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concentration to modulate TCR signaling.
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(Background: H,0, mediates signal transduction in response to TCR activation.
Results: Overexpressing mitochondrial Mn-SOD increases H,O,, enhancing intensity and duration of tyrosine phosphoryla-
tion after TCR activation, whereas overexpressing cytosolic Cu,Zn-SOD has no effect.
Conclusion: Mitochondrial H,O, enhances TCR-mediated signal transduction selectively through JNK/cJun.
Significance: Mitochondrial translocation to the immunological synapse provides necessary proximity to raise effective H,O,
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T cell receptor (TCR)-initiated signal transduction is re-
ported to increase production of intracellular reactive oxygen
species, such as superoxide (O3) and hydrogen peroxide (H,0O,),
as second messengers. Although H,O, can modulate signal
transduction by inactivating protein phosphatases, the mecha-
nism and the subcellular localization of intracellular H,O, as a
second messenger of the TCR are not known. The antioxidant
enzyme superoxide dismutase (SOD) catalyzes the dismutation
of highly reactive O into H,O, and thus acts as an intracellular
generator of H,0,. As charged O3 is unable to diffuse through
intracellular membranes, cells express distinct SOD isoforms
in the cytosol (Cu,Zn-SOD) and mitochondria (Mn-SOD),
where they locally scavenge Oj; leading to production of
H,0,. A 2-fold organelle-specific overexpression of either
SOD in Jurkat T cell lines increases intracellular production
of H,O, but does not alter the levels of intracellular H,O,
scavenging enzymes such as catalase, membrane-bound per-
oxiredoxinl (Prx1), and cytosolic Prx2. We report that over-
expression of Mn-SOD enhances tyrosine phosphorylation of
TCR-associated membrane proximal signal transduction
molecules Lck, LAT, ZAP70, PLCy1, and SLP76 within 1 min
of TCR cross-linking. This increase in mitochondrial H,O,
specifically modulates MAPK signaling through the JNK/
cJun pathway, whereas overexpressing Cu,Zn-SOD had no
effect on any of these TCR-mediated signaling molecules. As
mitochondria translocate to the immunological synapse dur-
ing TCR activation, we hypothesize this translocation pro-
vides the effective concentration of H,O, required to selec-
tively modulate downstream signal transduction pathways.
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Reactive oxygen species (ROS),> by-products of oxygen
metabolism, consist of highly reactive charged oxygen free rad-
icals such as superoxide anion (O3, half-life of 107° s) and
hydroxyl radical (OH ~, half-life of 10~ s) as well as non-radical
oxidants such as hydrogen peroxide (H,O,) (1, 2). Until
recently, ROS were considered damaging to DNA (3), lipids (4),
and proteins (5), and generated as metabolic by-products of
cellular respiration. More recently, there is increased recogni-
tion of ROS as effector molecules in various cellular processes
(6), including host defense (7), hormone synthesis, and redox
signaling involved in mitogenesis, apoptosis (8), and oxygen
sensing (9). In particular, H,O, acts as a mediator of biological
processes, such as signal transduction (10). Many signaling
pathways are propagated by protein phosphorylation; at low
concentrations, H,O, plays a modulatory role by reversible oxi-
dation of cysteines in the active sites of phosphatases such as
protein tyrosine phosphatases (11) and serine/threonine phos-
phatases (12). Thus, H,O, can inhibit the dephosphorylation of
signaling proteins and thereby modulate the intensity, kinetics,
or branch points within a pathway (13). This is particularly
evident in the T lymphocyte, where H,O, mimics the stimula-
tory effects of growth factors and environmental agonists,
including the tyrosine phosphorylation pattern unique to the T
cell receptor (TCR) (14).

H,O, is a stable diffusible oxidant in the cell, and can be
generated or degraded rapidly in response to external stimuli
(15). Recent studies reviewed by Gough and Cotter (16) reveal
that the diverse roles of H,O, as an oxidant and signaling mol-
ecule depend upon the subcellular source, location, and dura-
tion of its production. Dismutation of O either spontaneously
or by a family of cellular antioxidant enzymes known as super-
oxide dismutases (SODs (17)) leads to production of H,O,. The

2 The abbreviations used are: ROS, reactive oxygen species; O3, superoxide
free radical; TCR, T cell receptor; Mn-SOD, manganese superoxide dismu-
tase; Cu,Zn-SOD, copper zinc superoxide dismutase; IS, immunological
synapse; Ab, antibody; LAT, linker for activation of T cells; SLP76, Src homol-
ogy 2 (SH2) domain-containing leukocyte protein of 76 kDa; Lck, lympho-
cyte-specific protein tyrosine kinase; PLCy1, phospholipase C y1; ZAP70,
y-chain-associated protein kinase 70; COX IV, cytochrome ¢ oxidase IV;
CD28, cluster of differentiation 28; CM-H2DCFDA, chloromethyl derivative
of dichlorodihydrofluorescein diacetate.
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mitochondrial isoform of SOD (Mn-SOD) uses manganese as a
cofactor (18), whereas the cytosolic isoform (Cu,Zn-SOD) uses
both copper and zinc as cofactors (19). The physiological
importance of SODs is illustrated by the severe pathologies evi-
dent in mice genetically engineered to lack these enzymes. Mn-
SOD-deficient mice die within 10 days after birth due to dilated
cardiomyopathy, accumulation of lipid in liver and skeletal
muscle, and metabolic acidosis (20). Mice deficient in Cu,Zn-
SOD exhibit a reduced life span, increased chances to hepato-
cellular carcinoma (21), and acceleration of age-related loss of
skeletal muscle mass (22).

The concept of the mitochondria as crucial oxidative signal-
ing organelle is an emerging field (23). Mitochondria in TCR-
activated cells translocate to the immunological synapse (IS)
(24). Intracellular generation of O; and H,O, has been detected
in T cells during receptor-mediated activation (25, 26). O is
converted to H,O, through Mn-SOD and Cu,Zn-SOD, leading
to increased production of H,0, in mitochondria and cytosol
of the T cell, respectively. Although it is widely accepted that T
cell activation is a tightly controlled process to ensure sufficient
immune protection and prevent autoimmunity, the intracellu-
lar source of H,O, and the proximal downstream H,O, sensi-
tive targets required for modulation of TCR-mediated signaling
are not characterized.

This work defines the intracellular source of H,O, and its
effect on the TCR-mediated activation in T lymphocytes. We
hypothesized that overexpressing Mn-SOD and Cu,Zn-SOD in
their defined physiological compartments will increase the
H,0, in their respective subcellular compartments specifically
and define the role of H,O, localization in TCR signal trans-
duction. Jurkat T lymphoma cell lines, engineered to overex-
press Mn-SOD and Cu,Zn-SOD, were generated and activated
through the TCR. Our results identify H,O, generated in mito-
chondria as a key modulator of the TCR-mediated signaling
pathway. We demonstrate that mitochondrial H,O, regulates
TCR activation specifically through the JNK/cJun pathway and
propose a crucial role for mitochondrial translocation toward
the IS and the subsequent H,O, generation in regulation ofa T
cell response.

EXPERIMENTAL PROCEDURES

Reagents—Antibodies (Abs) were obtained from Abcam
(rabbit polyclonal to Mn-SOD, Cu,Zn-SOD, Prx1, Prx2, cata-
lase, p-LAT (Tyr'®?), p-LAT (Tyr'®!), SLP-76 and rabbit mono-
clonal to p-SLP76), Cell Signaling (rabbit polyclonal to
p-PLCyl, p-ZAP70, p-Lck (Tyr®®®), p-LAT (Tyr'”"), p-ERK,
p-p38, ERK1/2, PLCv1, 1B, and rabbit monoclonal to ZAP70,
p-cJun, p-JNK, JNK, p38, COX IV, mouse monoclonal to pIkB),
Upstate (rabbit polyclonal to LAT, Lck), and Trevigen (rabbit
polyclonal to GAPDH). HRP-conjugated pTyr was procured
from Santa Cruz Biotechnology, and HRP-conjugated goat
anti-rabbit and goat anti-mouse were purchased from Thermo
Scientific. Anti-CD3 (OKT3) was procured from Imgenex, and
anti-CD28 was obtained from Ancell. For molecular cloning
purposes and where otherwise not mentioned, the reagents
were purchased from Sigma Aldrich or Invitrogen. The chlo-
romethyl derivative of dichlorodihydrofluorescein diacetate
(CM-H,DCFDA) was purchased from Invitrogen.
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Jurkat Cell Culture and Activation—The Jurkat T cell line
(subclone E6) was cultured in Roswell Park Memorial Institute
medium (RPMI 1640) supplemented with 10% FBS, 2 mm L-glu-
tamine, 10 mm HEPES buffer, 0.1 mM non-essential amino
acids, 1 mm sodium pyruvate (Invitrogen), and 0.1% 2-mercap-
toethanol (Sigma Aldrich). For stimulation through the TCR,
WT and transduced Jurkat cells were resuspended at 2 X
10°/40 wl in RPMI 1640 and 25 mm HEPES buffer, and incu-
bated at 37 °C for 5 min. Sheep anti-mouse F(ab’), (10 wg/ml)
was added and incubated with the cells for 2 min. Cells were
then stimulated via the CD3 and CD28 receptors with OKT3
Ab (10 pg/ml) and anti-CD28 Ab (10 wg/ml) at 37 °C for the
times indicated in the figures. The reaction was stopped by the
addition of an equal volume of Laemmli buffer (4% SDS, 120
mMm Tris-HCl (pH 6.8) 0.02% bromphenol blue, and 0.04%
2-mercaptoethanol), and the sample was boiled for 10 min. The
cleared lysate was stored at —20 °C until use. Unstimulated cells
received only the sheep anti-mouse F(ab'),.

Gene Cloning, Transduction, and Overexpression—Plasmids
having Mn-SOD (coding sequence NM_000636.2, accession
no. BC012423, pCMV-SPORT6) or Cu,Zn-SOD (coding se-
quence NM_000454.4, accession no. BC001034, pINCY) were
purified from bacterial glycerol stocks (Open Biosystems).
Gene specific primers for Mn- and Cu,Zn-SOD c¢cDNA were
designed with engineered restriction sites (EcoRI and Bglll;
specific to the pMSCV vector) and used for cloning and PCR
confirmation of the transgenes (5'-ACTGACTAGATCTGCC-
ACCATGTTGAGCCGGGCAGTGTG-3' (sense) and 5'-
ACTGACTGAATTCTTACTTTTTGCAAGCCATGTATC-3'
(antisense) for Mn-SOD, and 5'-ACTGACTAGATCTGCCAC-
CATGGCGACGAAGGCCGTGTG-3' (sense) and 5'-ACTGA-
CTGAATTCTTATTGGGCGATCCCAATTACACC-3' (anti-
sense) for Cu,Zn-SOD). All vector construction was done using
standard cloning and PCR techniques (27). All constructs were
verified by dideoxynucleotide sequencing at the Case Western
Reserve University Department of Genetics Genomics Core. Ret-
rovirus was assembled in the human embryonic kidney cell line
(HEK293T cells), using the three-plasmid retroviral packaging sys-
tem pMSCV-Puro vector (Addgene; a kind gift of Dr. J. Karn, Case
Western Reserve University, Cleveland, OH) constitutively driv-
ing either Mn- or Cu,Zn-SOD under the CMV immediate early
promoter. The three plasmids were (i) pMSCV expressing the tar-
geted gene, (ii) the group antigen polyprotein gene that forms the
viral core structure, RNA genome-binding proteins, and nucleo-
protein core particle, and reverse transcriptase gene that encodes
reverse transcriptase, integrase, and RNase H activity, and (iii) the
vesicular stomatitis virus G envelope protein. HEK293T cells were
transfected using Lipofectamine (Invitrogen Life Technologies) in
Opti-MEM (Invitrogen Life Technologies) media for 912 h, after
which cells were incubated in RPMI 1640 containing 10% FBS for
48 h. Retroviruses were harvested from the conditioned medium
and concentrated by ultracentrifugation (28,000 rpm for 30 min)
and used to transduce Jurkat cells. After infection (48 h), the cells
were selected in a medium containing puromycin (4 ug/ml) for
3—4 weeks. Overexpression of the transgenes was verified by
immunoblot analysis and confocal imaging.
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Isolation of Total Genomic DNA and PCR Confirmation of
the Transgenes—Integration of the transgene cDNA for both
Mn-SOD and Cu,Zn-SOD was confirmed by PCR with the
same transgene specific primers used for cloning. DNA was
isolated from WT and transduced Jurkat cells using the
PureLink™ Genomic DNA mini kit (Invitrogen).

Immunoblot Analysis—Protein isolation was performed on
equal numbers of Jurkat cells and fractionated by size on a
reducing 10% SDS-PAGE. Proteins were electrotransferred to
nitrocellulose membrane (Invitrogen). Membranes were incu-
bated at room temperature for 1 h in blocking buffer (3% BSA or
5% nonfat milk, 10 mm Tris, pH 7.6, 100 mm NaCl, and 0.1%
Tween 20). Primary and secondary Abs were diluted, as recom-
mended by the manufacturer, in blocking buffer and incubated
overnight at 4 °C for primary and 1 h at room temperature for
secondary antibody with three washes in between incubations.
Detection of HRP-conjugated Abs was performed using Super-
signal (Pierce) and Kodak Biomax Film MR.

Confocal Microscopy— Actively growing WT and transduced
Jurkat cells were adhered at 37 °C for 2 h to slides coated with
0.01% poly-L-lysine. These cells were subsequently fixed with
4% paraformaldehyde for 30 min and permeabilized with 0.2%
Triton X-100 for 20 min. The cells were then blocked with 10%
goat serum in 1X PBS for 1 h. After blocking, cells were incu-
bated with primary Ab diluted in 10% goat serum overnight at
4 °C. After three washes with 1X PBS, Alexa Fluor 488-conju-
gated secondary Ab was added in 10% goat serum for 40 min.
Cells were incubated with DRAQ5 (1/250) for 3 min in the dark.
Following staining, coverslips were mounted on glass slides
using Fluoromount (Vector Labs, Inc.), allowed to dry, and
visualized on a confocal microscope (Perkin Elmer UltraVIEW®
3D Live Cell Imaging System connected to a Leica DMI 6000B
microscope). For co-localization studies, live cells were stained
with MitoTracker Red dye (100 nwm, Invitrogen) for 30 min at
37 °C. After fixation and permeabilization, as described above,
cells were stained with anti-Mn-SOD or anti-Cu,Zn-SOD Ab.
Nuclei were stained with Hoechst (10 um). The 488- and
579-nm lines of a krypton/argon laser were used for measuring
the fluorescence excitation of green Mn-SOD or Cu,Zn-SOD
and MitoTracker Red, respectively.

Subcellular Fractionation—To isolate cytosol and mito-
chondria, Jurkat cells were fractionated using Qproteome
mitochondria isolation kit (Qiagen). Protein from cytosolic,
mitochondrial, nuclear, and microsomal fractions was
probed with Cu,Zn-SOD- and Mn-SOD-specific Abs to con-
firm the cytosolic and mitochondrial localization of the
enzymes, respectively. GAPDH was used as a cytosolic pos-
itive control, and COX IV was used as a mitochondrial pos-
itive control.

Determination of H,O, Generation—Intracellular H,O, pro-
duction was determined by staining with CM-H,DCFDA. Jur-
kat cells were washed with 1X PBS and incubated with 0.5 uMm
CM-H,DCEFDA in phenol red-free RPMI 1640 for 10 min at
37 °C. After the incubation, cells were washed in 1X PBS and
resuspended in RPMI 1640 and 5% FBS for 10 min at 37 °C. The
cells were analyzed by flow cytometry (excitation, 488 nm;
emission, 585 nm; LSRII, BD Biosciences). Autofluorescence of
Jurkat cells was measured using unstained WT cells. Data from

26248 JOURNAL OF BIOLOGICAL CHEMISTRY

10,000 events were collected and analyzed with FloJo software
(BD Biosciences).

RESULTS

Targeted Overexpression of Mn-SOD and Cu,Zn-SOD to
Mitochondria and Cytosol, Respectively—Jurkat cell lines trans-
duced with either Mn-SOD or Cu,Zn-SOD were selected by
continuous growth in 4 pg/ml puromycin-containing medium
for 2 weeks. Successful transduction was confirmed after ampli-
fying genomic DNA isolated from those cells by PCR, using the
same gene-specific cDNA primers used for cloning (data not
shown). The endogenous genomic amplicons were multiple
kilobases in size and were not amplified. Protein expression for
each SOD transductant was validated by immunoblot, using
Mn-SOD and Cu,Zn-SOD gene-specific antibodies (Fig. 1, A
and B). Serial 2-fold dilutions of transduced whole cell extracts
were electrophoresed in parallel to an undiluted extract from
untransformed Jurkat cells (WT). Both proteins (Mn-SOD and
Cu,Zn-SOD) exhibited similar levels of overexpression (~2-
fold, using Quantity One software). Overexpression was con-
firmed by confocal microcopy (Fig. 1, C and D), in which Jurkat
cell lines expressing Mn-SOD or Cu,Zn-SOD exhibited a nota-
ble increase in green fluorescence due to the FITC fluoro-
chrome conjugated to the appropriate antibody. Mn-SOD
staining displayed a punctate pattern, consistent with mito-
chondrial localization not observed in staining for Cu,Zn-SOD.
Mitochondrial localization of overexpressed Mn-SOD was
confirmed with confocal microscopy by identifying the mito-
chondria with the staining dye MitoTracker Red (Fig. 1E). The
green-labeled Mn-SOD Ab colocalized with MitoTracker Red,
yielding yellow fluorescence in the merged images. Because
mitochondria are known to associate closely with the endoplas-
mic reticulum, this causes aggregates to form in the cell for
Mn-SOD staining (28, 29). Parallel staining with MitoTracker
Red and Cu,Zn-SOD Ab in WT and Cu,Zn-SOD overexpress-
ing cells did not exhibit any yellow fluorescence in the merged
images (Fig. 1F), confirming that Mn-SOD and Cu,Zn-SOD
were overexpressed in different subcellular compartments.
Overexpression and subcellular localization of cytosolic Cu,Zn-
SOD and mitochondrial Mn-SOD were confirmed by cell frac-
tionation using density medium centrifugation, followed by
extraction of cytosolic, mitochondrial, nuclear/membrane, and
microsomal proteins and analysis by immunoblot. Cytosolic
protein levels of Cu,Zn-SOD were considerably higher in over-
expression lines than levels of the WT, whereas mitochondrial,
nuclear/membrane, and microsomal fractions did not show any
bands (Fig. 1G). GAPDH, another cytosolic protein, was used as
a loading control. Similarly, the mitochondrial fraction of Mn-
SOD overexpression lines exhibit increased levels of Mn-SOD
signal as compared with that seen in WT cells (Fig. 1H).
Another mitochondrial protein COX IV was used as a loading
control. With the Qproteome kit, during cell lysis, some of the
mitochondria also lyse and the resulting fragments sediment
with the nuclear/membrane fraction, thus explaining Mn-SOD
and COX IV bands in the nuclear fraction. The presence of
mitochondrial protein in other fractions is most likely due to
minor contamination during fractionation.
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FIGURE 1.Increased protein expression of Mn-SOD and Cu,Zn-SOD in transduced Jurkat cells. Immunoblot analysis was performed to determine the level
of Mn-SOD (A) and Cu,Zn-SOD (B) protein expression in non-transduced Jurkat cells (WT) and Jurkat cells transduced by Mn-SOD and Cu,Zn-SOD, respectively.
Serial dilutions of cell extracts isolated from transduced cells are shown in comparison to undiluted WT cell extract. WT and Jurkat cells transduced with
Mn-SOD (C) and Cu,Zn-SOD (D) were stained with their respective antibodies and imaged by confocal microscopy. The relative florescence intensity of each
overexpression line is greater than that of WT. Nuclei were stained with DRAQ. WT (upper panel) and Mn-SOD (E) or Cu,Zn-SOD (F) overexpressing (lower panel)
Jurkat cells were stained with MitoTracker Red dye and Mn-SOD Ab or Cu,Zn-SOD Ab, respectively, followed by appropriate secondary Ab. The nuclei were
stained with Hoechst dye, and the cells were imaged by confocal microscopy. Merging the images demonstrates mitochondrial specific localization of
Mn-SOD, and that Cu,Zn-SOD does not localize to the mitochondria. Cytosolic, mitochondrial, nuclear, and microsomal fractions of WT and Cu,Zn-SOD (G) or
Mn-SOD (H) transductants were isolated, fractionated by PAGE, and probed with Cu,Zn-SOD or Mn-SOD specific Abs, respectively. GAPDH, a cytosolic protein,
or COX IV, a mitochondrial protein, were used both as localization and loading controls.
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FIGURE 2. Mn-SOD and Cu,Zn-SOD overexpression increases intracellular
levels of H,0,, without altering the level of endogenous antioxidant
enzymes. A, WT, Mn-SOD, and Cu,Zn-SOD overexpressing Jurkat cell lines
were loaded with 0.5 um CM-H,DCFDA, and intracellular levels of H,O, were
analyzed using flow cytometry. Unstained WT were used as an autofluores-
cence control. B, immunoblots of WT, Cu,Zn-SOD, and Mn-SOD overexpres-
sion cell lysates were probed with Abs specific for Mn-SOD, Cu,Zn-SOD, cata-
lase, Prx1, and Prx 2. Anti-GAPDH Ab was used as a loading control.

Overexpression of both Mn-SOD and Cu,Zn-SOD Increases
Intracellular H,O, but Does Not Change Levels of Endogenous
Peroxide Scavengers—Jurkat cell lines overexpressing either
Mn-SOD or Cu,Zn-SOD demonstrated increased basal levels
of intracellular H,0O,, as compared with those in WT controls
(Fig. 2A4). CM-H,DCEFDA, a fluorophore that measures intra-
cellular H,0O,, was used to stain cells for flow cytometric anal-
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ysis. To confirm that elevated H,O, levels in resting T cells was
due to dismutation of superoxide by the overexpressed SOD
enzymes and not attributable to a change in peroxide scaveng-
ing, protein levels of three intracellular antioxidant enzymes
from different subcellular compartments were analyzed by
immunoblot (Fig. 2B). The expression level of other endoge-
nous peroxide scavengers such as peroxisomal catalase, mem-
brane-bound peroxiredoxin (Prx)1, and cytosolic Prx2 was not
altered. Similarly, the levels of the alternate intracellular SOD in
each transductant remained unchanged, enabling us to attrib-
ute any change in the T cell response directly to the overex-
pressed SOD.

Overexpression of Mn-SOD and Not Cu,Zn-SOD Increases
Global Tyrosine Phosphorylation and Membrane Proximal Sig-
naling after TCR Cross-linking—H,O,, induces tyrosine phos-
phorylation of many proteins, often attributed to its ability to
oxidize the cysteine in the active site of protein tyrosine phos-
phatase (30). To determine the effect of increased H,O, pro-
duced in either the mitochondria or cytosol on TCR-mediated
signaling, Jurkat cell lines overexpressing either Mn-SOD or
Cu,Zn-SOD and WT controls were activated with anti-CD3
cross-linking and anti-CD28 for 1, 5, and 10 min. The reaction
was stopped, and whole cell lysates were prepared by adding
Laemmli buffer. The global tyrosine phosphorylation response
was analyzed by immunoblotting (Fig. 34). The intensity of
phosphotyrosine proteins was increased in Jurkat cell lines
overexpressing Mn-SOD (lanes 10-12), whereas Cu,Zn-SOD
transduced cells exhibited only a minor change in protein phos-
phorylation (lanes 6 —8) when compared with that seen in WT
cells (lanes 2-4). Interestingly, phosphorylation of TCR{
increased with Mn-SOD overexpression (lanes 10-12),
whereas it decreased in Jurkat cells overexpressing Cu,Zn-SOD
(lanes 6—8) in comparison with WT (lanes 2—4) at all time
points after stimulation (Fig. 3A). This finding underscores a
critical role for mitochondrial generation of H,O, to enhance
global tyrosine phosphorylation after TCR activation. The min-
imal effect of overexpressing cytosolic Cu,Zn-SOD in global
tyrosine phosphorylation is surprising in that signaling events
take place in the cytosol. To characterize the early events (1, 2,
4 and 6 min) in redox modulation of TCR activation, we ana-
lyzed the tyrosine phosphorylation of specific membrane prox-
imal TCR signaling proteins (p-Lck®**, p-ZAP70, p-LAT'??,
p-LAT'!, p-LAT"*, p-PLCy1, and p-SLP76) in Jurkat cell
lines overexpressing Mn-SOD and Cu,Zn-SOD, in comparison
with WT. Mn-SOD-transduced cells exhibited greater levels of
protein tyrosine phosphorylation for membrane proximal sig-
naling molecules within 1 min after TCR activation and
remained elevated for 6 min (Fig. 3B), whereas Cu,Zn-SOD
overexpression did not increase protein tyrosine phosphoryla-
tion after TCR cross-linking (Fig. 3C). The observed increase in
tyrosine phosphorylation of each of these proteins in Mn-SOD
overexpressing Jurkat cell lines returns to basal levels within 15
min (data not shown).

Mitochondrial Generation of H,O, Selectively Enhances
Phosphorylation of the JNK/cJun Pathway—To evaluate the
effect of increased phosphorylation of membrane proximal
proteins in Mn-SOD overexpression cell lines on second mes-
senger pathways, we activated both Mn-SOD and Cu,Zn-SOD

VOLUME 288+NUMBER 36+SEPTEMBER 6, 2013



Mitochondrial Hydrogen Peroxide Enhances TCR Signaling

A WT Cu,Zn-SOD Mn-SOD
o0 1 5 10 0 1 5 10 0 1 5 10 min
PLCY1 — o -
c-Cbl — a
SLP76 _ ‘ & L B
ZAP70 — - oo e
Lck = t B B e W W o

w_“..g_ggaw

CD3¢ — i
TCR¢—
GAPDH
B WT Mn-SOD
0 1 2 4 6 0 1 2 4 6
e LBBEC ~EBEE
p-ZAP 70 e e ey —
p-LAT132 e PR 3 - o9 o
PLATITL i . - ot o .-
AT [y
p-PLCy1 p—_— e B e
p-SLP76 —— .” ———
i i s mEw
ZAP 70 ----------
- .- -
PLCy1

— T wn g R S g g
SLP76 s GND GED GED G2 G G G & e

FIGURE 3. Overexpression of Mn-SOD increases global tyrosine phosphory!

T — o — — ——— ——

C WT Cu,Zn-SOD
0 1 2 4 6 0 1 2 4 6 min
R Eam
o LT L

B e e

-

- ks
o -n
- -
- s .

e e e - - -
----—---“ -

- . . Y . -
- - -
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ment. WT, Mn-SOD, and Cu,Zn-SOD overexpressing Jurkat cells were left unstimulated or stimulated by anti-CD3 cross-linking and anti-CD28 for 1, 2,4 and 6
min. A, cell extracts were analyzed by phosphotyrosine immunoblotting. Immunoblot for GAPDH was used as a control for total protein loading. Protein

extracts from Jurkat cells overexpressing Mn-SOD (B) and Cu,Zn-SOD (C) in ¢

omparison with WT controls were analyzed by immunoblotting with p-Lck,

p-ZAP70, p-LAT, p-PLCy1, and p-SLP76 Abs. Immunoblots for respective total proteins were used as a loading control.

overexpressing Jurkat cell lines along with WT controls for 15,
30, 60, and 120 min and probed with antibodies specific for
MAPKs (p-JNK, p-ERK, and p-p38; Fig. 4, A and B, respec-
tively). After TCR activation, Mn-SOD overexpression specifi-
cally increased phosphorylation of JNK, whereas phosphoryla-
tion of ERK was not enhanced in comparison with the WT
controls (Fig. 44), suggesting the selectivity of mitochondrial
H,0, in inducing the JNK pathway. We also observed a mini-

SEPTEMBER 6, 2013 «VOLUME 288-NUMBER 36

mal increase in phosphorylation of p38 with Mn-SOD overex-
pression (Fig. 4A4). This result defeats the notion of H,O, as a
nonspecific oxidant and brings to light a highly selective nature
of this redox modulator. The Cu,Zn-SOD line did not exhibit
an increase in protein phosphorylation for any MAPK over the
WT (Fig. 4B). JNK phosphorylates Ser®® on cJun, which upon
phosphorylation translocates to the nucleus and up-regulates
gene expression for inflammatory cytokines such as interleu-
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FIGURE 4. Overexpression of Mn-SOD specifically increases threonine/tyrosine phosphorylation of JNK and serine phosphorylation of cJun after TCR
engagement. Mn-SOD and Cu,Zn-SOD overexpressing Jurkat cells with WT controls were left unstimulated or stimulated by anti-CD3 cross-linking and
anti-CD28 for 15, 30, 60, and 120 min, after which JNK, ERK, p38, (A and B) cJun, and IkB (C and D) phosphorylation was measured by immunoblot. Immunoblot
for respective total proteins (ERK, p38, |kB) or GAPDH was used as a loading control.

kin-2 (IL-2). Extending this pathway in Mn-SOD overexpress-
ing cell lines, there is also increased phosphorylation of cJun
(Fig. 4C), which intensifies with time, remaining stable for 120
min. In contrast, Cu,Zn-SOD overexpression has a minimal
effect on cJun phosphorylation, which is maximal at 30 min and
then declines (Fig. 4D). To characterize the specificity of mito-
chondrial generation of H,O, on signal transduction, phos-
phorylation of the inhibitor of kappa B (IkB) was studied as a
negative control (Fig. 4, C and D). In resting cells, NF«B is
present in the cytosol bound to IkB. After TCR activation, IkB is
phosphorylated facilitating its ubiquitination and subsequent
proteosomal degradation releasing NFkB, which then translo-
cates to the nucleus and binds to the promoter region of its
target genes. Overexpressing either Mn-SOD (Fig. 4C) or
Cu,Zn-SOD (Fig. 4D) had no effect on the phosphorylation of
IkB, suggesting that TCR-mediated redox regulation selectively
activates genes targeted by the JNK/cJun pathway.

DISCUSSION

Modulation of the TCR signaling pathway, by both exoge-
nous mediators (e.g. costimulation, adhesion, and cytokines)
and endogenous factors (e.g. phosphatases, assembly of the IS,
changes in the cytoskeleton), is critical for orchestrating a coor-
dinated, focused immune response. In this report, we reveal
that increased generation of H,O, due to overexpression of
Mn-SOD augments membrane proximal tyrosine phosphory-
lation emanating from the TCR and selectively enhances the
JNK/cJun second messenger pathway. These results are con-
sistent with the growing field of evidence that mitochondria, a
major generator of physiological H,0, (31), are critical in T cell
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activation. A recent report demonstrates that mitochondrial
metabolism, producing ROS through complex III, is required
for activation of nuclear factor of activated T cells and IL-2
induction (32). Shortly after TCR engagement and formation of
the IS, the large interconnected mitochondrial network under-
goes fragmentation thereby facilitating transport (33) to the IS
(34). These mitochondria are strategically localized beneath the
IS and modulate intracellular calcium signals following IS for-
mation (35). We propose a model (Fig. 5) that upon TCR acti-
vation, mitochondria translocate toward the IS. It is their prox-
imity to the synapse that provides a biologically effective
concentration of H,0,, which modulates tyrosine phosphory-
lation-mediated signaling of membrane proximal proteins,
which, in turn, transduces downstream through the JNK/cJun
pathway, and subsequent transcription of inflammatory cyto-
kine genes. Our hypothesis is consistent with other evidence
that changes in the microenvironment within a T cell function
to restrict its cellular and metabolic choices (36).

It is well known that exogenous H,O, is produced by granu-
locytes and macrophages during inflammation (37). H,O, acts
as a chemoattractant to direct leukocytes to injury sites, dem-
onstrating that immune cells are able to respond to exogenous
H,0, in addition to producing it (38). H,O, also plays a mito-
genic role in lymphocyte proliferation (39), as it mimics the
effect of growth factors and antigenic stimulation (40, 41). Our
initial report on redox regulation of T cell activation showed
that addition of exogenous H,O, to primary cultures of human
blood-derived T cells leads to an increase in global phosphoty-
rosine (42). In addition, we demonstrated that the strength of
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Transcriptional
changes

3 Cytokines
Chemokines

FIGURE 5. Model depicting mitochondrial generation of H,0, as a key modulator of TCR-mediated signal transduction. Mitochondrial translocation to
the IS during TCR activation brings mitochondria in proximity to the TCR signaling complex. After TCR engagement, mitochondria produce an H,O, burst that
inhibits phosphatases, thereby enhancing and prolonging protein phosphorylation. Enhanced signaling from these membrane proximal proteins specifically
up-regulates second messenger signal transduction through the JNK/cJun pathway. Phosphorylated cJun translocates into the nucleus and activates tran-
scription factors for cytokine and chemokine production. Circles indicate protein phosphorylation (green, tyrosine; blue, threonine/tyrosine; red, serine).

the signal that emanates from TCR cross-linking is directly cor-
related with endogenous H,O, production, and when H,O,
levels are depleted, signal transduction from the TCR is simi-
larly reduced. Unfortunately, evaluation of endogenous H,O,
production and localization on T cell activation was not possi-
ble, due to the inability of T cells to remain viable after long
term exposure to ROS or TCR cross-linking in culture. There-
fore, we developed transfected Jurkat T cell lines overexpress-
ing mitochondrial Mn-SOD and cytosolic Cu,Zn-SOD to
define the localization and understand the effects of H,O, on
TCR-mediated signal transduction. Consistent with existing
data, we observed in this current study increased intracellular
H,O, in T cells in response to exogenous H,O, (data not
shown). It is becoming more widely accepted that endogenous
H,O, plays an important role as a second messenger, inhibiting
protein phosphatases and thereby amplifying and modulating
signals emanating from the TCR (43) and affecting immune
regulation (44). H,O, has also been implicated in formation of
lipid rafts and downstream intracellular signaling after T cell
activation (45).

SODs are major antioxidative enzymes in the cell, providing
a first line of defense against O, by efficiently dismutating it to
H,0, and O, (reaction rate constantat pH 7.8, K =2 X 10° M~ *
s~ 1) (46). Mn-SOD is present exclusively in the mitochondrial
matrix, whereas Cu,Zn-SOD is present in the cytosol. Our
results confirmed increased intracellular levels of H,O, by
overexpressing either Mn-SOD or Cu,Zn-SOD in their respec-
tive organelles, which did not lead to the up-regulation of H,O,
catabolizing enzymes. We attribute these results to the moder-
ate levels of overexpression. Although initially unexpected, we
show that increased production of H,O, in the cytosol had a
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minimal effect on TCR-mediated immune signaling. Our
results suggest that even during Cu,Zn-SOD overexpression
cytosolic H,O, did not reach the effective local concentration
required for immune modulation at the IS. Thus, we propose
that it is the location and duration of H,O, production that
selectively modulates T cell signaling.

We characterized the effects of mitochondria-derived H,O,
on TCR-mediated signal transduction by studying the tyrosine
phosphorylation levels of the membrane proximal signaling
complex. Co-stimulation of Jurkat cells with cross-linked
OKT3 and anti-CD28 led to the simultaneous phosphorylation
of both inhibitory (Tyr°°®, data not shown) and catalytic
(Tyr®*%) sites of Lck, leading to downstream activation of the
cell. A recent study also confirmed the simultaneous phos-
phorylation of regulatory and enzymatic sites in Lck upon acti-
vation by exogenous H,0O, and through TCR activation (47).
Downstream of p-Lck, we found that increased mitochondrial
H,O, enhanced the level and longevity of tyrosine phosphoryl-
ation of ZAP70, LAT at Tyr'®*, Tyr'”?, and Tyr'®', SLP76, and
PLCvy1, whereas increased cytosolic H,O, had minimal if any
effect on the phosphorylation of these molecules. In agreement,
areport from other investigators (48) indicates that an increase
in intracellular steady state production of H,O, by Mn-SOD
blocks TNF-a-induced apoptosis. Another study also found
mitochondrial ROS as an important regulator of LPS-mediated
production of proinflammatory cytokines (49).

To study the possible selectivity of mitochondrial-mediated
H,O, generation, we found that increased mitochondrial H,O,
specifically enhances the phosphorylation of JNK, whereas an
increase in cytosolic H,O, has no effect on MAPK phosphor-
ylation. Activated JNK phosphorylates its major substrate cJun
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as well as several other transcription factors required for cell
survival, proliferation, transformation, and death (50). The dual
role of JNK in both apoptotic and survival (51) signaling path-
ways indicates that the functional role of JNK is complex.
Throughout the study, we did not observe any increase in cell
death in either Mn-SOD or Cu,Zn-SOD transduced Jurkat cell
lines in comparison with WT cells, although Jurkat cells over-
expressing Mn-SOD showed increased proliferation (data not
shown). This finding is consistent with a report that insulin-like
growth factor-1-induced protection from apoptotic death in
CD28 co-stimulated Jurkat cells is mediated by JNK activation
(52). To further underscore the selective role of H,O, in mod-
ulating TCR-mediated signaling, the activation of NFkB was
studied through phosphorylation of I«B. Neither a mitochon-
drial nor cytosolic increase in H,O, had any effect on the acti-
vation of NFkB, as shown by the lack of a change in phosphor-
ylation of IkB in the SOD overexpression cell lines. Because
Jurkat cells do not produce IL-2 or other cytokines upon TCR
activation, further studies in primary T cells to understand the
changes in T cell biology after modulating intracellular H,O,
are warranted.

In summary, we describe a novel mechanism for the proin-
flammatory effects of mitochondrial generation of H,O,, which
causes the selective phosphorylation of cJun in activated Jurkat
cells through JNK-mediated phosphorylation. Our findings
that implicate mitochondrial and not cytosolic H,O, in modu-
lating TCR-mediated activation are consistent with an emerg-
ing theme of mitochondrial translocation to the IS during T
lymphocyte activation.
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