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Type 1 diabetes (T1D) results from autoimmune
destruction of b-cells in the pancreas. Protein tyrosine
phosphatases (PTPs) are candidate genes for T1D and
play a key role in autoimmune disease development and
b-cell dysfunction. Here, we assessed the global protein
and individual PTP profiles in the pancreas from nonob-
ese mice with early-onset diabetes (NOD) mice treated
with an anti-CD3 monoclonal antibody and interleukin-1
receptor antagonist. The treatment reversed hypergly-
cemia, and we observed enhanced expression of
PTPN2, a PTP family member and T1D candidate gene,
and endoplasmic reticulum (ER) chaperones in the pan-
creatic islets. To address the functional role of PTPN2 in
b-cells, we generated PTPN2-deficient human stem
cell–derived b-like and EndoC-bH1 cells. Mechanisti-
cally, we demonstrated that PTPN2 inactivation in
b-cells exacerbates type I and type II interferon signal-
ing networks and the potential progression toward
autoimmunity. Moreover, we established the capacity of
PTPN2 to positively modulate the Ca2+-dependent
unfolded protein response and ER stress outcome in
b-cells. Adenovirus-induced overexpression of PTPN2
partially protected from ER stress–induced b-cell death.

Our results postulate PTPN2 as a key protective factor
in b-cells during inflammation and ER stress in autoim-
mune diabetes.

Type 1 diabetes (T1D) results from the progressive destruc-
tion of insulin-producing b-cells in the pancreatic islets of
Langerhans mediated by local infiltration of autoimmune
cells, defined as insulitis (1). During early insulitis, inflam-
mation contributes to both the primary induction and sec-
ondary amplification of the immune assault resulting in a
progressive loss of b-cells (2). The autoimmune process is
quite variable between patients and within a particular sub-
ject over time (1). The progression of T1D is a nonlinear
process, with active and inactive autoimmunity periods in
the pancreas, which can last many years. Interestingly, T-cell
autoimmunity is negligible in some T1D patients (2). Islet-
specific CD81 T cells constitute a large fraction of the pan-
creatic CD81 T cell population also in patients without dia-
betes (3), and it has been shown that the majority of CD81

T cells in the T1D pancreas are not islet specific (4). The rel-
evance of the T cell specificity versus nonspecificity in the
pancreas is unclear, but it is postulated that the dysfunction
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and priming of insulin-producing b-cells can occur via the
release of proinflammatory cytokines. Thus, both type I and
type II interferon (IFN) signaling are critical for the inflam-
matory state in invading immune cells and the target b-cells
(5,6). Cytokines released during insulitis induce dysfunction
in the b-cells and trigger endoplasmic reticulum (ER) stress,
contributing to b-cell death (7–9). In addition, ER stress can
enhance the induction of posttranslational modifications in
islets (10), leading to an increase in deamidation and citrulli-
nation of islet autoantigens, which improves the potency to
bind HLA molecules and their immunogenic properties.

Protein tyrosine phosphatases (PTPs) are a large
superfamily of enzymes that are responsible for the
modulation of cellular signaling through dephosphory-
lation of various tyrosine residues on intracellular pro-
teins (11). All classical PTPs share the same catalytic
mechanism with a cysteine residue essential for cataly-
sis, located at the base of the active site (11). The pro-
tein tyrosine phosphatase nonreceptor 2 (PTPN2) gene
encodes PTPN2 (also known as TC-PTP). Results of
genome-wide association studies have identified PTPN2
as a non-MHC risk gene for autoimmunity and linked
“loss of function” single nucleotide polymorphisms of
PTPN2 with an increased risk of T1D development
(12–14). PTPN2 variants that affect mRNA stability or
alter protein structure have also been associated with
early-onset T1D (15). Interestingly, the architecture
and low thiol pKa of the invariant active site cysteine
in the Cys-X5-Arg motif of PTPN2 renders the protein
highly susceptible to oxidation and inactivation by reac-
tive oxygen species, inhibiting the phosphatase activity
(11). We have shown that irreversible PTPN2 oxidation
occurs in the pancreas from nonobese diabetic (NOD)
autoimmune mice (16). Global inactivation of PTPs by
oxidative stress enhances IFN signaling in pancreatic
islets leading to an increase of proinflammatory chemo-
kine production and exacerbation of STAT1-induced
b-cell death (16,17). PTPN2 isoforms are generated by
alternative splicing differing in the COOH terminus: a
45 kDa spliced variant contains a nuclear localization
sequence and shuttles between the nucleus and the
cytoplasm, and a 48 kDa isoform is anchored to the ER
(18). Several substrates have been identified for PTPN2
in different cells, including JAK1 and JAK3, Src family,
the insulin receptor, and STATs (1,3,5,6). However, the
different isoforms and downstream targets by which PTPN2
modulates signaling in b-cells and autoimmune diabetes
remain poorly understood.

In the current study, we provide evidence that PTPN2 and
ER chaperone expression is increased in the islets of a mouse
model of reversed autoimmune diabetes. We report that
PTPN2 downregulates the hyperactivation of type I and type
II IFN signal transduction and participates in the unfolded
protein response in b-cells. Our results shed light on mecha-
nisms that underpin the role of PTPN2 in b-cells in T1D.

RESEARCH DESIGN AND METHODS

Mice
NOD mice, originally obtained from Dr. C.Y. Wu (Peking
Union Medical College Hospital, Beijing, People’s Republic
of China), were housed and inbred in the animal facility
of KU Leuven since 1989. The housing of all mice occurred
under semibarrier conditions, and animals were fed sterile
food and water ad libitum. Mice were screened for the
onset of diabetes through evaluation of glucose levels in
urine (Diastix Reagent Strips; Bayer, Leverkusen, Germany)
and venous blood (Accu-Check; Roche Diagnostics, Vil-
voorde, Belgium). Mice were diagnosed as diabetic when
they had glucosuria and two consecutive blood glucose
measurements >200 mg/dL. Animals were maintained in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and all experimental
procedures were approved and performed following the
ethics committees of KU Leuven and by Commission
d’Ethique du Bien-̂etre Animal of Universit�e Libre de Bru-
xelles (reference 732N).

Treatment was initiated on the day of the second high
blood glucose measurement, designated as day 0. Hamster
anti-mouse CD3 monoclonal antibody (mAb) (clone145-
2C11; Bio X Cell, West Lebanon, NH) was administered to
mice newly diagnosed with diabetes at a dose of 2.5 mg/
mouse i.p. daily for 5 days (19). IL-1RA (Anakinra; Amgen,
Thousand Oaks, CA) was administered at a dose of 10 mg/
mouse i.p. daily for 5 days. The mice were randomly
assigned to treatment groups. Blood glucose values were
measured twice weekly, and mice were considered to be in a
state of disease reversal if blood glucose measurements were
<200 mg/dL. Pancreata were retrieved 33 days after initia-
tion of the therapy. However, when mice did not have dis-
ease reversal, they were culled based on human end points:
both having dramatic weight loss over a period of <1 week
and persistent hyperglycemia with values >600 mg/dL.

Cell Culture and Treatments
Human pancreata were obtained, with informed consent
from next-of-kin, from heart-beating, brain-dead donors.
Human islets (kindly provided by Professor Piero Marche-
tti, University of Pisa, Pisa, Italy [clinical characteristics
available in Supplementary Table 1]) were isolated in
accord with the local ethics committee in Pisa, Italy. After
arrival in Brussels, islets were dispersed and cultured as
previously described (20). The study was approved by the
Erasme Hospital Ethics Committee.

Human Embryonic Stem Cell (hESC) H1 (WiCell,
Madison, WI), and the human-induced pluripotent cell
(hiPSC) line Hel46.11, derived from human neonatal
foreskin fibroblasts and reprogrammed using Sendai
virus technology as previously described (21,22), were
used in the study. Undifferentiated hiPSC and hESC
were cultured on Matrigel-coated (Corning BV, Amster-
dam, the Netherlands) plates in E8 medium (Life Tech-
nologies, Carlsbad, CA). The cells were differentiated
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into b-like cells with use of a 30-day protocol as previ-
ously described (23–25) with further modifications
(Supplementary Table 2).

The human b-cell line EndoC-bH1 (26) (kindly pro-
vided by INNODIA consortium and Dr. R. Scharfmann,
University of Paris, Paris, France) was cultured in Matri-
gel-fibronectin–coated plates.

C57BL/6 mouse islets were washed with cell-dissociation
medium and dispersed into single cells with gentle continu-
ous pipetting in trypsin (1 mg/mL; Sigma-Aldrich, St. Louis,
MO) and DNase I (1 mg/mL; Sigma-Aldrich) in a water
bath at 31�C (27). b-Cells and non-b-cells were purified
from dispersed islets through autofluorescence with use of
FACS sorting (BD FACSAria III) and lysed with radioimmu-
noprecipitation assay buffer for immunoblotting.

Cytokine and chemical ER stressor concentrations were
selected based on previous time course and dose-response
studies (17,28,29 and data not shown). Briefly, cells were
cultured with human IFN-g (1,000 units/mL; PeproTech,
London, U.K.), IFN-a (2,000 units/mL; PBL Assay Science,
Piscataway, NJ), IL-1b (50 units/mL; R&D Systems, Minne-
apolis, MN), IL-10 (50 ng/mL; R&D Systems), IL-6 (1,000
units/mL, R&D Systems), IL-17 (1,000 ng/mL; BioLegend,
San Diego, CA), IL-21 (1,000 ng/mL; BioLegend), IL-23
(1,000 ng/mL; BioLegend) or TGF-b (1,000 ng/mL; Bio-
Legend). ER stress was induced through adding of sarco/
endoplasmic reticulum Ca21-ATPase (SERCA) blocker(s),
thapsigargin (1 mmol/L; Sigma-Aldrich), cyclopiazonic acid
(CPA) (75 mmol/L, Sigma-Aldrich), tunicamycin (5 mg/mL;
Sigma-Aldrich), or brefeldin A (0.05 mg/mL; Sigma-Aldrich)
in medium containing 2% FBS. Vehicle DMSO was added
to the control condition in all experiments.

Genome Editing of hESCs
For knockout (KO) of the PTPN2 gene in H1 hESCs, a pair
of CRISPR/Cpf1 (Cas12a) gRNAs was used to remove the
identified critical exon 3, which is conserved across anno-
tated protein-coding transcripts. The 23 bp gRNA sequences
used to remove exon 3 (protospacer adjacent motif, TTTA
50-GGATTTGTCTCAACTCTATTATG-30, and PAM, TTTC 50-
TGACGATGTAATGAATTATGGAC-30) were designed with
use of Benchling Biology Software (2019). The ribonucleo-
protein (RNP) components (Alt-R A.s. Cas12a (Cpf1) Ultra
and Alt-R A.s. Cas12a crRNA) were purchased from Inte-
grated DNA Technologies (Coralville, IA) and prepared
according to the manufacturer protocol. Cells were electro-
porated with the RNP complexes, and single-cell clones
were isolated using limiting dilution. Derived clones were
screened by PCR (primers: forward 50-TGGGCTTTTT
CTCCTGGTGT-30 and reverse 50-GACGACCAGACACCATC-
CAG-30), and a �400 bp deletion of exon 3 in homozygous
and heterozygous KO clones was confirmed with Sanger
sequencing. Generated clones were karyotyped and charac-
terized for pluripotency with immunocytochemistry and
quantitative PCR (qPCR).

Mass Spectrometry, Immunoprecipitation, and
Western Blotting
For mass spectrometry analyses, specimens of frozen pan-
creas were disrupted by beads beating in equal weight of
acid-washed glass beads for 10 min at 4�C (30-s on/off
cycles). For prevention of experimentally induced oxidation,
lysis buffer (10% glycerol, 1% NP-40, 1× complete EDTA-
free protease inhibitor cocktail [Roche Diagnostics], 1×
phosphatase inhibitor [Sigma-Aldrich]) was degassed with
helium for 20 min before use. After tissue disruption, lysed
samples were further sonicated for 10 min at 4�C (30-s on/
off cycles), and insoluble debris was pelleted at 20,000g for
1 h at 4�C. The supernatant was retained for subsequent
analysis of total PTP. Chemical derivatization was per-
formed with 10 mmol/L dithiothreitol (DTT) for 1 h. Subse-
quently hyperoxidation was performed with 1 mmol/L
pervanadate for 30 min in the dark. The derivatized tissue
lysates were then reduced in 4 mmol/L DTT for 1 h at
20�C and alkylated in 8 mmol/L iodoacetamide for 30 min
at 20�C in the dark, for subsequent digestion with Lys-C
(1:50) (FUJIFILM Wako Chemicals Europe, Neuss, Ger-
many) for 4 h at 37�C, and then trypsin (1:50) (Sigma-
Aldrich) for 16 h at 37�C. Digested tryptic peptides were
diluted in PBS for oxidized protein tyrosine phosphatase
(oxPTP) pull down. Per sample, 10 mL Protein A/G agarose
beads (Santa Cruz Biotechnology, Dallas, TX) was coated
with 10 mg oxPTP antibody (R&D Systems) for immuno-
retrieval of oxPTP peptides. Eluted peptides were cleaned
up with homemade strong cation exchange micro-STAGE
tips. Liquid chromatography–tandem mass spectrometry
analyses of resulting oxPTP peptides were performed as pre-
viously described (30). PTPN2 antibody (2 mg) was used for
immunoprecipitation, and 50 mL Protein A/G agarose beads
(Thermo Fisher Scientific, Waltham, MA) was used for
immuno-retrieval of PTPN2-binding proteins.

For Western blotting, cells were lysed with radioimmu-
noprecipitation assay buffer, and total proteins were
extracted and resolved by 12% SDS-PAGE, transferred
onto a nitrocellulose membrane, and immunoblotted with
antibodies described in Supplementary Table 3 (31). The
intensity values of the protein bands were corrected by
the values of the housekeeping protein GAPDH, b-actin,
or a-tubulin, used as loading controls.

RNA Interference, Adenoviral Transduction, and Cell
Viability
We transfected EndoC-bH1 and dispersed human islets
with siRNAs or AllStars Negative control siRNA (30
nmol/L; QIAGEN, Venlo, the Netherlands) using Lipofect-
amine RNAiMAX (Invitrogen, Carlsbad, CA) as previously
described (20). siRNA target sequences are provided in
Supplementary Table 4.

Adenoviruses carrying green fluorescent protein (GFP)
as reporter, a cytomegalovirus promoter, and PTPN2 gene
(AdPTPN2) or control (AdControl) were developed by SIRION
Biotech (Martinsried, Germany). Virus amplification, purifica-
tion, titration, and verification were done by SIRION Biotech.
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The percentage of viable and apoptotic cells was deter-
mined either by inverted fluorescence microscopy with
the DNA dyes Hoechst 33342 (20 mg/mL) and propidium
iodide (10 mg/mL) (9,32) or by flow cytometry with Zom-
bie Aqua Fixable Viability Kit (1:500; BioLegend) and
measured with a BD FACSCanto II cell analyzer (BD Bio-
sciences, San Jose, CA). Viability by fluorescence micros-
copy was evaluated by at least two independent
observers, with one of them unaware of sample identity.

Real-time PCR and RNA Sequencing
Poly(A)1 mRNA extraction was performed with Dyna-
beads mRNA DIRECT kit (Invitrogen) according to the
manufacturer’s instructions; reverse transcription was car-
ried out with a reverse transcriptase kit (Eurogentec,
Seraing, Belgium). Quantitative real-time PCR was per-
formed with a Bio-Rad CFX machine (Bio-Rad Laborato-
ries, Hercules, CA) and SYBR Green reagent (Bio-Rad
Laboratories). b-Actin and/or GAPDH was used as an
internal control. Probe and primer details can be found in
Supplementary Table 5.

The total RNA was obtained with use of QIAamp DNA
Mini Kit (QIAGEN, Hilden, Germany) following the manu-
facturer’s instructions. RNA quality analysis, library prepa-
ration, and sequencing were performed by the BRIGHTcore
facility (Brussels, Belgium). The sequencing was performed
on an Illumina NovaSeq 600. An average of 25 million
paired-end reads of 100 nucleotides long were obtained per
sample. The list of up-/downregulated genes/transcripts
and association with canonical pathways were determined
with use of the online Degust software with Limma/Voom
and packages Bioconductor EGSEA and ComplexHeatmap
in RStudio (Boston, MA). The modulated transcription fac-
tors were analyzed withy the online software Predicting
ASsociated Transcription factors from Annotated Affinities
(PASTAA) with default settings (33). For performance of
the rank-rank hypergeometric test, the RRHO and RRHO2
packages were used in RStudio.

Intracellular Calcium Concentration Measurements
and Patch-Clamp
EndoC-bH1 cells were transfected with siRNA for 72 h
followed by incubation with Fura-2 acetoxymethyl ester
(1 mmol/L) for 1 h at 37�C in Krebs solution (115 mmol/
L NaCl, 5 mmol/L KCl, 1 mmol/L CaCl2, 1 mmol/L MgCl2,
24 mmol/L NaHCO3, 0.20% BSA, and 10 mmol/L HEPES
with pH adjusted to 7.4) supplemented with 0.5 mmol/L
glucose. The coverslips were then transferred to a tissue
chamber filled with Krebs solution supplemented with 1
mmol/L glucose and mounted on an inverted fluorescence
microscope (Diaphot TMD; Nikon, Tokyo, Japan) for epi-
fluorescence. Fura-2 fluorescence of single cells was mea-
sured with dual-excitation fluorimetry with use of a
camera-based image analysis system (MagiCal; Applied
Imaging, Sunderland, UK). The excitation and emission
wavelengths were set at 340/380 and 510 nm,

respectively, and pair images (at excitations of 340 and
380 nm, 30-ms interval) were taken every 2.5 s. Intracel-
lular Ca21 concentration was calculated from the ratios of
the 340- and 380-nm signals as previously described with
MetaFluor software (Molecular Devices, San Jose, CA)
(9,34).

Patch-clamp of differentiated H1 PTPN2 KO and con-
trol aggregates was conducted as previously described
(35). For voltage measurements, gramicidin-perforated
whole-cell configuration patch-clamp experiments were
conducted. Bath solution contained the following: 110
mmol/L NaCl, 10 mmol/L HEPES, 4 mmol/L KCl, 1 mmol/L
MgCl2, 1 mmol/L CaCl2, and 24 mmol/L NaHCO3, pH 7.4,
with NaOH supplemented with 2.8 or 20 mmol/L D-glucose,
osmolarity 299 or 319 mOsmol/L. Pipette solution con-
tained 10 mmol/L NaCl, 20 mmol/L KCl, 24 mmol/L
K2SO4, 90 mmol/L KCl, 25.9 mmol/L D-mannitol, and 5
mmol/L HEPES, pH 7.2, with KOH, supplemented with
50–150 ng/mL gramicidin, osmolarity 304 mOsmol/L. Stock
solution of gramicidin (5 mg/mL in DMSO) was daily pre-
pared. Filled pipettes had resistances of 8–10 MV. Whole-
cell configuration induced by gramicidin permeabilization
was achieved within 15–20 min. Leak resistance after seal-
ing >1.5 GV and access resistance <35 MV were required
to allow the recordings. Aggregates were stored in an incu-
bator and used within 1 h of incubation in the patch-clamp
chamber. Voltages were monitored with a HEKA EPC 10
amplifier (HEKA Elektronik, Lamprecht, Germany). Zero-
current whole-cell voltages were continuously recorded with
use of PATCHMASTER software (HEKA Elektronik).

Immunofluorescence
Cells were fixed with 4% paraformaldehyde (Sigma-
Aldrich), permeabilized with 0.5% Triton X-100 (Sigma-
Aldrich) and unspecific binding sites blocked with Ultravi-
sion Protein Block (Thermo Fisher Scientific). Cells were
then incubated with primary antibodies overnight at 4�C
followed by 1-h incubation with the secondary antibody
conjugated to the fluorochrome (Supplementary Table 3).
Next, cells were mounted with use of VECTASHIELD
Antifade Medium Mounting with DAPI (Sigma-Aldrich).

Mouse pancreata were fixed with formalin and embedded
in paraffin. Sections (5–10 mm) were dewaxed, and antigen
unmasking was performed with heated sodium citrate buffer.
Sections were permeabilized with 0.1% Triton X-100, and
unspecific binding sites were blocked with 5% normal goat
or donkey serum (Sigma-Aldrich) according to the host of
the secondary antibody for 1 h at room temperature. After
blocking, sections were incubated with primary antibodies as
described in Supplementary Table 3 and then incubated with
Alexa Fluor (Thermo Fisher Scientific) secondary antibodies
except for BiP/GRP78 Alexa Fluor 488 and counterstained
with DAPI (1 mg/mL; Sigma-Aldrich).

Images were analyzed on Axio Imager Z1 microscope
using ZEISS ZEN blue software (Carl Zeiss AG, Oberkochen,
Germany). The fluorescence intensity quantification within
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the murine pancreas section was analyzed with CellProfiler
software (Broad Institute, Cambridge, MA).

Statistical Analysis
The results are presented as the mean ± SEM. Student t
test was used for comparisons between two groups. Differ-
ences among groups were assessed with two-way ANOVA
or repeated-measures ANOVA. Statistical analyses were
assessed with Graphpad Prism software (GraphPad Software
8, La Jolla, CA). Sample size was predetermined based on
the variability observed in prior experiments and on prelimi-
nary data. Differences were regarded as statistically signifi-
cant if *P < 0.05, **P < 0.01, or ***P < 0.001.

Data and Resource Availability
The RNA-sequencing (RNA-Seq) data set generated during
the sequencing procedure is deposited in the Gene Expres-
sion Omnibus (GEO) database (access no. GSE172148), and
the mass spectrometry proteomics and peptidomics data
have been deposited to the ProteomeXchange Consortium
via PRIDE (access no. PXD025394) and are available from
the corresponding author on reasonable request.

RESULTS

Proteomic Screening Identifies Increased Pancreatic
Chaperones and PTPN2 Expression in NOD Mice With
Diabetes Remission After Anti-CD3 + IL-1RA
Treatment
To identify anti-inflammatory targets in NOD mice with
reversed hyperglycemia, we took advantage of non-Fc
receptor (FcR) binding anti-CD3 mAb and IL-1RA treat-
ment to preserve insulin production (36) and assessed
protein expression and PTP profile in the pancreas. We
confirmed that administration of anti-CD3 1 IL-1RA in a
small cohort of hyperglycemic mice significantly reversed
diabetes, compared with a low dose of anti-CD3 alone
used as control (not cured, Fig. 1A). We isolated snap-fro-
zen pancreas from treated NOD mice and performed a
mass spectrometry analysis, as previously described
(30,31). Samples were divided for detection of the global
protein profile, PTP spectral counts, and individual PTPs
(Supplementary Fig. 1A). We detected 1,452 proteins;
from those, 117 upregulated and 8 downregulated pro-
teins were significantly modulated in the anti-CD3 1
IL-1RA group compared with the controls (Fig. 1B). Path-
way analysis showed that ER stress response and protein
folding are at the top of the significantly modulated path-
ways in the cured mice (Fig. 1C). We observed increased
expression of the chaperones BiP, GRP94, Hsph1, and
Erp44 and chaperone/associated protein MANF (Fig. 1D).
In addition, we observed protein modulation of eukaryotic
initiator factors and the oxidative stress response in the pan-
creas from anti-CD3 1 IL-1RA–treated mice (Supplementary
Fig. 1B). Anti-CD3 1 IL-1RA therapy impacts proinflamma-
tory cytokine signaling (36). For identification of tyrosine
phosphatase expression, all PTPs were reduced in the sample

by treatment with DTT, followed by hyperoxidation using
pervanadate, which converts all catalytic cysteines of PTPs
into the sulphonic acid (SO3H) state, allowing detection of
phosphatases by immunoprecipitation with an oxPTP anti-
body binding to the majority of classical PTPs (Supp-
lementary Fig. 1A). Of 17 PTP motif peptides detected
(Supplementary Fig. 1C), 2 were found significantly regulated
in NOD mice with reversed diabetes, namely, PTPN2 was
increased and PTPN13 decreased compared with controls
(Fig. 1E). PTPN2 is a candidate gene for T1D development,
and PTPN13 (Fap-1) is a negative regulator of apoptotic cell
death induced by Fas (37). PTPN2 is expressed in FACS-puri-
fied b-cells, non-b-cells, and acinar cells from C57BL/6 mice
(Fig. 1F). Interestingly, NOD islets showed lower levels of
PTPN2 compared with C57BL/6 islets (Fig. 1G). We observed
a low expression of PTPN2 in immune infiltrated islets from
noncured control, anti-CD3–treated, and anti–IL-1RA–
treated mice (Fig. 1H and Supplementary Figs. 2 and 3). Con-
versely, PTPN2 is highly expressed in insulin-positive cells
and also detected in surrounding immune cells (insulitis) in
the anti-CD3 1 IL-1RA–treated mice (Fig. 1H and Supp-
lementary Figs. 2 and 3). Moreover, PTPN2, BiP, GRP94,
and MANF positively correlated with insulin in the islets
(Fig. 1H and I and Supplementary Figs. 4–6). IL-1b treat-
ment did not affect PTPN2 expression in mouse islets,
EndoC-bH1 cells, or b-like cells (Supplementary Fig. 7A–C).
It was previously shown that the combination therapy
induced immune regulatory mechanisms (36), including
increased Foxp31 splenic Tregs and IL-10 production. We
observed that IL-10 1 IFN-g (induced by anti-CD3) signifi-
cantly upregulated PTPN2 expression in EndoC-bH1 cells
(Fig. 1J). We concluded that the unfolded protein response
and PTPN2 in b-cells/islets positively correlates with b-cell
survival in the anti-CD3 1 IL-1RA–treated NOD mice.

PTPN2 Modulates the IFN-g–Mediated Inflammatory
Response Through STAT1 Phosphorylation in Human
b-Like and EndoC-bH1 Cells
To gain mechanistic insight into the role of PTPN2 in
pancreatic b-cells, we first took advantage of a well-estab-
lished seven-stage differentiation protocol to evaluate the
expression of PTPN2 in differentiated b-like cells. OCT4,
SOX17, PDX1, NKX6.1, glucagon, and insulin have been
used as differentiation markers (Fig. 2A and Supple-
mentary Fig. 8A). We achieved an average of 30–40% effi-
ciency of insulin-positive cells (Fig. 2B and Supplementary
Fig. 8B). Interestingly, PTPN2 protein expression was sig-
nificantly decreased from stage 4 in the b-like cell differ-
entiation of both Hel46.11 and H1 stem cells (Fig. 2C and
data not shown). We knocked out PTPN2 using CRISPR/
Cpf1 deletion of exon 3 in H1 cells (Fig. 2D and
Supplementary Fig. 9A–D). Both PTPN2 KO and control
H1 hESC were differentiated into insulin-producing b-like
cells (Supplementary Fig. 9E). To mimic the b-cell response
to a localized autoimmune attack, we pulsed differentiated
b-like cells with 1-h exposure of IFN-g followed by a wash-
out of the cytokine and subsequent analysis of activated
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Figure 1—Treatment with anti-CD3 1 IL-1RA reversed diabetes in newly diagnosed diabetic NOD mice with an increase of protein levels
of PTPN2 and chaperons in pancreatic islets. A: Newly diagnosed diabetic NOD mice were treated with anti-CD3 mAb 1 IL-1RA or anti-
CD3 as control. Murine blood glucose was examined by glucometer two times weekly for 33 days. n 5 5. B: Volcano plots of upregulated
(red) or downregulated (blue) proteins in the mass spectrometry analysis. n5 5. C: Enriched pathway analysis of combined anti-CD31 IL-
1RA treatment or anti-CD3 control pancreas. Only pathways with P<0.05 are shown. D: Protein profile of pancreata was examined by
mass spectrometry. Protein expression of ER stress response–related proteins is shown. LFQ, label-free quantification. n 5 5. E: Protein
expression of PTPs in anti-CD3 1 IL-1RA or control pancreas examined by mass spectrometry. n 5 3–5. F: Expression of PTPN2 was
determined in FACS-purified b-cells, non-b-cells, and acinar cells. Western blot representative of two independent experiments. G: Islets
were isolated from 12-week-old C57BL/6 and 6- and 12-week-old NOD mice. Gene expression of PTPN2 and b-actin was examined by
qPCR. n 5 3–4. H: Immunofluorescence analysis of insulin and BiP or PTPN2 in pancreas sections. The nuclei were visualized with DAPI.
PTPN2 or BiP and insulin-positive cells are shown (white arrows). Scale bar: 50 mm. I: Insulin and PTPN2 correlation in pancreatic islets
from anti-CD3 1 IL-1RA treatment is shown. J: EndoC-bH1 cells were treated with IL-10 1 IFN-g as indicated. PTPN2 and b-actin were
assessed by qPCR. n5 4. *P < 0.05; **P< 0.01.
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Figure 2—PTPN2 regulates IFN-g signaling in pancreatic b-cells. A: Immunofluorescence staining of Hel46.11 hiPSC differentiation
markers in the different stages as indicated. Insulin-positive cells are shown (white arrows). Scale bar: 50 mm. B: Insulin mRNA expression
was assessed with real-time PCR in the different stages of Hel46.11 hiPSC differentiation into b-like cells. Results were normalized with
the mean of GAPDH and b-actin as internal housekeeping genes (HKG). n5 5. C: Western blot for PTPN2 expression in H1 hESC differen-
tiation into b-like cells. The relative protein expression of the PTPN2 shown was quantified by dividing the intensity values against GAPDH
as internal housekeeping protein with use of ImageJ software. D: Western blot for PTPN2 was performed in undifferentiated H1 hESC cells
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signaling at different time points (chase). We first focused
on STAT1, an IFN-induced transcription factor that has
been implicated in b-cell dysfunction and death (17,38).
PTPN2 deletion by CRISPR/Cpf1 prolonged the chase acti-
vation of STAT1 by phosphorylation after a 1-h pulse of
IFN-g in b-like cells (Fig. 2E).

Stem cell differentiation produces a mix of hormone-
expressing endocrine-like cells. To study PTPN2-modu-
lated signaling specifically in human insulin-producing
b-cells, we took advantage of EndoC-bH1 cells and siRNA
technology. We selected the siRNAs with higher PTPN2
knockdown efficiency (nos. 3 and 4) from the six different
siRNAs tested (Fig. 2F). Cells were transfected with siRNA
PTPN2 (no. 4 unless otherwise indicated), treated with
IFN-g in a 1-h pulse and chase experiment, and the effect
of PTPN2 knockdown on the kinetics and magnitude of
IFN-g–induced STAT1 and STAT3 phosphorylation was
evaluated. The IFN-g–mediated phosphorylation of STAT1/3
proteins occurred with different kinetics in the EndoC-bH1
cells, but it was markedly prolonged in cells in which PTPN2
was knocked down (Fig. 2G and Supplementary Fig. 10).

Given that PTPN2 deficiency enhanced STAT activity, we
next asked whether the downstream gene targets are
affected. In keeping with previous studies (17,38), we
observed increased CXCL9, CXCL10, and HLA/MHC class I
activation in PTPN2 knocked down cells (Fig. 2H). Both
STAT1 and STAT3 are phosphorylated on tyrosine residues,
forming dimers through the reciprocal SH2 domain/phos-
photyrosine interactions and binding to g-activated seq-
uence elements. However, STAT1 and STAT3 dimers selec-
tively bind to similar but not identical elements (39). To
assess the transcription factor responsible for chemokine
expression in PTPN2-inhibited cells, we silenced PTPN2 and
STAT1 or STAT3 in a double-knockdown approach (Fig. 2I).
As previously shown, inhibition of PTPN2 significantly exac-
erbated CXCL9 and CXCL10 expression 24 h after the pulse
with IFN-g. This effect was abrogated by STAT1 but not
STAT3 knockdown (Fig. 2I), suggesting that STAT1 is the
main inflammatory enhancer driving chemokine expression
in IFN-g–treated PTPN2-deficient b-cells.

Inactivation of PTPN2 Increases and Prolongs Type I
and Type II IFN Signaling in b-Cells
Elevated levels of type I IFN were found exclusively in the
pancreas and islets from T1D patients (6,40) and have
been associated with the early stages of the development
of autoimmune diabetes in humans (41) and rodents

(42). We performed a 1-h IFN-a pulse and chase experi-
ment in PTPN2-deficient b-like and EndoC-bH1 cells.
Similar to IFN-g–treated cells, PTPN2 inactivation increased
STAT1 phosphorylation (Fig. 3A and B). PTPN2-mediated
STAT1 hyperactivation was markedly prolonged after the
pulse of IFN-g (Fig. 2D) compared with IFN-a (Fig. 3A). Simi-
lar results were observed between PTPN2-deficient b-like and
EndoC-bH1 cells treated with IFN-g or IFN-a (Figs. 2F and
3B). Next, we performed RNA-Seq analysis of type I and type
II IFN-treated PTPN2-deficient and control EndoC-bH1 cells
to determine the comprehensive footprint induced 24 h after
the 1-h exposure to the different cytokines. First, we validated
the PTPN2 knockdown efficiency, insulin levels, and STAT1-
modulated gene expression in the samples (Fig. 3C). No dif-
ferences were observed in glucose-stimulated insulin secretion
after PTPN2 knockdown in EndoC-bH1 cells (Supplementary
Fig. 11). As expected, STAT1 targets SOCS1, CXCL9, CXCL10,
and CXCL11 were upregulated in PTPN2-deficient IFN-g–
treated EndoC-bH1 cells (Fig. 3C). Profiling of the data set
using the Gene Ontology (GO) method for gene set testing
allowed us to identify several modulated pathways by PTPN2
silencing including the unfolded protein response (Fig. 3D).
To refine the potential list of PTPN2 target genes, we ana-
lyzed the top upregulated and downregulated genes and path-
ways affected by control and type I and type II IFN–treated
cells (Fig. 3E and Supplementary Figs. 12 and 13). Knock-
down of PTPN2 upregulated T1D-related pathways: antigen
processing and presentation via MHC class I, antigen process-
ing and presentation of peptide antigen, and response to IFN
(Supplementary Fig. 12). In addition, PTPN2 deficiency signif-
icantly increased the persistent activation of gene expression
induced by the proinflammatory cytokines (Fig. 3F and G).

To identify transcription factors responsible for gene
network modulation by PTPN2, we used the PASTAA
software (33) (Fig. 4A). The signature of transcription fac-
tors SP1, STAT, IRF, and NF-kB responsible for immune
signaling in b-cells (29,43) was increased after PTPN2
knockdown and IFN-g treatment. We observed enhanced
degradation of IkBa, a repressor of NF-kB, in IFN-
g–treated PTPN2 knockdown cells (Fig. 4B). NF-Y, associ-
ated with MHC gene expression (44), was found to be at
the top of the PTPN2-modulated transcription factor in
IFN-a–treated cells (Fig. 4A). We performed a Rank-Rank
Hypergeometric Overlap (RRHO) analysis (45), comparing
ranked lists of genes identified with RNA-Seq of primary
b-cells of individuals affected by T1D (46) and our data
set. There is a low or no correlation between EndoC-bH1

with CRISPR/Cpf1 deletion of PTPN2: H1 wild type (1/1), H1 heterozygous KO (1/�), and H1 homozygous KO (�/�). Western blot is rep-
resentative of two independent experiments. E: hESC-derived b-like cells (H1 control and H1 homozygous PTPN2 KO [H1 PTPN2 KO])
were cultured with 1-h pulse of IFN-g followed by a change of the media and starting of the chase (Ch) measures at the indicated time
points. Western blot for phosphorylated (p)STAT1, total STAT1, and PTPN2 was performed. n 5 4. F: EndoC-bH1 cells were transfected
with control or six different PTPN2 siRNAs. n 5 4. G: Transfected cells with control or PTPN2 siRNA were cultured with IFN-g for 1 h in a
pulse-chase experiment. Western blot for phosphorylated STAT1/3 and total STAT1/3 was performed. n 5 4. H: Transfected cells with
control or PTPN2 siRNA were cultured with IFN-g for 1 h in a pulse-chase experiment. Gene expression was examined by qPCR. n5 4–5.
I: Transfected cells with control or double transfection with PTPN2, STAT1, or STAT3 siRNA were cultured with IFN-g for 1 h. Gene expres-
sion of PTPN2, STAT1, STAT3, and chemokines was examined with qPCR 24 h after cytokine treatment. n 5 4. *P < 0.05; **P < 0.01;
***P< 0.001.
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Figure 3—PTPN2 is a master regulator of type I and type II IFN–associated pathways in b-cells. A: hESC-derived b-like cells were cultured
with 1-h pulse of the proinflammatory cytokine IFN-a followed by a change of the media and starting of the chase (Ch) measures at the
indicated times. Western blot for phosphorylated (p)STAT1, total STAT1, and PTPN2 was performed. Western blot representative of three
independent experiments. B: Transfected EndoC-bH1 cells with control or PTPN2 siRNA were cultured with IFN-a for 1 h in a pulse-chase
experiment. n 5 4. C: Gene counts obtained by RNA-Seq were normalized to reads per kilobase million (RPKM) with RStudio. n 5 3. D:
Pathway enrichment analysis of the comparison between siRNA PTPN2 or control transfected EndoC-bH1 cells obtained with RNA-Seq.
Length of bars is proportional to the level of significant change, expressed by the negative logarithm of the adjusted P value. Pathways are
considered significantly modulated upon �log10(Padjusted) > 1.3. E: The top 10 most significant up- or downregulated genes in the RNA-
Seq data set are visualized with heat maps, and the counts are scaled to the difference of the row mean. Gene expression is considered
significant upon false discovery rate (FDR) <0.05. n 5 3. F: Volcano plots of upregulated (red) or downregulated (blue) genes in the RNA-
Seq data set as indicated. Genes are considered significantly modulated upon log fold change > 1 and �log10(false discovery rate) > 1.3.
G: The Venn diagram represents the overlap of genes modulated in the different groups. Gene expression is considered significant upon a
false discovery rate <0.05. n5 3. *P < 0.05; **P < 0.01; ***P < 0.001.
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siRNA control cells 24 h after the 1-h pulse with either
IFN-g or IFN-a and the data set of T1D b-cells (Fig. 4C).
In contrast, we observed an overlap between gene profiles

of PTPN2-deficient EndoC-bH1 cells exposed to IFN-g or
IFN-a and b-cells from individuals with T1D (Fig. 4C). In
addition, PTPN2 deficiency in b-cells enhanced activation

Figure 4—Gene modulation by PTPN2 under proinflammatory cytokine stimulation correlates with gene expression of primary b-cells
from individuals with T1D. A: Modulated transcription factors regulated by PTPN2 and proinflammatory cytokine stimulation were pre-
dicted with use of the PASTAA software. The 10 most associated transcription factors are shown (P<0.05). B: Transfected EndoC-bH1
cells with control or PTPN2 siRNA were cultured with IFN-g for 1 h in a pulse-chase experiment. pSTAT1, IkBa, b-actin, PTPN2, and
GAPDH were determined with Western blot. n 5 4. C: RRHO comparison analysis was performed using RStudio as indicated. D: Trans-
fected cells with control or PTPN2 siRNA were cultured with IL-6 for 1 h. Western blot for phosphorylated (p)STAT1/3, total STAT1/3,
PTPN2, and GAPDH was performed. n 5 4. E: hESC-derived b-like cells were cultured with IL-6 for 1 h. Western blot for phosphorylated
STAT1/3, total STAT1/3, PTPN2, and GAPDH was performed. n 5 3. F: Transfected EndoC-bH1 cells with control or PTPN2 siRNA were
cultured with the proinflammatory cytokines as indicated for 1 h. Western blot for phosphorylated STAT3, total STAT3, PTPN2, and
GAPDH was performed. n5 4. *P< 0.05; **P< 0.01; ***P< 0.001. Ctl, control.
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Figure 5—PTPN2 modulates ER stress–mediated cell death, ER stress marker expression, and Ca21 intracellular levels in b-cells. A:
Transfected EndoC-bH1 cells with control or two different PTPN2 siRNAs were treated with thapsigargin or CPA for 48 h. b-Cell apoptosis
was evaluated by Hoechst 33342/propidium iodide staining. n5 4–5. B: Intracellular calcium levels were measured by Fura-2 dye in trans-
fected EndoC-bH1 cells with PTPN2 or control siRNAs. Thapsigargin was added as indicated, and the area under the curve was mea-
sured. n 5 4. ratio340/380, ratios of the 340- and 380-nm signals. C: Transfected EndoC-bH1 cells with PTPN2 or control siRNAs were
cultured with thapsigargin (Thap) for 48 h. Gene expression of PTPN2 and ER stress markers was examined with qPCR. n 5 3–6.
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of additional cytokines involved in autoimmunity, i.e., IL-
6, IL-21, IL-23, and TGF-b (47) (Fig. 4D–F). Overall, our
results demonstrate a critical anti-inflammatory role of
PTPN2 in the control of cytokine signaling in b-cells.

PTPN2 Deficiency Sensitizes b-Cells to Ca2+-
Dependent ER Stress
We observed increased PTPN2 and ER chaperone proteins
in anti-CD3 1 IL-1RA–treated NOD mice (Fig. 1) and
modulation of unfolded protein response genes/ER stress
by IFN-g in PTPN2-deficient b-cells (Fig. 3G). A 48-kDa
ER-located isoform of PTPN2 was previously identified
(18), but its role in b-cells in autoimmune diabetes remains
unknown. To determine whether PTPN2 regulates the
unfolded protein response activation, we tested different
chemical ER stressors. Interestingly, PTPN2 deficiency
increased b-cell death induced by Ca21-dependent ER
stress (thapsigargin and CPA) but did not impact tunicamy-
cin toxicity induced by inhibition of the N-glycosylation in
protein folding (Fig. 5A and Supplementary Fig. 14A). In
line with these observations, PTPN2-deficient b-cells have
reduced Ca21 levels in the ER (Fig. 5B). The effect of
PTPN2 inactivation in dysregulated Ca21 homeostasis was
not due to major changes in mRNA expression levels of
the Ca21 channels inositol triphosphate (IP3), ryanodine
receptor 2, the SERCA-2 pump, or the voltage-gated Ca21

channels (Supplementary Fig. 14B). We detected BiP in the
pull down of EndoC-bH1 overexpressing PTPN2, suggest-
ing a direct protein-protein interaction (Supplementary
Fig. 14C). PTPN2 knockdown enhanced mRNA and protein
expression of ER stress markers in thapsigargin-treated
EndoC-bH1 cells (Fig. 5C and D). Prolonged activation of
the PERK/eIF2a/ATF4/Chop pathway results in cell death.
Importantly, we confirmed our results in PTPN2 KO b-like
cells and dispersed human islet cells transfected with
PTPN2 siRNAs. Thus, thapsigargin increased ER stress–
associated pathways in PTPN2-deficient cells (Fig. 5E and F
and Supplementary Fig. 14D).

Ca21 homeostasis is directly linked to membrane
potential and b-cell function. Zero-current gramicidin-
perforated patch-clamp voltage recordings were per-
formed on insulin-producing H1 PTPN2 KO and control
aggregates stimulated with 20 mmol/L glucose (Fig. 6A).
H1 control cells displayed a limited electrical activity at
2.8 mmol/L glucose and it is increased after 20 mmol/L
glucose stimulation, which approximates a normal b-cell
response. Interestingly, the PTPN2 KO cells from aggre-
gates constantly displayed a strong electrical activity at
the different glucose concentrations (Fig. 6A), suggesting

a dysregulated hyperactivation of the voltage-dependent
Ca21 and Na1 channels.

Next, we examined whether overexpression of different
PTPN2 isoforms protects b-cells from dysregulated Ca21-
induced ER stress and cell death. The 45-kDa or the 48-
kDa PTPN2 isoforms were overexpressed using adenoviral
vectors containing the human PTPN2 cDNA under the
control of the cytomegalovirus promoter. PTPN2 protein
levels were efficiently increased in EndoC-bH1 at the dif-
ferent multiplicities of infection (Fig. 6B and Supplementary
Fig. 15A). We selected multiplicity of infection 50 for subse-
quent experiments showing increased PTPN2 expression
(Fig. 6B and C) and low toxicity (Supplementary Fig. 15B).
The 45-kDa PTPN2 isoform abrogated IFN-g–induced
STAT1 phosphorylation (Supplementary Fig. 15C) but did
not impact on Ca21-dependent ER stress–induced cell death
(Supplementary Fig. 15D). The 48-kDa PTPN2 isoform
decreased thapsigargin- and CPA-mediated cell death (Fig.
6D and E) but did not affect Ca21-independent ER stress
toxicity induced by tunicamycin or brefeldin A (Supp-
lementary Fig. 15E). Importantly, EndoC-bH1 cells trans-
duced with 48 kDa AdPTPN2 decreased thapsigargin-in-
duced caspase-3 activation and BiP protein expression (Fig.
6F and G). Taken together, our data show an isoform-de-
pendent PTPN2 modulation of IFN-induced gene signaling
and ER stress–mediated apoptosis in b-cells.

DISCUSSION

The ability to modulate selectively inflammatory signal
transduction pathways holds therapeutic potential for
T1D and other autoimmune disorders (48). In the current
study, we established the capacity of PTPN2 to prevent
inflammatory signaling and to positively modulate the
Ca21-dependent unfolded protein response in pancreatic
b-cells. In particular, we demonstrated that PTPN2 defi-
ciency exacerbates both type I and type II IFN–dependent
networks in b-cells and the potential progression toward
autoimmunity. In addition, our study suggests that the
localized activity of PTPN2, in concert with other protec-
tive pathways (7,8,29,49), can ameliorate the develop-
ment of ER stress in b-cells.

The JAK/STAT signaling pathway induces immune-
mediated b-cell dysfunction and death in T1D (5). We
observed that PTPN2 deficiency in the b-cells resulted in
increased STAT1 activation and downstream targets of
type I and type II IFNs, in line with previous studies
(17,38). We went beyond and provided a comprehensive
gene network regulated by PTPN2 contributing to the
amplification of the inflammatory response. There is a
strong correlation between the levels of STAT1 measured

D: Transfected EndoC-bH1 cells with PTPN2 or control siRNAs were cultured with thapsigargin for 48 h. Protein expression of ER stress
markers was examined with Western blot. n 5 3–4. E: Dispersed H1-derived b-like cells were cultured with thapsigargin for 24 or 48 h as
indicated. Protein expression of ER chaperone BiP was examined by Western blot. n 5 3. F: Transfected dispersed human islets with
PTPN2 or control siRNAs were cultured with thapsigargin for 24 h. Gene expression of PTPN2 and ER stress markers was examined with
qPCR. n5 3. *P< 0.05; **P < 0.01; ***P< 0.001.
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Figure 6—PTPN2 deficiency affects the membrane potential, and its overexpression ameliorates SERCA-mediated ER stress in b-cells.
A: Zero-current gramicidin-perforated patch-clamp voltage recordings. Sampling rate: 5 kHz. Dotted lines represent zero-voltage level.
1–3: Glucose stimulated in differentiated H1 control aggregates (2.8 and 20 mmol/L glucose). 4–6: Glucose stimulated in differentiated H1
PTPN2 KO aggregates (2.8 and 20 mmol/L glucose). 1 and 4: Magnification of the electrical activity of the cells during min 3 with 2.8
mmol/L glucose in the bath medium. 2 and 5: Magnification of the electrical activity of the cells during min 10 with 20 mmol/L glucose in
the bath medium. 3 and 6: Magnification of the electrical activity of the cells during min 25 with 2.8 mmol/L glucose in the bath medium
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in the b-cells of patients with T1D and HLA-I hyperex-
pression, and the IFN gene signature (50). STAT1 defi-
ciency in NOD mice prevents islet inflammation (51) and
protects b-cells against immune-mediated destruction
induced by multiple low doses of streptozotocin (52). Our
results demonstrate that PTPN2 deficiency exacerbates
STAT1 and other transcription factor activity, affecting
approximately double the IFN-modulated gene inflamma-
tory signature of b-cells. It is conceivable that b-cells with
deficient PTPN2 activity are more susceptible to the auto-
immune attack in T1D. In keeping with this, we demon-
strated an association between gene expression induced
by PTPN2 deficiency and IFN treatment in EndoC-bH1
cells and b-cells from individuals with T1D (46). More-
over, PTPN2 deficiency in b-cells also enhances STAT1/3
activation of IL-6, IL-21, IL-23, and TGF-b, proinflamma-
tory cytokines involved in autoimmune diabetes (47).

It has been long known that insulin-producing b-cells
have a developed ER and are consequently more prone to
ER stress than nonsecretory cells (9,53). This susceptibil-
ity has been postulated as one of the initial mechanisms
of b-cell dysfunction and death in early T1D (7,54). Thus,
ER stress triggers b-cell dysfunction and apoptosis during
inflammation (8,53). The unfolded protein response aims
to alleviate ER stress by induction of transcription of
genes linked to protein folding. We observed upregulation
of BiP, GRP94, MANF, and PTPN2 in the pancreas/islets
from anti-CD3 1 IL-1RA–treated NOD mice. This eventu-
ally allows b-cells to maintain functionality and survive
the autoimmune storm (49). PTPN2 was previously asso-
ciated with ER stress regulation and b-cell function in
obesity (55,56). We demonstrate that PTPN2 regulates
the Ca21-dependent pathway of the unfolded protein
response. PTPN2 deficiency affected inactivation of the
SERCA pump leading to ER Ca21 depletion (CPA and
thapsigargin) but did not impact on inhibition of N-linked
protein glycosylation in the ER (tunicamycin) or inhibi-
tion of vesicle formation and transport between the ER
and the Golgi apparatus (brefeldin A), suggesting specific-
ity of PTPN2 activity at the ER. High levels of ER Ca21

are required to promote proper protein folding (57), as
ER resident chaperones have Ca21-dependent regulatory
motifs. We postulate that PTPN2 deficiency induces Ca21

leak at the ER sensitizing b-cells to hyperactivation of the
PERK/eIF2a/ATF4/Chop pathway. BiP is a major ER
chaperone protein and has a role in binding Ca21 to

buffer �25% of the luminal Ca21 load (57). PTPN2 regu-
lates and directly binds to BiP in b-cells (present data).
BiP expression was upregulated by PTPN2 deficiency and
attenuated by PTPN2 overexpression in b-cells exposed
to SERCA blockers. Interestingly, BiP posttranslational
modifications are associated with antigen presentation
and the autoimmune process (58).

PTPN2 expression in the pancreas correlated positively
with anti-CD3 1 IL-1RA therapy outcome in a small
cohort of NOD mice. We did not observe diabetes remis-
sion in anti-CD3–treated mice. This is probably due to
the low concentration of anti-CD3 mAb and the number
of mice used in our study. It is expected that in large
cohorts, a percentage of mice can be cured with the
monotherapies (19), and PTP/protein expression should
be analyzed in the different subgroups. In addition, meas-
urements of PTPN2/chaperone mRNA and protein expression
at different time points in large cohorts of b-cell–specific
PTPN2 knockout/wild-type NOD mice will be required to
gain additional in vivo mechanistic insight. This is beyond the
scope of the present work. Although in this study we focused
our attention on the role of PTPN2 in the b-cells and islets,
it is conceivable that PTPN2 in immune cells also contributes
to the amelioration of the inflammatory process of autoim-
mune diabetes. Consistent with this, CD81 T cells lacking
PTPN2 and cross primed by b-cell self-antigens escape toler-
ance and acquire cytotoxic T cell activity, resulting in b-cell
destruction in the RIP-mOVA mouse model of autoimmune
diabetes (59). Moreover, T cell PTPN2 deficiency in NOD
mice accelerated the onset and increased the incidence of dia-
betes (60). Additional work is required to determine whether
overexpression of PTPN2 in immune cells or b-cells can pre-
vent or reverse the development of autoimmune diabetes in
patients. Importantly, we have demonstrated that our proteo-
mic approach can be integrated in future studies to determine
protein expression and PTP levels in pancreatic cells in T1D
samples.

In conclusion, we demonstrate that PTPN2 plays a key
anti-inflammatory role in b-cell dysfunction in the con-
text of IFN signaling and ER stress. PTPN2 deficiency can
light up the “danger signal” in early T1D and, together
with the local amplification of proinflammatory cytokines
and chemokines, activate the expansion of the autoim-
mune cells. Our findings provide fundamental evidence that
PTPN2 is an important regulator of b-cell inflammation and

after the 20 mmol/L glucose stimulation. Measurement representative of two independent experiments. B: EndoC-bH1 cells were trans-
duced with inactive adenovirus (AdControl), AdPTPN2 45 kDa, or AdPTPN2 48 kDa. The relative protein expression of the PTPN2 was
determined with Western blot 72 h after transduction. n 5 3. C: Immunofluorescence staining of PTPN2 in EndoC-bH1 cells transduced
with AdPTPN2 48 kDa or AdControl. PTPN2 overexpression in AdPTPN2 48 kDa is shown (white arrows). The nuclei were visualized with
DAPI. Scale bar: 20 mm. D: Transduced cells with AdPTPN2 48 kDa or AdControl were cultured with CPA for 48 h. b-Cell apoptosis was
evaluated with Hoechst 33342/propidium iodide staining. n5 3. E–G: Transduced cells with AdPTPN2 48 kDa or AdControl were cultured
with thapsigargin for 48 h. E: b-Cell apoptosis was evaluated with Hoechst 33342/propidium iodide staining. n5 5. F: Cleaved caspase-3
activation was evaluated with Western blot in cells transduced with AdPTPN2 48 kDa or AdControl and treated with thapsigargin for 48 h
as indicated. n 5 2. G: Transduced cells with AdPTPN2 48 kDa or AdControl were cultured with thapsigargin for 48 h. Expression of ER
stress marker BiP was examined by Western blot. n5 5. *P< 0.05; **P < 0.01; ***P< 0.001.
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support the active role of b-cells in their own demise in
T1D.
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