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The type 1 diabetes candidate genes PTPN2 and BACH2
regulate the IFN-a-induced crosstalk between JAK/STAT and
MAPKs pathways in human beta cells
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Summary

Background Type 1 diabetes (T1D) is a chronic autoimmune disease that leads to the progressive loss of pancreatic
beta cells. Interferons (IFNs) contribute to the initiation and amplification of beta cell autoimmunity. STAT1 is the
main mediator of IFN signalling but little is known about its complex activation processes and role in the pro-

gression of beta cell failure.
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Methods We investigated the IFN-o-stimulated STAT1 pathway from three human beta cell models: EndoC-pH1

cells, iPSC-derived islet-like cells and human islets by directly targeting two T1D candidate genes, namely PTPN2
and BACH2.

Findings We presently show that PTPN2 and BACH2 modulate STAT1 activation via two different pathways, namely
the JAK/STAT, involved in the phosphorylation of its tyrosine residue (Y701), and the MAPKs pathway, involved in
the phosphorylation of its serine residue (S727). Each STAT1 phosphorylation type can independently induce
expression of CXCL10, but both residues are necessary for the expression of MHC class I molecules. IFN-o-induced
STAT1 activation is dynamic and residue-dependent, being STAT1-Y701 fast but transitory, while STAT1-S727
increases slowly and is associated with the long-term effects of IFN-a exposure.

Interpretation The present findings provide a better understanding of the dynamics of STAT1 activation in human
beta cells and will be useful to develop new and targeted (i.e. favouring individuals with particular polymorphisms)
therapies for T1D and other autoimmune diseases.
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Introduction innate and adaptative immune responses that

Type 1 diabetes (T1D) is a complex chronic autoim-
mune disease that leads to progressive loss of pancre-
atic beta cells. There is no cure for T1D and the
standard treatment relies on lifelong exogenous insulin
administration." The pathophysiologic mechanisms
that trigger T1D are multifactorial and poorly under-
stood.” Cytokines, such as interferons (IFNs) and
tumour necrosis factor-a (INF-a), are involved in the

contribute to the initiation and amplification of beta cell
autoimmunity."** T1D is diagnosed at young ages,
indicating that the autoimmune process starts early in
life,” when beta cell and adaptive immune system
development are not yet fully mature, suggesting an
important role for the innate immune system and early
response cytokines in beta cell failure.® One of the main
mediators in innate immunity is IFN-a, a cytokine
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Research in context

Evidence before this study

Type 1 diabetes (T1D) is a chronic autoimmune disease that
leads to progressive loss of pancreatic beta cells. We have
previously shown that many of the candidate genes for T1D
act at the pancreatic beta cell level, potentially affecting
interferon signalling, and that interferons are key cytokines
for the pathogenesis of T1D. Key questions that remain to be
answered, however, are how candidate genes for T1D
regulate IFN-a signalling at the beta cell level and how can
this signalling be disrupted to avoid excessive IFN-a
responses and thus allow development of new beta cell-
protective therapies.

Added value of this study

In the present study, we show that the T1D candidate genes
PTPN2 and BACH?2 jointly contribute to the short- and long-
term IFN-a signalling in human beta cells through the
regulation of STAT1 activation. This is done by acting via two
independent pathways, namely the JAK/STAT pathway
(involved in the short-term activation of STAT1 at its
tyrosine residue) and the MAPKs pathway (involved in its
long-term activation through serine phosphorylation).
PTPN2 induces the direct de-phosphorylation of the tyrosine
residue of STAT1 and, indirectly through JNK1 and p38

rapidly expressed and secreted after viral infections or
other “danger signals” (e.g. RNA or DNA fragments),
and capable of initiating early immune responses. IFN-
o expression was detected in islets from individuals
with type 1 diabetes and there is evidence for a type I
IFN signature before the onset of the disease, sug-
gesting its relevant role in early stages of type 1 dia-
betes.* This cytokine directly induces endoplasmic
reticulum (ER) stress, chemokine release and the
overexpression of HLA class I proteins in human beta
cells, three hallmarks of type 1 diabetes™® that
contribute to beta cell recognition and islet infiltration
by CD8+ T cells, eventually causing beta cell death.”
Genome-wide association studies (GWAS) have
become an useful tool to identify regions of the genome
where genetic variations are associated with the risk of
complex diseases; in the last decade, different studies
helped to identify more than 80 loci associated with the
risk of developing T1D.’ Interestingly, nearly 80% of
candidate genes encoded by these loci are expressed in
beta cells, pointing toward a direct implication of these
cells in the progression and/or the triggering of the
disease.’ A remaining unmet need in the field is to
identify the ultimate function of these candidate genes
and how to use this knowledge to develop new and
hopefully targeted (i.e. favouring individuals with
particular polymorphisms), therapies for the disease.
GWAS studies helped to identify T1D-associated vari-
ants of Protein Tyrosine Phosphatase Non-receptor type

MAPK, the de-phosphorylation of the serine residue of
STAT1. On the other hand, BACH2 acts upstream of PTPN2
by regulating its expression. These combined actions provide
negative feedback for IFN-a signalling, preventing the
overexpression of chemokines involved in immune cell
recruitment (e.g. CXCL10) and of antigen presentation via
the major histocompatibility complex HLA. Moreover, we
show that the activation of these two pathways is essential
for STAT1 to acquire its maximal transcriptional function and
that they can be chemically dissociated in human beta cells.

Implications of all the available evidence

The information presented in this study will contribute to a
better understanding of the molecular basis of IFN-a
signalling in beta cells, as well as clarify the dynamic role of
STAT1 in the pathogenesis of T1D - a knowledge that may
be of relevance also for other autoimmune diseases where
interferons play an important role and where PTPN2 and
BACH2 polymorphisms are also involved in their
development (e.g. rheumatoid arthritis and Crohn’s disease).
Furthermore, it will hopefully open the way for the
development of new therapies targeting individuals with
particular polymorphisms of candidate genes for T1D.

2 (PTPN2), a tyrosine phosphatase implicated in the
control of Dbeta cell physiology, survival, and
expansion.’> PTPN2 is essential to regulate early im-
mune responses in beta cells, including viral and type I
and II IFN responses, protecting beta cells from
excessive cytotoxic signalling in a pro-inflammatory
context by directly regulating the JAK/STAT signalling
pathway.'>'" Most known PTPN2 disease-related poly-
morphisms cause partial loss of function and decreased
protein expression.”** Collectively, these observations
point to the role of this phosphatase in modulating local
islet immune responses and preventing damage caused
by excessive inflammation.

Another relevant T1D candidate gene is basic
leucine =zipper transcription factor 2 (BACH2);
BACH2 inhibition in human beta cells exacerbates
cytokine-induced apoptosis by the mitochondrial
pathway of cell death whereas its overexpression has
protective effects.*'® However, a recent study pro-
posed that BACH?2 increases NRF2-dependent anti-
oxidant response genes in mouse models of type 2
diabetes (T2D), preventing beta-cell damage and
increasing its function, suggesting that inhibition of
BACH2 could be a potential pharmacological inter-
vention in T2D.” Of concern, BACH2 is a tran-
scription factor that regulates cytokine-induced
PTPN2 expression,'® and studies based on its inhi-
bition have shown deleterious effects on rodent and
human T-regulatory (T-reg) cells.' It is thus essential
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to elucidate the exact signals triggered by BACH2 in
beta cells and how its crosstalk with PTPN2 may
collaborate to preserve a healthy beta cell in the face
of immune-induced stresses.

In a previous study,” we showed that the ‘early-
response’ cytokines IFN-a and TNF-a have deleterious
effects on human beta cells at different stages of
development and differentiation, from immature cells
(iPSC-derived islet-like cells and the EndoC-fH1 cell
model) to fully mature adult cells (human pancreatic
islets), and this is aggravated by PTPN2 inhibition. We
demonstrated that PTPN2 confers protection against
both IFN-a and TNF-a exposure, unveiling an unex-
pected common downstream signalling pathway
between the two cytokines via regulation of the
Mitogen-Activated Protein Kinases family (MAPKs)
member JNK1.”

TNF-a levels have recently been associated with an
aggressive form of early-onset T1D* and its inhibition
in children and young adults preserves C-peptide pro-
duction.??* Furthermore, a recent phase-2 clinical study
in patients with new-onset T1D showed that the phar-
macological inhibition of the Janus kinases (JAK) 1 and
2, downstream components of the IFN signalling, pre-
serves beta cell function as estimated by mixed-meal-
stimulated mean C-peptide level.”” These recent studies
confirm the relevance of TNF-a and IFN-a in the
pathogenesis of T1D and their potential as targets to
develop future treatments against beta cell malfunction
in T1D. Interestingly, PTPN2 and BACH?2 were also
identified as candidate genes for other autoimmune
diseases such as Crohn’s disease and rheumatoid
arthritis,** suggesting their important role in the
regulation of autoimmunity.

The beta cell outcome following exposure to early-
response cytokines is mediated mostly by the JAK/
STAT and the MAPKs pathways, both triggering
different intracellular cascades that may lead to a
similar outcome, namely the induction of cell death
through the mitochondrial apoptotic pathway.'*”” IFN-a
can activate both pathways while TNF-a is involved in
the activation of MAPKs in beta cells,?® besides acti-
vating the NF-xB pathway,” but does not induce JAK/
STAT. Blocking the MAPKs can inhibit the deleterious
effects of IFN-a and TNF-a in beta cells,” while block-
ing the JAK/STAT pathway preserves beta cell viability
following exposure to IFNs.?”*° This suggests that the
MAPKs pathway can modulate the intrinsic IFN sig-
nalling cascade through crosstalk with JAK/STAT, via
mechanisms that remain to be clarified.

Departing from these previous observations, we
presently evaluated the implications of the T1D
candidate genes PTPN2 and BACH2 on the regulation
of the JAK/STAT and MAPKs pathways in human islet
cells and how this directly modulates ISRE-mediated
transcription. We clarified the dynamics of STAT1
activation in human beta cells and proposed a new
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model for its regulation involving a genetically regu-
lated crosstalk between the JAK/STAT and the MAPKs
pathways.

Methods

Culture of human EndoC-fH1, human pancreatic
islets and Hela cells

The human pancreatic beta cell line EndoC-pH1 (RRID:
CVCL_L909) was kindly provided by R Scharfmann
(Cochin Institute, France).’’ Cells were cultured in
Matrigel-fibronectin-coated ~ plates as previously
described.”” EndoC-pH1 cells were free of mycoplasma
infection, as determined by monthly testing using the
MycoAlert Mycoplasma Detection kit (Lonza, Basel,
Switzerland).

Human pancreatic islets from eight non-diabetic
organ donors were isolated at the UCL, Brussels,
Belgium or at the CHU Lille, France, following a pre-
viously described protocol.**** Information on the organ
donors and the isolated islets is provided in Table S1.
Sex of the donors was not considered as a variable in
the specific in vitro molecular experiments performed
in this work and there are no major differences in the
prevalence of T1D in female and male individuals. Sex
assigned at birth is reported in Table S1.

The human STAT1 knockout (KO) Hela cell line
(RRID:CVCL_B2HI) and its wild-type form (RRID:
CVCL_0030) were purchased from Abcam (Abcam,
Cambridge, UK; ab255346). HelLa cells were grown in
10 ml DMEM/High Glucose supplemented with 10%
FBS and 2% penicillin—streptomycin (Thermo Fisher
Scientific, Waltham, MA, USA) at 37 °C and 5% CO2.
Hela cells were free of mycoplasma infection, as
determined by monthly testing using the MycoAlert
Mycoplasma Detection kit (Lonza) and viability (>90%
in all experimental groups studied, with no differences
between transfected and non-transfected cells) was
confirmed by using the MTT viability test assay
(Thermo Fisher Scientific). Short tandem repeat (STR)
profiling was performed in each cell line by the pro-
viders for authentication purposes.

Differentiation of induced pluripotent stem cells
(iPSCQ) into islet-like cells

The human iPSC line 1023A (RRID:CVCL_A324)
derived from skin fibroblasts was kindly provided by
DM Egli (Columbia University, NY, USA). iPSCs were
cultured in Matrigel-coated plates (Corning, NY, USA)
in E8 medium (Invitrogen Life Technologies, Paisley,
UK) and passaged with 0.5 mmol/l EDTA (Invitrogen
Life Technologies) twice per week. Cell quality and
pluripotency were monitored using the MycoAlert My-
coplasma Detection kit for mycoplasma infection, cell
karyotyping (Bio.be, Brussels, Belgium) for chromo-
somal abnormalities and immunocytochemical staining
for pluripotency markers as previously described.” We
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followed a seven-step protocol previously published and
validated by our group for beta cell differentiation®*
(step-by-step protocol is described as Supplementary
Material). Once the differentiation was completed, cell
aggregates were dispersed, seeded on Matrigel-coated
culture plates and cultured in HAM’s F-10 medium
(Thermo Fisher Scientific) containing 2% fatty acid-free
BSA (Roche, Basel, Switzerland), 2 mmol/l GlutaMAX
(Thermo Fisher Scientific), 50 pM IBMX, and 100 U/ml
penicillin—streptomycin (Thermo Fisher Scientific) for
exposure to cytokines and/or siRNA as described.*”

RNA interference

Hela cells, EndoC-BHT1 cells, or dispersed iPSC-derived
islet-like cells were transfected overnight with 30 nmol/
| siRNA; after changing the medium for their corre-
sponding standard fresh medium, cells were left to
recover for 48 h. Transfection was performed using
previously validated siRNAs targeting PTPN2 (siPTPN2;
5-CACAAAGGAGTTACATCTTAA-3’; 1027415; Qiagen,
Venlo, the Netherlands),” BACH2 (siBACH2; 5-GA
UAUUCUCUGUGACGUGATT-3’; S34070, Ambion, Life
Technologies Corporation, CA, USA), JNK1 (also known
as MAPKS; siJNK1; 5 '-GGGCCUACAGAGAGCUA-
GUUCUUAU-3'; MAPK8HSS108547, Thermo Fisher
Scientific),” and p38 MAPK (also known as MAPK14;
sip38; 5-GGAAUUCAAUGAUGUGUAUTT-3; S1312;
Ambion) (validated in this study), using Lipofectamine
RNAiMax (Invitrogen) as described.” Allstars Negative
Control siRNA (siCTRL; Qiagen) was used as a negative
control.

Plasmid transfection

HelLa cells were transfected overnight with 0.5-1 pg/ml
plasmid; the medium was changed, and cells were left
to recover for 48 h—72 h. Transfection was performed
using Lipofectamine 3000 (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Statl
alpha S727A pRc/CMV was a kind gift from Jim
Darnell (Addgene plasmid # 8700; http://n2t.net/
addgene:8700; RRID: Addgene_8700).” pLV-Y701F-
STAT1 was a kind gift from George Stark (Addgene
plasmid # 71453; http://n2t.net/addgene:71453; RRID:
Addgene_71453).%

Exposure to cytokines and chemical drugs

After 24 h—48 h recovery from silencing, cells were left
untreated or treated with IFN-a (2000 U/ml; Peprotech,
London, UK), or TNF-a (1000 U/ml; Peprotech); the
specific time-points used are described in the figure
legends. The cytokine concentrations were selected
based on previous studies from our group.”* C-Jun
N-terminal kinases (JNK1 and JNK2) were chemically
inhibited using SP600125 (Selleck Chemicals, Cologne,
Germany). SP600125 optimal concentration to inhibit
JNKs in EndoC-pH1 cells and iPSC-derived islet-like
cells, i.e. 20 pmol/l, was determined previously.” To

disrupt up-stream IFN-a signalling, the JAK1/JAK2
inhibitor Baricitinib (Selleck Chemicals) or the TYK2
inhibitor BMS-986165 (Selleck Chemicals) were used in
concentrations previously established by our group”*
(0.4 and 4 pM for Baricitinib; 0.03 and 0.3 uM for
BMS-986165). Before the cytokine treatments, cells
were pre-treated or not with the specific chemical in-
hibitor for 2 h and them exposed to IFN-a in the
continued presence of the inhibitor for the duration
described in the figure legends.

Immunocytochemistry

EndoC-BH1 cells and Hela cells were fixed in 4%
paraformaldehyde for 15-20 min. After permeabilisa-
tion with 0.5% triton-X100 in PBS, cells were blocked
with UltraV block (Thermo Fisher Scientific) for 10 min
and then incubated with primary antibodies diluted in
0.1% Tween in PBS overnight at 4 °C. Cells were then
washed with PBS and incubated with secondary anti-
bodies diluted in 0.19% Tween in PBS. Samples were
mounted with Vectashield with DAPI (Vector Labora-
tories, Newark, CA, USA) and covered with glass
coverslips. The antibodies used in the study are
commercially available, validated by our laboratory
and listed in Table S2. Images were acquired by
widefield fluorescence microscopy (Zeiss, Oberkochen,
Germany).

Nuclei/cytosol fractionation

Cells were resuspended in 1 ml sucrose solution con-
taining 20 mM Tris pH 7.5-8.0, 100 mM NaCl, 300 mM
sucrose, 3 mM MgCl2, and protease inhibitors (Roche)
and incubated for 10 min. Next, the solution was
centrifuged to pellet nuclei (1000 rcf, 10 min). The su-
pernatant (cytoplasmic fraction) was re-centrifuged
(20,000 rcf, 5 min) to pellet debris and stored
at -80 °C. Nuclei were then lysed in a high-salt solution
containing 20 mM Tris pH 8.0, 300 mM NaCl, and
2 mM EDTA pH 8.0 for 30 min, and centrifuged at
20.000 rcf (20 min, 4 °C). All preparations were per-
formed on ice. The supernatant (nuclei fraction) was
stored at -80 °C.

Cell death assay

Cell death was detected by fluorescence microscopy
after staining with the DNA binding dyes Hoechst
33342 (5 pg/ml, Sigma Aldrich) and propidium iodide
(5 pg/ml, Sigma Aldrich).”* Cell death was determined
in at least 500 cells by two observers, one of them
unaware of the experimental conditions.

Immunoblot

Total protein was extracted using Laemmli or RIPA
buffer supplemented with phosphatase and protease
inhibitors (Roche) and separated on 10% or 14% SDS—
PAGE, depending on the molecular size of the target
protein. After 45 min incubation in 5% fat-free milk,
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nitrocellulose membranes were probed using specific
primary antibodies diluted in TBST (TBS, 0.1% Tween
20) with 5% BSA. Specific dilution factors for each
primary antibody are listed in Table S2. After overnight
incubation at 4 °C, membranes were probed for 1 h at
room temperature with peroxidase-conjugated second-
ary antibodies diluted 1:5000 in TBST with 5% BSA.
Stripping by low pH (25 mM glycine-HCI, pH 2.2) and
reprobing the same membrane to detect different pro-
teins were performed in experiments where the total
form of the protein was used to normalise its phos-
phorylated form. Detection of immunoreactive bands
was performed using a chemiluminescent substrate
(SuperSignal West Femto, Thermo Fisher Scientific)
using a Bio-Rad ChemiDoc XRS + system (Bio-Rad
Laboratories, Lokeren, Belgium), or a FUSION FX
system (Vilber, Marne-la-Vallée, France). The densito-
metric values were quantified by Image]* and nor-
malised to GAPDH, tubulin or the respective total
protein forms, after background subtraction. Anti-
bodies are commercially available, validated by our
laboratory and listed in Table S2.

Real-time PCR and ELISA

Isolation of poly(A) + mRNA was performed using the
Dynabeads mRNA DIRECT kit (Invitrogen) according
to the manufacturer’s instructions. mRNA molecules
were then eluted in Tris—HCI solution and the Reverse
Transcriptase Core kit (Eurogentec, Liege, Belgium)
used to perform the reverse transcription according to
the manufacturer’s instructions. IQ SYBR Green
Supermix (Bio-Rad Laboratories) was used to conduct
the quantitative reverse transcription PCR (qRT-PCR)
amplification. PCR product concentrations were calcu-
lated as copies per pl using the standard curve method*
and gene expression was normalised to the geometric
mean of the reference genes ACTB and VAPA for hu-
man beta cell lines,* and to ACTB for Hela cells.
Primers are validated by our laboratory and listed in
Table S3. The CXCL10 release to the supernatant after
24 h or 48 h exposure to IFN-a (by 30,000 or
50,000 cells/200 pl) was determined by enzyme-linked
immunosorbent assay (Quantikine ELISA kit, R&D
Systems, Minneapolis, MN, USA).

Flow cytometry

HLA-ABC surface expression on EndoC-pH1 cells was
measured by flow cytometry. Briefly, cells were de-
tached after treatments using Accutase (Capricorn Sci-
entific, Ebsdorfergrund, Germany) for 5 min at 37 °C
and then resuspended in FACS buffer (2% BSA in PBS
with 5 mM EDTA). Then, cells were incubated with
conjugated primary antibody anti-HLA-ABC (PE) (BD
Biosciences, NJ, USA) (described in Table S2) for
30 min at 4 °C to prevent protein internalisation. Cells
were then washed with cold FACS buffer, fixed with 4%
paraformaldehyde and analysed wusing a BD
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LSRFortessa X-20 (BD Biosciences) flow cytometer.
Data analysis and graphical representation were per-
formed using Flow]o software version v10 (Tree Star,
Ashland). Positive and negative thresholds were set
using an isotype immunoglobulin (Ig) control (BD PE
mouse IgG1k isotype control; BD Biosciences) with the
same fluorophore. Antibodies are commercially avail-
able, validated by our laboratory and listed in Table S2.

Transcription factor target gene prediction and
correlation analysis using the TFTF R package

To predict the target genes of BACH2, we utilised the
TFTF R package (v0.1.0), which integrates human
transcription factor (TF)-target gene interactions from
two major databases: hTFtarget and JASPAR, alongside
gene expression data from GTEx (Genotype-Tissue
Expression) and TCGA (The Cancer Genome Atlas) for
correlation analysis. First, target genes for BACH2 were
predicted using the predict_target function from the
TFTF package, which employs both hTFtarget and
JASPAR databases. The gene expression data from
GTEx and TCGA were then used to analyse the corre-
lation between BACH?2 expression and its predicted
target genes using the pantissue_cor_analysis function.
This function performs Pearson correlation analysis,
with a focus on pancreatic tissues (both tumour and
normal) in our analysis.

Ethics

Human pancreatic islets were isolated after written
consent from donors’ next-of-kin and approval of the
local ethics committee (UCLOUVAIN 2024/18AVR/
212; CHU Lille AGENCE DE LA BIOMEDECINE PES
16-008). The use of human pancreatic islets for this
study was approved by the Comité d’Fthique Hospitalo-
Facultaire Erasme-ULB (Protocol number P2019/498).
The differentiation and use of iPSCs into islet-like cells
was approved by the Ethics Committee of the Erasmus
Hospital, Université Libre de Bruxelles, reference
P2019/498.

Statistics

Data were analysed using GraphPad Prism 8 software
(CA, USA) by unpaired Student’s t-test, one-way or
two-way ANOVA (corrected for repeated measures if
required) followed by Student’s t-test with Bonferroni
post-hoc correction for multiple comparisons, as
indicated. Results are presented as mean = SEM.
p < 0.05 was considered statistically significant. Sam-
ple size was calculated based on the variability
observed in preliminary experiments and power anal-
ysis using GPower 3.1 software; the exact number of
biological replicates used in each experiment are
described in the figure legends. ROUT method was
used to identify data outliers. The statistical analysis
for the prediction of BACH2 target genes is discussed
above.
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In each experiment, n = 1 is considered to corre-
spond to one independent biological observation, i.e.
EndoC-pH1 or Hela cells from different passages,
iPSC-derived islet-like cells from different differentia-
tions, or human islets from different donors. To reduce
variability between independent experiments, for some
techniques, e.g. qRT-PCR or immunoblot, each inde-
pendent experiment was normalised against its
respective control as specified in the figure legends.
Some replicates from most experiments were per-
formed and analysed by a researcher unaware of the
experimental condition and/or sample order.

Role of Funders

Funders had no role in the study design, data collection,
data analyses, interpretation, or in the writing of the
report.

Results

BACH2 modulates cytokine-induced PTPN2
expression in human beta cells

We previously reported that BACH2 silencing modu-
lates PTPN2 expression in human beta cells exposed to
IL-1B + IFN-y."* To confirm this effect following a single
cytokine (i.e. IFN-a or TNF-a) treatment, we silenced
BACH2 in EndoC-pH1 cells (Fig. 1) or iPSC-derived
islet-like cells (Fig. S1) and treated the cells with IFN-
a or TNF-a at different time points. BACH2 silencing
significantly reduced PTPN2 expression after 24 h
treatment in both cell models exposed to IFN-a (72%
reduction, Bonferroni-corrected p < 0.05) (Fig. 1A and
Fig. S1B) or TNF-a (71% reduction in EndoC-pH1 cells,
Bonferroni-corrected p < 0.01; and 53% reduction in
iPSC-derived islet-like cells, Bonferroni-corrected
p < 0.05) (Fig. 1B and Fig. S1B).

BACH2 and PTPN2 regulate total STAT1 activity
PTPN2 deficiency in human beta cells has been re-
ported to affect STAT1 canonical activation through
direct tyrosine de-phosphorylation (Y701)."* Thus,
BACH?2 deficiency may also affect STAT1 activation
through PTPN2 modulation.” In line with this
hypothesis, we observed a significant increase in
P-STAT1-Y701 at 4 h after IFN-a treatment in EndoC-
pH1 cells silenced for PTPN2 (93% increase,
Bonferroni-corrected p < 0.01) (Fig. 1C) or BACH2
(27% increase, Bonferroni-corrected p < 0.05) (Fig. 1D);
however, P-STAT1-Y701 decreased rapidly and there
were no significant differences against the control
condition after 24 h of treatment. In iPSC-derived islet-
like cells silenced for PTPN2 there was a substantial
increase of P-STAT1-Y701 after 24 h treatment with
IFN-a (56%, t-test p < 0.01) (Fig. S1A), but this effect
was not detected in cells silenced for BACH2 (Fig. S1B).
STAT1 activation requires not only phosphorylation
at Y701 but also phosphorylation at its serine residue

(S727), which stabilises DNA binding and enhances the
transcriptional activity of STAT1 by actively recruiting
additional transcriptional coactivators to the promoters
of STAT1 target genes.”* To understand IFN-a-stim-
ulated STAT1 activation in human beta cells, we
exposed EndoC-BH1 cells to IFN-a at different time
points. STAT1 was first phosphorylated at its Y701
residue with a maximum activation peak at 4 h followed
by a progressive decrease up to 168 h of treatment
(Fig. S2A). On the other hand, STAT1-S727 phosphory-
lation increased progressively over time, reaching its
peak after 48 h of IFN-a treatment, and from there, its
levels remain stable for up to 168 h (Fig. S2A). Interest-
ingly, this effect appears to be specific for IFN-a, as it was
not reproduced in cells exposed to IFN-y (Fig. S2B, C),
where both STAT1-Y701 and STAT1-S727 phosphoryla-
tion remain up-regulated after 24 h of treatment. To
ensure that this dynamic is not cell-model dependent, we
also confirmed our results in dispersed human islets,
observing an early peak on Y701 phosphorylation at 4 h
that rapidly decreases after 24 h IFN-a treatment, and a
peak on S727 phosphorylation only after 24 h IFN-a
treatment (Fig. S2D).

As STAT1-S727 has been reported to enhance tran-
scriptional activation, we tested the capacity of human
beta cells to keep STAT1 activation even after removing
IFN-o from the medium; STAT1-Y701 phosphorylation
was immediately abolished 8 h after the treatment was
stopped, while STAT1-S727 phosphorylation was
detectable even after 48 h (Fig. S2E). These results
suggest that STAT1-S727 contributes to preserving
long-term STAT1 activation in human beta cells.

We next tested STAT1 phosphorylation status in our
models of PTPN2 or BACH2 deficiency, observing that
EndoC-pH1 cells silenced for PTPN2 (Fig. 1C) or
BACH?2 (Fig. 1D) had a significant increase in STAT1-
S727 after 24 h of treatment with IFN-a (67% for
PTPN2-silenced cells, t-test p < 0.01; and 25% in
BACH2-silenced cells, t-test p < 0.05). A similar
outcome was observed in iPSC-derived islet-like cells
silenced for PTPN2 (48%, t-test p < 0.01) (Fig. S1A) and
for BACH2 (53%, t-test p < 0.01) (Fig. S1B).

To better understand the impact of the different
STAT1 phosphorylation in human beta cells, we
focused on IFN-a-induced STAT1 nuclear translocation
(Fig. 2A). STAT1-Y701 phosphorylation was mainly
located in the nucleus after 1h of IFN-a exposure, but
this phosphorylated form was barely detected after 24 h
of treatment and the remaining STAT1-Y701 was
distributed between both compartments. In contrast,
STAT1-S727 phosphorylation was only detected in the
nucleus after 24 h. Finally, total STAT1 expression was
higher after 24 h of IFN-« treatment and it locates both
in the nucleus and in the cytoplasm (Fig. 2A).

By focusing on PTPN2-silenced cells by nuclei/cytosol
fractionation, after 24 h IFN-a treatment we observed an
increased STAT1-Y701 and S727 phosphorylation both in
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Fig. 1: BACH2 and PTPN2 regulate STAT1 activity. (A) and (B) EndoC-pH1 cells were transfected with siCTRL or siBACH2. After 48 h of
recovery the cells were left untreated (0) or treated for 4 h, 8 h, or 24 h with IFN-a (2000 units/ml) (A), or TNF-a (1000 units/ml) (B). BACH2,
PTPN2, and GAPDH protein levels were analysed by immunoblot. Results are means + SEM of four to five independent experiments. BACH2
and PTPN2 bands were quantified by densitometry and corrected by GAPDH and presented as fold-variation compared to untreated cells,
considered as 1. *p < 0.05, and **p < 0.01 siCTRL vs. siBACH2. Two-way ANOVA was conducted to examine the main effects of cytokine
exposure time and siRNA treatment, as well as their interaction; Followed by Bonferroni post hoc test for multiple comparisons. (C) EndoC-
BH1 cells were transfected with siCTRL or siPTPN2. After 48 h of recovery the cells were left untreated (0) or treated for 4 h, 8 h, or 24 h with
IFN-ot (2000 units/ml). PTPN2, P-STAT1-5727, P-STAT1-Y701, STAT1 and GAPDH protein levels were analysed by immunoblot. Results are
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the nucleus (18% for STAT1-Y701, t-test p < 0.01; and
42% for STAT1-S727, t-test p < 0.01) and in the cytoplasm
(15% for STAT1-Y701, t-test p < 0.01; and 31% for STAT1-
S727, ttest p < 0.01) (Fig. 2B). We obtained similar
results by immunocytochemistry, with an increase in
P-STAT1-Y701 in cytoplasm (725%, Bonferroni-
corrected p < 0.05) and nucleus (43%, Bonferroni-
corrected p < 0.05) after 1h IFN-a treatment; and an
increase in P-STAT1-S727 in cytoplasm (428%,
Bonferroni-corrected p < 0.001) and nucleus (118%,
Bonferroni-corrected p < 0.001) after 24 h IFN-a treat-
ment (Fig. 2A).

PTPN2 and BACH2 regulate the long-term
expression and secretion of CXCL10 and the
expression of HLA class | proteins

We hypothesised that the longer retention of STAT1 in
the nucleus through its S727 residue could be trans-
lated into an increased gene expression after long-time
exposure to IFN-a. To test this, we silenced EndoC-pH1
cells for PTPN2 or BACH2 and assayed the transcrip-
tion of selected ISRE-mediated genes (CXCL10, HLA-A,
and HLA-E) after 24 h or 48 h of IFN-a exposure.
CXCL10 expression was significantly increased in
PTPN2- or BACH2-silenced cells after 48 h (158% for
PTPN2, Bonferroni-corrected p < 0.05; 41% for BACH2,
Bonferroni-corrected p < 0.05) (Fig. 3A-C) and its
expression was higher or maintained in comparison
with cells treated for 24 h only. In an analogous
experiment performed in iPSC-derived islet-like cells,
we observed a similar outcome for CXCL10 expression
(192% for PTPN2, Bonferroni-corrected p < 0.05; 411%
for BACH2, Bonferroni-corrected p < 0.01) (Fig. 3B-D).
HLA-A and HLA-E expression showed a similar profile
as CXCL10 expression in EndoC-BH1 cells silenced for
PTPN2 (116% increase for HLA-A, Bonferroni-
corrected p < 0.01; 50% increase for HLA-E,
Bonferroni-corrected p < 0.01) (Fig. 3A) and iPSC-
derived islet-like cells (20% increase for HLA-A,
Bonferroni-corrected p < 0.05; 44% increase for HLA-E,
Bonferroni-corrected p < 0.01) (Fig. 3B). BACH2
silencing, however, led to an opposite profile with
reduced expression of HLA-A in EndoC-pH1 cells after
24 h exposure (41% decrease, Bonferroni-corrected
p < 0.05) (Fig. 3C) and iPSC-derived islet-like cells

after 48 h exposure (37% decrease, Bonferroni-
corrected p < 0.05) (Fig. 3D), while no significant
changes were detected on HLA-E expression after 48h
exposure to IFN-a.

We then evaluated if an increase in IFN-stimulated
gene expression is followed by higher protein levels
and an increase in HLA-ABC cell surface expression
and, in the case of the chemokine CXCL10, secretion.
For that, we analysed by FACS HLA-ABC cell surface
expression in EndoC-pH1 cells silenced or not for
PTPN2 or BACH2 after 24 h or 48 h of IFN-a treat-
ment (Fig. 4A). PTPN2 silenced cells showed higher
levels of HLA-ABC expression at their surface (20%
increase after 24h, Bonferroni-corrected p < 0.01; 21%
increase after 48 h, Bonferroni-corrected p < 0.01),
without a significant difference in the number of
positive cells in comparison with the control group
(Fig. 4B). On the contrary, BACH2 silenced cells
affected the number of positive cells by increasing
HLA-ABC positive cells under basal condition, i.e.
without IFN-a treatment (933% increase, Bonferroni-
corrected p < 0.05), but there was a reduction of
HLA-ABC positive cells when treated for IFN-a during
48 h (6% decrease, Bonferroni-corrected p < 0.01)
(Fig. 4B). However, cell surface expression of HLA-
ABC positive cells was higher in cells silenced for
BACH2 in all conditions (15% increase after 24 h,
Bonferroni-corrected p < 0,05; 17% increase after 48 h,
Bonferroni-corrected p < 0.01).

There was a significant increase in CXCL10 protein
levels as assessed by immunoblot in both EndoC-fH1
cells silenced for PTPN2 and treated with IFN-a (347%
increase after 24 h, Bonferroni-corrected p < 0.01; 163%
increase after 48 h, Bonferroni-corrected p < 0.05) and
in cells silenced for BACH2 (116% increase after 24 h,
Bonferroni-corrected p < 0.05; 111% increase after 48 h,
Bonferroni-corrected p < 0.05) (Fig. 4C). We then ana-
lysed CXCL10 secretion by ELISA observing similar
results, i.e. with a significant increase in cells silenced
for PTPN2 (721% increase after 24 h, Bonferroni-
corrected p < 0.001; 563% increase after 48 h,
Bonferroni-corrected p < 0.001); or BACH2 (106% in-
crease after 24 h, Bonferroni-corrected p < 0.01; 106%
increase after 48 h, Bonferroni-corrected p < 0.01)
(Fig. 4D).

means + SEM of six independent experiments. Bands were quantified by densitometry and corrected by GAPDH for PTPN2 and STAT1; and
corrected by STAT1 for P-STAT1-5727 and P-STAT1-Y701. Results are presented as fold-variation compared to untreated cells, considered as 1.
**p < 0.01 siCTRL vs. siPTPN2. Up and bottom left: Two-way ANOVA was conducted to examine the main effects of cytokine exposure time
and siRNA treatment, as well as their interaction; Followed by Bonferroni post hoc test for multiple comparisons. Botton right: Unpaired
t-test. (D) EndoC-pH1 cells were transfected with siCTRL or siBACH2. After 48 h of recovery the cells were left untreated (0) or treated for 4 h,
8 h, or 24 h with IFN-a (2000 units/ml). BACH2, P-STAT1-5727, P-STAT1-Y701, STAT1 and GAPDH protein levels were analysed by
immunoblot. Results are means + SEM of four independent experiments. Bands were quantified by densitometry and corrected by GAPDH for
BACH2 and STATZ; and corrected by STAT1 for P-STAT1-S727 and P-STAT1-Y701. Results are presented as fold-variation compared to
untreated cells, considered as 1. **p < 0.01 siCTRL vs. siBACH2. Up and bottom left: Two-way ANOVA was conducted to examine the main
effects of cytokine exposure time and siRNA treatment, as well as their interaction; Followed by Bonferroni post hoc test for multiple

comparisons. Botton right: Unpaired t-test.
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Fig. 2: STAT1 location in the nucleus of human beta cells is regulated by PTPN2 and is residue- and time-dependent. (A) EndoC-pH1
cells were transfected with siCTRL or siPTPN2. After 48 h of recovery the cells were left untreated (NT) or treated for 1h or 24 h with IFN-«
(2000 units/ml). P-STAT1-S727, P-STAT1-Y701, and STAT1 protein expression were analysed by wide-field fluorescence microscopy. Images
are representative of three independent experiments. Mean fluorescence intensity for cytoplasm and nucleus was quantified by Image)
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BACH2 is a transcription factor, but there are no
binding sites for BACH2 in the PTPN2 gene.'* Given
that a majority of BACH2 binding sites are outside
annotated promoter regions,” we explored the possi-
bility of BACH2 acting through an intermediate gene
by analysing RNA-Seq datasets on different pancreatic
tissues to predict potentially new binding sites for the
BACH2 motif (Fig. S3A). We identified 56 candidate
genes common to all databases with a potential asso-
ciation with BACH2 (Fig. S3B, C). From those, several
genes (e.g. STK40, CD81, or TLR4) have been associ-
ated with NF-kB regulation.”"** According to this, the
functional enrichment for the target genes of BACH2
in the hTFtarget database showed a significant modu-
lation of pathways associated with NF-kB (Table S4). To
confirm the potential interaction of BACH2 with the
NF-kB pathway in beta cells, we silenced EndoC-BH1
cells for BACH2 and measured mRNA expression of
IkBa, an NF-xB-induced gene that provides negative
feedback on the transcription factor. BACH2 silencing
significantly decreased IxkBa IFN-a-induced expression
(26% decrease, Bonferroni-corrected p < 0.01)
(Fig. S3D).

These observations suggest that BACH2 impacts
beta cells not only via PTPN2 regulation, but also via
other pathways potentially related to NF-kB.

STAT1-Y701 and STAT1-S727 are essential to
initiate the IFN-o transcriptional program

To better understand the role of the two STAT1 phos-
phorylation residues we switched to a HeLa cell model
devoid of STATI, enabling transfection of STAT1
molecules with mutations either in the S727 residue
(Statl alpha S727A pRc/CMV)* or in the Y701 residue
(pPLV-Y701F-STAT1).* We first validated the ability of
wild-type (wt) HeLa cells to respond to IFN-a, similar to
the above-described findings in human beta cells
(Figs. 1 and 3). As observed for human beta cells, HeLa
cells exposed to IFN-a increased P-STAT2 and STAT1
total protein expression (Fig. S4A). They were also
capable of increasing HLA-A, CXCL10 and PDLI
mRNA expression following exposure to IFN-a
(Fig. S4B) (we have previously shown that IFN-a up-
regulates PDL1 expression in human beta cells™).
Hela cells also express PTPN2 and its silencing
induced an increase in P-STAT1-Y701 following expo-
sure to IFN-a (41% increase, Bonferroni-corrected
p < 0.05) (Fig. S4C).

To characterise the specific effects of the different
STAT1 phosphorylation residues, we transfected HeLa
cells knocked out for STAT1 with plasmids containing
STAT1 with a mutation on the S727 residue (Statl
alpha S727A pRc/CMV),” a mutation on the Y701
residue (pLV-Y701F-STAT1)* or a mixture of both
plasmids (Fig. 5A, Fig. S3B, C). We then exposed the
cells expressing the mutated STAT1 forms for 24h or
48h with IFN-a and measured the gene expression of
selected IFN-a-stimulated genes (CXCL10, HLA-A, and
HLA-E). Interestingly, CXCL10 expression was inde-
pendently induced by both STAT1 residues, while HLA-
A and HLA-E were not induced by phosphorylation of
each residue alone (Fig. 5B). However, CXCL10 and
HLAs expression were restored when both mutated
plasmids were present.

CXCL10 expression in Hela cells was partially
inhibited in normal conditions after prolonged expo-
sure to IFN-a (94% inhibition 48 h vs. 24 h IFN-a
treatment, Bonferroni-corrected p < 0.05) (Fig. 5B); this
phenomenon was also observed in the different beta
cells models tested in this study. However, when we
transfected both mutated plasmids in HeLa cells, in a
context where cells present STAT1 molecules with the
capacity of being phosphorylated in only one of their
active residues, this partial inhibition was abolished and
cells continued to increase CXCLI10 expression after
24h. These results suggest that the phosphorylation of
different residues in a single STAT1 molecule could be
exclusive and self-inhibitory.

STAT1-Y701 and STAT1-5727 phosphorylation can
be dissociated, showing a crosstalk in human beta
cells between the JAK/STAT and the MAPKs
pathway

We next questioned whether the regulation of STAT1-
Y701 and STAT1-S727 have independent impacts on
the control of gene expression in human beta cells. We
focused on the two main intracellular pathways acti-
vated by IFN-a, the JAK/STAT and the MAPKs
pathway. The first one is responsible for the canonical
STAT1 signalling pathway that leads to the activation of
the ISRE-mediated gene expression,” while the MAPKs
pathway is mostly involved in STAT1-independent
pathogenic effects of IFN-a."” There are, however, re-
ports suggesting the participation of members of the
MAPKs pathway in STAT1 activation in other cell

types.“”’“

software and corrected by DAPI area. *p < 0.05, **p < 0.01, and ***p < 0.001 siCTRL vs. siPTPN2. One-way ANOVA followed by Bonferroni
post hoc test for multiple comparisons. Scale is 50 pm. (B) EndoC-pH1 cells were transfected with siCTRL or siPTPN2. After 48 h of recovery
the cells were left untreated (0) or treated for 24 h with IFN-a (2000 units/ml). Cytoplasmic and nuclear protein fractions were separated and
PTPN2, P-STAT1-5727, P-STAT1-Y701, STAT1, tubulin and histone H3 protein levels were analysed by immunoblot. Results are means + SEM
of five independent experiments. P-STAT1-5727 and P-STAT1-Y701 bands were quantified by densitometry and corrected by STATL. Results
are presented as fold-variation compared to untreated cells, considered as 1. **p < 0.01 siCTRL vs. siPTPN2. Unpaired t-test. Tubulin was used
as a positive control for the cytoplasmic fraction. Histone H3 was used as a positive control for the nuclear fraction.
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Fig. 3: PTPN2 and BACH2 regulate IFN-a-stimulated gene expression in human beta cells. EndoC-pH1 (A) and iPSC-derived islet-like cells
(B) were transfected with siCTRL (white bars) or siPTPN2 (red bars). After 48 h of recovery cells were left untreated (0) or treated for 24 h, or
48 h with IFN-a (2000 units/mL). CXCL10, HLA-A, and HLA-E levels were analysed by qRT-PCR. mRNA expression was normalised to the
geometrical mean of ACTB and VAPA and presented as fold-variation compared with siCTRL-untreated cells, considered as 1. Results are
means + SEM of four to eight independent experiments. *p < 0.05, and **p < 0.01 vs. siCTRL. One-way ANOVA followed by Bonferroni post
hoc test for multiple comparisons. EndoC-BH1 (C) and iPSC-derived islet-like cells (D) were transfected with siCTRL (white bars) or siBACH2
(pink bars). After 48 h of recovery cells were left untreated (0) or treated for 24 h, or 48 h with IFN-a (2000 units/mL). CXCL10, HLA-A, and
HLA-E levels were analysed by gRT-PCR. mRNA expression was normalised to the geometrical mean of ACTB and VAPA and presented as fold-
variation compared with siCTRL-untreated cells, considered as 1. Results are means + SEM of four to eight independent experiments.
*p < 0.05 vs. siCTRL. One-way ANOVA followed by Bonferroni post hoc test for multiple comparisons.
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Fig. 4: PTPN2 and BACH2 regulate IFN-a-induced HLA-ABC cell surface expression and CXCL10 expression in EndoC-pH1 cells. EndoC-
BH1 cells were transfected with siCTRL (white bars), siPTPN2 (red bars), or siBACH2 (pink bars). After 48 h of recovery cells were left untreated
(NT) or treated for 24 h, or 48 h with IFN-a (2000 units/mL). (A) Representative flow cytometry plots of HLA-ABC expression.
(B) Quantification of HLA-ABC positive cells (left), mean fluorescence intensity (MFI) (centre), and ratio MFI/positive cells (right). Results are
means + SEM of five to seven independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. siCTRL. One-way ANOVA followed by
Bonferroni post hoc test for multiple comparisons. (C) BACH2, PTPN2, CXCL10 and GAPDH protein levels were analysed by immunoblot.
Results are means + SEM of five to six independent experiments. CXCL10 bands were quantified by densitometry and corrected by GAPDH.
*p < 0.05, and **p < 0.01 vs. siCTRL. One-way ANOVA followed by Bonferroni post hoc test for multiple comparisons. (D) CXCL10 secretion
levels were analysed by ELISA. Results are means + SEM of five to six independent experiments. **p < 0.01, ***p < 0.001 vs siCTRL. One-way
ANOVA followed by Bonferroni post hoc test for multiple comparisons.

We first blocked the two main downstream kinases
in the JAK/STAT pathway by using a JAK1/2 inhibitor
(Baricitinib) or a TYK2 inhibitor (BMS-986165). EndoC-
BH1 cells treated with the inhibitors and exposed for 1h
or 24h to IFN-a showed a dose-dependent reduction
of STAT1-Y701 phosphorylation, reducing its

activation by 70% with 0.4 pM Baricitinib (Bonfer-
roni-corrected p < 0.05) and by 90% with 4 pM
Baricitinib (Bonferroni-corrected p < 0.01). There was
a reduction of STAT1-Y701 phosphorylation by 68%
with 0.03 pM TYK2 inhibitor (Bonferroni-corrected
p < 0.01) and by 92% with 0.3 uM TYK2 inhibitor
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Fig. 5: The activation of the different STAT1 phosphorylation residues show independent effects on IFN-a-induced gene expression.
(A) Hela cells knock-out for STAT1 were transfected with the pLV-Y701F-STAT1 plasmid, the S1a S727A plasmid, or the mixture 1:1 of both
plasmids. After 48 h of recovery cells were left untreated (0) or treated for 1h, or 24 h with IFN-a (2000 units/mL). (B) STAT1, CXCL10, HLA-A,
and HLA-E levels were analysed by gRT-PCR. mRNA expression was normalised to the geometrical mean of ACTB. Results are means + SEM of
five independent experiments. *p < 0.05, **p < 0.01, vs. wild-type-treated Hela cells; Tp < 0.05, tp < 0.01, +1tp < 0.001, vs. knock-out-
treated Hela cells. One-way ANOVA followed by Bonferroni post hoc test for multiple comparisons. Wild-type Hela cells were used as a
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(Bonferroni-corrected p < 0.01). However, both in-
hibitors failed to suppress STAT1-S727 phosphoryla-
tion or to completely abolish IFN-a-induced STAT1
total expression (Fig. 6A).

As the JAK/STAT pathway showed little effect on
[FN-a-mediated STAT1-S727 phosphorylation, we
questioned if specific members of the MAPKs pathway
could be the main responsible for this process. We first
focused on JNK1, as we have observed in a previous
study its involvement in the pathogenic effects of I[FN-a
and its modulation by PTPN2 via de-phosphorylation."”
When we silenced EndoC-fH1 cells for JNK1 and
exposed them to IFN-a, STAT1-S727 phosphorylation
was reduced after 24 h of exposure (37%, t-test
p < 0.05), while no differences in STAT1-Y701 phos-
phorylation or IFN-a-induced STAT1 total expression
were detected at any time points assayed (Fig. 6B); we
observed a similar result in iPSC-derived islet-like cells
(49%, ttest p < 0.05) (Fig. S6). To confirm the
involvement of the JNKs on STAT1 activation, we tested
a chemical inhibitor for all three JNKs (SP600125);
EndoC-pH1 cells exposed to IFN-a in the presence of
the inhibitor decrease STAT1-S727 phosphorylation
(58%, t-test p < 001) but also IFN-a-induced STAT1
total expression (49%, Bonferroni-corrected p < 0.01),
without affecting STAT1-Y701  phosphorylation
(Fig. 6C).

As blocking the MAPKs showed no significant
changes in the canonical STAT1 activation through
Y701, we then questioned if gene expression could still
be affected. Thus, we silenced or chemically blocked
JNK1 activation and measured the gene expression of
selected IFN-a-stimulated genes (CXCL10, HLA-A, and
HLA-E) after 48 h exposure to IFN-a. EndoC-pH1
(Fig. 7A) and iPSC-derived islet-like cells (Fig. 7B)
silenced for JNK1 showed a significant decrease in
CXCL10 expression (71% in EndoC-BH1 cells,
Bonferroni-corrected p < 0.05; and a 90% in iPSC-
derived islet-like cells, Bonferroni-corrected p < 0.001);
but no differences on HLA-A or HLA-E expression were

detected. However, when EndoC-pH1 cells (Fig. 7C) or
iPSC-derived islet-like cells (Fig. 7D) were exposed to
IFN-o in the presence of the chemical inhibitor
SP600125 there was a significant decrease in CXCL10
(35% in EndoC-pH1 cells, Bonferroni-corrected
p < 0.05; and a 47% in iPSC-derived islet-like cells,
Bonferroni-corrected p < 0.05), HLA-A (29% in EndoC-
BHI1 cells, Bonferroni-corrected p < 0.05; and a 39% in
iPSC-derived islet-like cells, Bonferroni-corrected
p < 0.05), and HLA-E expression (36% in EndoC-pH1
cells, Bonferroni-corrected p < 0.05; and a 57% in iPSC-
derived islet-like cells, Bonferroni-corrected p < 0.05);
supporting the significant decrease observed in total
STAT1 in cells treated with the SP600125 inhibitor
(Fig. 6C), that is not reproduced when cells are only
silenced for JNK1 (Fig. 6B).

P38 MAPK is a key player in STAT1 activation and
its phosphorylation is regulated by PTPN2 and
BACH2
The chemical inhibition of the JNKs was more effective
on STAT1 regulation than JNKI1 silencing itself, which
made us question whether the other JNK forms were
also affecting STAT1 activation dynamics or whether
the inhibitor induced non-target effects on another
member of the MAPKs pathway. As p38 MAPK was
associated in previous studies with STAT1-S727 phos-
phorylation,” we assayed p38 MAPK activation levels
on EndoC-pH1 cells exposed to IFN-o; to our surprise,
P38 MAPK phosphorylation was inhibited in the pres-
ence of the JNKs inhibitor SP600125 by a 68% after 24
h treatment (Bonferroni-corrected p < 0.01) (Fig. 8A),
but not in cells silenced for JNK1, where we even
observed a 34% increase after 24 h treatment with IFN-
a (Bonferroni-corrected p < 0.05) (Fig. 8B).

p38 MAPK has been suggested as a substrate for
PTPN2 in other cell types.” We thus analysed the effect
of the absence of PTPN2 or BACH2 in EndoC-pH1 cells
on p38 MAPK phosphorylation, showing a significant
increase of p38 MAPK activation in cells exposed to

Bands were quantified by densitometry and corrected by GAPDH for STAT1 or corrected by STAT1 for P-STAT1-5727 and P-STAT1-Y701.
Results are presented as fold-variation compared to control IFN-a-exposed cells, considered as 1. *p < 0.05, and **p < 0.01 vs. control. One-
way ANOVA followed by Bonferroni post hoc test for multiple comparisons. (B) EndoC-BH1 cells were transfected with siCTRL or siJNK1. After
48 h of recovery the cells were left untreated (0) or treated for 4 h, 8 h, or 24 h with IFN-a (2000 units/ml). JNK1, P-STAT1-S727, P-STAT1-
Y701, STAT1 and GAPDH protein levels were analysed by immunoblot. Results are means + SEM of five independent experiments. Bands were
quantified by densitometry and corrected by GAPDH for JNK1 and STAT1 or corrected by STAT1 for P-STAT1-S727 and P-STAT1-Y701. Results
are presented as fold-variation compared to untreated cells, considered as 1. *p < 0.05, **p < 0.01 siCTRL vs. siJNK1. Up and bottom left: Two-
way ANOVA was conducted to examine the main effects of cytokine exposure time and siRNA treatment, as well as their interaction;
Followed by Bonferroni post hoc test for multiple comparisons. Botton right: Unpaired t-test. (C) EndoC-BH1 cells were pre-treated for 2 h
with 20 pM JNK inhibitor SP600125. Then, cells were left untreated (0) or treated for 4 h, 8 h, or 24 h with IFN-a (2000 units/ml) with or
without SP600125. P-JNK1, JNK1, P-STAT1-5727, P-STAT1-Y701, STAT1 and GAPDH protein levels were analysed by immunoblot. Results are
means + SEM of five independent experiments. Bands were quantified by densitometry and corrected by GAPDH for STATZ; corrected by
STAT1 for P-STAT1-5727 and P-STAT1-Y701; or corrected by JNK for P-JNK1. Results are presented as fold-variation compared to untreated
cells, considered as 1. **p < 0.01 vs. control; Up and bottom left: Two-way ANOVA was conducted to examine the main effects of cytokine
exposure time and JNKi treatment, as well as their interaction; Followed by Bonferroni post hoc test for multiple comparisons. Botton right:
Unpaired t-test.
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Fig. 7: The MAPK pathway regulates IFN-a-stimulated gene expression in human beta cells. EndoC-pH1 (A) and iPSC-derived islet-like
cells (B) were transfected with siCTRL (white bars) or siJNK1 (blue bars). After 48 h of recovery cells were left untreated (0) or treated for 48 h
with IFN-at (2000 units/mL). CXCL10, HLA-A, and HLA-E levels were analysed by gRT-PCR. mRNA expression was normalised to the
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IFN-a and silenced for PTPN2 (259%, Bonferroni-
corrected p < 0.05) (Fig. 8C) or BACH2 (44%,
Bonferroni-corrected p < 0.01) (Fig. 8D) after 24 h
treatment; interestingly, BACH?2 silencing appears to
induce a constitutive increase in P-p38 in non-treated
cells (94%, Bonferroni-corrected p < 0.05). A similar
effect was observed in iPSC-derived islet-like cells,
where PTPN2 silencing increased P-p38 after 24 h
treatment with IFN-a (45%, Bonferroni-corrected
p < 0.05) (Fig. S7A), while BACH2 silencing produced
an IFN-a-induced increase in P-p38 (44%, Bonferroni-
corrected p < 0.05). These cells, however, did not
show a clear and significant constitutive increase in
P-p38 when silenced for BACH2 (Bonferroni-corrected
p < 0.08) (Fig. S7B).

To understand the relevancy of p38 MAPK on
human beta cell-IFN-a signalling, we silenced p38
MAPK in EndoC-BH1 cells exposed to IFN-a, observing
a similar phenotype to what we detected by using the
chemical inhibitor SP600125; namely a significant
decrease in STAT1-S727 phosphorylation (50%, t-test
p < 0.05) and IFN-a-induced STAT1 total expression
(18%, Bonferroni-corrected p < 0.05), without affecting
STAT1-Y701 phosphorylation (Fig. 9A). Finally, p38
MAPK silencing partially protected EndoC-BH1 cells
against IFN-a-mediated apoptosis (17%, Bonferroni-
corrected p < 0.05) (Fig. 9B), and inhibited CXCL10
expression (39%, Bonferroni-corrected p < 0.05)
(Fig. 9C) and secretion (13%, Bonferroni-corrected
p < 0.01) (Fig. 9D).

The regulation of the JAK/STAT and MAPKs
pathways is also essential to control IFN-a
responses in primary human islets

Finally, we treated primary dispersed human islets
from healthy donors with Baricitinib or TYK2 inhibitors
to block the JAK/STAT pathway, or with the JNK in-
hibitor to block the MAPKs pathway and then exposed
the islet cells to IFN-a for 24 h or 48 h (Fig. 10A). All
three inhibitors were able to decrease IFN-a-induced
CXCL10 secretion after 24 h IFN-a treatment (97% for
Baricitinib, Bonferroni-corrected p < 0.001; 94.5% for
TYK2 inhibitor, Bonferroni-corrected p < 0.001; and a
34% for JNK inhibitor, Bonferroni-corrected p < 0.01)
and at similar levels after 48h IFN-a treatment (97% for
Baricitinib, Bonferroni-corrected p < 0.001; 93.5% for
TYK2 inhibitor, Bonferroni-corrected p < 0.01; and a
36% for JNK inhibitor, Bonferroni-corrected p < 0.01)
(Fig. 10B). This was in parallel with the decrease

observed in CXCLI0 mRNA expression (99.9% for
Baricitinib, Bonferroni-corrected p < 0.001; 99.8% for
TYK2 inhibitor, Bonferroni-corrected p < 0.001; and a
60% for JNK inhibitor, Bonferroni-corrected p < 0.001,
after 24 h IFN-a treatment; 98.7% for Baricitinib,
Bonferroni-corrected p < 0.05; 99.3% for TYK2 inhibi-
tor, Bonferroni-corrected p < 0.01; and a 57% for JNK
inhibitor, Bonferroni-corrected p < 0.05, after 48 h
IFN-a treatment). For the MHC class I molecules,
Baricitinib and TYK2 inhibitors completely inhibited
IFN-o-induced HLA-A and HLA-E mRNA expression.
The JNK inhibitor did not affect HLA-A expression after
24 h IFN-a exposure, but mildly reduced HLA-E
expression (13%, Bonferroni-corrected p < 0.05)
(Fig. 10C); however, longer exposures to IFN-a plus the
JNK inhibitor reduced HLA-A expression by 50%
(Bonferroni-corrected p < 0.05) in cells treated with the
JNK inhibitor. STAT1 mRNA expression was also
inhibited in all three conditions, with a 79% decrease
for Baricitinib, Bonferroni-corrected p < 0.001; 69% for
TYK2 inhibitor, Bonferroni-corrected p < 0.001, and a
40% for JNK inhibitor, Bonferroni-corrected p < 0.05,
after 24 h IFN-o treatment; and a 77% decrease for
Baricitinib, Bonferroni-corrected p < 0.01; and a 72%
for TYK2 inhibitor, in cells treated for 48 h with IFN-a,
Bonferroni-corrected p < 0.05(Fig. 10C). These de-
creases were similar between the three inhibitors at the
protein level (86% for Baricitinib, Bonferroni-corrected
p < 0.001; 69% for TYK2 inhibitor, Bonferroni-corrected
p < 0.01; and a 62% for JNK inhibitor, Bonferroni-
corrected p < 0.05 after 24 h INF-a treatment; 86%
for Baricitinib, Bonferroni-corrected p < 0.001; 60% for
TYK2 inhibitor, Bonferroni-corrected p < 0.001; and a
47% for JNK inhibitor, Bonferroni-corrected p < 0.01,
after 48h INF-a treatment) (Fig. 10D). Interestingly,
even if the three inhibitors were able to decrease the
amount of absolute phosphorylated STAT1-S727 pro-
teins, only the effect of the JNK inhibitors was specific
for phosphorylation as it was not accompanied by an
overall reduction of STAT1 (Fig. 10D).

Discussion

In the present study we show that the T1D candidate
genes PTPN2 and BACH2 contribute together to the
maintenance of the IFN-a signalling in human beta
cells through the regulation of STAT1 activation. This is
done by acting via two independent pathways, namely
the JAK/STAT pathway involved in the short-term

geometrical mean of ACTB and VAPA and presented as fold-variation compared with siCTRL-IFN-a-treated cells, considered as 1. Results are
means + SEM of five independent experiments. *p < 0.05, and ***p < 0.001 vs. siCTRL. One-way ANOVA followed by Bonferroni post hoc test
for multiple comparisons. EndoC-fH1 (C) and iPSC-derived islet-like cells (D) were pre-treated for 2 h with 20 pM JNK inhibitor SP600125.
Then, cells were left untreated (0) or treated for 48 h with IFN-a (2000 units/ml) with (brown bars) or without SP600125 (white bars).
CXCL10, HLA-A, and HLA-E levels were analysed by gRT-PCR. mRNA expression was normalised to the geometrical mean of ACTB and VAPA
and presented as fold-variation compared with siCTRL IFN-a-treated cells, considered as 1. Results are means + SEM of three to four in-
dependent experiments. *p < 0.05 vs. siCTRL. One-way ANOVA followed by Bonferroni post hoc test for multiple comparisons.

www.thelancet.com Vol 120 October, 2025

17


http://www.thelancet.com

Articles

18

A NT SP600125 B siCTRL siINK1
+IFN-a. +IFN-a +IFN-a +IFN-a
kDa ¢ 4h 8h 24h 0 4h  8h 24h kDa 0 4h  8h 24h 0 4h  8h  24h
35| e ———— e P-p38 35| MR S S R s R R e | P-p38

35| M- —— ] D38

35| -— CGED G b b e e |p38

2.0+ 2.0 %

*
-~ NT u -o- siCTRL
-=- SP600125 siJNK1

T T T 1 T T 1
0 4 8 24 0 4 8 24
+IFN-o: (h) +IFN-o. (h)

N
o
1
1
N
o
1

o
o
1
o
o
1

P-p38/p38 (fold)
>
1
P-p38/p38 (fold)
2

o
o
o
o

C SiCTRL SiPTPN2 D SiCTRL SIBACH2
HIFNg +IFN-g +IFNw +IFN-g

kDa ¢ 4h 8h 24h 0 4h 8h 24h kDa 0 4h 8 24h 0 4h 8h 24h

35| e —— ——— — — — ‘p_p:;g 35| . i ——— |P—p38

35|——-——-———— ‘p38 35‘-—----——‘1:38

44 * 3

w
1

\

|

|

|

|
*
*

*

P

-~ siCTRL -# siPTPN2 -& siCTRL siBACH2

0 T T 1 01+ T T 1

0 4 8 24 0 4 8 24
+FN-a () +FN-c. (h)

N
1

N
1

&

P-p38/p38 (fold)
N
1
P-p38/p38 (fold)

Fig. 8: PTPN2 or BACH2 silencing induces an overactivation of p38 MAPK in human beta cells. (A) EndoC-pH1 cells were pre-treated for
2 h with 20 pM JNK inhibitor SP600125. Then, cells were left untreated (0) or treated for 4 h, 8 h, or 24 h with IFN-a (2000 units/ml) with or
without SP600125. P-p38 and p38 protein levels were analysed by immunoblot. Results are means + SEM of three independent experiments.
Bands were quantified by densitometry and corrected by p38. Results are presented as fold-variation compared to untreated cells, considered
as 1. *p < 0.05, **p < 0.01 vs. control. Two-way ANOVA was conducted to examine the main effects of cytokine exposure time and JNKi
treatment, as well as their interaction; Followed by Bonferroni post hoc test for multiple comparisons. (B) EndoC-BH1 cells were transfected
with siCTRL or siJNK1. After 48 h of recovery the cells were left untreated (0) or treated for 4 h, 8 h, or 24 h with IFN-a (2000 units/ml).
P-p38 and p38 protein levels were analysed by immunoblot. Results are means + SEM of four independent experiments. Bands were
quantified by densitometry and corrected by p38. Results are presented as fold-variation compared to untreated cells, considered as 1.
*p < 0.05, **p < 0.01 siCTRL vs. siJNK1. Two-way ANOVA was conducted to examine the main effects of cytokine exposure time and siRNA
treatment, as well as their interaction; Followed by Bonferroni post hoc test for multiple comparisons. (C) EndoC-BH1 cells were transfected
with siCTRL or siPTPN2. After 48 h of recovery the cells were left untreated (0) or treated for 4 h, 8 h, or 24 h with IFN-a (2000 units/ml).
P-p38 and p38 protein levels were analysed by immunoblot. Results are means + SEM of four independent experiments. Bands were
quantified by densitometry and corrected by p38. Results are presented as fold-variation compared to untreated cells, considered as 1.
*p < 0.05 siCTRL vs. siPTPN2. Two-way ANOVA was conducted to examine the main effects of cytokine exposure time and siRNA treatment,
as well as their interaction; Followed by Bonferroni post hoc test for multiple comparisons. (D) EndoC-BH1 cells were transfected with siCTRL
or siBACH2. After 48 h of recovery the cells were left untreated (0) or treated for 4 h, 8 h, or 24 h with IFN-a (2000 units/ml). P-p38 and p38
protein levels were analysed by immunoblot. Results are means + SEM of four independent experiments. Bands were quantified by densi-
tometry and corrected by p38. Results are presented as fold-variation compared to untreated cells, considered as 1. *p < 0.05 siCTRL vs.
siBACH2. Two-way ANOVA was conducted to examine the main effects of cytokine exposure time and siRNA treatment, as well as their
interaction; Followed by Bonferroni post hoc test for multiple comparisons.

activation of STAT1 at its tyrosine residue, and the STAT1 and, indirectly through JNK1 and p38 MAPK,
MAPKs pathway involved in its long-term activation  the de-phosphorylation of the serine residue of STAT1.
through serine phosphorylation. PTPN2 induces the = On the other hand, BACH2 acts upstream of PTPN2 by
direct de-phosphorylation of the tyrosine residue of  regulating its expression. These combined actions
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vs. siCTRL. One-way ANOVA followed by Bonferroni post hoc test for multiple comparisons.
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provide negative feedback for IFN-a signalling, pre-
venting the overexpression of both proteins involved in
immune cell recruitment (e.g. CXCL10) and antigen
presentation via the major histocompatibility complex
HILA. We also clarified how STAT1 is dynamically
regulated by IFN-a and how this dynamic activation
impacts downstream gene expression. Indeed, both
STAT1 phosphorylated residues, e.g. the tyrosine res-
idue (Y701) and the serine residue (S727), are required
for the expression of members of the HLA class I
complex, while each residue alone can initiate the
expression of CXCL10.

STAT1 is a key mediator of IFN-a signalling, and
through its interaction with STAT2 and IRF9 it regu-
lates beta cell immune responses,” such as the readi-
ness of neighbour cells against viral infections.’® STAT1
has three major phosphorylation sites, i.e. at its tyrosine
(Y701), serine (S727) and threonine residues (T748).
T748 is the lesser known, but a recent study in mac-
rophages has shown that it may function as a general
mechanism to promote the inflammatory response in
an IFN-independent context and even restrict IFN sig-
nalling.”” The canonical STAT1 pathway in response to
IFNs mainly involves Y701 as an initiator of the intra-
cellular signal while S727 seems to function as the long-
term keeper of the effects of IFNs.* In response to IFNs
Y701 occurs early in the cytoplasm to assemble the
complex with STAT2 and IRF9 and induce its trans-
location to the nucleus; once there, STAT1 is assembled
into chromatin-associated transcriptional complexes
and becomes S727-phosphorylated and fully biologi-
cally active.® The summary of these findings is
represented as a graphical abstract.

Besides the apparent requirement of STAT1 nuclear
translocation ahead of S727 phosphorylation, other
[FN-independent mechanisms have been shown to
activate S727 in response to bacterial lipopolysaccha-
ride, UV irradiation or TNF-a chronic exposure.®” This
phenomenon is mediated by the MAPK member p38
MAPK, but JNK1 was also proposed as an initiator of
S727 activation in JB6 Cl 41 mouse epidermal cells.”
Little is known however about the relevancy of S727
for gene expression in human beta cells and its po-
tential implication in the beta cell responses contrib-
uting to their deleterious dialogue with the immune
system in early T1D.? Here we show that S727 is

directly involved in the transcription of important
immune-related genes, such as CXCL10 or HLA-A and
demonstrate that two members of the MAPKs path-
ways, i.e. JNK1 and p38 MAPK, are responsible for
S727 phosphorylation. Moreover, we show that Y701
and S727 phosphorylation can be chemically dissoci-
ated in human beta cells, opening a window of oppor-
tunity for the development of specific treatments
targeting one of these pathways to modulate the
excessive IFN-o responses in a pro-inflammatory
context and thus protect beta cells from the autoim-
mune attack in T1D.** In line with our findings, a
recent study has associated S727 with the promotion of
autoimmune antibody-forming cells and germinal
centre responses, driving autoantibody production and
systemic lupus erythematosus development.” Interest-
ingly, we observed that the constitutive decrease in
CXCL10 expression after long-term exposures to IFN-a
(48 h) in Hela cells is abolished when both residues are
active on independent molecules. This suggests a
potentially unknown self-regulatory pattern for STATI,
present when an individual STAT1 molecule is not
phosphorylated in both residues at the same time. This
possibility requires additional studies.

The risk of developing T1D is determined by a
complex interaction between multiple genes and envi-
ronmental factors. Thanks to the advent of genome-wide
association studies, more than 80 new genes associated
with T1D were identified,”* but their role in the devel-
opment of T1D remains to be clarified.’*"** A large
number of T1D candidate genes products are involved in
the regulation of the JAK/STAT (e.g. MDAS5,” TYK2,”
IRF4,% PTPN22%7), and the MAPKs pathways (e.g.
NOTCH2," FASLG,” TNFAIP3,” or NRP1"), pointing
towards their essential role in the disease and conse-
quently critical “candidate pathways” for future T1D in-
terventions. According to this, treatments targeting the
JAK/STAT pathway” and the MAPKs pathway (via TNF
inhibition) have shown promising results for the pres-
ervation of beta cell function in T1D.”*> We presently
characterised two of these T1D candidate genes, i.e.
PTPN2 and BACH2, showing that they are essential
regulators of both JAK/STAT and MAPKs pathways.
These observations add evidence to the critical role of
these pathways for the beta cell failure in T1D and
suggest that a combination of strategies focused on

without the corresponding inhibitor. (B) CXCL10 secretion levels were analysed by ELISA. Results are presented as fold-variation compared
with NT 24 h IFN-a-treated cells, considered as 1. **p < 0.01, ***p < 0.001 vs. NT IFN-a-treated cells. One-way ANOVA followed by
Bonferroni post hoc test for multiple comparisons. (C) STAT1, CXCL10, HLA-A, and HLA-E mRNA levels were analysed by qRT-PCR. mRNA
expression was normalised to the geometrical mean of ACTB and VAPA and presented as fold-variation compared with NT 24 h IFN-a-treated
cells, considered as 1. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. NT IFN-a-treated cells. One-way ANOVA followed by Bonferroni post hoc
test for multiple comparisons. (D) P-STAT1-S727, STAT1 and GAPDH protein levels were analysed by immunoblot. Bands were quantified by
densitometry and corrected by GAPDH for STAT1 or corrected by STAT1 for P-STAT1-5727. Results are presented as fold-variation compared
with NT 24 h IFN-a-treated cells, considered as 1. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. NT IFN-a-treated cells. One-way ANOVA
followed by Bonferroni post hoc test for multiple comparisons. Results are means + SEM obtained from three to six healthy donors.

Panel (A) created with BioRender.com.
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modulating both pathways could be more efficient than
targeting them individually. T1D shares several candi-
date genes in common to other autoimmune diseases
such as rheumatoid arthritis, multiple sclerosis, lupus or
Crohn’s disease'"*”*”” and the target tissues of several of
these diseases, such as rheumatoid arthritis and lupus,
show a similar IFN signature as observed in T1D.*” It is
thus conceivable that the present findings may help to
understand mechanisms of tissue damage in other dis-
eases where IFNs play a role.

It was a surprising finding the presently observed
inability of the JAK or TYK2 inhibitors, acting upstream
in the JAK/STAT pathway, to completely abolish IFN-a
signalling in human beta cells as illustrated by the
remaining STAT1-induced expression. The JAK1/2 in-
hibitor Baricitinib can only block part of the MAPKs
pathway through p38 MAPK inhibition, while the TYK2
inhibitor does it through JNK1 inhibition.”® This sug-
gests that I[FN-a responses are more malleable than we
initially thought and indicate that these agents may
have complementary effects.

We acknowledge that several questions remain to be
answered, particularly regarding our hypothesis that
STAT1-Y701 and STAT1-S727 phosphorylation are
mutually exclusive and potentially self-inhibitory. Ac-
cording to the results obtained in this study, STAT1 is
phosphorylated in its serine residue after the molecule
had already lost its tyrosine phosphorylation. We do not
know, however, if the loss of the tyrosine residue is a
direct consequence of the serine phosphorylation or is
coincidental and just explained by their different
phosphorylation dynamics. This will have to be
addressed in a future project by using targeted
chromatin-based strategies and single-molecule site-
specific detection of protein phosphorylation. An addi-
tional limitation of our study is that the present data is
restricted to in vitro models. Importantly, the observa-
tion that P-STAT1-S727 signal remains present in beta
cells under long-term IFN-a stimulation opens the door
for future experiments whether this can be tested in
T1D animal models and in histological samples from
the pancreas of individuals affected by T1D. Finally, it is
difficult to obtain adequate samples for iPSC generation
for the different polymorphisms studied here and it
can’t be excluded that other polymorphisms, present in
these individuals will mask or modify the impact of the
polymorphisms of interest. We have thus presently
opted for gene silencing as an alternative method to
study the impact of PTPN2 and BACH2.

In conclusion, in the present study we clarify the
complex modulation of IFN-a-mediated STAT1 activation
in human beta cells through the crosstalk of two inde-
pendent pathways, i.e. the JAK/STAT and the MAPKs
pathways, and indicate that these pathways can be
chemically dissociated. We also show that two T1D
candidate genes directly regulate these pathways,
providing a link between a “candidate gene pathway” and

the downstream molecular mechanisms that contribute
to beta cell dysfunction and death in T1D. These findings
will be useful to develop new, and hopefully targeted
(i-e. favouring individuals with particular polymorphisms),
therapies for T1D and for other autoimmune and inflam-
matory/degenerative diseases where IFNs play a role.
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