naı̈ve T
cells (a)� 20mM t-BuOOH (gray bar)
were incubated with 2mCi=ml l-[35S]-
methionine� 2.5 mM PPG. Activated T
cells (b)� 100mM t-BuOOH (gray bar)
were incubated with 2mCi=ml l-[35S]-
methionine� 2.5 mM PPG. At the in-
dicated time, cells were harvested, and
radioactivity incorporation into GSH
was measured and normalized to pro-
tein concentration. Data are shown as
mean� SD and are representative of
three independent experiments per-
formed on different batches of cells.
Statistical analysis with the Student t-
test revealed significant changes in in-
tracellular radiolabeling with t-BuOOH
treatment and inhibition by PPG.
*p� 0.05; **p� 0.01; and ***p� 0.001.

FIG. 7. Jurkat cells have an intact transsulfuration pathway that is unresponsive to peroxide stress. Resting Jurkat cells
(a–d) or PMA-activated Jurkat cells (e–f ) were either untreated (a, b) or treated with 10 mM t-BuOOH (c–f ) and incubated
with 2mCi=ml l-[35S]-methionine� 2.5 mM PPG, as described under Methods. At the indicated time, cells were harvested,
and radioactivity incorporation into GSH (a, c, e) and the intracellular GSH concentration (b, d, f ) was measured and
normalized to protein concentration. Data are shown as mean� SD and are representative of three independent experiments
performed in duplicates. Statistical analysis with the Student t-test revealed a significant time-dependent increase in intra-
cellular GSH synthesis and radiolabeling in Jurkat cells and inhibition by PPG. *p� 0.05; **p� 0.01; ***p� 0.001; ns, not
significant.
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tween 3 and 12 h of incubation, after which it stabilized (Fig.
7b). The sensitivity of the intracellular GSH pool to PPG,
which diminished to *50% and *30% of control values at
12 and 24 h, respectively, indicated that between 50 and
70% of the cysteine used for GSH synthesis is derived via
other routes. The presence of the xCT subunit of the cystine
transporter, as detected with Western blot analysis (not
shown), suggests that Jurkat cells can derive cysteine from
imported cystine. Unlike primary T cells, the transsulfuration
pathway in Jurkat cells is unresponsive to peroxide stress, as
evidenced by the lack of increased radiolabel incorporation
(Fig. 7c) and decreased intracellular GSH on t-BuOOH expo-
sure (Fig. 7d).

PMA-activated Jurkat cells also showed a time-dependent
increase in radiolabel incorporation from [35S]-methionine
into GSH (Fig. 7e), although the extent of incorporation was
considerably lower than that in unactivated cells (Fig. 7c). As
with resting Jurkat cells, the transsulfuration pathway in ac-
tivated Jurkat cells was unresponsive to oxidative stress, at
least for the first 12 h after peroxide treatment. Thereafter, an
*45% decrease in radiolabel incorporation into GSH was
seen between 12 and 24 h (Fig. 7e), although the intracellular
GSH pool size decreased only marginally over the same time
period (Fig. 7f ). This suggests that cysteine derived from
some other source, possibly transport, might be responsible
for maintaining intracellular GSH concentrations under these
conditions.

Transsulfuration pathway blockade increases T cell
susceptibility to oxidative stress–induced cell death

Because the transsulfuration pathway is important in many
cell types for cysteine provision, especially under oxidative-
stress conditions, we compared the viability of T cells exposed
to varying concentrations of t-BuOOH in the presence and
absence of PPG (Fig. 8). Both naive T cells and Jurkat cells are
significantly more susceptible to peroxide-induced cell death
(LD50¼ 35 mM and 42 mM, respectively) than are activated T
cells (LD50¼ 240 mM). Inhibition of the transsulfuration
pathway increased the sensitivity of all three cell types
(LD50¼ 21 mM, 32mM, and 150 mM for naı̈ve, Jurkat, and ac-
tivated T cells, respectively).

Discussion

The requirement for a reducing extracellular microenvi-
ronment for T cell activation and proliferation has been sus-
pected from their dependence on an exogenous reductant,
such as b-mercaptoethanol, added to the culture medium (20).
The basis of this dependence has been ascribed to the inability
of naı̈ve T cells to efficiently transport cystine, the oxidized
form of the amino acid that is relatively abundant in circula-
tion. More recent studies demonstrated that APCs, especially
dendritic cells, provide the extracellular reducing milieu to
facilitate an immune response (1, 29). In the present study, we
demonstrated that during APC-independent activation of T
cells by anti-CD3 and anti-CD28 antibodies, cystine uptake
and extracellular cysteine accumulation, hallmarks of APC
metabolism during activation, are observed. This begs the
obvious question as to what is the primary sulfur metabolic
status of T cells (i.e., what pathways exist for provision of
cysteine needed for GSH and other biosynthetic needs in
naı̈ve cells, and what routes for cysteine acquisition are added
on activation). To address these questions, we characterized
the transsulfuration pathway in naı̈ve and activated T cells, its
contribution to GSH homeostasis and antioxidant capacity
under oxidative-stress conditions, and the induction of the xC

-

transporter system that leads to APC independence. We also
compared the sulfur metabolic status of Jurkat cells, a trans-
formed cell line that is widely used as an experimental model
system for T cells.

Activation of T cells is accompanied by upregulation of
pathways of nutrient uptake, ATP production, macromole-
cule synthesis, and programming of T cells for proliferation
(10). We show that xCT, the catalytic subunit of the xC

- cystine
transporter, is highly expressed in T cells activated in an APC-
dependent or -independent manner, but is not detectable in
naı̈ve T cells. Earlier studies have shown that the mRNA
levels for xCT are very low in naı̈ve T cells, whereas both xCT
mRNA and protein are expressed in dendritic cells (2, 16, 29).
Mice with homozygous disruption of the xC

- transporter
(xCT-=-) exhibit redox imbalance in the plasma, with high
cystine and low GSH in comparison to xCTþ=þ mice.
Embryonic fibroblasts from xCT-=- mice fail to survive in
culture unless supplemented with cysteine derivatives or

FIG. 8. Blockade of the transsulfuration pathway enhances T cell susceptibility to oxidative stress–induced cell death.
Naı̈ve (a) or activated (b) T cells or Jurkat cells (c) were incubated with the indicated concentrations of t-BuOOH� 2.5 mM
PPG for 12–14 h. Cell viability was determined as described under Methods. Data are shown as mean� SD and are repre-
sentative of at least two independent experiments performed in duplicates.
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antioxidants (21). Enhanced xCT activity in astrocytes in-
creases GSH synthesis and protects neurons from oxidative
stress (23). Expression of xCT is regulated by Nrf-2 (nuclear
factor erythroid 2–related factor-2), which binds to the anti-
oxidant response element (11) in response to oxidative stress.
Although the mechanism of transcriptional induction of xCT
during T cell activation awaits elucidation, it is possible that
an initial prooxidant response during T cell activation leads to
the transcriptional activation of xCT.

Clearly, in the absence of xC
-, T cells must obtain cysteine

needed for protein synthesis and for maintaining GSH at the
levels seen in naı̈ve cells from elsewhere. One such avenue is
the transporter for cysteine. In T cells, cysteine uptake is me-
diated mainly by the sodium-dependent ASC system (for al-
anine, serine, and cysteine) (9). The cystine-transport activity
is extremely low in resting T cells compared with the cysteine-
transport activity. When T cells are activated, both cystine
and cysteine transporter activities are upregulated, with the
cystine-uptake rate still being lower than the cysteine-uptake
rate (9).

Another route for provision of cysteine is the transsul-
furation pathway, the presence of which in T cells is contro-
versial. Human lymphoid cell lines from normal subjects but
not from a cystathionuric patient with g-cystathionase defi-
ciency, were able to convert [35S]-homocysteine to [35S]-
cysteine, consistent with the presence of the transsulfuration
pathway (26). However, other studies using the PCR and
flow-cytometry techniques reported that T cells lack g-
cystathionase and concluded that these cells lack the trans-
sulfuration pathway (4, 25). With a sensitive metabolic radi-
olabeling method, we confirmed the presence of an intact
transsulfuration pathway in naı̈ve and activated T cells, as
well as in Jurkat cells (Figs. 5 and 6). The transsulfuration
pathway is estimated to contribute *50% of the cysteine in
the GSH pool in hepatoma cells lines and in macrophages (5,
15). Our studies demonstrate the quantitative significance of
the transsulfuration pathway to GSH homeostasis in T cells in
which inhibition by PPG caused an *35%, *25%, and *50%
decrease in GSH concentration within 12 h in naı̈ve, activated,
and Jurkat T cells, respectively. Furthermore, increased flux
through the transsulfuration pathway is observed under
oxidative-stress conditions in primary T cells and represents
an autocorrective response for rebuilding antioxidant capac-
ity (i.e., regaining the GSH pool size compromised by oxi-
dizing conditions). However, even in the absence of increased
flux through this pathway, its importance to the cellular ca-
pacity for countering oxidative stress is exemplified by the
decrease in the LD50 for peroxide in all three cell types treated
with the transsulfuration inhibitor, PPG (Fig. 8).

The transsulfuration pathway and the xC
- transporter play

important roles in several settings of intercellular communi-
cation. For example, the transsulfuration pathway is induced
during monocyte differentiation and plays an important role
in intracellular killing of mycobacteria (5). Inhibition of the
transsulfuration pathway during mycobacterial infection al-
lows bacteria to proliferate in the hostile environment of the
host. Redox signaling between astrocytes and T cells endows
astrocytes with a neuroprotective phenotype (6), and block-
ade of the xC

- transporter is detrimental for this phenotype.
Immunosuppression of autoreactive T cells by regulatory T
cells involves interference with extracellular cysteine accu-
mulation by dendritic cells (29).

Because naı̈ve T cells have the capacity for cysteine syn-
thesis via the endogenous transsulfuration route, why then
are they dependent on APCs for provision of cysteine during
activation? We posit that the key role for APC-derived ex-
tracellular cysteine might be to create a reducing microenvi-
ronment needed to facilitate inter- and intracellular signaling.
The cysteine=cystine redox couple is an important redox
buffer and is considered to be an important indicator of the
extracellular redox poise (7). Human cells in the culture
maintain an extracellular redox potential of about �80 mV,
which is associated with growth arrest=differentiation. This
value is similar to the plasma cysteine=cystine redox potential
in young healthy adults (14). More-negative redox potential
values favor cellular proliferation, whereas more-positive
values favor cell death. Hence, cysteine accumulation by
APCs is instrumental in fashioning a reductive shift in the
extracellular microenvironment that is conducive for subse-
quent T cell proliferation. In addition to remodeling of the
extracellular redox potential, it is possible that flux through
the transsulfuration pathway is insufficient for meeting the
cysteine needs of T cells that receive activation signals, which
eventually leads to an increase in cell size in addition to
triggering proliferation. The relative importance of APC-
derived cysteine for extracellular redox remodeling versus
supporting intracellular biosynthetic needs awaits further
investigation.
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APC¼ antigen-presenting cell
CBS¼ cystathionine b-synthase
FBS¼ fetal bovine serum

GCL¼ g-glutamylcysteine ligase
GSH¼ glutathione
PBS¼phosphate-buffered saline

PMA¼phorbol 12-myristate 13-acetate
PPG¼propargylglycine
SAS¼ sulfasalazine

t-BuOOH¼ tert-butyl hydroperoxide
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