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INTRODUCTION

Fulminant type 1 diabetes is a subtype of type 1 diabetes melli-
tus characterized by a drastic onset of hyperglycemia. The core

ABSTRACT

Aims/Introduction: The present study was carried out to generate induced pluripotent
stem cells (iPSCs) from patients with fulminant type 1 diabetes, and evaluate the cytokine-
induced apoptotic reactions of B-like insulin-producing cells differentiated from the iPSCs.
Materials and Methods: iPSCs were generated from fibroblasts of patients with fulmi-
nant type 1 diabetes by inducing six reprogramming factors. Insulin-producing cells were
differentiated from the iPSCs in vitro. The proportion of cleaved caspase-3-positive or ter-
minal deoxynucleotidyl transferase 2’-deoxyuridine, 5'-triphosphate nick end labeling-posi-
tive cells among insulin (INS)-positive cells derived from fulminant type 1 diabetes iPSC
and control human iPSC lines was evaluated under treatment with tumor necrosis factor-
o, interleukin-1f and interferon-y. Ribonucleic acid sequencing was carried out to com-
pare gene expressions in INS-positive cells derived from fulminant type 1 diabetes iPSC
and control human iPSC lines.

Results: Two iPSC clones were established from each of three patients with fulminant
type 1 diabetes. The differentiation of insulin-producing cells from fulminant type 1 dia-
betes iPSC was confirmed by immunofluorescence analysis and KC-induced C-peptide
secretion. After treatment with pro-inflammatory cytokines, these INS-positive cells showed
higher expression of cleaved caspase-3 than those derived from control human iPSCs.
Altered expression levels of several apoptosis-related genes were observed in INS-positive
cells derived from the fulminant type 1 diabetes iPSCs by ribonucleic acid sequencing.
Conclusions: We generated iPSCs from patients with fulminant type 1 diabetes and
differentiated them into insulin-producing cells. This in vitro disease model can be used to
elucidate the disease mechanisms of fulminant type 1 diabetes.

character is that almost all pancreatic B-cells are rapidly
destroyed, leading to a state of insulin dependence, reflected by
the discrepancy of glucose and glycated hemoglobin levels, in
this subtype. With respect to the main pathological characteris-
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tics, (i) islet-related autoantibodies are usually not detected; (ii)
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many patients have digestive or flu-like symptoms just before
onset; and (iii) a specific human leukocyte antigen haplotype is
closely associated with the disease. Additionally, a previous epi-
demiological investigation showed that although patients are
mainly distributed in East Asia, fulminant type 1 diabetes was
recently reported in Western countries. Several viruses, such as
enteroviruses, are also considered to be associated with disease
onset' ™.

These findings show that some antiviral immunological pro-
cesses might serve as etiological factors’; however, the mecha-
nisms of B-cell destruction remain unclear. One reason for this
is that most pancreatic B-cells have already been destroyed
when hyperglycemia and ketoacidosis occur. Many recent stud-
ies have generated induced pluripotent stem cells (iPSCs) from
patients with intractable disorders as models with which to
study disease mechanisms®’. Accordingly, we generated iPSCs
to study fulminant type 1 diabetes.

Cytokine-induced apoptosis is assumed to be a mechanism
of PB-cell destruction in fulminant type 1 diabetes, because
massive mononuclear cell infiltration is observed in the pan-
creas of fulminant type 1 diabetes patients®. Tumor necrosis
factor-o. (TNF-a), interleukin-1f (IL-1B) and interferon-y
(IFN-y) are inducers of apoptosis in in vitro cultures of
human and animal pancreatic islet cells’. IFN-y is expressed
in the B-cells of fulminant type 1 diabetes patients'®, whereas
gene ontology and pathway analyses of peripheral blood
mononuclear cells have shown that the expression levels of
TNF receptor signaling pathways and IL-1-mediated signaling
events are significantly different between fulminant type 1 dia-
betes patients and healthy individuals''. Additionally, CXC
chemokine ligand 10, melanoma differentiation-associated
gene 5 and retinoic acid-inducible protein I are expressed in
fulminant type 1 diabetes B-cells, and CXC chemokine recep-
tor 3-bearing T cells infiltrate around the diseased islets'>".
Thus, we hypothesized that the apoptotic responses of B-cells
differ between fulminant type 1 diabetes patients and healthy
individuals.

In the present study, we generated iPSCs from fulminant
type 1 diabetes patients (fulminant type 1 diabetes iPSCs) and
differentiated them into insulin-producing cells. We then exam-
ined the proportion of apoptotic cells among insulin (INS)-
positive cells differentiated from fulminant type 1 diabetes
iPSCs and iPSCs from control human iPSCs (control-iPSCs)
under treatment with TNF-o, IL-1f and IFN-y. The gene
expressions between the two cell populations were compared
by ribonucleic acid (RNA) sequencing analysis.

METHODS

Patients

iPSCs were generated from three Japanese patients who fulfilled
the criteria for fulminant type 1 diabetes'’. Patient 1 was a
man aged in his 50s, patient 2 was a man aged in his 40s and
patient 3 was a woman aged in her 20s. Written informed con-
sent was obtained from all three patients.

http://onlinelibrary.wiley.com/journal/jdi

Generation of iPSCs

Skin biopsies were carried out on the three patients several
years after fulminant type 1 diabetes onset. All iPSC clones
were generated from skin fibroblasts through episomal vectors
encoding six reprogramming factors (OCT4, SOX2, KLF4, L-
MYC, LIN28 and p53-short hairpin RNA) according to a previ-
ously reported protocol'®. Control-iPSC lines (409B2, 975E2
and 975E4) were provided by the Center for iPS Cell Research
and Application (CiRA), Kyoto University'*. 409B2 was gener-
ated from a 36-year-old Caucasian woman, and 975E2 and
975E4 were generated from a 6-year-old Japanese female
patient. Both donors were healthy, and these control-iPSCs
were generated from skin fibroblasts using the same methods
used for fulminant type 1 diabetes iPSCs. This study was
approved by the ethics committees of Osaka University and
Kyoto University.

Cell culture

Fulminant type 1 diabetes iPSCs and control-iPSCs were cul-
tured on mitomycin C-treated SNL 76/7 feeder cells' with Pri-
mate ES Medium (ReproCELL, Yokohama, Japan) containing
4 ng/mL recombinant human basic fibroblast growth factor
(Wako Pure Chemical Industries, Osaka, Japan) and 500 U/mL
penicillin/streptomycin (P/S; Thermo Fisher Scientific, Rock-
ford, IL, USA) at 37°C in a humidified atmosphere of 5% CO,.
iPSCs were passaged at 1:3 to 1:6 after dissociation with CTK
solution containing 0.25% trypsin (Thermo Fisher Scientific),
0.1% collagenase IV (Thermo Fisher Scientific), 20% knockout
serum replacement (Thermo Fisher Scientific) and 1 mmol/L
CaCl, in phosphate-buffered saline (Nacalai Tesque, Kyoto,
Japan).

Immunofluorescence and terminal deoxynucleotidyl
transferase 2'-deoxyuridine, 5'-triphosphate nick end labeling
staining

The cells were washed with phosphate-buffered saline and fixed
with 4% paraformaldehyde for 20 min at 4°C. Primary anti-
bodies were as follows: goat anti-octamer-binding transcription
factor 4 (1:200; R&D Systems, Minneapolis, MN, USA), rabbit
anti-sex-determining region Y-box 2 (1:200; Merck KGaA,
Darmstadt, Germany), rabbit anti-B class III tubulin (1:500;
Cambridge Bioscience, Cambridge, UK), mouse anti-VIMEN-
TIN (1:300; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
goat anti-sex-determining region Y-box 17 (1:300; R&D Sys-
tems), goat anti-pancreatic and duodenal homeobox 1 (1:300;
R&D Systems), guinea pig anti-insulin (INS; 1:500; Dako,
Glostrup, Denmark), mouse anti-glucagon (1:300; Sigma-
Aldrich, St. Louis, MO, USA), rabbit anti-somatostatin (1:250;
Dako), goat anti-ghrelin (1:250; Santa Cruz Biotechnology), rab-
bit anti-amylase (1:500; Sigma-Aldrich) and rabbit anti-cleaved
caspase-3 (1:400; Cell Signaling Technology, Danvers, MA,
USA). Alexa Fluor-conjugated secondary antibodies (1:1,000;
Thermo Fisher Scientific) were used, and nuclei were stained
with Hoechst 33342 (1:1,000; Thermo Fisher Scientific).
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Terminal deoxynucleotidyl transferase 2'-deoxyuridine, 5'-tri-
phosphate nick end labeling (TUNEL) staining was carried out
with In Situ Cell Death Detection Kit, POD (Roche Diagnostics
GmbH, Penzberg, Germany). Quantification of the stained cells
was carried out using a fluorescence microscope (BZ-X710;
Keyence, Osaka, Japan). Quantitative analysis of cells positive
for cleaved caspase-3, TUNEL and INS was carried out by
counting the entire field of nine randomly selected views (mag-
nification: x40).

Embryoid body formation
Embryoid body formation of fulminant type 1 diabetes iPSCs
was carried out as described previously'®.

Teratoma formation

Teratoma formation of fulminant type 1 diabetes iPSCs was
evaluated as described previously using non-obese diabetic/sev-
ere combined immunodeficient mice'”. Animal experiments
were approved by the CiRA Animal Experiment Committee
and carried out in accordance with institutional guidelines.

Karyotype analysis
G-banding chromosome analysis was carried out by Nihon
Gene Research Laboratories.

Differentiation protocol

Fulminant type 1 diabetes iPSCs and control-iPSCs were grown
until 70-80% confluent. and dissociated with CTK dissociation
solution. The cells were then dissociated into single cells using
Accutase (Innovative Cell Technologies, San Diego, CA, USA),
and reseeded on Matrigel (BD Biosciences, San Jose, CA,
USA)-coated plates at a density of 1.25 x 10°/cm® The direc-
ted differentiation into pancreatic endocrine lineage was carried
out according to a previously described protocol'® with some
modifications. In stage 1, cells were cultured for 1 day in Ros-
well Park Memorial Institute 1640 medium (Nacalai Tesque)
supplemented with 2% growth factor reduced B27 (Thermo
Fisher Scientific), 50 U/mL P/S, 100 ng/mL activin A (R&D
Systems), 3 pmol/L CHIR99021 (Axon Medchem, Groningen,
the Netherlands) and 10 pmol/L Y-27632. Cells were then cul-
tured for an additional 3 days in stage 1 medium, but without
Y-27632 exchanged for 1 pmol/L CHIR99021. The medium
was then replaced with stage 2 medium containing Improved
MEM Zinc Option Medium (Thermo Fisher Scientific), 1%
growth factor reduced B27, 50 U/mL P/S, 10 pumol/L SB431542
(Cayman Chemical Company, Ann Arbor, MI, USA), 1 umol/
L AMPK Inhibitor, Compound C (Merck KGaA) and 2 pmol/
L retinoic acid (Sigma-Aldrich) for 6 days. In stage 3, cells were
cultured in Improved MEM Zinc Option Medium supple-
mented with 1% growth factor reduced B27, 50 U/mL P/S,
10 pmol/L  forskolin (Wako), 10 umol/L dexamethasone
(Wako), 5 umol/L Alk5 inhibitor II (Wako) and 10 mmol/L
nicotinamide (STEMCELL Technologies, Vancouver, BC,
Canada) for 12 days.
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Flow cytometry

The differentiated cells in stage 3 (day 12) were treated with
0.25% trypsin/ethylenediaminetetraacetic acid for 5 min at
37°C. After dissociation, the cells were fixed and permeabilized
using BD cytofix/cytoperm™ fixation/permeabilization solution
(BD Biosciences). The primary antibody was guinea pig anti-
INS (1:500), and the secondary antibody was Alexa Fluor® 647
AffiniPure Donkey Anti-Guinea Pig IgG (H+L; Jackson Immu-
noResearch, West Grove, PA, USA). The cells were analyzed
and sorted by FACS Aria II (Becton, Dickson and Co., Frank-
lin Lakes, NJ, USA).

C-peptide release assay and C-peptide content analysis

The differentiated cells in stage 3 (day 12) were pre-incubated
in Krebs-Ringer bicarbonate HEPES buffer (137 mmol/L
NaCl, 4.8 mmol/L KCl, 1.2 mmol/L KH,PO,, 1.2 mmol/L
MgSO,, 2.5 mmol/L CaCl,, 5 mmol/L NaHCO;, 16 mmol/L
HEPES and 0.1% (w/v) bovine serum ambumin containing
222 mmol/L glucose for 1 h at 37°C. The cells were subse-
quently incubated with 2.2 mmol/L glucose for 1 h at 37°C,
and then with 22 mmol/L glucose and 30 mmol/L KCl for
another 1 h at 37°C. Human C-peptide was measured by an
enzyme-linked immunosorbent assay kit (Mercodia AB, Upp-
sala, Sweden). For the C-peptide content analysis, the iPSC-
derived cells were treated with 0.25%  trypsin/ethylenedi-
aminetetraacetic acid for 5 min at 37°C, lysed into 0.5% acid/
ethanol, and kept overnight at —80°C. Human C-peptide of
the supernatant was measured by enzyme-linked immunosor-
bent assay kit (Mercodia AB).

Caspase-3 activity assay

In stage 3 (day 12), the culture medium was changed to
Improved MEM Zinc Option medium containing 1% growth
factor reduced B27, 50 U/mL P/S, 1,000 U/mL TNF-a, 50 U/
mL IL-1f and 1,000 U/mL IFN-y (PeproTech, Rocky Hill,
NJ, USA). The concentrations of cytokines were based on
previous reports of induced apoptosis of human pancreatic
islet cells'?". After the cells were treated with cytokines for
1524 h at 37°C and harvested in lysis buffer, caspase-3
activity was measured by APOPCYTO Caspase-3 Colorimet-
ric Assay Kit (Medical & Biological Laboratories, Nagoya,
Japan). Caspase-3 activity was normalized to total protein,
and is presented as the relative intensity compared with
untreated cells.

RNA isolation from iPSC-derived INS-positive cells and real-
time quantitative polymerase chain reaction

Extraction of RNA from cells fixed and isolated by flow cytom-
etry sorting has rarely been reported®”. We developed an origi-
nal method to extract RNA from INS-positive cells derived
from iPSCs. iPSC-derived INS-positive cells in stage 3 (day 12)
were treated with 0.25% trypsin/ethylenediaminetetraacetic acid
for 5 min at 37°C and dissociated by pipetting. The cells were
then fixed by PAXgene Tissue Containers (QIAGEN, Valencia,
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CA, USA) for >2 h at 4°C, blocked with 2% normal donkey
serum (Merck KGaA)/BD Perm/Wash Buffer™ (BD Bio-
sciences) for 20 min at room temperature, stained with primary
antibodies (guinea pig anti-INS) for 30 min at 4°C and sec-
ondary antibodies (Alexa Fluor® 647 AffiniPure Donkey Anti-
Guinea Pig IgG [H+L]) for 30 min at 4°C and isolated by flow
cytometry sorting. Recombinant RNase inhibitor (Toyobo,
Osaka, Japan) was used to supplement all steps of blocking,
staining and flow cytometry. Buffer RLT supplemented with
0.1% 2-mercaptoethanol was applied to the sorted cells, and
total RNA was purified using an RNeasy Micro Kit (QIAGEN).
Reverse transcription was carried out using a High Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific),
and real-time quantitative polymerase chain reaction (qPCR)
was carried out using SYBR Premix Ex Taq II (Takara Bio
Inc., Shiga, Japan) by ViiA7 Real-Time PCR Systems (Thermo
Fisher Scientific). The primer pairs were 5-CTACCT
AGTGTGCGGGGAAC-3" and 5-GCTGGTAGAGGGAGCA
GATG-3' for INSULIN, 5'-CAGCAAGTCAGCTGGATATG
TTA-3 and 5-TCCGTGTTGATATGGTGCTC-3' for PARP3,
5-CCATTACTGGGGGCTTCA3' and 5-CATAGAGGCAAG
GCTGCTG-3 for CHCHD2, 5-AAAGCCTCAGTGGAATC
CTGT-3' and 5-ATGGCAATTCCACGATTTTT-3' for ITPR2,
5-ATGTTTGTGTTCCCCGTGAC-3" and 5-GCAGGCAGAA
CAGGATGTG-3' for CH25H, and 5'-CAATGTGGCCGAG
GACTTTG-3 and 5-CATTCTCCTTAGAGAGAAGTGG-3
for B-ACTIN. The messenger RNA expression levels of INSU-
LIN, PARP3, CHCHD2, ITPR2 and CH25H were normalized to
those of B-ACTIN by the delta-delta Ct method.

RNA sequencing

INS-positive cells (800 cells for 409B2, 975E2, 975E4, FT1D01
and FT1D02, and 44 cells for FT1DO03) isolated by the afore-
mentioned flow cytometry sorting technique were lysed in
Reaction Buffer of SMARTer Ultra Low Input RNA for Illu-
mina Sequencing HV (Clontech Laboratories, Mountain View,
CA, USA). Complementary deoxyribonucleic acids (DNAs)
were synthesized using a SMARTer Ultra Low Kit. The amplifi-
cation of complementary DNAs was carried out by 12 cycles of
PCR for 409B2, 975E2, 975E4, FT1DO01 and FT1D02, and 14
cycles for FT1DO03. Illumina sequencing libraries were generated
using a NexteraXT DNA Sample Prep Kit (Ilumina, San
Diego, CA, USA). The libraries were sequenced in the 100-cycle
Single-Read mode of the HiSeq2500. All sequence reads were
extracted in FASTQ format using BCL2FASTQ Conversion
Software 1.8.4 in the CASAVA 1.82 pipeline (Illumina). The
sequence reads were mapped to hgl9 reference genes down-
loaded on 25 April 2014 using Tophat v2.0.14 (https://ccb.
jhu.edu/software/tophat/index.shtml). Calculation of the gene
expression values and normalization were carried out by
RPKMforgenes (10 December 2012; http://sandberg.cmb.ki.se/
rnaseq/). Gene Set Enrichment Analysis (GSEA) was down-
loaded from the Broad Institute (www.broadinstitute.org/gsea/)
on 16 March 2015.

http://onlinelibrary.wiley.com/journal/jdi

Statistical analysis

Data are presented as mean * standard deviation from three
independent experiments. Student’s t-test and one-way analysis
of variance followed by Scheffe’s post-hoc test were used for
statistical analysis. Differences between groups were considered
significant at P < 0.05.

RESULTS

iPSCs can be generated from fulminant type 1 diabetes
patients

iPSCs were established from three patients. Two iPSC clones
were established from each patient: FT1D01 and FT1D01-2
from patient 1, FT1D02 and FT1D02-2 from patient 2, and
FT1D03 and FT1D03-2 from patient 3. These iPSC clones
showed morphology similar to that of human embryonic stem
cell colonies (Figure 1a), expression of pluripotent markers (oc-
tamer-binding transcription factor 4 and sex-determining
region Y-box 2; Figures 1b and S1), multipotent differentiation
into three embryonic germ layers through embryoid body (Fig-
ures 1c and S2) and teratoma formation (Figures 1d and S3)
and a normal karyotype (Figure le). These results show that
iPSCs can be generated from fulminant type 1 diabetes
patients.

Fulminant type 1 diabetes iPSCs can be differentiated into
pancreatic lineage cells

Because the target cells of fulminant type 1 diabetes are pan-
creatic B-cells, we aimed to differentiate fulminant type 1 dia-
betes iPSCs into pancreatic endocrine lineage. Fulminant
type 1 diabetes iPSCs were differentiated in the following three
steps: sex-determining region Y-box 17-positive definitive
endoderm cells, pancreatic and duodenal homeobox 1-positive
pancreatic progenitor cells, and INS-positive cells. The expres-
sion of these markers was examined by immunofluorescence
analysis (Figures 2a and S4). Glucagon-, somatostatin-, ghrelin-
and amylase-positive cells, as well as C-peptide-positive cells,
were also differentiated from fulminant type 1 diabetes iPSCs
(Figures 2b and S5). Some cells were positively stained with
C-peptide and either glucagon or somatostatin. To compare
the differentiation potential into endocrine cells between fulmi-
nant type 1 diabetes iPSCs and control-iPSCs, we examined
the induction rate of INS-positive cells by flow cytometry. No
significant difference was observed in the induction rate (ful-
minant type 1 diabetes, 3.9 £ 1.3% vs control, 4.1 £ 1.1%;
P =0.73, n = 3; Figure 2c). We also confirmed that the C-
peptide content of INS-positive cells from fulminant type 1
diabetes iPSCs and control-iPSCs was not significantly differ-
ent (fulminant type 1 diabetes, 0.29 + 0.10 fmol/cell vs control,
0.32 + 0.18 fmol/cell; P = 0.52, n = 3; Figure S6). We then
evaluated the insulin secretory function of insulin-producing
cells differentiated from fulminant type 1 diabetes iPSCs by C-
peptide secretion analysis. The C-peptide level did not increase
on glucose stimulation, but increased significantly on KCI
stimulation (Figure 2d). These results suggest that B-like
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insulin-producing cells can be differentiated from fulminant
type 1 diabetes iPSCs.

Proportion of cleaved caspase-3-positive cells is high in INS-

positive cells derived from fulminant type 1 diabetes iPSCs

To examine the cytokine-induced apoptotic response of B-cells
in fulminant type 1 diabetes patients, we evaluated the apopto-
sis of insulin-producing cells derived from three fulminant
type 1 diabetes iPSC lines (FT1DO01, FT1D02 and FT1D03)
and three control-iPSC lines (409B2, 975E2 and 975E4). We

carried out a time-course analysis of caspase-3 activity in pan-
creatic cells differentiated from FT1DO01 and 975E2 in stage 3
(day 12) in response to a cytokine cocktail consisting of
1,000 U/mL TNF-o, 50 U/mL IL-1f and 1,000 U/mL IFN-y.
In both iPSC clones, caspase-3 activity was increased from 3 h
after the induction of cytokines, peaking at 4.5 h, and thereafter
gradually decreasing (Figure 3a). We then quantified the num-
ber of cleaved caspase-3- or TUNEL-positive cells among INS-
positive cells derived from the three fulminant type 1 diabetes
iPSC and three control-iPSC clones in response to the three

© 2017 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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Figure 2 | Differentiation of fulminant type 1 diabetes (FT1D) induced pluripotent stem cells (iPSCs) into pancreatic lineage cells in vitro. (@)
Immunofluorescence analysis of representative markers for endoderm and pancreatic linages in cells differentiated from FT1DO01: sex-determining
region Y-box 17 (SOX17)-positive cells, pancreatic and duodenal homeobox 1 (PDX1)-positive cells and insulin (INS)-positive cells. (b)
Immunofluorescence analysis of pancreatic lineage markers in cells differentiated from FT1D01: C-peptide (red), glucagon (GCG), somatostatin (SST),
ghrelin (GHRL) and amylase (AMY; green). (c) Flow cytometric analysis of the induction rate of INS-positive cells differentiated from control human
iPSCs (control-iPSCs) and fulminant type 1 diabetes iPSCs. (d) C-peptide secretion analysis of the differentiated cells from three control human iPSCs
and three fulminant type 1 diabetes iPSCs. Nuclei were stained with Hoechst 33342 (blue) in (a) and (b). The data from three independent
experiments are shown as mean + standard deviation (n = 3) in (c) and (d). *P < 0.05. Scale bars, 100 um.

cytokines by immunofluorescence analysis. Cells were treated
with cytokines for 4.5 h for the cleaved caspase-3 analysis, and
9 h for the TUNEL analysis. The results showed that the pro-
portion of cleaved caspase-3-positive cells among the induced

INS-positive cells was significantly higher in fulminant type 1
diabetes iPSCs than in control-iPSCs (fulminant type 1 dia-
betes, 25.3 £ 6.9% vs control, 18.2 = 3.8%; P = 0.02, n = 3;
Figure 3b). In contrast, there was no significant difference in
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Figure 3 | Apoptosis analysis of pancreatic cells differentiated from fulminant type 1 diabetes (FT1D) induced pluripotent stem cells (iPSCs). (a)
Caspase-3 activity in pancreatic cells from control human iPSCs (975E2) and fulminant type 1 diabetes iPSCs (FT1D01) in response to tumor
necrosis factor-a, interleukin-1p and interferon-y. Each value was normalized with the total protein volume and is presented as the relative intensity
compared with untreated cells (0 h). (b) Proportion of cleaved caspase-3-positive cells to insulin-positive cells derived from three control human
iPSCs and three fulminant type 1 diabetes iPSCs. (c) Proportion of terminal deoxynucleotidy! transferase 2’-deoxyuridine, 5'-triphosphate nick end
labeling (TUNEL)-positive cells to insulin-positive cells derived from the same clones. The data from three independent experiments are shown as

mean * standard deviation (n = 3). *P < 0.05.

the proportion of TUNEL-positive cells (fulminant type 1 dia-
betes, 4.8 + 2.6% vs control, 4.3 £ 1.9%; P = 0.63, n = 3; Fig-
ure 3c). We also evaluated the difference in the apoptosis rate
between two iPSC clones from each patient with fulminant
type 1 diabetes (FT1DO01 vs FT1DO01-2, FT1D02 vs FT'1D02-2
and FT1DO03 vs FT1D03-2). There were no significant differ-
ences between two iPSC clones of the same patients (Fig-
ure S7). We then carried out TUNEL analysis after 9 h of
treatment with the lower dose of cytokines (300 U/mL TNF-o,
15 U/mL IL-1B and 300 U/mL IFN-y), but no significant dif-
ferences in the proportion of TUNEL-positive cells were
observed (Figure S8). These results suggest that B-like insulin-

producing cells from fulminant type 1 diabetes iPSCs might be
more sensitive to apoptosis-inducing stimuli.

Expression of apoptosis-related and immunoregulatory genes
is altered in INS-positive cells derived from fulminant type 1
diabetes iPSCs

To examine the detailed gene expression profiles of insulin-pro-
ducing cells differentiated from fulminant type 1 diabetes
iPSCs, we developed an original method to extract RNA sam-
ples from INS-positive cells that were fixed with fixative solu-
tion (PAXgene Tissue Containers), stained with anti-INSULIN
antibody and isolated by flow cytometry sorting (Figure 4a,b).
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Figure 4 | Ribonucleic acid (RNA) isolation from insulin (INS)-positive cells derived from induced pluripotent stem cells. (@) Schematic drawing of
RNA extraction from induced pluripotent stem cell-derived INS-positive cells. (b) Flow cytometric analysis of induced INS-positive cells.
Representative results from the analysis of INS-positive cells derived from 975E4. (c) INSULIN gene expression in INS-positive and INS-negative cells
isolated by flow cytometry sorting. The values were normalized to the average of the samples of INS-negative cells. The data from three
independent experiments using 975E4 are shown as mean + standard deviation (n = 3) in (c). EDTA, ethylenediaminetetraacetic acid.

gPCR  analysis confirmed that INSULIN expression
was detected in INS-positive cells, but not in INS-negative cells
(Figure 4c).

Next, in stage 3 (day 12), RNA sequencing analysis was car-
ried out on isolated INS-positive cells derived from the three
fulminant type 1 diabetes iPSC clones (FT1DO01, FT1D02 and
FT1D03) and three control-iPSC clones after 4.5 h of treat-
ment with the three cytokines. The top 50 extracted differen-
tially expressed genes identified by GSEA analysis are shown in
Figure 5. Among these molecules, several apoptosis-related
genes were identified, including poly(ADP-ribose) polymerase 3
(PARP3), coiled-coil-helix-coiled-coil-helix domain containing 2
(CHCHD2) and inositol 14,5-trisphosphate receptor, type 2
(ITPR2). An antiviral function gene, cholesterol 25-hydroxylase
(CH25H), was also identified. The basal expression of these
genes before the cytokine treatment was not significantly differ-
ent between fulminant type 1 diabetes iPSCs and control-iPSCs
(Figure S9). Other functional gene groups were also extracted,
such as those related to cell-cell adhesion or differentiation
and immune responses of B lymphoid cells. The top five gene
sets and genes within those sets whose expression was altered

in the fulminant type 1 diabetes samples as analyzed by GSEA
are presented in Tables 1 and 2. The analysis showed that sev-
eral pathways related to the immune response were differen-
tially expressed between fulminant type 1 diabetes and control
samples. The ‘immunoregulatory interactions between a lym-
phoid and a non-lymphoid cell’ pathway was upregulated in
fulminant type 1 diabetes samples, whereas target genes of
RUNX1-RUNXIT1 fusion protein were downregulated
(Tables 1 and 2).

DISCUSSION

In the present study, we successfully derived iPSCs from fulmi-
nant type 1 diabetes patients and differentiated the fulminant
type 1 diabetes iPSCs into insulin-producing cells with similar
efficiency as control-iPSCs. The proportion of cleaved caspase-
3-positive cells among INS-positive cells was higher in the ful-
minant type 1 diabetes iPSCs than control-iPSCs, although
there was no significant difference in the proportion of
TUNEL-positive cells under the same cytokine treatment. This
discrepancy could be due to the difference in the two apoptosis
detection systems. TUNEL assays detect DNA fragments that
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Figure 5 | Gene expression analyses of insulin-positive cells derived from fulminant type 1 diabetes induced pluripotent stem cells by ribonucleic
acid sequencing. Heat map of differentially expressed genes between insulin-positive cells derived from fulminant type 1 diabetes and control
human iPSCs shows the top 50 genes identified by Gene Set Enrichment Analysis.
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Table 1 | Top five gene sets and the corresponding upregulated genes in fulminant type 1 diabetes samples as analyzed by gene set enrichment

analysis
Name Size Gene name NOM P-value
REACTOME_IMMUNOREGULATORY_ 47 CD3G, ULBP1, CD200R1, LILRB1, LILRB2, IFITM1, CD81, B2M, <001
INTERACTIONS_BETWEEN_A_LYMPHOID_ CDH]I, ITGB1, KIR3DL2, ULBP3, CD8A, SELL, CD96, HLA-G, KLRK],
AND_A_NON_LYMPHOID_CELL HLA-B, ICAM3, ICAM1, PVRL2, HLA-A, CD40LG, CDI160, CD3E,
CD226, CD34, KLRC1, CDI19, HCST, KIR2DS1, FCGR3A, LILRB4,
KIR2DS2, CD3D, LILRB5, AMICAT, C3, HLA-C, CRTAM, FCGR2B,
KIR3DL1, KIR2DL1, ITGB7, KIR2DL2, CD40, ULBP2
BILANGES_SERUM_SENSITIVE_VIA_TSC2 22 COLTA2, GBF1, SPAGS, SNRPD3, GLGI, CTGF, KIAA1467, ATP1AT, <001
EIF5B, SMARCA4, ANKRD26, NPM3, HISTIHIE, KIF1B, DDX46,
CYR61, COL3A1, THBS2, BDP1, CRIM1, NEDD4, KIFCT
CELL_PROJECTION_PART 16 SPAG6, CABP4, SOD1, DNAH9, BAGALTI, EFHCT, <001
RAB35, PKD2, DNALIT, LC22A12, ATP6VOA4, ITLNT,
ACTN2, CDK5R1, CROCC, PKHD1
FINAK_BREAST_CANCER_SDPP_SIGNATURE 17 CXCL14, CD48, LCP1, RUNX3, CD8A, GZMA, ADRA2A, SPP1, OGN, <001
SLC40A1, HRASLS, PLEK, F2RL2, VGLLT, ADM, FRZB, SNTG2
SYNAPSE 15 TRAPPC4, GRM7, CABP4, CDK5, DLG4, NUFIPT, <001
MAGEET, [TGB1, NLGN1, SYNET, RIMS1, ACHE,
CDK5R1, EFNB1, MYO7A
NOM, nominal.

are the final products of apoptotic signal cascades®. Thus, no
difference in the proportion of TUNEL-positive cells between
fulminant type 1 diabetes iPSCs and control-iPSCs could show
that the B-cells of both fulminant type 1 diabetes and healthy
individuals eventually undergo apoptosis to similar degrees. In
contrast, caspase-3 is activated in the middle of apoptotic cas-
cades®. Thus, the higher proportion of cleaved caspase-3-posi-
tive B-like cells in fulminant type 1 diabetes iPSCs suggests that
the B-cells of fulminant type 1 diabetes might be more sensitive
to cytotoxic cytokines. Other possible explanations for the dis-
crepancy include functional differences between B-like insulin-
producing cells differentiated from iPSCs and B-cells in vivo.
The insulin-producing cells generated from iPSCs in the pre-
sent study were functionally immature and thus might show
different reactions to cytokines or other stimuli compared with
mature B-cells. Some recently reported differentiation protocols
showed efficient in vitro generation of functional B-cells with
glucose-stimulated insulin secretion potential®>*®, Modification
of our iPSC model by adoption of these methods might create
fulminant type 1 diabetes disease models that more accurately
mimic in vivo disease phenotypes.

RNA sequencing and GSEA provided candidate genes that
might be related to the pathogenesis of B-cell destruction in
fulminant type 1 diabetes. Among them, the expression of
CH25H was downregulated in INS-positive cells derived from
all three fulminant type 1 diabetes iPSC clones. CH25H
encodes cholesterol 25-hydroxylase and alters cholesterol to
25-hydroxycholesterol. CH25H also acts as an interferon-sti-
mulated gene, and 25-hydroxycholesterol has multiple antiviral
effects”. GSEA also showed the upregulation of genes related
to B-cell differentiation or immune responses, such as dual-

adapter for phosphotyrosine, and 3-phosphoinositides-1
(DAPPI) and early B-cell factor (EBF), in INS-positive cells
derived from fulminant type 1 diabetes iPSC clones. DAPPI
regulates B-cell receptor signaling, which mediates T-cell func-
tion’®, and EBF is a key factor for B-cell differentiation®.
Finally, GSEA showed that immune response-related genes
are differentially expressed between fulminant type 1 diabetes
and control samples, implying that insufficient antiviral func-
tion or abnormal immunoregulation in fulminant type 1 dia-
betes B-cells might cause rapid B-cell destruction and disease
development.

Whether these data are unique for fulminant type 1 diabetes
iPSCs and are not observed in iPSCs from patients with
autoimmune type 1 (type 1A) diabetes is unknown. Several
reports have described the generation of iPSCs from patients
with type 1 diabetes™ ** and the differentiation of the iPSCs
into insulin-producing cells*"*>. However, detailed characteriza-
tion of the PB-like cells was not carried out. Future studies
should compare iPSC-derived B-like cells between fulminant
type 1 diabetes and type 1A diabetes.

In summary, we established iPSCs from fulminant type 1
diabetes patients and generated B-like cells from the fulminant
type 1 diabetes iPSCs. These cells showed upregulated expres-
sion of apoptotic markers (as evaluated by cleaved caspase-3)
after cytokine treatment. Additionally, gene expression analysis
showed that the expressions of several apoptosis- and
immunoregulation-related genes were altered in INS-positive
cells derived from fulminant type 1 diabetes iPSCs. Our iPSC
model should allow for further understanding of the patho-
physiology and establishment of therapeutic methods for fulmi-
nant type 1 diabetes.

490 J Diabetes Investig Vol. 9 No. 3 May 2018

© 2017 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



ORIGINAL ARTICLE
iPSCs of fulminant type 1 diabetes

http://onlinelibrary.wiley.com/journal/jdi

Table 2 | Top five gene sets and the corresponding downregulated genes in fulminant type 1 diabetes samples as analyzed by gene set
enrichment analysis

Name Size Gene name NOM P-value

TONKS_TARGETS_OF_RUNX1_RUNX1T1_ 16
FUSION_SUSTAINED_IN_MONOCYTE_UP
MORF_PAPSS1 68

CH25H, NEFH, CYPIAI, CRHBP, GDF15, TFPl, DUSP6, TMA4SF1, PHLDAT,
QPRT, HSPBI1, SOX4, UCHL1, CSF1, ARG2, EPS8

EIF4EBP2, TCEAT, AP3SI, LRPPRC, PAPSSI, GANAB, TIALT, RTN4, DGKZ,
ESD, SMNDCI, ANXA7, ACTR3, DCID, DNAJCS, TOMM70A, PDHB,
RPN, FBXWT1, PO7, ARF4, HDACI, EPRS, AFG3L2, RNPEP, SRRMI,
HDAC2, NDUFCI, RCHY1, CAPZA1, SUMO2, CAPZB, VDAC3, CALM?Z,
ARFGEF1, ANAPCS, SEC24C, SEC63, SREBF2, TMEDY, GNB2, HADHA,
XRCCS5, EIFIAX, AHCYLI, CANX, HADHB, XPO1, RAB6A, TMOSF2,
GTF2A2, SERP1, GNBI1, G3BP2, IDH3G, LYPLAT, VAMP3, PTPRA, CAPI,
STARD?, CS, GAK, PUM2, RNF44, NAP1L4, GPAAT, BRDS, METAP1

PCK2, ALAST, PCCB, CYBA, BNIP3, LACIB, COX7A1, NDUFAS, SLC39A6,
UCPI1, UQCRC2, ACAA2, MAOB, FH, ECHI, NME4, GLUDI1, NDUFA6,
CYC1, SDHD, ATP5J, MRPL12, ATP5GI, BNIP3L, IDH3B, UQCRFSI,
NDUFB5, SUCLGI1, SDHB, NDUFS2, ABCF1, NDUFB3, IDH2, GPX4,
MRPL3, NDUFA7, ATP6V1GI, ATP6VID, AGXT, ATP5CI1, HAXI, MGSTI,
ATP5G3, CYCS, ATP5B, BCKDHA, TIMMI17B, ATP50, VDACI, SURFI,
COX5A, SDHA, COX6A1, COX7A2, HADHA, COX8A, TOMMZ20, NDUFBS,
COX17, NDUFS4, COX7C, ECHSI, SLC25A3, NDUFA3, COX5B, NDUFA9,
COX6C, COX7B, ATP6V1B2, CYP11B2, ATP5D, PRDX5, ATP5H, NDUFS5,
CLPP, NDUFABI1, COX4l1, NDUFA4, GCSH, COX6B1, NDUFS6, UQCRCT,
NDUFSS, NDUFV1, NDUFBI, UQCRH, NDUFBI10, NDUFV2, DECRI,
ATPSE, GOT2, ATP5I, ATP&VIH, ATPeVODI1, ATP6API, CLN3, ATP6VIE],
NDUFB7, ATP6VOAT

MTRR, AUH, PCK2, COQ3, MRPS36, PCCB, NDUFAFI1, GSTZ1, DBT, NT5M,
BCL2, COX7A1, PDK3, CRYZ, NDUFAS5, LRPPRC, ABCB6, DCTN6, WARS2,
FH, HINT2, ACATT, MRPS30, SUCLA2, MRPS18C, MRPL32, NME4, GLUD],
NDUFA6, TOMM70A, NDUFB6, PDHB, NIPSNAP1, SCOI1, CYCI, PPIF,
MRPS17, MRPL45, MCCC2, ATP5J, MRPL13, MRPL12, ATP5G1, ATP13A3,
MRPS33, ACADSB, MRPL42, OXCT1, CHDH, UQCRFSI, NDUFBS,
SUCLGI, SDHB, NDUFS2, NDUFB3, NDUFCI, IDH2, GPX4, TUFM,
VDAC3, MRPL3, MCEE, MRPL36, NDUFA7, ATP&VIGI, ATP6VID,
NDUFAS, ATP1B1, DLD, ATP5CI, HAX1, ATP5G3, ATP6VICI, ATP55,
SOD2, CRYZL1, TIMM17B, ATP50, SURF1, COX5A, MRPL1T, COX6AT,
COX7A2, ATP1B3, UNG, COX8A, NDUFBS, COX17, NDUFB9, NDUF54,
COX7C, ECHST, MRPS15, NDUFA3, COX5B, TIMM23, NDUFA9, COX6C,
ATP5L, SLC9A2, COX7B, SEC61G, NDUFAI10, COX7B2, PRDX5, ATPSH,
CRAT, NDUFS5, CLPP, NDUFABI, COX411, MRPL1S, NDUFA4, SFXN5,
COX6B1, CYP27A1, NDUFS6, TFAM, NDUFS8, NDUFV1, NDUFBI,
NDUFB10, NDUFV2, MRPL40, MRPS16, DECRI, MRPS28, ATPSE,
COX7A2L, GOT2, ATP5I, ATP5G2, DUT, ATP6VIBI, MRPS18A, SLC9AS,
MRPL27, TIMM10, ATP6AP1, ATOXI1, MIPEP, MRPS18B, NQOI, FDXR,
ATP6VIE], SEXN2, BOP1, SLC25A17, SLC40A1, GCDH, GCAT, GRPEL2

TBC1DS5, NR2C1, PIM2, BIN3A3, FBXO21, CCNG2, CD2AP, CDKS, ZFYVE26,
PREP, RGL2, MRPL28, ACOX1, CCNG1, CDH2, CCND1, DDR1

<001

<001

MODULE_152 9 <001

WONG_MITOCHONDRIA_GENE_MODULE 152 <001

BOGNI_TREATMENT_RELATED_MYELOID_ 17
LEUKEMIA_DN

<001

NOM, nominal.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article:

Figure S1 | Pluripotency markers of induced pluripotent stem cells from two fulminant type 1 diabetes patients.

Figure S2 | Embryoid body formation from FT1D02 and FT1DO03.

Figure S3 | Teratoma formation in FT1D02.

Figure $4 | Differentiation of FT1D02 and FT1DO03 into pancreatic lineage cells in vitro.

Figure S5 | Differentiation of FT1D02 and FT1DO03 into glucagon (GCG)-, somatostatin (SST)-, ghrelin (GHRL)-, and amylase
(AMY)-positive cells.

Figure S6 | C-peptide content of induced pluripotent stem cell-derived insulin-positive cells.

Figure S7 | Proportion of cleaved caspase-3- or terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive
cells to insulin-positive cells from two induced pluripotent stem cell clones of each fulminant type 1 diabetes (FT1D) patient.
Figure S8 | Apoptosis analysis of induced pluripotent stem cell-derived insulin-positive cells treated with the lower dose of cyto-
kines.

Figure S9 | Basal expressions of PARP3, CHCHD2, ITPR2 and CH25H in iPSC-derived INS-positive cells.
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