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ARTICLE INFO ABSTRACT

Keywords:

Emerging evidences implicate the contribution of ROS to T cell activation and signaling. The tyrosine kinase,

T cell C-chain-associated protein of 70 kDa (ZAP70), is essential for T cell development and activation. However, it

Redox regulation
Autoimmunity

TCR signaling

ZAP70

Glutathione peroxidase

remains elusive whether a direct redox regulation affects ZAP70 activity upon TCR stimulation. Here, we show
that deficiency of non-selenocysteine containing phospholipid hydroperoxide glutathione peroxidase (NPGPx), a
redox sensor, results in T cell hyperproliferation and elevated cytokine productions. T cell-specific NPGPx-
knockout mice reveal enhanced T-dependent humoral responses and are susceptible to experimental autoim-

mune encephalomyelitis (EAE). Through proteomic approaches, ZAP70 is identified as the key interacting
protein of NPGPx through disulfide bonding. NPGPx is activated by ROS generated from TCR stimulation, and
modulates ZAP70 activity through redox switching to reduce ZAP70 recruitment to TCR/CD3 complex in
membrane lipid raft, therefore subduing TCR responses. These results reveal a delicate redox mechanism that
NPGPx serves as a modulator to curb ZAP70 functions in maintaining T cell homeostasis.

1. Introduction

Reactive oxygen species (ROS) are highly unstable by-products
generated from oxidative respiration and can damage cellular compo-
nents [1]. Rather than the detrimental effects, moderate amounts of ROS
can modify signal transduction and metabolism through reversible
thiol-oxidation of cysteine residues in target proteins to enable biolog-
ical switching of protein structure and reactivity [2,3]. These post-
translational oxidative modifications of cysteine proteome and
antioxidant systems build up a delicate redox regulatory mechanism to
maintain cellular homeostasis [4]. Several studies have demonstrated
that redox imbalance correlates with inflammatory diseases and

autoimmune development [5-7], indicating the importance of redox
regulation in immune homeostasis.

In T cells, T cell receptor (TCR) stimulation immediately promotes a
large amount of ROS production from NADPH oxidases or oxidative
respiration chain in mitochondria [8-10]. These ROS function as the
positive feedback loops to enhance and sustain TCR signaling through
boosting lipid raft formation, inactivating non-receptor tyrosine phos-
phatases, and cooperating with calcium transients [11-13]. Moreover,
despite having positive effects in TCR signaling, recent studies demon-
strated that prolonged ROS signaling could lead to T cell hypo-
reponsiveness and impaired inflammatory responses [14-16]. These
observations suggest that a delicate redox regulatory mechanism is
crucial for preserving the integrity of T cell-mediated immunity.
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Abbreviations NP 4-hydroxy-3-nitrophenylacetyl
NPGPx non-selenocysteine containing phospholipid
ANA Anti-nuclear antibody hydroperoxide glutathione peroxidase
BANPGPx/ANPGPX B specific NPGPx knockout (CD19-Cre; NPGPx™ ™) NPGPx C2S2 Cys-to-Ser double mutant in Cys57 and Cys86 of
DCFDA oxidation-sensitive dye dichlorodihydro-fluorescein NPGPx
diacetate NPGPx WT wild-type NPGPx
EAE experimental autoimmune encephalomyelitis NPGPx~’~ whole-body NPGPx knockout
GPx glutathione peroxidase oxNPGPx oxidized NPGPx
I-A interdomain A PBMC  peripheral blood mononuclear cell
I-B interdomain B PLA proximity ligation assay
IFN-y interferon-y PMA phorbol myristate acetate
IgG immunoglobulin G PTK protein tyrosine kinase
IL-17A  interleukin-17A PTP phosphatase
IL-2 interleukin-2 ROS reactive oxygen species
IL-4 interleukin-4 SCID severe combined immunodeficiency
IP-MS  immunoprecipitation coupled with mass spectrometry SLE systemic lupus erythematosus
ITAMs immunoreceptor tyrosine-based activation motifs Syk spleen tyrosine kinase
KEGG  Kyoto Encyclopedia of Genes and Genomes TCR T cell receptor
KinD kinase catalytic domain Treg regulatory T cell
NP-KLH nitrophenol-coupled keyhole limpet hemocyanin tSH2 tandem SH2 domains
LAT linker for activation of T cells TANPGPx/ANPGPx T _gpecific NPGPx knockout (CD4-Cre; NPGPx™/#)
NP-LPS nitrophenol-coupled lipopolysaccharides ZAP70 (-chain-associated protein of 70 kDa
MOG myelin oligodendrocyte protein
Although emerging evidence implicates the contribution of ROS to T cell homeostasis.

immune metabolism and signaling [15,17-19], how these ROS are
transmitted precisely and whether that in turn affects the essential
signaling molecules through oxidative thiol modification to fine-tune
TCR responses remain elusive.

It is noted that ZAP70, a TCR-{-chain-associated 70kDa tyrosine
kinase, is essential for T cell development and activation [20,21].
Accordingly, ZAP70 deficiency leads to severe combined immunodefi-
ciency (SCID) in both human and mice [22-26]. ZAP70 contains two
tandem SH2 domains (tSH2) for phosphopeptide recognition, a kinase
catalytic domain (KinD) for phosphotransferation to downstream sub-
strates, and two linker regions, defined as interdomain A (I-A) and
interdomain B (I-B) [27]. After peptide-MHC (pMHC) and TCR
engagement, the tSH2 of cytosolic ZAP70 is recruited to the plasma
membrane by phosphorylated immunoreceptor tyrosine-based activa-
tion motifs (ITAMs) present in the TCR-associated CD3 complex, which
leading to the release of ZAP70 from its autoinhibited conformation and
in turn enable LCK-mediated phosphorylation for stabilizing of active
enzyme in an opening form [20,21]. The membrane-located ZAP70
further activates the adaptor protein linker for activation of T cells (LAT)
in lipid raft, subsequently promoting F-actin-dependent TCR cluster
formation, and results in a signaling microcluster formation for
extending T cell activation [28,29]. These studies have elaborated the
autoinhibition and activation mechanism of ZAP70. Despite human
ZAP70 contains seventeen cysteine residues and two of them are highly
conserved throughout the protein tyrosine kinase (PTK) family [30],
whether ZAP70 could be directly regulated by oxidative thiol modifi-
cation during TCR stimulation remains to be elucidated.

Non-selenocysteine containing phospholipid hydroperoxide gluta-
thione peroxidase (NPGPx), also known as GPx7, is one of the eight
glutathione peroxidase (GPx) family members and functions as an
oxidative stress sensor/transducer [31,32] involving in cellular redox
regulation. Unlike other GPx homologs using GSH as cofactor to detoxify
cellular oxidative stress, NPGPx senses and transmits oxidative signals
by transferring the disulfide bonding between its Cys57 and Cys84 res-
idues to downstream effectors, such as GRP78, PDI, and CPEB2 [31,33,
34]. Interestingly, NPGPx-deficient mice revealed accumulated oxida-
tive stress and developed glomerulonephritis with antibody deposition
in kidney [31], implicating a possible role of NPGPx in immune
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In this communication, we reported that NPGPx deficiency of T cell
resulted in hyperactivation, enhanced T-dependent humoral immunity,
and was susceptible to experimental autoimmune encephalomyelitis
(EAE) induction in mice. Using proteomic approaches, ZAP70 was
identified as the key interacting protein with NPGPx through disulfide
bonding upon TCR stimulation. NPGPx-mediated redox switching of
ZAP70 restrained its TCR/CD3 binding ability, thus preventing its
enzymatic activation and subduing TCR response. These results strongly
suggested the link between redox machinery and proximal TCR
signaling for modulating T cell homeostasis.

2. Materials and methods
2.1. Mice

Mice were maintained in a SPF (specific pathogen-free) animal fa-
cility at 20 + 2 °C with a 12/12 h light/dark cycle and had free access to
water and standard laboratory chow diet (LabDiet 5053). The genotype
of the off spring was determined by PCR analysis. Female mice with 8-12
weeks in age were used and randomly assigned to all animal experi-
ments. NPGPx /™ mice were generated using gene targeting strategy as
previous described [31]. For generating C57BL/6J congenic mice,
NPGPx"/~ mice in C57BL/6J x 129/0la mixed background were back-
crossed to C57BL/6J background for twelve generations. C57BL/6J
congenic homozygous NPGPx knockout (NPGPx /™) mice and wild-type
littermates (NPGPx /") were obtained by intercross of F12 heterozy-
gotes. The NPGPx™™ mice were generated as described in Supplemen-
tary Materials. CD4-Cre; NPGPx™/® mice and CD19-Cre; NPGPx™/# mice
were generated by crossing NPGPx™ mice to CD4-Cre transgenic mice
[35] and CD19-Cre transgenic mice [36] respectively. CD4-Cre mice
were obtained from Dr. Ming-Zong Lai (Academia Sinica, Taiwan)
purchased from Taconic Farms (Hudson, NY). CD19-Cre mice were ob-
tained from Dr. Kuo-I Lin (Academia Sinica, Taiwan).

2.2. Animal immunization

To examine the T-dependent or T-independent humoral responses,
mice were intraperitoneal injected with 100 pug nitrophenol-coupled
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keyhole limpet hemocyanin (NP-KLH, Biosearch Technologies Inc.)
emulsified in Alum adjuvant (Thermo Scientific) or 50 pg nitrophenol-
coupled lipopolysaccharide (NP-LPS, Biosearch Technologies Inc.) in
PBS, respectively. The production of NP-specific antibodies in sera from
immunized mice was assessed by ELISA. EAE was induced by subcu-
taneous injection at the hind limbs of 8- to 12-week-old female mice
with 50 pg myelin oligodendrocyte protein (MOGss.s5) peptides emul-
sified in 200 pg complete Freund’s adjuvant (Sigma). Mice were also
injected i.p. with 200 ng pertussis toxin (Sigma) on days O and 2. All
mice were monitored daily for EAE symptoms and were assigned scores
on a scale of 0-5 as follows: 0, no overt signs of disease; 1, flaccid tail; 2,
flaccid tail and partial hindlimb paralysis; 3, complete hindlimb paral-
ysis; 4, complete hindlimb and partial forelimb paralysis; and 5, mori-
bund state or death. To examine the infiltrating Th cells in spinal cord
and the cytokine productions in serum, mice were sacrificed at day 12 or
14 after immunization. The isolation of infiltrating cells in the spinal
cord was followed as previous described [37]. To determine the acti-
vation of MOG-specific T cells, mice were immunized subcutaneously at
the hind limbs with 50 pg myelin oligodendrocyte protein (MOGs3s.55)
peptides emulsified in 200 pg complete Freund’s adjuvant (Sigma). Ten
days after immunization, mice were sacrificed and splenocytes were
harvested and subjected to MOG-antigen restimulation. Cohoused
littermate mice were used in these animal studies.

2.3. Isolation of primary cells, ex vivo cell stimulation and activation

Primary CD4" T, CD8" T, and B cells were isolated from the lymph
nodes and spleens of indicated mice using EasyStep™ mouse CD4" T,
CD8" T, and B cell isolation kit (STEMCELL Technologies Inc.). Bone
marrow-derived macrophages and dendritic cells were harvested as
previously described [38,39]. Purified mouse CD4" T and CD8™ T cells
were untreated or stimulated with indicated concentration of
plate-bound anti-mouse CD3 (145-2C11; BD Pharmingen) plus 1 pg/ml
soluble anti-mouse CD28 (37.51; BD Pharmingen) or phorbol myristate
acetate (PMA, 50 ng/ml; Sigma) plus ionomycin (1 pM; Sigma). The
culture supernatants were harvested after 24 or 72 h of stimulation and
subjected to ELISA analysis to detect cytokine productions. For T cell
proliferation assays, isolated CD4* T and CD8" T were stained with 5 pM
carboxyfluorescein diacetate succinimidyl diester (CFSE; Thermo) and
stimulated with indicated treatments for 48 or 72 h followed by flow
cytometry analysis. For IL-2 production assay, Jurkat T cells (clone E6-1,
TIB-152™; ATCC) and P116 cells (CRL-2676™; ATCC) were stimulated
with indicated concentration of plate-bound anti-human CD3 (OKTS3;
BioXCell) and 1 pg/ml soluble anti-human CD28 (CD28.2; BD Phar-
mingen) plus PMA (250 ng/ml). The culture supernatants were har-
vested after 24 h of stimulation to detect the IL-2 production. For the
induction of T cell activation, P116 cells were stained with soluble
anti-human CD3 (OKT3; 1 pg/ml) for 10 min on ice, following washed
and stimulated by F(ab’): fragment donkey anti-mouse IgG (5 pg/ml;
Jackson ImmunoResearch) crosslinking for indicated time points at
37°C. For TCR signaling analysis, primary isolated CD4" T cells were
stimulated with anti-mouse CD3 (20pg/ml), anti-mouse CD28
(4 pg/ml), and protein G’ (20 pg/ml) for indicated time points at 37 °C.

2.4. Cell lines, transfection and lentiviral transfection

Human Jurkat T leukemia cells (clone E6-1; American Type Cell
Culture(ATCC): TIB-152) and their variant, P116 cells (ATCC: CRL-
2676), were cultured in RPMI-1640 medium (Thermo) containing
10% Hyclone® fetal bovine serum (FBS; Thermo) plus 1X Gibco™ Non-
Essential Amino Acids Solution (Thermo), 1 mM Gibco™ Sodium Py-
ruvate (Thermo), and 1X Gibco™ Antibiotic-Antimycotic (Thermo).
HEK293T cells (ATCC: CRL-11268) were cultured in DMEM medium
(Invitrogen) containing 10% FBS plus 1X Antibiotic-Antimycotic. All the
cells were free of mycoplasma contamination. Plasmids were transfected
into HEK293T cells using TransIT®-LT1 Transfection Reagent (Mirus
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Bio). The lentiviral particles were produced according to the manufac-
turer’s instructions (National RNAi Core Facility, Taiwan). For recon-
stituted expression of NPGPx and ZAP70, P116 cells were infected twice
with lentiviral particles carrying wild-type or Cys-to-Ser mutant NPGPx
and ZAP70 genes in the presence of 10 pg/ml polybrene. The RFP and
GFP double-positive cells indicating the successful NPGPx and ZAP70
gene insertion were sorted by FACSAria II Cell Sorter (BD Biosciences).
The sorted cells were cultured for additional three passages before
formal experiments.

2.5. Cell proliferation analysis

For analysis of cell proliferation, primary isolated CD4" T or CD8" T
were labeled with 5mM CFSE (carboxyfluorescein diacetate succini-
midyl ester; Invitrogen) and stimulated by indicated treatments. The
cells were stained with Fixable Viability Dye or propidium iodide to
label dead cells which were excluded in analysis. The stained cells were
analyzed by Canto II flow cytometer (BD Biosciences) and data was
analyzed using FlowJo software suite (Tree Star).

2.6. Enzyme-linked immunosorbent assays

The levels of interleukin-2 (IL-2), interleukin-4 (IL-4), interferon-y
(IFN-y), and interleukin-17A (IL-17A) in the sera or cell culture super-
natants were analyzed by ELISAs according to the manufacturer’s in-
structions (Thermo Fisher Scientific Inc.). To determine the production
of NP-specific antibodies, the serum was collected from NP-KLH or NP-
LPS immunized mice at the stated time points. The 96 well clean flat
bottom plates (Corning) were coated with 10 pg/ml NP3,-BSA (Bio-
search Technologies) in PBS overnight at 4 °C. Plates were blocked in
ELISA blocking buffer (50 mM Tris pH 7.5, 150 mM NacCl, and 1% BSA)
for 1hrat RT. Plates were washed for three times with wash buffer
(0.05% Tween 20 in PBS). Sera were diluted according to optimization
for each experiment in blocking buffer and incubated on the NP-BSA
coated plate for 1 hrat RT. The plates were further washed and incu-
bated with HRP-conjugated anti-mouse immunoglobulins (SBA Clono-
typing System-HRP, Southern Biotech) for 1 hrat RT. The plates were
then washed and the NP-bound antibodies were revealed by tetrame-
thylbenzidine substrate (Clinical Science Products). Absorbance at
450 nm and 570 nm was measured with the Multiskan™ GO Microplate
Spectrophotometer (Thermo Fisher Scientific Inc.).

2.7. NPGPx expression in SLE patients and healthy control

Twenty-four patients diagnosed with systemic lupus erythematosus
(SLE) based on American College of Rheumatology criteria were
referred to the Division of Rheumatology and Immunology at China
Medical University Hospital (Taichung, Taiwan). Twelve healthy people
were enrolled as controls. To determine the NPGPx gene expression in
the peripheral blood mononuclear cells (PBMCs) from SLE patients or
healthy controls, the PBMCs were resuspended in TriZol reagent and
subjected to RNA extraction using Direct-zol™ RNA MiniPrep (Zymo
Research). The RNA was reverse-transcripted into ¢cDNA using Tran-
scriptor First Strand cDNA Synthesis Kit (Roche Applied Science). The
cDNA was subjected to the real-time PCR assay using the SYBR® FAST
gPCR Kits (Kapa Biosystems) and StepOnePlus™ Real-Time PCR System
(Thermo Fisher Scientific Inc.). For quantifying NPGPx gene expression
in the PBMC samples, the cDNAs were subjected to Multiplex real-time
PCR mRNA analysis using custom oligonucleotide primers and probes
(Integrated DNA Technologies), iQ Multiplex Powermix (Bio-Rad), and a
CFX96 Real-Time detection system (Bio-Rad). GAPDH served as an
endogenous control to normalized the amount of sample cDNA. The
primer and probe information were listed in Supplementary Table 1.
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2.8. Immunoblotting and antibodies

Cells were washed with ice-cold PBS and lysed in a buffer containing
50 mM Tris pH7.4, 150 mM NacCl, 2 mM EDTA, 50 mM NaF, 0.1% SDS,
0.5% sodium deoxycholate, 1% NP-40, 0.1% Triton X-100, and protease
and phosphatase inhibitor cocktail. Cell lysates were resolved by SDS-
PAGE for immunoblotting with indicated antibodies and then detected
with horseradish peroxidase-conjugated anti-rabbit or anti-mouse anti-
body (Jackson ImmunoResearch) or Clean-Blot IP detection Reagent
(HRP) (Thermo) and chemiluminescent (ECL) reagent (Millipore). An-
tibodies against phospho-SLP76 (Tyr145) (EP2853Y) and phospho-
VAV1 (Tyrl74) (EP510Y) were purchased from Abcam. Antibodies
against phospho-SRC (Tyr416) (#2101), phospho-ZAP70 (Tyr319)
(#2717), phospho-ZAP70 (Tyr493) (#2704), ZAP70 (#3165), PLCy1l
(#5690), phospho-PLCyl (Tyr783) (#14008), phospho-LAT (Tyr191)
(#3584), LAT (#9166), phosphor-SLP76 (Ser376)(#14745), SLP76
(#4958), PAK2 (#2608), phospho-ERK (Thr202/Tyr204) (#4370), ERK
(#9102), phospho-IkB (Ser32/36) (#9246), IkB (#4814), phospho-Akt
(Thr308) (#4056) and Akt (#9272) were purchased from Cell
Signaling Technology. Antibodies against phospho-LAT (Tyr226)
(#558363; BD Pharmingen), LCK (#610097; BD Pharmingen), HA.11
epitope tag (MMS-101P; Covance), VAV1 (GTX103489; Genetex),
NPGPx (GTX108578; Genetex), GAPDH (GTX627408; Genetex), PDPK1
(17086-1-AP; Proteintech), phospho-CD3-{ chain (Tyr142) (#558402;
BD Pharmingen) CD3-{ chain (sc-1239; Santa Cruz) and Flag tag (F3165;
Sigma) were used. For generation of NPGPx-specific monoclonal anti-
body (7E7-3B2), recombinant NPGPx protein (19-187 a.a.) were used as
immunogen to immunize Balb/c mice. The spleen cells from successful
immunized mice were fused with myeloma cells to obtain antigen-
specific hybridomas. The specificity of 7E7-3B2 monoclonal antibody
was validated by using wild-type and NPGPx~’~ MEFs or splenocytes
(Supplementary Figs. 12A and 12B).

2.9. Plasmids

The full-length ZAP70 and VAVI cDNAs were obtained from the
cDNA of Jurkat T cells. The full length NPGPx cDNA was obtained from
the pQXCIP-hNPGPx vector as previous described [31]. These genes
were cloned into the pHE cloning vector using HE Swift Cloning kit
(Tools). The Cys-to-Ser and Asp-to-Asn mutants of ZAP70 and NPGPx
were generated using PCR-based site-directed mutagenesis (Herculase II
fusion DNA polymerase, Agilent) and confirmed by DNA sequencing. To
generate 3X Flag-tagged ZAP70 and VAV1 expression constructs, ZAP70
and VAV1 cDNAs were subcloned from pHE vector into the
p3XFlag-CMV-7.1-2 vector (Sigma-Aldrich, Inc.). To generate
HA-tagged VAVI expression vector, VAV1 ¢cDNA was subcloned from
PHE vector into the pcDNA3.0-HA vector (Addgene). WT and mutant
NPGPx and 3X-Flag-ZAP70 cDNAs were amplified through PCR and
subcloned into pLAS5w.Pbsd-L-tRFP-C and pLAS3w.PeGFP-12-Puro
lentivirall expression vector (National RNAi Core Facility, Taiwan),
respectively. The pMD.G and pCMVAR8.91 plasmids were obtained
from National RNAi Core Facility, Taiwan for lentiviral preparation. The
PET48-TEV-hNPGPx (amino acids 19-187) was constructed as previous
described [31].

2.10. Co-immunoprecipitation (Co-IP)

Whole-cell lysates were prepared using a Nonidet™ P-40 (NP-40)
lysis buffer (50 mM Tris-Cl (pH 8.0), 150 mM NacCl, 0.5% NP-40, pro-
tease and phosphatase inhibitor cocktails) followed by sonication and
centrifugation at 12,000xg for 10 min at 4 °C. For Co-IP, 1 mg of the
crude whole-cell extract was incubated with 1 ug target protein anti-
bodies or control IgG at 4 °C for 2 h. Then, 50 ul prewashed protein A/G
agarose (Thermo) were added to the mixture and incubated at 4 °C for
additional 2h with gentle agitation. For precipitation of HA- or Flag-
tagged proteins, 20 pl anti-HA or M2 beads (Sigma), respectively, were
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used to precipitate target proteins from crude whole-cell extract. After
extensive washing with a diluted NP-40 lysis buffer (0.1% NP-40),
immunoprecipitated proteins were eluted with SDS sample buffer and
analyzed by immunoblot.

2.11. Identification of NPGPx-interacting candidates involving in TCR
signaling pathway

NPGPx-interacting proteins were immunoprecipitated from the
crude whole-cell extract of anti-CD3 (5 pg/ml; OKT3)/anti-CD28 (1 pg/
ml; CD28.2) co-stimulated NPGPx-expressed Jurkat T cells using
NPGPx-specific monoclonal antibody (7E7-3B2). The immunoprecipi-
tated samples were subjected to non-reducing SDS-PAGE analysis and
the protein bands of interest were excised for in-gel digestion with
trypsin, following analyzed by Orbitrap Elite™ Hybrid Ion Trap-
Orbitrap Mass Spectrometer (Thermo Fisher Scientific Inc.). The iden-
tified NPGPx-interacting proteins were subjected to TCR signaling
pathway analysis by Kyoto Encyclopedia of Genes and Genomes (KEGG)
Expression Database (Kanehisa Laboratories).

2.12. Recombinant protein purification, in vitro protein interaction and
mass spectrum analysis of disulfide bond interaction

The preparation of recombinant NPGPx WT and C2S2 (amino acids
19-187) were as described [31]. To prepare reduced or oxidized NPGPx,
the proteins were treated with 10 mM Tris (2-carboxyethyl) phosphine
(TCEP; Sigma) or 20 mM H0; (Sigma), respectively, for 1 hour at room
temperature. TCEP and H,0, were removed by buffer exchange using
Amicon Ultra-10 (Millipore, Billerica, CA). For disulfide bond dependent
complex analysis, 3XFlag-tagged ZAP70 or VAV1 were prepared from
transduced 293T cells through immunoprecipitation by M2 beads
(Sigma). The M2-bound purified proteins were incubated with 20 nM
oxidized or reduced recombinant NPGPx at 25°C for 1h, following
washed by wash buffer (50 mM Tris pH7.5, 450 mM NaCl, 0.5% NP-40,
protease inhibitor cocktail) for 5 times. The beads were added with
sample buffer without reducing agent and boiled at 95°C for 10 min.
The supernatant was separated on a 6% non-reducing SDS-PAGE gel,
followed stained by InstantBlue (Expedeon). The protein bands of in-
terest were excised for in-gel digestion with trypsin and chymotrypsin,
following analyzed by tandem mass spectrometry. The MS/MS spectra
were converted to the mgf format and analyzed by MassMatrix (http://
www.massmatrix.net) to identify disulfide bonds as previously
described procedures [31].

2.13. In vitro kinase assay

To perform in vitro kinases assays, the 3X Flag-ZAP70 WT or C/S
mutant proteins were immunoprecipitated from transduced 293T cell
lysates by anti-Flag M2 beads (Sigma) and competitively eluted by
100 pg/ml 3X Flag peptide (Sigma) in the TBS buffer containing 150 mM
NaCl and 20 mM Tris (pH7.5) for 30 min at 4 °C. Eluted 3X Flag-ZAP70
protein was incubated with 15 or 30 pM oxidized NPGPx WT or C2S2
mutant in 20 pl TBS buffer for 1 hrat RT. The mixture was following
incubated with immunoprecipitated HA-VAV1 beads from transduced
HEK293T cells and reacted in 25 pl of the kinase buffer (25 mM Tris
pH7.5, 10 mM MgCl,, 100 pM NayVO4, and 200 pM ATP) at 37 °C for
30 min. The reaction was stopped by the addition of Laemmli sample
buffer and boiled at 95 °C for 10 min.

2.14. Immunofluorescent staining and microscopy

For the detection of ZAP70 distribution, 3xFlag-ZAP70 reconstituted
P116 cells were stimulated and settled in the 0.01% poly-i-lysine pre-
coated cover slide for 30 min at 4 °C, following fixed by 3.7% formal-
dehyde and permeabilized by 100 pg/ml digitonin for 10 min at RT each
step. The slides were further blocked by 1% BSA for 30 min at RT and
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incubated with goat anti-ECS(DDDDK) (A190-101A; Bethyl Labora-
tories, Inc.) to against the Flag-ZAP70 for 1hrat RT. The slides were
washed with 1% BSA containing 0.05% Triton-X100 for 10 min three
times, following incubated with Alexa Fluor® 488 donkey anti-goat IgG
(Invitrogen) for 1 hr at RT. After washed with washing buffer, the slides
were counterstained with DAPI, and mounted using Fluorescent
mounting medium (S3023, Dako). The cell images were captured by the
SP5 confocal microscope (Leica Microsystems). The fluorescent intensity
of the images was quantified using the ImageJ software. The relative
intensity of Flag-ZAP70 in perimembrane region (0.5pm on the pe-
riphery of the membrane) was normalized with the total fluorescent
intensity of the cell.

2.15. In situ proximity ligation assay (PLA)

The stimulated cells were settled in the 0.01% poly-i-lysine pre-
coated 8-well chamber slides (Millipore) for 30 min at 4 °C, following
fixed by 3.7% formaldehyde and permeabilized by 100 pg/ml digitonin
for 10 min at RT each step. The slides were further blocked by 1% BSA
for 30 min at RT and incubated with primary antibodies (goat anti-ECS
(DDDDK) (A190-101A; Bethyl Laboratories, Inc.), rabbit anti-NPGPx
(GTX108578; Genetex), or rabbit anti-CD3e (A0452; Dako)) for 1 hr at
RT. The slides were washed with 1% BSA containing 0.05% Triton-X100
for 10 min three times, following incubated with PLA anti-Rabbit PLUS
probe (Sigma) and PLA anti-Goat MINUS probe (Sigma) for 1 hr at 37 °C.
The hybridization and ligation steps were performed using the Duolink®
In Situ Fluorescent Detection Reagents (Sigma) according to the man-
ufacturer’s instructions. Afterwards, the slides were stained with DAPI
and mounted with Fluorescence Mounting Medium (Dako), following
analyzed by SP5 Confocal microscope (Leica Microsystems). PLA dot
numbers were counted by ImageJ (National Institutes of Health). Over
150 cells were examined for each experiment.

2.16. Preparation of lipid raft fractions

The ZAP70 and NPGPx-reconstituted P116 cells were stimulated
with 2 pg/ml anti-human CD3 (OKT3), following treated with 375 pg/ml
of cold TNE buffer containing 0.05% Triton X-100, incubating for 30 min
on ice. The TNE buffer is composed of 25 mM Tris (pH 7.5), 150 mM
NaCl, 5 mM EDTA, 1X protease inhibitor, 1X phosphatase inhibitor. The
lysates were then mixed with 375 pl 85% sucrose in TNE buffer. The
mixture was over laid with 2.25 ml of 30% sucrose in TNE buffer,
following by 1.5 ml of 5% sucrose in TNE buffer to generate the sucrose
gradients. The sucrose gradients were covered by mineral oil and
centrifuged at 200,000*g in a SW55Ti rotor (Beckman Coulter, Full-
erton, CA) for 19 hours at 4 °C using Optimal™ L-90K Ultracentrifuge
(Beckman Coulter, Fullerton, CA). Twelve fractions of proteins were
added SDS sample buffer and resolved by SDS-PAGE and
immunoblotting.

2.17. Statistical analysis

Data were presented as means+ SEM (for animal experiments
analysis) or means =+ SD (for cell line experiments) as indicated in figure
legends, and data distribution was assumed to be normal. N number
used in indicated section was shown in the figure legends. The difference
of variance between the groups was statistically compared by F-test in
all data. Most of the data were statistically compared by two-tailed
unpaired Student’s t-test when the two population variances were not
significantly different. For the data that two population with unequal
variance, two-tailed Welch’s unequal variance t-test was used. Mann-
Whitney nonparametric test was used to analyze the disease curve of
EAE models. Statistical analyses were conducted using GraphPad Prism
5. Asterisk and indicate statistical significance with p-value < 0.05 (*), p-
value < 0.01 (**), p-value < 0.001 (***), and p-value < 0.0001 (****),
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3. Results
3.1. NPGPx and T cell-mediated immunity

We have previously reported that about 60% of the aged NPGPx ™/~
mice developed glomerulonephritis, splenomegaly, and lymphoma
(Supplementary Figs. 1A-E) accompanied with immune complex
deposition in the kidney [31]. In addition, these NPGPx /™ mice also
developed elevated autoreactive anti-nuclear antibodies (ANAs),
anti-dsDNA, and anti-ssDNA in the sera compared to the wild-type mice
(Supplementary Figs. 1F-H), implicating that loss of NPGPx may lead to
immune disorders. To explore how NPGPx participates in immune ho-
meostasis, we first isolated different subsets of immune cells and
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Fig. 1. NPGPx-deficiency leads to elevated T-dependent immune re-
sponses in mice.

(A) Western blotting analysis of NPGPx expression pattern in different he-
matopoietic lineages. Spl, spleen. Mg, macrophages. DC, dendritic cells. (B, C)
ELISAs of antigen-specific immunoglobulin productions in the sera from wild-
type (WT, filled circles) or NPGPx™/~ (open circles) mice after NP-KLH (B;
WT, n=9 mice; NPGPx”", n=15 mice) or NP-LPS (C; WT, n=10 mice;
NPGPx~’~, n=10 mice) immunization. RU, relative unit. (D) NPGPx expres-
sion in primary T cells from NPGPx™/* (Control) or CD4-Cre; NPGPx™/*
(TANPGPX/ANPGPx) mice, (E) NPGPx expression in primary B cells from NPGPx™/™
(Control) or CD19-Cre; NPGPx*/F* (BANFOPx/ANPGPX) mjce (F, G) Control (n =8
mice in F; n=9 mice in G), TANPOPX/ANPCPx (1 — 10 mice), or BANPOPX/ANPGPx
(n =11 mice) mice were immunized with NP-KLH. Levels of NP-specific IgG1
and IgM secretion in serum were determined by ELISAs. Data information:
Experimental data were verified in three (B, C) or two (F, G) independent ex-
periments with similar results. Values are mean + SEM of biological replicates
in (B, C, F, G). Each sample was measured in technical triplicates. The mean
values were used for statistical analysis. Level of significance was determined
by two-tailed unpaired t-test, * = p < 0.05 and ** = p < 0.01.
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determined that both T and B lymphoid cells expressed a higher amount Since the induction of IgG1 class switching in B cells required T helper
of NPGPx (Fig. 1A and Supplementary Fig. 2) compared to the other cell-mediated immune responses [40], we speculated that NPGPx might
immune cells. Interestingly, aged NPGPx~/~ mice produced excessive take a role in T-dependent humoral immunity. To test this possibility, we

IgG1 in the sera compared to the wild-type (Supplementary Fig. 1I). immunized wild-type and NPGPx~/~ mice with T cell-dependent antigen
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Fig. 2. T cell-intrinsic NPGPx deficiency contributes to T cell hyperactivation upon TCR stimulation.

(A) CFSE dilution assays of primary isolated CD4* or CD8" T cell proliferation at 48 h after anti-CD3 (1 pg/ml)/anti-CD28 (1 pg/ml) co-stimulation or PMA (50 ng/
ml)/ionomycin (1 pM) co-treatment. (B, C) Frequency of divided CFSE (CFSE"®) labeled CD4" T (B) or CD8™ T cells (C) at 48 h after different concentration of anti-
CD3 plus anti-CD28 (1 pg/ml) co-stimulation or PMA (50 ng/ml)/ionomycin (1 pM) treatment. Control, n = 3 or 4; TANPOPX/ANPGPx ) _ 4 (D-H) ELISAs of cytokine
levels in the culture supernatants from primary isolated CD4" T (D-F) or CD8" T (G, H) cells stimulated with different concentration of anti-CD3 plus anti-CD28
(1 pg/ml) co-stimulation. The culture supernatants were collected at 24 h (for IL-2 and IFN-y productions) or 72h (for IL-4 production) after stimulation. (I, J)
ELISA of IL-2 level in the culture supernatants from primary control and TANPGPX/ANPGPX 1 155 CD4™ T (I) or CD8™ T (J) cells stimulated with PMA (50 ng/ml)/
ionomycin (1 pM) co-treatment for 24 h. Data information: Experimental data were verified in three independent experiments with similar results. Values are
mean + SEM of biological replicates in (B, C), and mean + SD of biological replicates in (D-J). In (D-J), each sample was measured in technical triplicates of ELISA.
The mean values were used for statistical analysis. Level of significance was determined by two-tailed unpaired t-test, * = p < 0.05, ** = p < 0.01, and *** = p
< 0.001.
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(NP-KLH) or T cell-independent antigen (NP-LPS). After NP-KLH im-
munization, the serum from NPGPx/~ mice revealed higher levels of
antigen-specific IgG1 compared to the wild-type mice (Fig. 1B). By
contrast, when mice were immunized with NP-LPS, the serum levels of
antigen-specific 1gG3 and IgM were not elevated in NPGPx/~ mice
(Fig. 1C).

To further validate whether NPGPx involves in the functions of T or B
cells to promote T-dependent humoral responses, we generated the
tissue-specific NPGPx-conditional knockout mice (Supplementary
Fig. 3) and crossed with CD4-Cre transgenic mice [35] or CD19-Cre
transgenic mice [41] to specifically deplete NPGPx expression in T
(Fig. 1D) or B cells (Fig. 1E), respectively. The CD4-Cre; NPGPxX/x
(TANPGPX/ANPGPxy a4 CD19-Cre; NPGPx/X (BANPGPX/ANPGPX) thice wwere
immunized with NP-KLH to examine their T-dependent humoral re-
sponses. We found that TANPOPX/ANPGPX mice revealed elevated
NP-specific IgG1 production (Fig. 1F), while that was comparable be-
tween BANPGPX/ANPGPx 444 control (NPGPX™) mice (Fi ¢. 1G). In addi-
tion, loss of NPGPx in T cells did not affect T cell development
(Supplementary Figs. 4A and B), and the FoxP3 levels and suppressive
function of lymphoid tissues-derived regulatory T cells (Tregs) were also
unaffected (Supplementary Figs. 4C and D), indicating the elevated
T-dependent humoral responses in TANPEPX/ANPGPX mhice were not due to
developmental disorders or impaired Treg functions. These results sug-
gested that NPGPx takes a prominent role in modulating T cell functions
to promote T-dependent immune responses.

To determine whether NPGPx modulates T cell activation, we iso-
lated primary CD4™" T or CD8" T cells from control and TANPGPX/ANPGPx
mice and induced T cell activation by TCR stimulation (anti-CD3 and
anti-CD28 co-stimulation) or mitogenic stimulation (PMA and ion-
omycin co-treatment). Upon TCR stimulation, both TANPGPX/ANPGPx o4+
and CD8™ T cells showed a significant hyperproliferation (Fig. 2A-C and
Supplementary Fig. 5) and elevated IL-2, IFN-y, and IL-4 productions
(Fig. 2D-H) compared to the wile-type cells. However, there was little
difference in cell division and IL-2 production between control and
TANPGPX/ANPGPX cpg+ or CD8' T cells upon mitogenic stimulation
(Fig. 2A, 1, and J), implicating that NPGPx may be involved in the TCR
signaling-mediated T cell activation. The similar observations were also
found in NPGPx~/~ T cells (Supplementary Figs. 6A-J). Consistently,
NPGPx~/~ CD4" T cells show elevated expression of CD69 level upon
TCR stimulation, but not mitogenic stimulation (Supplementary
Fig. 6K). By contrast, neither anti-IgM antibodies nor anti-CD40/IL-4 co-
stimulation revealed a difference in cell proliferation and IgG1l-
producing ability between wild-type and NPGPx’~ B cells (Supple-
mentary Figs. 7A and B), suggesting that NPGPx does not contribute to
BCR- or T cell-mediated activation in B cells. Taken together, these re-
sults provided evidences that NPGPx specifically involves in the nega-
tive regulation of TCR signaling module in T cells.

3.2. Exacerbated EAE in TANPOPX/ANPGPX 1ice

T cells, especially Tyl and Tyl7 cells, serve a critical role in medi-
ating the pathogenesis of EAE [42]. To examine the in vivo role of NPGPx
in T cells, we immunized the control and TANPOPX/ANPGPX mice with
myelin oligodendrocyte peptide (MOG) to induce EAE. Indeed,
TANPGPX/ANPGPX  mice  developed severe EAE-diseased phenotypes
(Fig. 3A). The titers of IFN-y and IL-17A in sera were also significantly
higher in TANPCPX/ANPGPX mice compared to that in control mice (Fig. 3B
and C). Also, the numbers of spinal cord infiltrating Tyl and Ty17 cells
were significantly increased in TAN?¢P*/ANPGPX mice than in control mice
at day 12 after immunization (Fig. 3D and E). To further examine how
NPGPx-deficient CD4" T cells are activated upon antigen-specific stim-
ulation, we re-stimulated the sensitized cells isolated from the draining
lymph node of immunized mice with MOG peptides. MOG-re-stimulated
TANPGPX/ANPGPX (o5 revealed a higher percentage of dividing CD4" T
cells (Fig. 3F) and more IFN-y and IL-17A productions (Fig. 3G and H),
indicating that the exacerbated EAE in TANPOPX/ANPGPX ice was due to
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hyperactivation of antigen-specific T cells upon NPGPx deficiency.
Furthermore, we also found the serum level of autoreactive ANAs was
significantly enhanced in TANPOPX/ANPGPX nice compared to the control
mice in an age-dependent manner (Fig. 3I). These observations sup-
ported that T cell with intrinsic NPGPx deficiency gained T cell hyper-
activation and promoted the humoral immune responses, provoking
autoreactive antibodies productions. Interestingly, in human with SLE,
whose serum autoreactive antibodies are usually elevated, NPGPx
expression was low in T cells (Supplementary Fig. 8A; Data ref: GDS4719
[43]) [44]. By analyzing the PBMCs from 24 SLE patients and 12
age-matched healthy controls (Supplementary Table 2 and Supple-
mentary Fig. 8B), we found that NPGPx expression levels were signifi-
cantly lower in the PBMCs from SLE patients (Fig. 3J), and were not
correlated with the age and the disease duration of these patients
(Supplementary Figs. 8C and D). These results indicated that intrinsic
NPGPx expression is required for T cell homeostasis to modulate the
balance of T-dependent immune response.

3.3. NPGPx directly interacts with ZAP70 to modulate T cell responses

NPGPx serves as an oxidative stress sensor and deficiency of NPGPx
results in ROS accumulation in several organs due to impaired chaperon
activity and protein folding system [31,45,46]. To test whether ROS
accumulation contributes the hyperactivation in NPGPx-deficient T cells
during TCR stimulation, we measured the cellular ROS levels by
oxidation-sensitive dye dichlorodihydro-fluorescein diacetate (DCFDA)
labeling, and found that both the basal ROS levels and the kinetics of
TCR-induced DCFDA oxidation were similar between NPGPx~/~ and
wild-type CD4" or CD8"' T cells within 10 minutes (Supplementary
Figs. 9A-D). However, NPGPx-deficiency resulted in the elevated ERK
phosphorylation within this time point, indicating the exaggerated TCR
signaling had occurred (Supplementary Fig. 9E). These results implicate
an uncovered function of NPGPx in modulating TCR responses during
early TCR stimulation.

It was noted that NPGPx regulates target protein functions through
disulfide bond shuffling by its two redox-active cysteine residues, Cys57
and Cys86 [31,34]. Consistently, the sulfenylation of NPGPx, which is
an intermediate step on the path toward NPGPx intramolecular disulfide
bridge formation, was increased with TCR stimulation (Supplementary
Fig. 10). To test whether the NPGPx-mediated redox regulatory mech-
anism occurred in T cells, we employed the NPGPx non-expressing
Jurkat E6.1T cells for expressing NPGPx WT (wild-type) or C2S2
mutant (C57S and C86S double mutant) through lentiviral transduction.
It appeared that Jurkat E6.1 T cells ectopically expressing NPGPx WT,
but not C2S2 mutant, reduced the IL-2 production upon TCR stimulation
(Fig. 4A and Supplementary Fig. 11A). Similarly, Jurkat E6.1 T cells
reconstituted with NPGPx WT showed lower CD69 expression compared
to that of control and NPGPx C2S2 mutant transduced cells (Supple-
mentary Fig. 11B), suggesting that the NPGPx-mediated disulfide bond
shuffling plays an important role in response to TCR stimulation. Next,
to explore how NPGPx modulates the TCR responses, we used immu-
noprecipitation coupled with mass spectrometry (IP-MS) to identify
disulfide bond-dependent NPGPx-interacting target proteins (Supple-
mentary Figs. 12A-D). These target proteins were subjected to the KEGG
pathway analysis for their involvements in TCR signaling. Among these,
the top five ranking of TCR signaling-related proteins, ZAP70, PDPK1,
VAV1, PAK2, and AKT1, were identified (Supplementary Figs. 12E and
F). Further validation by direct co-IP assay demonstrated that ZAP70
and VAV1 revealed 3.8 and 2-fold increases in association with NPGPx,
respectively, after TCR stimulation for 15 minutes (Fig. 4B and C). By
contrast, AKT1, PDPK1, and PAK2 displayed subtle increase or unde-
tectable association with NPGPx upon TCR stimulation (Fig. 4B and C).
To test whether ZAP70 or VAVI interacts with NPGPx covalently,
immunopurified Flag-ZAP70 or VAV1 from transduced 293T cells were
incubated with H5O»-induced oxidized NPGPx (0xNPGPx) WT or C2S2
mutant, and subjected to non-reducing SDS-PAGE analysis (Fig. 4D). It
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Fig. 3. T cell intrinsic NPGPx deficiency exacerbates EAE in mice.

(A) The EAE induction in control (n = 11 mice; filled circles) and TANPOPX/ANPGPX (f — g mjce; open circles) mice. Disease clinical scores (1-5) of mice are shown. Each
data point represents the mean + SEM of biological replicates. (B, C) ELISAs of IFN-y (B) and IL-17A (C) levels in the sera from EAE-diseased mice at day 9. Control,
n=11 mice. TANPGPX/ANPGPx 1y _ 11 mice. (D, E) Cell numbers of infiltrating Tyl (D) or Ty17 (E) cells in the spinal cords (SC) of EAE-diseased mice at day 12.
Control, n =7 mice. TANPOP/ANPGPx 1y — 8 mice. (F) Percentage of CFSE-labeled dividing cells isolated from the draining LNs of MOG-immunized mice after antigen
restimulation for 120 h. Control, n =6 mice. TANPGPx/ANPGP. *, n=6 mice. (G, H) ELISAs of IFN-y (G) and IL-17A (H) levels in the culture supernatants from MOG-
restimulated LN cells at 72h n=5 or 6 mice/group. (I) ELISA of anti-nuclear antibodies (ANAs) in the sera from 12- or 18-month-old mice. Control, n =9 mice.
TANPGPX/ANPGPX 1y — 10 mice. (J) Expression of NPGPx mRNAs in PBMCs from SLE patients (n = 24 people) and healthy controls (n = 12 people) were determined by
RT-gPCR. PBMC samples were obtained from CMUH in Taiwan. The NPGPx expression were normalized with GAPDH expression. Data information: Experimental
data were verified in three (A-E) or two (F-H) independent experiments with similar results. Values are mean + SEM of biological replicates. In (B, C, G, and H), each
sample was measured in technical triplicates of ELISA. The mean values were used for statistical analysis. Level of significance was determined by two-tailed unpaired
t-test, * = p < 0.05, ** =p < 0.01, and *** = p < 0.001. Mann-Whitney nonparametric test was used to analyze the significant difference between disease curves of
EAE model in (A), *** = p < 0.001.
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Fig. 4. NPGPx covalently interacts with ZAP70 to suppress its activity for
modulating TCR responses.

(A) ELISA of IL-2 level in the culture supernatants from NPGPx WT or C2S2-
expressing Jurkat E6.1 T cells stimulated with anti-CD3/anti-CD28 co-stimu-
lation plus PMA (250 ng/ml) treatment for 24 h. (B) Co-IP of NPGPx in lysates
prepared from NPGPx WT-expressing Jurkat E6.1 T cells with anti-CD3 (5 pg/
ml)/anti-CD28 (1 pg/ml) co-stimulation for indicated time points. (C) The
relative enrichment of the association of NPGPx and its interacting candidates
after TCR stimulation quantified by spot densitometry according to (B). (D) In
vitro disulfide-bonded complex formation assay. The reaction mixtures con-
taining H0,-induced oxidized NPGPx WT or C2S2 recombinant proteins with
M2-beads pull-down Flag-ZAP70 or Flag-VAV1 from 293T cells were separated
by SDS-PAGE under non-reducing condition, and followed by western blotting.
Disulfide bond-dependent complexes of NPGPx and ZAP70 were indicated by
arrows. (E) Reciprocal co-IP of ZAP70 in lysates prepared from NPGPx WT or
C2S2-expressing Jurkat E6.1 T cells with anti-CD3 (5 pg/ml)/anti-CD28 (1 pg/
ml) co-stimulation for indicated time points. (F) Co-IP assay with anti-NPGPx
showing the association of NPGPx and Zap70 was increased upon TCR stimu-
lation. The primary T cells isolated from the wild-type or NPGPx ™/~ mice were
stimulated with 10 pg/ml anti-CD3 plus 2 pg/ml anti-CD28 for indicated time
periods. The cell lysates were used for IP with anti-NPGPx, following western
blotting. (G) In vitro ZAP70 kinase assay. Immunopurified Flag-ZAP70 WT
proteins were pre-incubated with HyO»-induced oxidized NPGPx WT or C2S2
proteins at room temperature for 1 h. The mixtures were following incubated
with immunoprecipitated HA-VAV1 beads and subjected to immunoblotting
analysis to examine VAV1 phosphorylation as the indicator of ZAP70 kinase
activity. (H) Immunoblottings for TCR signaling molecules in primary T cells
from wild-type or NPGPx” “mice with anti-CD3 (20 pg/ml)/anti-CD28 (5 ug/
ml) co-stimulation. Data information: Experimental data were verified in three
(A, B, D, G, and H) or two (E, F) independent experiments with similar results.
Values are mean + SD of technical triplicate measurement in (A) and of bio-
logical replicates in (C). Level of significance was determined by two-tailed
unpaired t-test, * = P < 0.05 and ** = P < 0.01. In (E, F, G, and H), the in-
tensity of each band was quantified using the ImageJ software. Relative
enrichment of the association of NPGPx and Zap70 after TCR stimulation
quantified in (E and F). Total target protein expression was used as a control in
(‘G and H). Relative expression (RE) of protein levels in each figure is indicated.

<

was noticed that ZAP70 formed a significant amount of high-molecular
weighted covalent complex with oxXNPGPx WT, while VAV1 only had a
weak complex formation with that (Fig. 4D). Moreover, the co-IP of
NPGPx-ZAP70 was significantly reduced in cells expressing C2S2
mutant, supporting that NPGPx-ZAP70 interaction was mainly through
covalently binding (Fig. 4E). This observation was further confirmed
using murine primary T cells (Fig. 4F). Coincidentally, ZAP70 is the key
tyrosine kinase for initiating the canonical TCR signaling pathways [20],
but not VAV1. Thus, the interplay between NPGPx and ZAP70 should be
of significance in this signaling pathway.

To explore whether NPGPx regulates the enzymatic activity of
ZAP70, we performed an in vitro ZAP70 kinase assay through using
VAV1 as the substrate. The phosphorylation ability of ZAP70 was sup-
pressed after pre-incubated with oxXNPGPx WT, but not C2S2 mutant
(Fig. 4G), implicating that oxidized NPGPx binds to ZAP70 and functions
as a negative regulator to inactivate ZAP70. A similar result was also
obtained by using LAT as substrate in the assay (Supplementary Fig. 13).
Moreover, the phosphorylation of ZAP70 and its downstream proteins,
but not its upstream Lck and CD3-{ chain, were all upregulated in
NPGPx~/~ T cells compared to wild-type T cells after TCR stimulation
(Fig. 4H), supporting that NPGPx-deficiency leads to elevated ZAP70
activity in T cell. To further validate whether NPGPx regulates T cell
responses through ZAP70 directly, we reconstituted both ZAP70 and
NPGPx WT or C2S2 mutant into P116 cells, the ZAP70-deficient Jurkat T
cell subclone, and found that the TCR-induced IL-2 production was
suppressed only when P116 cells co-expressed with ZAP70 and NPGPx
WT (Supplementary Figs. 11C and D). Taken together, these results
suggest that NPGPx interacts with ZAP70 via disulfide bonding to
negatively modulate ZAP70 kinase activity upon TCR stimulation.
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3.4. Cys575 and Cys39 of ZAP70 are critical for NPGPx-mediated redox
switching during TCR activation

Based on the above data and NPGPx functions as a redox sensor in
signaling transmission [31], it should be of interest to explore the detail
mechanism of how NPGPx regulates ZAP70 functions through redox
switching. We first determined which cysteine residue (Cys, C) of ZAP70
forms covalent bonding with NPGPx by analyzing the NPGPx-ZAP70
complex from non-reducing SDS-PAGE with mass spectrometry
(Fig. 5A), and found that four cysteine residues of ZAP70, Cys39, Cys84,
Cys560, and Cys575, inclined to form intermolecular disulfide bonds
with NPGPx (Fig. 5B). Next, we examined which cysteine residue in-
volves in NPGPx-mediated ZAP70 kinase activity by using serine (Ser, S)
substitutions at the indicated cysteine residues. The inhibitory effect of
oxNPGPx WT to ZAP70 kinase activity was observed in this assay, but
abolished when ZAP70 WT was replaced with ZAP70 C39S (Fig. 5C).
However, ZAP70 C84S or C560S mutants behaved like ZAP70 WT, while
C575S mutant appeared to be kinase-dead (Fig. 5C). In addition,
oxNPGPx WT suppressed the kinase activity of ZAP70 WT, but not
ZAP70 C39S mutant, in a dose-dependent manner (Fig. 5D), suggesting
that Cys39 of ZAP70 was one of the key residues involving in the
NPGPx-ZAP70 interplay. To test whether Cys39 or Cys575 of ZAP70 is
required for the direct disulfide bonding between NPGPx and ZAP70, we
performed non-reducing SDS-PAGE assay for detecting the higher
molecular-weight complex. As shown in Fig. 5E, the covalent
NPGPx-ZAP70 complexes were observed in ZAP70 WT and significantly
elevated when ZAP70 C39S was used, implicating that a substitution of
Cys39 to serine resulted in trapping ZAP70 on NPGPx. Interestingly, the
complexes were not formed when ZAP70 C575S and C2S2 (C39S and
C575S double mutant) were used (Fig. 5E). Based on these results, it is
likely that Cys575 of ZAP70 could be the first residue targeted by
NPGPx, while Cys39 of ZAP70 contributes to completing the
NPGPx-mediated inhibition of ZAP70 activity.

To examine the biological significance of Cys39 and Cys575 in
ZAP70, we transduced WT or mutants of C575S, C39S, and C2S2
(combined C39S and C575S) into P116 cells. The expression of NPGPx
suppressed the TCR-induced IL-2 production in ZAP70 WT-reconstituted
P116 cells, while this inhibitory effect was abrogated in ZAP70 C39S
mutant cells (Fig. 5F), supporting that the Cys39 of ZAP70 is crucial for
NPGPx-mediated regulation in ZAP70 activity. Notably, previous studies
have already indicated the importance of Cys575 in regulating the sta-
bility and activity of ZAP70 [47]. Consistently, it was also found that
ZAP70 with a substitution in Cys575 had no detectable kinase activity
(Fig. 5C) and reduced protein expression due to its instability (Supple-
mentary Figs. 14A and B), in spite of normal mRNA expression (Sup-
plementary Fig. 14C). Thus, P116 cells reconstituted with ZAP70 C575S
produced very low level of IL-2 upon TCR stimulation, similar to that in
the P116 cells reconstituted with kinase-dead ZAP70 D461 N (Fig. 5F).
Interestingly, unlike the ZAP70 WT required TCR stimulation to pro-
mote its association with NPGPx, ZAP70 C39S inclined to associate with
NPGPx even at resting stage in reconstituted P116 cells (Fig. 5G). By
contrast, the association with NPGPx was undetectable in ZAP70 C575S
or C2S2 (combined C39S and C575S) mutants upon TCR stimulation in
spite of five-fold more cell lysates were used to minimize the protein
instability effect of ZAP70 Cys575 mutant (Fig. 5G). Taken together,
these results suggested that Cys575 of ZAP70 is crucial for the initiation
of its disulfide bonding with NPGPx and both Cys575 and Cys39 are
required for the redox switching between NPGPx and ZAP70 upon TCR
activation.

3.5. NPGPx reduces cytosolic ZAP70 to associate with TCR/CD3
complex at membrane lipid rafts

According to the above data, the interaction between NPGPx and
ZAP70 was clearly established. However, the detailed mechanistic steps
about how NPGPx negatively modulates ZAP70 during TCR stimulation
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in cells remain to be elucidated. It was noted that T cell activation re-
quires the translocation of ZAP70 from the cytoplasm to the TCR
stimulation-induced lipid raft microdomains in the plasma membrane
for signaling transduction [48,49]. Since the Cys39 of ZAP70 is located
in the SH2 domains, which required for its CD3-ITAM binding to
mediate ZAP70 translocation, it was likely that NPGPx takes a role
during this process. To explore whether NPGPx affects the translocation
of ZAP70, we traced ZAP70 distribution in ZAP70-reconstituted
P116 cells expressing either NPGPx or not. In ZAP70-reconstituted
P116 control cells, ZAP70 was located diffusely throughout the cyto-
plasm in resting stage. After TCR stimulation by adding anti-CD3, ZAP70
translocated from cytosol to membrane and formed the microdomain
clustering (Fig. 6A). However, expressing NPGPx reduced ZAP70 at the
membrane microdomains upon anti-CD3 stimulation (Fig. 6A). Consis-
tently, the quantitative data showed that NPGPx-expressing cells had a
significantly less ZAP70 localized at the perimembrane region than that
of control cells upon anti-CD3 stimulation (Fig. 6B). By using co-IP
assay, we also observed that the TCR-induced association of ZAP70
and CD3-{ chain, which containing the docking sites for ZAP recruitment
to membrane TCR/CD3 complex, was reduced in NPGPx-expressing
cells compared to that of the control cells (Fig. 6C). Conversely,
ZAP70 recruitment to the CD3-{ chain was elevated in TCR-induced
NPGPx-deficient T cells (Fig. 6D), supporting that NPGPx reduces
ZAP70 recruitment to TCR/CD3 complex upon TCR stimulation.

To further validate this observation, we performed sucrose gradient
experiments to physically separate lipid rafts for examination of the TCR
stimulation-induced redistribution of ZAP70. As shown in Fig. 7A,
ZAP70 WT was recruited to lipid rafts within 5min after TCR stimula-
tion, while much less lipid raft-associated ZAP70 WT was found in
NPGPx WT-expressing cells comparing to the control cells. Consistently,
in the NPGPx C2S2-expressing cells, the reduction of ZAP70 WT in the
raft fraction was not observed (Supplementary Fig. 15A). Furthermore,
we performed the co-IP assay with anti-CD3-{ chain antibodies, and
found that the association of ZAP70 WT with CD3-{ chain was reduced
in NPGPx WT, but not C2S2 mutant, expressing cells following TCR
stimulation (Supplementary Fig. 15B). On the other hand, despite the
mutation of Cys39 intrinsically reduced ZAP70 ability in association
with CD3-{ chain, expressing NPGPx WT could not further diminish the
association of ZAP70 C39S with raft-located CD3-{ chain than that of
ZAP70 WT following TCR stimulation (Fig. 7B and C), indicating that the
Cys39 of ZAP70 is important for NPGPx-mediated modulation in ZAP70
recruitment to TCR/CD3 complex. Taken together, these results suggest
that the disulfide bond shuffling between ZAP70 and NPGPx is involved
in early TCR response.

To strengthen the above observations in cells, we performed prox-
imity ligation assay (PLA) to show the translocation of ZAP70 and its
colocalization with the cytosolic domain of CD3e. Upon TCR stimulation
with anti-CD3, the numbers of CD3e-ZAP70 PLA signal dots were
increased significantly in control ZAP70 WT cells, while this increase
was not observed when NPGPx was expressed (Fig. 7D and Supple-
mentary Fig. 16A). However, when ZAP70 Cys39 was mutated, the
CD3e-ZAP70 PLA signals were dramatically reduced regardless of the
presence of NPGPx WT (Fig. 7D and Supplementary Fig. 16A). On the
other hand, the NPGPx-ZAP70 interactions were prompted by anti-CD3
stimulation in NPGPx-expressed ZAP70 WT cells, while these in-
teractions were elevated even in resting stage when the Cys39 of ZAP70
was mutated, and persisted highly after anti-CD3 stimulation (Fig. 7E
and Supplementary Fig. 16B). These results indicate that NPGPx nega-
tively regulates TCR stimulation-induced redistribution of ZAP70
through disulfide bond shuffling.

To further address whether the NPGPx-mediated restriction of
ZAP70 recruitment to TCR/CD3 complex affects the signal transmission,
we examined the phosphorylation of ZAP70 and its downstream mole-
cules upon TCR stimulation. Expression of NPGPx suppressed the
phosphorylation of ZAP70 at Y493 and its downstream molecules in
ZAP70 WT reconstituted cells, while these phosphorylations were
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Fig. 5. The Cys39 and Cys575 of ZAP70 are required for NPGPx-mediated modulation during TCR stimulation.

(A, B) Identification of the intermolecular disulfide bonds between NPGPx and ZAP70. (A) Disulfide-linked complexes of NPGPx and ZAP70 were separated by SDS-
PAGE under non-reducing condition and indicated by arrows. (B) Identification of inter- and intra-molecular disulfide bonds within ZAP70 and NPGPx by mass
spectrometry analysis. (C, D) In vitro ZAP70 kinase activity to examine the inhibitory efficiency of H;O,-induced oxidized NPGPx (oxNPGPx) WT to ZAP70 WT or C/S
mutants. The relative enzymatic activity of ZAP70 in complexed with oxXNPGPx WT was labeled in red. (E) In vitro disulfide-bonded complex formation assay.
Immunopurified Flag-ZAP70 WT or C/S mutants from 293T cells were incubated with Hy0s-induced oxidized NPGPx WT or C2S2 recombinant proteins, and
subjected to non-reducing SDS-PAGE analysis to examine the intermolecular disulfide bond-dependent complexes indicated by arrows. (F) ELISA of IL-2 level in the
culture supernatants from ZAP70 and NPGPx reconstituted P116 cells stimulated with anti-CD3 (10 pg/ml)/anti-CD28 (5 pg/ml) co-stimulation plus PMA (250 ng/
ml) treatment for 24 h (F). (G) Co-IP of NPGPx in lysates prepared from ZAP70 and NPGPx reconstituted P116 cells with anti-CD3 (10 pg/ml)/anti-CD28 (2 pg/ml)
co-stimulation. Data information: Experimental data were verified in three independent experiments with similar results. Values are mean =+ SD of technical triplicate
measurement in (F). Level of significance was determined by two-tailed unpaired t-test, * = P < 0.05. In (C, D, and G), the intensity of each band was quantified using
the ImageJ software. HA-VAV1 expression was used as a control to examine p-VAV1 expression in (C and D). Relative enrichment of the association of NPGPx and
ZAP70 after TCR stimulation quantified in (G). Relative expression (RE) of protein levels in each figure is indicated. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. NPGPx reduces ZAP70 translocation to bind TCR/CD3 complex upon TCR stimulation.

(A) IF staining to demonstrate the cellular distribution of ZAP70 upon TCR stimulation. Flag-tagged ZAP70 WT reconstituted P116 cells combined NPGPx WT
expression or vector control were stimulated with anti-CD3 (1 pg/ml) for 5 min. Cells were fixed and processed for IF staining with anti-Flag (Green) and DAPI (Blue).
(B) Quantitative results show the percentage of relative Flag-ZAP70 fluorescent intensity in the perimembrane region. unstimulated vector control cells, n = 6;
unstimulated NPGPx WT cells, n = 4; stimulated vector control cells, n = 9; Stimulated NPGPx WT cells, n = 8. ****p < 0.0001. Scale bar, 5 pm. (C) Association of
ZAP70 and CD3-{ chain by co-IP assay was decreased in NPGPx WT reconstituted cells. Co-IP of CD3-{ chain in lysates prepared from ZAP70 WT and NPGPx WT
reconstituted P116 cells treated with anti-CD3 (10 pg/ml) plus anti-CD28 (2 pg/ml) for indicated time periods. (D) NPGPx deficiency promotes the association of
Zap70 and CD3-{ chain. The primary T cells isolated from the spleen and lymph nodes of wild-type or NPGPx~/~ mice were stimulated with 10 pg/ml anti-CD3 plus
2 pg/ml anti-CD28 for indicated time periods. The cell lysates were used for IP with anti-CD3-(, following subjected to western blotting. Relative enrichment of the
association of ZAP70 and CD3-{ chain after TCR stimulation quantified by spot densitometry. Data information: Experimental data were verified in three (A, B) or
two (C, D) independent experiments with similar results. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

dramatically reduced when the Cys39 of ZAP70 was mutated regardless 4. Discussion

of the presence of NPGPx WT (Fig. 7F). Consistently, it was found that

little or no association of NPGPx with phospho-Y493-ZAP70 was Emerging evidences indicated that the functional redox machineries
detected in NPGPx WT reconstituted Jurkat E6.1 T cells upon TCR are imperative for maintaining intact T cell responses [8-10,14,15].
stimulation (Supplementary Fig. 17). These results implicated that Redox changes can alter T cell proteome through oxidative thiol modi-
NPGPx-mediated redox responses contribute to less membrane trans- fication of redox-sensitive cysteine residues [50] and blocking of
location and consequentially lacking the conformational change of reversible cysteine sulfenic acid by dimedone treatment suppresses T
ZAP70 for LCK-mediated phosphorylation to provoke its activity, sup- cell responses [51], implicating that oxidative thiol modification of
porting the notion that NPGPx negatively regulates ZAP70 recruitment specific target proteins is critical for T cell functions. Despite the
to raft-associated TCR/CD3 complex through disulfide bond shuffling to TCR-proximal kinases are crucial for the ROS production to fire up T cell
curb ZAP70 activity during early TCR response. activation [52], ROS may conversely affect the oxidative thiol modifi-

cation of these TCR-proximal kinases to maintain T cell homeostasis.
The discovery described herein that NPGPx, the oxidative stress sensor,
regulates and restrains ZAP70 kinase activity during TCR activation,
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Fig. 7. NPGPx reduces ZAP70 to bind raft-associated TCR/CD3 complex for attenuating TCR responses.

(A, B) Flag-tagged ZAP70 WT (A) or C39S mutant (B) reconstituted P116 cells combined NPGPx WT expression or vector control were stimulated with anti-CD3
(2 pg/ml) for 5min. The cell lysates were centrifuged by sucrose gradient to isolate the lipid rafts. Fractions were collected from top to bottom and analyzed by
SDS-PAGE and immunoblotted with anti-ZAP70, anti-NPGPx, and anti-LAT. (C) Co-IP assay showing the association of ZAP70 WT, but not C39S, with CD3-{ chain
was decreased in NPGPx WT reconstituted cells. Co-IP of CD3-{ chain in lysates prepared from ZAP70 WT and NPGPx WT or C2S2 reconstituted P116 cells treated
with anti-CD3 (10 pg/ml) plus anti-CD28 (2 pg/ml) for indicated time periods. (D, E) Quantitation of the PLA signal dots of Flag-tagged ZAP70 with CD3¢e (D) or
NPGPx (E) upon anti-CD3 (1 pg/ml) stimulation for 5 min. More than 200 cells were analyzed and PLA dots were quantitated by ImageJ software. (H) Immuno-
blotting of proximal TCR signaling molecules in the lysates from ZAP70 and NPGPx reconstituted P116 cells after anti-CD3 (1 pg/ml) stimulation. Data information:
Experimental data were verified in three independent experiments with similar results. Values are mean =+ SD. Level of significance was determined by two-tailed
unpaired t-test, * = p < 0.05, ** = p < 0.01, and **** = p < 0.0001. n.s., nonsignificant. In (A, B, C, and F), the intensity of each band was quantified using the
ImageJ software. Relative percentage of Flag-ZAP70 in raft was indicated in (A and B). Relative enrichment of the association of ZAP70 and CD3-{ after TCR
stimulation quantified in (C). In (F), Total target protein expression was used as a control. Relative expression (RE) of protein levels in each figure is indicated.

providing a clear evidence to support this notion. Based on the above p-ITAMs and activated by LCK, initiating TCR signaling cascades and
data and general redox reaction mode [31], we postulated the potential ROS production to provoke T cell activity. In response to the produced
molecular mechanism as follows: after peptide-MHC and TCR engage- ROS, NPGPx senses it and forms intramolecular disulfide bonding be-
ment, cytosolic ZAP70 is recruited to the membrane lipid rafts by tween Cys57 and Cys86, further transferring the oxidative signal to
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Cys575 and Cys39 of ZAP70, and NPGPx is released for recycling. The
oxidized ZAP70 may be retained in cytosol and could not be recruited to
the TCR/CD3 complex. Thus, NPGPx prevents T cell hyperactivation
(Fig. 8A). Conversely, without NPGPx, the TCR-induced translocation of
ZAP70 to TCR/CD3 complex in lipid rafts is not restrained, resulting in
elevated TCR responses and T cell hyperactivation (Fig. 8B). This model
provided a delicate redox mechanism mediated by NPGPx to fine-tune
ZAP70 functions in maintaining T cell homeostasis and preventing im-
mune disorders.

It was noted that ZAP70 plays a key role in T cell activation [20,21]
and biochemical modifications such as ubiquitination and dephos-
phorylation modulating ZAP70 activity have an important role in TCR
responses and T cell homeostasis [53-55]. Beyond these modifications, a
novel redox regulatory mechanism of ZAP70 by NPGPx, as described
herein, highlights the intimate link between oxidative modulation and
TCR responses. Interestingly, the Cys39 and Cys575 of ZAP70 are crucial
for NPGPx-mediated disulfide bond shuffling in response to ROS
generated by TCR stimulation. ZAP70 C575S mutant fails to associate
with NPGPx, while ZAP70 C39S mutant inclines to trap on NPGPx at the
resting state but is unable to be recruited to the TCR/CD3 complex in
lipid raft upon TCR stimulation. Based on these results, it is reasonable
to deduce that oxidized NPGPx triggered by TCR activation may transfer
the signal to ZAP70 through disulfide bond shuffling, in turn retaining
ZAP70 in the cytosol to curb TCR responses. Consistently, it is noted that
Cys39 locates at the SH2 domain and its oxidative modification sup-
presses the ITAM binding ability of ZAP70 [56]. The crucial role of
Cys575 in ZAP70 stability and activity also has been mentioned as it
located at a highly conserved redox-active Mx()CWx)R motif in the
kinase domain [30,47]. Other protein tyrosine kinases (PTKs) also have
been found that mutation of the redox-sensitive cysteine residue located
in this motif, such as Cys498 of SRC, Cys506 of YES, Cys475 of LCK, and
Cys479 of LYN, contributes to impaired catalytic activity and in some
case also protein instability [57-59]. One might be expected that other
PTKs are also regulated by similar redox process as the described herein.
Accordingly, our results illuminate the imperative roles of
NPGPx-mediated redox regulation in ZAP70 biological functions
through modulating specific cysteine residues. It has been reported that
a dramatic conformational change by forming intramolecular disulfide
bonding was found in several redox-regulated proteins in oxidative state
such as Yapl [60], ERO1 [61], and KEAP1 [62]. Therefore, how disul-
fide bond shuffling promotes conformational changes of ZAP70 affecting
its physiological role could be of interest to further pursue.

The thiol-based redox regulatory mechanism of NPGPx is different
from other GPx homologs that use GSH as a cofactor to detoxify cellular
oxidative stress. Unlike GPx1 and GPx4 mediate T cell functions through
directly scavenging ROS [63,64], NPGPx takes roles in T cell biological
contexts by serving as a redox sensor/transmitter to modulate ZAP70
activity. In supporting this notion, Zap70-dependent signaling was hy-
peractive in NPGPx-deficient T cells compared to wild-type T cells
(Fig. 4H), leading to higher cell proliferation and cytokine productions
(Fig. 2A-H) when treated with anti-CD3/28 to induce TCR response.
Comparable cell proliferative rate and IL-2 production were observed
between wild-type and NPGPx-deficient T cells when treated with
mitogen to directly evoke Ca?*-dependent ROS production (Fig. 2A-C, I,
and J). Furthermore, upregulation of Zap70 and its downstream sub-
strates was observed in NPGPx-deficient T cells within 15 minutes after
TCR stimulation when compared with the wild-type cells (Fig. 4H),
while the ROS level was comparable between these two cell types at this
time point (Supplementary Figs. 9A-D). Importantly, only NPGPx WT,
but not C2S2 mutant, reduces ZAP70 association with CD3-( chain at
lipid raft within 5 minutes after TCR stimulation (Fig. 6C and Supple-
mentary Fig. 15). Consistently, the Cys39 and Cys575 of ZAP70 are
critical for the ZAP70-NPGPx redox switching as we observed that the
suppressive effect of NPGPx in ZAP70 recruitment to TCR/CD3 complex
was abolished in ZAP70 C39S mutant cells (Fig. 7). Since the redox
status in the cell maintains homeostasis in the steady state, it could be
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deduced that NPGPx also senses the regional ROS signal and forms
complex with ZAP70 at the resting state. Interestingly, we found that
sulfenylated NPGPx (Supplementary Fig. 9) and NPGPx-ZAP70 complex
(Fig. 4B) exist at the steady state, and increase with TCR stimulation.
ZAP70 C39S inclines to associate with NPGPx even at resting stage in
reconstituted P116cells (Fig. 5G), and the dissociation of the
NPGPx-ZAP70 complex is prevented due to the Cys39 mutation of
ZAP70. These results suggest a potential role of NPGPx in maintaining
the resting state of naive T cells. Another cysteine-containing GPx ho-
molog in yeast, GPx3/Orpl, also functions as a redox-transducer in
modulating the nuclear retention of transcriptional factor Yap1 through
disulfide bond shuffling [65]. Interestingly, recent reports also showed
that NPGPx and GPx8, which share similar amino acid sequence and
protein structure, could negatively regulate OGA and caspase 4/11
enzymatic activity, respectively [66,67]. These observations infer the
exceptional role of cysteine-containing GPxs in redox balance by
switching the structure and activity of target proteins to modulate
oxidative stress. It was noted that deficiency of NPGPx generates higher
accumulated oxidative stress in later development through reducing
GRP78 chaperon activity [31]. This effect should also be present in
NPGPx-deficient T cells and the higher accumulated oxidative stress
may affect biological functions of T cells. This possibility is interesting
and worth further exploring.

Surprisingly, despite B cells express NPGPx, NPGPx deficiency does
not affect the cell proliferation and antibody-producing ability (Fig. 1G
and Supplementary Fig. 7). It was also noted that another GPx family
membrane, GPx4, is important for T cell responses [64] but dispensable
for conventional B cell (also called follicular B2 cell) functions [68].
Compared to the T cells, B2 cells are exposed to higher levels of ROS
during development and activation and develop a more robust antioxi-
dant system to adapt the redox changes [69]. Importantly, these anti-
oxidant mechanisms have compensatory functions, which explain why
the deficiency of GPx4 or thioredoxin-1 system shows limited effect B2
cell functions [68,70]. The deficiency of the NPGPx-mediated redox
mechanism may be compensated by other redox mechanisms in B cells.
Moreover, the Cys39 in ZAP70 is not conserved in spleen tyrosine kinase
(Syk) [56], which is a ZAP70 homolog protein in B cell. The disulfide
bond shuffling mediated by NPGPx should not be occurred in Syk. These
could partially explain why NPGPx-deficiency does not affect B cell
responses.

It was reported that either loss- or gain-of-ZAP70 functions in T cells
provokes severe autoimmunity [71,72]. Likely, dysfunction of the
fine-tune mechanism of ZAP70 could be the major cause for common
autoimmune diseases. As described herein, mice with T cell-specific
NPGPx deficiency display elevated T-dependent humoral immunity
(Fig. 1F) and exacerbated EAE (Fig. 3A-H), indicating that loss of
NPGPx-mediated ZAP70 negative regulation could increase the sus-
ceptibility of autoimmunity. Consistently, impairments of other nega-
tively regulatory mechanisms of ZAP70, such as Nrpbl-mediated
ubiquitination [55] and Sts1/2-mediated dephosphorylation [53], also
led to T cell hyperactivation and severer EAE phenotypes in mice. Of
note, the encephalitogenic Thl and Th17 cells provoke the inflamma-
tory and demyelination processes to initiate EAE [73]. Consistently, the
TANPGPx/ANPGPX ice showed increased numbers of spinal-infiltrated Th1
and Th17 cells (Fig. 3D-E), and had the earlier onset of EAE than that of
control mice (Fig. 3A). Also, deficiency of other TCR negative regulator
was also reported with earlier EAE onset [74]. These results support the
notion that the fine-tune mechanisms of ZAP70 play imperative roles in
maintaining the immune integrity, and could partially explain the im-
mune disorders and autoimmune-liked phenotypes in whole-body
NPGPx knockout mice [31].

In conclusion, we demonstrated herein that NPGPx modulates ZAP70
recruitment to TCR/CD3 complex through redox switching and prevents
T cell hyperactivation upon TCR stimulation. This novel redox mecha-
nism for modulation of ZAP70 activity casts new light on understanding
the oxidative regulation of TCR signaling, providing a potential
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therapeutic mechanism through blocking the NPGPx-ZAP70 regulatory
axis in the treatment of T cell-related diseases, such as autoimmunity,
inflammation, and cancer.
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