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Type 1diabetes (T1D) is caused by autoimmune destruction of pancreatic p cells. Mounting evidence
supports a central role for § cell alterations in triggering the activation of self-reactive T cells in
T1D. However, the early deleterious events that occur in § cells, underpinning islet autoimmunity,
are not known. We hypothesized that epigenetic modifications induced in  cells by inflammatory
mediators play a key role in initiating the autoimmune response. We analyzed DNA methylation
(DNAm) patterns and gene expression in human islets exposed to IFN-g, a cytokine associated
with T1D development. We found that IFN-a triggers DNA demethylation and increases expression
of genes controlling inflammatory and immune pathways. We then demonstrated that DNA
demethylation was caused by upregulation of the exoribonuclease, PNPase old-35 (PNPT1),

which caused degradation of miR-26a. This in turn promoted the upregulation of ten-eleven
translocation 2 (TET2) enzyme and increased 5-hydroxymethylcytosine levels in human islets

and pancreatic p cells. Moreover, we showed that specific IFN-a expression in the p cells of IFNa-
INS1°ER™ transgenic mice led to development of T1D that was preceded by increased islet DNA
hydroxymethylation through a PNPT1/TET2-dependent mechanism. Our results suggest a new
mechanism through which IFN-a regulates DNAm in B cells, leading to changes in expression of
genes in inflammatory and immune pathways that can initiate islet autoimmunity in T1D.

Introduction

Type I diabetes (T1D) develops when environmental triggers interact epigenetically with susceptibility
genes, leading to loss of immune self-tolerance to B cell antigens and resulting in autoimmune destruc-
tion of the insulin-producing B cells (1, 2). More than 40 genetic loci have been shown to be associated
with T1D risk in genome-wide association studies (GWAS) and almost 50% of the genes in these loci are
expressed in human pancreatic islets and f cells (3). Many of the T1D susceptibility genes encode products
involved in B cell function and survival (4, 5), as well as in f and immune cell responses to viral infections
(6). Several of these T1D-associated genes have been shown to be regulated at the transcriptional level by
proinflammatory cytokines, suggesting a mechanism for mediating the deleterious effects of these cyto-
kines on B cells (5). Recent studies have also highlighted the involvement of f cell microRNAs (miRs) in the
cytotoxic effect of proinflammatory cytokines on islets (7-9). In addition, the ability of B cells to produce
chemokines such as CXCL10 (10, 11), CXCL1, and CXCL2 (12, 13), as well as the proinflammatory cyto-
kine IL-1p (14, 15) may also contribute to the initiation of the autoimmune response leading to their own
demise. Taken together, accumulating data support the concept of an active role of  cells in triggering the
inflammatory mechanisms that activate self-reactive T cells in T1D.

Recent evidence suggests that type I interferons (IFNs) mediate the crosstalk between {3 cells and the
immune system that initiates the autoimmune response in T1D (16, 17). Indeed, an IFN-a gene signature
was detected in pancreatic islets from patients with T1D (18-20) and was shown to precede clinical onset
in individuals at risk of developing T1D (21-23). Treatment with IFN-a can also induce or accelerate a
diabetogenic process in patients treated with this cytokine for chronic hepatitis C, or for other conditions
(24, 25). In addition, transgenic mice with constitutive overexpression of IFN-a in 3 cells develop T1D (26)
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and overexpression of IFN-o-regulated genes was found in 4- and 6-week-old NOD mice, prior to the onset
of diabetes (27). Blocking the IFN-a receptor with a monoclonal antibody prevents T1D development in
NOD and Rip-LCMV mouse models (27, 28). A role of IFN-a in initiating autoreactivity against f3 cells
was also highlighted by studies showing the ability of IFN-a to mediate  cell function and survival, by pro-
moting ER stress in f cells (29, 30). However, the molecular mechanisms by which IFN-a alters 3 cell gene
expression and function, and promotes a diabetogenic islet environment are not fully understood.

Epigenetic regulation has been proposed as a key mechanism by which cellular and environmental
factors interact with susceptibility genes to trigger T1D (31) as well as other complex diseases (32—35).
Our own data in autoimmune thyroiditis showed that IFN-a can induce epigenetic changes that are key to
triggering autoimmunity (36, 37). Similarly, in T1D, compelling evidence provided by several genome-scale
DNA methylation (DNAm) studies in monozygotic twins point to the fundamental role of environmentally
induced epigenetic changes in initiating T1D (38—41). Locus-specific DNAm of the insulin (/NS) promot-
er has also been associated with T1D (42), and DNAm patterns at key genomic loci have been shown to
remain stable over 16 years in T1D patients and were associated with metabolic memory (43). Recent
studies have revealed that dynamic and reversible DNAm changes through epigenetic DNA modifiers,
DNA methyltransferases (DNMTs), and ten-eleven translocation (TET) enzymes, can function to modu-
late genomic responses to a given environment (44). Moreover, epigenetic modifications due to transient
exposures can have long-lasting effects, can manifest later in the development of the disease, or can be
transmitted transgenerationally (45, 46).

Given the central role of [ cell alterations due to virally induced cytokines, specifically type I IFNs, in
initiating T1D, we hypothesized that exposure of  cells to IFN-a during viral infections can impact their
epigenome and trigger an inflammatory gene expression pattern that in turn generates a diabetogenic islet
microenvironment, promoting the autoimmune response. In this study, we show that IFN-o induces active
DNA demethylation correlated with overexpression of inflammatory and innate immune pathway genes in
human pancreatic islets. We demonstrate that IFN-o exposure causes DNA demethylation by upregulation
of the exoribonuclease PNPase old-35 (PNPT1), which mediates degradation of miR-26a leading to over-
expression of methylcytosine dioxygenase TET2 and increased 5-hydroxymethylcytosine levels in human
islets and B cells. Moreover, expression of IFN-a in pancreatic B cells of IFNa-INS1<ERT2 transgenic mice
leads to development of T1D that is preceded by increased islet DNA hydroxymethylation through the
PNPT1/TET2 mechanism. These results provide a mechanistic framework to explain how inflammatory
triggers such as viral infections can modify the f cell epigenome and modulate the interactions between the
immune system and f cells, to trigger autoimmunity in T1D.

Results
IFN-o. induces global DNAm and increased mRNA gene expression in human pancreatic islets. To characterize
DNAm changes induced by IFN-a, we exposed human pancreatic islets from 3 donors to 2,000 IU IFN-a
(47) and analyzed the DNAm patterns for a total of 485,577 CpG sites, using the Infinium HumanMeth-
ylation450 BeadChip. After quality control and filtering (detection P > 0.05), 465,070 sites were used in
our DNAm analyses. To identify differentially methylated CpG sites between IFN-o—treated and untreated
samples, we performed a paired LIMMA test (37, 38). CpG sites were considered differentially methyl-
ated between IFN-o—treated and untreated islets if they exhibited a methylation level change of 10% (P
< 0.05). We identified 2,564 hyper- and 8,963 hypomethylated sites in the IFN-o—treated compared with
untreated samples (Figure 1A). Of these, 1,623 hyper- and 4,216 hypomethylated sites were annotated to
gene loci. We used bisulfite sequencing to validate the results from the methylation array (SI Results and
Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jei.insight.126663DS1). Most of the differentially methylated sites (62%) were located in the gene body
regions, followed by regions upstream relative to the transcriptional start sites (TSS) (14% of hypo- and
18% of hypermethylated CpGs) (SI Results and Supplemental Figure 2). Overall, we identified significant-
ly more hypomethylated CpG sites (71.8%) than hypermethylated sites (28.2%) in IFN-o—treated versus
untreated samples (Figure 1A). Gene Ontology (GO) analysis of the hypomethylated genes showed over-
representation of genes in pathways of fatty acid oxidation, protein phosphorylation, gene regulation, and
apoptosis (Supplemental Table 1).

Next, we assessed the effect of IFN-a on gene expression in human islets by RNA sequencing (RNA-
seq). To identify differentially expressed genes, we performed DEGseq analysis comparing each paired
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IFN-o—treated and untreated islets. Using an FDR less than 5% and a fold change cutoff of 1.5 or great-
er, we identified 487 differentially expressed transcripts in all IFN-o—treated islets compared with paired
untreated islets. Of these 487 genes, 441 were upregulated and only 46 downregulated in IFN-o—treated
islets (P < 0.01) (Figure 1B). GO analysis of the IFN-o—upregulated genes showed an overrepresentation
of genes within pathways directly related to the innate or adaptive immune system: immune response (P
< 1.102 x 10%), response to virus (P < 1.812 x 10%), and antigen processing and presentation (P < 1.528
x 107") (Supplemental Table 2). Similarly, ingenuity pathway analysis (IPA) identified pathways and gene
interaction networks that were centered on IFN regulatory factors (IRFs), STAT and NF-kB transcriptional
regulators, and included genes associated with antiviral activity and inflammatory and immune responses
(Supplemental Table 3 and Supplemental Figure 3). Upregulation of key representative genes from these
pathways, including OASI, SP100, IFIHI, CD40, TLR3, and IRSI, was confirmed by qRT-PCR (Supple-
mental Figure 4). Additionally, we used the IPA upstream regulator analysis to predict transcriptional reg-
ulators associated with gene expression patterns induced by IFN-a in human islets. Members of the IRF
and STAT transcription factor families were identified as upstream regulators of the IFN-oa—upregulated
transcripts, with IRF'7 predicted to control most of the transcripts in the data set (Supplemental Table 4).

Because DNA hypomethylation is expected to activate gene transcription we next explored the rela-
tionship between genes that were significantly hypomethylated by IFN-o and genes whose mRNA expres-
sion levels were significantly induced by IFN-a in pancreatic islets. Fifty-six out of 441 IFN-o—upregulated
genes also showed decreased DNAm (Figure 1C and Supplemental Table 5). We then used DAVID func-
tional annotation analysis (https://david.ncifcrf.gov/) to test whether genes in biological pathways that
showed increased mRNA expression induced by IFN-a were also enriched among the hypomethylated
genes in IFN-o~treated islets. Genes in immune (P < 2.24 X 107%), antiviral (P < 3.47 x 10%"), and inflam-
matory (P < 7.92 x 10"7) pathways were both upregulated at the transcriptional level by IFN-a as well as
hypomethylated by IFN-a (Figure 1D and Supplemental Table 6). Taken together, these results suggest
that in human pancreatic islets, [IFN-a induces upregulation of inflammatory and innate immune genes, in
parallel with significantly higher DNA hypomethylation of these genes.

IFN-o. affects TET gene expression and DNA hydroxymethylation. We next sought to determine the mecha-
nism by which IFN-o induces DNA hypomethylation in pancreatic islets. Because DNA replication does
not occur in cultured pancreatic islets, we investigated whether the DNA hypomethylation was caused
by active DNA demethylation in IFN-o—treated islets. Thus, we measured the expression of the enzymes
that control active DNA demethylation: 7ET and thymine-DNA glycosylase (7DG), as well as DNMTs
(DNMT3A4 and DNMT3B) (48). We analyzed mRNA levels of TET (TETI, TET2, and TET3) and TDG
genes in human islets (as indicated in individual experiments below) treated with IFN-a, compared with
untreated islets. Expression levels of TET1/2/3 and TDG genes were significantly upregulated in the
IFN-o—treated islets. IFN-a increased TET2 expression the most, upregulating its levels 1.8-fold relative to
untreated islets (P < 1.36 x 107, n = 28); followed by TET3, with a 1.5-fold change (P < 0.005, n = 16);
TDG, 1.4-fold change (P < 0.007, n = 23); and TET1I, 1.3-fold change (P < 0.05, n = 17) (Figure 2A). In
addition, mRNA levels of Terl/2/3 were upregulated in NIT-1, a mouse B cell line, 24 and 48 hours after
IFN-o treatment (Supplemental Figure 5). We also assessed mRNA levels of DNMT3A4 and DNMT3B, two
enzymes involved in both de novo methylation and active demethylation of DNA (49). DNMT3A4 levels
were upregulated by 1.28-fold in IFN-o—treated islets (P = 0.003, n = 12), while DNMT3B levels were not
affected by IFN-o treatment (P = 0.11, n = 11) (Supplemental Figure 6).

TET proteins mediate active DNA demethylation by hydroxylation of 5-methylcytosine (5mC) to
5-hydroxymethylcytosine (5hmC), which is further converted to unmodified cytosine through sequential
events (50). Thus, we assessed TET hydroxylase activity in nuclear extracts from 7 islets treated or not with
IFN-a, by quantifying TET-hydroxymethylated products. We found significant variability in TET activity
in untreated islets (Supplemental Figure 7A); this baseline variability is likely due to differences in cellular
activities known to interfere with TET’s hydroxylase activity between individual islet samples (e.g., changes
in cellular reactive oxygen species levels or Krebs cycle metabolites) (51-53). However, despite the baseline
variability, IFN-o increased TET activity compared with baseline in all samples. Overall, IFN-a treatment
of islets increased TET activity by 1.3-fold (Figure 2B and Supplemental Figure 7A).

To confirm these findings, we measured ShmC levels in genomic DNA from islets treated with IFN-o
for 24 and 48 hours. IFN-a treatment for 24 hours increased the percentage of 5ShmC by 2-fold, from 0.1%
5hmC in control islets to 0.2% 5hmC in IFN-o—treated islets (Figure 2C and Supplemental Figure 7B).
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Figure 1. IFN-0 induces DNA demethyla-
tion and upregulation of gene expression
in human pancreatic islets. (A) Percentage
of differentially methylated CpG sites in
IFN-o-treated versus untreated pancreatic
islets. (B) Percentage of up- and downreg-
ulated gene transcripts in IFN-a-treated
compared with untreated pancreatic

islets. (€) Heatmaps showing changes in
mRNA expression and DNA methylation
of the hypomethylated and upregulated
genes in pancreatic islets. Rows repre-
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samples treated (+) or untreated (-) with
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1, 2, and c3 indicate untreated controls.
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of TET1/2/3 and TDG expression in islets treated (+) and untreated (-) with IFN-a. (B) Quantification of TET hydroxylase activity in nuclear extracts from
islets treated or not with IFN-o, through detection of the TET-converted hydroxymethylated products. (C) Quantification of 5-hydroxymethylcytosine
(5hmC) in genomic DNA from islets treated and untreated with IFN-a. For A-C, results are presented as fold change of IFN-a-treated relative to untreated
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dotted horizontal lines represent the median fold level; differences between IFN-o-treated and untreated samples were determined by t test. *P < 0.05.
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IFN-a treatment for 48 hours further increased the percentage of 5ShmC (Supplemental Figure 7C). These
results suggested that IFN-a induces DNA demethylation in islets via conversion of 5mC to 5hmC by
upregulating TET proteins, in particular TET2.

Upregulation of TETZ2 in IFN-o—treated islets is mediated by miR-26a. Because TET2 mRNA levels were
the most upregulated in IFN-a—treated islets, we investigated the regulatory mechanisms by which IFN-a
upregulated TET2 expression and activity. Several miRs are known to regulate TET2 expression (54, 55);
therefore, we tested if the expression levels of these miRs were altered by IFN-a. We tested 5 miRs that were
previously shown to regulate ShmC levels by directly binding to the TE72 3'-UTR: miR-22, miR-26a, miR-
29b, miR-101, and miR-125b (55). Figure 3A shows the specific binding sites for each of these miRs (as pre-
dicted by TargetScan) to the human and mouse TET2 3'-UTR. To test whether the selected miRs target the
TET2 3'-UTR in B cells, we cotransfected a luciferase (Luc) plasmid containing the 3-UTR of human TET2
along with the mimics for all 5 candidate miRs into the NIT-1 cells. As expected, all tested miRs targeted the
TET2 3'-UTR; 4 of the tested miRs (miR-26a, miR-29b, miR-101, and miR-125b) decreased Luc expression
by more than 30%, while miR-22 reduced Luc expression by 12% in NIT-1 cells (Figure 3B).

To test whether IFN-o. suppressed the miR effects on TET2 expression we cotransfected the pTET2-3'-UTR
Luc plasmid together with the mimics of the 5 miRs into IFN-o—treated and untreated NIT-1 cells. IFN-a treat-
ment downregulated miR-26a activity, causing a significant increase in Luc expression (increase of 111%, P <
0.006). IFN-0. had less pronounced effects on miR-22 and miR-29b, increasing Luc expression by 17% (P < 0.03)
and 26% (P < 0.007), respectively. miR-125b and miR-101 activities were not affected by IFN-o (Figure 3C).

Because the effect of IFN-o on miR-26a was the most robust, we directly assessed the role of IFN-a in
miR-26a—-mediated regulation of TET2 at the RNA level in NIT-1 cells. We transfected IFN-o—treated and
untreated NIT-1 cells with miR-26a mimic and inhibitor, and analyzed their effects on miR-26a and TET2
expression. IFN-a treatment of cells transfected with miR-26a mimic significantly decreased miR-26a levels
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(P < 0.006) and increased TET2 mRNA expression (P < 0.05), compared with untreated cells (Figure 4A).
Moreover, miR-26a was downregulated in NIT-1 cells after both 24 and 48 hours of IFN-o treatment (Sup-
plemental Figure 8). Upregulation of TET2 in IFN-o-treated NIT-1 cells transfected with miR-26a mimic
was also confirmed at the protein level (Figure 4B). In contrast, IFN-a augmented the effect of the miR-26a
inhibitor in reducing miR-26a expression (P < 0.006) and increasing TET2 expression (P < 0.005) (Figure 4C).
These results demonstrate that IFN-a upregulates TET2 expression by suppressing miR-26a.

To examine whether IFN-o has the same effects in human cells we tested the effects of IFN-a on
human islets. Indeed, supporting the results in NIT-1 cells, we showed that the expression of mature miR-
26a was downregulated in 22 IFN-o-treated human islets, compared with untreated islets (P < 0.005) (Fig-
ure 4D). In addition, we found that IFN-a treatment triggered downregulation of miR-22 (P = 0.02) and
miR-29b (P = 0.04), while miR-101 and miR-125b remained unchanged in human islets (SI Results and
Supplemental Figure 9A).

Next we analyzed whether the mechanisms by which IFN-a regulates miR-26a expression involved
decreased transcription of miR-26a, or increased degradation of miR-26a. We measured the expression of
primary miR-26a transcripts in 13 human islets treated or not treated with IFN-a. miR-26a is transcribed
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from 2 genomic loci, miR-26a-1 and miR-26a-2, residing in the introns of the CTDSPL and CTDSP2 genes
(56). Relative expression levels for pri-miR-26a-1 and pri-miR-26a-2 in IFN-o—treated versus untreated
islets were 1.5-fold (P < 0.008) and 1.3-fold (P < 0.001) higher, respectively (Figure 4E), suggesting that
IFN-a reduces miR-26a expression not by suppressing its transcription, but rather through enhancing its
degradation. A similar effect was observed for the primary miR-22 and miR-29b transcripts in IFN-o—treat-
ed human islets (SI Results and Supplemental Figure 9B).

IFN-o. affects miR-26a processing through upregulation of PNPT1 exoribonuclease. Because the expression of
mature and primary miR-26a transcripts changed in opposite directions, we concluded that miR-26a down-
regulation by IFN-a is mediated at the posttranscriptional level. Thus, we explored the mechanisms by
which IFN-a triggers miR-26a degradation. miR decay involves exonucleolytic degradation through 5'-3'
or 3'-5' decay pathways (57-59). First, we mined our RNA-seq data set to determine if any known miR-de-
cay-pathway enzymes were regulated by IFN-o. We identified 2 exoribonucleases (XRN! and PNPTI) that
were upregulated by IFN-a. The relative expression levels, as detected by gqRT-PCR in 7 IFN-o-treated
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compared with untreated islets, were 2.4-fold (P = 0.001) for XRNI and 11.5-fold (P = 0.003) for PNPT]
(Figure 5A). We also assessed XRN1 and PNPT1 protein expression in cellular lysates from IFN-o-treated
islets. Compared with the robust expression of PNPT1, XRN1 was expressed at lower levels in human
islets, but the levels of both proteins were increased by IFN-a (Figure 5B). IFN-a treatment also increased
Xrnl and Pnptl expression in NIT-1 cells (Supplemental Figure 10A).

To determine whether these 2 exoribonucleases are involved in the IFN-a—induced TET2 upregulation
via miR-26a degradation, we cotransfected NIT-1 cells with a Luc plasmid containing the TET2 3'-UTR,
along with constructs expressing either XRN1 or PNPT1. TET2 3’-UTR~driven Luc expression was signifi-
cantly upregulated by PNPT1 overexpression (P < 0.0007), but was not affected by XRN1 overexpression
(Figure 5C). Consistent with these results, knockdown of XRNI or PNPTI exoribonucleases in NIT-1 cells
by transfection with siRNAs together with pTET2-3"-UTR Luc plasmid resulted in a significantly decreased
Luc activity (P < 0.01) only when PNPT1 expression was downregulated, but not when XRN1 was inhib-
ited (Figure 5D). These results suggested that upregulation of PNPT1 by IFN-a triggers upregulation of
TET?2 expression via increased degradation of miR-26a.

To confirm that the PNPT1 regulatory effect on TET2 is indeed mediated through miR-26a, we
cotransfected NIT-1 cells with the pTET2-3-UTR Luc plasmid and miR-26a mimic, with and without con-
structs expressing XRN1 or PNPT1. The cells overexpressing PNPT1 and mir-26a showed increased Luc
activity of the pTET2-3-UTR Luc plasmid compared with cells expressing miR-26a alone, or with cells
expressing XRN1 and miR-26a (Figure 5E and Supplemental Figure 10B). Moreover, infection of human
islets with a lentivirus expressing either XRN1 or PNPT1 resulted in significantly reduced miR-26a expres-
sion only in islets infected with PNPT1, but not in XRN1 or control EGFP-expressing lentivirus (Figure 5F
and Supplemental Figure 10C). Decreased miR-26a expression was correlated with increased expression of
TET2 in the islets infected with PNPT1-expressing lentivirus (Supplemental Figure 10D). Taken together,
these findings demonstrate that PNPT1 exoribonuclease mediates IFN-a—induced upregulation of TET2
through downregulation of miR-26a.

IFN-o induces the PNPT1/miR-26a/ TET?2 cascade in human [ cells. We next investigated if the induction
of the PNPT1/miR-26a/TET?2 cascade is functional in human f cells. We purified human pancreatic 3 cells
from human islet samples incubated with or without IFN-a by fluorescence-activated cell sorting (FACS),
using Newport Green DCF Diacetate (NG) dye (60). To check the enrichment of the sorted NG-stained
cells in B cells, we assessed insulin (ZNS) and glucagon (GCG) mRNA expression in the NG-positive relative
to NG-negative cells in 5 I[FN-a—treated and untreated samples. The /NS mean fold change was 56.08 *
17.41, while the GCG mean fold change was 0.5505 £ 0.06 in NG-positive cells compared with NG-nega-
tive cells (P = 0.005) (Supplemental Table 7), reflecting the significant  cell enrichment of the NG-positive
population. We then assessed the TET2 and PNPT! expression levels in NG-positive cells from IFN-o—
treated and untreated samples. Both TET2 and PNPT! expression levels were upregulated in IFN-o-treated
human f cells relative to untreated cells, with a fold change of 1.8 £ 0.17 for TET2 (P = 0.0008) and 14.04
+ 3.9 for PNPT1 (P = 0.002) (Figure 6).

IFN-o. triggers the development of autoimmune diabetes in transgenic mice overexpressing IFN-o. in the islets by
upregulating TET2 via the PTNPT1/miR-26a pathway. To confirm our findings in vivo we generated IFNa-IN-
S1¢<ERT2_transgenic mice, in which f cells express IFN-o upon tamoxifen induction. Figure 7A summarizes
the generation of TFNa-INS1<<ERT2 mice. We first generated the IFN-o mice by targeting a transgenic cas-
sette containing the mouse IFNo. cDNA, a STOP codon flanked by LoxP sites, and the pCAGGS promoter
into the Rosa26 locus (Figure 7A). Generation and characterization of the INS1°*EX™2 mice was described
by Thorens et al. (61). IFNa-INS1°<ERT2 mice were created by breeding the IFN-a mice with INS]CERT
mice and they were maintained on the C57BL/6J background. Assessment of IFN-oo mRNA expression
in islets isolated from IFNo-INS1¢<FRT2 mice, 2 weeks after IFN-a induction, showed a 1,386 + 315.1-fold
increase in transgenic mice compared with 7.686 + 4.9-fold in their WT littermates (P = 0.0009) (Figure
7B). Expression of IFN-a-regulated genes as measured by qRT-PCR was also increased in islets isolated
from IFNo-INS1¢<ERT2 mice: Oaslb, 6.6 £ 0.4 in transgenic versus 2.3 + 0.3 in WT mice; Isg15,29.5 £ 5.7 in
transgenic versus 9.9 + 4.2 in WT mice (P = 0.01); Ifit3, 13.2 £ 2.6 in transgenic versus 3.2 = 1.1 in WT mice
(P=0.007); Mx2, 4.6 £ 1.6 in transgenic versus 0.7 £ 0.1 in WT mice (P = 0.04) (Supplemental Figure 11).

While only 12% of IFNa-INS1¢<ERT2 mice displayed hyperglycemia (fasting glucose levels > 250 mg/
dl) 8 weeks after IFN-o induction, the percentage of hyperglycemic mice increased to 25% after 12 weeks
and to 57% after 16 weeks from induction of IFN-o expression in 3 cells (Figure 7C). The hyperglycemic
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Figure 5. PNPT1 exoribonuclease upregulates expression of TET2 by targeting miR-26a for degradation. (A) Relative expression levels of PNPTT and
XRN17mRNA in human islets treated and untreated with IFN-o assessed by gRT-PCR. (B) Immunoblotting of PNPT1 and XRN1 proteins in cell lysates
from IFN-o-treated and untreated islets. (C) Luciferase activity in NIT-1 cells cotransfected with pTET2-3'-UTR Luc plasmid and constructs expressing
either XRN1 or PNPT1. (D) Luciferase activity in NIT-1 cells cotransfected with pTET2-3'-UTR Luc vector and siRNA for either XRN1 or PNPT1. Boxes
represent immunoblotting for XRN1 and PNPT1 proteins in NIT-1 cells treated with XRN1 and PNPT1 siRNA, respectively. Control samples were trans-
fected with control siRNA. (E) Luciferase reporter analysis of NIT-1cells cotransfected with pTET2-3’-UTR Luc construct, miR-26a mimic, and con-
structs expressing either XRN1 or PNPT1. (F) Relative expression levels of miR-26a in human pancreatic islets transduced with lentiviruses expressing
either XRN1 or PNPT1. Control islets were transduced with EGFP lentiviral particles. For C-F, data are representative of 3 independent experiments;
results are presented as fold change of quadruplicate samples + SD. Differences between IFN-a-treated and untreated islets (A) and between control
and different constructs (C-F) were determined by t test for independent samples. *P < 0.05.
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FACS-isolated B cells upon treatment with IFN-a. Results are presented as fold change of mRNA level in IFN-a-treated
(+) samples, relative to untreated (-) samples that were considered as having a fold change of 1. Differences between
IFN-a-treated and untreated f cells were determined by t test for independent samples. *P < 0.05.

mice had leukocytic infiltration within the islets and many islets appeared irregularly shaped and smaller
(Figure 7D). The insulitis was accompanied by a reduced  cell area in diabetic transgenic mice, compared
with WT littermates (P = 0.04) (Figure 7E). Because not all IFNa-INS1<ERT2 mice developed autoimmune
diabetes spontaneously, we tested whether the expression of IFN-a in B cells accelerated autoimmune dia-
betes induced by injections of low-dose streptozotocin (STZ). At day 6 after the first STZ injection, 36% of
transgenic mice became diabetic, compared with only 10% of the WT mice (Supplemental Figure 12A).
There was no difference in the frequency of diabetes development between transgenic and WT mice start-
ing at day 8 after the first STZ injection (Supplemental Figure 12A). However, mean fasting glucose levels
25 days after the first STZ injection were significantly higher in the IFNa-INS1¢<fRT2 (413.9 + 33.6 mg/dl)
compared with WT mice (261.9 * 34.3 mg/dl) (P = 0.003) (Supplemental Figure 12B), and pancreatic islet
area was reduced in transgenic (0.13 + 0.05) compared with WT (0.21 £ 0.11) (P = 0.04) (Supplemental
Figure 12C). Average body weight was not different between transgenic and WT mice (Supplemental Fig-
ure 12D). These results suggest that IFNa-INS1¢<ERT2 mjce are more prone to T1D development, compared
with their WT littermates and that IFN-a is a key trigger of islet autoimmunity.

Pancreatic islets isolated from IFNa-INS1<ERT2 mice 2—4 weeks after IFN-a B cell induction showed
increased levels of 5ShmC (0.027 + 0.006) compared with the WT mice (0.009 * 0.003) (P = 0.04) (Figure
8A). Accordingly, islet expression of Tetl/2/3 was significantly upregulated (Figure 8B), and miR-26a
expression was downregulated (Figure 8C) in transgenic islets. Expression of Puptl was increased by 1.4
+ 0.1-fold in IFNa-INS1ERT2 mice compared with islets from WT mice (P = 0.04) (Figure 8D). Taken
together, these results validated the PNPT1/miR-26a/TET2 pathway as a key mechanism in human and
mouse f cells for triggering DNA demethylation, upregulation of inflammatory genes, and development of
autoimmune diabetes.

Discussion

T1D is caused by autoimmune destruction of the insulin-producing pancreatic 3 cells (2). A growing body
of evidence indicates that pancreatic 3 cells play a central role in triggering the autoimmune response con-
tributing to their own destruction (3, 62). However, the mechanisms responsible for the deleterious f cell
signals that elicit the autoimmune response in T1D are not yet known. We dissected the DNA epigenetic
modifications and transcriptomic alterations induced by IFN-a in human pancreatic islets/ cells. Our
results point to a B cell-specific mechanism that is triggered by IFN-a, which, through a cascade of events,
initiates the inflammatory response in T1D. We focused on IFN-a because of the abundant data pointing
to its key role in triggering T1D (15-17).

Most genes we found to be upregulated by IFN-a in human islets are involved in inflammatory, anti-
viral, and immune response pathways. Moreover, expression of 39 out of 84 IFN-o pathway genes that
were found dysregulated in insulitic islets from donors with recent-onset T1D (23) was upregulated in
IFN-o-treated islets (e.g., STAT2, IFIT1, HLA-a, TLR3, TAPI). Several key chemokines known to play an
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Figure 7. IFN-a expression in  cells triggers autoimmune
diabetes in IFNo-INS1°5""2 mice. (A) Schematic represen-
tation of the generation of IFNa-INS1v¢€R™ mice: the CAGGS
promoter was placed upstream of the mouse IFN-o. cDNA and
a STOP codon flanked by loxP sites was placed between the
promoter and IFN-a cDNA. This construct was targeted into
the Rosa 26 locus by homologous recombination. The IFN-a
mice were crossed with the Ins1ER™ mice (61) for generation
of IFNa-INS1¢*€R™2 mice in which removal of the STOP codon
upon tamoxifen injections resulted in IFN-a expression in

B cells. (B) IFNae mRNA expression in pancreatic islets from
IFNa-INS1ER™2 and WT mice measured by gRT-PCR. (C)

Blood glucose concentrations in WT and IFNa-INS15R™ mice
at 8, 12, and 16 weeks after tamoxifen induction of IFN-a
expression. (D) Hematoxylin and eosin staining of pancreatic
sections from WT and IFNa-INS1¢¢5™ diabetic mice 12 weeks
after induction of IFN-a expression. Arrows indicate irregular-
ly shaped islets in IFNa-INS1¢€R™2 mice. Original magnifica-
tion, x40 (images 1-3) and x10 (image 4). (E) Percentage j3 cell
area relative to pancreatic tissue section in WT versus diabet-
ic IFNa-INS1ER™2 mice at 12-16 weeks after induction of IFN-a
expression. Pancreatic sections from WT and IFNa-INS1¢eER™
mice; blue represents DAPI-stained nuclei, green represents
insulin staining. Original magnification, x0.6. For B and C,
differences between IFN-o-treated and untreated B cells were
determined by t test for independent samples. *P < 0.05.
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important role in the early stages of autoimmune diseases (e.g., CXCLI1, CXCL10, CCL8, CCL18) (63) were
also upregulated by IFN-o in pancreatic islets. Of these, CXCLI0, the main chemokine overexpressed in the
pancreatic islets of recent-onset T1D individuals (23, 64), was the transcript most upregulated by IFN-a.
In addition, IRF-7, the master transcriptional regulator of the T1D antiviral/inflammatory gene networks
in macrophages (65), was predicted by our IPA upstream analysis to regulate most of the transcripts in
the IFN-o—treated islets, suggesting that common mechanisms may be shared by immune and f cells to
trigger the signals leading to islet inflammation. Importantly, there was a broad overlap between the genes
we found overexpressed in IFN-a—stimulated islets and the genes that were recently reported to be upreg-
ulated in insulitic pancreases from recent-onset T1D individuals (23). A similar gene expression pattern
was found in peripheral blood mononuclear cells (PBMCs) from children genetically predisposed to T1D,
prior to T1D onset (21). Moreover, this gene expression pattern was also shown to precede T1D onset in
NOD mice (66). Together, these data suggest that expression of IFN-a in pancreatic islets (e.g., during viral
infections) is associated with upregulation of genes and pathways that can initiate  cell autoimmunity and
therefore T1D development.

Our data showed that many genes within inflammatory and immune pathways were significantly
hypomethylated at CpG regions following islet exposure to IFN-a. Our findings are in agreement with
studies of other autoimmune diseases that share with T1D a pathology involving activation of type I
IFN pathways (67-73). Studies in these diseases demonstrated significant global DNA demethylation
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in different cell types, relevant for disease causality. Given the significant DNA hypomethylation detect-
ed in IFN-a-treated islets, we tested whether key regulators of DNAm patterns were altered by IFN-a
treatment. We found that IFN-a upregulated the expression of TET dioxygenases, especially TET2, and
increased 5ShmC levels in human islets. Given that TET proteins catalyze conversion of 5SmC to 5ShmC, the
first intermediates of the DNA demethylation processes (50), our results suggest that IFN-a induces DNA
demethylation in human islets by a TET-mediated mechanism. Replication-independent TET demeth-
ylation mechanisms are mediated by TDG enzymes that remove the subsequent ShmC oxidation prod-
ucts (5-formylcytosine [5fC] and 5-carboxylcytosine [5caC]), promoting active DNA demethylation (50).
Along with upregulation of TETS, we also found increased expression of the TDG gene, indicating that
IFN-o. directly triggers active DNA demethylation pathways in pancreatic islets. Consistent with our find-
ings, upregulation of TET proteins has been implicated in the global DNA hypomethylation observed in
immune cells from patients with systemic lupus erythematosus (SLE) (74) and rheumatoid arthritis (75),
2 autoimmune diseases associated with the activation of IFN-a. These findings suggest a possible general
mechanism in which IFN-a changes the epigenomic landscape in target tissues, in a way that triggers an
immune attack on these tissues, thereby leading to autoimmunity.

Our studies revealed that the IFN-o—mediated upregulation of TET2 resulted from alterations in
the miR-26a/TET2 regulatory network. In agreement with our results, Fu et al. showed that miR-26a
targets the TET and TDG 3'-UTRs and that TET1/2/3 and miR-26a expression change in opposite
directions during pancreatic cell differentiation (76). We also found that 2 additional miRs were down-
regulated in IFN-o—treated islets, miR-29b and miR-22, but they had a significantly lower impact on
TET2 3'-UTR regulation compared with miR-26a. However, it is conceivable that the combined effects
of IFN-o—mediated downregulation of miR-26a, miR29b, and miR-22 contributed to the upregulation
of TET2 expression. In fact, more than 30 different miRs were shown to target the TET2 3'-UTR and
to regulate its expression to varying extents in myeloid leukemia (55). Interestingly, a reverse expression
pattern of miR-26a, miR-29b, and miR-22 was found in pancreatic islets exposed to an IL-18, TNF-o,
and IFN-y cytokine cocktail (77). These results, together with the findings of increased DNMT3A4 and
DNMTS3B levels in islets treated with IL-13, TNF-a, and IFN-y (78), suggest that different proinflam-
matory cytokines (e.g., IFN-a, TNF-a) differentially regulate the epigenome and gene expression and
that the DNAm landscape can dynamically change during the disease progression. The IFN-a effects
we observed probably reflect the early stages of T1D when triggered by viral infection, since IFN-a is
the first cytokine secreted during viral infections. However, when the inflammatory cytokine cascade
progresses, other cytokines come into play (e.g., IFN-y, TNF-a, IL-1B) that may trigger different epi-
genetic effects.

We found that IFN-a—mediated suppression of miR-26a was regulated at the posttranscriptional level.
Two enzymes involved in the miR decay pathway were upregulated by IFN-a in human islets: XRN/,
an exoribonuclease responsible for the 5'-3' RNA degradation in the cytoplasmic processing bodies; and
PNPTI, a 3'-5' exoribonuclease that mediates RNA degradation in the exosome complex (79). Modulation
of XRNI levels by IFN-a has not been reported previously. In contrast, studies have shown that PNPT1] is
an early type I IFN response gene, transcriptionally regulated through an IFN-stimulated response element
present in its promoter (80). The double-stranded RNA poly(I:C) also stimulates PNPT1 expression, sug-
gesting that viral infections may trigger PNPT1 upregulation, probably through IFN-a (80, 81). Interest-
ingly, our data showed that IFN-a also induced hypomethylation of PNPT1 CpG sites, correlating with its
increased expression that we observed in islets exposed to IFN-o. We found downregulation of miR-26a
after overexpression of PNPT1, but not of XRN1 in human islets, demonstrating that PNPT1 targets miR-
26a for degradation.

To determine if IFN-a activates the PNPT1/miR26a/TET2 mechanism in 3 cells in vivo, we gener-
ated IFNa-INS1¢<ERT2_transgenic mice with inducible IFN-o expression in 3 cells. These transgenic mice
showed increased incidence of diabetes with time, reaching 57% at 16 weeks after induction of IFN-a
expression. It is likely that the lag time from induction of IFN-a expression in f cells to development of
diabetes, as well as the fact that not all transgenic mice developed diabetes, may be caused by maintaining
the transgenic mice on the C57BL/6J background, a strain that is highly resistant to diabetes. Stewart et al.,
who developed a transgenic model with constitutive expression of a hybrid human IFN-a gene in f§ cells,
also found that only 5% of the transgenic mice developed diabetes when bred on the inbred C57BL/6J
strain, while 50% of the transgenic mice developed diabetes when they were bred on the outbred CD1
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Figure 9. Schematic model for IFN-a regulation of TET2 through PNPT1and miR-26a.

strain (26). The islet phenotype of the diabetic IFNa-INS1°°ERT2 mice was similar to the islet phenotype of
the transgenic mice with constitutive IFN-o expression (26), including B cell loss and leukocytic infiltration.
These results demonstrate that 3 cell expression of IFN-a triggers a cascade of events that lead to islet
pathology resembling the human T1D. Similar to the findings in human islets in vitro, we found increased
TET2 expression and 5hmC levels in IFNo-INS1<<ERT jslets early after IFN-o induction, and 6—10 weeks
before diabetes development in transgenic mice, suggesting that increased DNA hypomethylation may be
an early molecular event contributing to diabetes development.

Taken together, our findings suggest a mechanism in which expression of IFN-o in pancreatic islets,
during acute or chronic infections, induces upregulation of exonuclease PNPT1, which leads to miR-26a
degradation. Reduction of miR-26a expression (and possibly miR-29b and miR-22) alters the posttranscrip-
tional regulation of the TET2 3'-UTR, resulting in increased TET2 expression. Overexpression of TET2
in turn increases global 5ShmC, leading to DNA demethylation (Figure 9). Changes in DNAm patterns
in islets induced by IFN-a could play a causal role in disease etiology. Indeed, epigenetic studies in SLE
showed that hypomethylation of IFN-a-regulated genes precedes the IFN-a transcription signature, sug-
gesting that early epigenetic events precede disease onset (82).

Our work addresses key questions about the link between early events affecting pancreatic f cells and
the subsequent T1D onset. Viral infections that trigger inflammatory responses in the islets are believed
to initiate T1D, likely through local IFN-a production. Our work has pinpointed the IFN-o—responsive
pathways causing DNA epigenetic modifications in [ cells that in genetically predisposed individuals could
trigger an autoimmune attack on the [ cells.

Methods

Cell lines and pancreatic islet samples

Cell lines. NIT-1 mouse P cells (derived from a female NOD/Lt mouse) were purchased from ATCC
(CRL-2055). The cells were grown in Ham’s F12K medium (Gibco) and 10% FBS. The cells were kept
at 37°C in 5% CO,,.

Pancreatic islet samples. Deidentified anonymous human islets from 52 donors were obtained through
the NIH-supported Integrated Islet Distribution Program (IIDP). Age of the donors ranged from 21 to
59 years; 18 were female and 34 were male. BMI ranged from 20.4 to 38.9. Mean cold ischemia time was
563.7 minutes. Upon arrival, islets were grown for 24 hours in RPMI (Gibco) supplemented with 5.5 mM
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glucose and 10% FBS at 37°C in 5% CO,. After 24 hours, islet samples were stimulated with 2,000 U/ml
IFN-a (Millipore) for 24, 48, or 120 hours.

RNA isolation, cDNA synthesis, gRT-PCR, and RT-PCR
Total RNA was isolated using TRIzol (Life Technologies). Genomic DNA was removed by DNAase treat-
ment using an RQ1 RNAase-Free DNAase kit (Promega). First-strand cDNA synthesis was done using a
Superscript First-Strand Synthesis System III (Life Technologies).

mRNA expression was measured by real time qRT-PCR using the Applied Biosystems QuantStudio
system. mRNA levels of TET1/2/3, TDG, and GAPDH as well as of mouse genes Isg/5, Ifit3, Oaslb, Pnptl,
Tet2, and Gapdh were assessed by TagMan Gene Expression Assay (Applied Biosystems). mRNA levels of
human OA4S1, SP100, IFIHI, CD40, TLR3, IRS1, XRN1, and PNPTI genes as well as of mouse Tetl/2/3,
Xrnl, and Pnpt] were analyzed using a SYBR Green assay with the primers listed in Supplemental Table
8. Expression levels of pri-miR-26a-1 and -2, pri-miR-29b-1 and -2, and miR-22 were assessed using the
TagMan assay. Results were analyzed by the comparative Ct (AACt) method. Gene expression was nor-
malized to GAPDH for each transcript, and the gene expression in IFN-o—treated samples was calculated
relative to untreated samples.

miR expression in human pancreatic islets and NIT-1 cells was quantified by the stem-loop RT-PCR
method (83). Total RNA (5 ng) was reverse transcribed with a TagMan MicroRNA Reverse Transcription
Kit using loop primers specific for miR-26a and miR-16 and analyzed by real-time PCR. Results were ana-
lyzed by the AACt method; miR-26a was normalized to miR-16 expression and the expression fold change
in IFN-o-treated samples was calculated relative to untreated samples.

Direct sequencing of bisulfate-treated DNA

Methylation status of GGA3, SLC25A31, ERAPI, and IRF7 genes was determined by cloning and bisulfate
sequencing as described previously (38). After bisulfate treatment of DNA using an EZ DNA Methyla-
tion-Gold kit (Zymo Research), bisulfate-treated DNA was amplified using the primers listed in Supple-
mental Table 8. PCR products were cloned using TOPO TA cloning kit (Life Technologies). DNA was
sequenced using an ABI 3130 Genetic Analyzer. For each analyzed gene, a minimum of 10 clones from
each sample (treated and untreated with IFN-0) were sequenced and their methylation status was deter-
mined based on protection from conversion of cytosine to uracil residues.

Western blot analyses

Total proteins were extracted from either pancreatic islet samples or NIT-1 cells as described previously
(84). Cell lysates were quantified using a Pierce BCA Protein Assay kit (Thermo Fisher Scientific) and
equal amounts of total protein extracts (50—80 pg) were separated by sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis and transferred to Immobilon-P membranes (Millipore). After a 1-hour incu-
bation in Odyssey Blocking Buffer (Li-COR), membranes were blotted overnight at 4°C with the fol-
lowing primary antibodies: anti-XRN1 (Abcam, ab70259) (1:5,000), anti-PNPT1 (Abcam, ab157109)
(1:1,000), anti-TET2 (Diagenode, C15200179) (1:1,000), and anti—B-actin (Cell Signaling Technology,
14B7) (1:1,000). The primary antibodies were detected using goat anti-mouse (926-32210) and goat
anti-rabbit (926-68071) secondary antibodies (Li-COR) (1:5,000) and the immunoblots were visualized
using the Li-COR Odyssey system.

5hmC quantification and TET hydroxylase activity
Genomic DNA was extracted from human pancreatic islets treated and untreated with IFN-o using an
ArchivePure DNA Cell/Tissue Kit (5 Prime). Global DNA hydroxymethylation was quantified using the
Hydroxymethylated DNA Quantification kit (Abcam) according to the manufacturer’s protocol. The absor-
bance end point was read on a FLUOstar Omega (BMG Labtech) microplate reader at 450 nm and the per-
centage of ShmC in total DNA was calculated based on the formula provided in the manufacturer’s protocol.
TET nuclear proteins were extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific), and quantified by a Pierce BCA Protein Assay kit. TET activity was measured
using a TET Hydroxylase Activity Quantification kit (Abcam) according to the manufacturer’s protocol.
The absorbance was read on a FLUOstar Omega microplate reader at 450 nm and TET activity (OD/ng/
min) was calculated according to the manufacturer’s protocol.
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siRNA-mediated inhibition of XRN1and PNPT1

NIT-1 cells were grown in 24-well plates for 24 hours and cotransfected with 7E72 3-UTR Luc plasmid
(GeneCopoeia) and with XRN1 and PNPT1 Silencer Select siRNAs (Ambion) to a final concentration of 500
pg and 10 nM, respectively, using Lipofectamine 3000 transfection reagent (Life Technologies). Cells cotransfect-
ed with TET2 3'-UTR and Silencer Select Negative Control (Ambion) were used as negative controls. Cells were
harvested 48 hours after transfection and luciferase activity was measured using the Dual-Luciferase Reporter
assay System (Promega). Luciferase activity was expressed as the ratio of firefly to Renilla luciferase values.

Overexpression of PNPT1and XRN1in NIT-1 cells and human pancreatic islets
Overexpression of PNPTI and XRNI in NIT-1 cells by transfection. NIT-1 cells were cotransfected with TET2
3"-UTR Luc plasmid together with XRN1 and PNPT1 cDNA plasmids (GeneCopoeia), to a final concentra-
tion of 200 pg for each plasmid, using FuGENE HD transfection reagent (Promega). Cells were harvested 48
hours after transfection and luciferase activity was measured using the Dual-Luciferase Reporter assay System.
Overexpression of PNPT1 and XRNI in human pancreatic islets by transduction. Lentiviral vectors (Lv105)
containing PNPT1 and XRN1 ORFs as well as the purified lentiviral particles were generated at GeneCo-
poeia, with a concentration of 4.29 x 10® transducing units (TU)/ml for LPP-LV105-PNPT1 and 9.28 x 108
TU/ml for LPP-Lv105-XRNT1. Islets transduced with EGFP Lentifect purified lentiviral particles (LPP-EG-
FP-Lv105) (GeneCopoeia) were used as negative controls. Groups of 200 pancreatic islets were dispersed
using Accutase and 3 x 107 cells were infected with LV105-PNPT1, LV105-XRN1, or LV105-EGFP (2.1 X
105 to 3 x 10° TU) for 2 hours in 200 ul of serum-free RPMI 1640 medium at 37°C. Following incubation,
800 pl of complete medium was added and the samples were further incubated for 48 hours at 37°C.

DNAm and data analysis

DNA was extracted from islet samples treated or untreated with IFN-a, and was subjected to methyl-
ation analysis using the Illumina 450K methyl BeadChip as we previously described (38). Briefly, after
raw intensity data were extracted from the chips and quantile-normalized, the methylation level for
each probe was calculated in GenomeStudio (Illumina). The methylation data were processed with
open source R package IMA and MEDME (http://bioonductor.org). First, after data filtering, only
the sites on autosomal chromosomes with a significant detection P value less than 0.001 were kept for
downstream analysis and then the f was converted to log?2 ratio of B value to (1 — B) value (85). The dif-
ferentially methylated sites in IFN-a—stimulated cells were identified by paired LIMMA test at P value
less than 0.05 and at least 10% methylation level change. The distribution of differentially methylated
(hypo- or hypermethylated) sites located in various genomic regions was investigated and the functions
of genes that harbor these methylation sites were evaluated with GO enrichment analysis. The methyl-
ation profiles were also correlated with gene expression profiles to identify the differentially expressed
genes with methylation level changes. Data were deposited into the NCBI’s Gene Expression Omnibus
(GEO) database (reference series GSE124811, accession number GSE124809).

RNA-seq

Sequencing. Total RNA from islets treated and untreated with IFN-o was extracted using TRIzol. RNA-seq
and data analysis were performed as previously described (37, 86). The cDNA library was prepared using
Illumina TruSeq RNA Sample Prep Kits. Next-generation sequencing was performed on an Illumina HiS-
eq 2000 using the Single-Read Cluster Generation kit v2 and SBS Sequencing kit v3. Image analysis and
base calling were conducted using SDS 2.5/RTA1.5 software (Illumina). Data were deposited in into the
NCBI's GEO database (reference series GSE124811, accession number GSE124810).

Data analysis. The reads with good quality were aligned to several human reference databases including
hgl19 human genome, exon, splicing-junction segments, and contamination database including ribosome
and mitochondrial sequences using the BWA alignment algorithm. After filtering reads mapped to the
contamination database, the reads that were uniquely aligned to the exon and splicing-junction segments
with maximal 2 mismatches for each transcript were then counted as expression level for the corresponding
transcripts. The read counts were log2 transformed and normalized at an equal global median value in
order to compare transcription levels across samples. The differential analysis by DEGseq was performed
to identify significantly dysregulated genes at FDR-adjusted P value of less than 0.05 in all 3 IFN-o—treated
islets compared with paired untreated islets (87).
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Pathway analysis. Differentially expressed transcripts were subjected to pathway analysis by GO.
Fisher’s exact test was used to calculate P values for the probability that a pathway was significantly
enriched in input genes compared with the genome. Genes differentially expressed between IFN-o—
treated and untreated islets were also analyzed by IPA (Qiagen). Functions and pathways with P value
less than 0.05 (Fisher’s exact test) were considered to be statistically significant. IPA’s upstream regu-
lator was used to identify potential transcriptional regulators for IFN-o—induced genes. Fisher’s exact
test P value was used to assess the significance of enrichment of the gene expression data for the genes
downstream of the transcriptional regulator.

FACS isolation of human f cells

Islets were dispersed using Accutase and cells were cultured in RPMI 1640 supplemented with 10% FBS
at 37°C. Half of the cells were treated with 2,000 U/ml IFN-o (Millipore), while the other half were kept
in media and used as controls. After 24 hours, islet cells were incubated with 20 uM Newport Green DCF
Diacetate (NG) at 37°C for 30 minutes, protected from light. Prior to flow cytometry, labeled cells were
washed twice with FACS buffer (PBS, 4% FBS) and transferred into 35-um nylon mesh cell strainer—
capped tubes (BD Biosciences). DNase (1 mg/ml) and 3 uM DAPI were added to the FACS buffer before
the sorting. Sorting was done on a FACSAria (BD Biosciences).

Generation of IFNa-INS15R™2 mice

The targeting construct and IFN-o mice were created by inGenious Targeting Laboratory. The IFN-a
sequence was subcloned into the M/ul site of ROSA26-pCAG-stop backbone vector. The stop cas-
sette in the ROSA-stop vector contained a floxed PGK/gb2neoPGKpolyA2A2XSV40pa cassette. The
pPCAGGS promoter was placed upstream of the floxed cassette and the BGH poly A sequence was
placed at the 3’ end of the IFN-a sequence. The targeting vector contained a 1.8-kb homology arm with
ROSA26 genomic sequence upstream of the pCAGGS promoter and a 4.34-kb ROSA26 homology
arm downstream of the BGHpA sequence. The targeting vector was confirmed by restriction enzyme
digestion and sequencing. The targeted construct was linearized and electroporated into 129/Sv X
C57BL/6J embryonic stem cells. The targeted positive clones were identified by Southern blotting and
direct sequencing. Targeted clones were injected into C57BL/6J blastocysts. Resulting chimeras with
high percentage agouti color were mated to C57BL/6J mice to generate F1 heterozygous offspring. Tail
DNA was analyzed by PCR. The IFN-o mice were bred with INS1ERT2 mice (Jackson Laboratories),
generated as described in Thorens et al. (61) and the resulting IFNo-INS1¢E*T2 mice were maintained
on the C57BL/6J background. Recombination and IFN-o expression was induced in 10-week-old
IFNa-INS1<ERT2 mice by i.p. injection of 2 mg tamoxifen 4 times over a 2-week period.

Acceleration of T1D in IFNa-INS1¢&R™2 by administration of multiple low doses of STZ

Two weeks after induction of IFN-a expression by tamoxifen injections, IFNa-INSC<ERT2 and WT mice
were 1.p. injected for 5 consecutive days with 40 mg/kg STZ (Sigma-Aldrich). Urine glucose was mea-
sured using chemstrip 5 OB (Roche Diagnostics) before STZ administration, on days 6, 8, and 10. Mice
were euthanized 25 days after STZ administration, pancreata were harvested for histological evalua-
tion, and blood glucose was measured using a glucose meter (Roche Diagnostics). A mouse was consid-
ered diabetic if it had 2 consecutive glucose readings of 250 mg/dl or higher.

Tissue histology and immunofluorescence procedures

Pancreata from IFNa-INS1°<ERT2 mice were harvested and tissues were fixed in 10% formalin solution and
embedded in paraffin. Sections (5 um) were stained with hematoxylin and eosin and 4 sections per mouse
were examined after the slides were scanned using a 3DHistech Pannoramic 250 Flash II Slide Scanner.
For immunofluorescence of islet insulin, slides were deparaffinized and rehydrated before applying the
primary antibody, a rabbit monoclonal antibody against insulin (ab181547, Abcam). Five slides from each
mouse were scanned using the 3DHistech P250 High Capacity Slide Scanner and B cell area was assessed
in CaseViewer software.
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Statistics

Differences in continuous parameters between control and treated samples or between control and trans-
genic mice were analyzed using the ¢ test for independent samples and a 2-tailed P value was used. P less
than 0.05 was considered significant.

Study approval

Islets from 52 donors were obtained through the NIH-supported IIDP. Islets were received as deidentified
anonymous samples, and the project was approved by the Albert Einstein College of Medicine IRB as
exempt (IRB protocol 2016-2668). Mouse studies were approved by the Albert Einstein College of Medi-
cine Institutional Animal Care and Use Committee.
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